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ABSTRACT

A 3-year survey was conducted in Northern Italy to verify the presence and diversity of phytoplasmas in selected
vineyards showing symptoms of severe yellows. Symptomatic and asymptomatic grapevines were sampled, and insects
were collected using yellow sticky traps. The phytoplasmas detected in grapevine samples were different according to the
years: “flavescence dorée” (16SrV-C/D) was detected together with other phytoplasmas such as 16SrXI1-A (‘Candidatus
Phytoplasma solani’-related, bois noir), 16Srl-B (‘Ca. P. asteris’-related, aster yellows), 16SrX-B (‘Ca. P. prunorum’-
related, European stone fruit yellows), and 16SrV-A (‘Ca. P. ulmi’-related, elm yellows). Moreover, phytoplasmas
belonging to 16SrVII-A (‘Ca. P. fraxini’-related) and 16SrVI (‘Ca. P. trifolii’-related) subgroups were also identified.
Identification of phytoplasmas was also carried out from insects and showed the presence of some of these phytoplasmas
in Scaphoideus titanus and Orientus ishidae: 16SrXII-A, 16SrVIl, and 16SrVI phytoplasmas were detected in specimens
of both species, while 16SrXI1I-A and 16Srl-B phytoplasma strains were identified in Orientus ishidae and Hyalesthes
obsoletus, and 16SrX-B in S. titanus. Direct sequencing of selected amplicons obtained from 16S rRNA, rp, and tuf genes
from grapevine and insect samples confirmed the phytoplasma identification. The 16SrV1I-A and 16SrVI phytoplasmas
were never detected before in grapevine, S. titanus and Orientus ishidae in Europe and their epidemiological importance
is being monitored.

Phytoplasmas are biotrophic plant-pathogenic wall-less prokaryotes belonging to the class mollicutes with a
low G+C content, closely related to Gram-positive bacteria. They are phloem-limited and mainly transmitted
by insects belonging to leafhopper (Cicadellidae), planthopper (Cixiidae), or psyllid (Psyllidae) families
(Weintraub and Beanland 2006). Phytoplasmas are associated with several diseases affecting economically
important crop species such as grapevine, coconut palm, fruit trees, vegetables, and ornamental plants all over
the world (Bertaccini et al. 2014). Based on analysis of 16S rRNA gene, they are classified into 33 groups and
40 ‘Candidatus Phytoplasma’ species (Dermastia et al. 2017; IRPCM 2004) according to restriction fragment
length polymorphism (RFLP) pattern and to percentage of sequence homology, respectively, of 1,200 nt in
this gene (Lee et al. 1998a; Wei et al. 2007; Zhao et al. 2009).

Grapevine yellows (GYSs) is one of the most damaging phytoplasma-associated diseases that can cause severe
yield losses in every geographic area where grapevines are cultivated in the world (Constable 2010). Despite
presence of different phytoplasmas in the diseased plants (Dermastia et al. 2017), the typical symptoms caused
by these phytoplasmas, including leaf reddening and rolling, abnormal lignification of canes, short internodes,
and flower abortion, are the same. The main yellows diseases in grapevine in Europe are “flavescence dorée”
(FD, 16SrV-C/D ribosomal subgroups) (Bertaccini et al. 1995; Martini et al. 1999) and bois noir (BN,
‘Candidatus Phytoplasma solani’, 16SrXII-A ribosomal subgroup) (Quaglino et al. 2013), transmitted by the
monovoltive ampelophagous leafhopper Scaphoideus titanus Ball and by the polyphagous cixiid Hyalestes
obsoletus Signoret, respectively (Schvester et al. 1961; Sforza et al. 1998). More recently in Europe, 16SrV-C
phytoplasmas linked to FD presence in grapevine were detected in different weed species such as Clematis
vitalba, Alnus glutinosa, Sambucus nigra, Cornus sanguinosa, Prunus spinosa, Ulmus glabra, Ulmus minor,
Ulmus spp., Corylus avellane, and Salix sp. (Angelini et al. 2004; Casati et al. 2017; Filippin et al. 2005, 2009;



Maixner et al. 2000). On the other hand, stolbur-related phytoplasmas (16SrXII-A, molecularly
undistinguishable from BN) have been reported in a wide range of crops and wild plants including solanaceous,
lavender, strawberry, sugar beet, stinging nettles (Urtica dioica), and bindweed (Convolvolus arvensis) (Borgo
et al. 2008; Lessio et al. 2007; Maixner et al. 1995; Marcone et al. 1997; Skori¢ et al. 1998).

During the last 25 years, the use of molecular techniques such as PCR/RFLP and DNA sequencing allowed
the detection and characterization of phytoplasmas associated with GYs and led to identification and
classification schemes for phytoplasmas (Bertaccini et al. 1995; Lee et al. 1998a; Martini et al. 1999). The FD-
associated phytoplasma strains belonging to ribosomal subgroups 16SrV-C and 16SrV-D were further
differentiated using polymorphisms in rpS3 and in secY genes (Angelini et al. 2001; Arnaud et al. 2007; Martini
et al. 2002; Quaglino et al. 2010). Moreover, multigene analyses of BN-associated phytoplasmas, based on tuf
(Langer and Maixner 2004), secY, vmpl (Fialova et al. 2009), and stamp (Fabre et al. 2011) genes, have
highlighted the presence of several phytoplasma lineages (Foissac and Maixner 2013).

Grapevine phytoplasma control strategies in Europe are mainly directed to control FD and are based on
prevention, surveys, and insecticide treatments against S. titanus; however, other insects may play a role in
transmitting these phytoplasmas. It was shown that Dictyophara europaea (L.) (Hemiptera; Dictyopharidae)
transmits phytoplasmas from Clematis vitalba L. to grapevines under experimental conditions (Filippin et al.
2009), and Oncopsis alni (Schrank) (Cicadellidae; Macropsinae) can transmit 16SrV-C from alder to
grapevine, inducing Palatinate grapevine yellows (PGY) (Maixner et al. 2000). The monitoring of insect
species that are particularly abundant in vineyards and could serve as new potential vectors is also relevant in
the management of GY diseases. Recently the mosaic leafhopper Orientus ishidae (Matsumura) (Cicadellidae;
Deltocephalinae) was found to be positive for 16SrV-C and -D phytoplasmas in Slovenia, Italy, and
Switzerland (Gaffuri et al. 2011; Mehle et al. 2010; 2011; Trivellone et al. 2015); it was also shown capable
to transmit 16SrV phytoplasmas from broad bean to grapevine (Lessio et al. 2016).

Despite several years of monitoring and mandatory control against S. titanus, and the almost exclusive
cultivation of a GY-tolerant grapevine cultivar (Glera), these diseases in North-Eastern Italy (Veneto) are still
showing epidemic spreading (Canel et al. 2014). Cultivar Glera has been reported to show recovery from
phytoplasma infection (Angelini et al. 2006; Carraro et al. 2004) potentially increasing the presence of
asymptomatic phytoplasma-infected grapevine plants that could serve as an inoculum reservoir.

To verify the reasons of the continuous GY spreading in Veneto region (North-Eastern Italy), especially in
Treviso Province, Prosecco areas, where cultivar Glera is long-time cultivated for producing the famous
sparkling wine, the identification and molecular characterization of phytoplasmas in symptomatic and
asymptomatic grapevine and insects captured in selected vineyards during a 3-year survey is reported. In
particular, the focus was to evaluate the possible role of asymptomatic grapevine plants and of recently reported
insect vectors in the selected ecosystem.

MATERIALS AND METHODS

Plant and insect samples.

Samples belonging to four grapevine cultivars (Chardonnay, Glera, Pinot Gris, and Perera) were collected from
2013 to 2015 in 17 vineyards, 15 to 20 years old, located in the Treviso Province (North-Eastern Italy, Fig. 1)
at levels ranging from 253 (Valdobbiadene) to 13 m above sea level (Oderzo) for a total surface of about 100
ha. The sampling was carried out randomly every year from different plants. Insects were also captured by
yellow sticky traps in the same vineyards and identified under a stereomicroscope using dichotomous keys
(Pollini 2013), and potential vector species were detached from glue and grouped in batches containing one to
two adult individuals of Scaphoideus titanus Ball, Hyalestes obsoletus Signoret, Orientus ishidae (Matsumura
1902), and Hishimonus hamatus Kuoh.



s (ol&igmbeno

S L N/ .
£ Col San Mart. ** A,’(u'&(

#o2 b 03
ol 4+ Crocetta del Montello

Fig. 1. Map of Treviso Province: the locations of sampling are indicated by dots.
DNA extraction and phytoplasma identification.

Total nucleic acids were extracted from 1 g of fresh plant tissue (leaf midribs) from 137 symptomatic and 24
asymptomatic grapevines (20 of which were collected in 2015), and ground in liquid nitrogen using a
phenol/chloroform protocol (Prince et al. 1993). Following a CTAB-based DNA extraction procedure
(Angelini et al. 2001), 29 batches of S. titanus (50 individuals), 27 of Hyalestes obsoletus (32 individuals), 69
of Orientus ishidae (89 individuals), and 2 of Hishimonus hamatus (4 individuals) were ground in Eppendorf
tubes and processed for molecular analyses to verify the presence of phytoplasmas. Plant nucleic acid was
diluted in sterile deionized water to a final concentration of 20 ng/ul, while 1 ul of sterile water-diluted (1:30)
insect DNA was used in PCR assays performed using phytoplasma universal primer pair P1/P7 (Deng and
Hiruki1991; Schneider et al. 1995), followed by nested PCR on 1:29 dilution of the obtained amplicons (1 ul)
with primers B5/P7 (Padovan et al. 1995) or with primers 16R7ssf/23SR1s04 (=M1/B6) (Gibb et al. 1995;
Padovan et al. 1995), which amplify a fragment of about 1,000 bp from the 16S rRNA gene, the spacer region,
and the beginning of 23S rRNA gene. Additional nested PCR assays were carried out using group specific
primers R16(1)F1/R1 (Lee et al. 1994) or U5/U3 (Lorenz et al. 1995) on P1/P7 dilution 1:29. Samples lacking
DNA were run as negative controls, and DNAs extracted from periwinkle maintained in micropropagation
(Bertaccini 2014) were used as positive controls. Each reaction was performed in a total volume of 25 ul
containing 2.5 ul of the 10x buffer, 200 uM of ANTP, 0.625 U of Taq polymerase (Sigma Aldrich), and 0.4
UM of primer pair. The PCR conditions for the 35 cycles were as follows: 1 min (2 min for the first cycle)
denaturation at 94°C, 2 min annealing at 55°C (50°C for the nested PCR), and 3 min (10 min for the last cycle)
at 72°C for primer extension. Six microliters of each PCR product was separated by electrophoresis in 1%
agarose gels, stained with ethidium bromide, and photographed under ultraviolet illumination (312 nm).
Identification of detected phytoplasmas was done by RFLP analyses on 100 to 200 ng of DNA amplicons with
Trull, Tagl, Rsal, and Hhal restriction enzymes (Fermentas, Vilnius, Lithuania) according to the
manufacturer’s instructions. The digested DNA fragments were separated by electrophoresis in a 6.7%
polyacrylamide gel, stained with ethidium bromide, and visualized as reported above. Further, semi-nested
PCR on P1/P7 amplicons using the primer pair P1/Tint (Smart et al. 1996) was also employed for full 16S
ribosomal gene sequence analyses.

Phytoplasma molecular characterization. FD strains.

Molecular variability of FD phytoplasma strains was studied on 22 grapevines and four Orientus ishidae on
rp, secY, and tuf genes. PCR analyses on rp gene were carried out using group 16SrV-specific primers
rp(V)FL/rp(V)R1, followed by nested PCR with rp(V)F1A/p(V)R1IA (Lee et al. 2004) or
rp(V)F1A/rp(V)R1primer combinations (Table 1). Each reaction was performed in a total volume of 25 ul as
described above with annealing at 50°C. Amplifications of secY gene were performed using the primer pairs



FD9F2/FD9R in direct and FD9F3/FDR2 in a nested PCR following reported conditions (Angelini et al. 2001).
Tuf gene amplification was carried out using a cocktail of degenerate primers in a nested PCR (Makarova et
al. 2012). The single gene characterization was achieved by RFLP analyses using Trull, Tsp509l, Taql, and
Alf1 restriction enzymes according to the amplicon studied. The obtained restriction profiles were compared
with published reference strains FD70, TV54, and BO13 (Botti and Bertaccini 2007).

TABLE 1. Restriction profiles of /65 rRNA, rp, tuf. and secY genes on “flavescence dorée”™ (FD)-infected samples from grapevine and from elm yellows phytoplasma
(165rV-A) DNA from periwinkle maintained in micropropagation®

RFLP profiles

Gene rpe Gene rp* Gene tuf Gene sect

Samples 16Sr Trull Tsp35091 Trull Tsp5091 Tagl Alfl Trull Tsp3091 Tagl Lineages
Grapevine (6m V-C A A D A D A A B A a
Grapevine 6 bariv V-C A A D B D A A A C b
Grapevine valdo 1 V-C A A E A E A+B A B B c
Grapevine crocetta | v-C A A D A D A A B A a
Grapevine bar™® V-C A A D B D A B B A d
Grapevine 01 mol V-C A A C C C A C C C e
Grapevine 3 bar V-D B A B A A B D D D f
Grapevine 7 bariv V-D B A A A A B D D D g
Grapevine anzano 3 V-D B A A A A B D D D g
Grapevine anzano 2 V-D B A A A A B D D D g
Grapevine fonte 3 V-D B A A B A B D D/E D h
Grapevine crocetta 4 V-D B A B A B B D D D i
Orientuy ishidae V-C - - - - - A - - - n.d.
Periwinkle EY V-A C B F D F A F F E 1
Grapevine FD70* V-C B A A A A n.d. E A D n.d.
Grapevine TV354* V-C A A D A D n.d. A A A n.d.
Grapevine BO13* V-D B A A A A n.d. D D D n.d.

% Identical letters indicate identical restriction fragment length polymorphism (RFLP) profile; —, no amplicon obtained; n.d., lineage not determined; rpe, rp(V)
F1A/mp(VIR1A; and rp*, rp(VIF1A/pR1 amplicons. Strains marked with * refer to reference profiles reported in Botti and Bertaccini (2007).

BN strains.

Molecular characterization of BN phytoplasma strains from six grapevines, seven Hyalestes obsoletus, and
three Orientus ishidae samples was performed on tuf, stamp, and secY genes. The tuf gene was amplified in a
nested PCR procedure using specific primer pairs Tuflf/r and TufAYf/r (Langer and Maixner 2004) and
amplicons were subjected to RFLP analyses with Hpall. Amplicons produced on stamp (Fabre et al. 2011) and
secY (Lee et al. 2010) genes were subjected to RFLP analyses with Trull enzyme.

Other phytoplasma strains.

Phytoplasma strains belonging to 16SrVI1 and 16SrV1I ribosomal groups detected in grapevine, S. titanus and
Orientus ishidae were characterized on rp gene, using the primer set rpF1/rpR1 (Lim and Sears 1992) followed
by nested PCR by rpVIF2/rpVIR2 and rpVIIIF2/rpVIIIR2 primers (Martini et al. 2007), respectively, and
amplicons were subjected to Trull restriction analysis.

Sequencing and phylogenetic analyses.

Direct sequencing of 14 selected nested PCR products obtained from different genes including the 16S rRNA
gene was performed in both directions with the same primers used in their nested amplification. Sequences
were assembled using the Staden program package (Staden et al. 2000), aligned with Clustal X (Thompson et
al. 1997), and deposited in GenBank (Table 2). P1/Tint sequences obtained from grapevine samples were
subjected to virtual RFLP analyses on the R16F2n/R2 (Gundersen and Lee 1996; Lee et al. 1995) amplicons
(1,250 bp) for group and subgroup classification, and nucleotide sequence identity comparison using the
iPhyclassifier (Zhao et al. 2009). Multiple alignments were performed using CLUSTAL W (Thompson et al.
1994), and the evolutionary history was inferred using the neighbor-joining method (Saitou and Nei 1987).
The evolutionary distances were computed using the maximum composite likelihood method (Tamura et al.
2004). Evolutionary analyses were conducted in MEGAG6 (Tamura et al. 2013) to determine phylogenetic
relationships.



TABLE 2. GenBank accession numbers of the sequences obtained for selected
samples of grapevine and insects

GenBank accession

Ribosomal i
group/ Gene 168 Gene

Samples subgroup rRNA Gene rp tuf
Grapevine 7B 165rVII-A  KY454858 - -
Grapevine TA 165rVI KY454859 KY464914 -
Grapevine 13B 16SrVII KY454860 KY457236 -
Grapevine 9B 165rVI KY454561 - -
Grapevine 3Y 16SrVII KY454862 - -
Orientus

ishidaedY 168rV-C KY 454863 KY464918
Orientus

ishidae3B 165rvIl KY454864 KY464915 =
Scaphoideus

fitanus2 A(2) 165rVII KY454865 KY464917 -
S, titanus1 A(3) 165rV] - KY464916 -

RESULTS

Phytoplasma molecular characterization.

The survey was carried out in the same 17 vineyards over the 3-year monitoring with a random sampling on
symptomatic plants in 2013 and 2014 and on both symptomatic and asymptomatic plants in 2015. In 2013,
70% of the 44 grapevine samples tested were positive for the presence of phytoplasmas, and most of them
(90%) resulted from infections by 16SrV-C and 16SrV-D phytoplasmas (FD). The samples detected positive
for the presence of BN phytoplasma (16SrXI1-A) increased from 2% in 2013 to 12% in 2014 (Fig. 2), while
FD strains prevalence decreased to 58% on a total of 56% of positive samples. The increase/decrease was not
location specific or grapevine cultivar specific. In 2015, the samples that tested positive were 65% including
those from asymptomatic plants. In particular, 20 of the 76 samples tested were asymptomatic and the presence
of phytoplasma strains belonging to 16SrV1 (four samples) and 16SrVI1I ribosomal group (nine samples), both
in single and in mixed infection, was detected in the majority of them (Table 3). In particular, phytoplasmas
belonging to group 16SrVI were detected in samples from three vineyards of cultivar Glera, while those
belonging to group 16SrVII were found in six vineyards of cultivars Glera, Chardonnay, and Perera. In the
overall survey, FD and BN phytoplasmas were detected in 51% of the symptomatic plants, and occasionally
also in asymptomatic plants (3%) irrespective of the cultivar. Moreover, phytoplasmas belonging to ribosomal
groups 16Srl-B, 16SrV-A, and 16SrX-B were occasionally detected in 12 samples (Table 3; Fig. 2). In
particular, three 16Srl-B and four 16SrX-B phytoplasmas were identified in asymptomatic plants.
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Fig. 2. Phytoplasma percentages detected by nested PCR/restriction fragment length polymorphism analyses on
grapevine samples tested in the 2013 to 2015 survey.

Insect specimens.

The number of insects captured was variable according to the management of the vineyards
(organic/conventional) and the presence of forest and woody plants in the surroundings. The monitoring
detected the presence of S. titanus (52,5%), followed by Orientus ishidae (37%) and Hyalestes obsoletus
(10%); in particular, 350 S. titanus, 229 Orientus ishidae, 57 Hyalestes obsoletus, and 2 Hishimonus hamatus
specimens were captured and identified. Of those captured specimens, 50 S. titanus, 32 Hyalestes obsoletus,
89 Orientus ishidae, and 4 Hishimonus hamatus were subjected to molecular analysis in batches each with one
to two individuals. Nested PCR assays on the 16S rDNA allowed identification of phytoplasma presence in all
insect species analyzed, except in Hishimonus hamatus (Table 3). The 48% of S. titanus (14 specimens), 30%
of Orientus ishidae (22), and 38% of Hyalestes obsoletus (10) batches tested positive for the presence of
phytoplasmas. Specifically, 16SrV-C was detected in two batches of S. titanus and four batches of Orientus
ishidae, while 16SrXII-A was found in four batches of S. titanus, seven batches of Orientus ishidae, and six
batches of Hyalestes obsoletus. Moreover, 16SrX-B was detected in two batches of S. titanus; 16Srl-B in two
of S. titanus, three of Orientus ishidae, and four of Hyalestes obsoletus; 16SrVI1 was identified in eight insect
batches, three of S. titanus and five of Orientus ishidae, while 16SrVI was detected in one batch of S. titanus
and one batch of Orientus ishidae (Table 3).

TABLE 3. Phytoplasma identified in plants and insect samples collected in vineyards Treviso Province during 2013 to 2015

16Sr group/subgroup

Number of Number of
Samples? samples collected positive samples V-C  V-D XII-A VII-A VI X-B [-B  V-C+V-D V-C4XI[-A V-C+VII-A V-A
Grapevines 161 103 49 14 11 9 4 5 6 1 | 2 1
Scaphoideus titanus* 29 14 2 4 3 1 2 2
Orientus ishidae® 69 22 4 7 5 1 3 2
Hyalestes obsoletus® 27 10 6 4
Hishimonus hamatus* 2 0

z # Indicates that insect numbers refer to batches of one to two individuals.



FD strains.

The multigene analysis on tuf, secY, and rp genes was carried out for 12 strains identified as 16SrV-C and for
11 strains identified as 16SrV-D collected in grapevines from 9 of the 17 vineyards surveyed. RFLP analyses
on tuf gene showed the presence of two profiles for phytoplasma strains belonging to both FD ribosomal
subgroups, while higher molecular variability was detected on secY gene in six 16SrV-C and two 16SrV-D
strains. The RFLP analyses carried out with Trull and Tsp509I restriction enzymes on the amplicons obtained
with the primer pairs rp(V)F1A/rpR1 showed a higher variability when compared with the parallel analyses
carried out on rp(V)F1A/rp(V)R1A amplicons. In the first case, five different profiles in 16SrV-C strains and
three profiles in 16SrV-D strains were obtained in comparison with a unique profile detected in the strains
from both subgroups when amplified with the latter primer pairs (Table 1; Fig. 3). The comprehensive analyses
of the restriction profiles obtained from the three genes allowed the identification of five lineages in 16SrV-C
FD strains and four for 16SrV-D phytoplasmas (Table 1). Among the insect specimens that tested positive for
16SrV-C phytoplasmas, only one Orientus ishidae was amplified on tuf gene, while analyses on rp and secY
genes did not show amplification for both Orientus ishidae and S. titanus specimens.
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Fig. 3. Restriction fragment length polymorphism (RFLP) patterns of the rp(V)F1A/rpR1 amplicons from grapevine
samples digested with A, Trull and B, Tsp5091. Samples: 1, 7 Bariv; 2, Anzano 2; 3, Fonte 3; 4, Crocetta 4; 5, Colle 3;
6, Crocetta 3; 7, Anzano 3; 8, 3 Bar; 9, 01 MOL; 10, * Bar; 11, 6 Bariv; 12, Anzano 5; 13, Valdo 1; 14, Colle 7(2); 15,
Crocetta 1; 16, 06M. M, marker phiX174 DNA digested with Haelll length from top to bottom fragments in basepairs:
1,353; 1,078; 872; 603; 310; 281; 271; 234; 194; 118; and 72. The letters at the bottom are referred to RFLP profiles as

reported in Table 2.

BN strains.

BN phytoplasma RFLP profiles on tuf, stamp, and secY genes were obtained for three grapevine samples, and
three Hyalestes obsoletus batches and four lineages were differentiated. One was detected in two grapevine
samples, a second was present in both grapevines and Hyalestes obsoletus, and the last two were observed only
in Hyalestes obsoletus (data not shown). However, not all the studied genes could be amplified in grapevines;
Hyalestes obsoletus, S. titanus, and Orientus ishidae samples tested positive for the 16S rRNA gene.

Other phytoplasmas.

Molecular characterization on rp gene was only carried out for phytoplasma strains belonging to 16SrVI and
16SrVII ribosomal groups. The four grapevine cultivar Glera samples collected from three vineyards showed
restriction profiles identical to each other and to the strain CP (‘Ca. P. trifolii’, 16SrVI-A). Only four of the
nine phytoplasma strains identified as belonging to 16SrV 11 group amplified on the rp gene (grapevine samples
13B and 3Y, Orientus ishidae batch 3B, and S. titanus batch 2A(2)) and their RFLP patterns were identical to
each other and to the strain (ASHY'12) (‘Ca. P. fraxini’, 16SrVII-A).



Sequencing and phylogenetic analyses.

The 16S rRNA, rp, and tuf gene sequences of selected phytoplasma-positive samples from grapevine and
insects were deposited in GenBank (Table 2). Direct sequencing of P1/Tint amplicons from grapevine sample
7B produced a sequence of about 1,800 bp (GenBank accession number KY454858) (Table 2) and showed
99% homology with a number of strains in 16SrVII (ash yellows group). The analysis of this sequence by
iPhyClassifier software showed identity (similarity coefficient 1.00) to the patterns of 16SrVI1-A phytoplasma
(ASHY4, accession number AF092209); this was confirmed by virtual RFLP analyses with selected restriction
enzymes (Fig. 4). The alignment with a number of ash yellows phytoplasma sequences from GenBank showed
indeed two nonsynonymous SNPs (position 163 and 630, respectively), differentiating the grapevine 7B
sequence from all the others. The sequences of about 900 bp obtained from grapevine samples 7A and 9B were
identical to each other and to reference strain 16SrVI-A (accession number AY390261) confirming the RFLP
results. Phylogenetic analyses on 16Sr and rp genes obtained from both grapevine and insect vectors confirmed
the clustering of amplicons with sequences from phytoplasmas enclosed in groups 16SrV, 16SrV1, and 16SrV1I
(Figs. 5 and 6).

16SrVII-A
16SrVII-B
16SrVII-C
16SrVII-D
16SrVII-A
16SrVII-B
16SrVII-C
16SrVII-D
16SrVII-A
16SrVII-B
16SrVII-C
16SrVII-D
16SrVII-A
16SrVII-B
16SrVII-C
16SrVII-D
16SrVII-A
16SrVII-B
16SrVII-C
16SrVII-D

1 mw
G-7B

Fig. 4. Virtual restriction fragment length polymorphism analyses on grapevine 7B R16F2n/R2 amplicon (GenBank
accession number KY454858) digested with Msel, Taqgl, Hpall, Hinfl, and Alul in comparison with phytoplasma
reference strains belonging to 16SrVII-A (accession number AF09209), 16SrVI1I-B (accession number AY034608),
16SrVII-C (accession number AY147038), and 16SrVII-D (accession humber KJ831066) group using the interactive
online tool iPhyClassifier (Zhao et al. 2009).
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Fig. 5. Phylogenetic tree constructed by maximum parsimony analysis of 16S ribosomal DNA sequences from selected
phytoplasma strains. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test (1,000 replicates) are shown above the branches (Felsenstein 1985). The tree is drawn to scale, with branch lengths
in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances
were computed using the maximum composite likelihood method (Tamura et al. 2004) and are in the units of the
number of base substitutions per site. The GenBank accession numbers for each taxon are given after ‘ Candidatus’
name. The strains sequenced in this work are in bold.
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Fig. 6. Phylogenetic tree constructed by maximum parsimony analysis of rp gene sequences from selected phytoplasma
strains. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (10,000
replicates) are shown above the branches (Felsenstein 1985). The tree is drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the maximum composite likelihood method (Tamura et al. 2004) and are in the units of the number of
base substitutions per site. The GenBank accession numbers for each taxon are given after ‘Candidatus’ name or strain
definition. The strains sequenced in this work are in bold.

DISCUSSION

The results of this study confirm that GY diseases in one of the most important viticulture areas in Italy
(Prosecco wine-making area) is associated with the presence of different phytoplasmas and diverse insect
vectors. In particular, this 3-year monitoring highlighted a significant percentage of phytoplasma-positive
samples from both symptomatic (about 75%) and asymptomatic (about 40%) grapevine plants, with the FD
strains being the most prevalent independently from the infected cultivar or vineyard considered. However, a
decreasing trend in FD presence was observed that is continuing since the first detection studies (Martini et al.
1999). The BN phytoplasmas on the contrary showed a slight increase during the survey together with the
presence of phytoplasmas belonging to other ribosomal groups. These findings are partly in agreement with
the results obtained during the last 20 years of monitoring in this area of the VVeneto region that showed a cyclic
opposite trend of FD and BN phytoplasmas (Angelini et al. 2006; Canel et al. 2014) and are completely in
agreement with those of the 2016 and 2017 testing on other vineyards located in the same areas (A. Bertaccini,
unpublished data).

The lack of correlation between phytoplasma group prevalence and location or grapevine cultivar is linked to
the particular land shape in which the survey was carried out being narrow hills and small flat areas near to
each other that made almost a unique vineyard. The increasing of sampling in the last year of the survey to
accommodate the testing of asymptomatic plants in order to verify their possible role as disease reservoirs
resulted in the detection mainly of phytoplasmas belonging to groups 16SrVI and 16SrVII-A. These are
reported already in symptomatic grapevine plants in other viticultural areas where climatic conditions are far
different from those in the studied area (Chile, Syria, and Iran) (Contaldo et al. 2011; Gajardo et al. 2009;
Zamharir et al. 2017).

Multigene analysis of FD and BN strains revealed the presence of four BN phytoplasma lineages but also a
high variability in the FD phytoplasma strains, where five lineages in the 16SrV-C and four in the 16SrV-D
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subgroups were detected. The FD variability was mainly found on the rp gene with the new primer combination
used in this work, while the BN strain lineages identified are consistent with previously reported data in other
BN-infected areas (Contaldo et al. 2016). The detected genetic heterogeneity among FD phytoplasmas is in
agreement with previously reported data in the Italian regions, Emilia-Romagna and Tuscany (Bertaccini et al.
2013; Botti and Bertaccini 2006), France (Martini et al. 2002) and in Serbia (Paltrinieri et al. 2012). The
presence of a number of FD variants could be related to an endemic phase of the disease, when the pathogen
is subjected to a low selective pressure and consequently to molecular changes especially in some genes like
the secY (Bertaccini and Duduk 2009; Lee et al. 2006) and rpS3 (Quaglino et al. 2010) that are influenced by
the environmental pressure (Kakizawa et al. 2006).

Furthermore, this situation could be emphasized by the possible role of insects and wild secondary hosts in the
epidemiology of the diseases that was reported to lead new ecological niches and diverse phytoplasmas
emerging (Lee et al. 1998b). The high percentage of specimens positive for phytoplasmas (ranging between
30 and 50%) in the monitoring is in agreement with this situation. The number of Orientus ishidae captured in
the selected vineyards was significantly higher than previously reported in North-West Italy and Switzerland,
where the insect was quite uncommon and was collected under low density situations (Casati et al. 2017,
Trivellone et al. 2015, 2016). Moreover, the three insect species positive for phytoplasmas were carrying
different ribosomal groups reported as associated with GY diseases in Chile and Iran (16SrV1I) (Gajardo et al.
2009; Zamharir et al. 2017) and occasionally in Syria (16SrV1) (Contaldo et al. 2011).

These phytoplasmas are not very commonly detected in Europe; however, 16SrVII phytoplasmas were
reported in Italy in peach and Hypericum spp. (Paltrinieri et al. 2002, 2003), while 16SrV1 phytoplasmas were
detected in Centaurea solstitialis (Faggioli et al. 2004) in Italy, in Vaccinium myrtillus in Austria (Borroto
Fernandez et al. 2007), and in Rhododendron spp. in the Czech Republic (Pribylova et al. 2009). The surveyed
vineyards were surrounded with forests, and most of the insect specimens were collected by traps placed along
their borders, confirming that the environmental situation is very important in grapevine GY epidemiology
(Dermastia et al. 2017). Orientus ishidae is strictly associated with woody plants such as Acer spp., Betula
spp., Carpinus spp., Crataegus spp., apple, Ostrya spp., and salix, and all have been reported as phytoplasma
host plants; therefore, a role of this insect in phytoplasma transmission from forest plants to grapevine is very
likely, given that it has been demonstrated to be a phytoplasma vector (Lessio et al. 2016). Moreover, the
presence of S. titanus, specific ampelophagous insect, infected by both newly identified phytoplasmas (groups
16SrVII and 16SrV1), may indicate a risk of epidemics by these phytoplasmas in the studied vineyards. These
phytoplasmas were detected also in asymptomatic plants, confirming the hypothesis of a recent colonization
of these grapevine varieties or their tolerance to the presence of these prokaryotes.

This is the first report of phytoplasmas belonging to 16SrVII-A and 16SrVI groups, never detected before in
grapevine, S. titanus and Orientus ishidae in Europe. Epidemiological significance of the Orientus ishidae
reported as rapidly colonizing the European environments (Koczoer et al. 2013) and as 16SrV group
phytoplasma vector (Lessio et al. 2016), together with the new finding of 16SrVII and 16SrVI phytoplasmas,
must be further monitored. Moreover, the presence of alternative host plants in the vineyards and in the
surrounding forests needs to be investigated to prevent new disease outbreaks by focused management
strategies.
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