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Notes on taxonomy and nomenclature
Citrus bark cracking viroid (CBCVd) was initially designated as Citrus viroid IV (CVd- IV) because it was the fourth viroid species discovered in citron (Citrus medica) and which were distinguished by electrophoretic mobility. This viroid had the fastest electrophoretic mobility by sequential PAGE. Northern blot hybridization revealed no homology to the CVd-I, CV-II, and CV-III sequences and only weak homology to Citrus exocortis viroid (CEVd) probes (Duranvila et al., 1988). Its complete nucleotide sequence of 284 bp was discovered in a sample of dwarf grapefruit (Citrus paradisi) from Israel in 1991 and described as a chimeric viroid resembling parts of CEVd and Hop stunt viroid (HSVd )(Puchta et al., 1991). It belongs to the family Pospiviroidae and the genus Cocadviroid (Flores et al., 1998), although its position in the genus was debated (Semancik and Vidalakis, 2005). The presence of CVd-IV was found to be associated with bark cracking symptoms in trifoliate oranges, so it was renamed the more descriptive CBCVd (Vernière et al., 2004; Vernière et al., 2006). Recent discovery of its natural presence in hops supports its current Cocadviroid classification together with Hop latent viroid (HLVd).
HOSTS
Known natural hosts for CBCVd were until recently restricted to the various species and interspecies of the Citrus genus, including lime (Citrus aurantiifolia), sour orange (Citrus aurantium), nagami kumquat (Fortunella margarita), Tahiti lime (Citrus latifolia), sweet lime (Citrus limettioides), lemon (Citrus limon), etrog citron (Citrus medica), Meyer lemon (Citrus meyeri), grapefruit, tangerine (Citrus reticulata), sweet orange (Citrus sinensis), trifoliate orange (Citrus trifoliata) and various hybrids. CBCVd was confirmed in hop (Humulus lupulus) fields in 2015 causing severe stunt disease of hop (Jakse et al., 2015) and in pistachio (Pistacia vera), where the viroid is known under the name citrus bark cracking viroid-pistachio (CBCVd-pis) due to the lower similarity (87% nucleotide similarity) with other CBCVd variants (Al Rwahnih et al., 2018). 
In addition to natural hosts, it was shown that CBCVd can infect experimentally other hosts with or without symptoms including ornamentals, vegetables and weeds such as purple velvetplant (Gynura aurantiaca), tomato (Solanum lycopersicum), Solanum lycopersicum × Solanum peruvianum, cucumber (Cucumis sativus), chrysanthemum (Dendranthema × grandiflorum), eggplant (Solanum melongena), jimsonweed (Datura stramonium), Nicotiana benthamiana and bittersweet nightshade (Solanum dulcamara). Interestingly, pure cultures of CBCVd for its sequence characterization were obtained in ash gourd (Benincasa hispida) (Puchta et al., 1991). The pistachio variant was shown to be graft transmittable to UCB-1 hybrid rootstock (P. atlantica × P. integerrima) (Al Rwahnih et al., 2018).
Host list: Citroncirus webberi, Citrus hybrids, Citrus medica, Citrus reticulata, Citrus sp., Citrus trifoliata, Citrus x aurantiifolia, Citrus x aurantium var. paradisi, Citrus x aurantium var. sinensis, Citrus x aurantium, Citrus x latifolia, Citrus x limon var. limettioides, Citrus x limon var. meyerii, Citrus x limon, Citrus x tangelo, Fortunella margarita, Humulus lupulus, Pistacia atlantica, Pistacia vera
GEOGRAPHICAL DISTRIBUTION
CBCVd is believed to have a worldwide distribution. Mainly reported in citrus growing areas, it has also been confirmed in the last decade in the hop growing areas of the Savinja Valley in Slovenia (Jakse et al., 2015) and in Bavaria, Germany (EPPO, 2019). Recently, a sequence with 87% nucleotide similarity was reported in pistachio trees in the USA (Al Rwahnih et al., 2018).
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EPPO Region: Cyprus, Germany, Greece (mainland, Kriti), Israel, Italy (mainland), Slovenia, Spain (mainland), Tunisia, Türkiye
Africa: Egypt, South Africa, Sudan, Tunisia
Asia: China (Sichuan, Zhejiang), Iran, Islamic Republic of, Israel, Japan, Lebanon, Oman, Pakistan, Syrian Arab Republic
North America: United States of America (California, Florida, Texas)
Central America and Caribbean: Cuba, Jamaica
South America: Brazil (Sao Paulo)
Oceania: Australia

BIOLOGY
CBCVd is one of the less well studied viroids in citruses. All parts of plants can be systemically infected with CBCVd. As is the case for the other members of Pospiviroidae, CBCVd replicates in the nucleus. The process is known as an asymmetrical rolling-circle mechanism and involves the host enzymes (Flores et al., 2009). Members of this family share a central conserved region (CCR) which is important to import the viroid into the nucleus, and multiple host factors are likely to be involved in this process (Abraitiene et al., 2008). Movement of the viroid from the nucleus to other cells is possible via plasmodesmata to neighbouring cells and via the phloem for long-distance transport. This process is probably dependent on the RNA structural features of the viroid and host proteins (Takeda and Ding, 2009). Little is known about the synergistic effects of viroid coinfection. A possible synergistic mechanism of CBCVd with HLVd was investigated at the transcriptome level, where different dynamic changes in the hop transcriptome were observed in single and mixed infections (Štajner et al., 2019).
As for other viroids, CBCVd can be spread by vegetative propagation and mechanically. It is one of the virus viroid species detected in the citrus 225-T isolate, which is known to be a graft-transmissible dwarfing agent used to dwarf grapefruit trees (Puchta et al., 1991). 
There are no other reports of other possible transmission routes in citrus plants. In hops, distribution in fields also suggests mechanical spread within rows by cultivation practices and between fields by exchange of infected planting material and contaminated machinery (Jakse et al., 2015) (see Pathways for movement). 
A transmission study excluded major hop pests as vectors for CBCVd on hop plants (Radišek et al., 2018).  
In hops, it has been confirmed that CBCVd is not pollen transmissible. In transgenic tobacco (Nicotiana tabacum) carrying the CBCVd sequence in its genome, its transcripts in pollen were dramatically reduced during pollen development, suggesting that CBCVd is also not pollen transmissible (Matoušek et al., 2020).
DETECTION AND IDENTIFICATION
Symptoms
CBCVd has natural hosts among citrus species and citrus relatives on which it induces mild symptoms or no symptoms at all (Barbosa et al., 2002; Duran-Vila et al., 1988). CBCVd causes severe symptoms on hops (Jakše et al., 2015) and CBCVd-pis variant infections in pistachio are asymptomatic (Al Rwahnih et al., 2018). Among experimental herbaceous hosts, symptoms can be observed on tomato, Gynura and chrysanthemum (Semancik and Vidalakis, 2005).  
On citrus species
CBCVd is a minor pathogen on citrus species, which induces bark cracking on the rootstock trifoliate orange (Poncirus trifoliata (L.) Raf.) and Carrizo citrange (P. trifoliata x Citrus sinensis) (Murcia et al., 2015; Vernière et al., 2004; 2006). Under the cracks, green streaks with protuberances can be observed which are located in the depressions on the wood. Studies showed that single CBCVd infections have minor negative effect on growth and yield in citrus plants grafted on trifoliate orange (Verniére et al., 2004; 2006), whereas plants grafted on Carrizo citrange showed significant reduction in tree height and canopy volume (Murcia et al., 2015). Reduction of yield was also observed in trees co-infected with HSVd, whereas mixed infection with CEVd showed that CBCVd could suppress symptoms in CEVd infected plants (Verniére et al., 2006). In addition, CBCVd infection of the susceptible viroid bioindicator host ‘Etrog’ citron (Citrus medica) Arizona 861-S-1 induces moderate stunting and random leaf epinasty associated with mid-vein and petiole necrosis (Timmer et al., 2000).
On hops
CBCVd causes severe symptoms on hops, which include plant stunting resulting from a shortening of the internodes of main and lateral branches, leaf yellowing and down curling, small cone formation and dry root rot (Jakše et al., 2015). Infected plants normally begin to sprout in spring; so the first symptoms seen as slower growth are observed in end of May or early June (over BBCH 35), depending on weather conditions and variety. 
Later, during the vegetative season, the occurrence of disease symptoms intensifies, with a distinctive shortening of internodes of the main bines and of the lateral branches. Main bines also show intensive longitudinal bark cracking, and some smaller cracks can also be found on lateral bines. At the top of the plant, plants often undergo some decline in the parts attached by the strings and their climbing upwards is disturbed. 
In most cases, the infected plants fail to reach the level of the trellis and begin to blossom up to 10 days prior to the uninfected plants. The leaves remain smaller, and they turn yellowish with down curling edges. In some varieties leaves also show intensive chlorotic speckling. The cones are distinctly smaller and lighter. The disease severely affects the root system with dry rot development which leads to a complete dieback of the entire root system. Severity of symptoms is also dependent on the susceptibility of the variety and weather conditions, with more severe stunting and early symptom development observed in years with higher temperatures (Radišek, 2017). 
The described symptoms are similar to hop stunt viroid (HSVd) infections in terms of effect on individual hop tissues (Sano, 2003; Eastwell and Sano, 2009). However, the incubation period of CBCVd infected plants is significantly shorter and disease progression is much faster. For HSVd the first signs of disease may be expected 3 to 5 years after infection, whilst for CBCVd, the first significant symptoms (stunting) can be seen 1 year after infection. In field conditions CBCVd infected plants (susceptible varieties) die off completely between 3 and 5 years after infection (Jakse et al., 2015), whilst the HSVd-infected plants survive for 10 or more years (Eastwell and Sano, 2009). 
Morphology
CBCVd consists of a circular single-stranded RNA molecule, of 284 nucleotides (nt) (NCBI GenBank). The nucleotides form a viroid-specific rod-like secondary structure in which 63 G:C, 32 A:U and 8 G:U pairs are present so that approximately 71% of all its nucleotides are base-paired (Puchta et al., 1991). Like other viroids of the family Pospiviroidae, CBCVd contains five structural domains: terminal (left and right), pathogenicity, central and variable (Di Serio et al., 2014). As a member of the genus Cocadviroids, CBCVd has a central conserved region (CCR) that differs from other genera of the Pospiviroidae family and has a terminal conserved hairpin (TCH) (Di Serio et al., 2021; Wang et al., 2018). 
Detection and inspection methods
Plants in the field are asymptomatic in the first year of infection and this asymptomatic period carries over to the following spring. CBCVd infected hop plants can therefore only be recognised by visual inspection in the second year of infection in late spring and in the summer period of vegetation (over BBCH 35). The exception is in artificially infected plants of susceptible varieties on which mild symptoms can be observed on leaves 4 months post inoculation (Jakše et al., 2015). On citrus plants bark cracking might be observed on trifoliate orange rootstock and on hybrid rootstock citrange (Murcia et al., 2015). Since similar symptoms to CBCVd infections may be induced by other biotic and abiotic factors, detection and identification requires testing. Because of the incubation period, asymptomatic testing is also crucial for early detection in plants for planting material. 
For CBCVd detection different methods have been developed including biological indexing (Duran-Vila and Semacik, 2003), molecular hybridisation (Malfitano et al., 2005, Murcia et al., 2009), polyacrylamide gel electrophoresis (PAGE) (Duran-Vila et al., 1988), PCR methods (RT-PCR, RT-real-time PCR) (Bernad and Duran-Vila, 2006; Ito et al., 2002, 2003; Osman et al., 2017; Wang et al., 2009, 2013) and next generation sequencing (NGS) (Al Rwahnih et al., 2018; Jakše et al., 2015). 
For routine detection the preferred testing methods are RT-PCR and RT- real-time PCR. Specificity testing of different RT-PCR primers showed that primers developed by Bernad and Duran-Vila (2006) and Ito et al. (2002) are the most reliable for CBCVd detection in hops as well in citrus hosts (Guček et al., 2019). Vidalakis and Wang (2014) developed RT- real-time PCR test for the universal detection of citrus viroids, including CBCVd, which is routinely used in Citrus Nursery Stock Pest Cleanliness Program in California, and Seigner et al. (2020) developed RT-real-time PCR for CBCVd detection in hops.
PATHWAYS FOR MOVEMENT
CBCVd can be transmitted by vegetative propagation or mechanically (by contact between neighbouring plants, by contact with plant sap contaminated tools (e.g. during grafting, pruning), via clothing, and via machinery) (Barbosa et al., 2005; Radišek et al., 2019). The spread of CBCVd in hop gardens is extremely rapid since hop cultivation practices often cause mechanical damage on plants. The most damaging practices include pruning, other spring operations (e.g. the training of shoots), and harvesting (e.g. when the majority of green parts are cut down). The disease was reported to infect up to 20% of new hop plants per year, mainly along plant rows, as a result of intensive cultivation practices during the vegetative period (Jakše et al., 2015). Cultivation practices such as returning fresh hop waste back to hop gardens is also responsible for local spread. In contrast to hop, surveys on citruses have demonstrated a relative low incidence and progression in commercial orchards (Duran-Vila and Semancik, 2003; Semancik and Vidalakis, 2005). Citrus plants for planting are generally not grown in hop growing areas (they may be present as ornamentals, but not in production, and consequently the likelihood of transfer to hop crops is low). There are no reports of seed, pollen or vector transmission; however, additional studies should be done in the future to confirm that such pathways do not present any risk.
The main pathways for long distance spreading are plants for planting and other plant material (e.g. parts of plants). In particular, infected citrus fruits might present a risk if the host plants are exposed to infected citrus waste (peels), however such infections are extremely rare since most household waste ends up in regulated disposal facilities (Radišek et al., 2019). Hop cones are not considered as a pathway since they are directly used in brewing processes. CBCVd on machinery is not considered able to survive long distance transport. Long distance spread via tools and persons (clothing and footwear) is considered unlikely.
PEST SIGNIFICANCE
Economic impact
CBCVd on citruses is considered as a disease agent of minor importance (Semancik & Vidalakis, 2005). Single CBCVd infections are directly associated with bark cracking on trifoliate orange rootstock and on hybrid rootstock citrange, whereas co-infections with other citrus viroids can cause economical important diseases such as exocortis and cachexia (Vernière et al., 2004; 2006). 
In contrast to the situation in citruses, CBCVd causes high economic damage on hop. Hop is a deciduous climbing herbaceous perennial plant cultivated for the production of female inflorescences, termed cones, which are primarily used in beer production. In the EPPO region, hops are grown on approximately 30 000 ha in 13 countries, of which Germany, Czech Republic, England, Poland and Slovenia provide the majority of European hop production (IHGC, 2021). Hop production requires high investments for mechanization and the extensive and long-term field support system (trellis). The plants are often cultivated for more than 20 years, therefore fast CBCVd spread and aggressive disease development causes major losses. To reestablish production after an outbreak, crop rotation (for a minimum of 2 years) is a prerequisite and farmers need to invest to obtain new healthy (certified) planting material (Radišek et al., 2017). In Slovenia, since the first finding of the stunted plants in 2007, almost 500 ha of hop gardens have been affected of which approximately 300 ha were removed and destroyed in order to eradicate the viroid. The majority of the plants (235 ha) were removed and destroyed in 2019 and 2020 when the new (stricter) official state CBCVd eradication program was established, and reached costs of approximately 4 million EUR (MKGP, 2019, 2021). This estimation does not include human costs and material costs for disinfection and for adapted cultivation practices by the farmers. Therefore, the final economic impact was evaluated at more than 4.2 million EUR (EPPO, 2021).  
Economic losses in hop production areas are comparable to eradication of HSVd outbreaks in Japan in the period 1977-1987, where more than 120 ha were removed and replanted with HSVd-free planting material (Sano, 2013). Due to CBCVd being a more severe disease compared to HSVd, and the fact that there is more extensive hop production in Europe compared to Japan, even higher economic losses may result from a wider spread and from the non-implementation of control measures.
Control
As with other viroids, CBCVd infections cannot be directly cured by chemical or biological treatments (Barba et al., 2017). Therefore, disease management relies first on prevention, and in the case of outbreaks eradication measures should be taken based on a risk analysis (Singh et al., 2003). 
Planting of CBCVd-free material is the basic step to prevent infections and to stop spread of the viroid into new regions. Production of planting material should be done under certification programs or schemes which include regular testing and inspections of mother plants and nuclear stock to provide guarantees that the propagative material is free from CBCVd. Since CBCVd is mechanically transmissible, it is important that propagation facilities regularly clean and disinfect tools and equipment, and that staff use separate clothes from those worn in the fields, to prevent CBCVd introduction via human activities. Disinfection and cleaning are also important for farms which share equipment or seasonal workers. In the case of infected germplasm, CBCVd can be eliminated from citrus with shoot-tip-grafting (Navarro et al., 1975). In hops, the hop latent viroid (HLVd) elimination technique consisting of growing ‘in vitro’ meristematic tissue is well documented (Morton et al., 1993) and could potentially be used also for CBCVd.  
In the case of hop, measures are needed to prevent further spread. Symptomatic plants should be removed and destroyed as soon as possible. Because of the one-year incubation period, it is possible that some neighbouring plants are already infected but symptomless. For this reason, it is important that plants in an adequate buffer zone are removed and destroyed around infected plants. Infected plants and plants from this buffer zone should be destroyed on appropriate disposal sites by composting, burning or they can be buried. Changes in cultivation practices are also important to prevent or slow down spread of this pest, for example by reducing the number of cultivation operations and by the disinfection/cleaning of equipment and tools when used in different fields. Eradication measures should include the removal of as many remaining roots as possible, a crop rotation with non-host plants and if necessary an herbicide treatment on the total surface of the field.
Monitoring for CBCVd symptoms and testing is important in hop gardens, especially in areas where CBCVd is present, to detect outbreaks in the initial stage of infection. CBCVd testing of 32 hop varieties and genotypes from different areas worldwide revealed differences in susceptibility. Most genotypes were classified as highly sensitive, whereas few genotypes showed a moderately sensitive response and tolerance (Radišek et al., 2018). Genetic mechanisms of tolerance/resistance are still unexplored.
Phytosanitary risk
Infections on hop were, until 2021, only reported in Slovenia and Germany (Jakše et al., 2015; EPPO, 2019). Based on pest risk analyses (PRAs), CBCVd was assessed as presenting a significant risk of further spreading in the hop growing countries of the EPPO region (Radišek & Benko-Beloglavec, 2016; Wilstermann et al., 2020). In terms of spread, it is necessary to emphasize the high density of hop gardens in all EU hop growing regions, which increases the risk of disease spreading among farms. Vegetative propagation and the one-year incubation period present a high risk for the spread of CBCVd in propagation facilities as well as for long distance spreading by plants for planting material. CBCVd would be expected to cause similar impacts in other hop production areas to those reported in Slovenia, thus causing the death of hop plants and therefore considerably affecting the brewing industry.
PHYTOSANITARY MEASURES
Slovenia, as the first country with CBCVd hop infections, established national quarantine regulations on this viroid in 2015. Based on a PRA performed by Slovenia in 2016 (Radišek & Benko-Beloglavec, 2016) and an express PRA revised by Germany in 2020 (Wilstermann et al., 2020), EPPO recommends the following management measures on hop plants (EPPO, 2021): Hop plants for planting (except seeds) should be produced in a pest free area or in a pest free place/site of production. When produced in a pest free place/site of production, personnel working in such facilities should apply hygiene protocols appropriate for CBCVd. An alternative to the production in a pest free area, or in a pest free place/site of production, is the testing of all plants, or a post-entry quarantine with visual checks and testing (in the framework of a bilateral agreement).
In addition to the measures to be implemented by the exporting countries, EPPO encourages importing countries to clean and disinfect used machinery and tools/equipment to prevent entry of CBCVd in places/sites of production that also grow host plants. Citrus fruit waste should be disposed of safely, preferably not on agricultural land.
Eradication may be possible if CBCVd is confirmed in a small area but requires stringent measures that are mostly based on the systematic controls, eradication of infected plants and plants in a buffer zone, hygiene measures and production of certified planting material (see Control). 
When not regulated as a quarantine pest, CBCVd could be regulated as a regulated non-quarantine pest (RNQP): In 2021, CBCVd was added to the draft revised EU list of RNQP for hop plants for planting other than pollen and seeds (draft revised Commission Implementing Regulation (EU) 2019/2072).
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