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Abstract

‘Candidatus Phytoplasma phoenicium’ is associated with a lethal disease;‘ of almond, peach and
nectarine named almond witches’ broom disease. The disease spreads rapidly in Lebanon from
the coastal areas to elevations exceeding 1000m killing over 150,000 trees within two decades.
The mode of spread suggested the involvement of efficient vector(s). Asymmetrasca decedens
(ordef Hemiptera,and-family Cicadellidae) is the most abundant leathopper species present in
Lebanese stonefruit orchards. Living A. decedens were collected from fields heavily infested by

AlmWB and followed by an inoculation-access peri(;d of 30 days on healthy GF-677 and GF-
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21 305 seedlings using 25 leafhoppers per seedling. PCR analysis supported by sequencing showed

22 that 4. decedens is a carrier of the phytoplasma,z.;ﬂd:ﬂfat'tHefﬁﬁﬁbﬁl'éEma L accumulates-in-the-

23 saliv&gr—glands;ﬁransmission trials in insect-proof cages, showed a transmission efficiency of

247? @ 9_1;12_6_@_1‘_ post-inoculation, ‘Ca. P. phoenicium’ was detected in the newly emerged leaves

25  of inoculated seedlings that were not exposed to leathopper feeding; hdwever, the characteristic

26 symptoms E;)f witches’ broom were not observed. All phytoplasnﬁa—positive seedlings and A4.

27  decedens séimples showed 99-99% nucleotide identity in their 16S/23S spacer-region and had in

28 silico identical RFLP patterns similar to 16SrIX-D. This manuscript represents the first report for

29  aleafhopp 'rﬁvector of ‘Ca. P. phoenicium’ and shows that the incubation period of the disease is

30 longer mgﬂgar. The importance of phytosanitary control measures, the adoption of a

31 national strategy and a regional cooperation in order to contain the further spread of the disease

32 are discussed.

33 Keywords: phytoplasma, witches” broom, transmission, 4. decedens, vector

34

35 Introduction

36 Inthe 1990’s a devastating disease on almond trees appeared in Lebanon characterized by

37  proliferation, small yellowish leaves, bushy growth, fiieback and appearance of witches’ broom

38  on the stems. Infected trees either did not produce any fruits, or produced a limited number of

39  deformed fruits, resulting in practically 100% marketable yield loss. The disease was named

40  almond witches’ broom (AImWB), it spread rapidly and killed about one hundred thousand trees

41  over a period of ten yeérs (Abou-Jawdah ef al., 2002). The disease was associated with a

42  phytoplasma that belongs to the pigeon pea witches’-broom (PPWB) group (16SrIX)(Abou-
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Jawdah et al., 2002)/Later on it was designated ﬁomlally as ‘Candidatus Phytoplasma

/ /’/
phoenicium’ (Verdin ef al., 2003)/1' he 1681IX- D subgroups are the most predominant in

Lebanon followed by subgroups G and F (Molino Lova e al., 201 I)Jﬂ/[ore recent surveys
e e A
identified over 40,000 new trees of almond, peach arid ngcj;ag—h’fe/infected with AlmWB (Molino

7 — g
Lova et al., 201 1mgease epidemic spread rapidly from coastal areas to high mountainous

eromie

areas (>1200 m), crossing different ecological niches. In addition, Almw}zjead in groperly
fe y

sl
managed orchards,in neglected orchards and to isolatMs growing wildvThese observations

/

suggested the presence of one or more efficient aerial vectors.

Phytoplasmas are prokaryotes similar to bacteria, but deprived of a cell wall and their growth is

exclusively limited to the plant phloem tissue. Insect transmission is the most important and

F pdf 4 i (.t/"s
efficient factor in phytoplasma epidemiology. Only selected species can act as vectors since-this fe 4}1)

involves elements of vector-pathogen-host specificity @SEOR&DBAIHGIIO, Eﬁ’ar)f.tPhytoplasmas
are mgjh‘li transmitted by phloem-feeéding insects whitlf‘bscgi:oflg‘lszthe*fmnﬂfeﬁ&cadelﬁﬂea;
Cixiidae, Psyllidae;Cerocopidae; Delphaeidae; Derbidae, Meenoplidae;-and Flatidae inthe order
Hemiptera(Rejas=-Martinez, 1995). The most common-veetors-are leathoppers (Cicadellidae),
planthoppers (Cixiidae) and psyllids (Psyllidae) (Weintraub & Gross, 2013).For example, in
Europe, ,tahé/two m}lsf/important fruit tree phytoplasma diseases are transmitted by psyllids
(Hemiptera, Psyllidae). Two differepit Cacopsylia-speetes: Cacopsylla picta (Forster) and
Cacopsylla melanoneura (Forster) were reported to transmit “Ca. Phytop.lasma mali’( 16SrX-

A cﬁfsal agent of the applé: proliferation phytoplasma. While Cacopsylia pruni (Scopoli)

L]
transmits ‘Ca. Phytoplasma prunorum’ (16SrX-B), /@ﬁ‘agent of European stone fruit yellows

(ESFY).

plantpath@bspp.org.uk
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Field surveys conducted in two AlmWB-infected almond orchards, one located in South

Lebanon and the second in the North, Asymmetrasca decedens [order Hemiptera, family

Cicadellidag, and-subfamily.Typhlocybinae(Allegro et al., 2011)] was the most abundant
Siaan_ ST

hemiptera species presen{representing over 82% of total leafthoppers caught in sticky yellow

.
traps and in malaise traps (Dakhil ez al., 201 1)(!1/?.7 decedens is a polyphagous species which may
feed on a wide variety of economic crops such as peach, almond, citrus, grapevine, beans, beet,
cotton, lucerne and potatoes (Jacas et al., 1997). PCR tests conducted using a semi-specific
primer pair, which detec'ts };hytoplasmas belonging to the 16SIRNA-IX group, showed that 4.
decedens along with gsflgther leafhopper species carry 16Sr IX phytoplasma and may be
potential vectors (Dakhil et al., 2011). However, phy.toplasmas may be acquired by insects but
may not be transmitted during feeding (Marzachi et al., 2004). Phytoplasmas are transmitted in a
persistent propagative manner (Marzachi ef al., 2004). For an insect carrier to become a vector,

an intimate association with the phytoplasma is required. The phytoplasma must be able to

multiply in the vector, cuculate in the hemolymph, accumulate in the saliva ds and be
HO e how! 'f} ;-yig §3 o veral o‘&aﬁ ¢ Ve~

secreted with the saliva upon feeding on plant rphloem cells. Such a cgple may tak reral
mweore Aeveral ho»{'ﬁ} For @Rﬁ_—hr i= Fhe tate ofF Tipran awoy T LT T
weels;-for-example; i - isstonrof-the ESFY phyto p}fr?n mm:/fﬂ

oc cur ah&/y ofler v e lafonty of ['¢ 'munHu. Tn@i_uiuf‘/! 2“’3)

mmemmm#ﬁmmmﬁemﬁsmmmﬂdmm
1meal&tmp€ﬁﬁmﬁys Th&;@t@nﬂm&ﬁnfecnmmlaﬁ%&{%ﬁeﬁgkthwmtef—uﬂﬂme

ﬁellew—mg—sprmé {C—a:rram eﬁm‘ﬁf;ﬁi ). Therefore, only appropriate transmission tests will

et

provide the definite /ewdence of the role of an insect as a vector, while the detection of a

phytoplasma in a.nﬁnsect is just considered as a preliminary step.Eowever, controlled ] 0
| Use (u |-

transmission tests are not always straightforward; many vectors do not survive easily in

/

captivity. The/:/fiifferent life stages may have differences in the efficiency of transmission,

/
/

”,
/

/ '
naf = 1 %PMLM 4
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syr[nptom development on the inoculated plants, and the incubation period,(which may take

bet{pveen one week and 18 months). In the case of ESFY it may take 4-5 months and some hosts

\
maﬂ&remain symptomless (Carraro ef al. 199@ Hence, molecular techniques may play an

important role in phytoplasma detection in asymptomatic and susceptible hosts during the

incubation or latent period (Mehle et al., 2010).T w{-, L

I O Y "é[?’(;h‘@'{ AT U
\ The identification of the vector (s) of AlmWB phytoplasma would be of great interest for the

development of an integrated management program to contain the further spread of the disease

-

and to reduce its negative lmp.aciﬂniheﬂoniw The major objective of this work

—— -

was to investigate the role-of 4-decedens in-transmission of AlmWB phytoplasma under
Capdt\‘fr oFf H. Jecméns f‘e '}(ra.nsmif" Bl B ’6/::}[“5*"-‘\

controlled experimental cqnditigns,_
(l/'*fm.r// . franus a(wic.is([“"'“- ) DA Webb

Materials and methods 7'\ «;a.. R jj’{"bm
/

Plant material

Certified tissue culture seedlings of two stone fruit rootstocks were ir_l)lpprted from Italy,

peach almond hybrid “GF-677" rootstock (Prunus persica * P.@}&g/dq}tﬂs) and the peach

seedling"GF-305". The seedlings were transplanted into 25 cm diameter pots containing a

mixture of potting soil, sand and perlite (2:1:1) and maintained in insect-proof cages, within an

insect-proof net house.
Leafhoppers and transmission

Field visits were conducted to stone fruit orchards infected with AlmWB located in the North
and South of Lebanon. A special hand-held mechanical aspirator (D-Vac Vacuum Insect Net-

Model 122, Rincon-Vitova Insectaries, Ventura, CA, USA) was used to collect insects from

plantpath@bspp.org.uk
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AlmWB-infected trees. The A. decedens leﬁﬁloppers were sorted out msplrator and /

brought to a cold room where they werg counted and dispensed into falcon tubes. Transmls/swn

i
trials were initiated in the same day/bf insect collection. Collected insects were releaséd either in

¢ small insect-p_rpdf'fﬁ ges contain/ég a single seedling or @@:@mat can accommodate

-

six seedlings. An average of@y\leaﬂloppers per seedling was used. Thg,.lééﬁoppers were
allowed an inoculation access feeding on stone fruit seedlings (/GF —677 a_nd GF-305) for 30 days.
Afterwards, the insects were sprayed with insecticiias/at"s' :d/e;y intervals (spinosad and
acetamiprid, in alternation). A total of (34 s/;e\e?ﬁ@s were inoculated in these tests. Two controls

were used, healthy seedlings maintained in insect-proof cages and healthy seedlings subjected to

feeding by leafhoppers collected from a nectarine orchard in Wata Al Jawz, an AlmWB-free

region. "
Les:'w feg
Observations on symptom development were recorded at weekly intervals. Leaf samples were

9 .
collected Bg:_g'gdicallx from inoculated seedlings and tested by polymerase chain reaction (PCR)

for the presence of ‘Ca. P. phoenicium’. Samples of leafhoppers that were collected from
AImWB—mfested almond orchard or from AlmWB free regions WS{?_@lﬁ_Q_tgs,tﬁg.by PCR. Using a

-; 7
stereoscope, from three batches each consisting of three leathoppers, the heads were removed

from the rest of insect body, the sahvag[ glands were dissected, transferred into a microfuge tube

(1.5mL) containing 25ul STE buffer and their EZNA extracted separately and used for

phytoplasma detection by PCR. 1 . 3
Wy . olawfl %

Molecular diagnosis

Total Nucleic Acid extraction.

plantpath@bspp.org.uk
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For plant samples, the total nucleic acids (TNA) were extracted from 100mg of leaf midribs

following the CTAB protocol as described previously (Abou-Jawdah ef al., 2002). For the
f; 7
leathoppers, groups of five A. decea’ens insects were put ina 1.5 ml Eppendorf tube and the
- = f( g
TNAs were extracted according to the procedure described b§r Marzachl etal (20 2). The final

TNA precipitate was suspended in 50 ul of TE buffer (10mM tnsHCl pH 8 1 mM EDTA) or

distilled sterile water. TNA extracts were analyzed ina 1 % agafose gel electrophoresis to

determine their quality. Total DNA were quantified using a NanoDrop 2000¢ (NanoDrop
e T

oo H b - (ee™ | !‘3 .
Technologies, USA) and stored at -20 °C.

Phytoplasma Detection by Polymerase chain reaction

The semi-specific primer pair, ALW-F2/ALW-R2, which amplifies a DNA fragment of 390 bp
from 16SrRNA group-IX (16 SrIX) phytoplasmas, was used in PCR assays as described
previously (Abou-Jawdah ef al., 2003). Each amplification reaction was performed in 20ul
reaction mixture containing 2ul of template DNA, 10ul of REDTaq® ReadyMixTM PCR
Reaction Mix (Sigma-Aldiich, MO, USA), 0.25uM of each primer and 7ul of sterile water.

Amplification was done with a Bio-Rad ThermalCycler 1000 (Bio-Rad Laboratories, Hercules,

CA, USA). For selected leafthoppers or 1nocu1ated plant samples that were@osnwé with the
,/f’ as e wiowd 1 ch.— ag,«f (l@&aw-émwa&.
previous test, another test using nested PCR was performed. Iﬁ—ﬁ&eﬁfstbpaﬁ*the—mnvemlﬂpnmer Tocd )

pairPl/P7 (Schneider et al., 1995) which amplifies-a- DNA-fragment-of-about 1800-bp-was

used-The-second run-was-performed with primer pair RI6F2n/RT6R2, which-amplifies-a1200-bp

fragment (Gundersen & Le€, 1996). The PCR products wer: ified with the Tllustra™ GFX

pisediD

PCR DNA and Gel Band Purification kit (GE Healthcare, UK) and ¢ om GEM-T / I‘l”"“h"‘ ®

Easy Vector System II (Promega, USA). Sequencing of PCR products dif of the cloned inserts. u hole beet

l}

was performed a rﬁf\/lacrogens en ility. (Maerogen-Ine:, Seoul Korea). The ¢k ‘-‘"“"’i
i ;qu L

. ot wr O “:)

7
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nucleotide sequence data were assembled by employing the Contig Assembling program of the
sequence analysis software BIOEDIT, version 7.0.0
(http://www.mbio.ncsu.edu/Bioedit/bioedit.html). Sequences were compared with the GenBank

database using the software BlastN (http://www.ncbi.nim.nih.gov/BLAST/)

16S rRNA gene analysis ?L 7
T ot

—_—

Virtual RELP analyses of the 16S rRNA gene sequences (1253bp) were performed using

the iPhyClassifier (Zhao et al., 2009). Collective RFLP patterns were based on analysis with 17

restriction enzymes. Alul, BamHI, Bfal, BstUI (Thal), Dral, EcoRl, Haelll, Hhal, Hintl, Hpal, '

|

Hpall, Kpnl, Sau3 Al (Mbol), Msel, Rsal, Sspl, and Tagl. In silico restriction digestion and

pairwise virtual RFLP pattern comparison were performed. Virtual gel images were generated /

\

-
for the 17 EnZymes or the T aql_fgr distinguishing among 16SrIX Subgroups /The sequences

a%d,mcluded two from insect bodies, two from salivary glands, and four from inoculated

2
seedlings. \L__», ne wofC . m{?
Results

Symptom Development

The transmission trials using leafhoppers were initiated on May 2012, and symptoms were

monitored at weekly intervals. Symptoms started to develop on 16 inoculated seedlings within 25
2 ar M ? Hee

days post- -inoculation (dpl) By 30dpi, four out of 15 GF-305 seedlmgs and 12 but of 19 GF- 67

seedlings developed symptoms (Table 1). The observed symptoms were not typical of AImWB

Page 8 of 28

|

lowm e 42'{
7

phytoplasma; they consisted mainly of downward leaf curling or rolling and proliferation of new

growth at the leaf axils. The curled leaves were smaller than normal leaves but were not

chlorotic; moreover, many growing t1ps were burned. Since more or less similar symptoms were

”—Hmo; {‘of’e(/’v

plantpath@bspp.org.uk
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observed on some of the control plants which were inoculated with leathoppers originating from

an area free of AlmWB phytoplasma, it was concluded that the symptoms may have been largely

induced by leathopper feeding.

In August, a new flush of growth appeared which looked normal. During winter, the leaves
dropped and in early March the new growth looked normal and was similar to that of non-

inoculated plants.
Molecular Diagnosis

At 30 and 60 dpi, PCR tests showed that all the inoculated symptomatic plants gave positive
results using the AlImWB semi-specific primers, AlIwF2/R2. When the new summer flush
" b

appeared in August (about three months post-inoculation), the new growth looked normal. New  yew=g -
leaf samples were collected and the PCR results showed that only three samples of the GF-305
seedlings were positive out of the four that were positive at 60 days dpi. Similar results were

: . . . iy 2qe?
obtained with the GF-677 seedlings where only 8 seedlings tested positive out of the@ : ’
seedlings that were previously positive. During winter, all the leaves dropped)In the following
spring season, new growth emerged which appeared normal. PCR tests were repeated and all the
seedlings, whose summer flush tested positive, were also positive with the new spring growth

wef coherem] .
(Table 2, Figure 1). Therefore out of a total of 34 inoculated seedlings only 11 seedlings got

mfected as revealed by PCR tests about one year post-inoculation; however, none developed

AlmWB-associated symptoms.
Lnt—d‘ o n? Lo.\!‘t Lesu- _;}/?I:w{ ?

-]

The leafthoppers collected from Wata Al Jawz, an AlmWB-free area, gave negative PCR results € G‘;ﬁi/ k p U
{ovncia o€ »

using the semi-specific primer pair, ALW-F2/ALW-R2. Five representative batches of 4. lea lpL"W edf ol
decedens leathoppers used in the inoculation tests were tested by PCR and all batches tested the cegion €
/ ? ©
wha s veans . 5
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Plant Pathology Page 10 of 28

198  positive (Figure 2). When the salivary glands were dissected and tested by PCR, they were also

199  positive (Figure 2).

200  Sequences of the amplified products from four samples, one sample each from the insect body
201 (GenBank Accession: KF359551) , the salivary glands (GenBank Accession: KF488577) , the
202  inoculated GF-677 seedlings (GenBank Accession: KF500029) and from GF-305 (GenBank

203 Accession: KF500030) were deposited at the GenBank. Blast analysis showed 99.9% identity
— ) sz f(f;‘;rz "

204  with *Ca. P. phoenicium’_{The virtual RFLP patterns of the sequences derived from eight queries \’: Il N
- ot
205 | of 16S rDNA F2nR2 fragments were identical (similarity coefficient 1.00) to the reference e TJ

206 | pattern of 16Sr group IX, subgroup D (GenBank accession: AF515636) using either the 17

-—‘————-___-—-

b=t vl bl toulial .+

208  in the inoculated seedlings are all similar and members of 16SrIX-D ‘Ca. P. phoenicium’.

207 } restriction enzymes (Fig. 3) or Tagl (Fig. 4),) Therefore, phytoplasmas present in the insects and

SET e — e

209 | Real-time qua;rTutat1{zeI_’CR—(ciPCR) results showed that the phytoplasma concentration in the

210 \ salivary gland per unit of DNA is about double that found in the remaining parts of the body

211 k(data not shown)JJ’F‘“?F;(;;—;;;;;—E‘;T_Mr -4)*121; - :r)-ihafzo’i —fMM{’ Aot “?e
Sl U HEH and omement fhe ol AT

212  Discussion

213 “Candidatus Phytoplasma phoenicium’ is associated with a devastating and lethal disease of
214  almond, peach and nectarine that has been reported so far only in Lebanon and Iran (Abou

215 Jawdah et al, 2002, Verdin et al., 2003). ‘Ca P. phoenicium’ has all the characteristics of a

216  dreadful quarantine pest. It is a lethal disease of three major stone fruit crops; cannot be

217  controlled by classical control measures, has the potential to occupy different ecological niches,
218  and its unaided transmission across natural barriers seems limited since it has been reported in

219  only two countries. Therefore, the Lebanese authorities took official phytosanitary measures

10
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224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

trying to mitigate the further spread of AlImWB disease. The rapid spread of AImWB in Lebanon

suggested the presence of one or more efficient vectors. A previous survey showed that several

leathopper species are carriers and potential vectors of the disease of which 4. decedens, being

the most dominant leafhopper detected in stone fruit orchards (Dakhil ez al., 2011). Therefo

ghe”_f;rfsf?ransmission trials were initiated with this potential vector.

re,

The leathoppers used in these trials were carriers of ‘Ca. P. phoenicium’, as evidenced by PCR

tests and sequence analysis. Moreover, ‘Ca P. phoenicium” was detected in the salivary glands of

A. decedens[%wiﬁweiﬁn’gﬁﬁ'mmmtr&ﬁen&ﬂ&&mnfhé?éfnﬁ?ﬁg parts of the body (data not

shmm?? giving further evidence of a potentlal role i ,}n AlmWB t ansmlssmn
;;ea ‘s wel” & pfove

The initial symptoms which were observed one month post-inoculation were not attributed to o h

phytoplasma infection, they were correlated with leafhopper feeding, since leath Dﬁ’ pers fee

mainly on leaves, and cause a symptom known as the “hopperburn™ (AW(J!. 1 I).

d
Q/I w ?‘:’95 M}’\-Oﬂs

small curled leaves that were only observed on young flush. The damage was mainly destructive

to nursery seedlings, young non-bearing trees, and over-grafted plants (Jacas ef al., 1997).
; q

!

J

The transmission trials conducted in this study showed tha@ut of 34 inoculated stone fruit

seedlings got infected w1th ‘Ca. P. phoenicium’, as ev&denced by its PCR detection in the new

/?. o"3 weenths P

growth that emerged one year post-inoculation. The PCR data were confirmed by sequencing of

the PCR products and detection of ‘Ca. P. phoenicium’ in the inoculated seedlings. Using the

ﬁf{ se

iPhyclassifier, the same phytoplasma subgroup 16SrIX-D was detected in the leaﬂlogi?ers used o e

for phytoplasma transmission and in the inoculated seedlings. The detection of ‘Ca. P.
h.af a d/

planipath@bspp.org.uk
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241  phoenicium’ in the leafhoppers and in the inoculated ce ified seedlings provides a stron \5’\'&} .
PP S p g X

Vi
: : . v b
242 evidence for the role of A. decedens as a vector of ‘Ca. P. phoenicium’. o

243 Two important features resulting from transmission experiments are discussed: the ﬁ@y of
244  transmission and the long incubation period. First, transmission efficiency of@@iay be

? 7 40Y ¢o0!
245 considered acceptable even if a relatively high number of insects were used per seedling. This

246 may be justified by the large numbers of A. decedens detected early in the spring season when
=\

247  the new seedling growth was still succulent. In general/ vector abundanc? is documented as a
‘ . ‘4}5&, (ot e e | G
248 determinant of disease risk (Girod ez al., 2011).This species was the most abundant and 544,

249 2760 and 3901 insects were collected on six yellow sticky traps during the months of March,
250  April and May 2002, respectively (Dakhil et al., 2011).These results were confirmed in a recent
251 SL.II’VGy with a slight difference in timing, whereby 3800, 11,700 and 7200, were trapped in May,
252 June and July 2012 (Abdul-Nour personal communication). In this experiment, several factors
253 may have affected the observed transmission efficiency. The experiment was conducted in

254  insect-proof cages under greenhouse conditions, and a large number of leafhoppers died within
255  two weeks of transfer to the insect-proof cages, suggesting that the survival potential of 4.

256  decedens under the experimental conditions was limited. Moreover, segferal attempts failed to
257  rear this leafhopper in insect-proof cages in an effort to study thé transmission characteristics,
258  mainly the latency period.

259  Even though several leathopper species belonging to.the Cicadellidae family and sub-families
260  were reported to transmit phytoplasmas, only one report mentions Asymmetrasca decedens as a
261  potential phytoplasma vector (Pasif/ﬁ,,e'{fji%‘z)%. Moreover, most leathoppers in the subfamily
262 Typhlocybinae are reportef_i/to“ﬁé/ﬁlesophyll feeders (Nault & Rodriguez 1985).This

263  characteristic redy,eeé‘their potential to act as phytoplasma vectors. However, Asymmetrasca

g
g,/'” Phos - Janedah 201 .
b Q. o/ ecedems plantpath@bspp.org.uk
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284

285

286

decedens and its close relative, Empoasca decipiens, the two predominant species in stone fruit

orchards in Lebanon, were found to be carriers of AlmWBphytoplasma (Dakhil ef al., 2011). In

Spe A2
Italy, these two %}era were also found to be positive for ESFY in PCR assays, and E. decedens

o U

(a synonym to 4. decedens) was shown to transmlt E FY from Prunus armeniaca L. to P.

ae attess T Re Tl .
armeniaca L.(Pastore et .?2;‘%%5). In Cuba, 67 Empoasca spp. samples were examined by PCR
and 63 were found carrying ‘Candidatus Phytoplasma aurantifolia’ (Arocha et al.2006).
Normally insects with piercing sucking mouthparts try several probes with their stylet before
starting to feed, and there is a probability that in Typhlocybinae, even though the largest number
of thrusts occurs in the mesophyll, a low percentage may reach the phloem tissue. Accordingly, a
low percentage of transmission may occur by the cell rupture feeding strategy (formerly known
as lacerate-and-flush), whereby the insect feeds primarily in the mesophyll cells (Backus et al.,
2005). Several cells are punctured by the insect stylets, saliva is releaséd and then the insect

ingests the liquefied cells. During this process some phloem cells are sometimes hit and their

contents are ingested (Backus ef al., 2005).

—

Second, the long incubation period observed following this transmission.,,.Phﬁoplasma symptoms
can start to appear on plants as soon as 7 days after the insect has,'iﬁi/roduced the phytoplasma,

but this is not always the case since the symptoms may also take 6 to 24 months to develop F
~— fh‘\.‘bdo\r\fu.} /@""r o

depending on both the phytoplasma and the plant'host species (Hogenhout et al 2003)£Even in

grafting experiments, symptoms may tals:e a long time to appear, for example it took around 18

months for the ESFY™ S}{mptoms 10 aprpear on patch grafted three-year old plum and peach (
M 5' YA T A~

{
|
seedli gs (Pas et al ‘1") Flaye’scence dorée of grapevine is symptomless in some
stor grap

cultlvars and it eﬂso has a 1ong (up to 3 year) latent period before symptoms can be seen. These

,/ {

data m@bé explained by the fact that phytoplasmas 1;'%6 inside plants as parasites but they can \
i I« ] : !
' ( ho hn ke wrt p’“ _{'f@:i_@ 13 \
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become pathogens in later stages when suitable conditions occur such as _§peé'f§1 weather
conditions or changes in the production practices (Mehle e? al., )20'1"031.}he long incubation period
poses a problem in early visual di;;se detection, and mgy"ﬂ;;e played a role in the spread of the
AlmWB disease to disténtly isolated regions in'_Lebal;on, through the production, in nurseries, of
AlmWB- infected asymptomatic seedlir}gs."ﬁ;is observation necessitates stricter phytosanitary
control measures on stone -fruit ‘Illl,l-I"Sé'I:ieS and mother stock plants. For this reason, specific

AlmWB detection methg/ds”ﬁésed on PCR and qPCR are being developed. In Lebanon, over the

last two years, al,l-rsfi’)ne fruit nurseries have been surveyed using PCR based methods.

/ e =

The rapid spread of the disease over distantly located regions, and the detection of AlmWB
phytoplasma in some other leathopper species may indirectly represent a hypothesis that other
potential vectors for AImWB phytoplasma may be pl.’esent. Eftectively, for many phytoplasma
diseases more than one vector was reported. For example, ‘ Candidatus Phytoplasma solani’
(i6SrXII—A) agent of the bois noir (BN ) disease of grapevine is transmitted by two genera of
Cixiidae , Hyalesthes obsoletus is the major reported vector but recently Reptalus panzeri was
reported also as a natural host and several other vectors are suspected (Cvrkovic et al., 2013).The
other potential vector(s) of AImWB phytoplasma may not be a normal pest on stone fruits but
attacks stone fruits only during part of its life cycle or only occasionally when its natural hosts
become limited. For example, even though the vector of “bois noir” (BN) Hyalesthes obsoletus
cannot live on grapevines, it accidentally feeds on different crop‘s and has been proved to
transmit the phytoplasma from weeds to grapevine (Maixner, 1994; Weintraub & Wilson, 2010).
Therefore, the preferred host(s) for some suspected vectors of the grapevine bois noir may be
weeds or other plants. Effectively, investigations concerning ‘Ca. P. solani’ confirmed that the

epidemiology of this type of phytoplasma is very dependent on herbaceous weeds that act as

14
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310  natural hosts for the vector, Hyalesthes obsoletus, nymphs and as natural reservoirs for this

311  phytoplasma (Maniyar et al., 2013). [
~—

e ~ Sl
312 In conclusion, the detection of the ‘Ca. P. phoenicium® fn the salivary g}_a_ndszgf Asymmetrasca
we  1F's et o prove

313 decedens in addition to the transmission trials confirfn that this leathopper is a vector of ‘Ca. Hois reeall
So ¥ jeanld

nol alt 'Sfﬂﬂ.g ?

| i ; ; ¢
314  Phytoplasma phoenicium’, the suspected causal agent of AImWB. This constitutes the first rep’oy
?
g 1

315  of vector transmission of the phytoplasma associated with AImWB disease and the féco;id <

316  experimental proof that 4. decedens may act as a phytoplasma vector in stone fruits (Pastoreef

317 ag.),zoezr)f Further research is needed on the modality of transmission (efficiency of different life
318  stages, latency period,...), and the possibility of the occurrence of other potential vectors.

319  Furthermore, A. decedens has a wide host range and can feed on a variety of cultivated and wild
320  plants, trees, shrubs and herbaceous plants. Therefore, further studies must be conducted on the
321  epidemiology of the disease including its alternative hosts and their relative importance in

322 disease spread. Screening for resistant germplasms may also represent a possible option,

323  although all the almond varieties present in Lebanon are susceptible. In view of the importance
324 . and severity of AlImWB disease, regional and international cooperation should be established in
325  order to develop an integrated pest management approach to contain the disease, prevent its

326  further spread and to reduce its negative impact on the stone fruit industry.

327
328 Acknowledgements

329  The AUB team is greatly thankful to his Excellency the Minister of Agriculture for his personal
330  follow up on this important problem and to the Ministry Officers, Mrs. Lama Haidar and

331  Mrs.Rola Al-Achi for their devotion and cooperation. Our thanks are also extended to the AVSI

15

plantpath@bspp.org.uk



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

Plant Pathology . Page 16 of 28

(o potho

x

officers, main]"?//[r);.“Mar-iné Molino Lp}iil, Mrs. Chantal Mahfoud and Mrs. Nadine Hanna, who
greatly facilitate\dTﬁé‘pIDgTES'S/gf al-;se activities. This research was partially funded by a grant
from the Italian cooperation and the Association of \}olunteers in International Service (AVSI)
as well as by the National Program for the Improvement of Olive Oil’s Quality and Actions

against the Diffusion of Stone Fruit Phytoplasma “The Project” (Project No. AID 9627)

implemented by the Lebanese Ministry of Agriculture

16

plantpath@bspp.org.uk



Page 17 of 28 Plant Pathology

351  References

352 o Abou-Jawdah Y, Dakhil H, El-Mehtar S, Lee, IM, 2003. Almond witches'-broom phytoplasma: a

353  potential threat to almond, peach, and nectarine. Canadian journal of plant pa:ho:.’og}}ZS, 28-32.

3540, Abou-Jawdah Y, Karakashian A, Sobh H, Martini M, Lee I M, 2002. An epidemic of almond
355  witches'-broom in Lebanon: Classification and phylogenetic relationships of the associated

356  phytoplasma. Plant Disease, 86, 477-484.

357¢0 Allegro G, Giorcelli A, Deandrea G, Bazzani R, 2011. Damage assessment of the leafhopper
i

358  Asymmetrasca decedens (Paoli 1932) (Homoptera: Cicadellidae) on Salix spp. in Italy. Tercer

, 5 i 5 n
359  Congreso Internacional de Salicdceas en Argentina. lpr o ceedd r— §

360 o ArochaY, Piflol B, Picornell B, Almeida R, Jones P, 2006. First report of a 16511l (*Candidatus
361  Phytoplasma aurantifolia’) group phytoplasma associated with a bunchy-top disease of papaya in

362  Cuba. Plant Pat‘hology/SS, 821

363 °~ Backus EA, Serrano MS, Ranger CM, 2005. Mechanisms of Hopperburn: An Overview of Insect

364  Taxonomy, Behavior, and Physio]og@nnum’ Review of‘EnIomo!og)i,Sﬂ, 125-151.

365 / Bosco D, D'Amelio R, Weintraub PG, Jones P, 2009, Transmission specificity and competition

: / L L Wl baub T, doﬂﬂ-‘ P(&/t-)
¥ 3 ! [
V\“I\‘;X/?’GG of multiple phytoplasmas in the insect Vectorw-’h_vtop!asma.s.'éenomes. E{am Hosts andvéctors,

(b 367 \ Wallingford, UK: CAB International, 293-308.

[}

\\

368 [ Carraro L, Ferrini F, Labonne G, Ermacora P, Loi N, 2004. Seasonal infectivity of Cacopsylla

i

\‘ >
» ’(ﬂY 369 i pruni, vector of European stone fruit yellows phytoplasma. Annals of Applied Biology, 144, 191-

IL. —— e

370 ; 195, ————

o
/)
,-’ [a.f'f&fo i tv(\‘ 7004 :

5
" Bosco U7 el 207 Y

planipath@bspp.org.uk



Plant Pathology ' Page 18 of 28

371 ¢ Carraro L, Osler R, Loi N, Ermacora P, Refatti E, 1998. Transmission.of European stone fruit

ia

372 yellows phytoplasma by Cacopsylla pruni. Journal of plant Pathology, 80, 233-239.

373 @ Cvrkovié T, Jovié¢ J, Mitrovié M, Krsti¢ O, ToSevski I, 2013. Experimental and molecular
v

]
374  evidence of Reptalus panzeri as a natural vector of bois noir. Plant Paz‘hology/

375  doi: 10.1111/ppa.12080

Do A4

) 376 © Dakhil HA, Abou-Fakhr Hammad E, El-Mohtar C, Abou-Jawdah Y, ;0’1’({ Survey of
377  leathopper species in almond orchards infected with almond witches’-broom phytoplasma in

378  Lebanon. Journal of Insect Science, 11, 1536-2442.

379 o Girod R, Roux E, Berger F, Stefani A, Gaborit P, Carinci R, Issaly J, Carme B, Dusfour I, 2011.
380  Unraveling the relationships between Anopheles darlingi (Diptera: Culicidae) densities,

381  environmental factors and malaria incidence: understanding the variabie patterns of malarial
382 transmission in French Guiana (South America). Annals Oj'tmp[.ca! medicine and

383  parasitology, 105, 107-122.

384 5 Gundersen DE, Lee IM, 1996. Ultrasensitive detection of phytoplasmas by nested-PCR assays

385  using two universal primer pairs. Phvtopathologia mediterranea, 35, 144-151.

386 ¢ Hogenhout SA, Redinbaugh MG, Ammar ED, 2003. Pl@r,anﬂﬁnal rhabdovirus host range a
— e
—~ ‘/‘

‘ P
387  bug’s view. Trends Micybifflbgy /11, 264271
HER Moo »& neNvozn A |
388 * Jacas JA, Mendeza-AH; Cambra M, Balduque R, 1997. Asymmetrasca decedens: a new pest of
¢ E

389 almond in Spain @l £PPO Bulletinf27, 523-524.

H, ?cﬂ Aaw+ o ’2"@37

18

planipath@bspp.org.uk



Page 19 of 28 Plant Pathology

Flohne ova

390 ¢ Lova MM, Quaglino F, Abou-Jawdah Y, Choueiri F Sobh H, Alma A, Tedeschi R, Casati P,
391  Bianco PA, 2011. ‘Candidatus Phytoplasma phoenicium’-related strains infecting almond, peach

392 and nectarine in Lebanon. Bulletin of Insectology,64, 263=S264
4 (:,h.,g,n ) 5763~ #26%

393 ¢ Maniyar B, Kehrli P, Johannesen J, 2013. Population structure and incidence of the stolbur

394  phytoplasma vector Hyalesthes obsoletus (Cixiidae) among geographic regions in Switzerland.

395  Journal of Applied Entomology, 137/' 589--600.-dor-10-1HHAen 12634

396 * Maixner M, 1994. Transmission of German grapevine yellows (Vergilbungskrankheit) by the

397  planthopper Hyalesthes obsoletus (Auchenorrhyncha: Cixiidae). Vim) 33, 103-104.

398 =: Marzachi, C., Milne, R. G., Bosco, D., & Pandalai, S. G. 2004. Phytoplasma-plant-vector

399  relationships. Recent research developments in plant palho[og)}S, 211-241. ‘
R ﬁqxdf' - ![“ ‘f’

400 | Marzachi C VLI‘EtttIF Bosco D, 1998. Direct PCR detection of phytoplasmas in experimentally

401 | infected insects. Annals of Applied Biology 133, 45-54.
\
-~ T

402 » Mehle N, Turk BA, Brzm J, Nikoli¢ P, Dermastia M, Boben J, Ravnikar M, 2010. Diagnostics of
F
403  fruit trees phytoplasmas—the importance of latent infections. Julius-Kiihn-Archiv, 427, S-412.

404 Nault,nyzie.lLR ,andwygojrlguez Sds‘ The leafhoppers and planthoppers. New Y ork:
sdfy’ ?.0‘5
405  Wiley, 1985.
7006 €
406 o Pastore M, Paltrinieri S, Bertaccini A, Priore R, Graziano V, 2604~ Phytoplasma Sub-Groups

‘®
407 : Infecting Insects Collected in Damaged Strawberry Fields. ImFfnternational-Strawberry
Pt Horkwlbarae | Yo A6A-ACS

G| Tz

t—roascca “'f

408  Symposium-T08; 61166

flargecks <t o ?””
Zoo/l 19

[
mev({ J b plantpath@bspp.org.uk



Plant Pathology Page 20 of 28

\_,‘6} -....' H’L h\ﬁ"’

409 . Pastore M, Santonastaso M, V1b10 M Bertaccmx A, Lee IM La Cara F 1998 Susceptlblhty to
410 | phytoplasma infection of three pear varieties grafted on different rootstocks. Acta Horticulturae,

411 | 472, 673- 680

L_/ T e - T R S Tewemsmean e _-_.-—'//

412  Rojas-Martinez, R. Insect vectors of phytoplasma. In: Tropical Biology and Conservation

413 Management. Miﬂ%ﬂiﬁ%ﬁbﬁ%ﬁ@@kﬁ#&%@fﬁ?ﬁaﬁ/ e

414 « Schneider B, Seemiiller E, Smart CD, Kirkpatrick BC, 1995, Phylogenetic classification of plant
415  pathogenic mycoplasma-like organisms or phytoplasmas. Molecular and diagnostic procedures

416  in my(oplasmology,l( 69) 79. . ) H "
- - o £

417 ,PSeemijller E, Stolz H, Kison H, 1998. Persistence of the European stone fruit yellows

418 ‘I:‘I phytoplasma in aerial parts of Prunus taxa during the dormant season. Journal of Phytopathology by

|

_J

146,407-410,  —— o

420 , Verdin E, Salar P, Danet JL, Choueiri E, Jreijiri F, El Zammar S, Ge” lie B, Bove JM, Garnier,
421 M, 2003. ‘Candidatus Phytoplasma phoenicium’ sp. nov., a novel phytoplasma associated with
422 an emerging lethal disease of almond trees in Lebanon and Iran. International Journal of

423 Systematic and Evolutionary Microbiology,53, 833-838.

e b MOy

Wei W, Lee M, Daws RE, Suo X Zhao Y, 2008. Automated RFLP pattern comparlson and\

425 similarity coefficient calculation for rapid delineation of new and distinct phytoplasma 16Sr,

|
| subgroup lineages. International Journal of Systematic and Evolutionary Microbiology, 58,}

427 J 2368-2377. o e ---f—«-a___//

428  Weintraub P, Gross J, 2013. Capturing insect vectors of phytoplasmas. Methods in Molecular

429 .Biology/938, 61-72

20

plantpath@bspp.org.uk



Page 21 of 28 Plant Pathology

430 . g Weintraub P, Wilson M, 2010. Control of phytoplasma diseases and vectors. Ing Weintraub, G.,
431 Jones, P. (eds) Phy’[oplasmas";'(}enornés, Plant Hosts and Vectors. Wallingford, UK: CAB

432  International, 233-249.

433 9 Zhao Y, Wei W, Lee M, Shao J, Suo X, Davis RE, 2009. Construction of an interactive online
434  phytoplasma classification tool, iPhyClassifier, and its application in analysis of the peach X-
435  disease phytoplasma group (16SrIIl). International journal of systematic and evolutionary

436 microbiology 59, 2582-2593.
437

438

439

440

441
442
443
444
445
446
447

448

plantpath@bspp.org.uk



449

450

451

452

453

454

455"

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

Plant Pathology Page 22 of 28

Figure legends

Figure 1: Agarose gel electrophoresis of PCR products obtained from DNA samples extracted at
12 months post-inoculation, from 16 seedlings inoculated with 4. decedens carrying ‘Ca. P.

phoenicium’. AK1-AK9 and AF1-AF7, represent different inoqgl@[g:“yg seedlings. M: 1 Kbp
Ladder, (A): healthy seedling, (B): positive control -

Figure 2: Agarose gel electrophoresis of PCR products obtained from: (A) salivary glands
and(B) body of A. decedens collected from AlmWB-infected orchard, (C) 4. decedens collected

from healthy orchard, (D) healthy control, (E) AImWB positive control. (M) 1Kbp ladder.

Figure 3: Collective virtual RFLP patterns with 17 restriction enzymes derived from in

silico analysis, using iPhyClassifier, of 16S rRNA gene (R16F2n/R2 amplicon) fragments
oi)tained from four representative samples extracted from 4. decedens body or salivary glands,
and from inoculated seedlings, all four samples showed the same pattern. The restriction
fragments were resolved by in silico electrophoresis through 30 % agarose gel. MW, marker

@X 174 RFI DNA Haelll digest.

Figure 4: Virtual RFLP patterns derived from in silico RFLP, using pPDRAW32, with the key
restriction enzymes Tagl distinguishing “Ca. P(@@lj{n},’}\ subgroup D from representative
strains of different subgroups in group IX phytoplasma. The pattern obtained from insect bodies,
msect salivary glands and inoculated seedlings were similar to that represented in lane A. The
16S subgroups are represented by the following strains (GenBank accession numbers): IX-A
(EF193383, PPWB), IX-B (AF390136,AlImWB), IX-C (HQ589191, NaxY), IX-D (AF515636,
AImWB), IX-E (GQ925919, JunWB). The restriction fragments were resolved by in

silico electrophoresis through 3 1% agarose gel. MW, marker X174 RFI DNA Haelll digest.
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Table 1 : Results of AImWB transmission trials on two stone fruit rootstocks (GF-305 and GF-

677) using A. decedens as vector a@mntbs post inoculation

of 30 0&3-)?,
- GF-677
Region of Gl ; .
insect S PCR posifive Svmpt PCR positive
collection YADpLOus per per symptomatic YIPIOMS PEF - er symptomatic
total inoculated . total inoculated
seedlings seedlings
 Kfarkela | 1/1 An
Kfar /kei’a/ " 23 2//// 23 22
=
ﬁf’ . Feghal 0/6 0/0 2/6 2/2
(J’ Kfarkela 1/1
/o Kfarkela) 11
. e e
I8 T Kfarkela 11 y
,(Féghay 2/6 ;{ 4/6 /4
Total 4/15 4/4 12/19 12/12
L} /{ / f’é" /5- wrtbo “?"’"}’
r &
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Table 2: PCR detection of ‘Ca. P .phoenicium’ in seedlings that developed symptoms following

inoculation by 4. decedens. Results taken 1, 2, 3 and 12 months post-inoculation

Varety ot et emmtin . bodations inoeuions G Fi 4
AF3 + + . i —" — 4
AF7 Y £ 4 5 1
GF-305
AK4 + 1 + 7 - +
AKS5 + + - t e ? —= O
AF1 + + + + o ! — D
AF2 + ' + + + +
AF4 + + + + e 7 — &
AF5 + + - . e - &
AF6 2k + + Sy ﬂ — @
AK1 + + + + 4
GF-677
AK2 + - + - +
AK3 = + : - &
AK6 + + i : e D — ¢
AK7 +‘ + + + EQ
AKS + + - R _7 —> %
AK9 + + + | + +
Total 16/16 16/16 11/16 11/16

* Results for 3 and 12 months post-inoculation are for leaf samples collected from new growths
’ f’“ frb_ e i r\ (’&‘ r

that were not subjected to direct leafthopper feeding

plantpath@bspp.org.uk





