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Abstract

During field surveys conducted from June to October 2020 in 13 locations belonging to five
governorates in North and South Jordan, typical grapevine yellows symptoms, including leaf
reddening/yellowing and rolling, were observed in wine and table grape cultivar vineyards.

Disease-ineidence-in-the-investigated-vineyardsPercentage of symptomatic vines ranged from

10 to 55%. Nested PCR-based amplification of 16S rRNA gene detected phytoplasmas in 22%

and 15.7% of the analyzed symptomatic wine and table grape cultivar plants, respectively.
Amplicon nucleotide sequence analyses allowed attributing the detected phytoplasmas to
‘Candidatus Phytoplasma solani’ (taxonomic subgroup 16SrXII-A), ‘Ca. P. omanense’
(16SrXXIX-A and -B), ‘Ca. P. aurantifolia’ (16SrlI-C), and ‘Ca. P. asteris’ (16SrI-R) in 72.4%,
17.2%, 6.9%, 3.4% of infected plants, respectively. Such phytoplasmas were found
differentially distributed in wine and table grape cultivar vineyards in the considered locations.
Further investigation allowed identifying ‘Ca. P. solani’ in the putative insect vectors Orosius
cellulosus (firstly reported in Jordan), Euscelidius mundus, Laodelphax striatellus, and
Circulifer sp., and in_bindweed-Convolvilus—arvensis; ‘Ca. P. aurantifolia’ in the insect O.
cellulosus and in bindweed; ‘Ca. P. omanense’ in the insect Psammotettix striatus; ‘Ca. P.
asteris’ in the insects Arboridia adanae, Cicadulina bipunctata, Circulifer sp., L. striatellus,
Hyalesthes obsoletus, and P. striatus. Based on this preliminary data, ecological cycles of such
phytoplasmas are discussed. Obtained results suggest that grapevine yellows phytoplasma
diversity and ecology in Jordan are more complex than previously known, leading to a potential

risk of disease outbreaks.

Key words: ‘Candidatus Phytoplasma solani’; ‘Candidatus Phytoplasma omanense’;

‘Candidatus Phytoplasma asteris’; ‘Candidatus Phytoplasma aurantifolia’; Orosius cellulosus
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1. INTRODUCTION

Grapevine yellows (GY) are a complex of diseases associated with genetically distinct
phytoplasmas causing undistinguishable symptoms on Vitis vinifera L., including desiccation
of inflorescences, berry shrivel, leaf discolorations, reduction of growth, and irregular ripening
of wood (Belli et al., 2010). Phytoplasmas are cell wall-less plant pathogenic bacteria localized
in the phloem sieve elements, transmitted by phloem-feeding insects, and classified into 49
species and 37 taxonomic ribosomal groups based on molecular analysis of the gene 16S rRNA,
as well as other conserved genes (Bertaccini et al., 2022). The main GY diseases are: (i)
Flavescence dorée (FD), present mainly in Europe, associated with with-—16S+V-C-and—D

phytoplasmas belonging to ribosomal subgroups 16SrV-C and -D and vine-to-vine- transmitted

mainky-by the vector Scaphoideus titanus Ball (Malembic-Mabher et al., 2020); (i1) Bois noir
(BN), widespread throughout Europe, Asia, South America, and South Africa, associated with

‘Candidatus Phytoplasma solani’ (ribosomal subgroup 16SrXII-A) and transmitted_to vine

mainly by Hyalesthes obsoletus Signoret and Reptalus panzeri Loéew (Quaglino et al., 2013);
(ii1) Palatinate grapevine yellows (PGY), present in Germany and in other European countries,

associated with 165+V-C-phytoplasmas belonging to subgroup 16SrV-C and transmitted to

vine by Oncopsis alni Schrank (Angelini et al., 2001); (iv) Australian grapevine yellows
(AGY), present in Australia—and-NewZealand and; associated with ‘Ca. P. australiense’
(subgroup 16SrXII-B) transmitted-by-Oliarus—atkinsoni Meyers-(Liefting et al., 1997); (v)
North America grapevine yellows (NAGY), associated with ‘Ca. P. pruni’ (subgroup 16SrlIlI-
A) and-—-transmitted te-vine-by Jikradia olitoria Say, and ‘Ca. P. asteris’ (subgroup 16SrI-A)
(Lenzi et al., 2019); (vi) South Africa grapevine yellows, associated with ‘Ca. P. asteris’
(subgroup 16SrI-B) and transmitted to vine by Mgenia fuscovaria Stal (Pietersen et al., 2018).
In MENA (North Africa and Middle East) region, grapevine-is-verycommenbyeultivated with
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vinifera ssp. svlvesiris) and cultivated (Firis vinifera ssp. sativa)y cermplasm (Bavram et al.,

Hemmati-et-al5202 - Mereover; GY were reported in Iran, Lebanon, Syria, and Turkey in

association feund-asseetated-with ‘Ca. P. solani’ (16SrXII-A), ‘Ca. P. trifolii’ (16SrVI), ‘Ca.

P. asteris’ (16Srl-B), ‘Ca. P. phoenicium’ (16SrIX-C), ‘Ca. P. aurantifolia’ (16SrII-B), ‘Ca. P.
fraxini’ (16SrVII-A), and ‘Ca. P. omanense’ (16SrXXIX-A) in-Syria;—Furkey,Lebanon,- and
Fran-(Pierro et al., 2019; Hemmati et al., 2021).

Noteworthy, most GY studies were focused on wine grape cultivars, and a poor knowledge is
available for table grape cultivars. Up to now, studies on these latter cultivars reported
infections by ‘Ca. P. solani’ in Chile and Syria, and by ‘Ca. P. asteris’, ‘Ca. P. phoenicium’,
‘Ca. P. fraxini’, ‘Ca. P. aurantifolia’, and ‘Ca. P. trifolii’ in Iran (Gajardo et al., 2009; Hemmati

et al., 2021). In Jordan, grapevine (both wine and table grape cultivars) is a key commercial

fruit crop with-tweo-farming styles-family-and commereial- farms-—-Merecultivated in more than

8,960 ha and a-are-eultivated-with total production estimated by 56,000 ton in 2019 (MAO
STAT, 2021). Fable-wrape-cultivars—verv-popular-and-cultivated-th-the-whele-Country—are
charncterized-by-a-lonu-harvesting season-extending-from-Vhn- thor-the-carhyseedbess-cubivar
srowing-in-Jordan—valley)-to-October—Concerning GY in Jordan, BN associated with ‘Ca. P.
solani’ (16SrXII-A) was reported in wine grape cultivars and bindweed in one vineyard in
North Padia (Salem et al., 2013). No further studies were conducted in the Country.

GY epidemiology is still poorly understood in MENA region; therefore, further studies
concerning the identification of GY phytoplasma insect vectors and non-crop plant hosts are
crucial steps in forecasting GY outbreaks and designing efficient control measures. Following
the first report of BN and based on the recent observation of phytoplasma-like symptoms in

several viticultural areas in Jordan, the present study aimed to survey the diffusion of GY
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symptoms throughout the Country focusing on both table grape and wine grape cultivars, detect
and identify the GY-associated phytoplasmas in grapevines, potential insect vectors, and

reservoir plants.

2. MATERIALS AND METHODS

2.1 Field surveys, plant sampling, and insect collection

Field surveys on grapevine yellows-like symptoms were conducted from June to October 2020
in 13 locations belonging to five governorates in North (12) and South (1) Jordan, including
vineyards with table grape cultivars (11 locations) and wine grape cultivars (2 locations)

(Figure 1). In each location, phyteplasma-like—disease—ineidence—was—ealenlated—as—the

percentage of symptomatic trees out of the observed ones_was calculated. Leaf samples were

collected from 50 plants of wine grape cultivars, and 102 plants of table grape cultivars
exhibiting grapevine-yeleows(GY-like symptoms, and from 25 symptomless plants (five from
wine grape cultivars; 20 from table grape cultivars). Moreover, leaf samples were collected

from 22 symptomatie-and-8-symptomless-bindweed (Convolvulus arvensis L.) plants showing

phytoplasma-like symptoms and from & symptomless bindweed plants ebserwved-within and

around the surveyed vineyards (Table 1). Leaf samples were maintained at 4°C at National
Agricultural Research Center (NARC), Baqaa, Jordan, until total nucleic acids extraction.
Insects collected by entomological sweeping net within the examined vineyards were observed
by stereomicroscope for preliminary selection of phloem feeders at NARC. The selected
phloem feeders, maintained in 99% ethanol, were recognized at genus/species level by
stereomicroscope observation of phenotypic characters and male genitalia, conducted after
body dissection and clarification in a 10% potassium hydroxide solution, at the Department of
Agriculture, Forest, and Food Science (DISAFA), University of Turin, Italy. Insects were kept

1n 99% ethanol at -20°C until total nucleic acids extraction.
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2.2 Phytoplasma detection

Total nucleic acids (TNA) were extracted from the collected plant and insect samples as
previously described by Angelini et al. (2001) and Marzachi et al. (1998), respectively.
Concerning plant samples, leaf midribs and petioles (0.5 g) were grounded in 3 ml of
prewarmed 2.5% CTAB-based buffer in sterile mortars. Concerning insects, single or pooled
(2 to 5) individuals were crashed by sterile pestles in a 1.5 ml tube containing sand and 0.5 ml
of prewarmed 2% CTAB-based buffer. Extracted TNA were dissolved in 40 (insects) or 100
(plants) pl of TE-based buffer, measured for quantity and quality by Nanodrop system, and
stored at -20°C until molecular analyses.

TNA extracted from plants and insects were used as templates in nested PCR reactions to detect

the presence of phytoplasmas. Nested PCRs were carried out to amplify the 16S rRNA gene

using the primer pairs P1/P7 and R16F1/R16R0. Reaction mixtures, including GoTaq® G2

DNA Polymerase (Promega, Italy), and conditions were as previously described (Lee et al.,

1995). No positive controls (TNA extracted from phytoplasma-infected plants) were utilized
to avoid reaction contamination. Reaction mixtures devoid of TNA were used as negative
controls. PCR products (6 ul) were electrophorized on 1% (w/v) agarose gels in 1 X TBE buffer,
stained with Midori Green, and visualized on UV transilluminator. Phytoplasma infection rate

was estimated as the percentage of infected plants/insects out of the examined ones.

2.3 Phytoplasma identification

For each sample (plant and insect) found infected by phytoplasmas, three Nnested PCR

products (F1/R0 fragment) were sequenced in both strands (3X coverage per base position) by

a commercial service (Eurofins Genomics, Germany), —Nueleotide sequeneces-were-assembled

by the Contig Assembling Program, ard-trimmed to the annealing sites of the primers R16F1

6
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and R16R0, and aligned to obtain a consensus sequence using-the-Contig-Assembling Program

in the sofware BioEdit, version 7.1.3.0 (Hall, 1999). Frimmed-nueleotideObtained consensus

sequences were aligned using the Clustal W Multiple Alignment program and analyzed by
Sequence Identity Matrix in the sofware BioEdit to estimate their genetic diversity. For
attribution to ‘Ca. Phytoplasma’ species, 16S rDNA nucleotide sequences, representative of
the phytoplasma populations detected in this study, were aligned with those of representative
strains of the 49 ‘Ca. Phytoplasma’ species described in literature (Bertaccini et al., 2022) and
checked for their sequence identity in the software BieeditBioEdit. Species attribution was
confirmed searching the species-specific signatures within the 16S rDNA nucleotide
sequences. Group/subgroup attribution was determined by in silico RFLP analysis of 16S
rDNA nucleotide sequences using the online tool iPhyClassifier (Zhao et al., 2009).

Nucleotide sequences of 16S rRNA gene of phytoplasmas, identified in the present study, and
reference strains of ‘Ca. Phytoplasma’ species were employed for phylogenetic analyses. The
Minimum-Evolution method was employed using the Neighbor-Joining algorithm and
bootstrap replicated 1,000 times with the software MEGAX to obtain a phylogenetic tree
(Kumar et al., 2018). Acholeplasma palmae (GenBank Acc. No. L33734) was used for rooting

the tree.

3. RESULTS

3.1 Grapevine yellows symptoms observed in vineyards

During field surveys, undistinguishable leaf reddening/yellowing and rolling symptoms
(Figure 2 A, B, C), typical of grapevine yellows (GY) disease complex, were observed in wine
and table grape cultivars in vineyards localized in all the 13 considered locations. The disease
inetdenee{percentage of symptomatic trees out of the observed ones) was ranging from 10 to

55%. The highest ineidenee-percentage (55%) was observed in wine grape cultivar vineyards

7
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in Alsalhieh, followed by table grape cultivar vineyards in Jaber Alsarhan (25%), both in
Almafraq governorate. The lowest ineidenee—percentage (10%) was reported in table grape
cultivar vineyards situated in Aldisi (Aqaba governorate) and in the three locations of Ajloun
governorate. The remnant seven locations had a disease-ineideneepercentage ranging from 12
to 15%. Within and around surveyed vineyards, 22 bindweed plants exhibited-exhibiting little

leaf and reddening were observed and collected (Figure 2 D).

3.2 Molecular detection and identification of phytoplasmas in plants

According to results of universal nested PCR-based amplification, phytoplasmas were detected
in 29 out of 152 symptomatic grapevines (infection rate 19.1%), and 12 out of 22 symptomatic
bindweeds (infection rate 54.5%). In detail, F1/R0 amplicons of the expected size (around 1370
bp) were obtained in 16 out of 102 symptomatic table grape cultivars (15.7%), and in 11 out of
50 symptomatic wine grape cultivars (22%). No amplification was obtained in symptomless
wine and table grape cultivars, in symptomless bindweed (Table 1), and in negative controls.
Concerning wine grape cultivars, infection rate ranged from 20 to 27.5% in SamaAlSarhan and
Alsalhieh locations, respectively. Concerning table grape cultivars, the highest infection rates
were reported in plant samples collected in vineyards located in Jaber AlSarhan (AlMafraq
governorate) (33%) and UmAlyanabee (Ajloun) (30%). Samples from Alfuhaisnad (AlBalqa)
and Alboedah (Irbid) shared the same infection rate (20%). The lowest infection rate (8.3%)
was found in Kufranjeh (Ajloun). No phytoplasma-infected table grape samples were identified
in Ain Jana, Alkom Alahmar, and Thagrat AlJob. Regarding C. arvensis, the infection rates
were 45% (9 plants out of 20) in AlSalhieh, 40% (2 plants of 5) in Sama AlSarhan and AlDisi
(Table 1).

Based on 16S rDNA sequence identity versus the reference strains of ‘Ca. Phytoplasma’

species and on the presence of species-specific signature sequences, the phytoplasma strains

8
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detected in the present study in 29 symptomatic grapevine plants were attributed to the species
‘Ca. P. solani’ (72.4%; 21 strains out of 29), ‘Ca. P. omanense’ (17.2%; 5 out of 29), ‘Ca. P.
aurantifolia’ (6.9%; 2 out of 29), and ‘Ca. P. asteris’ (3.4%; 1 out of 29) (Table 2). ‘Ca. P.
solani’ and ‘Ca. P. aurantifolia’ strains were found in both table and wine grape cultivars, while
‘Ca. P. omanense’ and ‘Ca. P. asteris’ were detected exclusively in table and wine grape
cultivars, respectively. In detail, ‘Ca. P. solani’ strains have identical 16S rDNA nucleotide
sequence (GenBank Acc. No. OL873119), distinct from the reference strain STOL by four
single nucleotide polymorphisms (SNPs) at positions 504 (T/A), 595 (A/G), 888 (C/T), and
1084 (T/C) from the annealing site of the primer R16F1. ‘Ca. P. aurantifolia’ strains have
identical 16S rDNA nucleotide sequence (GenBank Acc. No. OL873116), distinct from the
reference strain WBDL by six SNPs at positions 62 (T/A), 83 (G/A), 285 (C/T), 559 (-/G), 793
(-/C), and 1032 (T/C) from the annealing site of the primer R16F1. ‘Ca. P. asteris’ strain VV112
(GenBank Acc. No. OL873120) is distinct from the reference strain OAY by seven [323 (G/-
), 346 (G/-), 488 (C/T), 539 (C/T), 698 (C/T), 984 (A/G), 1122 (G/A)] SNPs. Within ‘Ca. P.
omanense’, the identified strains have diverse 16S rDNA nucleotide sequences. Sequences of
strains VV95, VV103, VV1007, and VV1034 identical between them (GenBank Acc. No.
OL873118) are distinct from the reference strain IM-1 by SNPs at positions 152 (G/A), 274
(T/C), 331 (C/T), 344 (G/A), and 712 (G/A), while the sequence of strain VV1259 (GenBank
Acc. No. OL873117) is identical to the reference strain IM-1. Based on similarity coefficient
obtained by comparison of virtual RFLP patterns, ‘Ca. P. solani’ strains were attributed to
taxonomic subgroup 16SrXII-A, ‘Ca. P. aurantifolia’ strains VV162 and VV632 to a variant
of subgroup 16SrlII-C, ‘Ca. P. omanense’ strain VV1259 to subgroup 16SrXXIX-A and strains
VV95, VV103, VV1007, and VV1034 to subgroup 16SrXXIX-B, “and ‘Ca. P. asteris’ strain
VV112 to a variant of subgroup 16Srl-R (Figure 3). Phytoplasma clustering in phylogenetic

tree confirmed the attribution to phytoplasma species and taxonomic subgroups (Figure 4).
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Concerning the phytoplasma distribution, ‘Ca. P. solani’ was found in table grape cultivars (10
out of 16 plants: 62.5%) from 5 out of 11 considered locations, and in wine grape cultivars (11
out of 13 plants: 84.6%) from both AlSalhieh and SamaAlSarahn. ‘Ca. P. omanense’ was found
exclusively in table grape cultivars (5 out of 16 plants: 31.3%) from Kufranjeh (subgroup
16SrXXIX-A), UmAlYanabee and Aldisi (subgroup 16SrXXIX-B). ‘Ca. P. aurantifolia’ was
found in both table grape (1 out of 16 plants: 6.3%) and wine grape (1 out of 13 plants: 7.7%)
cultivars from Javer AlSarahan and AlSalhieh, respectively. ‘Ca. P. asteris’ was found only in
one wine grape cultivar plant (1 out of 13 plants: 7.7%) from AlSalhieh.

Regarding the non-crop weeds, the phytoplasma strains detected in the present study in 12
symptomatic bindweed plants were attributed to the species ‘Ca. P. solani’ (83.3%; 10 strains
out of 12 identified in SamaAlSarahn and AlSalhieh), and ‘Ca. P. aurantifolia’ (16.7%; 2 out
of 12 identified in Aldisi) (Table 2). ‘Ca. P. solani (16SrXII-A) and ‘Ca. P. aurantifolia’
(variant of 16SrII-C) strains, found in bindweed, shared identical 16S rDNA sequence with

strains of the same species found in V. vinifera plants.

3.3 Molecular detection and identification of phytoplasmas in insects

During the field survey carried out in the localities AlSalhieh, Alkom AlAhmar, Sabha
(AlMafraq governorate), Kufranjeh and Aain Jana (Ajloun governorate) in August, September
and November 2020, 1173 Auchenorryncha adult insects (557 and 616 from wine and table
grape cultivar vineyards, respectively) were collected and distinguished, based on
stereomicroscope analyses, in 11 taxonomic groups defined at species (8) and genus (3) level.
Most of such insects belong to the family Cicadellidae (1133 specimens), while the remnant
40 collected specimens belong to the families Delphacidae (33) and Cixiidae (7). Within
Cicadellidae, the more abundant insect taxa were Cicadulina bipunctata (Melichar), (393

specimens), Empoasca sp. (350 specimens), Arboridia adanae (Dlabola) (271 specimens),

10
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Circulifer sp. (49 specimens), and Orosius cellulosus (Lindberg) (28 specimens) (firstly
reported in Jordan). C. bipunctata, Laodelphax striatellus (Fallén), and Psammotettix striatus
(Linnaeus) were the only species captured in both wine and table grape vineyards. Empoasca
sp., Balclutha sp., O. cellulosus, Toya propinqua Fieber, Circulifer sp., and Euscelidius
mundus (Haupt) were collected exclusively in wine grape vinayards in AlSalhieh, while
Hyalesthes obsoletus Signoret and 4. adanae exclusively in table grape vineyards in Sabha and
Ain Jana (Table 3). Molecular analyses for phytoplasma detection and identification were
conducted on 112 insect pools (54 from wine grape vineyards located in AlSalhieh; 58 from
table grape vineyards located in Alkom AlAhmar, Sabha, Kufranjeh, and Ain Jana)
representative of the observed diversity. Nested PCR allowed detecting phytoplasmas in 34
insect pools (infection rate 34.8%), belonging to 10 different insect taxa. Infection rate in insect
pools from wine and table grape vineyards was 38.9% (21 out of 54 pools) and 22.4% (13 out
of 58 pools), respectively. No positive insect pools were found in Balclutha sp. and T.
propinqua. Among insects captured in wine grape vineyards, infectioned rates were 100% in
E. mundus, 83.3% in P. striatus, 50% in Circulifer sp., 40% in O. cellulosus, 33.3% in C.
bipunctata, and 11.1% in Empoasca sp. Concerning the insects captured in table grape
vineyards, infeeted-infection rates were 100% in P. striatus, 60% in L. striatellus, 50% in H.
obsoletus, 19% in C. bipunctata, and 10.7% in A. adanae (Table 3).

Analyses of 16S rDNA nucleotide sequences allowed attributing the phytoplasma strains
detected in insects to the species ‘Ca. P. asteris’ (23 pools out of 34), ‘Ca. P. solani’ (8 pools),
‘Ca. P. aurantifolia’, ‘Ca. P. omanense’, and ‘Ca. P. pyri’ each in one pool (Table 4).

In detail, 22 out of 23 ‘Ca. P. asteris’ strains were found in P. striatus and C. bipunctata in
both wine and table grape vineyards, in Circulifer sp. in wine grape vineyards, in L. striatellus,
H. obsoletus, and A. adanae in table grape vineyards. Such strains share identical 16S rDNA

nucleotide sequence with the wine grape-infecting strain VV112, attributed to a variant of

11
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taxonomic subgroup 16SrI-R. The ‘Ca. P. asteris’ strain SUF5-4, identified in one pool of P.
striatus from table grape vineyard in Alkom AlAhmar, is distinct from the reference strain
OAY by three [323 (G/-), 346 (G/-), 539 (C/T)] SNPs. This strain was attributed to taxonomic
subgroup 16SrI-B. Concerning ‘Ca. P. solani’, its strains were identified in O. cellulosus (three
strains), E. mundus (three strains), and Circulifer sp. (one strain) from wine grape vineyards,
and in L. striatellus (one strain) from table grape vineyard in Alkom AlAhmar. Such strains
share identical 16S rDNA nucleotide sequence with the ones infecting wine and table grape
cultivars and bindweed, attributed to taxonomic subgroup 16SrXII-A. ‘Ca. P. aurantifolia’
strain MHS8-16 and ‘Ca. P. omanense’ strain MH5-11, found respectively in O. cellulosus and
P. striatus in wine grape vineyards, share identical 16S rDNA sequences respectively with ‘Ca.
P. aurantifolia’ (variant of 16SrII-C) strains identified in grapevine and bindweed and ‘Ca. P.
omanense’ (16SrXXIX-A) strain identified in grapevine. Moreover, a ‘Ca. P. pyri’ strain,
sharing identical 16S rDNA sequence with the reference strain PD1 (subgroup 16SrX-C), was
found in one Empoasca sp. pool in AlSalhieh. Phytoplasma clustering in phylogenetic tree

confirmed the attribution to phytoplasma species and taxonomic subgroups (Figure 4).

4. DISCUSSION

This study provided new insights on GY diffusion, associated phytoplasmas and their putative
vectors and reservoir plants in Jordan. Obtained results confirmed the large diffusion of Bois
noir (BN), associated with ‘Ca. P. solani’ (16SrXII-A), in wine grape cultivars, as previously
reported by Salem and colleagues (2013). Moreover, ‘Ca. P. asteris’ (variant of 16SrI-R) and
‘Ca. P. aurantifolia’ (variant of 16SrlI-C) were firstly reported in the Country in association
with GY-affected wine grape cultivars. In previous studies, ‘Ca. P. asteris’- and ‘Ca. P.
aurantifolia’-related strains were found in association with peach and potato diseases,

respectively, in Jordan (Anfoka & Fatash, 2004; Salem et al., 2019). In MENA region, ‘Ca. P.
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asteris’ (16Srl-B) and ‘Ca. P. aurantifolia’ (16SrII-B) were reported in GY affected grapevines
(Hemmati et al., 2021). Thus, this is the first report in MENA region of ‘Ca. P. asteris’ (variant
of 16SrI-R) and ‘Ca. P. aurantifolia’ (variant of 16SrII-C) in association with GY. Moreover,
‘Ca. P. solani’ (16SrXII-A) was found as prevalent also in table grape cultivars in different
locations, confirming its previous identification in table grapes in Chile and Syria (Gajardo et
al., 2009; Hemmati et al., 2021). Also ‘Ca. P. aurantifolia’ (variant of 16SrII-C) was found in
table grape, as previously reported in Iran (subgroup 16SrII-B) (Hemmati et al., 2021).
Furthermore, ‘Ca. P. omanense’ subgroup 16SrXXIX-A, previously reported in association
with wine grape cultivars in Lebanon (Foissac et al., 2019), and subgroup 16SrXXIX-B,
recently reported in almond in Jordan (Abu Alloush et al., 2023), were found for the first time
in association with GY-affected table grape cultivars in Jordan.

Although the high incidence of phytoplasma-like symptoms in the examined vineyards, only
19.1% of samples collected from symptomatic wine and table grapes were found infected by
phytoplasmas. This result can be explained by different hypotheses: (i) the phytoplasmas are
unevenly distributed in phloem tissues of infected plants (Constable et al., 2003); (ii) the
phytoplasma concentration in plant tissues in the different sampling periods (from July to

November) can be extremely low (Martini et al., 2011); (iii) the persons involved in the surveys

could have not enough expertise to clearly distinguish symptoms associated with phytoplasmas

from those caused by other etiological agents or nutritional disorders-eould-be-associated-with

the-observed-symptoms-tnv) PCR-nhibitors-could-be-presentim-the extracted-1NAx. Moreover,

it should be considered that surveys and sample collection were carried out during a limited
period throughout the season.

Interestingly, obtained results evidenced the presence of ‘Ca. P. solani’ and ‘Ca. P.
aurantifolia’ strains, undistinguishable from those found in wine and table grape cultivars, in

the putative insect vector Orosius cellulosus (firstly reported in Jordan) and in symptomatic
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bindweed, a non-crop plant known for its epidemiological role in BN diffusion (Quaglino et
al., 2021). No studies are available about O. cellulolus and its vectoring activity of
phytoplasmas, but other Orosius species, such as O. albicinctus and O. orientalis, living on
different plant hosts (Rao et al., 2018), were reported as vectors of phytoplasmas belonging to
groups 16SrIX and 16Srll in Turkey and Iran (Ikten et al., 2014; Salehi et al., 2017). Based on
this evidence, it is reasonable to hypothesize that diffusion of ‘Ca. P. solani’ and ‘Ca. P.
aurantifolia’ in Jordan couldan involve O. cellulolus and bindweed.

Moreover, ‘Ca. P. solani’ strains, undistinguishable from those found in wine and table grape
cultivars, were found also in Euscelidius- mundus, Laodelphax- striatellus, and Circulifer sp.
E useelidivs mundus was reported as putative vector of ‘Ca. P. phoenicium’ in Lebanon
(Dakhil et al., 2011), but other species of the genus Euscelidius, such as E. variegatus, are
known as vector of ‘Ca. P. solani’ to grapevine (Quaglino et al., 2019). L.codelpheax striatellus
has tipically grasses as primary hosts to which it transmits virus of great economic importance
(Achon et al., 2013), anyhow it was found positive to grapevine phytoplasmas (16SrI, 16SrXII-
A) (Orsagova et al., 2011) and reported as a vector of ‘Ca. P. solani’ to grapevine (Quaglino et
al., 2019). In light of these evidence and our results, certainly new investigations are needed to
understand the actual interactions between L. striatellus, grasses or weeds (located within or
surrounding-around vineyards) and grapevine in the-GY epidemiology-ef-phyteplasmesis.
Concerning Circulifer sp., different species, such as C. tenellus and C. haematoceps, were
described as vectors of phytoplasmas belonging to taxonomic groups 16Srl, 16SrIl, 16SrVI,
and 16SrIX (Salehi et al., 2017; Aslam et al., 2021). Thus, ‘Ca. P. solani’ transmission to
grapevine in Jordan could involve also Circulifer sp., E. mundus, and L. striatellus. Further

investigation should be carried out in Jordan to investigate more accurately the spread and

epidemiological role of Hyalesthes- obsoletus, the main vector of ‘Ca. P. solani’ to grapevine

in Europe (Maixner et al., 1994).
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Coneerning—‘Ca. P. omanense’ (subgroup 16SrXXIX-A), found exclusively in table grape

cultivars, #-was identified (suberoup16S+XX1X-A) also in Psammotettix- striatus, known as

vector of ‘Ca. P. tritici’ (16SrI) (Wu et al., 2010). No insects were found infected by
16SrXXIX-B phytoplasma strains. Recent studies reported H. obsoletus as putative vector of
‘Ca. P. omanense’ in Lebanon (Foissac et al., 2019), but in the present work it was found not
infected by this phytoplasma. Due to the association of the subgroup 16SrXXIX-B to almond
(Abou Alloush et al., 2023) and grapevine (this study) diseases in Jordan, it will be useful to
focus further studies on improving the knowledge on its epidemiology throughout the Country,
in different agroecosystems.

‘Ca. P. asteris’ (variant of subgroup 16SrI-R), identified only in one plant of wine grape

cultivar, was prevalent in the examined insects—vectors. It was found in Circulifer sp., P.

striatus, Cicadulina- bipunctata, L. striatellus, H. obsoletus, and Arboridia- adanae. As

reported above, Circulifer sp. and P. striatus are known as vectors of 16Srl phytoplasmas, and
L. striatellus as vector of 16SrXII phytoplasmas. C. bipunctata is a potential vector of ‘Ca. P.
asteris’-related strain to date palm (Alhudaib et al., 2007); H. obsoletus is known as ‘Ca. P.
solani’ vector and putative vector of ‘Ca. P. asteris’ (Maixner et al., 1994; Zambon et al., 2018).
Arboridia-A. adanae, a typical mesophyll-feeder as most of Typhlocibinae, is considered a
serious pest of grapevine in Eastern Mediterranean Regions and Europe (Yigit and Erckle 1992;
Olivier et al., 2012) emptying mesophyll cell content or by cell rupture feeding. Anyhow, we
detected few phytoplasma-positive individuals collected in vineyards as similarly reported for
the very close mesophyll-feeder genus Erytroneura (Olivier et al., 2014). Although
phytoplasmas usually reside in the phloem sieve elements, they have been occasionally
observed in parenchyma cells (Siller et al., 1987), intercellular spaces of bundle sheath cells
(Fontaniella et al., 2003), and companion cells (Sears & Klomparens, 1989). That could explain

why phytoplasmas are occasionally found in mesophyll-feeders and in our case in 4. adanae
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that may have ingested cell fluids infested by phytoplasmas transmitted by other leathopper
species.

Based on these findings, it is reasonable to suggest that diffusion of ‘Ca. P. asteris’ subgroup
16SrI-R to grapevine in Jordan couldan involve multiple insect species. Upscaling the surveyed
vineyards and surroundings could provide better insights on the ‘Ca. P asteris’ diffusion in
grapevine.

The epidemiology of phytoplasma-associated diseases is determined by the interactions
between host plants, pathogen, and environmental conditions (Rotter et al., 2018). Further
studies in terms of transmission trials and upscaling the surveying orchards and non-crop plant
hosts will be crucial to profound the knowledge about GY etiology and epidemiology in Jordan.
Outbreak of GY epidemics could be a concrete risk in the vineyard agroecosystems in all
viticultural areas. Monitoring and control strategies against GY are essential to prevent
epidemic phytoplasma spread (Pierro et al., 2019).

Most phytoplasmas identified in Vitis vinifera in this study were detected also in almond and
pomegranate in different areas of the Country, suggesting that phytoplasma diversity and
distribution in Jordan are more complex than previously known, leading to a potential risk of
disease outbreaks. Studies and knowledge about the insect vectors including their
identification, distribution, and population dynamics are essential for proper management
measures and mitigation of the risk of disease outbreaks. Considering the preliminary results;
obtained in the present study; about the GY epidemiology in Jordan, further studies covering
more areas throughout the full vegetative season of grapevine and non-crop reservoir plants are
essential and will provide comprehensive insights about the GY phytoplasma diversity,

ecological complexity, and epidemiology.
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Figure Legends
Figure 1. Maps of governorates and locations in Jordan where the surveys on GY diseases in
vineyards were conducted.

Figure 2. Phytoplasma-like symptoms observed in Vitis vinifera L. and Convolvulus arvensis

L. in Jordan. Leaf yellowing and rolling in wine grape cultivar (A); leaf reddening and rolling

in wine grape cultivar (B); leaf yellowing and rolling in table grape cultivar (C); little leat and

reddening in bindweed (D).

Figure 3. Virtual RFLP profiles of 16S rDNA nucleotide sequences of phytoplasma strains
identified in Vitis vinifera and insects in Jordan. One strain among those sharing identical 16S
rDNA sequence (Tables 2 and 4) was selected as representative strain for iPhyClassifier
analyses.

Figure 4. Phylogenetic tree based on the alignment of 16S rDNA nucleotide sequences of
representative phytoplasma strains identified in Vitis vinifera L., putative insect vectors, and
reservoir plants in Jordan (bold characters), and reference strains of previously described
‘Candidatus Phytoplasma’ species. Regarding phytoplasmas identified in this study, one strain
among those sharing identical 16S rDNA sequence (Tables 2 and 4) was selected as

representative strain for phylogenetic analysis. The evolutionary history was inferred using the
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Minimum Evolution method. The optimal tree with the sum of branch length = 0.91088584 is
shown. The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches. 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 and are in the units of the number of base substitutions per site. The ME
tree was searched using the Close-Neighbor-Interchange (CNI) algorithm at a search level of
1. The Neighbor-joining algorithm was used to generate the initial tree. This analysis involved
52 nucleotide sequences. All ambiguous positions were removed for each sequence pair. There

were a total of 1424 positions in the final dataset.
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1 Table 1. Collected and phytoplasma-infected plant samples from surveyed locations in Jordan.

2
Governorate Location Plant No. of collected No. of phytoplasma-
samples infected samples

Almafraq AlSalhieh Symptomatic wine grape 40 11

Asymptomatic wine grape 3 0

Convolvulus arvensis L. 20 9

Sama-AlSarhan Symptomatic wine grape 10 2

Asymptomatic wine grape 2 0

Convolvulus arvensis L. 5 1

Sabha Symptomatic table grape 10 |

Asymptomatic table grape 2 0

Thagrat Aljob Symptomatic table grape 7 0

Asymptomatic table grape 2 0

Alkom AlAhmar Symptomatic table grape 5 0

Asymptomatic table grape 2 0

Jaber Alsarhan ~ Symptomatic table grape 15 5

Asymptomatic table grape 2 0

Irbid Hofa Symptomatic table grape 4 0

Asymptomatic table grape 1 0

Bouida Symptomatic table grape 5 1

Asymptomatic table grape 2 0

Ajloun Kufranjeh Symptomatic table grape 12 1

Asymptomatic table grape 2 0

Ain Jana Symptomatic table grape 5 0

Asymptomatic table grape 2 0

UmALyanabee = Symptomatic table grape 10 3

Asymptomatic table grape 1 0

Aqaba Aldisi Symptomatic table grape 14 2

Asymptomatic table grape 2 0

Convulvulus arvensis L. 5 2

AlBalga Alfuhais Symptomatic table grape 15 3

Asymptomatic table grape 2 0

Overall 207 41
3
4
5
6
7
8
9
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Table 2. Attribution to species and taxonomic subgroups of phytoplasmas detected in plants (part 1)

Strain  Plant host Grapevine cultivar Location Phytoplasma species % id vs ref strain  16Sr subgroup Acc. No.
VV1259 Vitis vinifera table grape Kufranjeh 'Ca. P. omanense' 100 XXIX-A (1.00) OL873117 (b)
VV1003 Vitis vinifera table grape UmAlYanabee 'Ca.P.omanense' 99.6 XXIX-B (1.00new) c
VV1007 Vitis vinifera table grape UmAlYanabee 'Ca.P. omanense' 99.6 XXIX-B (1.00aew)

VV1034 Vitis vinifera table grape UmAlYanabee 'Ca.P. omanense' 99.6 XXIX-B (1.00aew)

VVo95 Vitis vinifera table grape Aldisi 'Ca. P. omanense' 99.6 XXIX-B (1.00new) OL873118 (c)
VV37 Vitis vinifera table grape Aldisi 'Ca. P. solani' 99.7 XII-A (1.00) d
VV1395 Vitis vinifera table grape AlFuhais 'Ca. P. solani' 99.7 XII-A (1.00) OL873119 (d)
VV1398 Vitis vinifera table grape AlFuhais 'Ca. P. solani' 99.7 XII-A (1.00) d
VV1399 Vitis vinifera table grape AlFuhais 'Ca. P. solani' 99.7 XII-A (1.00) d
VV636  Vitis vinifera table grape Bouida 'Ca. P. solani' 99.7 XII-A (1.00) d
VV1005 Vitis vinifera table grape UmAlYanabee 'Ca. P. solani' 99.7 XII-A (1.00) d
VV635  Vitis vinifera table grape Jaber AlSarahan 'Ca. P. solani' 99.7 XII-A (1.00) d
VV629  Vitis vinifera table grape Jaber AlSarahan 'Ca. P. solani' 99.7 XII-A (1.00) d
VV633  Vitis vinifera table grape Jaber AlSarahan 'Ca. P. solani' 99.7 XII-A (1.00) d
VV634  Vitis vinifera table grape Jaber AlSarahan 'Ca. P. solani' 99.7 XII-A (1.00) d
VV632 Vitis vinifera table grape Jaber AlSarahan 'Ca. P. aurantifolia'  99.7 II-C* (0.99) a
VV162 Vitis vinifera wine grape AlSalhieh 'Ca. P. aurantifolia’' 99.7 II-C* (0.99) OL873116 (a)
VV112  Vitis vinifera wine grape AlSalhieh 'Ca. P. asteris' 99.6 I-R* (0.98) OL873120 (e)
VV134  Vitis vinifera wine grape AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
VV131 Vitis vinifera wine grape AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
VV110 Vitis vinifera wine grape AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
VV157 Vitis vinifera wine grape AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
VVI158  Vitis vinifera wine grape AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
VV159 Vitis vinifera wine grape AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
VV163 Vitis vinifera wine grape AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d

VV1 Vitis vinifera wine grape AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d

VVv2 Vitis vinifera wine grape AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d

VVv3 Vitis vinifera wine grape SamaAlSarahn 'Ca. P. solani' 99.7 XII-A (1.00) d

VV4 Vitis vinifera wine grape SamaAlSarahn 'Ca. P. solani’ 99.7 XII-A (1.00) d
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4 Table 2. Attribution to species and taxonomic subgroups of phytoplasmas detected in plants (part II)
Strain  Plant host Location Phytoplasma species % id vs ref strain 16Sr subgroup Acc. No.
CAr25 Convolvulus arvensis Aldisi 'Ca. P. aurantifolia’ 99.7 II-C* (0.99) a
CAr26  Convolvulus arvensis Aldisi 'Ca. P. aurantifolia'  99.7 II-C* (0.99) a
CAr6  Convolvulus arvensis SamaAlSarahn 'Ca. P. solani' 99.7 XII-A (1.00) d
CArl108 Convolvulus arvensis AlSalhich 'Ca. P. solani' 99.7 XII-A (1.00) d
CAr5 Convolvulus arvensis AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
CAr65  Convolvulus arvensis AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
CAr153 Convolvulus arvensis AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
CArl65 Convolvulus arvensis AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
CArl168 Convolvulus arvensis AlSalhich 'Ca. P. solani' 99.7 XII-A (1.00) d
CAr360 Convolvulus arvensis AlSalhich 'Ca. P. solani' 99.7 XII-A (1.00) d
CArl109 Convolvulus arvensis AlSalhich 'Ca. P. solani' 99.7 XII-A (1.00) d
CArl12 Convolvulus arvensis AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d

5

6

7
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Table 3. Collected and phytoplasma-infected insects from surveyed locations in northern Jordan.
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Governorate Location

Grapevine

Insect code

Family

Species

Collection

No. of

No. of

No. of

cultivar date collected pools positive Infect(l)on
insects pools rate (%)
AlMafraq AlSalhieh wine grape MH2 Cicadellidae Empoasca sp. Aug 350 9 1 11.1
AlMafraq AlSalhieh wine grape MH3b Cicadellidae Balclutha sp. Aug 12 1 0 0
AlMafraq AlSalhieh wine grape MHS5 Cicadellidae Psammotettix striatus Aug 15 6 5 83.3
AlMafraq AlSalhieh wine grape MH7 Cicadellidae Cicadulina bipunctata Aug 65 9 3 333
AlMafraq AlSalhieh wine grape MHS Cicadellidae Orosius cellulosus Aug 28 10 4 40
AlMafraq AlSalhieh wine grape MH11 Delphacidae Toya propinqua Aug 23 4 0 0
AlMafraq AlSalhieh wine grape MH12 Delphacidae Laodelphax striatellus Aug 5 2 0 0
AlMafraq AlSalhieh wine grape MH18 Cicadellidae Circulifer sp. Nov 49 10 5 50
AlMafraq AlSalhieh wine grape MH19 Cicadellidae FEuscelidius mundus Nov 10 3 3 100
AlMafraq Alkom AlAhmar table grape SUF1 Cicadellidae Cicadulina bipunctata Aug 88 7 2 28.6
AlMafraq Alkom AlAhmar table grape SUF3 Delphacidae Laodelphax striatellus Aug 5 5 3 60
AlMafraq Alkom AlAhmar table grape SUF5 Cicadellidae Psammotettix striatus Aug 5 2 2 100
AlMafraq Sabha table grape YM2 Cixiidae Hyalesthes obsoletus Aug 7 2 1 50
AlMafraq Sabha table grape YM3 Cicadellidae Cicadulina bipunctata Aug 135 6 1 16.7
Ajloun Kufranjeh table grape Z1 Cicadellidae Cicadulina bipunctata Sep 105 8 1 12.5
Ajloun Ain Jana table grape G61 Cicadellidae Arboridia adanae Sep 271 28 3 10.7
Overall 1173 112 34 34.8
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Table 4. Attribution to species and taxonomic subgroups of phytoplasmas detected in insects.

Strain Species Region Phytoplasma % id 16Sr Acc. No.
species vs ref subgroup
strain

MH2-1  Empoasca sp. AlSalhieh 'Ca. P. pyri' 100  X-C (1.00) OL873122
MHI18-3  Circulifer sp. AlSalhieh 'Ca. P. asteris' 99.6 I-R* (0.98) e
MH18-4  Circulifer sp. AlSalhieh 'Ca. P. asteris' 99.6 I-R* (0.98) e
MH18-5  Circulifer sp. AlSalhich 'Ca. P. asteris' 99.6 I-R* (0.98) e
MH18-6  Circulifer sp. AlSalhieh 'Ca. P. asteris' 99.6 I-R* (0.98) e
MH18-23 Circulifer sp. AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
MHS5-7  Psammotettix striatus  AlSalhich 'Ca. P. asteris' 99.6 I-R* (0.98) e
MHS5-8  Psammotettix striatus  AlSalhieh 'Ca. P. asteris' 99.6 I-R* (0.98) e
MHS5-9  Psammotettix striatus  AlSalhieh 'Ca. P. asteris' 99.6 1-R* (0.98) e
MH5-10  Psammotettix striatus  AlSalhieh 'Ca. P. asteris' 99.6 1-R* (0.98) e
MHS-11  Psammotettix striatus  AlSalhieh 'Ca. P. omanense' 100 XXIX-A (1.00) b
MH7-12  Cicadulina bipunctata AlSalhieh 'Ca. P. asteris' 99.6 I-R* (0.98) e
MH7-13  Cicadulina bipunctata AlSalhieh 'Ca. P. asteris' 99.6 I-R* (0.98) e
MH7-14  Cicadulina bipunctata AlSalhieh 'Ca. P. asteris' 99.6 I-R* (0.98) e
MHB8-16  Orosius cellulosus AlSalhieh 'Ca. P. aurantifolia’ 99.7 II-C* (0.99) a
MHB8-17  Orosius cellulosus AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
MHS-18  Orosius cellulosus AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
MHS-21  Orosius cellulosus AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
MH19-24 Euscelidius mundus  AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
MHI19-25 Euscelidius mundus ~ AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
MH19-26 Euscelidius mundus  AlSalhieh 'Ca. P. solani' 99.7 XII-A (1.00) d
SUF3-1  Laodelphax striatellus Alkom AlAhmar 'Ca. P. asteris' 99.6 I-R* (0.98) e
SUF3-2  Laodelphax striatellus Alkom AlAhmar 'Ca. P. solani' 99.7 XII-A (1.00) d
SUF3-3  Laodelphax striatellus Alkom AlAhmar 'Ca. P. asteris' 99.6 I-R* (0.98) e
SUF5-4  Psammotettix striatus Alkom AlAhmar 'Ca. P. asteris' 99.9 I-B(1.00) OL873121
SUF5-5  Psammotettix striatus Alkom AlAhmar 'Ca. P. asteris' 99.6 I-R* (0.98) e
SUF1-6  Cicadulina bipunctata Alkom AlAhmar 'Ca. P. asteris' 99.6 I-R* (0.98) e
SUF1-7  Cicadulina bipunctata Alkom AlAhmar 'Ca. P. asteris' 99.6 I-R* (0.98) e
YM2-9  Hyalesthes obsoletus  Sabha 'Ca. P. asteris' 99.6 I-R* (0.98) e
71-20 Cicadulina bipunctata Kufranjeh 'Ca. P. asteris' 99.6 1-R*(0.98) e
Z1-40 Cicadulina bipunctata Kufranjeh 'Ca. P. asteris' 99.6 I-R* (0.98) e
G61-1 Arboridia adanae Ain Jana 'Ca. P. asteris' 99.6 I-R* (0.98) e
G61-2 Arboridia adanae Ain Jana 'Ca. P. asteris' 99.6 1-R* (0.98) e
G61-3 Arboridia adanae Ain Jana 'Ca. P. asteris' 99.6 1-R* (0.98) e
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Figure 1. Maps of governorates and locations in Jordan where the surveys on GY diseases in vineyards were

conducted.
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Figure 2. Phytoplasma-like symptoms observed in Vitis vinifera L. and Convolvulus arvensis L. in Jordan.
Leaf yellowing and rolling in wine grape cultivar (A); leaf reddening and rolling in wine grape cultivar (B);
leaf yellowing and rolling in table grape cultivar (C); little leaf and reddening in bindweed (D).
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Figure 3. Virtual RFLP profiles of 16S rDNA nucleotide sequences of phytoplasma strains identified in Vitis
vinifera and insects in Jordan. One strain among those sharing identical 16S rDNA sequence (Tables 2 and
4) was selected as representative strain for /PhyClassifier analyses.

153x256mm (330 x 330 DPI)

plantpath@bspp.org.uk



Page 33 of 33 Plant Pathology

80 *Ca. P. ulmi’ (AY197655)
90 | L— ‘Ca. P. rubi’ (AY 197648)

100 | ‘Ca. P. ziziphi’ (AY197661)
87 | ‘Ca. P. balanitae’ (AB689678)
| ‘ ‘Ca. P. trifolii” (AY390261)
99| g3 | ‘Ca.P. fraxini’ (HQ589190)
65— ‘Ca. P. sudamericanum’ (GU292081)

*Ca. P. malaysianum’ (EU371934)
g7 | ‘Ca. P. luffae’ (AF086621)
61— *‘Ca. P. stylosanthis’ (MT431550)
89 ‘Ca. P. pini’ (AJ632155)
L ‘Ca. P. castanae’ (AB054986)
*Ca. P. palmicola” (KF751387)

‘Ca. P. cocostanzaniae’ (X80117)
7 L “Ca. P. palmae’ (U18747)

58

70 | —— ‘Ca. P. noviguineense’ (LC228755)
63— “Ca. P. dypsi’ (MT293886)
*Ca. P. phoenicium’ (AF515636)

VV95 (0OL873118)
100 |1 VV1259 (OL873117)
97 | *Ca. P. omanense’ (EF666051)
“Ca. P. cirsii’ (KR869146)
Wl (a P. sacchari’ (MN889545)
93 | ‘Ca. P. cynodontis’ (KP019340)

68 | ‘Ca. P, oryzae™ (D12581)
76 ‘Ca. P. pruni’ (JQ044397)
‘Ca. P. wodyetiae” (KC844879)

‘ —— *Ca. P. brasiliense’ (AF147708)
ol “Ca. P. australasiae’ (Y10097)

o9 | VVI162 (OL873116)
99 b *Ca. P. aurantifolia” (U15442)

100

95

86 ‘Ca. P. rhamni’ (JQ868449)
L *Ca.P. allocasuarinae’ (AY135523)
98 U *Ca. P. tamaricis’ (FJ4326064)

*Ca. P. spartii’ (X92869)
78 | o :
9 ’7 Ca. P. prunorum’ (AJ542545)

— ‘Ca. P. mali” (AJ542541)
* 7 MH2-1 (OL873122)
100 ' *Ca, P, pyri’ (AJ542543)
“Ca. P. costaricanum’ (HQ225630)
96 | SUF5-4 (OL873121)

| 100 | L <(Cq, P. asteris” (M30790)
- VV112 (OL873120)
7 ‘Ca. P. meliae” (KU850940)
‘ 81 | ‘Ca. P. fragariac’ (HM104662)
83 ‘ ‘ L *Ca. P. japonicum” (AB010425)

*Ca. P. americanum’ (DQ174122)
74
P — *Ca. P. convolvuli’ (JN833705)

“Ca. P. australiense’ (AM422018)
70 | VV1395 (OL873119)
100 ‘Ca. P. solani” (AF248959)
Acholeplasma palmae 133734

0.010

Figure 4. Phylogenetic tree based on the alignment of 16S rDNA nucleotide sequences of representative
phytoplasma strains identified in Vitis vinifera L., putative insect vectors, and reservoir plants in Jordan
(bold characters), and reference strains of previously described ‘Candidatus Phytoplasma’ species. Regarding
phytoplasmas identified in this study, one strain among those sharing identical 16S rDNA sequence (Tables
2 and 4) was selected as representative strain for phylogenetic analysis. The evolutionary history was
inferred using the Minimum Evolution method. The optimal tree with the sum of branch length =
0.91088584 is shown. The percentage of replicate trees in which the associated taxa clustered together in
the bootstrap test (1000 replicates) are shown next to the branches. 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 and are in the units
of the number of base substitutions per site. The ME tree was searched using the Close-Neighbor-
Interchange (CNI) algorithm at a search level of 1. The Neighbor-joining algorithm was used to generate the
initial tree. This analysis involved 52 nucleotide sequences. All ambiguous positions were removed for each
sequence pair. There were a total of 1424 positions in the final dataset.
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