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PHYTOPLASMAS AND INSECT VECTORS
Grapevine yellows (GY) are often associated with molecularly differentiable phytoplasmas according to their geographic distribution and sometimes also to different varieties (Bertaccini, 2015; Dermastia et al., 2017) (Table 1). In Australia a grapevine disease reported as Buckland Valley grapevine yellows was further studied and deeper molecular characterization is in progress for its classification (Constable et al., 2003; D’Ercoli et al., 2018). 
Table 1. Main phytoplasma ribosomal group identified in grapevine worldwide.
	Continent
	Country
	Disease name
	Phytoplasma 16Sr group-subgroup
	‘Candidatus Phytoplasma’ strain acronym

	Australia
	Australia
	Buckland Valley grapevine yellows
	16SrXXXIII-A
	BVGY

	
	
	Australian grapevine yellows
	16SrII-A
	‘Ca. P. aurantifolia’

	
	
	
	16SrXII-B
	‘Ca. P. australiense’

	America
	USA
	Virginian grapevine yellows
	16SrIII-I
	‘Ca. P. pruni’

	
	
	
	16SrI-A
	‘Ca. P. asteris’

	
	Canada
	Grapevine yellows
	16SrI-B
	

	
	
	
	16SrI-A
	

	
	
	
	16SrIII
	‘Ca. P. pruni’

	
	
	“Bois noir”
	16SrXII-A
	‘Ca. P. solani’ 

	
	Brazil
	Grapevine yellows
	16SrIII-J
	‘Ca. P. pruni’

	
	Chile
	
	
	

	
	
	
	16SrVII-A
	‘Ca. P. fraxini’

	
	
	
	16SrI-B
	‘Ca. P. asteris’

	
	
	
	16SrI-C
	

	
	
	
	16SrV-A
	‘Ca. P. ulmi’

	
	
	
	16SrXII-A
	‘Ca. P. solani’  

	
	Peru
	
	16SrXV-A
	‘Ca. P. brasiliense’

	Europe
	Germany
	Palatinate grapevine yellows
	16SrV-C
	PGY

	
	Italy
	Grapevine yellows
	16SrVI
	‘Ca. P. trifolii’

	
	Italy
	
	16SrVII-A
	‘Ca. P. fraxini’

	
	Italy, Hungary, Serbia
	
	16SrX-B
	‘Ca. P. prunorum’

	
	Italy, Slovenia
	Grapevine aster yellows
	16SrI-C
	‘Ca. P. asteris’

	
	
	Grapevine yellows
	16SrV-A
	‘Ca. P. ulmi’

	
	Italy; Portugal
	Grapevine aster yellows
	16SrI-B
	‘Ca. P. asteris’

	
	Italy, France, Switzerland, Serbia, Slovenia, Croatia, Austria, Hungary
	“Flavescence dorée”
	16SrV-C
	FD-C

	
	Italy; France, Spain, Portugal, Slovenia, Croatia
	“Flavescence dorée”
	16SrV-D
	FD-D

	
	Italy, France, Spain, Portugal, Germany, Serbia, Bosnia & Erzegovina, Austria, Hungary, Czech Republic, Bulgaria, Montenegro, Macedonia, Moldova, Georgia, Ukraine
	“Bois noir”
	16SrXII-A
	‘Ca. P. solani’  

	Africa
	Tunisia
	Grapevine yellows
	16SrI-B
	‘Ca. P. asteris’

	
	South Africa
	
	
	

	
	
	“Bois noir”
	16SrXII-A
	‘Ca. P. solani’  

	Asia
	Syria
	Grapevine yellows
	16SrVI
	‘Ca. P. trifolii’

	
	Turkey
	Grapevine yellows
	16SrIX
	‘Ca. P. phoenicium’

	
	
	Grapevine aster yellows
	16SrI-B
	‘Ca. P. asteris’

	
	
	“Bois noir”
	16SrXII-A
	‘Ca. P. solani’

	
	Israel,
	
	
	

	
	Lebanon
	
	
	

	
	Jordan
	
	
	

	
	China
	
	
	

	
	Iran
	Grapevine yellows
	16SrIX-B
	‘Ca. P. phoenicium’

	
	
	
	16SrVII-A
	‘Ca. P. fraxini’

	
	
	
	16SrII-B
	‘Ca. P. aurantifolia’

	
	
	“Bois noir”
	16SrXII-A
	‘Ca. P. solani’


In the American continent studies in USA were carried out on North American grapevine yellows (NAGY) with a revision of 16SrIII phytoplasma classification indicating the presence of two 16SrIII-A sequevars, distinct from ‘Candidatus Phytoplasma pruni’. This disease was reported in Maryland, Missouri, southeast Pennsylvania, Ohio, Virginia, and in the Finger Lakes region of New York State infecting Chardonnay, Pinot Gris, Viognier, Petit Manseng, Cabernet Sauvignon, Malbec, and Black Malvasia (Davis et al., 2015). In Canada it was sporadically reported the presence of phytoplasmas belonging to the 16SrIII ribosomal group (Saguez et al., 2015), in particular the highest infection were observed in Sauvignon Blanc, Cabernet franc, Syrah and Cabernet Sauvignon cultivars (Vincent et al., 2015). In Chile the 16SrIII-J phytoplasma appears to be the most widespread, transmitted by Bergallia valdiviana it infects not only grapevine but several other woody and herbaceous species (Fiore et al., 2015; Quiroga et al., 2015); the draft genome sequence of this phytoplasma was also obtained (Zamorano and Fiore, 2016). In the same country grapevine resulted also infected by 16SrV-A phytoplasmas (Fiore et al., 2015). In southern regions of Brazil in Cabernet Sauvignon and Merlot showing downward rolled leaves, yellowing, reddening of leaf veins, witches’ broom, abnormal development of stems, flowers and bunches referable to GY 16SrIII-J group with some SNP variations were identified (Dos Santos et al., 2017). In a GY disease in vineyards from Peru plants with leaf yellowing, vein necrosis, and in some cases berry shrivelling, showed the presence of ‘Ca. P. brasiliense’-related phytoplasmas (16SrXV-A) (Wei et al., 2017). In Europe both “flavescence dorée” (FD) strains (16SrV-D: FD-D and 16SrV-C: FD-C) (Martini et al., 1999) are still present as epidemic or endemic diseases in all the countries where they were reported (Table 1). However in the northern Portugal 16SrV-D are inducing severe diseases in the local “vino verde” variety (Rebelo et al., 2016) and in Croatia new fast developing FD hotspots were observed showing different genotypes; some of them were also detected in the leafhopper Phlogotettix cyclops and in the invasive weed Ailanthus altissima (Plavec et al., 2018). Orientus ishidae was reported as a further occasional insect vector for 16SrV phytoplasmas in Italian vineyards (Lessio et al., 2016; 2017). In Germany further studies on 16SrV potential insect vectors allow to its detection in 65% of O. ishidae and Allygus spp., in 50% of Lamprotettix nitidulus, 20% of Macropsis spp. and 14% O. alni (Jarausch et al., 2017). The “bois noir” (BN), widespread in almost all European grapevine growing countries (Table 1) was reported from Moldova (Bondarciuc et al., 2018). In Italy Euscelis incisus and Dicranotropis hamata resulted able to transmit 'Ca. P. solani' to grapevine (Mori et al., 2018), the same phytoplasma was also detected in vineyard-collected Euscelidius lineolatus, Mocydia crocea, Neoaliturs fenestratus and Psammotettix alienus (Minuz et al., 2017). In Italian vineyards the ‘Ca. P. fraxini’ was detected in vineyards in Veneto and Puglia regions, while only in Veneto a 16SrVI phytoplasma was identified. In vineyards of this region S. titanus and O. ishidae were also found infected with 16SrXII-A, 16SrVII, and 16SrVI, and 16SrI-B phytoplasmas were identified in O. ishidae and H. obsoletus, and 16SrX-B in S. titanus (Zambon et al., 2018a; 2018b; Fiore et al., 2018). In the Asian continent there are new reports of phytoplasma from grapevine from Iran where ‘Ca. P. fraxini’, ‘Ca. P. aurantifolia’, ‘Ca. P. solani’ and ‘Ca. P. phoenicium’-related strains were identified. In particular in the Marzaki province, ‘Ca. P. aurantifolia’ strains were mainly detected, while in the other two provinces, all the four ‘Candidatus species’ were identified with the prevalence of ‘Ca. P. solani’-related strains (Zamharir et al., 2017; Salehi et al., 2016). 

PHYTOPLASMA - INSECT - GRAPEVINE INTERACTION 

The most studied interactions are those of FD and BN phytoplasmas. For FD 347 sequences, corresponding to 215 annotated genes were assembled allowing to also tentatively filling the gaps of the FD draft genome already. Functional classification indicates that the most expressed genes were either related to translation and protein biosynthesis or hypothetical proteins with unknown function. Some of these latter were predicted to be secreted, acting as effectors with a potential role in modulating the interaction with the host plant. The qRT-PCR validation of the RNA-Seq expression values confirmed that a group II intron represented the FD genomic region with the highest expression during grapevine infection (Abbà et al., 2014). The early whole transcriptomic response of two grapevine varieties, one very susceptible to FD and the other tolerant to the disease was compared taking into account the plant constitutive features, the response to the vector infestation and the response to the phytoplasma presence. The presence of passive defense mechanisms in Tocai friulano, related to the higher constitutive expression of several defense-related genes compared to Chardonnay was observed together with the presence of FD phytoplasma signals that allow the repression of the jasmonate/ethylene-mediated response induced by S. titanus feeding (Bertazzon et al., 2018). The FD phytoplasma VmpA gene was expressed in Spiroplasma citri with a plasmid vectors in which the vmpA coding sequence was under the control of the S. citri tuf gene promoter and resulted in higher accumulation of VmpA than with the native promoter (Renaudin et al., 2015). Using S. citri mutants expressing the FD VmpA at the membrane level and fluorescent “beads” covered with VmpA studies were carried out to study interaction between these proteins and Euscelidius variegatus cells in adhesion tests ex vivo and in vivo ingestion. The results show the VmpA activity as adesin and a possible essential role in FD insect colonization (Arricau-Bouvery et al., 2017). Using leaf vein-enriched tissues of FD infected grapevines of cv. Modrafrankinja the seasonal transcriptional profiles of 14 genes showed an FD-specific plant response compared to other GY and associated with the SWEET17 vacuolar transporter of fructose. Non-targeted metabolome analysis identified 22 significantly changed compounds with increased levels during infection. Several metabolites corroborated the gene expression study. The dynamics of carbohydrate metabolism revealed significant accumulation of sucrose and starch in the mesophyll of FD-infected leaves and a significant up-regulation of genes involved in their biosynthesis. In addition, infected leaves had high activities of ADP-glucosepyrophosphorylase and sucrose synthase. The FD infection inhibits phloem transport, resulting in accumulation of carbohydrates and secondary metabolites (Prezelj et al., 2016). The role of six local grapevine varieties as a source of FD inoculum for the insect vector S. titanus was investigated in Piedmont (Italy) comparing the FD load between red and white varieties with different susceptibility to the disease and using laboratory-reared S. titanus. The load for cv Arneis was significantly lower than for other varieties and although acquisition efficiency resulted to depend on grapevine variety and on FD load, even varieties supporting low FD multiplication resulted highly susceptible and good sources for vector infection, while poorly susceptible varieties results also to host high phytoplasma loads (Galetto et al., 2016). Extensive FD surveys in vineyards in France showed that Cabernet Sauvignon is highly susceptible, with a high proportion of symptomatic branches and phytoplasma titres, in contrast to Merlot. Localized insect transmissions and grafting showed that the phytoplasmas circulate in the whole plant in the Cabernet Sauvignon, but in Merlot they are restricted to the transmission point. Insect-mediated transmission under high confinement mimicking natural conditions allowed the classification of 28 Vitis accessions into three categories, according to the percentage of infected plants and their phytoplasma titres. Reduced symptoms, low phytoplasma titres, and low percentages of infected plants were found to be associated in the Vitis vinifera cultivars while the low susceptibility of Merlot was observed for one of its parents, i.e., Magdeleine Noire des Charentes. Rootstocks and their Vitis parents, although having high percentages of infected plants and intermediate to high phytoplasma titres, shared a symptomless response confirming that  they can constitute a FD reservoir (Eveillard et al., 2016).
The application of the first droplet-digital-PCR-based absolute quantification of FD phytoplasma using the secY gene was reported. The sensitivity of the assay shown that it could be used for quantification and quality control of DNA based on in-house reference materials typically used in diagnostics and metrological laboratories. This new tool has great potential for monitoring phytoplasma kinetics, such as the progress of an infection, and variations of the phytoplasma titer through the season and, screening plants for resistance (Mehle et al., 2014).
MANAGEMENT
Analyses of space-time statistical features of a FD epidemic in V. vinifera plants were obtained in a vineyard of 17,500 m2 surface area in the Piedmont region, Italy. Space-time dynamic point pattern analyses were applied to newly infected and recovered plants to highlight statistics of FD progression and regression over time. Results highlighted point patterns ranging from disperse (at small scales) to aggregated (at large scales) over the years, suggesting that the FD epidemic is characterized by multiscale properties that may depend on infection incidence, vector population, and flight behaviour. Dynamic analyses showed moderate preferential progression and regression along rows. Nearly uniform distributions of direction and negative exponential distributions of distance of newly symptomatic and recovered plants relative to existing symptomatic plants highlighted features of vector mobility similar to Brownian motion. (Maggi et al., 2017). Since Chile is free of FD and its vector S. titanus the consequences in case of accidental insect introduction in the Country were evaluated through a model using the BIOCLIM-DOMAIN tool, considering the current climatic conditions and the projections of estimated climate change in Chile. Results indicated that the establishment and the survival of the insect in Chile is possible considering current and projected climatic conditions (Quiroga et al., 2017).
During 2016, three field trials were conducted in organic vineyards to evaluate the efficacy of kaolin, orange oil, insecticidal soap and spinosad against S. titanus nymphs, in comparison with pyrethrins. The activity of kaolin was evaluated also in laboratory. In all field trials, kaolin had an efficacy against nymphs comparable to pyrethrins, while the other products were not effective. Laboratory results confirmed that kaolin increased nymph mortality. In organic vineyards, kaolin and pyrethrins are valuable tools in the management of FD. Nevertheless, their efficacy is lower compared to that of the synthetic insecticides used in conventional viticulture (Tacoli et al., 2017). Grapevine plants Glera and Chardonnay were treated for two years three times per year with (cold) plasma activated water (PAW) showed a reduction of symptoms and an increased fitness. Molecular analysis showed 40% reduction of phytoplasma presence in PAW treated plants (Zambon et al., 2017). Volatiles emission from BN recovered grapevine after treatment with acibezolar-S-methyl (BTH) and two glutathione oligosaccarin based products applications was evaluated in an Italian Chardonnay vineyard. These volatiles were repellents to H. obsoletus adults while one of them strongly attracted cixiids showing interesting potential in practical application for organic farming (Riolo et al., 2017).
Healthy S. titanus nymphs were allowed to feed on FD infected and recovered grapevines Chardonnay and Barbera and the recovered plants resulted not acting as inoculum sources. Moreover in Chardonnay the recovery percentage was very low and the wine produced was having a lower alcohol content and a low acceptability to the tasting; for Barbera the recovery was consistent and the wine parameters from recovered grapevine were similar to those of healthy plant produced wine (Galetto et al., 2017). 'Ca. P. solani' was detected in the 30% of Chardonnay recovered grapevines moreover the phytoplasma populations in symptomatic and recovered plants were distinguishable on vmp1 gene (Quaglino et al., 2017). A study aimed to understand whether salicylate- and jasmonate-defense pathways might have a role in the recovery from the BN disease was carried out using leaves from healthy, BN-infected and recovered plants, both in the presence (late summer) and absence (late spring) of symptoms. In symptomatic diseased plants (late summer), unlike symptomless plants (late spring), salicylate biosynthesis was increased and salicylate-responsive genes were activated. In contrast, jasmonate biosynthesis and signaling genes were up-regulated both in recovered and diseased plants at all sampling dates. Activation of the salicylate signaling pathway that is associated with the BN presence seems to antagonize the jasmonate defense response, by failing to activate or suppressing both the expression of some jasmonate responsive genes that act downstream of the jasmonate biosynthetic pathway, as well as the first events of the jasmonate signaling pathway. On the other hand, activation of the entire jasmonate signaling pathway in recovered plants suggests the potential importance of jasmonate-regulated defenses in preventing BN infections and disease (Paolacci et al., 2017). 
Three media were evaluated for phytoplasma isolation and colony formation under microaerophilic growing conditions, using grapevine canes from plants showing yellows symptoms, and infected by FD, BN and AY aster yellows phytoplasmas as sources for two years at three sample collection times. Broad applicability and a good repeatability in supporting phytoplasma colony formation were obtained in Pivs® and CBs media. While the MB medium did not support phytoplasma isolation and growth, the CB media support a phytoplasma growth comparable to the one obtained in the previously reported media (Contaldo et al., 2012). This medium has a formulation that allows its modification to implement specificity towards selective phytoplasma growth (Contaldo et al., 2016). Following this report under the frame of a new H2020 project (TROPICSAFE) leaded by Italy the use of phytoplasma colonies from grapevine will be employed for antisera development and screening for phytoplasma susceptibility.
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