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Abstract

:

Citrus is the natural host of at least eight viroid species, providing a natural platform for studying interactions among viroids. The latter manifests as antagonistic or synergistic phenomena. The antagonistic effect among citrus viroids intuitively leads to reduced symptoms caused by citrus viroids, while the synergistic effect leads to an increase in symptom severity. The interaction phenomenon is complex and interesting, and a deep understanding of the underlying mechanisms induced during this viroid interaction is of great significance for the prevention and control of viroid diseases. This paper summarizes the research progress of citrus viroids in recent years, focusing on the interaction phenomenon and analyzing their interaction mechanisms. It points out the core role of the host RNA silencing mechanism and viroid-derived siRNA (vd-siRNA), and provides suggestions for future research directions.






Keywords:


citrus viroids; antagonism; synergism; RNA silencing; vd-siRNA












1. Introduction


Viroids are currently the simplest known pathogens that infect plants. They are long non-coding RNA molecules composed of 246–434 nucleotides (nts) and have a single-stranded, covalently closed circular genome [1]. Viroids infect plant cells through mechanical means, replicate and move within the host, and can cause serious diseases in vegetables, flowers, and fruit trees [2,3,4]. Citrus is a perennial woody plant in the Rutaceae family that is infected by various viroids. So far, citrus is a natural host of at least eight viroid species, including Citrus exocortis viroid (CEVd), Citrus bent leaf viroid (CBLVd), Hop stunt viroid (HSVd), Citrus dwarfing viroid (CDVd), Citrus bark cracking viroid (CBCVd), Citrus viroid V (CVd-V), Citrus viroid VI (CVd-VI), and Citrus viroid VII (CVd-VII). CEVd is the pathogen of citrus exocortis disease and is a member of the genus Pospiviroid. CBCVd, formerly known as Citrus viroid IV, belongs to the genus Cocaviroid. HSVd can induce stem pitting and bark splitting in susceptible citrus varieties and belongs to the genus Hostuviroid. In addition, CBLVd, CDVd, CVd-V, CVd-VI, and CVd-VII all belong to the genus Apscaviroid. These citrus viroids are widely present and often infect citrus orchards around the world in combination, and exhibit complex interactions during mixed infection.



There are two opposite types of interactions among citrus viroids co-infecting the same plant, leading to antagonistic or synergistic effects [5,6,7,8,9]. As a natural host of the abovementioned viroid, citrus constitutes an excellent platform for exploring the complicated mechanism of inter-viroid interactions. The citrus exocortis disease caused by CEVd is one of the most important viroid diseases threatening the global citrus industry. Previous field symptom observations have confirmed the cross protection of CBCVd against CEVd, as the combination of these two types of viroids can significantly reduce the symptoms of CEVd on sensitive rootstocks [10]. When citrus viroids belonging to the genus Apscaviroid infect citrus trees with citrange as rootstocks, they cause plant dwarfing and reduced yield [10,11]. Observations of field symptoms revealed that even without CEVd, the combined infection of other types of citrus viroids can still cause typical symptoms of exocortis disease on citrange rootstocks. According to biological testing results, when other species of viroids co-infect “Etrog” citron, they can also cause symptoms similar to CEVd. The co-infection of CBLVd and CVd-V, or the co-infection of CDVd and CVd-V in “Etrog” citron or field-grown citrus trees, results in synergistic effects among viroids and in more severe symptoms than simple superimposition [9,10]. Therefore, it is necessary for us to conduct a systematic and in-depth study on the antagonistic and synergistic effects observed during viroid co-infection, which is of great theoretical and practical significance for us to further understand the molecular mechanisms of viroid pathogenicity for the prevention and control of viroid diseases.




2. Sequence Characteristics of Citrus Viroids


CEVd (371 nts, reference sequence NC001464) has a rod-shaped secondary structure [12]. The rod-shaped structure consists of five structural domains: left terminal region (TL), pathogenic region (P), central region (C), variable region (V), and right terminal region (TR) [13]. Visvader et al. [14,15] used tomato as an experimental host to classify CEVd into severe isolates and mild isolates, with at least 26 nt differences between them. These two types of CEVd isolates induce different symptoms in Gynura aurantiaca [16], but there is only a slight difference in symptoms on the rootstock of trifoliate orange [11]. The relationship between CEVd sequence and pathogenicity is more complex than expected. Murcia et al. [17] identified an unusual strain (CEVd-COL) that caused severe symptoms in tomatoes, but unexpectedly caused extremely mild symptoms in the “Etrog” citron. The use of site-specific mutagenesis resulted in two nucleotide substitutions in the down chain of the P domain of CEVd-COL and the resulting CEVd-MCOL variant could cause severe symptoms in the “Etrog” citron, indicating that the pathogenic determinants of CEVd are actually host-dependent. CEVd can generate larger molecules by repeating specific sequences in rod-shaped secondary structures. A CEVd mutant CEVd D92 with 92 nt replicates was identified in hybrid tomatoes (Solanum lycopersicum × S. peruvianum) [18], and a CEVd mutant CEVd-D96 with 96 nt replicates was identified in eggplant [19]. These enlarged CEVd molecules have been identified as stable CEVd mutants and still possess stable rod-shaped secondary structures. However, these CEVd isolates have not been reported in citrus species.



HSVd (299 nt, reference sequence AY594203) is a typical representative of the genus Hostuviroid in the family Pospiviroidae. HSVd contains a genus-specific central conservative region and an end-conservative hairpin, but lacks an end-conservative region [20]. CBCVd (284 nt, reference sequence NC003539) belongs to the genus Cocaviroid in the family Pospiviridae. CBCVd is infectious in both citrus and hops, and its genome has sequence homology with HSVd in the left terminal region, while it has high sequence homology with CEVd in the right terminal region. Therefore, CBCVd is considered a chimeric recombinant of CEVd and HSVd [21,22]. In addition, Wang et al. [23] detected the CBCVd Pakistani isolates named CBCVd-lss with significant sequence differences from the right-handed end of the CBCVd standard sequence in Pakistan citrus samples. The genus Apscaviroid includes five citrus viroids, namely, CBLVd (318 nts, reference sequence M74065), CDVd (327 nts, reference sequences S76452 and 324 nt, reference sequence AF184147), CVd-V (294 nts, reference sequence EF617306), CVd-VI (330 nts, reference sequence AB019508), and CVd-VII (368 nts, reference sequence KX013551) [24,25]. Given the widespread distribution of citrus viroids worldwide, a large number of complete genome sequences of citrus viroids can be obtained from sequence databases. In addition, an analysis of the offspring population after the inoculation of plants with a single sequence revealed the presence of mutant sequences in the citrus viroid offspring population, further increasing the sequence diversity of citrus viroids [26,27].




3. The Pathogenesis of Citrus Viroids


Although citrus viroids have been discovered due to their strong pathogenic ability, not all citrus viroid infections have obvious symptoms. Citrus viroids typically cause stunted development of infected plants, accompanied by other symptoms including leaf curling, the distortion of leaves and flowers, vein necrosis, bark disorders, fruit changes, sterility, and rapid aging. The symptoms of citrus viroids are usually enhanced by high temperatures, which is exactly the opposite of most plant viruses. Škorić et al. [28] conducted experiments using two stable CEVd variants and observed that as the daytime temperature increased from 35 °C to 40 °C, the symptoms caused by the weak CEVd strain intensified, and this effect was reversible. At the micro level, the cytopathic effects caused by viroid infection include the proliferation of cytoplasmic membranes, the distortion of cell walls, chloroplast abnormalities, and the formation of electron-dense deposits [29]. It is not yet clear how these micro effects are associated with symptoms at the macro level. Many symptoms associated with citrus viroid infection are often associated with hormonal metabolic disorders. Changes in hormone regulatory pathways were found in tomatoes infected with CEVd [30] and cucumbers infected with HSVd [31]. Citrus viroid infection can also affect host macromolecules. According to reports, two pathogenesis-related (PR) proteins have changed in Gynura aurantiaca infected with CEVd [32]. Citrus viroids cannot encode proteins, and their replication relies entirely on host factors. In the absence of peptides encoded by viroids, diseases were initially considered as the result of direct interactions between viroids and cellular components [33]. Later, regulatory pathways similar to RNA silencing were discovered, and the indirect interaction between viroids and hosts was gradually understood [4].



In order to defend themselves, plants have evolved strategies to resist viroid infections. RNA silencing is the host plant’s defense mechanism mainly against viral invading pathogens [34,35]. Viroid replication can trigger plant RNA silencing mechanisms. RNA silencing is initiated by double-stranded RNA (dsRNA), which is cleaved into small RNAs (sRNAs) by Dicer-like proteins (DCLs) in plants [36]. One strand of the double-stranded sRNA guides the RNA silencing complex (RISC) to inactivate complementary RNA or DNA. Viroids in plants are usually inhibited by a combination of DCLs and RISCs [34]. Mature viroid RNA molecules are directly targeted by DCLs and degraded into viroid-derived siRNA (vd-siRNA) [37]. In addition, viroid replication intermediates in the form of dsRNA can also be processed by DCLs to obtain vd-siRNA. Experiments have shown that vd-siRNAs play a crucial role in resisting viroid invasion of plants [38,39,40]. Vd-siRNA can reduce the expression of reporter genes in infected plants and viroid titers [37,41]. Vd-siRNA can be loaded onto Argonaute proteins (AGOs) to target the mature viroid genome or the replication intermediates [42]. RNA silencing also mediates viroid pathogenicity. Vd-siRNA not only guides RISC to counteract viroid RNA but also targets homologous host transcripts, inactivating them and ultimately leading to symptoms through signal transduction cascades [43]. Therefore, the symptoms induced by viroids may be a result of host gene silencing [44]. In addition to activating post transcriptional gene silencing (PTGS), viroids also trigger RNA-directed DNA methylation (RdDM) of homologous sequences [45]. In cucumber, HSVd infection causes dynamic changes in DNA methylation of ribosomal RNA genes, indicating that epigenetics may affect viroid symptoms [46]. The molecular mechanisms by which plants defend against attacks from different pathogens (fungi, bacteria, viruses, and viroids) share many common features, such as reduced photosynthesis. Most host genes affected by viroid infection are also affected during other biological stresses, indicating that one or more shared signal transduction pathways and gene regulatory networks may be involved in the host’s regulation of viroid infection. The pathogenic mechanism of viroids is complex. It is an interesting question how viroid infections spread from initial interactions to affect different metabolic pathways. An in-depth analysis of tomatoes infected with CEVd suggests that post transcriptional changes may involve translation inhibition and sRNA-mediated mRNA degradation [47]. A large amount of sRNA sequence analysis reveals changes in host miRNA levels after viroid infection [48]. After infecting plants, vd-siRNAs similar to endogenous miRNAs and siRNAs are produced [49,50]. Vd-siRNAs may have the same function as endogenous miRNAs and siRNAs, which can be assembled into RISCs to inactivate endogenous mRNA. Therefore, it is speculated that vd-siRNAs are a key factor in the pathogenicity of viroids [43].




4. Response of Citrus Hosts to Viroid Infection


The non-coding property of viroids implies that symptoms associated with viroid infection are caused by changes in host gene expression. RNA silencing is an important mediator for the interaction between viroids and hosts. Based on deep sequencing technology, the expression levels of gene products containing potential binding sites of vd-sRNA can be analyzed. It is speculated that the proteins that can interact with citrus viroids mainly include DCL1-4 and corresponding AGOs, nuclear DNA ligase 1, and RNA-dependent RNA polymerases (RDRs). Through the study of host protein changes caused by CEVd and PSTVd infections, it was found that the PR protein induced by viroids is a universal component of the host response to pathogen attacks [51]. Almost all studies have reported a decrease in photosynthesis, possibly to save the energy needed for host defense reactions [52]. Respiratory and secondary metabolism increase in many pathological systems. The proteins accumulated under pathogen attack include PR proteins, antioxidant enzymes, and certain protein components related to translation. Lisón et al. [47] observed a direct correlation between changes in defense-related proteins at the protein and mRNA levels in tomatoes infected with CEVd.



Functional genomics based on microarrays has been widely used to analyze overall changes in host transcriptional levels during plant viroid interactions [53]. In order to clarify how the expression of host genes changes over time during viroid infection, Rizza et al. [54] compared the expression of “Etrog” citron genes in the early (pre symptomatic) and late (post symptomatic) stages of CEVd infection, and found that CEVd infection caused significant changes in chloroplast, cell wall, peroxidase, and transporter protein activity. A transcriptome sequencing analysis conducted by Wang et al. [55] on “Etrog” citron samples infected with CEVd showed that CEVd infection can trigger host plant basic defense responses, disrupt plant hormone signal transduction, induce the expression of key genes in RNA silencing pathways, and affect cell wall and secondary metabolite synthesis. CDVd is often described as a tree regulator with dwarfing effects, and most of the transcriptomic changes it induces occur in the scion rather than in the rootstock [56]. Tessitori et al. [57] used CDVd-citron as a model to study the molecular mechanisms of interaction between viroids and host plants. They identified 18 upregulated and downregulated genes mainly related to cell wall structure, amino acid transport, signal transduction, and plant defense response. It is particularly noteworthy that RNA silencing inhibitors involved in the pathogenic response to viroids are also upregulated genes. Vd-siRNA may act as an inducer of symptom expression by mediating host mRNA cleavage or the methylation of promoter regions. Several research teams have reported the changes in host miRNA after viroid infection [58,59,60,61]. Numerous potential target genes for transcription factors and other regulatory proteins may occupy important positions in viroid–host interactions.




5. Antagonistic Effect among Citrus Viroids


Antagonistic phenomena are common in fungi, bacteria, viruses, and viroids [62,63]. The antagonistic effect is also known as cross protection in virology [64,65,66,67]. Cross protection measures have been applied to greenhouses and fields [68,69,70], and the tolerance of a plant against virulent virus strains is induced by systemic infection with a mild strain [71,72,73]. The antagonistic effect among viroids refers to the ability of viroids to infect the host being influenced by the pre-infection of other strains of the same or closely related viroids [66,74]. Specifically, when plants pre-infected with a weak viroid strain are inoculated with a strong strain of the same viroid, the typical symptoms of the strong strain and its RNA accumulation level will be blocked or weakened for a period of time.



There are antagonistic effects among closely related viroids and different strains of the same viroid [75]. CEVd can cause serious symptoms such as bark cracking, shedding, and even root rot on citrus rootstocks, such as citrange and other varieties. Duran–Vila and Semancik [64] demonstrated that mild strains of CEVd can provide significant protection against challenges with severe strains. The level of protection depends on the inoculation interval between mild and severe strains. Vernière et al. [10] found that trees infected with a mixture of CEVd and CBCVd showed an antagonistic effect in terms of bark scaling and cracking symptoms. CEVd can cause severe tree dwarfing and bark cracking of trifoliate orange rootstocks, both of which are characteristics of exocortis disease. When the viroid mixture contains CBCVd, the symptoms of bark cracking are alleviated or even suppressed. The impact of CBCVd on citrus growth and fruit yield is minimal [11]. Therefore, CBCVd can serve as an antagonistic factor for the symptoms of CEVd, and CBCVd can reduce or inhibit the effects of CEVd on citrus growth and yield. It should be noted that the main and secondary structures on the right side of the CEVd and CBCVd genomes are almost identical, indicating that the relationship between the two may be closer than indicated by taxonomy [22,76].



The RNA silencing mechanism in plants can be induced by dsRNA and involves three basic components: DCLs, RDRs, and AGOs [77,78,79]. Previous studies have shown that viroid RNA is an activator and target of RNA silencing in hosts [53,80,81,82]. On the contrary, the subsequently generated vd-siRNA also plays a crucial role in the pathogenesis of the viroid by targeting the RNA transcripts of host genes [83,84]. Gene silencing largely explains why cross protection only occurs among viroids with sequence homology. Assuming that the DCLs of plants act on the mild viroid that was first inoculated to produce corresponding vd-siRNAs, they activate the RISC, thereby providing corresponding protection against the severe viroid infection that follows. We have reasons to believe that the cross protection of viroids depends on the sequence homology of vd-siRNAs entering RISC. Due to the common sequence and structural characteristics between the CEVd and CBCVd genomes [76], the antagonistic effect of CBCVd on CEVd may be related to RNA silencing and vd-siRNA.



The titer of viroids can be co-regulated by DCLs and the RISC. DCLs process genomic RNA and the replication intermediates of viroids, and the resulting siRNAs are assembled into RISC to target and degrade the viroid RNA [2]. A similar mechanism can explain the antagonism among citrus viroids. The siRNAs produced during the mild viroid inoculation target the severe viroid RNA that was later inoculated. Symptoms of citrus viroids often appear after 3–8 years of field colonization on susceptible rootstocks. Qiu et al. [85] shortened the research period to 1–3 months by inoculating “Etrog” citron plants with viroid transcripts in vitro. A study by Qiu et al. [85] pointed out that early inoculation of CBCVd can weaken the symptoms of leaf roll and necrosis caused by CEVd, and reduce the accumulation of CEVd. Sequence analysis revealed that CBCVd and CEVd have highly similar sequences in the right terminal region, and both produce a large amount of vd-siRNA in the right terminal region. The vd-siRNA lengths from CEVd and CBCVd are mainly 21 nt and 22 nt, and they have similar 5′ base preferences toward U and C corresponding to AGO1 or AGO5, respectively [85]. Further research has found that siRNA expressed in the right terminal region of CBCVd can directly degrade the transcripts of CEVd in vivo through the host’s RNA silencing mechanism, leading to a decrease in the accumulation of CEVd [85].



The antagonistic effect of CBCVd and CEVd is closely related to their homologous sequences. The right homologous region is the core region of abundant vd-siRNA production, and vd-siRNA from the pre-inoculated CBCVd may disrupt the replication and movement of CEVd through RNA silencing. Previous studies have shown that the TR region of viroids can bind to the plant nucleus, thus introducing proteins to promote viroid replication and movement [86,87]. Pre-inoculated CBCVd shares the homologous TR region with CEVd, resulting in reduced host symptoms and decreased CEVd titer compared to “Etrog” citrons inoculated with CEVd alone. In addition, the distribution patterns of vd-siRNAs in the TR region of the two viroids are similar. Vd-siRNA is one of the core effectors of RNA silencing in plant defense mechanisms. However, little is currently known about the role of vd-siRNA and related RNA-silencing genes in antagonizing citrus viroids. According to reports, the expression of RNA silencing genes DCL2, RDR1, AGO2, AGO7, and silencing defective 3 (SDE3) are upregulated in citrus plants infected with CEVd alone [55]. The genes upregulated in CBCVd single infection and CEVd co-infection also include DCL2 and SDE3. The SDE3 gene encoding RNA helicase in Arabidopsis is associated with the production of secondary siRNAs for PTGS [88,89]. CBCVd can attenuate the symptoms and accumulation of CEVd through the host’s RNA silencing mechanism. These studies enrich our understanding of the interactions among citrus viroids and provide new ideas for creating citrus germplasm resistant to severe viroid diseases.




6. The Synergistic Effect among Citrus Viroids


In addition to cross protection, there is another interaction among citrus viroids in plants infected with different viroids, which can lead to more severe symptoms than pure additive effects. The presence of viroid mixtures in the host determines the antagonistic or synergistic relationship among citrus viroids. Citrus viroids often exhibit mixed infection during long-term asexual reproduction in the field [10]. Synergistic interactions have been observed in trees infected with certain combinations of viroids. Duran-Vila et al. [90] were the first to report that the complex infection of multiple viroids can worsen symptoms in the indicator plant. Serra et al. [9] confirmed through strict invasive cloning experiments that citrus viroids of the Apscaviroid genus can significantly enhance the symptoms in “Etrog” citron, which is a typical synergistic effect. The co-infection of citrus trees grown in the field with CBLVd and CVd-V, or with CDVd and CVd-V, has also been confirmed to produce synergistic effects among viroids, leading to more severe symptoms than simple superimposition [9,10]. Although there was no significant change in viroid titer, enhanced leaf symptoms and significantly stunted plants were observed [9]. Despite the lack of CEVd, the combination of viroid infections can still cause significant symptoms of exocortis disease on citrange rootstocks, further confirming that the synergistic effect among CBLVd, CDVd, and CBCVd is the cause of cracking symptoms [91]. In addition, the mixture of CBLVd and CDVd can also enhance symptom expression in citron plants. Surprisingly, there is also a synergistic effect when CBCVd and HSVd co-infect citrus [10]. When CBCVd and HSVd coexist, they can induce bark cracking on the trifoliate orange rootstocks, but the presence of additional viroids can limit this synergistic effect. On the contrary, the synergistic effect between CEVd and CBLVd is further enhanced by the presence of additional viroids [10].



Some researchers have shown that the synergistic effect of viruses is mainly due to different viruses encoding different silencing suppressors, which act on different steps of endogenous gene silencing pathways in plants, thereby exacerbating the impact on normal plant growth and development [92]. PTGS has a regulatory effect on plant development and defense responses, and the PTGS pathway that regulates defense and development has some common components. The co-infection of two different viruses can lead to an increase in symptom expression, mainly due to their silencing suppressors acting on different sites of the RNA silencing pathway [92,93]. Because viroids do not encode silencing suppressors, similar explanations cannot be used to explain the synergistic effects among viroids. There is also evidence that plant RNA viruses inhibit RNA silencing due to their involvement in the chelation of replication enzymes associated with siRNA and miRNA biogenesis. Viroids may also interfere with the host’s RNA silencing mechanism through similar mechanisms, thereby affecting symptom expression. The synergistic effect among distant viroids may be caused by more than one component that affects this mechanism. In addition, a study has shown that there is also a synergistic effect between viroid and plant virus [94]. The simultaneous infection of Peach latent mosaic viroid (PLMVd) and Prunus necrotic ringspot virus (PNRSV) can synergistically affect the host transcriptome of infected peach fruits, and frequent mixed infections under field conditions can lead to more complex transcriptional responses than single infections. It is reasonable to speculate that the synergistic effect among different viroids may also be due to the utilization of different components in the host’s body, affecting the complex transcription process of the host. When multiple types of viroids are co-infected, multiple components in the host’s body may be affected, leading to synergistic effects.




7. Prospect


As a natural host for at least eight species of viroids, citrus plants provide a natural platform for studying interactions among viroids. The antagonistic effect among citrus viroids intuitively leads to a decrease in the pathogenicity of the viroids, while the synergistic effect leads to an increase in the pathogenicity of the viroids. The antagonism and synergy among citrus viroids are similar to the internal strife and unity in the animal world. During internal battles, the attacking power is weakened, and the pathogenicity is weakened. When united, the attacking power is strengthened, and the pathogenicity becomes stronger. The interactions among citrus viroids are complex and interesting, making it worthwhile for researchers to invest more time and effort in future work.



As a biological stress response, viroid infection can induce the expression of RDR1, and plant RDR1 was first isolated and discovered through viroid induction [95]. The latest research has found that CEVd infection can induce the expression of DCL4 and RDR1 in tomatoes [96]. HSVd infection induced the production of ribosomal RNA (rRNA) precursors in cucumber, thereby inducing a large amount of 21 nt siRNA derived from rRNA, which was correlated with the methylation level in this region [46]. Infection with citrus viroids is likely to induce the expression of citrus RDR1, thereby inducing endogenous siRNA dependent on RDR1. Citrus samples are often co-infected with several citrus viroids. Compared with the small RNA sequencing results of healthy citron leaves, it was found that the proportion of endogenous 24 nt sRNAs decreased significantly in viroid-infected samples, while the proportion of endogenous 21 nt sRNAs increased significantly. The co-infection of viroids may induce the accumulation of endogenous 21 nt miRNAs and the decrease in 24 nt siRNAs in plants. Citrus viroids may affect the endogenous gene-silencing system of plants. Through differential expression and functional analysis of target genes and gene silencing pathway genes (such as DCL, RDR, AGO, etc.), it is expected to clarify the molecular mechanisms of synergistic effects of citrus viroids in the future.



Small RNAs derived from viroids play a crucial role in the pathogenicity of viroids [97,98]. The identification of sRNA of citrus viroids is of great value for understanding the interaction mechanism among citrus viroids. The work of Qiu et al. [85] has demonstrated that CBCVd attenuates the symptoms and accumulation of CEVd through the host’s RNA silencing mechanism. The antagonistic mechanism among citrus viroids is complex, and more experimental data are needed to verify the core position of vd-siRNA in the antagonistic mechanism of citrus viroids. Based on current experience, CBCVd and CEVd can produce a large number of identical vd-siRNAs in the homologous region when infecting citrus. When CBCVd and CEVd co-infect citrus, the homologous region is the hotspot region for vd-siRNA production. The mechanism by which homologous regions can produce a large number of identical vd-siRNAs also needs further clarification. In addition, Wang et al. [23] found that CBCVd-lss in Pakistan showed a decrease in homology with the right-handed end region of CEVd compared to the CBCVd reference. Further experiments are needed to clarify whether there is still antagonism between CBCVd-lss and CEVd when they co-infect citrus, and whether they can still produce large amounts of vd-siRNA in the homologous region. These works are crucial for further clarifying the antagonistic mechanisms among citrus viroids. It is worth noting that there is an antagonistic effect between CBCVd and CEVd in citrus, while there is a synergistic effect between CBCVd and HSVd [10]. CBCVd is homologous with HSVd in the left terminal region, and highly homologous with CEVd in the right terminal region. These phenomena indicate that the interaction among citrus viroids is very complex. The performance of the final interaction results may be influenced by multiple factors such as the viroid sequence, viroid structure, and host species. The elucidation of the interaction among citrus viroids is still a long and arduous task.




8. Conclusions


There are complex and interesting interactions among citrus viroids, making citrus the best carrier for studying viroid interactions. Specifically, there are antagonistic and synergistic phenomena with the antagonistic effect intuitively leading to a decrease in the pathogenicity of citrus viroids, while synergism increases the pathogenicity. We have summarized the main progress made in citrus viroids in recent years, focusing on the antagonistic and synergistic phenomena observed, and pointing out the core roles of host RNA silencing and vd-siRNA in citrus viroid interactions. Our review provides suggestions for future research directions on citrus viroid interactions, hoping to encourage more people to participate in this interesting and meaningful study.







Author Contributions


Writing—original draft preparation, Y.W. and J.C.; Writing—review and editing, Y.W., Y.S., H.L. and J.C.; Supervision, Y.W., Y.S. and H.L.; Project administration, Y.W.; Funding acquisition, Y.W., Y.S. and H.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work is funded by a special support fund for high-level talents of the Henan Agricultural University (30501380).




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



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

	



Flores, R.; Hernández, C.; Martínez de Alba, A.E.; Daròs, J.A.; Di Serio, F. Viroids and viroid-host interactions. Annu. Rev. Phytopathol. 2005, 43, 117–139. [Google Scholar] [CrossRef] [PubMed]

	



Ding, B. The biology of viroid-host interactions. Annu. Rev. Phytopathol. 2009, 47, 105–131. [Google Scholar] [CrossRef] [PubMed]

	



Navarro, B.; Flores, R.; Di Serio, F. Advances in viroid–host interactions. Annu. Rev. Virol. 2021, 8, 305–325. [Google Scholar] [CrossRef]

	



Chávez-Calvillo, G.; Contreras-Paredes, C.A.; Mora-Macias, J.; Noa-Carrazana, J.C.; Serrano-Rubio, A.A.; Dinkova, T.D.; Carrillo-Tripp, M.; Silva-Rosales, L. Antagonism or synergism between papaya ringspot virus and papaya mosaic virus in Carica papaya is determined by their order of infection. Virology 2016, 489, 179–191. [Google Scholar] [CrossRef]

	



Crespo, O.; Robles, C.; Ruiz, L.; Janssen, D. Antagonism of Cucumber green mottle mosaic viroid against Tomato leaf curl New Delhi viroid in zucchini and cucumber. Ann. Appl. Biol. 2019, 176, 147–157. [Google Scholar] [CrossRef]

	



Syller, J. Facilitative and antagonistic interactions between plant viroids in mixed infections. Mol. Plant Pathol. 2012, 13, 204–216. [Google Scholar] [CrossRef] [PubMed]

	



Pallas, V.; Flores, R. Interactions between citrus exocortis and potato spindle tuber viroids in plants of Gynura aurantiaca and Lycopersicon esculentum. Intervirology 1989, 30, 10–17. [Google Scholar] [CrossRef] [PubMed]

	



Serra, P.; Barbosa, C.; Daròs, J.; Flores, R.; Duran-Vila, N. Citrus viroid V: Molecular characterization and synergistic interactions with other members of the genus Apscaviroid. Virology 2008, 370, 102–112. [Google Scholar] [CrossRef] [PubMed]

	



Vernière, C.; Perrier, X.; Dubois, C.; Dubois, A.; Botella, L.; Chabrier, C.; Bové, J.M.; Vila, N.D. Interactions between citrus viroids affect symptom expression and field performance of clementine trees grafted on trifoliate orange. Phytopathology 2006, 96, 356–368. [Google Scholar] [CrossRef]

	



Vernière, C.; Perrier, X.; Dubois, C.; Dubois, A.; Botella, L.; Chabrier, C.; Bové, J.M.; Duran, V.N. Citrus viroids: Symptom expression and effect on vegetative growth and yield of clementine trees grafted on trifoliate orange. Plant Dis. 2004, 88, 1189–1197. [Google Scholar] [CrossRef] [PubMed]

	



Gross, H.J.; Krupp, G.; Domdey, H.; Raba, M.; Jank, P.; Lossow, C.; Alberty, H.; Sänger, H.L.; Ramm, K. Nucleotide sequence and secondary structure of Citrus exocortis and Chrysanthemum stunt viroid. Eur. J. Biochem. 1982, 121, 249–257. [Google Scholar] [CrossRef] [PubMed]

	



Keese, P.; Symons, R.H. Domains in Viroids: Evidence of intermolecular RNA rearrangements and their contribution to viroid evolution. Proc. Natl. Acad. Sci. USA 1985, 82, 4582–4586. [Google Scholar] [CrossRef] [PubMed]

	



Visvader, J.E.; Symons, R.H. Eleven new sequence variants of Citrus exocortis viroid and the correlation of sequence with pathogenicity. Nucleic Acids Res. 1985, 13, 2907–2920. [Google Scholar] [CrossRef] [PubMed]

	



Visvader, J.E.; Symons, R.H. Replication of in vitro constructed viroid mutants: Location of the pathogenicity-modulating domain of Citrus exocortis viroid. EMBO J. 1986, 5, 2051–2055. [Google Scholar] [CrossRef] [PubMed]

	



Chaffai, M.; Serra, P.; Gandía, M.; Hernández, C.; Duran-Vila, N. Molecular characterization of CEVd strains that induce different phenotypes in Gynura aurantiaca: Structure-pathogenicity relationships. Arch. Virol. 2007, 152, 1283–1294. [Google Scholar] [CrossRef] [PubMed]

	



Murcia, N.; Bernad, L.; Duran-Vila, N.; Serra, P. Two nucleotide positions in the Citrus exocortis viroid RNA associated with symptom expression in Etrog citron but not in experimental herbaceous hosts. Mol. Plant Pathol. 2011, 12, 203–208. [Google Scholar] [CrossRef] [PubMed]

	



Semancik, J.S.; Szychowski, J.A.; Rakowski, A.G.; Symons, R.H. A sTable 463 nucleotide variant of Citrus exocortis viroid produced by terminal repeats. J. Gen. Virol. 1994, 75, 727–732. [Google Scholar] [CrossRef]

	



Fadda, Z.; Daròs, J.A.; Flores, R.; Duran-Vila, N. Identification in eggplant of a variant of citrus exocortis viroid (CEVd) with a 96 nucleotide duplication in the right terminal region of the rod-like secondary structure. Virus Res. 2003, 97, 145–149. [Google Scholar] [CrossRef]

	



Flores, R.; Randles, J.W.; Bar-Joseph, M.; Diener, T. A proposed scheme for viroid classification and nomenclature. Arch. Virol. 1998, 143, 623–629. [Google Scholar] [CrossRef]

	



Jakse, J.; Radisek, S.; Pokorn, T.; Matousek, J.; Javornik, B. Deep-sequencing revealed Citrus bark cracking viroid (CBCVd) as a highly aggressive pathogen on hop. Plant Pathol. 2015, 64, 831–842. [Google Scholar] [CrossRef]

	



Puchta, H.; Ramm, K.; Luckinger, R.; Hadas, R.; Bar-Joseph, M.; Snger, H.L. Primary and secondary structure of Citrus viroid IV (CVd IV), a new chimeric viroid present in dwarfed grapefruit in Israel. Nucleic Acids Res. 1991, 19, 6640. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Atta, S.; Wang, X.; Yang, F.; Zhou, C.; Cao, M. Transcriptome sequencing reveals novel Citrus bark cracking viroid (CBCVd) variants from citrus and their molecular characterization. PLoS ONE 2018, 13, e0198022. [Google Scholar] [CrossRef] [PubMed]

	



Duran-Vila, N.; Roistacher, C.; Rivera-Bustamante, R.; Semancik, J. A definition of citrus viroid groups and their relationship to the exocortis disease. J. Gen. Virol. 1988, 69, 3069–3080. [Google Scholar] [CrossRef]

	



Chambers, G.A.; Donovan, N.J.; Bodaghi, S.; Jelinek, S.M.; Vidalakis, G. A novel citrus viroid found in Australia, tentatively named Citrus viroid VII. Arch. Virol. 2017, 163, 215–218. [Google Scholar] [CrossRef] [PubMed]

	



Gandía, M.; Duran-Vila, N. Variability of the progeny of a sequence variant Citrus bent leaf viroid (CBLVd). Arch. Virol. 2004, 149, 407–416. [Google Scholar] [CrossRef] [PubMed]

	



Tessitori, M.; Rizza, S.; Reina, A.; Causarano, G.; Di, S.F. The genetic diversity of Citrus dwarfing viroid populations is mainly dependent on the infected host species. J. Gen. Virol. 2013, 94, 687–693. [Google Scholar] [CrossRef]

	



Škorić, D.; Conerly, M.; Szychowski, J.A.; Semancik, J.S. CEVd-induced symptom modification as a response to a host-specific temperature-sensitive reaction. Virology 2001, 280, 115–123. [Google Scholar] [CrossRef] [PubMed]

	



Di, S.F.; Angelo, D.S.; Sonia, D.; Ricardo, F.; Beatriz, N. Cytopathic effects incited by viroid RNAs and putative underlying mechanisms. Front. Plant Sci. 2012, 3, 288. [Google Scholar]

	



Duran-Vila, N.; Semancik, J.S. Effects of exogenous auxins on tomato tissue infected with the Citrus exocortis viroid. Phytopathology 1982, 72, 777–781. [Google Scholar] [CrossRef]

	



Yaguchi, S.; Takahashi, T. Syndrome characteristics and endogenous indoleacetic acid levels in cucumber plants incited by Hop stunt viroid. Z. Pflanzenkrankh. Pflanzenschutz 1985, 92, 263–269. [Google Scholar]

	



Conejero, V.; Semancik, J.S. Exocortis viroid: Alteration in the proteins of Gynura aurantiaca accompanying viroid infection. Virology 1977, 77, 221–232. [Google Scholar] [CrossRef] [PubMed]

	



Sänger, H.L. Biology structure functions and possible origin of viroids. In Nucleic Acids and Proteins in Plants II; Springer: Berlin/Heidelberg, Germany, 1982. [Google Scholar]

	



Katsarou, K.; Mavrothalassiti, E.; Dermauw, W.; Van Leeuwen, T.; Kalantidis, K. Combined activity of DCL2 and DCL3 is crucial in the defense against potato spindle tuber viroid. PLoS Pathog. 2016, 12, e1005936. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Axtell, M.J. Classification and comparison of small RNAs from plants. Annu. Rev. Plant Biol. 2013, 64, 137–159. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Dalakouras, A.; Dadami, E.; Wassenegger, M. Engineering Viroid Resistance. Viruses 2015, 7, 634–646. [Google Scholar] [CrossRef] [PubMed]

	



Carbonell, A.; Martínez de Alba, A.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. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Gómez, G.; Martínez, G.; Pallás, V. Interplay between viroid-induced pathogenesis and RNA silencing pathways. Trends Plant Sci. 2009, 14, 264–269. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.B.; Bian, X.Y.; Wu, L.M.; Liu, L.X.; Smith, N.A.; Isenegger, D.; Wu, R.M.; Masuta, C.; Vance, V.B.; Watson, J.M. On the role of RNA silencing in the pathogenicity and evolution of viroids and viroid satellites. Proc. Natl. Acad. Sci. USA 2004, 101, 3275–3280. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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

	



Lisón, P.; Tárraga, S.; López-Gresa, P.; Saurí, A.; Torres, C.; Campos, L.; Bellés, J.M.; Conejero, V.; Rodrigo, I. A noncoding plant pathogen provokes both transcriptional and posttranscriptional alterations in tomato. Proteomics 2013, 13, 833–844. [Google Scholar] [CrossRef] [PubMed]

	



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-Microb. Interact. 2012, 25, 582–598. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Q.; Wang, Y.; Cao, M.; Pantaleo, V.; Burgyan, J.; Li, W.X.; Ding, S.W. Homology-independent discovery of replicating pathogenic circular RNAs by deep sequencing and a new computational algorithm. Proc. Natl. Acad. Sci. USA 2012, 109, 3938–3943. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Qi, S.; Tang, N.; Zhang, X.; Chen, S.; Zhu, P.; Ma, L.; Cheng, J.; Xu, Y.; Lu, M.; et al. Discovery of replicating circular RNAs by RNA-seq and computational algorithms. PLoS Pathog. 2014, 10, e1004553. [Google Scholar] [CrossRef] [PubMed]

	



Conejero, V.; Bellés, J.M.; Garcíabreijo, F.; Garro, R.; Hernándezyago, J.; Rodrigo, I.; Vera, P. Signalling in viroid pathogenesis. In Recognition and Response in Plant-Virus Interactions; Fraser, R.S.S., Ed.; Springer: Berlin/Heidelberg, Germany, 1990; Volume 41, pp. 233–261. [Google Scholar]

	



Delaunois, B.; Jeandet, P.; Clement, C.; Baillieul, F.; Dorey, S.; Cordelier, S. Uncovering plant-pathogen crosstalk through apoplastic proteomic studies. Front. Plant Sci. 2014, 5, 249. [Google Scholar] [CrossRef] [PubMed]

	



Wise, R.P.; Moscou, M.J.; Bogdanove, A.J.; Whitham, S.A. Transcript profiling in host–pathogen interactions. Annu. Rev. Phytopathol. 2007, 45, 329–369. [Google Scholar] [CrossRef] [PubMed]

	



Rizza, S.; Conesa, A.; Juarez, J.; Catara, A.; Navarro, L.; Duran-Vila, N.; Ancillo, G. Microarray analysis of Etrog citron (Citrus medica L.) reveals changes in chloroplast, cell wall, peroxidase and symporter activities in response to viroid infection. Mol. Plant Pathol. 2012, 13, 852–864. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Dang, T.; Lavagi-Craddock, I.; Bodaghi, S.; Vidalakis, G. Next-generation sequencing identification and characterization of micrornas in dwarfed citrus trees infected with citrus dwarfing viroid in high-density plantings. Front. Microbiol. 2021, 12, 646273. [Google Scholar] [CrossRef] [PubMed]

	



Tessitori, M.; Maria, G.; Capasso, C.; Catara, G.; Rizza, S.; De Luca, V.; Catara, A.; Capasso, A.; Carginale, V. Differential display analysis of gene expression in Etrog citron leaves infected by Citrus viroid III. Biochim. Biophys. Acta 2007, 1769, 228–235. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Ivanova, D.; Milev, I.; Vachev, T.; Baev, V.; Yahubyan, G.; Minkov, G.; Gozmanova, M. Small RNA analysis of Potato spindle tuber viroid infected Phelipanche ramosa. Plant Physiol. Biochem. 2014, 74, 276–282. [Google Scholar] [CrossRef] [PubMed]

	



Tsushima, D.; Adkar-Purushothama, C.R.; Taneda, A.; Sano, T. Changes in relative expression levels of viroid-specific small RNAs and microRNAs in tomato plants infected with severe and mild symptom-inducing isolates of Potato spindle tuber viroid. J. Gen. Plant Pathol. 2015, 81, 49–62. [Google Scholar] [CrossRef]

	



Lavagi-Craddock, I.; Dang, T.; Comstock, S.; Osman, F.; Bodaghi, S.; Vidalakis, G. Transcriptome analysis of citrus dwarfing viroid induced dwarfing phenotype of sweet orange on trifoliate orange rootstock. Microorganisms 2022, 10, 1144. [Google Scholar] [CrossRef] [PubMed]

	



Moreno, A.B.; Lopez-Moya, J.J. When viruses play team sports: Mixed infections in plants. Phytopathology 2020, 110, 29–48. [Google Scholar] [CrossRef]

	



Syller, J.; Grupa, A. Antagonistic within-host interactions between plant viruses: Molecular basis and impact on viral and host fitness. Mol. Plant Pathol. 2016, 17, 769–782. [Google Scholar] [CrossRef] [PubMed]

	



Duran-Vila, N.; Semancik, J. Variations in the “cross protection” effect between two strains of citrus exocortis viroid. Ann. Appl. Biol. 1990, 117, 367–377. [Google Scholar] [CrossRef]

	



Folimonova, S.Y.; Robertson, C.J.; Shilts, T.; Folimonov, A.S.; Hilf, M.E.; Garnsey, S.M.; Dawson, W.O. Infection with strains of Citrus tristeza virus does not exclude superinfection by other strains of the virus. J. Virol. 2010, 84, 1314–1325. [Google Scholar] [CrossRef] [PubMed]

	



Niblett, C.; Dickson, E.; Fernow, K.; Horst, R.; Zaitlin, M. Cross protection among four viroids. Virology 1978, 91, 198–203. [Google Scholar] [CrossRef] [PubMed]

	



Power, A.G. Competition between viruses in a complex plant-pathogen system. Ecology 1996, 77, 1004–1010. [Google Scholar] [CrossRef]

	



Fulton, R.W. Practices and precautions in the use of cross protection for plant viroid disease control. Annu. Rev. Phytopathol. 1986, 24, 67–81. [Google Scholar] [CrossRef]

	



Hanssen, I.M.; Gutiérrez-Aguirre, I.; Paeleman, A.; Goen, K.; Wittemans, L.; Lievens, B.; Vanachter, A.C.R.C.; Ravnikar, M.; Thomma, B.P.H.J. Cross-protection or enhanced symptom display in greenhouse tomato co-infected with different Pepino mosaic virus isolates. Plant Pathol. 2010, 59, 13–21. [Google Scholar] [CrossRef]

	



Ziebell, H.; Carr, J.P. Cross-protection: A century of mystery. Adv. Virus Res. 2010, 76, 211–264. [Google Scholar] [PubMed]

	



Goh, R.P.; Xie, X.Y.; Lin, Y.C.; Cheng, H.W.; Raja, J.A.J.; Yeh, S.D. Rapid selection of potyviral cross-protection effective mutants from the local lesion host after nitrous acid mutagenesis. Mol. Plant Pathol. 2023, 24, 973–988. [Google Scholar] [CrossRef] [PubMed]

	



Fagoaga, C.; López, C.; de Mendoza, A.H.; Moreno, P.; Navarro, L.; Flores, R.; Peña, L. Post-transcriptional gene silencing of the p23 silencing suppressor of Citrus tristeza virus confers resistance to the virus in transgenic Mexican lime. Plant Mol. Biol. 2006, 60, 153–165. [Google Scholar] [CrossRef] [PubMed]

	



Ratcliff, F.G.; MacFarlane, S.A.; Baulcombe, D.C. Gene silencing without DNA: RNA-mediated cross-protection between viruses. Plant Cell 1999, 11, 1207–1215. [Google Scholar] [CrossRef] [PubMed]

	



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. Phytopathology 1988, 78, 1331–1336. [Google Scholar] [CrossRef]

	



Murcia, N.; Hashemian, S.M.B.; Serra, P.; Pina, J.A.; Duran-Vila, N. Citrus viroids: Symptom expression and performance of Washington navel sweet orange trees grafted on Carrizo citrange. Plant Dis. 2015, 99, 125–136. [Google Scholar] [CrossRef] [PubMed]

	



Semancik, J.S.; Vidalakis, G. The question of Citrus viroid IV as a Cocadviroid. Arch. Virol. 2005, 150, 1059–1067. [Google Scholar] [CrossRef] [PubMed]

	



Baulcombe, D. RNA silencing in plants. Nature 2004, 431, 356–363. [Google Scholar] [CrossRef]

	



Ding, S.W. Transgene silencing, RNA interference, and the antiviral defense mechanism directed by small interfering RNAs. Phytopathology 2023, 113, 616–625. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Q.G.; Liu, Q.; Smith, N.A.; Liang, G.L.; Wang, M.B. RNA silencing in plants: Mechanisms, technologies and applications in horticultural crops. Curr. Genom. 2016, 17, 476–489. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Papaefthimiou, I.; Hamilton, A.; Denti, M.; Baulcombe, D.; Tsagris, M.; Tabler, M. Replicating Potato spindle tuber viroid RNA is accompanied by short RNA fragments that are characteristic of post-transcriptional gene silencing. Nucleic Acids Res. 2001, 29, 2395–2400. [Google Scholar] [CrossRef] [PubMed]

	



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, 1110–1128. [Google Scholar] [CrossRef] [PubMed]

	



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 Pathog. 2019, 15, e1008110. [Google Scholar] [CrossRef] [PubMed]

	



Delgado, S.; Navarro, B.; Serra, P.; Gentit, P.; Cambra, M.Á.; Chiumenti, M.; De Stradis, A.; Di Serio, F.; Flores, R. How sequence variants of a plastid-replicating viroid with one single nucleotide change initiate disease in its natural host. RNA Biol. 2019, 16, 906–917. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, Y.; Wang, Y.; Wu, Y.; Yang, H.; Yang, M.; Zhou, C.; Cao, M. Effects of RNA silencing during antagonism between citrus exocortis viroid and citrus bark cracking viroid in Etrog citron (Citrus medica). Mol. Plant Pathol. 2024, 25, e13408. [Google Scholar] [CrossRef] [PubMed]

	



Gozmanova, M.; Denti, M.A.; Minkov, I.N.; Tsagris, M.; Tabler, M. Characterization of the RNA motif responsible for the specific interaction of potato spindle tuber viroid RNA (PSTVd) and the tomato protein Virp1. Nucleic Acids Res. 2003, 31, 5534–5543. [Google Scholar] [CrossRef] [PubMed]

	



Maniataki, E.; Martinez de Alba, A.E.; Sagesser, 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. [Google Scholar] [CrossRef] [PubMed]

	



Dalmay, T.; Horsefield, R.; Braunstein, T.H.; Baulcombe, D.C. SDE3 encodes an RNA helicase required for post-transcriptional gene silencing in Arabidopsis. EMBO J. 2001, 20, 2069–2078. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, D.; Garcia, S.; Pontier, D.; Marchais, A.; Renou, J.P.; Lagrange, T.; Voinnet, O. Ago hook and RNA helicase motifs underpin dual roles for SDE3 in antiviral defense and silencing of nonconserved intergenic regions. Mol. Cell 2012, 48, 109–120. [Google Scholar] [CrossRef]

	



Duran-Vila, N.; Flores, R.; Semancik, J.S. Characterization of viroid-like RNAs associated with the citrus exocortis syndrome. Virology 1986, 150, 75–84. [Google Scholar] [CrossRef]

	



Ito, T.; Ieki, H.; Ozaki, K.; Iwanami, T.; Nakahara, K.; Hataya, T.; Ito, T.; Isaka, M.; Kano, T. Multiple citrus viroids in citrus from Japan and their ability to produce exocortis-like symptoms in citron. Phytopathology 2002, 92, 542–547. [Google Scholar] [CrossRef] [PubMed]

	



MacDiarmid, R. RNA silencing in productive virus infections. Annu. Rev. Phytopathol. 2005, 43, 523–544. [Google Scholar] [CrossRef] [PubMed]

	



Pruss, G.; Ge, X.; Shi, X.M.; Carrington, J.C.; Bowman Vance, V. Plant viral synergism: The potyviral genome encodes a broad-range pathogenicity enhancer that transactivates replication of heterologous viruses. Plant Cell 1997, 9, 859–868. [Google Scholar] [CrossRef] [PubMed]

	



Herranz, M.C.; Niehl, A.; Rosales, M.; Fiore, N.; Zamorano, A.; Granell, A.; Pallas, V. A remarkable synergistic effect at the transcriptomic level in peach fruits doubly infected by prunus necrotic ringspot virus and peach latent mosaic viroid. Virol. J. 2013, 10, 164–178. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [PubMed]

	



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-