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The role of Vitex agnus-Castus and
 associaTed HyalestHes oBsoletus in 
The epideMiology of Bois noiR in Me-
diTerranean vineyards

AndreA KosovAc1, Sanja Radonjić2, Snježana HRnčić2, oliveR KRStić1
, Ivo ToševsKI1,3 And  

 jelena jović1 

1 Department of Plant Pests, Institute for Plant Protection and Environment
   RS-11080 Zemun, Banatska 33
2 Montenegro Biotechnical Faculty, University of Montenegro
   ME-81000 Podgorica, Mihaila lalića 1
3 CABI
  CH-2800 Delemont, 1 Rue des Grillons
  E-Mail: jovic_biolab@yahoo.com

'Candidatus Phytoplasma solani' (CPs), a 16S rRNA 
XII-A subgroup belonging phytoplasma (QuAGlino et 
al., 2013), endemic to Europe and the Mediterranean 
area, causes the most widespread grapevine yellows 
disease in Europe - Bois noir (BN). Severe damage in 
grapevine biomass and consequential agroeconomic 
losses following epidemiological outbreaks (joHAn-
nesen et al., 2008) emphasize the importance of cla-
rifying the complex dynamics among inoculum sour-
ce, pathogen and the vector. Hyalesthes obsoletus 
Signoret, 1865 (Hemiptera: Cixiidae) is the primary 
vector of CPs to grapevine (mAixner, 1994; sForzA 
et al., 1998) and as a polyphagous planthopper the 
species occurs in vineyard ecosystems throughout the 
Mediterranean basin up to southwestern Germany to 
the north and Asia Minor in the southeast (HocH and 
remAne, 1985). While Urtica dioica and Convolvu-
lus arvensis are the most frequently recorded hosts 
of H. obsoletus in west and central Europe (lAnGer 
and mAixner, 2004; Kessler et al., 2011; joHAnnesen 
et al., 2012; Imo et al., 2013), in the Mediterranean 
several plants characteristic for this bio-geographic 
area are noted as food source for the adults: Vitex 
agnus-castus, Olea europaea, Tamarix sp., Quercus 
ilex, etc. (HocH and remAne, 1985). Among these, V. 
agnus-castus stands out as host plant that provides a 
niche for larval development (Sharon et al., 2005). 
Records of H. obsoletus occurrence in association 
with this aromatic woody shrub throughout Greece, 
Turkey and Israel (Hoch and Remane, 1985; sHAron 

et al., 2005) prompted the research on its potential 
role in CPs epidemiology in the Mediterranean litto-
ral, both as a host for the vector populations and as 
well as pathogen inoculum source.
We investigated in Montenegro, a Mediterranean 
grape growing country with records of BN (rAdonjić 
et al., 2009), whether V. agnus-castus has a role in 
disease epidemiology and whether it interferes with 
pathways associated with U. dioica and C. arvensis 
(Kosovac et al., 2016). The aim was to employ mo-
lecular epidemiology and experimental transmission 
assays to identify the infection incidence of focal re-
servoir plants and corresponding vector populations, 
and to trace transmission pathways of the CPs geno-
types from their inoculum source through associated 
vector populations to symptomatic grapevine (dead-
end host).

The tuf/stamp/vmp1 based multilocus typing revea-
led 12 genotypes in total, and confirmed a direct, in-
dependent pathway of transmission from U. dioica 
by associated H. obsoletus populations to grapevine 
(lAnGer and mAixner, 2004). Among CPs isolates 
associated with nettle-sourced cycles some had the 
typical tuf-a genotype, however some show the in-
termediate tuf-ab type previously found in Austria 
(tuf-b2; AryAn et al., 2014). In relation to this, the 
genotype tuf-b/Rqg50/V17, recently also detected 
in H. obsoletus in BN-diseased vineyards in Aus-
tria (CPsM4_At10; Aryan et al., 2014) was found 
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obsoletus are of Mediterranean origin, it is reaso-
nable to suspect that V. agnus-castus could be the 
original host plant of this genotype. Congruently, the 
same genotype was just recently identified in infec-
ted grapevine in Mediterranean vineyards of Bosnia 
and Herzegovina (delić et al., 2016). In laboratory 
controlled transmission assays Vitex-affiliated popu-
lations of H. obsoletus successfully transmitted CPs 
genotypes to experimental grapevines, thus confir-
ming its vector role. Furthermore, the data unam-
biguously indicate on natural occurrence of BN in 
association with V. agnus-castus in this region.
Combined results of field collected and experimen-
tally obtained data confirm the role of V. agnus-castus 
in the epidemiology of BN and point out to the im-
portance of this dual host plant as symptomless ino-
culum source and vector host-plant. This encourages 
further research in elucidating its occurrence, infec-
tion incidence and epidemiological significance, as 
some of the most important grape growing regions 
in the world are located in the coastal zone of Spain, 
France, Italy and Croatia.
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Grapevine plants bearing symptoms of severe inward curling and redness on leaves were collected from the 
main viticultural areas in Aegean, Central Anatolia and Eastern Anatolia Regions of Turkey. Nucleic acid 
extraction was performed to all of the samples, followed by PCR and nested PCR and RFlP analysis for the 
identification of present phytoplasmas. The majority of the collected infected grapevine samples was infected 
with Grapevine yellows phytoplasmas, especially 'Candidatus Phytoplasma solani', the causal agent of Bois 
Noir in grapevines. This phytoplasma, belonging to 16SrXII-A subgroup, was present in 49 samples. Symp-
toms of Bois noir were present in all of the regions surveyed.

Turkey is located in the subtropic climatic region 
in the World, the Northeastern part of Anatolian 
peninsula and the area between Black Sea and Ca-
spian Sea region is the gene source of some of the 
important varieties of grapevine (soylemezoGlu et 
al., 2015). Turkey is one of the nations native to gra-
pevine, therefore our nation has been familiar with 
grapevine cultivation for more than 6000 years. Ac-
cording to the data of FAo, Turkey has 540.000 ha 
of grapevine cultivation area and ranks third in terms 
of cultivation area worldwide. Grape production is 
3.923 million tons which means the sixth-largest 
producer in the world (soylemezoGlu et al., 2015).
The main viticultural region is the Aegean Region 
with 151.401 ha of vineyard area, comprising 31 
% of the total area followed by the Mediterranean, 
Central Anatolia, Eastern Anatolia and Marmara re-
gions.
Many of the local and international table grape and 
wine grape varieties are grown, especially in Thrace, 
Central Anatolia, Meditarrenean, Aegean and Eas-
tern Anatolia regions such as 'Cabarnet Sauvignon', 
'Merlot', 'Syrah', 'Malbec', 'Cabarnet Franc', 'Pinot 

noir', 'Chardonnay', 'Sauvignon blanc' and some fa-
mous local varieties such as 'Kalecik Karası', 'Öküz-
gözü', 'Boğazkere', 'Çal Karasi', 'Bornova Misketi', 
'Köhnü', 'Sultani Çekirdeksiz' and 'yalova Incisi'.
Grapevine is affected by several plant pathogens, in-
cluding phytoplasma-associated diseases worldwi-
de. Plant pathogenic phytoplasmas are insect-trans-
mitted, wall-less, unculturable phloem-limited 
bacteria of the class Mollicutes with a small genome 
size, which ranges from 530 to 1350 kb. In diseased 
plants, they reside almost exclusively in the phloem 
sieve tube elements, to which they are introduced 
by phloem feeding hemipteran insects such as plant- 
and leafhoppers (WeintrAuB and BeAnlAnd, 2006; 
mAixner, 2011).
Bois noir (BN) and Flavescense dorée (FD), which 
are known as Grapevine yellows phytoplasmas 
(Gy), have similar symptoms such as severe redness 
of the leaves and irregular yellowing of white varie-
ties, backward curling of leaves, lack of lignification 
and shrivelling of berries, followed by early drying 
of whole clusters on infected plants (KuzmAnovic et 
al., 2008; mArtini et al., 1999; mArtini et al., 2002). 
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Both cause significant reductions in yields of many 
European countries and our neighbors Iran, Bulga-
ria and Syria (AnGelini et al., 2001; AvrAmoz et al., 
2008; KArimi et al., 2009; contAldo et al. 2011). 
BN is induced by ‘Candidatus (Ca.) Phytoplasma 
solani’, a member of the stolbur group (16SrXII-A 
group). The planthopper Hyalestes obsoletus (Ci-
xiidae), considered as the main vector of BN, is a 
polyphagous vector that occasionally and errorious-
ly feeds on grapevine (AlmA et al., 2002). Recently, 
severe redness and inward curling of foliage were 
observed in the wine vineyards, therefore intensi-
ve surveys were conducted in the main viticultural 
areas of Turkey to verify phytoplasma presence and 
identity.

MATERIAlS AND METHoDS

phyToplasMa source

Periodical surveys were conducted in main viticul-
tural areas located in Thrace (Edirne, Kirklareli, Te-
kirdağ), Aegean region (İzmir, Manisa and Denizli), 
Central Anatolia (Ankara, Nevşehir) and Eastern 
Anatolia region (Elazig, Malatya, Diyarbakir and 
Mardin) of the Anatolian Peninsula from July to Sep-
tember in the years 2009 and 2010 and leaf samples 
were collected from symptomatic and asymptomatic 
plants. Survey area is shown in Figure 1.

nucleic acid exTracTion froM in-
fecTed leaves

Nucleic acids (DNA) were extracted from the mid-
ribs and side ribs of the grapevine leaves according 
to the chloroform/phenol protocol of prince et al. 
(1993).

pcr and nesTed pcr

Direct PCR with the ribosomal P1/P7 universal pri-
mer pair (denG and HiruKi, 1991; scHneider et al., 
1995), followed by nested PCR with R16F2n/R2 
universal primer pair (Gundersen and lee, 1996) 
and R16 (1) F1/R1, R16 (V) F1/R1 (lee et al., 
1994) and also M1/M2 primer pairs were carried out 
to all of the extracted DNAs from grapevine leaves. 
PCR mixture for direct PCR was: 2,5 μl 10X PCR 
buffer, 250 μM dNTP mix,0,3 μM forward primer, 
0,3 μM reverse primer, 1 μl target DNA, 0,16U Taq 
DNA polymerase and 17,875 μl water. Target PCR 
products were subjected to 1.5 % agarose gel elec-

trophoresis and the gels were stained with ethidium 
bromide.
PCR cycling conditions for direct and nested PCR 
were the same and applied as 35 cycles as: 1 min (2 
min for the first cycle) denaturation step at 
94 ˚C, 2 min for annealing at 55 ˚C, 3 min at 72 ˚C 
for primer extension. Positive controls of both Gy 
phytoplasmas and pear decline phytoplasma (PD) 
were supplied by Prof. AssuntA BertAccini (Bolog-
na University, Italy).

pcr-rflp

Amplified products of nested PCR analysis were 
further characterized by RFlP analysis with the res-
triction endonuclease enzyme TruI.

RESUlTS

survey resulTs

During the surveys conducted in main viticultural 
areas in the years 2009 and 2010 (in 2009 159, in 
2010 130) a total of 289 plant samples bearing the 
symptoms typical to phytoplasma-associated infec-
tions was collected. Main symptoms detected on 
infected vines were severe redness and inward cur-
ling of the mature leaves which were also typical 
for grapevine leaf-roll diseases. Phytoplasma-asso-
ciated infections were present in all of the surveyed 
provinces, but the infection was present almost in 
all of the wine-grape vineyards located in Marmara 
and Aegean Region of Turkey except Denizli, com-
paring to the vineyards of South-Eastern Anatolian 
region. There was no infection in vineyards located 
in Diyarbakir and Mardin except in the collection 
vineyard of Dicle University located in Diyarbakır.
Phytoplasma-associated symptoms were detected 
on some of the local table-grape varieties such as: 
'Trakya İlkeren' (Ankara), 'Bogazkere' (Manisa), 
'Şirfani' (Elazığ), 'Tahannebi' (Malatya), 'Emir' (Ne-
vşehir) and wine-grape varieties such as: 'Alphonse 
lavallee' (İzmir), 'Alicante Bouschet' (İzmir, Mani-
sa, Tekirdağ), 'Chardonnay' (Manisa), 'Shiraz' (Ma-
nisa, Çanakkale), 'Cabernet Sauvignon' (Kirklareli, 
Çanakkale), 'Merlot' (Kırklareli), 'Sauvignon blanc' 
(Nevşehir) and 'Pinot noir' (Tekirdağ).

pcr – nesTed pcr resulTs

According to the results of PCR with universal pri-
mers and nested PCR with group specific primers, 
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detected from wine-grape varieties such as 'Alphon-
se lavallee', 'Chardonnay', 'Alicante Bouschet', 
'Shiraz', 'Cabernet Sauvignon', 'Sauvignon blanc', 
'Merlot', 'Malbec' and 'Pinot noir' vineyards and it 
was also detected from local varieties, but in smal-
ler extent: 'Bogazkere' (Manisa), 'Tahannebi' (Mal-
atya), 'Emir' (Nevşehir), 'Papaz karasi' and 'Gamay' 
(Tekirdağ). None of the detected phytoplasmas was 
present in Denizli and Mardin provinces. Nineteen 
of the selected BN amplicons, amplified with R16(I)
F1/R1, M1/B6 and M1/M2 primers were sequenced 
and deposited in genebank NCBI.

DISCUSSIoN

Epidemics caused by phytoplasma diseases in grape-
vine have become the major problem in recent years 
because of their continuous spreading throughout 
many grape producing regions in different Europe-
an countries. Phytoplasma diseases are widespread 
and occur all over the world, besides Europe they 

following enzymatic digestion with TruI enzyme, 
53 out of 289 grapevine samples were detected as 
infected with one of the grapevine phytoplasmas. 
The detection rate of the phytoplasma infected plant 
samples was 18.6 %, 49 of the collected samples 
were detected as infected with Bois Noir phytoplas-
ma (16SrXII-A stolbur group) ('Candidatus Phyto-
plasma solani') (Fig. 2), 2 were detected as group 
V phytoplasma, one sample was detected as Aster 
yellows phytoplasma (16SrI group) ('Candidatus 
Phytoplasma asteris') and one sample was infec-
ted with Pigeon pea witches broom phytoplasma 
(16SrIX group) 'Candidatus Phytoplasma phoenici-
um' (canıK et al., 2011).
The incidence of grapevine phytoplasma infections 
in Turkish vineyards was quite low. BN infected 
samples originated from Ankara (2), İzmir (6), Ma-
nisa (6), Çanakkale (2), Tekirdağ (8) Kırklareli (11), 
Edirne (4), Elazıg (3), Diyarbakır (3), Malatya (1), 
Nevşehir (3). The phytoplasma was present mostly 
on wine-grape varieties of imported origin. It was 

 

 

 

Fig. 1: The survey area

Fig. 2: Restriction profiles of BN infected isolates with TruI enzyme (K 1, 2 
and 6: Kirklareli isolates; I4: İzmir isolate; Ç11, 22 and 23: Çanakkale isolates, 

PD: pear decline phytoplasma used as phytoplasma control
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sely related phytoplasma isolates and their 
near relationships to Palatinate Grapevine 
yellows and Alder Phytoplasma. Vitis 40: 79-
86   

AlmA, A., soldi, G., tedescHi, r. And mArzAcHi, c. 
2002: Role of Hyalestes obsoletus Signoret in 
transmission of grapevine Bois Noir in Italy. 
Petria 12: 411-412

AvrAmoz, z., Gillet, j. And lAGinovA, m. 2008: 
First Detection of Stolbur phytoplasma in 
Grapevines (Vitis vinifera cv Merlot) affec-
ted witrh Grapevine yellows in Bulgaria. J. 
Phytopathol., 56 (2):112-114 .

BAyrAm, s., zeyBeKoGlu, u., soylemezoGlu, G., cA-
niK, d., KArAvin, m., cAKir, A. And ertunc, 
F. 2014: Putative vectors of Grapevine yel-
lows Phytoplasmas in Turkey. Phytopathoge-
nic mollicutes 4(1): 22-26 

cAniK, d., ertunc, F., pAltrinieri, s., contAldo, 
n. And BertAccini A. 2011: Identification of 
different phytoplasmas infecting grapevine in 
Turkey. Bull. Insectology 64: 225-226. 

contAldo, n., duduK, B., pAltrinieri, s., dAl mo-
lin, F., mitrovic, j. And BertAccini A. 2011: 
Molecular variability of 16 Sr DNA of Bois 
noir phytoplasmas in grapevine from Italy 
and Serbia. Petria 21: 136-137.

denG, s. And HuruKi, c. 1991: Amplifications of 
16S rRNA genes from culturable and non-cul-
turable mollicutes. Microbiological Methods 
14: 53-6

ertunc, F., cAniKorel, d., BAyrAm, s., Paltrinieri, 
S., Bertaccini, A., Topkaya, S. and Soyleme-
zoglu, G. 2015: occurrence and identification 
of grapevine phytoplasmas in main viticultu-
ral regions of Turkey.Phytoparasitica 43:303-
310.

Güçlü, s. And özBeK, H. 1988: Some studies on the 
biology of Hyalestes obsoletus Signoret (Ho-
moptera: Cixiidae)in the conditions of Erzu-
rum. Türkiye Entomoloji Dergisi 12:103-111

Gundersen, d. e. And lee, i-m. 1996: Ultrasensitive 
detection of phytoplasmas by nested PCR as-
says using two universal primer pairs. Phyto-
pathologia Mediterranea 35: 144-151

KArimi, m, contAldo, n., mAHmodi, B., duduK, B. 
And BertAccini, A. 2009: Identification of 
stolbur related phytoplasma in grapevine sho-
wing decline symptoms in Iran. Proceedings 
of the 16 th meeting of the ICVG, Dijon, Au-
gust 31– September 4, 2009: 208-209. 

are also present in Ukraine, Iran, Syria, lebanon, 
Israel, South Africa and China (mAixner, 2011). 
Phytoplasmas belonging to the 4 molecularly distin-
guishable groups (16Sr I, 16Sr V, 16Sr IX and 16Sr 
XII) were detected on grapevine in Turkey (ertunc 
et al., 2015). The other phytoplasmas reported from 
different locations, belonging to the groups 16Sr II, 
16SrIII, 16Sr VII and 16Sr X were not present in the 
vineyards of Turkey.
It has been clearly stated that transmission of grape-
vine phytoplasmas occurs through the use of phyto-
plasma infected multiplication material and vector 
insects. The main phytoplasma infections present 
in the vineyards of Turkey were Grapevine yellows 
phytoplasmas. Widespread phytoplasma infection 
was determined as BN in Turkey, it has been detec-
ted from most of the provinces except Denizli and 
Mardin. It has been vectored by Hyalestes obsoletus 
which is a polyphagous insect occasionally feeding 
on grapevine. BN phytoplasma is transmitted to gra-
pevine from several plants which can host both in-
sect and phytoplasma, especially Urtica dioica and 
Convolvulus arvensis (lAnGer and mAixner, 2004). 
The vector Hyalestes obsoletus is present in our 
country and reported from the potato fields in Er-
zurum plateau (Guclu and ozBeK, 1988) and rarely 
from vineyards. Some putative vectors of BN, Eu-
scelis lineolatus Brullé and dictyophara europaea 
(l.) (lessio and AlmA, 2008) were also present in 
Turkey in low densities. All the confirmed and puta-
tive vectors, however, were phytoplasma negative in 
PCR and nested PCR assays (BAyrAm et al., 2014).
The incidence of symptomatic vines were higher in 
the vineyards located in Thrace, Aegean region com-
paring to Central and Eastern Anatolia regions whe-
re local table grape varieties are usually grown and 
there is also no introduction of new imported grape 
varieties to this regions.
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Bois noir (BN) induced by 'Candidatus Phytoplas-
ma solani' (CPs), previously referred to as stolbur 
phytoplasma (QuAGlino et al., 2013), is emerging, 
widespread and economically the most important 
grapevine yellows disease in Europe. Due to the 
obligate vector-based transmission of CPs and the 
case that grapevine is a terminal dead-end host, BN 
epidemiology is imminently linked to pathogen re-
servoir plants simultaneously hosting insect vector 
populations. Additionally, routes of pathogen trans-
mission and dissemination are fundamentally deter-
mined by biology, life strategy and feeding prefe-
rence of vector species. This sets insect vectors and 
their preferred host plants in the center of epidemio-
logical routes of transmission which could be direct, 
intermixed, or intermediated through other vectors 
and their unique or shared transmission pathways 
(cvrKović et al., 2014; Kosovac et al., 2016).

Cixiid planthoppers (Hemiptera: Cixiidae) are the 
main vectors of CPs in diverse agroecosystems in-
cluding vineyards. Hitherto, three cixiid species are 
proven to be vectors of CPs, namely Hyalesthes 
obsoletus, Pentastiridius leporinus and Reptalus 
panzeri (mAixner, 1994; sForzA et al., 1998; GAti-

neAu et al., 2001; jović et al., 2007; BressAn et al., 
2009), while Reptalus quinquecostatus is proven as 
experimental vector of CPs to artificial feeding me-
dium (pinzAuti et al., 2008) and currently is treated 
as possible or intermediate vector to grapevine and/
or other crops (cvrKović et al., 2014; mitrović et 
al., 2016). Among these, H. obsoletus and R. pan-
zeri are vectors with proven role in BN epidemiolo-
gy (mAixner, 1994; sForzA et al., 1998; cvrKović 
et al., 2014), albeit not fully understood due to the 
complex interactions with environment and diverse 
host plants acting as pathogen reservoirs.
H. obsoletus, the main and most widespread vector 
of BN is associated with at least four host plants ac-
ting as pathogen inoculum sources in European vi-
neyards: Convolvulus arvensis, Urtica dioica, Vitex 
agnus-castus and Crepis foetida (lAnGer and mAix-
ner, 2004; Kosovac et al., 2013; Kosovac et al., 
2016). Host plants of R. panzeri and R. quinquecost-
atus are not well-documented especially in regard to 
their role as pathogen sources. sorghum halepense 
is evidenced dual host for R. panzeri nymphs and 
CPs in maize redness affected fields in northeastern 
Serbia (jović et al., 2009), and tentative inoculum 
source in vineyards (cvrKović et al., 2014). 
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How-ever this cixiid is also known as being associ-
ated with diverse herbaceous and woody plants such 
as Prunus spp., Ulmus spp., Clematis spp., Rosa 
spp., etc. (nicKel, 2003) and situation is similar for 
R. quinquecostatus.
Molecular tracing and tracking CPs routes of trans-
mission in BN affected vineyards helps us to un-
derstand complexity of epidemiological cycles or 
networks, enables prediction of future spread and 
design of management strategies (murolo and ro-
mAnAzzi, 2015; Kosovac et al., 2016). Given that se-
veral CPs genotypes, determined based on variable 
membrane proteins tentatively involved in host plant 
and/or insect vector recognition and adaptation, are 
shared by diverse vectors (AryAn et al., 2014; cvr-
Ković et al., 2014; Kosovac et al., 2016) we found 
that an approach combining field, experimental and 
molecular data is required to explain transmission 
pathways and their interconnections. Hence, we 
attempted to elucidate transmission pathways and 
epidemiological networks of CPs genotypes associ-
ated with so-called type-b epidemiology (originally 
tuf-b; lAnGer and mAixner, 2004) in Southeastern 
Europe involving three populations of H. obsoletus 
associated with unique host plants (C. arvensis, V. 
agnus-castus and C. foetida) and R. panzeri asso-
ciated with s. halepense. The study involved field 
sampling vectors from their original host plants, ge-
notyping CPs isolates carried by each of the vector 
population and experimental cross-transmission of 
CPs between each of the four vector populations and 
their source/host plant. Results enabled us to conclu-
de that most of the CPs transmission routes are inter-
sected forming complex epidemiological networks 
comprising several independent epidemiological 
pathways which can be intermixed and thus solely 
molecular genotyping cannot give us unambiguous 
identification of source plant and insect vector.
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The aim of the present study was to track the spread of Bois noir induced by ‘Candidatus Phytoplasma solani’ 
in Austrian vineyards. Vitis vinifera, Hyalesthes obsoletus and Reptalus cuspidatus samples were collected at 
7 locations in lower Austria, Styria and Burgenland. The samples were investigated by PCR/RFlP analysis 
of the marker genes tuf and secy. The results point out that currently the spread of Bois noir happens mostly 
via nettle associated disease cycles. The vast majority of the detected phytoplasma strains belonged to the 
newly emerged genotype CPs4M_At1, a nettle associated strain with a tuf b restriction profile. In addition, 
in Styria "classical" tuf a nettle strains were ascertained in increasing numbers. In contrast, the importance of 
bindweed associated types seems to decline steadily.

Bois noir (BN) associated with ‘Candidatus Phyto-
plasma solani’ (Stolbur) is regularly found in all Aus-
trian vine growing regions. Disease spread occurs 
via a cycle including insect vectors and herbaceous 
hosts, predominantly Urtica dioica and Convolvulus 
arvensis, as phytoplasma reservoirs. The pathogen 
is transmitted by Auchenorrhyncha species. The 
planthopper Hyalesthes obsoletus (Cixiidae) is re-
garded as main vector in many countries (mAixner 
et al., 1995; mAixner, 2011). Recently it has been 
demonstrated that also the Cixiidae Reptalus panze-
ri can transmit BN to grapevine seedlings in South 
Eastern Europe (cvrKović et al., 2014). Transmissi-
on experiments with several Cicadellidae (Hemipte-
ra, Auchenorrhyncha) species have revealed that the 
leafhopper anaceratagallia ribauti transmits stolbur 
phytoplasmas to Vicia faba (riedle-BAuer et al., 
2008) and Catharanthus roseus (AryAn et al., 2014). 
Up to now, however, the transmission to grapevine 
has not been proven (riedle-BAuer, unpublished).
‘Ca. Phytoplasma solani’ strains involved in disea-
se development can be linked to different natural 
epidemic cycles (nettle and bindweed associated 
cycles) by analysis of molecular markers. Analysis 

of the elongation factor Tu (tuf) gene allows the di-
scrimination into tuf a strains, which are commonly 
nettle associated and tuf b strains, which are in most 
cases bindweed associated (lAnGer and mAixner, 
2004; JoHAnnesen et al., 2012). In addition other 
genes e. g. secy, vmp1 and stamp were used for a 
more fine-tuned characterisation of the phytoplasma 
strains (cimermAn et al., 2009; FABre et al., 2011; 
pAciFico et al., 2009).
BN is a disease characterized by sudden outbreaks 
and subsequent decreases (mAixner, 2011). This 
estimation also holds true for the situation in Aus-
tria, where dramatic changes in BN epidemiology 
have been recorded over the past decade. Between 
2003 and 2008 almost all BN infections were ascri-
bable to bindweed associated phytoplasma strains. 
In most parts of the country H. obsoletus was rare 
or not detectable. only in Southern Styria the insect 
species was regularly ascertained. The insects were 
solely collected on C. arvensis, U. dioica was never 
found colonised (riedle-BAuer et al., 2006; rıed-
le-BAuer et al., 2008; tieFenBrunner et al., 2007; 
sárA and riedle-BAuer, 2009). In contrast, inves-
tigations in 2012 and 2013 revealed a sudden and 
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unexpected mass occurrence of H. obsoletus almost 
exclusively on stinging nettle. The high populati-
on densities of H. obsoletus on Urtica dioica were 
accompanied by frequent ‘Ca. Phytoplasma solani’ 
infections of nettles and planthoppers. Phytoplasma 
sequence analysis of the molecular markers secy, 
stamp, tuf and vmp1 revealed a single genotype na-
med CPsM4_At1 in stinging nettles and more than 
64 % and 90 % abundance in grapevine and H. ob-
soletus, respectively. Interestingly, this genotype 
showed tuf b type restriction patterns previously at-
tributed to bindweed associated stolbur strains, but 
a different sequence assigned as tuf b2 compared to 
reference tuf b strains and was therefore named Tuf 
b2. All other marker genes of CPsM4_At1 clustered 
with nettle derived genotypes. Recently the presence 
of this nettle associated, but tuf b stolbur strain was 
also reported from Croatia, Macedonia and Monte-
negro (plAvec et al., 2015; AtAnAsovA et al., 2015; 
Kosovac et al., 2016).
Analyses of the Austrian H. obsoletus populations 
by genetic markers revealed two regional popula-
tions. The populations in Northeastern and Eastern 
Austria were related to Pannonian populations, whi-
le the population from Southeastern Austria was as-
signed to the local Eastern Adriatic population. The 
two vector populations were linked by the exchange 
of the specific phytoplasma strain mentioned above 
(joHAnnesen and riedle-BAuer, 2014).
The aim of the present study was to track the further 
spread of the newly emerged genotype CPs4M_At1, 
to characterise additional ‘Ca. Phytoplasma sola-
ni’ strains present in and around vineyards and to 
collect updated data on the epidemiology of BN in 
Austria.

MATERIAl AND METHoDS

All plant and insect samples included in the present 
study were taken between July and November 2015. 
Sampling was carried out in7 vineyards and their 
surroundings in Eastern Austria (in the parts of the 
country, where grapevines are cultivated) (Table 1). 
H. obsoletus was sampled at all locations, visually 
infected Vitis vinifera at all locations except Klein-
schweinbarth, Reptalus cuspidatus was sampled 
in Einöd only. Insects were collected by vacuum 
sampling directly from Urtica dioica and Convol-
vulus arvensis using a modified garden blower-vac 
(Stihl, Dieburg, Germany). DNA extraction from 
plants and insects was carried out as published ear-
lier (mAixner et al., 1995; langer and mAixner, 

2004). Plant and insect samples were analyzed by 
nested PCR procedures with primers P1/P7 (denG 
and HiruKi, 1991) and STolF/STolR (mAixner 
et al., 1995), with fTUF1/rTUF1 and fTUFAy/
rTUFAy (tuf; scHneider et al., 1997) as well as 
with PoSecR1/PoSecF1 and PoSecF3/PoSecR3 
(secy; FiAlová et al., 2009). TUFAy fragments were 
further investigated by RFlP with HpaII (Promega, 
Mannheim, Germany) as proposed by lAnGer and 
mAixner (2004). PoSec3 amplicons were characte-
rized by RFlP with HinfI (New England Biolabs, 
Ipswich, USA) according to the manufacturer’s in-
structions. HinfI RFlP of PoSec3 amplicons yields 
two different restriction profiles. The pattern secy 1 
corresponds to classical bindweed associated tuf b1 
types, secy 2 corresponds to nettle associated tuf a 
and tuf b2 types (AryAn et al., 2014).

Table 1: Sampling locations 

Location Federal Province
Falkenstein Lower Austria
Hagenbrunn Lower Austria
Kleinschweinbarth Lower Austria
Klosterneuburg Lower Austria
Langenzersdorf Lower Austria
Einöd/Kitzeck Styria
Rust Burgenland
 

RESUlTS AND DISCUSSIoN

Insect sampling was carried out in Einöd/Kitzeck, 
Rust, Falkenstein and Kleinschweinbarth. In total 
197 H. obsoletus individuals collected in Einöd/Kit-
zeck, Rust and Falkenstein were analyzed. In Klein-
schweinbarth, however, the H. obsoletus population 
was not detectable anymore. The overall phytoplas-
ma infection rate of the analyzed H. obsoletus was 
43.2 %. This is considerably higher than in 2012 and 
in 2013 at the same locations (25.9 and 27 %, res-
pectively). A prominent increase of the infection rate 
was observed in Falkenstein (from 0 % in 2012 to 
12.5 % in 2015). In Rust the infection rate had alrea-
dy been at a high level in 2012 and in 2013 (51 % 
and 20 %, respectively), in 2015 it reached 60 %. In 
Einöd, the infection rate stagnated at a high level of 
29 % (31.3 % in 2013, 21 % in 2012) (Fig. 1). None 
of the 5 Reptalus cuspidatus collected in Einöd was 
tested positive.
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 Fig. 1: Infection rates of H. obsoletus at selected sampling locations between 2012 and 2015

The majority of stolbur isolates from V. vinifera 
(85 %) and H. obsoletus (75 %) in 2015 was infec-
ted by a phytoplasma type characterized by a HinfI 
secy 2 pattern of the secy gene and a tuf b restricti-
on profile of the tuf gene. During our previous ana-
lyses (AryAn et al., 2014) the prevalent ‘Ca. Phyto-
plasma solani’ type CPs4M_At1was characterized 
by an identical combination of restriction profiles. 
Consequently, we presume that the strains detected 
this year also belong to the type CPs4M_At1.
In 2015 all infected insects in Falkenstein and in 
Rust carried CPs4M_At1. In Einöd, in contrast, 52.9 
% were infected by a tuf type a phytoplasma strain. 
Compared to our previous data we can recognise a 
prominent increase of the classical tuf a associated 
nettle type in Einöd and a disappearance of bind-
weed associated types at all locations (Fig. 2).

Figure 3 illustrates the molecular characterization 
of stolbur types present in V. vinifera in 2012 and 
in 2015. In 2015 the vast majority of symptomatic 
grapevines was infected with the type CPs4M_At1. 
This is also the case at locations, where bindweed 
associated types were common in 2012 (e. g. Fal-
kenstein, Klosterneuburg).

All in all our data prove a considerable spread of 
the stolbur type CPs4M_At1 in Austria over the last 
years. In Einöd in addition an increase of tuf a type 
phytoplasmas in H. obsoletus has been noticed. Up 
to now this type has not been ascertained in grapevi-
nes. In the present study no analyses of nettles have 
been carried out, in 2012 and 2013 no tuf type a 
phytoplasma strains were found in this host species. 
In order to track the spread of phytoplasma strains 
in this area, however, up to date characterisation of 
the infections of U. dioica and of additional marker 
genes such as vmp1 and stamp should be performed 
as soon as possible. In any case the current spread 
of Bois noir in Austria almost exclusively proceeds 
via a disease cycle including H. obsoletus and nett-
le. Bindweed associated types in contrast are getting 
less and less important.
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 Fig. 2: Characterization of phytoplasma strains in H. obsoletus

 
 Fig. 3: Characterization of phytoplasma strains in Vitis vinifera
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Multilocus sequence typing of tuf, stamp and vmp1 
genes of phytoplasmas associated with potato plants 
and insects detected 10 stolbur phytoplasma geno-
types without any distinct association to a particular 
insect vector. 
open field experiments with naturally infected H. 
obsoletus and R. panzeri confirmed the ability of 
both cixiids to successfully transmit stolbur phyto-
plasma to potato plants, which developed clear sym-
ptoms of stolbur phytoplasma infection. Genotypes 
isolated from the infected plants in the semi-field 
experiments corresponded to the genotypes identi-
fied in field collected plants and insects, confirming 
the involvement of both cixiids in the propagation of 
stolbur phytoplasma in potato fields in Serbia. 
An additional factor which could contribute to the 
growing epidemics of potato stolbur disease in terms 
of alternative pathways of horizontal propagation is 
the fact that potato fields in Serbia are surrounded by 
the crops which had previously been found infected 
with ‘Ca. P. solani’, e.g. maize (JoVIĆ et al. 2007), 
grapevine (CVRKoVIĆ et al. 2014), and garden 
bean (MITRoVIĆ et al. 2015a). Moreover, geno-
types detected in potato fields matched the isolates 
from the vineyards and from maize and also geno-
types from insects sampled in these crops in Serbia. 
our results strongly suggest an exchange of ‘Ca. P. 
solani’ strains between the crops via polyphagous 
vectors and their weedy host plants. The findings of 
the present study confirm the need for urgent actions 
to be undertaken in terms of prevention of further 
propagation and yield losses.
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'Candidatus Phytoplasma solani' is widely distributed 
worldwide, causing severe diseases in different 
crops. over the past decade, it was registered in 
association with several economically important 
diseases in Serbia, infecting maize, grapevine, 
celery, kale, potato and garden bean (JoVIĆ et 
al., 2007; IVANoVIĆ et al, 2011; TRKUlJA et 
al., 2011; JoVIĆ et al., 2011; CVRKoVIĆ et al, 
2014; MITRoVIĆ et al. 2015a). A progressive 
spread with tendency of growing epidemics of 
potato stolbur disease has been observed in Serbia 
after its first molecular confirmation (JoVIĆ et al. 
2011), imposing the urgency to establish an effective 
disease management program.
A two years survey of potato fields in Serbia revea-
led the presence of stolbur phytoplasma in all obser-
ved localities, with high incidence of symptomatic 
plants. The symptoms included rolling and yello-
wing of the leaves, spongy stems, shortened inter-
nodes, purplish discoloration of stems or stem bases 
and the development of aerial tubers. 
Inspection of potato fields in Serbia for potential he-
mipteran vectors revealed the presence of 19 species 
with a dominance of Psammotettix alienus, Hyales-
thes obsoletus, Reptalus quinquecostatus, R. panzeri 
and Euscelis incisus (MITRoVIĆ et al. 2015b). 
Molecular analyses of Auchenorrhyncha species 
collected on diseased potato fields determined a pre-
sence of stolbur phytoplasma in Hyalesthes obso-
letus, Reptalus panzeri and R. quinquecostatus, all 
previously reported as natural carriers of ‘Ca. P. so-
lani’ (TRIVElloNE et al. 2005; JoVIĆ et al. 2009; 
CVRKoVIĆ et al. 2014). 
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and proliferation of flowers and sterile (empty) 
seeds were observed in August 2012 in sunflower 
in the Boliarsko area, Bulgaria. Molecular analyses 
were performed to determine whether phytoplasmas 
are present in the symptomatic plants.

MATERIAl AND METHoDS

leaf samples were collected from three sympto-
matic and asymptomatic sunflower plants during 
August 2012, from Boliarsko location in the yambol 
region of Bulgaria. Total nucleic acids were extrac-
ted from 0.5 g of fresh leaf midrib tissue from each 
sample, following the CTAB procedure described by 
doyle and doyle (1990), dissolved in TE buffer and 
stored at -20 oC. Nucleic acids were diluted in sterile 
distilled water 1:100 before performing PCR assays.
For phytoplasma detection in collected samples, di-
rect PCR assays with the universal phytoplasma pri-
mer pair P1/P7 (denG and HiruKi, 1991; scHneider 
et al., 1995) and nested PCR assays with primer pair 
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The molecular identification of phytoplasma from infected sunflower in Bulgaria is reported. During a sur-
vey in the Boliarsko area in the yambol region of Bulgaria, phytoplasma-like symptoms were observed on 
sunflower. The observed symptoms included yellowing, deformations and proliferation of flowers and sterile 
(empty) seeds. The Polymerase Chain Reaction (PCR) analyses with primers specific for the 16S ribosomal 
gene of phytoplasmas confirmed that symptomatic samples of sunflower were infected by phytoplasmas. 
Phytoplasmas were identified using sequence analyses of PCR amplified 16S rDNA. The obtained sequence 
showed identity with the 'Candidatus Phytoplasma solani' strain from corn from Bulgaria and other 39 strains 
deposited in the GenBank. To our knowledge this is the first report of stolbur phytoplasma in sunflower (He-
lianthus annuus) in Bulgaria, adding a new cultivated plant species to the already wide natural host range of 
stolbur phytoplasma.

'Candidatus Phytoplasma solani' (stolbur phyto-
plasma-STol) infects a wide range of cultivated 
and wild plants. Stolbur phytoplasma belongs to 
the 16SrXII-A ribosomal group and is transmitted 
by two planthoppers, Hyalestes obsoletus and Rep-
talus panzeri (Fos et al., 1992; mAixner, 1994; Jo-
vić et al., 2007; QuAGlino et al., 2013). Considered 
as plant pathogen of European and Mediterranean 
origin, stolbur phytoplasma, also reported in other 
parts of the world, has been known in Bulgaria in 
tomato and pepper from 1970 (KoWAcHevsKi, 1971). 
Although known from before, stolbur phytoplasma 
was molecularly confirmed in Bulgaria in Prunus 
avium, grapevine (Bois noir) and in corn (corn red-
dening) in 2014 (GArnier, 2000; duduK et al., 2010; 
AvrAmov et al., 2011; mitrović et al., 2013; Genov 
et al., 2014). Until now, in sunflower, only phyto-
plasmas belonging to 16SrIII ribosomal group have 
been reported in Argentina (Guzmán et al., 2014).
Symptoms resembling those associated with phyto-
plasma diseases such as yellowing, deformations 
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plasma solani' (AF248959) the Bulgarian sunflower 
strain sequence showed four nucleotide differences, 
making 99,66 % sequence homology.
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RESUlTS AND DISCUSSIoN

Amplicons of the expected sizes (1.2 Kbp) were pro-
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sunflower samples, while no amplification was ob-
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negative control. The sequence of selected strain ob-
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and leafhoppers specimens were collected in corn, 
potato and vineyard fields in Switzerland.
The insects were collected from 68 sampling sites 
in Southern and North-Western Switzerland, and the 
major crop-growing areas have been selected from 7 
out of 26 Cantons: Jura, Neuchatel, Vaud, Geneva, 
Valais, Bern and Tessin. overall, 30 vineyards, 28 
corn and 10 potato fields were sampled.
In 2014, a preliminary survey was carried out and 
10 sites were sampled: 6 vineyards and 4 corn fields. 
In 2015, an extensive survey was carried out, and 
58 sites were inspected: 24 vineyards, 24 corn and 
10 potato fields. leafhoppers and planthoppers were 
collected from the third week of June to the end of 
July (one sampling per site) using sweep net and 
mouth-aspirator directly from crops and the weeds 
in the surrounding of fields.
All specimens were identified and stored in 96% 
ethanol. Nomenclature follows HolzinGer et al. 
(2003) and riBAut (1936, 1952).
For each agroecosystem, Auchenorrhyncha commu-
nity composition was analysed in terms of number 
of species and individuals, and the relationship bet-
ween species mean abundance and species occurren-
ce was examined.
More than 2’000 specimens were collected and they 
belong to about 90 species encompassed in the fa-
milies: Cicadellidae (64), Delphacidae (12), Aphro-
phoridae (4), Cixiidae (3), Issidae (2), Cercopidae 

prevalence of sTolbur phyToplasMa 
in leafhoppers and planThoppers col-
lecTed in vineyard, corn and poTaTo 
fields and Their surroundings in sWiT-
zerland. 
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The main objectives of the present study were to: 1- 
determine species composition of planthoppers and 
leafhoppers in three agroecosystems (corn, potato 
and vineyard); 2- identify potential vectors of stol-
bur phytoplasma by means of molecular analyses on 
insects; 3- obtain a geographic map for prevalence 
of stolbur phytoplasma infected insects in Switzer-
land.
In the frame of an international joint research project 
between Switzerland and Serbia, two field samplings 
were carried out in 2014 and 2015 and planthoppers 

The stolbur phytoplasma ('Candidatus Phytoplasma 
solani', 16SrXII-A subgroup) has a broad host-plant 
range, including various economically and environ-
mentally important herbaceous and woody plants. A 
large number of host plants, insect vectors and se-
veral independent epidemiological cycles have been 
reported for stolbur phytoplasma in diverse agroeco-
systems (mAixner, 2011). In Swiss vineyards, stol-
bur phytoplasma still can cause grapevine yellows 
disease (Bois noir, BN) outbreaks. However, the in-
terplay of the phytoplasma, its original host plants, 
insect vectors and vines is still poorly investigated 
(Kessler et  al., 2011). Potato stolbur was recorded 
in Switzerland, but it is sporadic, whereas Maize 
Redness (MR) disease has not yet been reported, 
however data on insect-vectors and epidemiology 
of each diseases are still limited or completely unk-
nown.
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(1), Membracidae (1), Flatidae (1) and Dictyopha-
ridae (1).
The results confirmed the presence of known and 
potential vectors of stolbur phytoplasma in the in-
vestigated areas in Switzerland. Faunistic analy-
sis of Auchenorrhyncha demonstrated that species 
composition is affected by agroecosystem type and 
biogeographical region. Knowing the most import-
ant species for each agroecosystem, their host plants 
and where they occur around the crop-growing area 
is of great importance for their management. With 
this information, it is possible to design specific 
strategies and therefore prevent transmission of the 
phytoplasmas.
Molecular analyses of genomic sequencing of phyto-
plasma isolates are ongoing.
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H. hani in Turkey and lebanon, and H. flavovarius 
in Uzbekistan. Although H. obsoletus is generally 
treated as a polyphagous species, so far only few 
plant species are considered as wild-host plants in 
central and southeastern Europe: Convolvulus ar-
vensis, Urtica dioica and Vitex agnus-castus (mAix-
ner et al., 1995; sHAron et al., 2005; Kessler et al., 
2011). Recent findings of genetic differentiation in 
H. obsoletus populations associated with different 
host plants revealed segregation of two host races 
on the north-western edge of the distribution range 
that were associated with C. arvensis and U. dioca, 
respectively (joHAnnesen et al., 2008; IMo et al., 
2013), while preliminary findings from Southeast 
Europe have revealed the existence of a genetical-
ly divergent lineage associated with Crepis foetida 
(Kosovac et al., 2013). In addition, V. agnus-cas-
tus is now experimentally confirmed as a pathogen 
source plant in Bois noir epidemiology in the Medi-
terranean (Kosovac et al., 2016). This new link im-
poses a new element in the host-plant affiliations of 
H. obsoletus at the population level. 
In order to understand ecological specialisation and 
cryptic speciation potential in H. obsoletus, seven 
nuclear markers (microsatellites)  (IMo et al., 2013) 
were analysed to determine the level of differentia-
tion among 16 populations associated with four host 
plants in Southeast Europe: C. arvensis, U. dioca, 
C. foetida and V. agnus-castus. Multilocus genoty-
pes of 280 specimens were analyzed using Structure 

---               --- 
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Research on integrative taxonomy, geographical 
center of origin and diversity, host-shift patterns 
and genetic variation in insect pests are of essential 
importance to perceive their invasive capacity and 
adaptability to new habitats. These can be clarified 
by combining population genetic methods with mor-
phological, ecological and biogeography data (GrAp-
puto et al., 2005). In the case of cixid planthoppers 
(Cixiidae), which establish close relationships with 
their host plants and affect numerous crops by vec-
toring phytoplasmas (nicKel, 2003), this combined 
approach is of particular importance because it can 
help to trace distinct genetic lineages that potentially 
have different modes of behaviour and consequently 
epidemiological cycles.

Hyalesthes obsoletus Signoret, 1865 (Hemiptera: 
Cixiidae) is the main vector of ‘Candidatus Phyto-
plasma solani’ (CPs) and of the Bois Noir disease of 
grapevine. It is the type species of the genus and a 
member of the Hyalesthes obsoletus species group 
(HocH and remAne, 1985); i.e. a species complex 
comprising at least six closely related and by ou-
ter morphology very similar species. H. obsoletus 
sensu stricto is the most widely distributed of the 
species within the complex, which has a Mediter-
ranean diversity centre (HocH and remAne, 1985; 
nicKel, 2003). It co-occurs in sympatry with all the 
five other species in the complex: H. lacotei in south 
France, H. thracicus in Greece, H. yozgaticus and 
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2.3.4 Bayesian-based clustering to determine the 
most likely number of genetic clusters. The analy-
zed populations were unambiguously separated into 
three genetic entities with more than 92% mem-
bership assignment per population. The first cluster 
comprised populations associated with C. arvensis 
and U. dioca, while members of the second and third 
cluster were H. obsoletus populations affiliated to V. 
agnus-castus and C. foetida, respectively. Molecular 
variance analysis, preformed with Arlequin 3.5.2, 
estimated that 82% of the total genetic variance was 
explained by genetic divergence among the three 
clusters (host-plant groups) (p < 0.001). Phyloge-
netic analysis based on three mitochondrial gene 
regions showed separation into three closely related 
haplotype groups that corresponded to host plant af-
filiation and clusters obtained from nuclear markers.
Sympatric and often syntopic co-occurrence of ge-
netically divergent H. obsoletus populations associ-
ated with different host plants throughout Southeast 
Europe implicate ecological specialisation leading 
to cryptic speciation. It questions the presumed po-
lyphagy of this cixiid and indicates much greater 
species diversity than is currently recognized within 
the Hyalesthes obsoletus species complex. Conside-
ring that the four plant species studied here represent 
dual host plants for pathogen and vector, i.e. inocu-
lum sources, cryptic species should be of concern 
in all future epidemiological studies of CPs induced 
diseases. 
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Two planthoppers of the family Cixiidae are confir-
med vectors of Bois noir (BN). They transmit Candi-
datus Phytoplasma solani (CPs) to grapevine. Hya-
lesthes obsoletus is the more common vector of the 
two species, while Reptalus panzeri has been repor-
ted as a vector in Serbia (CVRKoVIC et al., 2014). 
R. panzeri is a suspected vector in other regions, too, 
e.g. in Hungary where infected specimens have been 
identified in corn fields affected by maize redness 
(ACS et al., 2011). other Cixiidae and Deltocepha-
linae have been identified as carriers or as vectors of 
CPs to other plants, but their ability to transmit CPs 
to grapevine has not been experimentally proved so 
far. Nevertheless, reports of an apparent lack of cor-
relation between H. obsoletus and BN from various 
regions prompt further studies on the role of additi-
onal species as vectors of BN. Although there is ge-
nerally a good correlation between H. obsoletus and 
BN in German winegrowing regions, this vector is 
occasionally rare in some regions with high inciden-
ce of BN. on some of these sites, R. panzeri, which 
is otherwise a rather rare species in Germany, has 
been found. Therefore, we performed a field study 
to estimate the significance of R. panzeri as a vector 
of BN in Germany with the objectives 1) to collect 
data on the occurrence, phenology and host range of 
R. panzeri at some of those locations, 2) to estimate 
the incidence of CPs in grapevine, alternative host 
plants and R. panzeri, and 3) to test the ability of this 
species to transmit CPs to experimental hosts and 
grapevine. 

MATERIAl AND METHoDS

For a first monitoring, vineyards and surrounding 
uncultivated fields at viticultural sites in four wi-
negrowing regions were checked for the presence 
of R. panzeri from 2009 to 2015 by sweep-netting 
wild vegetation. one location in the Middle Rhine 
valley and five locations in the Mosel valley were 
then chosen as monitoring and collection plots for 
this planthopper. Sticky traps were setup from May 
to August to monitor the activity of R. panzeri. The 
insects were also collected by sweep netting in or-
der to gain information about feeding hosts of adults 
and to obtain specimens for transmission trials. Ex-
perimental hosts for transmission experiments were 
Catharanthus roseus, Vicia faba, and Vitis vinifera. 
Plants of each species were either exposed to 7 to 25 
specimens of R. panzeri per cage or caged in groups 
of three to five plants with 47 to 150 insects (2646 
insects in total).   

RESUlTS AND DISCUSSIoN

Beside occasional captures of few specimens at dif-
ferent locations in the four winegrowing areas we 
found R. panzeri consistently at one Middle Rhine 
site (Boppard) and two sites of the Mosel region 
(Pommern; Platten). Three terraced vineyards at 
Pommern as well as a vineyard and a fallow field at 
Platten were sampled regularly between 2012 and 
2015. Cixiidae constituted between 11 % and 31 % 
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of the total number of Auchenorrhyncha captured 
during this period. The proportion of R. panzeri va-
ried between plots from 11 % to 98 % of all 
Cixiidae specimens. other common Cixiid species 
were H. obsoletus and Cixius wagneri. The density 
of R. panzeri ranged from 0.1 to and 16.5 specimens/
trap depending on plot and year. While there was no 
considerable variation between years at Pommern, 
the density of the planthopper at Platten oscillated 
between extremely low and high densities every 
second year. In general, significantly higher densi-
ties were observed in the uncultivated fallow fields 
compared to the vineyards. R. panzeri showed a clo-
ser association to grapevine than H. obsoletus,since 
adults were found regularly in the canopy of the vi-
nes. In fact, while there was no difference between 
traps exposed in 0.5 m and 1.25 m in the fallow plot, 
in the vineyard significantly higher numbers were 
caught on the upper traps in the height of the cano-
py compared to the traps on the level of the ground 
vegetation. Catches of H. obsoletus, on the other 
hand, are usually concentrated on the lower traps.  
Adult R. panzeri were present on a wide variety of 
herbaceous plants including Urtica dioica and also 
some woody plants (Prunus spp., salix sp., Hedera 
helix), but only Clematis vitalba was used at all si-
tes. Immature stages were found only on the roots 
of Ranunculus spp.so far. With the exception of U. 
dioica none of the host plant species tested so far 
was infected with CPs. 
The infestation of R. panzeri with CPs was low. 
only 1.1 % (n=1192) of the tested specimens collec-
ted from 2009 to 2014 at Platten and Pommern were 
infected by CPs. This is a considerable difference 
to vineyards in Serbia, where CVRKoVIC et al. 
(2014) found that 21 % of R. panzeri were infected. 
All specimens (n=6) from Pommern were infected 
by tuf-b, while insects from Platten carried either 
tuf-a (n=4) or tuf-b (n=3). R. panzeri was regularly 
found on U. dioica on this site. In contrast to the low 
infestation in R. panzeri, the proportions of infected 
specimens of H. obsoletus collected in the same pe-
riod on C. arvensis and U. dioica was 33 % and 11 
%, respectively. 
The results of the transmission trials corresponded 
to the observation of low infestation of R. panzeri by 
CPs. only two of 30 C. roseus and none of 75 V. faba 
and 18 V. vinifera on which the insects were caged 
became infected. The two periwinkles were inocula-
ted with CPs by R. panzeri collected from U. dioica at 
Platten. Both plants were infected by tuf-a.
Although R. panzeri is generally rare in Germany, it 

occurred in high density in some of the investigated 
vineyard plots where it was the dominant Cixiid spe-
cies. All of these plots are situated on steep xero-
thermic slopes, which seem to favor this species. 
Although adult planthoppers were regularly found 
feeding on grapevine, the role of R. panzeri as a 
vector of Bois noir in Germany is still unclear. In-
festation with CPs is low and the preliminary results 
of transmission trials hint at a low probability of 
stolbur transmission by this species. However, the 
epidemiology of BN is characterized by periodi-
cal outbreaks of BN with temporary high infection 
pressure that lasting a few years only. The outbreaks 
are followed by longer endemic periods with low 
infection pressure and decreasing disease incidence 
(MAIXNER et al., 2006), which is the current si-
tuation since 2008. Population density, infestation 
and transmission efficiency of R. panzeri during an 
epidemic period of BN have to be studied before the 
significance of this species as a BN vector in Germa-
ny can be definitely assessed.
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Bois noir phytoplasma (BNp) strains are transmitted by the planthopper Hyalesthes obsoletus Signoret (Ho-
moptera: Cixiidae), a polyphagous insect living preferentially on weeds. In vine-growing areas where H. 
obsoletus is absent, the presence of BNp implies the existence of alternative vectors. Recently, Reptalus 
panzeri has been reported as a natural vector of BNp in Serbian vineyards. In the present study, field surveys 
and molecular analyses were carried out in a BN-affected vineyard in Franciacorta (lombardy region, North 
Italy) in 2013 to identify putative insect vectors. Insects (1100 specimens) were captured by entomological 
net and sticky traps from May to october. Phenotypic analysis by stereomicroscope allowed the identification 
of 42 taxonomic groups at different levels (26 species and 16 genera), grouped in 624 pools for molecular 
detection. Specific PCR-based amplification of stamp gene revealed the presence of BNp in 64 analysed 
pools (10%) belonging to 20 taxonomic groups (15 species and 5 genera). Further analyses will be carried 
out to (i) characterize the BNp strains identified in insect specimens by stamp gene sequence and compare 
with strains identified in grapevines and weeds, (ii) determine the transmission capability by trials performed 
in controlled conditions.      

INTRoDUCTIoN

Grapevine yellows (Gy) are a phytoplasma-associ-
ated disease complex that induces severe crop los-
ses in almost all varieties used for wine production. 
Among Gy, Bois noir (BN), associated with 'Can-
didatus Phytoplasma solani', is responsible for seri-
ous crop losses in the Euro-Mediterranean area and 
in other continents (QUAGlINo et al., 2013). BN 
phytoplasma (BNp) strains are transmitted to grape-
vine by Hyalesthes obsoletus Signoret (Homoptera: 
Cixiide), a polyphagous vector living preferentially 
on nettle (Urtica dioica L.), bindweed (Convolvu-
lus arvensis L.), and chaste tree (Vitex agnus-castus 
l.) inside and/or around vineyards (lANGER und 

MAIXNER, 2004; KoSoVAC et al., 2015). Further-
more, in vine-growing areas where H. obsoletus is 
absent, the presence of BNp implies the existence of 
alternative vectors. Reptalus panzeri has been repor-
ted as a natural vector of BNp in Serbian vineyards 
(CVRKoVIĆ et al., 2014). Additionally, anacera-
tagallia ribauti and Reptalus quinquecostatus were 
experimentally confirmed as vectors of ‘Ca. P. so-
lani’ but not to grapevine (PINZAUTI et al., 2008; 
RIEDlE-BAUER et al., 2008); therefore, currently, 
such insects are not considered to be involved in 
BNp transmission to grapevine. other studies repor-
ted that other Cixiidae and Cicadellidae have been 
captured within or near BN-diseased vineyards and 
found to contain BNp. Based on such information, 
it appears that, even though the role of these nume-
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rous hosts in BNp transmission has not been proven, 
it is probable that other host plants are involved in 
the epidemiology of BN disease, harboring additio-
nal insect species capable of spreading the disease 
(MoRI et al., 2015; olIVERI et al., 2015). In the 
present study, field surveys and molecular analyses 
were carried out in a BN-affected vineyard in Fran-
ciacorta (lombardy region, North Italy) in 2013 to 
identify putative insect vectors.  

MATERIAl AND METHoDS

saMpling of insecT speciMens. A field 
survey was carried out in a vineyard (variety Char-
donnay), located in Gussago (BS), Franciacorta 
(lombardy, North Italy), selected for the high in-
cidence of BN disease (>70% affected grapevines). 
During 2013, insects were monitored and captured 
every week, from May to September, by yellow sti-
cky traps (placed within, around the borders and in 
the neighborhood of the vineyard) and entomologi-
cal nets. 
insecT idenTificaTion. All the insect spe-
cimens, captured in the examined vineyard, were 
maintained in ethanol 90% and identified by stereo-
microscope based on phenotypic characters. Speci-
mens of the same taxonomic group were pooled (1-3 
specimens per pool) for further molecular analyses. 
bnp-specific deTecTion. Total genomic 
DNA was extracted from 624 insect pools. Briefly, 
the ethanol-preserved adults were dried on fil-
ter paper and homogenized in CTAB-based buffer 
plus ascorbic acid 0.5%. After incubation at 60°C 
for 30min, DNA was extracted with one volume of 
chloroform:isoamylalcohol 24:1v/v solution and 
then precipitated with the addition of one volume 
of isopropanol. The DNA pellet was then washed 
with 70% ethanol, vacuum dried and resuspended in 
100μl TE pH8.0. 
Specific detection of BNp (‘Ca. P. solani’, subgroup 
16SrXII-A) was carried out by nested-PCR based 
amplification of stamp gene as previously descri-
bed (FABRE et al., 2011). Total nucleic acids from 
periwinkle plants infected by phytoplasma strains 
Ey1 (‘Ca. P. ulmi’), STol (‘Ca. P. solani’), and 
Ay1 (‘Ca. P. asteris’) were used as reference cont-
rols. Total nucleic acids from healthy periwinkle and 
PCR mixture devoid of nucleic acids were used as 
negative controls.

RESUlTS AND DISCUSSIoN

insecT diversiTy in exaMined 
vineyard. Methods employed to capture insects 
(entomological net and sticky traps) allowed an ac-
curate monitoring of the entomofauna present in the 
examined vineyard. In detail, during field activities, 
1100 insect specimens were collected (717 by net 
and 383 by sticky traps). Stereomicroscope analysis, 
based on observation of morphological characters, 
allowed the identification of 42 distinct taxonomic 
groups. Based on such evidence, it was possible to 
classify the majority of captured specimens at spe-
cies level (28); however, other taxonomic groups 
were defined only at genus level (16)  (Table 1). 
Further studies will be carried out to describe such 
groups at species level by integrating the morpholo-
gical approach with the utilization of the DNA-bar-
coding techniques. 
phyToplasMa idenTificaTion. PCR-ba-
sed amplification of stamp gene revealed the presen-
ce of BNp in 64 out of 624 analyzed insect pools, 
belonging to 20 taxonomic groups (15 species and 5 
genera) (Table 1).   
Interestingly, some of the insects harboring BNp in 
the present work have been found in previous stu-
dies as vectors of other phytoplasmas (i.e. Fieberiel-
la florii for ‘Ca. P. mali’ and scaphoideus titanus for 
Flavescence dorée phytoplasma) (WEINTRAUB 
und BEANlAND, 2006) and/or other bacterial 
plant pathogens (i.e. Philaenus spumarius for Xy-
lella fastidiosa) (SAPoNARI et al., 2014). Mo-
reover, molecular detection analysis confirmed the 
presence of BNp in other insects, such as Euscelis 
spp., recently found infected by BNp in vineyards in 
South Italy (olIVERI et al., 2015). In the last few 
years, multiple gene analysis was proposed and em-
ployed to describe phytoplasma species distinguis-
hed by evident molecular diversity and representing 
ecologically separated populations. Moreover, this 
approach was also applied to the investigation of the 
genetic diversity among phytoplasmas associated 
with several diseases in order to identify strain-spe-
cific molecular markers useful for improving the 
understanding of complex phytoplasma ecologies 
(QUAGlINo et al. 2013). To determine the possible 
vectoring activity of  insects found BNp-infected in 
Franciacorta, further analyses will be carried out to 
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Table 1. Detection of ‘Ca. P. solani’ in insects captured in BN-affected vineyard in Gussago (BS) 

insect (species) no. of tested pools infection % insect (genus) no. of tested pools infection %
collected bnp-infected collected bnp-infected 

allygidius furcatus 24 2 8 Balcanocerus spp. 5 - -
aconurella prolixa 1 - - Cixus spp. 2  -   -  
anoplotettix fuscovenosus 12 1 8 dicraneura spp. 1 - -
aphrodes makarovi 21 5 24 dicranotropis spp. 15 2 13
asiraca clavicornis 6 2 33 Empoasca spp. 1 1 100
Caliscelis bonellii 7 - - Euscelis spp. 46 5 11
Centrotus corutus 1 - - Kelisia spp. 2 - -
Cercopis vulnerata 120 2 2 Macrolestes spp. 4 - -
Cicadella viridis 35 6 17 Macropsis spp. 6 - -
dictyophara europaea 47 - - Megophthalmus spp. 4 2 50
Eupteryx vittata 2 1 50 Mocydiopsis spp. 2 - -
Evacanthus acuminatus 3 2 67 Psammotettix spp. 12 - -
Fieberiella florii 5 1 20 Reptalus spp. 2 - -
Goniagnathus brevis 5 - - Thamnotettix spp. 5 1 20
Haematoloma dorsatum 7 - - Typhlocyba spp. 5 - -
Hephathus nanus 25 - - Verdanus spp. 1 - -
Hishimonus hamatus 4 - -
Hyalesthes obsoletus 44 13 30
Hyalesthes scotti 6 - -
Japananus hyalinus 2 - -
Laodelphax striatella 56 5 9
Metcalfa pruinosa 35 9 26
Mocydia crocea 2 - -
neoaliturus fenestratus 2 1 50
Philaneus spumarius 28 2 7
scaphoideus titanus 1 1 100
stictocephala bisonia 1 - -
Toya propinqua 9 - -
 

(i) characterize the BNp strains identified in such in-
sects by nucleotide sequence analysis of stamp gene 
and other genes (tuf, vmp1) and comparison with 
sequences of strains identified in grapevines and 
weeds, (ii) determine the transmission capability of 
insects harboring BNp strains genetically identical 
to those present in grapevine by trials performed in 
controlled conditions.        
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Next generation sequencing has made de novo ge-
nome sequencing of non-model organisms possible 
at comparatively low costs. Genome sequencing of 
field caught whole specimens represents meta-geno-
mes, which include the genome of the target species 
as well as the genomes of the associated microorga-
nisms. This poses both a liability and an advantage 
for research of the target organism. The liability is 
false inclusion of non-target sequences into the de 
novo assembly of the target species, while the ad-
vantage is the additional information obtained on the 
microorganisms associated therewith. Hemipteran 
species in particular have a range of endosymbiont 
bacteria. These include primary, essential symbionts, 
which typically assist in dietary processes and may 
determine the diversity of host-plant utilisation, and 
secondary, facultative symbionts. Facultative sym-
bionts may impact the host negatively, neutrally or 
positively depending on the associations between 
them. 
The present note reports results of an initial contig 
assembly based on mate pair reads of the planthop-
per Hyalesthes obsoletus, vector of the Bois noir 
pathogen Ca. Phytoplasma solani (stolbur), and a 
Blastn search for associated microorganisms. The 
reference genome will serve to study hereditary (ge-
netic) versus phenotypic (state dependent) compo-
nents of the ability to acquire and transmit stolbur 
in H. obsoletus. Although it is known that stolbur is 
acquired by H. obsoletus nymphs when feeding on 

MATERIAl AND METHoDS

The assembly was performed on DNA obtained 
from males of the H. obsoletus host race associa-
ted with Urtica dioica (stinging nettle) sampled at 
Bernkastel-Kues (Moselle), Germany. The U. dioica 
host race is responsible for the majority of Bois noir 
outbreaks in Germany in recent years. Sequencing 
was done with Illumina Nextseq 500 technology (se-
quence length 150bp) and included paired end and 
mate pair reads (3kb and 8kb inserts). Paired end 
sequences were obtained from one male. The mate 
pair reads were obtained from a pool of 10 males. 
Quality processing was done with the Fastqc and 
Fastx packages. First, the 5’-ends of raw reads were 
cut for 8-10bp, adapters clipped, followed by qua-
lity trimming and quality filtering. Quality cut off 
for 3’-trimming was set to 20. Quality filtering was 
used to discard all reads with less than 80 % bases 
with quality ≥ 20. The presented assembly, based 
on paired ends only, was done with SoAPdenovo2 
(kmer=63) (loU et al. 2012). The contig assembly 
was converted to a Blast database for further analy-
sis.

the roots of infected plant hosts, there neither is in-
formation about individual variation in the ability to 
acquire the pathogen nor is there information about 
interactions between the pathogen and the vector’s 
ability to transmit the pathogen. 
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RESUlTS AND DISCUSSIoN

Illumina Nextseq 500 sequencing generated c. 350 
Mio. reads. The preliminary de novo assembly based 
on paired end reads presently has 1.82 Mio contigs 
of lengths > 500bp and c. 325,000 contigs of lengths 
of > 1,500bp. The longest contig is 45,000bp. The 
total number of letters and sequences in the genera-
ted database are 3,500 Mio and 22 Mio, respectively. 
As of writing, an assembly using mate pairs and 
scaffolding has not been performed. Blastn search 
for bacterial endosymbionts successfully identified 
five species known for H. obsoletus (BRESSAN et 

Table 1. Endosymbiont search in contig assembly of H. obsoletus. The assembly was based on one male 
individual. Gene refers to the genes used for search. Insect host is the DNA source of the bacterial endosymbiont 
used for the search analysis. Sequence length refers to the length of the analysed (published) sequence. Identity 
value np = not present. 

Species Gene Insect 
Host1 

Present Sequence 
length 

Identity 
% 

Genbank 
accession no. 

Wolbachia pipientis wsp Ho Yes 501 100 JJ2 

Cardinium hertigii 16S Ho Yes 360 100 JJ2 

Purcelliella 
pentastirinorum 

16S Ho Yes 1415 100 FN428799.1 

Vidania fulgoroidae 16S Ho Yes 1403 99 FR686932.1 

Sulcia muelleri 16S Ho Yes 694 100 JJ2 

Phytoplasma solani  SecY/Stamp Ho No 827/489 np JQ977707.1/ 
JQ977713.1 

Baumannia 
cicadellinicola 

16S Pm No 1391 np AY676896.1 

Rickettsia sp. 16S/gltA/Sca1 Mp No 1422/708/458 np HE583202.1/ 
FJ766354.1/ 
FJ766355.1 

Buchnera aphidicola 16S Ap No 1460 np NR074159.1 

Arsenophorus sp. 23S Bm No 469 np FJ766372.1 

Hamiltonella spp. GyrB/16S Bm/Am No 814/2254 np FJ766343.1 

KF835614.1 

Fritschea sp. 16S Bm No 1319 np JQ009299.1 

Phlomobacter fragariae 16S ? No 1462 np PFU91515 

Spiroplasma sp. 16S Om No 1439 np AB775906.1 
1 Ho = Hyalesthes obsoletus, Pm = Paromenia isabellina. Mp = Macrolophus pygmaeus, Ap = Acyrthosiphon 
pisum, Bm = Bemisia tabaci, Am = Aphis mendocina,? = not reported but Cixius wagneri is a known host, Om = 
Orius minutus, 2 JJ = unpublished data from Sanger sequencing of German H. obsoletus 
	

al. 2009; GoNEllA et al. 2011) (Table 1). Stolbur 
was not present in the assembly. This is not surpri-
sing as the rate of stolbur infection in German H. ob-
soletus nettle populations typically is 10-15 percent 
(MAIXNER & JoHANNESEN 2012) and the se-
quenced individual was assigned for DNA quality 
rather than stolbur testing prior to sequencing. We 
blasted 16S of further seven endosymbiotic bacteria 
and of one spiroplasma known to be associated with 
Hemiptera. None of these species were found in the 
assembly (Table 1). It should be noted that 
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environmental 16S sequencing might be preferred 
to assess the endosymbiont diversity but the initial 
results presented here were performed to assess data 
quality for detecting metagenomics sequences. 

Although Euhemipteran species are important vec-
tors of a range of plant diseases, there are only eight 
species with published (NCBI Genbank) genome 
assemblies, of which only one (nilaparvata lugens) 
belongs to Archaeorrhyncha. Genome sizes vary 
considerably, from 500 Mb in diaphorina citri (Asi-
an citrus psyllid) to 2,200 Mb in Homalodisca vi-
tripennis (glassy-winged sharpshooter). At present, 
it is not possible to predict the genome size of H. 
obsoletus from the preliminary contig assembly but 
it might be around 1 Gb as in the brown planthop-
per nilaparvata lugens (c. 1,1 Gb). The next steps in 
this study are inclusion of mate pairs for scaffolding, 
parameter and re-assembly optimisation followed 
by filtering of endosymbionts from the assembly. 

REFERENCES

BRESSAN, A., ARNEoDo; J., SIMoNATo, M., 
HAINES, M. and  BoUDoN-PADIEU, E. 
2009: Characterization and evolution of two 
bacteriome-inhabiting symbionts in cixiid 
planthoppers (Hemiptera: Fulgoromorpha: 
Pentastirini). Environmental Microbiology, 
11: 3265-3279 

GoNEllA, E., NEGRI, I., MARAZoRATI, M., 
MANDRIolI, M., SACCHI, l., ET Al. 
2011: Bacterial Endosymbiont localization 
in Hyalesthes obsoletus, the Insect Vector of 
Bois Noir in Vitis vinifera, Applied and En-
vironmental Microbiology, 77: 1423-1435

lUo R., lIU, B., XIE, y., li, Z., HUANG, W., 
ET Al. 2012:  SoAPdenovo2: an empi-
rically improved memory-efficient short-
read de novo assembler. GigaScience 1:18, 
doi:10.1186/2047-217X-1-18

MAIXNER, M. and  JoHANNESEN, J. 2012: Spa-
tial and temporal distribution of the infection 
potential of Stolbur phytoplasma on a fallow 
vineyard. Proceedings of the 17th Congress 
of ICVG, Davis, California, USA. Pp. 232-
233



---   35   ---

Mitteilungen Klosterneuburg 66 (2016): 22-39  vectors of ‘Candidatus 
PhytoPlasMa solani’

MicrobioMes of The “Candidatus 
phyToplasMa solani” vecTors Hyales-
tHes oBsoletus signoreT isolaTed 
froM differenT hosT planTs  

julien CHuCHe1, JeAn-luc dAneT2, SébaStien tHeil2, xavieR FoiSSaC2, deniS tHiéRy1And 
natHalie aRRiCau-bouveRy2

1 INRA, UMR SAVE, ISVV, Bordeaux Sciences Agro
  FR-33883 Villenave d'ornon
2 INRA, UMR BFP, Université de Bordeaux
  FR-33883 Villenave d'ornon
  E-Mail: nbouvery@bordeaux.inra.fr

Because of the potential impact of bacterial symbionts on the adaptation of hemipteran insects to plant hosts, 
we characterized the microbial community present in various populations of H. obsoletus by pyrosequencing. 
Analysis of the V4V5 variable region of the 16S rDNA showed that insects sampled on Lavandula and salvia 
possessed a bacterial sequence 100 % identical to the 16S rDNA of an endosymbiont of irenimus aequalis. 
As shown by the two mtDNA markers 16S rRNA-tRNAleu-ND1 and CoI-tRNAleu-CoII, Hyalesthes spe-
cimen from Lavandula were genetically different from those of salvia as it was the case between specimen 
from Urtica compared to specimen from Convolvulus. Insects sampled from Lavandula and salvia were also 
significantly smaller than those sampled from Urtica and Convolvulus.

Hyalesthes obsoletus is one of the Cixiidae capable 
of transmitting 'Candidatus Phytoplasma solani' to 
cultivated and wild plants, the latter frequently serve 
as sources of inoculum for crops. In France, 'Ca. P. 
solani' is the agent of Bois noir in vineyards, stolbur 
in solanaceous plants, and lavender decline (Bou-
don-pAdieu, 2003 and 2005). H. obsoletus spreads 
different strains of the 'Ca. P. solani' belonging to 
three tuf genotypes (lAnGer and mAixner, 2004). In 
France, H. obsoletus can fully complete its lifecyc-
le on Convolvulus arvensis, Lavandula angustifolia 
and Urtica dioica (sForzA et al., 1999; joHAnnesen 
et al., 2008). All these populations seem to corres-
pond to a single species despite their specialization 
on different host plants (mAixner, 2007). Howe-
ver, H. obsoletus populations from lavender have 
not been characterized yet, and a novel plant host 
(salvia sclarea) has been found in the South-East of 
France (cHucHe et al., 2013).
Many symbionts of insects have been described so 
far and are thought to contribute substantially to 

the evolutionary and ecological success of insects 
in broad ecosystems. By their metabolic potential, 
endosymbionts help insects to feed on imbalanced 
food resources such as phloem sap (moyA et al., 
2008). For the pea aphid, host plant specialization is 
related both to chromosomal loci of the aphid and fa-
cultative endosymbiotic bacteria (simon et al., 2003; 
leonArdo and muiru, 2003; tsucHidA et al., 2004). 
Symbiotic bacteria can also have a positive effect on 
pathogen transmission, vector susceptibility to natu-
ral enemies and insecticide resistance, or a negative 
effect such as sex-ratio disturbance. Some endosym-
bionts have been identified in the Cixiidae (BressAn 
and mulliGAn, 2013), and Hyalesthes in particular 
(GonellA et al., 2011). But while plant specializa-
tion has been attributed to chromosomal loci of H. 
obsoletus (joHAnnesen et al., 2008; Kosovac et al., 
2013), the role of their endosymbiotic bacteria on 
this specialization is not known yet.
Therefore, the goal of this study is to better cha-
racterize H. obsoletus in relation to the host plant 
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in the light of its genetic variability and symbiont 
composition. The genomic variability of insects 
was analyzed with mitochondrial genetic (mtDNA) 
markers to test for differentiation among host-plant 
populations. We used two mtDNA markers previ-
ously analysed by joHAnnesen et al. (2008): 16SrR-
NA-tRNAleu-ND1 and CoI-tRNAleu-CoII. The 
microbiome of sap feeding vectors can be characte-
rized using next generation sequencing approaches 
(HAil et al., 2012; jinG et al., 2014). our study also 
aimed to provide a rDNA-targeted metagenomic 
study of Hyalesthes bacteria isolated from different 
plant host. Due to its reproducibility and broad ran-
ge, we chose sequencing the variable region V4-V5 
of 16S rRNA gene (clAesson et al., 2010).

MATERIAlS AND METHoDS

HyalestHes oBsoletus saMpling and 
observaTion
Insects were collected in France on Urtica dioica, 
salvia sclarea and Lavandula angustifolia, and, in 
Germany on Convolvulus arvensis (M. mAixner).
The size of insect individuals (20 insects per popula-
tion) were measured under a stereo microscope.

dna exTracTion, aMplificaTion and 
pyrosequencing

Insect DNA was extracted as described in mAixner 
et al. (1995). For each plant host, DNA from twen-
ty insects per genus was extracted, quantified using 
an Epoch spectrophotometer (BioTek Instruments, 
Inc), pooled and stored at -20 °C until being used 
for amplification. The V4-V5 variable region of bac-
terial 16S rDNA was amplified using the primers 
V4-forward (5’-AyTGGGyDTAAAGNG) and 
V5-reverse (5’-CCGTCAATTyyTTTRAGTTT) 
(clAesson et al., 2010), and sequenced using pyro-
sequencing technology (Genomic and Transcripto-
mic Facility of Bordeaux).

daTa processing of sequencing 
reads

In total, between 723190 and 1060765 paired end 
reads were generated for insect samples. Taxono-
mic identifications were performed according to 
the pipeline established by USEARCH and Qiime. 
First, reads were pre-processed, thus sequences 
were quality trimmed and cleaned from remaining 
sequencing adapters. overlapping pairs were assem-

bled to create longer sequences and exactly dupli-
cated sequences and singletons have been filtered 
out (USEARCH). Remaining sequences have been 
clustered into oTUs (operational Taxonomy Unit) 
with the Bayesian classifier CRoP, at a 5 % dissimi-
larity. Chimeras were excluded by comparison with 
the 'Gold' database from the Broad Institute. Using 
Qiime scripts, remaining sequences were then Blast 
against the GreenGenes 16S database to produce a 
taxonomic assignation and a global oTU table. The 
oTU table has been manually curated to remove chi-
mera, duplicated oTU, and low coverage clusters.

MiTochondrial variabiliTy sTudies 
of H. oBsoletus

Genomic DNA of individual insects was analy-
zed after sequencing the two mtDNA markers Co 
I-tRNA(leu)-Co II (Co I) and 16S-tRNA(leu)-
ND1 (16S) as described by joHAnnesen et al. (2008).

RESUlTS

Morphological diversiTy of H. OB-
sOLETUs

Whatever the plant host, females were systemati-
cally taller than males (Fig. 1). Females sampled 
on L. angustifolia and s. sclarea were about 20 % 
smaller than the ones from C. arvensis and U. dioi-
ca and males were about 15 % smaller. This clearly 
demonstrates that phenotypes of H. obsoletus vary 
according to the host plant.

 

Fig. 1: length of H. obsoletus females and males sam-
pled on salvia sclarea (S), Lavandula angustifolia 
(l), Urtica dioica (U) and Convolvulus arvensis (C). 
Statistical differences were measured using the Krus-
kal-Wallis test (p < 1 %).
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geneTic differenTiaTion of h. obso-
leTus revealed by MTdna polyMor-
phisM

To correlate morphological observations with geno-
types of H. obsoletus, we analysed the genetic di-
versity of the four populations using mitochondrial 
markers. The mitochondrial haplotypes are shown in 
Table 1. All insects sampled from salvia or Lavan-
dula showed the same mtDNA haplotype dependent 
on the host plant. Haplotype diversity was highest 
for insects sampled from Convolvulus.

idenTificaTion of h. obsoleTus as-
sociaTed bacTeria

on average, a total of 431,815 sequences were ge-
nerated from the different H. obsoletus populations 
in relation with host plants and 0.7 % of the sequen-
ces did not find homology in the sequence databanks 
(Greengene and BlASTn). The overall bacterial di-
versity was estimated between 8 and 18 genera (Fig. 
2).

Gamma Proteobacteria contain the higher diversity 
of bacterial genera among the genera associated to 
the oTUs. 'Ca. Purcelliella', 'Ca. Sulcia', 'Ca. Vida-
nia' and Wolbachia were the most dominant genus 
associated with H. obsoletus and were found in all 
populations studied. Figure 2 also shows that diffe-
rences can be observed between host plants. In in-
sects sampled on Lavandula cultivated at high altitu-
des the most abundant oTU was identical to the 16S 
rDNA of an irenimus aequalis bacterium (GenBank: 
KJ494864.2). oTUs corresponding to this bacteri-
um were also found in H. obsoletus from salvia, but 
not in insects collected on Urtica and Convolvulus. 
The data also show that we were able to detect 'Ca. 
Phytoplasma' in all H. obsoletus populations except 
in insects from salvia.

DISCUSSIoN

The relationship between insect phenotype/haploty-
pe and their host plants is complex. Mitochondrial 
DNA analysis showed different profiles depending 
on the host plant and the localization. our study con-
firms that the Urtica Hyalesthes population differs 
slightly between years. Indeed, the population of 
Urtica H. obsoletus used in this study was sampled 
in 2013 from Alsace, a place close to Turckheim 
from which the population studied by joHAnnesen 
was sampled in 2006 (joHAnnesen et al., 2008). In 
both cases the mtDNA haplotypes were the same 
(aa) except for one new haplotype in our case. In the 
study of joHAnnesen and collaborators, the popula-
tion of Hyalesthes sampled from Urtica in Germany 
showed the same haplotypes during two consecutive 
years. By the same time this haplotype was different 
from those found from Urtica H. obsoletus sampled 
in the South East of France in 2006 (joHAnnesen et 
al., 2008). It seems that geographical localization 
rather than the host plant is responsible for their dif-
ference in mitochondrial markers. However, insects 
sampled in the same area but from salvia or Lavan-
dula showed different haplotypes.
To complete the description of Hyalesthes and 
because of the importance of symbionts during in-
sect life, we wanted to characterize the entire micro-
bial community present in H. obsoletus sampled 
from different host plants. The primers used might 

Fig. 2: Relative abundance of oTUs found in Hyales-
thes obsoletus collected on Urtica dioica, Convolvulus 
arvensis, salvia sclarea and Lavandula angustifolia 
(Genera corresponding to more than 0.1 % are shown).
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not necessarily amplify the 16S rRNA gene of the 
whole community. For example, it is known that 
Chlamydia-related bacteria have a divergent 16S 
sequence that could be missed with the consensus 
primer (lienArd et al., 2011). one goal of this stu-
dy was to compare the bacteria associated with in-
sects in relation to their host plant. The number of 
abundant oTUs in these vectors vary between 7 and 
11, which is consistent with the composition of the 
microbiome of phloem feeding insects previously 
estimated (< 10 bacteria oTUs) (jinG et al., 2014).
The conserved oTUs between all the Hyalesthes po-
pulations represented the bacterial genera 'Ca. Sul-
cia', 'Ca. Purcelliella'and 'Ca. Vidania'. These were 
also found by GonellA et al. using sequencing of 
16S rDNA amplified fragments that were separated 
by denaturing gradient gel electrophoresis (Gonel-
lA et al., 2011). These bacteria are supposed to be 
obligate symbionts. 'Ca. Sulcia' is besides 'Ca. Na-
suia' (Bennett et al., 2014) one of the two described 
symbiont genera associated with Auchenorrhyncha 
(Hemiptera).These two symbionts have the ability to 
synthetize essential amino acids that are not found 
in the sap of plants hosts (mccutcHeon and morAn, 
2010).
Also Wolbachia and 'Ca. Cardinium' were found in 
all populations of Hyalesthes tested here, and were 
present in half of the tested insects of the study by 
GonellA et al. (2011). Wolbachia and 'Ca. Cardini-
um' are interesting symbionts, as it has been shown 
that they manipulate the reproduction of their insect 
host (mA et al., 2014). Further studies are needed to 
characterize these two symbiont populations more 
specifically.
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little is known about the mechanisms of insects - phytoplasma interactions which are driving the ecological 
diversification of phytoplasmas. Phytoplasma surface proteins play an important role in phytoplasma life 
cycle and polymorphism of this protein might determine the transmission ability of different insect species. 
Strains of ‘Candidatus Phytoplasma solani’ from several European countries, based on variable membrane 
protein gene (stamp), were classified into four distinct phylogenetic clusters which clusters are present in 
different geographical areas. This may reflect the distribution of the different known insect vectors and the 
adaptation of the various ‘Ca. P. solani’ strain to a specific vector. To detect STAMP protein, monoclonal 
antibody 2A10 is available. This antibody was produced against StolburC, which is a representative strain of 
stamp clusters I. In this work we performed heterologous expression antigenic membrane proteins STAMP 
from different 'Ca. P. solani' genetic clusters and tested their recognition by the 2A10 monoclonal antibody. 

Control of phytoplasma diseases is based on pro-
phylaxis. It is crucial to trace the spread of phyto-
plasma strains and predict their epidemic potential 
when introduced into an ecological niche. one of 
the major devastating Grapevine yellows (Gy) 
in Europe is the Bois noir (BN) disease caused by 
‘Candidatus Phytoplasma solani’ (QUAGlINo et 
al., 2013). ‘Ca. P. solani’ (Stolbur phytoplasma) is 
endemic to the Euro-Mediterranean area and is of 
wild plant origin. It is transmitted from bindweed 
(Convolvulus arvensis) and stinging nettle (Urtica 
dioica) to grapevine (Vitis vinifera) and to other 

crops by different polyphagous planthoppers (Ful-
goromorpha) of the Cixiidae family. In Europe, at 
least 4 cixiids are vectoring ‘Ca. P. solani’ : Hya-
lesthes obsoletus, Pentastiridius leporinus, Reptalus 
panzeri and R. quinquecostatus (FoS et al., 1992; 
MAIXNER, 1994; SFoRZA et al., 1998; GATI-
NEAU et al., 2001; JoVIC et al., 2007; CVRKo-
VIC et al., 2013; DANET et al., personal comm.). 
Ecotypes of H. obsoletus are vectoring specific ‘Ca. 
P. solani’ genotypes and are related to the plant hosts 
stinging nettle or bindweed (lANGER and MAIX-
NER, 2004; ARyAN et al., 2014).
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little is known about the mechanisms of in-
sect-phytoplasma interactions, which are driving 
the ecological diversification of phytoplasmas. In-
sect-transmissible pathogens can be transmitted by 
a particular insect species and not by others. This is 
due to highly specific interactions between insects 
and these bacterial pathogens (SUZUKI et al., 2006; 
GAlETTo et al., 2011). Phytoplasma surface pro-
teins play an important role in the phytoplasma life 
cycle and it has been demonstrated that the antige-
nic membrane protein (Amp) of ‘Candidatus Phyto-
plasma asteris’ strain oy is in correlation with the 
phytoplasma-transmission capability of leafhoppers 
(SUZUKI et al., 2006). The gene encoding for the 
Stolbur antigenic membrane protein (stamp) is the 
ortholog of amp. STAMP is a 16 kDa antigen and 
likely the most abundant surface protein of ‘Ca. P. 
solani’ (FABRE et al., 2011b). 
Monoclonal antibodies (2A10 MAb) against a Stol-
bur phytoplasma (strain StolburC), isolated from 
field infected tomato plants in France, were pro-
duced in mouse spleen hybridoma cells (GARNIER 
et al., 1990). The specificity of 2A10 MAb was con-
firmed by immunofluorescence and ElISA (GAR-
NIER et al., 1990, FoS et al., 1992). Additionally, 
in situ immunofluorescence detection demonstra-
ted that the MAb 2A10 recognizes also STAMP of 
the Stolbur phytoplasma strain Po (FABRE et al., 
2011b). Genotyping of the strains StolburC and Po 
revealed that both belong to STAMP cluster I, one 
of four clusters identified among strains collected in 
the Mediterranean Basin (FABRE et al., 2011b).
In European countries BN disease is associated with 
different strains of ‘Ca. P. solani’. According to the 
stamp genotyping survey we did in Hungary, the 
most prevalent strains (ST4 and ST9) were clustered 
into the phylogenetic cluster II. In this work we ai-
med to perform heterologous expression of STAMP 
from different 'Ca. Phytoplasma solani' genetic clus-
ters and test antigenicity of the MAb 2A10.

MATERIAlS AND METHoDS

To test antigenicity for 2A10 monoclonal antibody 
STAMP proteins were obtained by two approaches, 
performing: i) phytoplasma total protein extraction 
from strains of ‘Ca. P. solani’ maintained in Catha-
ranthus roseus (periwinkle) of genotypes belonging 
to ST-I, ST-II, ST-III and ST-IV clusters; ii) hetero-
logous expression of STAMP ST-I, ST-II, ST-III and 
ST-IV.
i)Proteins were extracted form phytoplasma strains 
maintained on C. roseus (Polka dot hybrid) listed 
in Table 1. leaf midribs were excised (0.7 g) and 
ground in one volume of laemmli buffer (0.1 % 
2-mercaptoethanol, 0.0005 % bromophenol blue, 10 
% glycerol, 2 % SDS, 63 mM Tris-HCl, pH 6.8) in 
a precooled mortar. Extracts were centrifuged for 1 
min at 10000 rpm at 4°C. Supernatants were trans-
ferred into new Eppendorf tubes and kept on ice un-
til SDS-PAGE.
ii)To amplify the four stamp clusters ST4N1 
(5’-aatgggtcgggatcccggaagtaaagatttaccat-3’), 
ST9N1 (5’-aatgggtcgggatcccggaggtaaagatttac-
caa-3’), ST4-9-C1 (5’-gtggtggtgctcgagtcaagtt-
gatgtccagaatgaacc-3’), ST1-C1 (5’-gtggtggtgctc-
gagtcaagttgatgtccataatgaacc-3’) primers were used 
(Table 1). In-Fusion HD Cloning Kit (Clontech) was 
used for directional cloning of ST1, ST4, ST9, ST6 
and ST13 DNA fragments into pET-28b(+) vector 
carry an N-terminal His6xTag (thrombin/T7) (No-
vagen, Merck KGaA). Primer design and cloning 
reactions were performed according to the manu-
facturer’s instruction. A heterologous expression 
of stamp cluster II, III and IV recombinant proteins 
was performed in Escherichia coli, strain Bl21 
using standard procedures. His6x-tagged fusion pro-
teins were purified using Ni-affinity chromatogra-
phy (Sigma-Aldrich). 
PD10 desalted 16 kDa fractions were separated on
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Figure 2. Western blot analysis of proteins extracted 
from periwinkle of ‘Ca. P. solani’ strains, revealed 
with 2A10 MAb.

Figure 1. Western blot analysis of recombinant 
STAMP(s) of cluster II, III, and IV, revealed 
with anti-His Tag AB (Sigma).

Figure 3. Western blot analysis of recombinant STAMP(s) 
of cluster II, III, and IV (10µg/lane), revealed with 2A10 
MAb.

Figure 1-3: M: page ruler prestained protein ladder (Thermofisher), STAMP(s): 16 kDa, H: healthy periwinkle.
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12 % SDS-PAGE, and Western blot (WB) analy-
ses were done according to the protocol described 
in FABRE et al. (2011b). Used primary antibody 
was anti-His Tag antibody produced in rabbit (Sig-
ma-Aldrich), secondary antibody was Anti-Rabbit 
IgG (whole molecule)-peroxidase antibody pro-
duced in goat (Sigma-Aldrich). To reveal Super Si-
gnal West Pico kit were used (Pierce Biotechnolo-
gies).
In order to detect the specificity of 2A10 MAb, total 
protein of nine ‘Ca. P. solani’ strains (Table 1), as 
well as recombinant STAMPs of each cluster (Table 
1) were separated on 12 % SDS-PAGE and WB ana-
lyses were performed.

RESUlT AND DISCUSSIoN

Heterologous expression of stolbur antigenic mem-
brane protein of genetic clusters II, III and IV of 
‘Ca. P. solani’ strains ST4, ST9, ST13, and ST6 
were performed. Expression of strain ST1 belonging 
to cluster I is ongoing. Western blot analyses con-
firmed a 16 kDa size recombinant protein of each 
cluster (Figure 1).  
Western blot (WB) analysis of STAMP(s) extracted 
from different phytoplasma strains demonstrated 

that MAb 2A10 recognizes all genetic clusters (Fi-
gure 2). lack of signal in case of 1925 and GGy 
strains was due to the loss of these isolates, which 
was verified by PCR test. WB of recombinant pro-
teins ST4, ST9, ST13, and ST6 confirmed that 2A10 
MAb, an antibody produced against a strain belon-
ging to stamp cluster I, recognises STAMP of four 
different stamp genetic clusters (Figure 3).
Study of the genetic diversity of stamp gene of ‘Ca. 
P. solani’ strains in Euro-Mediterranean basin sho-
wed evidence of four different clusters (FABRE et 
al., 2011a; FoISSAC et al., 2013). Cluster I, II, III 
correspond to strains, which propagate on bindweed, 
and cluster IV corresponds to strains present on stin-
ging nettle (FABRE et al., 2011b; JoHANNESEN et 
al., 2012). Geographical distribution of stamp geno-
types seems to correlate to the geographical distribu-
tion of different Cixiidae ecotypes (FoISSAC et al. 
2013). In our work we demonstrated that different 
stamp clusters are all recognized by the 2A10 MAb, 
not only cluster I. Further studies are needed to in-
vestigate the mechanisms of transmission of ‘Ca. P. 
solani’ and specifically the role of STAMP in inter-
action between different insect vectors and ‘Ca. P. 
solani’. For these purposes usage of 2A10 MAb is 
applicable.

Table 1. List of ‘Candidatus Phytoplasma solani’ strains and recombinant proteins 

stamp 

cluster 

stamp 

genotype 
Strain Origin 

Original 

plant 

Protein size 

(aa) 

Forward 

primer 

Reverse 

primer 

‘Ca. P. solani’ strains maintained on C. roseus 

ST-I ST1 Charente2 France periwinkle - - - 

ST-I ST2 StolburC France tomato - - - 

ST-I ST3 Lot et Garonne France tomato - - - 

ST-I ST20 Champlong France lavender - - - 

ST-II ST4 GGY Germany grapevine - - - 

ST-II ST10 DEP France lavender - - - 

ST-III ST13 STOLP France red pepper - - - 

ST-III ST14 LP7 Lebanon periwinkle - - - 

ST-IV ST6 1925 Germany grapevine - - - 

STAMP recombinant proteins 

ST-I ST1 PO France tomato 164 ST4N1 ST1-C1 

ST-II ST4 I6 Hungary grapevine 164 ST4N1 ST4-9-C1 

ST-II ST9 I22 Hungary pepper 166 ST9N1 ST4-9-C1 

ST-III ST13 REP2 Hungary periwinkle 164 ST9N1 ST4-9-C1 

ST-IV ST6 1925 Germany grapevine 169 ST4N1 ST4-9-C1 
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Since the specific membrane protein genes have been identified and characterized in 'Candidatus Phytoplas-
ma solani' genome, their variability has been extensively studied in order to elucidate different BN genotypes 
as well as the epidemiology of the disease. The aim of this study was to assess a variability of 'Ca. P. solani' 
strains from infected grapevine, wild plants and H. obsoletus by molecular characterization of stamp gene. 
Genotyping was performed on almost fifty BN strains detected in the scope of a 4-years national survey 
(2009 to 2012) encompassing 277 samples from all viticultural regions of Croatia. Real-time PCR and con-
ventional 16S rDNA were performed, followed by amplification, sequencing and phylogenetic analyses of 
stamp gene. The comprehensive analyses demonstrated the presence of ten stamp genotypes identified so far 
in Croatia, confirming the significance of this gene as a highly discriminative marker. The most prevalent 
genotype was identified (38 %) being restricted to the central north-western part of Croatia. other two highly 
represented genotypes were also detected with one being present in the central north-western and eastern 
parts of Croatia (11 %) and the other (9 %) detected exclusively in the coastal west part of Croatia. These re-
sults revealed a considerable genetic variability, epidemiological relevance and the geographical distribution 
of stamp genotypes in Croatia.
'Candidatus phytoplasma solani' (taxonomic group 
16SrXII), formerly known as stolbur phytoplasma, 
which is endemic to Europe and the Mediterrane-
an area affects many herbaceous and woody plants 
(QuAGlino et al., 2013; scHneider et al., 1997; lAn-
Ger and mAixner, 2004). Different planthopper and 
leafhopper species are reported to transmit stolbur 
but cixiid Hyalesthes obsoletus Signoret is conside-
red to be the principal vector of the stolbur phyto-
plasma that causes BN (mAixner et al., 1994). To 
understand the vector specificity of stolbur phyto-
plasma to planthoppers of the Cixiidae family, 
phytoplasma surface proteins and their variability 
is investigated with special attention (Foissac et al., 
2013). Along with vmp1 gene (encoding a variable 
membrane protein specific to stolbur phytoplasma) 
(cimermAn et al., 2009), stamp gene revealed to be a 

highly variable marker involved in interaction with 
the insect vector (FABre et al., 2011). The two varia-
ble surface proteins have been shown to be submit-
ted to positive selection and are frequently used to 
evaluate 'Ca. P. solani' genetic diversity (cimermAn 
et al., 2009; FABre et al., 2011; Foıssac et al., 2013).
The aim of the present study was to assess a variabi-
lity of 'Ca. P. solani' strains from infected grapevine, 
wild plants and H. obsoletus in Croatia by genoty-
ping non-ribosomal gene stamp encoding the speci-
fic antigenic membrane protein of this phytoplasma.

MATERIAl AND METHoDS

Samples with typical Grapevine yellows (Gy) sym-
ptoms belonging to different grapevine varieties, 
wild plants and H. obsoletus were collected during 
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the 4-years national survey encompassing all viti-
cultural regions of Croatia (2009 to 2012). Plant and 
insect total nucleic acids were extracted from 1 g 
fresh leaf midribs or from single insects following 
the CTAB extraction protocol (mAixner et al., 1995; 
šeruGA et al., 2003). Grapevine DNA samples were 
then analysed by the triplex real-time PCR assay ac-
cording to pelletier et al. (2009). Collected weed 
species together with insect vectors H. obsoletus 
samples were tested by conventional PCR assays 
with phytoplasma universal primers P1/P7 (denG 
and HiruKi, 1991; Smart et al., 1995), followed 
by R16F2n/R2 (Gundersen and lee, 1996) in nes-
ted PCR to confirm phytoplasma presence. Nested 
PCR products R16F2n/R2 were subjected to RFlP 
analysis using enzyme MseI. Restriction profiles of 
positive samples were compared to restriction pro-
files of reference strains and allowed affiliation of 
these strains to the group 16SrXII-A. Isolates that 
had been tested positive for 16SrXII-A (BN) were 
submitted to nested PCR to amplify stamp gene ac-
cording to FABre et al. (2011).
Sequencing of the stamp gene amplicons was perfor-
med by the commercial service Macrogen Inc. (Se-
oul, Republic of Korea). PCR products were directly 
sequenced on both strands and subsequent phylo-
genetic analyses were performed. Raw nucleotide 
sequences were assembled and edited with the Se-
quencherTM 4.7 software (http://www.genecodes.
com/) and then aligned with ClustalX 2.0 (tHompson 
et al., 1997). Phylogenetic analyses were performed 
with MEGA 5 software (tAmurA et al., 2011) by 
using the neighbour-joining method with the num-
ber of differences model and maximum parsimony 
with CNI on random trees method. Bootstrap analy-
ses were performed (500 replicates) to estimate the 
stability of nodes and to support the inferred clades.

RESUlTS AND DISCUSSIoN

out of 201 grapevine samples analysed by trip-
lex-real time PCR, 41 sample were BN positive 
belonging to subgroup 16SrXII-A. Phytoplasma of 

the 16SrXII-A subgroup was also identified in four 
insect vectors H. obsoletus out of 42 and 1 C. arven-
sis sample out of 34 weed samples analysed. In all 
except one sample stamp gene was amplified.
Sequence comparison with the reference strains 
and phylogenetic analysis using neighbour-joining 
(NJ) method identified ten stamp genotypes desig-
nated ST6, ST9, ST13, ST19, ST22, ST23, ST29, 
ST46, ST48 and ST52. Genotype ST6 was the most 
prevalent (38 %) and restricted to the central-north 
western part of Croatia. other two highly represen-
ted genotypes were ST9 (11 %) detected also in the 
central-north western and eastern part of Croatia and 
ST46 (9 %) detected only in the coastal-west part of 
Croatia.
A multiple alignement program ClustalX enabled vi-
sualization of stamp variations among the detected 
genotypes. First variation is represented by a 6 bp 
insertion ATCAAA at position 172 of the gene. This 
insertion was recorded for all of the stamp strains 
belonging to the genotypes ST46 and ST19, one 
ST23 genotype and significant part of ST9. Ano-
ther two insertions of 3 bp (ACC or CCC) and 12 
bp (TCAAAAACAACC) occur at positions 258 and 
372 in isolates assigned to the genotypes ST6, ST23, 
ST46 and ST52. These changes allowed discrimina-
tion of different stamp genotypes.
stamp gene was characterized by the abundance 
of mutations. With ten stamp genotypes identified 
in Croatia, stamp revealed to be the highly discri-
minative marker. As previously reported by FABre 
et al. (2011), this tremendous variability of stamp 
gene could be explained by evolutionary necessity 
for improvement in interaction with microfilaments 
of a new vector. Adaptations to the new hosts have 
a significant impact on phytoplasma membrane pro-
teins (changes in the protein sequence) resulting in 
the number of different genotypes.
The data obtained in the present study reveal consi-
derable genetic variability, epidemiological relevan-
ce and the geographical distribution of stamp geno-
types in Croatia.
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Figure. 1. Map of prevalent stamp genotypes: green pin = ST6 (38 %), yellow pin = ST9 (11 %), 
pink pin = ST46 (9 %).
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Preliminary surveys highlighted that bois noir (BN) disease, associated with 'Candidatus Phytoplasma (‘Ca. 
P.’) solani', affects grapevine varieties in Georgia (South Caucasus). In this study, further research was carried 
out to investigate the BN symptom severity in international and Georgian native varieties. Identification and 
characterization of 'Ca. P. solani' was performed by analysis of 16S rDNA, vmp1 and stamp gene nucleotide 
sequences. During field surveys, moderate/mild and severe symptoms were observed on Georgian grapevine 
varieties and international cultivars, respectively. Molecular characterization of 'Ca. P. solani' identified in 
grapevines revealed the presence of 11 genetically distinct phytoplasma types. Ten of such 'Ca. P. solani' ty-
pes were described here for the first time; only one type (VmGe12/StGe7) was identical to a strain previously 
reported in periwinkle in lebanon. Phylogenetic analyses of vmp1 and stamp gene concatenated nucleotide 
sequences indicated that 'Ca. P. solani' strains in Georgia are associated mainly with the bindweed-related BN 
host system. Moreover, the presence of the same 'Ca. P. solani' strains in grapevine cultivars showing a range 
of symptom intensity suggested a different susceptibility of Georgian local varieties to BN.

INTRoDUCTIoN

Bois noir (BN) is a phytoplasma-associated disease, 
belonging to the grapevine yellows (Gys) complex, 
responsible for serious crop losses in the Euro-Me-
diterranean area and in other continents. Its etiologi-
cal agent has been attributed to phytoplasma strains 
(BNp) belonging to the species ‘Candidatus Phyto-
plasma solani’ (‘Ca. P. solani’), subgroup 16SrXII-A 
(QUAGlINo et al., 2013). BNp strains are transmit-
ted to grapevine by Hyalesthes obsoletus Signoret 
(Homoptera: Cixiide), a polyphagous vector living 
preferentially on nettle, bindweed, and chaste tree 
(KoSoVAC et al., 2015). Further studies reported 
the presence of other natural vectors and wild plants 
playing a role in BN diffusion (MoRI et al., 2015). 

Molecular markers, identified in tuf, secy, vmp1 and 
stamp genes, highlighted the presence of genetical-
ly distinct BNp strains, characterized by different 
distribution and prevalence in the Euro-Mediter-
ranean basin (FoISSAC et al., 2013). Due to this 
complexity, it is difficult to design efficient control 
strategies against BN. An ambitious strategy is ba-
sed on the selection of plant varieties as source of 
resistance-genes for plant breeding programs. Un-
fortunately, none of the examined Vitis species and 
V. vinifera varieties have been found resistant or 
tolerant to the Gy phytoplasmas (lAIMER et al., 
2009). The Georgian native germplasm is compo-
sed by more than 500 cultivars constituting a very 
unique genetic pool (IMAZIo et al., 2013). Recent 
studies reported that grapevine varieties selected 
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in domestication centers of V. vinifera l., such as 
Georgia, showed possible tolerance or resistance to 
plant pathogens, such as Plasmopara viticola (Berk. 
& M.A. Curtis) Berl. & De Toni, associated with 
downy mildew (BITSADZE et al., 2014). Evidences 
from a preliminary survey on Gys highlighted that 
'Ca. P. solani' infects international and local varieties 
in Georgia (QUAGlINo et al., 2014). In the present 
study, field surveys and multiple gene typing analy-
ses were carried out to study (i) the Gy symptom se-
verity in international and Georgian native varieties 
and (ii) the genetic diversity among 'Ca. P. solani' 
strain populations in Georgia.

 
MATERIAl AND METHoDS

syMpToM observaTion and planT 
saMpling. In September 2013, surveys on Gy 
symptoms were carried out in vineyards and in field 
collections of international and native Vitis vinifera 
l. varieties in eastern Georgia. Grapevine varieties 
were classified in group I (mild symptoms), group II 
(moderate symptoms), and group III (severe symp-
toms). leaf samples were collected from grapevine 
symptomatic plants of international and native Ge-
orgian varieties (Table 1), and from six bindweed 
plants showing yellowing, reddening, dwarfism and 
leaf malformation.
phyToplasMa deTecTion. Total DNA 
was extracted from examined plants as previously 
described (ANGElINI et al., 2001). Detection of 
phytoplasmas was carried out by nested-PCR based 
amplification of 16S rDNA and subsequent RFlP 

assay as previously described (QUAGlINo et al., 
2009). Total nucleic acids from periwinkle plants in-
fected by phytoplasma strains Ey1 (‘Ca. P. ulmi’), 
STol (‘Ca. P. solani’), and Ay1 (‘Ca. P. asteris’) 
were used as reference controls. Total nucleic acids 
from healthy periwinkle and PCR mixture devoid of 
nucleic acids were used as negative controls.
Molecular characTerizaTion of 
'Ca. p. solani' sTrains. Vmp1 and stamp ge-
nes of identified BNp strains were amplified by nes-
ted PCR as previously described (FIAloVÁ et al., 
2009; FABRE et al., 2011). Vmp1 amplicons were 
further characterized by RsaI-RFlP assays (FIA-
loVÁ et al., 2009). Vmp1 and stamp gene frag-
ments amplified from 15 BNp strains, representative 
of the obtained RsaI-RFlP profiles, were selected 
for nucleotide sequence analysis. The gene ampli-
cons were sequenced (5x coverage), assembled and 
deposited in the NCBI GenBank database. Vmp1 
nucleotide sequences were searched for mutations 
in RsaI-recognition sites by virtual RFlP analy-
ses using the software pDRAW32. The association 
between the vmp1-RFlP profiles and BN symptom 
severity was evaluated by χ2 test using SPSS sta-
tistical package for Windows, v. 22.0 (SPSS Inc.). 
Vmp1 and stamp gene sequences, obtained in this 
study and retrieved from GenBank, were aligned 
and analyzed by the software BioEdit v.7.0.5. Based 
on sequence identities, BNp strains were grouped in 
vmp1 and stamp genetic variants, and in collective 
vmp/stamp types. Strains of each variant/type shared 
100% sequence identity.  

Table 1.  Symptom severity and phytoplasmas in Georgian vineyards and field collections 
 

Plant host Symptom No. of PCR-RFLP 
 severity samples 16SrXII-A  vmp1 

           
V1 V14 V15 und1 und2 und3 

Chardonnay  +++ 20 20  8 5  2 3  
Moscato Bianco  + 3 3   1     
Carignano  +++ 1 1      1  
Freisa  +++ 1 1      1  
Adznizhi  + 1                
Amlakhu + 1 1       1 
Asuretuli Shavi + 1         
Buera  ++ 1 1  1      
Chinuri + 1         
Chkhaverii  + 1         
Chuberi  + 2         
Goruli Mtsvane ++ 4 1   1     
Grdzelmtevana  + 1         
Khikhvi + 1 1      1  
Khikhvi variation + 1         
Kikhvi Loladzis + 1 1    1    
Kisi +++ 3 3  1    1  
Korkaula  + 3 2    1    
Mtredisphekha  + 1         
Mtsvane Kakhuri  + 1         
Mujuretuli + 1 1        
Rkatsiteli  + 9 4  2  1    
Saperavi  ++ 13 9  4 1   2  
Saperavi Budeshuri  + 2 1      1  
Saperavi Pachkha  ++ 1         
Tavkveni Saperaviseburi + 1 1        
Tavkveri + 1 1    1    
Tshnoris Tetri + 1         
Tsitska + 1 1      1  
Tsolikouri + 1 1        
Usakhelouri + 1 1    1    
Convolvulus arvensis   +++ 6 6   4  2   
    87 61  16 12 5 4 11 1 
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phylogeneTic analysis. Vmp1 and stamp 
gene sequences of 'Ca. P. solani', from this and 
previous studies, were concatenated and used for 
minimum evolution analysis (neighbor-joining me-
thod, 1000 bootstrap replications) by the software 
MEGA6. 

RESUlTS

syMpToMs observed on grapevine 
in georgia. Severe symptoms were observed 
in three international varieties (Chardonnay, Carig-
nano, and Freisa) and in one local Georgian variety 
(Kisi); moderate symptoms were observed in four 
local Georgian varieties (Buera, Goruli Mtsvane, 
Saperavi, and Saperavi Pachkha); mild symptoms 
were observed in 22 local Georgian varieties and in 
one international variety (Moscato Bianco) (Table 
1). 
phyToplasMa idenTificaTion. PCR-
RFlP detection revealed the presence of 'Ca. P. so-
lani' in 55 out of 81 examined grapevines, and in 
all six bindweed samples (Table 1). In fact, all the 
phytoplasma strains had restriction patterns indis-
tinguishable from one another and from the patterns 
characteristic of the reference strain STol (data not 
shown). DNA amplification was obtained from pe-
riwinkles infected by strains STol, Ay1 and Ey1. 
No amplification was obtained in the reactions of he-
althy periwinkle and PCR mixture devoid of DNA.

'Ca. p. solani' sTrain characTeriza-
Tion by VMP1 and sTaMP gene sequen-
ce analysis. Vmp1 gene fragment was ampli-
fied from 43 out of 55 infected grapevines, and from 
all the six infected bindweeds (Table 1). Enzymatic 
digestions of the 49 vmp1 amplicons evidenced the 
presence of six RsaI-profiles among BNp strains 
from Georgia. Virtual RFlP-based comparison of 
vmp1 RFlP profiles evidenced that Georgian BNp 
strains showed previously described (V1, V14, V15) 
and new [und1 (undescribed1), und2, und3] restric-
tion patterns (Fig. 1). Strains showing profiles V1, 
V14 and und2 were prevalent and were identified, 
with significantly different distribution, in grapevine 
varieties showing severe, moderate and mild symp-
toms (χ2 = 16.671; d.f. = 10; P = 0.029). Nucleotide 
sequence analysis, performed on 15 representative 
BNp strains from Georgia, revealed the presence of 
12 and 7 genetic variants of vmp1 (here designated 
as VmGe1 to VmGe12) and stamp (here designated 
as StGe1 to StGe7) genes, respectively. Eleven Ge-
orgian BNp vmp1/stamp types were described as the 
combination of vmp1 and stamp genetic variants. 
Comparison with vmp1 and stamp genetic variants 
from GenBank (63 vmp1 genetic variants, here de-
signated as Vm1 to Vm63, and 35 stamp genetic 
variants, here designated as St1 to St35) evidenced 
that BNp strains from Georgia showed 11 vmp1 
(VmGe1 to VmGe7, VmGe9 to VmGe12) and 6 
stamp (StGe1 to StGe6) novel genetic variants, pre-
viously unreported. only BNp strains Tsol89 and 
Kiqu94 (VmGe12/StGe7) shared 100% sequence 
identity with ‘Ca. P. solani’ strain P7 (Vm53/St15), 
identified in periwinkle in lebanon (CIMERMAN 
et al., 2009).
phylogeneTic analysis of 'Ca. p. 
solani' sTrains froM georgia and 
oTher geographical regions. Based 
on phylogenetic analysis of vmp1 and stamp con-
catenated sequences, five vmp1/stamp clusters were 
identified (Fig. 2). The cluster vmp1/stamp-4 inclu-
ded BNp strains associated with nettle, while the 
other four clusters (vmp1/stamp-1, -2, -3, -5) inclu-
ded BNp strains associated with bindweed. The ma-
jority of Georgian BNp strains (13 out of 14) grou-
ped within bindweed-related clusters vmp1/stamp-3 
and vmp/stamp-5, while only the strain Amla77 
grouped within nettle-related cluster vmp1/stamp-4. 
The majority of Georgian BNp strains, grouped wi-
thin cluster vmp/stamp-3, were found to be closely 
related to strain P7, previously identified in a natu-
rally infected periwinkle plant in lebanon.

 

Figure 1. Virtual RsaI-RFlP profiles of vmp1 
amplicons obtained from BNp strain populations 
in Georgia.
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specific association of pattern V14 with East Europe 
(FoISSAC et al., 2013), and highlighted an unex-
pected diffusion of type V1, reported as the preva-
lent type in Italy, France and Germany (FoISSAC 
et al., 2013), in the Caucasian geographic regions. 
This evidence, along with the prevalence of type V1 
in the international cultivar Chardonnay, could sug-
gest the non-indigenous origin of this type, possibly 
introduced into Georgia through import of planting 
material. The majority of autochthonous Georgian 
grapevine cultivars were found mildly symptomatic, 
maintaining complete berry production. Intriguingly, 
the presence of BNp strains showing RsaI-RFlP 
profiles V1, V14 and und2 of the gene vmp1 in gra-
pevine cultivars exhibiting severe, moderate and 
mild symptoms suggested a different susceptibility 
of the cultivars to these BNp strains. 
Molecular characterization by vmp1 and stamp gene 
sequence analysis evidenced that BNp populations 
in Georgia are constituted mainly by previously un-
reported strains. only Georgian BNp strains Tsol89 
and Kiqu94 shared 100% sequence identity with 
the sequences of the 'Ca. P. solani' strain P7 (vmp1/
stamp type Vm53/St15), identified in naturally-in-
fected periwinkle in lebanon in 2001 (CIMERMAN 
et al., 2009). Phylogenetic analysis revealed that the 
majority of BNp Georgian strains, identified both 
in grapevine and bindweed, grouped along with the 
lebanese strain P7 within the cluster vmp1/stamp-3. 
Interestingly, this cluster is clearly distinct from 
other vmp1/stamp clusters including bindweed- and 
nettle-related BNp strains previously identified in 
Central and Southern Europe. only one BNp strain 
(Amla77) grouped with nettle-related cluster vmp1/
stamp-4. In conclusion, results from the present 
study evidenced that BNp strain populations in Ge-
orgia is constituted mainly by new unreported 'Ca. 
P. solani' strains associated with both nettle- and 
bindweed-related BN host systems. Moreover, the 
distribution of BNp strains  among grapevine culti-
vars showing a variable range of symptoms intensity 
suggests a different susceptibility of such local cul-
tivars to BN disease. Further studies are in progress 
to evaluate this important topic in the perspective of 
improving breeding programs for the production of 
novel grapevine cultivars tolerant and/or resistant to 
phytoplasma diseases.      

DISCUSSIoN 

The results obtained in this study confirmed the evi-
dences from previous researches indicating the pre-
sence BN in Georgia (QUAGlINo et al., 2014). In 
fact, molecular analyses evidenced the strong asso-
ciation between specific Gy disease symptoms and 
grapevine plant infection by BNp (‘Ca. P. solani’ 
strains) within the examined vineyards. In order to 
gain an insight into the genetic diversity among BNp 
strains in Georgia, nucleotide sequence analysis was 
performed on two genes (vmp1 and stamp) coding 
for membrane proteins putatively involved in the re-
cognition and interaction of BNp with its hosts (CI-
MERMAN et al., 2009; FABRE et al., 2011). Based 
on RsaI-RFlP digestions of vmp1 gene amplicons, 
the profiles V1, V14 and und2 were prevalent among 
the analyzed BNp strains. This data confirmed the 

 

Figure 2. Unrooted phylogenetic tree inferred from 
'Ca. P. solani' strains based on concatenated nucleo-
tide sequences of the genes vmp1 and stamp. Strains 
identified in Georgian varieties are showed in bold.
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tex agnus-castus (lamiaceae) and associated 
Hyalesthes obsoletus (Cixiidae). Plant Patho-
logy doi:10.1111/ppa.12409. 
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MulTigene characTerizaTion of 'Can-
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dušKa delić1, nIcoleTTA conTAldo2, biljana lolić1, ĐoRĐe moRavčević3, drAGo mIloše-
vić4 And AssunTA BerTAccInI2

1University of Banjaluka, Faculty of Agriculture, Bulevar vojvode Petra Bojovića, 78000-
  Banjaluka, Bosnia and Herzegovina
2Alma Mater Studiorum University of Bologna, DipSA, Plant Pathology, V.le Fanin 42, 
 Bologna, Italy
3University of Belgrade, Faculty of Agriculture, Department of Crop and Vegetable Sciences
 Nemanjina 6, 11080-Beograd, Serbia
4University of Kragujevac, Faculty of Agronomy, Cara Dušana 34, Čačak, Serbia

Molecular characterisation was performed on phytoplasma strains collected in Semberia region of Bosnia 
and Herzegovina from symptomatic maize, pepper and celery and resulted infected with 'Ca. P. solani', by 
a multigene RFlP and sequencing study. The RFlP analyses on tuf, secy, vmp1 and stamp genes allow to 
differentiate 8 lineages in the 13 positive samples obtained, indicating the presence of different ‘Ca. P. solani’ 
lineages. Three lineages were detected in the seven samples of maize, each of the four pepper samples was 
infected by a different lineage, and one of these was also found in one of the two celery samples. The phyto-
plasmas in the other celery sample represent a further lineage. The identification of a number of lineages in 
these crops compared to the 4 detected in grapevine in previous surveys, allow to speculate about the presen-
ce of insect vectors that could be different in the case of these crops from those reported for grapevine or of 
possible increasing of phytoplasma biodiversity by their possible seed transmission. 

inTroducTion

'Candidatus phytoplasma solani' is a widely distri-
buted phytoplasma in the Euro-Mediterranean area 
associated to various diseases in many cultivated 
plants including grapevine, maize, potato, pepper, 
celery, and tobacco (BertAccini et al., 2014). In Bos-
nia and Herzegovina 'Ca. P. solani' (16SrXII-A) was 
detected in association with symptomatic grapevine, 
maize, pepper and celery (delić et al., 2011; 2015; 
KovAčević et al., 2014; lolić et al., 2014; delić et 
al., 2016). Molecular characterisation performed on 
tuf gene on strains from grapevine and maize sho-

wed the presence of tuf-type b phytoplasmas, while 
genotyping of grapevine strains on vmp1 and stamp 
genes distinguished five types (lolić et al., 2014; 
delić et al., 2016). Mild continental climate and fer-
tile soil in Semberia region of Bosnia and Herze-
govina (B&H) favour traditional crop and vegetable 
production. 'Ca. P. solani' was identified for the first 
time in this area in maize showing reddening disease 
(lolić et al., 2014) while, infected pepper and ce-
lery were reported recently growing in the vicinity 
of maize fields (delić et al., 2016). In the present 
study a multigene characterisation on 'Ca. P. solani' 
strains from maize, pepper and celery was carried 
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out in order to verify the presence of variability in 
tuf, secy, vmp1 and stamp genes and its epidemiolo-
gic relevance. 

MATERIAl AND METHoDS

'Ca. P. solani' strains from symptomatic maize, pep-
per and celery collected in Semberia region (lolić 
et al., 2014; delić et al., 2016), were employed for 
further molecular characterisation carried out on tuf 
gene (encoding translation elongation factor Tu); 
secy gene (encoding a protein involved in the bac-
terial secretion mechanism); vmp1 gene (encoding a 
putative membrane protein), and stamp gene (enco-
ding an antigenic membrane protein).
The tuf gene was amplified in a nested PCR pro-
cedure using primer pairs tuf1f/r/TufAyf/r and Tu-
fINT1f/TufINT4r (lAnGer and mAixner, 2004) and 
amplicons were subjected to the RFlP analyses with 
HpaII enzyme. The secy gene was amplified follo-
wing protocols described by lee et al. (2010) and 
the RFlP analyses of StSecyF2/ StSecyR2 nested 
PCR products were done with Tru1I and aluI endo-
nucleases. Nested PCR products of the vmp1 gene 
were obtained with StolH10F1/R1 (cimermAn et al., 
2009) and TyPH10F/R (FiAlová et al., 2009) pri-

mers. The latter amplicons were digested with Rsai 
and AluI restriction enzymes. The nested PCR of the 
stamp gene was done with StampF/R0 followed by 
StampF1/R1 primers (FABre at al., 2011). The nes-
ted PCR products were subjected also to the restric-
tion analyses with Tru1I endonuclease. 
Direct sequencing on both strands was done on 
secy, vmp1 and stamp genes after amplification and 
cleaning of the respective amplicons in Macrogen 
Europe (Netherlands). The sequences were assem-
bled using the Staden program package (stAden et 
al., 2000), aligned using Clustal X (Thompson et al., 
1997), and deposited in genbank.

RESUlTS AND DISCUSSIoN

The overall RFlP profiles and sequences on the 
four genes were obtained in 7 samples of maize, 4 
of pepper and of 2 celery. The RFlP analyses allow 
to differentiate 8 lineages in the 13 samples studied. 
lineages named III, IV and V were only detected in 
maize, lineages VI and VII and VIII only in pepper; 
lineage II was detected in one pepper and one celery 
samples and lineage I was only identified in celery 
(Table 1). 

Table 1. 'Ca. P. solani' isolates features RFLP profiles associated with infected maize, pepper and 
celery plants from Semberija region (Bosnia and Herzegovina). 
 
 
 

Bosnia and Herzegovina/Semberija RFLP profiles 
Strain Plant host Tuf Stamp SecY Vmp1 LINEAGES 
C1 Celery B B B E/V4 I 
C2 Celery B B B A/V2-TA II 
P10 Pepper B B B A/ V2-TA II 
M7 Maize B A B B/V2-TA III 
MB1 Maize B A B B/ V2-TA III 
MB6 Maize B A B B/V2-TA III 
MB11 Maize B A B B/V2-TA III 
MB4 Maize B A A A/ V2-TA IV 
MB8 Maize B A A A/V2-TA IV 
MB10 Maize B A B A/ V2-TA V 
P5 Pepper  B C B C/V4 VI 
P6 Pepper  B B B D/V14 VII 
P7 Pepper  B A B D/V14 VIII 
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1). The sequences obtained on vmp1 gene showed 
a high degree of heterogeneity that made the com-
parison among them and to the RFlP profiles not 
very easy. According to murolo et al. (2010; 2013) 
and cvrKović et al. (2014), in the maize samples the 
V2-TA type was identified while in pepper and ce-
lery samples the V2-TA, V4 and V14 profiles were 
identified. The identification of more lineages in the-
se crops compared to the 4 detected in grapevine in 
previous surveys (delić et al., 2015) and to those 
detected in various “stolbur” infected crops in Ser-

Homology of sequences of stamp gene from maize 
samples was 100% confirming the RFlP results; the 
stamp sequences of strains from celery showed the 
presence of SNPs among each other and also with 
maize strains, two of the pepper strains (P5 and 
P7) were 100% identical to each other, while the 
others showed differences confirming the differen-
tial RFlP profiles obtained. on secy gene the maize 
lineages MB4 and MB8 showed sequences that were 
different for the presence of one SNP confirming the 
RFlP differential profiles named A and B (Table 

Figure 1. Polyacrylamide (6.7%) gel showing RFlP profiles of stamp gene 
amplicons digested with Tru1I. M, Marker DNA phiX174 HindIII digest. 
Samples (acronyms are as in Table 1) 1, M7; 2, P5; 3, P6; 4, C2; 5, P7; 6, 
MB10; 7, MB11; 8, MB4; 9, MB8; 10, C1; 11, MB6; 12, MB1; 13, STol 
(=”stolbur” from periwinkle originated from pepper from Serbia). 

M  1   2    3   4   5   6    7   8   9   10 11 12 13 

 
 

    M  1   2    3   4    5   6    7   8   9   10 11 12 13 

 
  Figure 2. Polyacrylamide 6.7% gel showing RFlP patterns of secy ampli-

cons digested with Tru1I. M, Marker DNA phiX174 HindIII digest. Samples 
(acronyms are as in Table 1) 1, M7; 2, P5; 3, P6; 4, C2; 5, P7; 6, MB10; 7, 
MB11; 8, MB4; 9, MB8; 10, C1; 11, MB6; 12, MB1; 13, STol (=”stolbur” 
from periwinkle originated from pepper from Serbia).

M    1    2    3    4    5     6     7    8    9   10  11  12  13 

 
 

Figure 3. Polyacrylamide (6.7%) gel showing RFlP patterns of vmp1 gene 
nested PCR products digested with RsaI. M, Marker DNA phiX174 HindIII 
digest. Samples (acronyms are as in Table 1) 1, MB10; 2, MB8; 3, MB4; 4, 
MB6; 5, M7; 6, MB1; 7, MB11; 8, C1; 9, C2; 10, P10; 11, P6; 12, P5; 13, P7.

Amplicons of the tuf gene were obtained in all 'Ca. 
P. solani' strains and HpaII restriction profiles con-
firmed that the pepper, celery and maize plants were 
infected with tuf-type b “stolbur” phytoplasmas 
(data not shown). on the stamp gene three lineages 
were distinguished, of which two were only detec-
ted once in a pepper and in a celery samples (Fig. 
1), secy differentiated only two lineages of which 
one was only present in two maize samples (Fig. 2). 
The highest variability was shown by vmp1 gene in 
which two lineages in maize, and two in pepper were 
differentiated; one lineage in celery was identical to 
one of the two detected in maize (Fig. 3).
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bia (mitrović et al., 2013; 2015) allow to hypothize 
the presence of insect vectors such as Hyalesthes 
obsoletus and Reptalus panzeri identified in grape-
vine, corn and potatoes in Serbia (jović et al., 2009; 
cvrKović et al., 2014; mori et al., 2013; mitrović 
et al., 2015). Climate and soil structure in Semberi-
ja region are closer to those in the region of Serbia 
where these studies were carried out than to those in 
Herzegovina region of B&H where the diversity of 
'Ca. P. solani' in grapevine was previously studied. 
There could be a possible further increase of phyto-
plasma biodiversity by their possible transmission 
also by seeds (cAlAri et al., 2011). 
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‘Candidatus Phytoplasma solani’ is a phytoplasma of the stolbur group (16SrXII-A subgroup), associated 
with grapevine Bois noir (BN), responsible for outbreaks in several European countries, and particularly in 
the Mediterranean area. It is transmitted by the polyphagous cixiid planthopper Hyalesthes obsoletus to a 
wide range of wild plants (inoculum sources) while grapevine is only occasionally infected. The multiple in-
teractions with wild and cultivated annual and perennial host plants and insect vectors in different ecosystems 
might be responsible for generating genetic diversity of ‘Ca. P. solani’. Aim of this study was to estimate the 
‘Ca. P. solani’ molecular genotypes harbored in a single vineyard by multilocus sequence typing analysis for 
the vmp1, stamp, and secy genes. Several haplotypes per gene were detected, showing high genetic diversity 
even in a restricted area. Further analyses allowed to estimate the pressure of selection within a highly BN 
infected commercial vineyard by calculating the dN/dS ratio, which resulted particularly high (positive selec-
tion) for stamp and vmp1 genes. The high genetic variability, recorded in particular in genes encoding the 
membrane proteins, represents an adaptation strategy common to living microorganisms, particularly useful 
for a generalist pathogen that colonized different environments (host plant and vector tissues).

inTroducTion

Bois noir (BN) is a grapevine disease that is asso-
ciated to ‘Candidatus Phytoplasma solani’ (‘Ca. P. 
solani’; 16SrXII-A subgroup) (QUAGlINo et al., 
2013), and it is most common and widespread in Eu-
ro-Mediterranean regions (MAIXNER et al., 2011), 
becoming a real limiting factor for the productions. 
‘Ca. P. solani’ isolates are characterized by different 
degrees of genetic variability according to the genes 
involved (FoISSAC et al., 2013; QUAGlINo et al., 
2013). The most variable genes are those that code 
for surface membrane proteins, which are directly 

exposed to host and vector interactions. In this study, 
we combined data coming from genotyping by mul-
tilocus sequence analysis with estimation of the dN/
dS ratio. The latter is the ratio between the non-sy-
nonymous (dN) and the synonymous (dS) substitu-
tion rates in an alignment of amino-acid-coding se-
quences (NIElSEN, 2005), in order to estimate the 
richness of ‘Ca. P. solani’ molecular genotypes and 
the pressure of selection within a highly BN infected 
commercial vineyard. 
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MATERIAlS AND METHoDS

The DNAs, extracted by CTAB protocol, were 
amplified in nested-PCR with specific primer pairs 
for vmp1, stamp and secy. vpm1 amplicons were 
digested in PCR-RFlP (FIAloVA et al., 2009; FA-
BRE et al., 2011) in order to distinguish the mole-
cular types. on the basis of the RFlP characterisa-
tion of vmp1 genes, representative samples within 
the vineyard, amplified with specific primer pairs 
for the vmp1, stamp and secy genes were purified 
and sequenced. The phylogenetic relationships were 
reconstructed, using the Mega v. 5.1 software, for 
the vmp1, stamp, and secy nucleotide sequences 
of ‘Ca. P. solani’ that originated from the study vi-
neyard, with respect to nucleotide sequences from 
other Italian regions and from Euro-Mediterranean 
countries that were available in Genebank. Moreo-
ver, the ratio between the proportion of non-synony-
mous and synonymous substitutions (dN/dS ratio), 
was determined for the nucleotide sequences at the 
study vineyard level in order to determine the type 
of selection interfere on vmp1 gene. Positive selecti-
on happens when dN/dS ratio >1, on the other hand a 
ratio <1 suggests a purifying selection process (NEI 
and KUMAR, 2000). 

RESUlTS AND DISCUSSIoN

In the study vineyard, the molecular characterization 
of vmp1, allowed to detect eight different vmp1 types 
(V3, V4, V9, V11, V12, V14, V15 and V18), most 
of them identified in H. obsoletus collected in Mar-
che vineyard ecosystems (lAndi et al., 2015). The 
wide genetic diversity of ‘Ca. P. solani’ has been re-
ported and generally related to complex interactions 
between the vector and the wide range of wild host 
plants (KESSlER et al., 2011). The dominant vmp1 
genotypes were V14 and V12, while we sporadically 
detected V3.

The phylogenetic analysis was carried out on 
nucleotide sequences, which were representative of 
the RFlP types of the study vineyard, and on those 
available in GenBank. In the resulting dendrogram, 
the sequences generally clustered according to the 
PCR-RFlP patterns. Strains with the same RFlP 
pattern showed high nucleotide similarity (>99%) 
of sequences (MURolo et al., 2010). The selective 
pressure in the vmp1, stamp and secy genes were 
estimated for the ‘Ca. P. solani’ strains according 
to the abundance of non-synonymous mutations. 
For the secy gene, the overall dN/dS ratio was 1.02 
(P =0.841), which suggested low neutral selecti-
on across this gene. The overall ratio between the 
non-synonymous to the synonymous mutations (dN/
dS) was >1 for vmp1 (2.28; P = 0.001) and stamp 
(3.99; P = 0.019). These high values of dN/dS (i.e., 
>1) indicated detection of a high number of non-si-
lent (dN) mutations. The higher genetic variability 
in the vmp1 and stamp genes with respect to the 
secy gene arose from the estimation of the rate of 
non-silent mutation (dN). According to this  para-
meter, which is an indication of selective pressure, 
FABRE et al. (2011) defined the secy gene as a 
housekeeping gene, while the vmp1 and stamp ge-
nes were under positive selection, because they are 
involved in specific interactions as demonstrated for 
other phytoplasma (KAKIZAWA et al., 2006). The 
high genetic variability as well as the dN/dS ratio >1 
of ‘Ca. P. solani’ in vmp1 and stamp genes, within 
a restricted location (i.e. commercial vineyard) pro-
vide useful information to trace an inoculum sour-
ce and the movement of pathogen strains over local 
and long distances (MURolo and RoMANAZZI, 
2015).
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Multilocus typing (MlT) was performed on 72 phytoplasma strains obtained from grapevine samples and 
Hyalesthes obsoletus specimens collected in different Bois noir-infected vineyards, on six phytoplasma 
strains maintained in the periwinkle reference collections and on a colony obtained from cultivation of a 
'Candidatus Phytoplasma solani' strain derived from the STol periwinkle reference collection sample. 
RFlP analyses of tuf, secy, groel and stamp genes allowed to differentiate 8 lineages in the 72 field-
collected grapevine and H. obsoletus samples. In some cases there was a good consistency in the MlT 
profiles of lineages detected in the grapevine and those identified in H. obsoletus indicating the presence of 
phytoplasma populations shared between the two hosts. on the other hand, the lineages identified in the six 
“stolbur” strains in collection in periwinkle were all different from those in the vineyard collected samples. 
The partial molecular characterization of the colonies obtained from the STol strain after its isolation in a 
chemically defined medium shows stamp gene congruence with those of the original strain maintained in 
micropropagation.

Bois noir (BN) phytoplasmas are transmitted 
by cuttings and predominantly by Cixiidae 
(Auchenorrhyncha), therefore the study of the 
epidemiology of the disease is difficult. Disease 
management of outbreaks and the differentiation 
of phytoplasma populations in vineyards is of 
utmost importance. The characterization of BN 
phytoplasmas was performed in several grapevine 
growing areas by multilocus sequence analysis on 
diverse genes. However, very often a consistent 
differentiation of phytoplasma populations in 

specific geographic areas was difficult to achieve. 
This problem could be linked to the molecular 
markers selected for the differentiation studies, 
as some of the employed molecular markers are 
subjected to a high environmental selection pressure 
and can therefore be problematic for epidemiologic 
research. Due to the absence of markers directly 
linked to BN pathogenicity, the use of diverse 
marker combinations might allow the following of 
epidemics. Thus, in the present study a multigene 
characterisation of 'Ca. P. solani' strains from 
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al., 2011), and secy (lee et al., 2010) genes were 
subjected to RFlP analyses with Tru1I. RFlP on 
groEL gene was performed on nested amplicons 
obtained with STolgroesF/STolstampR followed 
by AygroelF/STolgroelR2 primers (mitrovićet al., 
2011, 2012 and 2013) with Tru1I. The tuf gene was 
amplified in a nested PCR procedure using primer 
pairs tuf1f/r/TufAyf/r and TufINT1f/TufINT4r 
(lAnGer and mAixner, 2004) and amplicons were 
subjected to the RFlP analyses with HpaII.

RESUlTS AND DISCUSSIoN
The overall RFlP profiles on four phytoplasma 
marker genes were obtained from 35 grapevine and 
15 H. obsoletus samples collected in vineyards as 
shown in Table 1. Eight lineages were differentiated 
by RFlP analyses. In 22 field samples not all the 
four genes could be amplified even if ‘Ca. P. solani’-
related phytoplasmas were identified by RFlP 
analyses on 16S ribosomal gene. The analysis of 
5 cixiid and 17 grapevine samples resulted only in 
amplification of two to three genes, while stamp was 
amplified in all samples (Fig. 1). Moreover the rate 

different sources was carried out by collective RFlP 
typing of tuf, secy, groel and stamp genes in order 
to detect their possible usefulness as combined 
markers in the study of BN epidemiology.

MATERIAl AND METHoDS
Seventy-three ‘Candidatus Phytoplasma solani’ 
strains from grapevine and Hyalesthes obsoletus 
samples collected in vineyards located in Northern 
Italy and Serbia (Table 1) were employed. “Stolbur” 
reference strains maintained in periwinkle were 
STol (from Serbia), ASlo (from Slovenia) 
STolC, STol-Po, STol-CH, Mol (from France). 
DNA from colonies grown in chemically defined 
medium after isolation from STol periwinkle in 
micropropagation (contAldo et al., 2012) was also 
used. Total nucleic acids were extracted from 1 g 
of midribs and phloem scrapes of infected samples 
maintained at -20 °C with a chloroform/phenol 
method, while H. obsoletus samples maintained 
in -20 °C were extracted by a CTAB procedure 
(AnGelini et al., 2001). Amplicons produced on 16S 
rDNA (Gundersen and lee, 1996), stamp (FABre et 

M 1   2   3   4    5    6    7    8   9  10  11  12 13 14 15 16 17 18  P 

 
 

Fig. 1. Polyacrylamide (6.7 %) gel showing RFlP profiles of stamp gene amplicons digested with Tru1I. M, 
Marker DNA phiX174 HindIII digest; P, Marker DNA pBR322 Mspi digested. From 1 to 18 grapevine samples 
showing 3 of the differential profiles identified on the amplicon from this gene.
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H. obsoletus in the same Italian region at the time 
of an epidemic of BN. The results obtained are in 
agreement with previous results (contAldo et al., 
2009, 2011, 2012 and 2013; mitrović et al., 2013) 
and indicate that the MlT of these 4 genes could 
be useful as combined markers in the study of BN 
epidemiology under field conditions.

It is important to underline that none of the tested 
reference strains maintained in periwinkle in 
micropropagation showed the profiles detected in 
the field collected samples, but the overall lineage 
profiles showed to be consistent with the geographic 
origin of the strains (i.e. France, Slovenia and 
Serbia). The STol strain colonies grown on agar 
media after isolation in broth medium tested positive 
on both, 16S ribosomal and stamp genes. The RFlP 
profiles and their sequences obtained after direct 
sequencing in both directions with primers used 
for amplification confirmed the presence of STol 
DNA, in agreement with the previously reported 
cultivability of this phytoplasma strain (contAldo et 
al., 2012 and 2015).

of amplification was decreasing from amplification 
of tuf to secy and groEL genes. In the latter, only 
9 out of 22 samples were amplified, confirming the 
reported reduced sensitivity in detection of primers 
other than those amplifying 16S rDNA and is also in 
agreement with the expected amplicon length. While 
in the amplicons of the stamp gene five different 
restriction profiles were differentiated by Tru1I, 
two profiles were distinguished in the tuf gene by 
HpaII, two in the groEL gene by Tru1I and three 
profiles were shown by the same enzyme in secy 
gene (Table 1). overall, 8 lineages could be obtained 
by the different combination of restriction profiles 
in the samples from vineyards. Three profiles were 
only detected in one sample from grapevine or H. 
obsoletus (lineages I, IV and XI); profile X was 
only detected in 2 grapevine samples from Serbia. 
The profile III was detected in H. obsoletus from 
Italy as well as in grapevine samples from different 
localities in Serbia, while the profile VI was present 
in 7 grapevine samples, two of which are from 
Serbia and the rest from different provinces of the 
same Italian region (Emilia-Romagna). on the other 
hand the profile V was found in both grapevine and 

Acronym Sample 
from

oRIGIN lineages
tuf stamp secY groEL

CHSM1 grapevine Veneto B B B B I
CHSM2 grapevine Veneto B A A A II
2 E2 H. obsole-

tus 
Veneto B A A A II

H.o 23 H. obsole-
tus 

Emilia Ro-
magna 

B A A A II

H.o. 7 H. obsole-
tus 

Emilia Ro-
magna 

B A A A II

H.o. 9 H. obsole-
tus 

Emilia Ro-
magna 

B A A A II

H.o. 3 H. obsole-
tus 

Emilia Ro-
magna 

B A A A II

H.o. 13 H. obsole-
tus 

Emilia Ro-
magna 

B A A A II

H.o. 19 H. obsole-
tus 

Emilia Ro-
magna 

B A A A II

H.o. 17 H. obsole-
tus 

Emilia Ro-
magna 

B A A A II

2 E1 H. obsole-
tus 

Veneto B B B A III

Table 1: Characteristics of the 'Ca. P. solani' containing samples, RFlP profiles on the four phytoplasma genes 
employed and lineages obtained
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Acronym Sample 
from

oRIGIN lineages
tuf stamp secY groEL

Aleks. 
122/10

grapevine Serbia B B B A III

Bela Cr. 
132/10

grapevine Serbia B B B A III

Bela Cr. 
134/10

grapevine Serbia B B B A III

Radmil. 
191/09

grapevine Serbia B B B A III

Radmil. 
192/09

grapevine Serbia B B B A III

3 E H. obsole-
tus 

Veneto A A B A IV

Ra9818 grapevine Emilia Ro-
magna 

A A A A V

Ra 9912 grapevine Emilia Ro-
magna 

A A A A V

Ra9910 grapevine Emilia Ro-
magna 

A A A A V

Ra 9830 grapevine Emilia Ro-
magna 

A A A A V

Ra9801 grapevine Emilia Ro-
magna 

A A A A V

Ra9804 grapevine Emilia Ro-
magna 

A A A A V

Ra14486 grapevine Emilia Ro-
magna 

A A A A V

Ra9709 grapevine Emilia Ro-
magna 

A A A A V

Ra9707 grapevine Emilia Ro-
magna 

A A A A V

Ra9802 grapevine Emilia Ro-
magna 

A A A A V

REV8 grapevine Emilia Ro-
magna 

A A A A V

REV10 grapevine Emilia Ro-
magna 

A A A A V

REV13 grapevine Emilia Ro-
magna 

A A A A V

MoV27 grapevine Emilia Ro-
magna 

A A A A V

FE9805 grapevine Emilia Ro-
magna 

A A A A V

FC10044 grapevine Emilia Ro-
magna 

A A A A V

Bo14394 grapevine Emilia Ro-
magna 

A A A A V
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Acronym Sample 
from

oRIGIN lineages
tuf stamp secY groEL

Bo9866 grapevine Emilia Ro-
magna 

A A A A V

H.o. 2 H. obsole-
tus 

Emilia Ro-
magna 

A A A A V

H.o. 16 H. obsole-
tus 

Emilia Ro-
magna 

A A A A V

H.o. 5 H. obsole-
tus 

Emilia Ro-
magna 

A A A A V

H.o. 4 H. obsole-
tus 

Emilia Ro-
magna 

A A A A V

H.o. 7b H. obsole-
tus 

Emilia Ro-
magna 

A A A A V

Ra9827 grapevine Emilia Ro-
magna 

B B A A VI

FE9806 grapevine Emilia Ro-
magna 

B B A A VI

FE9810 grapevine Emilia Ro-
magna 

B B A A VI

Bo9870 grapevine Emilia Ro-
magna 

B B A A VI

Bo9867 grapevine Emilia Ro-
magna 

B B A A VI

Aleks. 
125/10

grapevine Serbia B B A A VI

Smeder. 
66/11

grapevine Serbia B B A A VI

STol-CH periwinkle France B C C A VII
Mol periwinkle France B C C A VII
STol-C periwinkle France B C C A VII
STol-Po periwinkle France B C C A VII
ASlo periwinkle Slovenia B D C A VIII
STol periwinkle Serbia B A/B C/B A IX
STol Colony Periwink-

le-Serbia
- A - - *

Bela Cr. 
144/10

grapevine Serbia B E B A X

Krčedin 
93/10

grapevine Serbia B E B A X

Smeder. 
69/11

grapevine Serbia B B A B XI

CHCA1 grapevine Veneto - A A A n.d.
5A H. obsole-

tus
Veneto - A A A n.d.

4 A1 H. obsole-
tus 

Veneto - A A A n.d.



---   68   ---

Mitteilungen Klosterneuburg 66 (2016): 40-73 detection and characterization 
of ‘Candidatus PhytoPlasMa solani’

Acronym Sample 
from

oRIGIN lineages
tuf stamp secY groEL

H.o. 9 H. obsole-
tus 

Emilia Ro-
magna 

- B A A n.d.

4 A7 H. obsole-
tus 

Veneto A A - A n.d.

CH2 grapevine Veneto B A - - n.d.
PiGru1 grapevine Veneto B A - A n.d.
PiGru2 grapevine Veneto B A - A n.d.
4 A12 H. obsole-

tus 
Veneto B A - - n.d.

Aleks. 
123/10

grapevine Serbia B A - A n.d.

Aleks. 
127/10

grapevine Serbia B E - A n.d.

Bela Cr. 
130/10

grapevine Serbia B A B - n.d.

Bela Cr. 
131/10

grapevine Serbia B B - - n.d.

Bela Cr. 
140/10

grapevine Serbia B B - - n.d.

Bela Cr. 
142/10

grapevine Serbia B B B - n.d.

Bela Cr. 
143/10

grapevine Serbia B B B - n.d.

Bela Cr. 
145/10

grapevine Serbia B B - - n.d.

Krčedin 
95/10

grapevine Serbia B A B - n.d.

Smeder. 
65/11

grapevine Serbia B E - - n.d.

Smeder. 
67/11

grapevine Serbia B B B - n.d.

Smeder. 
68/11

grapevine Serbia B B - - n.d.

Smeder. 
70/11

grapevine Serbia B B - - n.d.
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the phytoplasmas associated with t FD and BN in the 
past years including singleplex and multiplex Nes-
ted End-Point PCR methods as well as Real-Time 
PCR methods. More recently, an innovative molecu-
lar tool based on isothermal amplification of nucleic 
acids (notomi et al., 2000) has been successfully 
developed and applied for the detection of FD agent 
phytoplasmas (KoGovšeK et al., 2015; durAnte et 
al., 2015). The method, employing a DNA polyme-
rase with a strand displacement activity and a set of 
six primers that recognized six distinct sequences of 
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quick-to-use isothermal amplification 
assay: preliminary results
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Bois noir (BN) is a widespread and economically relevant grapevine disease caused by stolbur phytoplasma 
(16SrXII-A ribosomal group, ‘Candidatus Phytoplasma solani’). Symptoms induced by this phytoplasma on 
grapevine are not visually distinguishable from those caused by Flavescence dorée (FD)-related phytoplas-
mas (16SrV-C/D), a quarantine pathogen regulated by specific control measures at European level. Thus a 
rapid and specific detection of these two phytoplasmas is crucial. In this work, an assay based on the loop-me-
diated isothermal amplification (lAMP) technique was developed and has been applied for the detection of 
‘Candidatus Phytoplasma solani’ in grapevine samples. In order to minimize the risk of contaminations and 
to further reduce the time for performing the assay a ready-to-use kit will be commercialized by Qualiplante/
Hyris. Here we report the preliminary results obtained from the laboratory trials carried out on naturally 
BN-infected grapevines, aiming at verifying the ability of the assay to specifically detect the BN phytoplas-
ma.

Bois noir (BN) is a widespread and economically 
relevant grapevine disease caused by stolbur phyto-
plasma (16SrXII-A ribosomal group, ‘Candidatus 
Phytoplasma solani’). Symptoms induced by this 
phytoplasma on grapevine are not visually distin-
guishable from those caused by Flavescence dorée 
(FD)-related phytoplasmas (16SrV-C/D), a quaran-
tine pathogen regulated by specific control measures 
at European level. A rapid and specific detection of 
these two phytoplasmas is, thus, crucial. Many mo-
lecular diagnostic methods have been developed for 
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yellow), often found associated with Grapevine yel-
lows (Gy) symptoms, were also included. Specifi-
cally, DNA extracted from a periwinkle infected by 
severe aster yellow (SAy, 16SrI-B) was used. Final-
ly, a sample containing water was used as non-tem-
plate control (NTC). All the analysed samples and 
their origin are listed in Table 1.

priMer design and isoTherMal as-
say

Different 16S rRNA gene sequences from GenBank 
database belonging to BN and FD agent phytoplas-
mas were aligned and used for the design of primers. 
A primer set was designed using the lAMP Primer 
Explorer V3 software (http://primerexplorer.jp/
elamp3.0.0/index.html) on the 16S rRNA gene se-
quence EU010007, used as reference.
Isothermal amplification was performed in 96-wells 
plate in a total final volume of 25 µl using 5 µl of 
ten-fold diluted DNA extracts as template. The re-
action mixture was composed by the Isothermal 
master mix ISo-001 (Teltec s.r.l., Italy) assembled 
with a primer mixture containing the following con-
centration for each primer: 5 pmol for F3 and B3, 
20 pmol for F-looP and R-looP, 40 pmol for FIP 
and BIP. Isothermal amplification was performed at 
65 °C in an ABI Prism 7500 Fast (Applied Biosys-
tems) thermal cycler under the following conditions: 
30 cycles with two step, each as 1 s at 65 °C and 55 
s at 65 °C with single acquisition of fluorescence. 
Melting temperature analysis was set as standard 
melting curve analysis given in the software with 
continuous acquisition of fluorescence (from 65 °C 
to 98 °C + 0.5 °C/cycle).

the target DNA, can be performed under isothermal 
conditions (between 60 °C and 65 °C). It yields re-
sults extremely rapidly with an average of amplifica-
tion time between 8 and 45 minutes.
In this work, an assay based on the loop-mediated 
isothermal amplification (lAMP) technique was de-
veloped and has been applied for the detection of 
BN agent phytoplasma in grapevine samples. In or-
der to minimize the risk of contaminations and to 
further reduce the time for performing the assay a 
ready-to-use kit will be commercialized by Qualip-
lante/Hyris. Here we report the preliminary results 
obtained from the laboratory trials carried out on na-
turally BN-infected grapevines, aiming at verifying 
the ability of the assay to specifically detect the BN 
phytoplasma.

MATERIAl AND METHoDS

planT MaTerial

DNA extracts belonging to CREA-PAV collection 
were analysed. Total nucleic acid (TNA) was ob-
tained starting from 0.5 g of leaf midribs powdered 
in liquid nitrogen using a 2.5 % CTAB buffer as 
described in mArzAcHì et al. (1999) with some mo-
difications. Six nested PCR-positive extracts from 
BN-infected grapevines of different geographical 
origin were used as target samples. DNA from two 
grapevines infected by Flavescence dorée phyto-
plasmas (16SrV-C and -D, respectively) and from 
one healthy Vitis sp. were used as non-target cont-
rols. Phytoplasmas belonging to 16SrI group (Aster 

Table 1: Type and origin of the analyzed samples and results of the performed LAMP assay 
 

N° of 
sample Host Origin Infection status LAMP assay 

Signal Ct value Tm (°C) 
1 Grapevine Latium (central Italy) Healthy No - - 
2 Grapevine Umbria (central Italy) BN positive Yes 10.53 86.35 
3 Grapevine Sicily (south Italy) BN positive Yes 10.32 86.10 
4 Grapevine Sicily (south Italy) BN positive Yes 10.53 86.60 
5 Grapevine Latium (central Italy) BN positive Yes 10.62 86.60 
6 Grapevine Latium (central Italy) BN positive Yes 12.34 86.60 
7 Grapevine Latium (central Italy) BN positive Yes 11.21 86.85 
8 Grapevine Campania (south Italy) FD-D positive No - - 
9 Grapevine Veneto (north Italy) FD-C positive No - - 
10 Periwinkle Latium (central Italy) 16SrI-B positive Yes 10.71 87.16 
11 NTC   No - - 
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Fig. 1: Amplification plot obtained from the samples infected by tested phytoplasmas

RESUlTS AND DISCUSSIoN

The results obtained from the preliminary trials (Ta-
ble 1) showed the ability of the developed isother-
mal assay to detect the BN-phytoplasma in infec-
ted grapevines using DNA extracts as template and 
to discriminate it from the quarantine FD-related 
phytoplasmas. All samples from BN-infected grape-
vines showed an amplification signal with Ct values 
ranging from 10.32 to 12.34 whereas no amplifi-
cation curve was observed for the healthy grapevi-
nes and for FD-C and -D positive samples (Fig. 1). 
Annealing temperature (Tm) analysis showed that 
all amplicons from BN-infected samples had a Tm 
ranging from 86.10 to 86.85 °C. Amplification si-
gnal was also obtained from the sample positive to 
16SrI-B phytoplasmas but with a Tm slightly higher 
(87.16 °C). Further experiments with a wider num-

ber of samples and strains of this latter phytoplas-
mas are needed to verify if the different Tm value 
is consistent with the taxonomic distance of the two 
phytoplasmas. Finally, no amplification signal was 
obtained from the water control.
The developed lAMP assay was quick and allowed 
a rapid detection of BN phytoplasmas. Considering 
that each amplification cycle had an approximate 
duration of 1 minute, the Ct values obtained from 
positive samples indicate that the time required to 
obtain a positive signal is less than 15 min.
Further experiments on an extended panel of samples 
will be carried out for a more accurate evaluation of 
the method especially in terms of analytical sensiti-
vity and specificity and to validate it according to the 
EPPo standard PM7/98(2) (EPPo, 2014).
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MATERIAl AND METHoDS
The study was carried out in a productive vineyard 
of grapevine (Vitis vinifera l.) cv. Chardonnay in the 
south-western part of Slovenia in the Brda region 
(45˚58' N, 13˚32' E). All treatments and sampling 
were as described (HREN et al., 2007, 2009a). Ext-
raction of the samples and GC-MS analysis was per-
formed according to WECKWERTH et al. (2004). 
The metabolite identification was done by compari-
son of retention time indices (RIs) and mass spectra 
with both an in-house mass spectra library and the 
Golm Metabolite Database (KoPKA et al., 2005). 
The metabolites were considered as annotated with 
a spectral match >800 and a RI deviation <20. De-
convolution was performed with AMDIS (STEIN, 
1999) and quantification with lC-Quan 2.6.0 (Ther-
mo Scientific, USA). For each component of a 
sample, the response factor was determined as the 
ratio of the peak area of the compound and the inter-
nal standard (extracted ion chromatogram of a spe-
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Non-targeted metabolome analysis from leaf vein-enriched tissues of grapevine plants cv. Chardonnay in-
fected with ‘Candidatus Phytoplasma solani’ identified 36 annotated or putatively annotated compounds that 
differed significantly between infected and uninfected samples. The study proved on the metabolome level 
that infection with phytoplasma significantly affects the carbohydrate metabolism.

INTRoDUCTIoN
In Europe the most widespread phytoplasma asso-
ciated with grapevine yellows (Gy) is ‘Candidatus 
Phytoplasma solani’ (QUAGlINo et al., 2013), 
which is the agent associated with “bois noir”. Se-
veral recent studies on molecular mechanisms invol-
ved in the interactions between grapevine and ‘Ca. 
P. solani’ suggest that the host plant responses to the 
infection involved radical changes in the expression 
patterns of genes (HREN et al., 2009; lANDI and 
RoMANAZZI; 2011; SANTI et al., 2013). Howe-
ver, although the metabolites are the end products 
of cellular regulatory processes, and their levels can 
be regarded as the ultimate response of biological 
systems to genetic or environmental changes, meta-
bolomic data from phytoplasma infected plants are 
very rare (CHoI et al., 2004; GAI et al., 2014). The 
aim of this study was an investigation of the leaf 
vein-enriched metabolome of grapevine plants cv. 
Chardonnay infected with ‘Ca. P. solani’.   
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al., 2012) is currently not known. In addition, a 25.8-
fold increase in salicylic acid-glucopyranoside and 
several phenolic compounds was also associated with 
infected samples. The role of flavonoids in response 
of grapevine to the infection with ‘Ca. P. solani’ has 
been shown before (HREN et al., 2009; lANDI and 
RoMANZAZI, 2011; RUSJAN et al., 2012). 
As the main transport carbohydrate in plant phloem, 
the major compound in all vein-enriched samples 
was sucrose. Its amount was in great excess over 
other compounds and led to detector saturation in 
GC-MS.
Principal component analysis was performed on the 
metabolomic dataset. The sanitary status can be re-
solved by PC1, which contributed 31.45 % of the to-
tal variation (Fig. 1). 
In conclusion, this study show for the first time at the 
metabolome level that the products of several genes 
previously demonstrated to be associated with the 
grapevine infection with ‘Ca. P. solani’ are indeed 
affected upon the infection.

cific quantification ion, respectively). The response 
factor was normalized with the mean response factor 
of the component from all of the samples. For stati-
stical analysis, Student’s t-tests (p < 0.05) and PCA 
(XlSTAT, Addinsoft) were performed.

RESUlTS AND DISCUSSIoN
Metabolome analysis of the leaf vein-enriched tissu-
es allowed the detection of 202 compounds. A total 
of 84 compounds were annotated or putatively anno-
tated, and 36 of these differed significantly (p<0.05) 
between infected and uninfected samples (Table 1). 
The majority of the compounds increased in infected 
samples.
Significant increases in several sugars and sugar 
derivates are noteworthy. These findings corrobo-
rate previous studies showing that phytoplasma in-
fections affect the carbohydrate metabolism of host 
plants (lEPKA et al., 1999, SANTI et al., 2013). If 
the increase in fructose-6-phosphate is related with 
its suggested utilization by phytoplasma (KUBE et 

Table 1. The annotated or putatively annotated compounds in leaf-vein samples of cv. Chardonnay 
infected with ‘Ca. P. solani’compared to uninfected ones. The infected to uninfected ratios represent 
the average normalised response factors of each compound between the infected and uninfected 
samples. , indicates amounts that were significantly lower in infected samples than in uninfected ones 
(p<0.05); , similarly, but significantly higher (p <0.05).  
 
Compound group Compound Infected/Uninfected ratio 
Amino acids -Alanine 1.061 
 Alanine 1.019 
 Serine 0.858 
 Threonine 2.013 
 Valine 1.865 
 Leucine 2.900 
 Pyroglutamate 2.592 
 Glutamate 0.690 
 Proline 7.062 
 Aspartate 3.145 
 Glycine 1.313 
Acids, esters, lactones Pentahydroxyhexanoic acid peak1 1.031 
 Pentahydroxyhexanoic acid peak3 1.103 
 Pentahydroxyhexanoic acid peak4 3.836 
 Pentahydroxyhexanoic acid-1,4-lactone 0.975 
 Maleate 0.818 
 Fumarate 0.617 
 Malate 1.462 
 Citramalate 0.688 
 2-Oxoglutarate 1.010 
 Citrate 1.589 
 Isocitrate 1.213 
 Succinate 1.453 
 Ascorbate 1.957 
 Dehydroascorbate 0.731 
 Pyruvate 0.885 
 Lactate 1.310 
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 Arabinonic acid 0.772 
 Quinic acid 1.314 
 Shikimate 1.320 
 Caffeate 1.343 
 Lyxonic acid 1.069 
 Threonic acid-1,4-lactone (P) 0.849 
 Threonate 0.871 
 Butanoic acid-2,4-dihydroxy 0.745 
 Butanoic acid 4-amino 1.183 
 Erythronic acid 0.334 
 Erythromic acid-1,4-lactone 0.477 
 Ribonic acid 1.478 
 Tartaric acid (putative) 1.755 
  Glycerate 0.640 
Sugars, sugar derivatives Fructose  1.921 
 Glucose 2.453 
 Sucrose 1.037 
 Raffinose (putative) 1.727 
 Galactose/Mannose  3.255 
 Maltotriose 3.289 
 Fucose/Rhamnose peak1 (putative) 1.764 
 Fucose/Rhamnose peak2 (putative) 1.773 
 Fucose/Rhamnose peak3 (putative) 2.368 
 Aldopentose peak1 2.887 
 Aldopentose peak2 3.039 
 Aldopentose peak3 2.169 
 Pentose alcohol peak2  0.620 
 Pentose alcohol peak3 1.079 
 Disaccharide peak1  0.679 
 Disaccharide peak2 0.531 
 Disaccharide peak3 0.534 
 Disaccharide peak4 0.918 
 Disacharide peak5  0.874 
 Disacharide peak6 1.214 
 Disacharide peak7 1.808 
 Disacharide peak8 1.785 
 Disacharide peak9 1.173 
 Disacharide peak10  1.894 
 Ketopentose  0.978 
 Glucopyranose 1.235 
 Ketohexose 1.127 
 Fructose-6-phosphate 2.958 
 Hexose-6-phosphate 2.765 
  Hexose-6-phosphate 2.716 
Phenols, alcohols,  Glycerol 1.375 
ketones Glycerate 0.640 
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 Galactinol 1.594 
 Salicylic acid-glucopyranoside 25.763 
 Catechin 2.613 
 Epicatechin  2.885 
 Epigallocatehin 1.724 
 Flavonoid  2.127 
 Inositol 0.876 
 ??2-methyl-1,2-propanediol 0.984 
  2-methyl-1,3-butandiol 0.704 
Nitrogen compounds Ethanolamine 0.774 
 Pyridine 2-hydroxy 1.243 

 

 
 

Figure 1: Principal component analysis of the leaf vein-enriched metabolome data from un-
infected and grapevine samples infected with ’Ca. P. solani’. open circle, uninfected; solid 
circle, infected.
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iMpacT of bois noir disease on grape-
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of Vitis VinifeRa l. cv. ‘chardonnay’ in 
hungary  
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Impact of “bois noir” disease (BN) on performance of ‘Chardonnay’ grown in Eger (Hungary) is reported 
from plant (vegetative and reproductive parameters, fruit composition) to wine (wine quality, sensory ana-
lysis). BN-associated chlorophyll degradation and leaf rolling resulted in a loss in functioning surface of the 
canopy. lack of lignification and non-viable buds evoked unpredictable crop production. Severity and extent 
of reduction in production varied between years, but the crop loss was always above 53%. In the case of 
BN-affected grapevines the reduced quantity resulted in a low quality of grape bunch composition, which en-
hanced unfavourable outcomes in wines. Differences in fruit composition and wine quality between healthy 
and BN affected grapevines were most pronounced in years with optimal weather conditions and the negative 
effect was covered up in poor years. In wine regions where mechanical harvesting is applied, harvesting of 
phytoplasma diseased vineyards can therefore not be selective and qualitative. According to the three years 
study presented BN induce severe loss, and BN-affected plants compromise the yield and wine quality, and 
therefore the overall profitability of a vineyard.
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INTRoDUCTIoN 

Grapevine yellows (Gy) diseases have an import-
ant economic impact on the world grape and wine 
production (MAIXNER, 2006). An important Gy in 
Europe is “bois noir” (BN) a disease associated with 
the presence of ‘Candidatus Phytoplasma solani’ 
(‘Ca. P. solani’) and transmitted from wild reservoirs 
to grapevines by two phloem-feeding planthoppers 
(Hyalesthes obsoletus Signoret and Reptalus panze-
ri löw) (MAIXNER, 1994; MAIXNER et al., 1995; 
QUAGlINo et al., 2013; CVRKoVIC et al., 2013). 
BN is recognised as less severe or less damaging 
than other Gys (i.e. “Flavescence dorée”). Howe-
ver, the BN disease cycle is more complex, which 
is explained by the biology of non-ampelophagous 
vectors (MAIXNER, 2011). The incidence of BN di-
sease is in correlation with insect vector populations 
that depends on factors such as temperature, soil, 
and presence of insect host plants around vineyards 
(PANASSITI et al., 2015). Although the grapevine 
cultivar could be an important factor in BN epide-
miology, this is also dependent on influence of spe-
cific environmental conditions. Higher temperature 
positively affects not only population dynamics of 
the insect vectors, but also phytoplasma multiplica-
tion rate in the host plant, which may lead to earlier 
and/or severe symptom expression (SAlAR et al., 
2013; FoISSAC and WIlSoN, 2010). Differences 
in susceptibility of grapevine cultivars to BN direct 
our interest to the importance of disease manage-
ment of susceptible cultivars, such as Chardonnay 
and Riesling (PANASSITI et al., 2015; EFSA Panel 
on Plant Health, 2014). 
As the other agents of Gy, BN induces a symp-
tom-complex on grapevine, such as leaf rolling, leaf 
yellowing or reddening (depending on cultivar), un-
even shoot lignification, berry shriveling and bunch 
drying. In diseased plants phytoplasmas colonise 
functional phloem elements, the most important 

effect being the damage of the sieve tube function 
(MUSETTI et al., 2013). Changes in gene expressi-
on involved carbohydrate metabolism and glycoly-
sis impact on the flow of assimilates, i.e. reducing 
precursor formation in the leaves (sucrose) and 
translocation via the phloem to the berries, therefore 
also impacting on grape-based enzyme activity (e.g. 
acid vacuolar invertase, sucrose synthase) (lEP-
KA, 1999; JAGoUEIX-EVEIllARD et al., 2001; 
PRACRoS et al., 2006; HREN et al., 2009).
Significant reduction in performance of some gra-
pevine cultivars was investigated in many aspects, 
such as at physiological as well as yield and fruit 
quality level (BERTAMINI et al., 2002; GARAU 
et al., 2007; ENDESHAW et al., 2012; RUSJAN et 
al., 2012; ZAHAVI et al., 2013; RoMANAZZI et 
al., 2013). Despite the general decline of plant pro-
duction in BN infected vineyards, the fluctuations 
in infection status (incidence and severity) result in 
an extended range of yield and quality losses, and 
erratic economic impact. In a 3-year field experi-
ment the effect of “bois noir” disease on vegetative 
growth, productive performance, fruit and wine qua-
lity of Vitis vinifera l. cv. Chardonnay in the Eger 
wine region, Hungary was studied. 

MATERIAlS AND METHoDS

The experimental vineyard belongs to KRC Rese-
arch Institute of Viticulture and oenology, situated 
in the Eger wine region, Eger. Measurements were 
conducted in a 0.6 ha vineyard of cv. Chardonnay, 
where three random blocks were selected. In the 
three blocks phytoplasma infection status of indi-
vidual plants was recorded before harvest (2011-
2014), and 15-15 “bois noir”-affected (BNA) and 
healthy (H) vines were selected for measurements. 
Prior to the experiment, ‘Ca. P. solani’ infection and 
health status of the selected plants were also confir-
med at molecular level according to PEllETIER et 
al. (2011).

Table 1. Meteorological data of Eger, Kőlyuktető. 

Year Annual 
precipitation (mm) 

Effective heat 
sum (°C) 

Active heat sum 
(°C) 

2011 945 3727 3727 
2012 443 3893 3893 
2013 731 3607 3624 
2014 768 1655 3760 
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To investigate vegetative growth of BN-affected and 
healthy plants pruning mass, cane lignification (ba-
sed on numbers of non-lignified canes), leaf rolling 
(determination leaf areas of twisted and unfolded 
flat leaves), leaf fresh and dry mass (weight measu-
rements) and leaf chlorophyll (relative chlorophyll 
index–SPAD unit) were measured. To assess rege-
nerative performance yield (kg), number of bunches 
(pc), bunch mass (g) and berry mass (g) were recor-
ded on 15-15 BNA and H vines individually. Fruit 
composition was determined on these selected BNA 
and H vines by measuring soluble solids (°Brix), 
titratable acidity (g/l tartaric acid), and pH. In the 
case of BN infected plants, all bunches/vine, and in 
the case of healthy plants, five bunches/vine, were 
processed.
Small scale wine making was carried out using total 
yield of BNA and H plants collected separately from 
the three blocks. Grapes of 2012, 2013 and 2014 
were harvested at full maturation at beginning and 
middle of September, and fermented in the winery 
of KRC, Research Institute of Viticulture and oe-
nology, Eger. yields of BNA and H plants were pro-
cessed separately and fermented in three oenological 
replicates/batch in 2012 and 2013. Because of the 
limited yield in 2014 only one oenological replica-
te per batch was processed. Dried bunches were not 
harvested. In each year musts were processed accor-
ding to the standard white winemaking procedure. 
Controlled fermentations were conducted in glass 
jugs at 12°C using a starter yeast culture. Free sul-
phurous acid concentration of the fermented batches 
was adjusted to 40 mg/l. 
Wine analyses included alcohol (Gibertini distiller) 
and total extract (densimetry), titratable acidity (tit-

ration), organic acids (HPlC), pH, total polyphenols 
(Folin-Ciocalteu reagent) and colour (spectrophoto-
metry).
Sensory evaluation of experimental wines was done 
by eleven trained panellists. To characterize wines 
of BNA and H, appearance, aroma and flavour (aci-
dity, bitterness, body, balance) attributes were used 
as main descriptors. 
For statistical analyses IBM SPSS version 22 (IBM 
Corp., Armonk, Ny, USA) were used. Vegetative 
and reproductive performance and must quality of 
the 15 BNA and 15 H grapevines were analysed by 
two-way ANoVA. Wine analyses of BNA and H 
plants were done by two-way MANoVA and senso-
ry analysis by Mann-Whitney U test. 

RESUlTS AND DISCUSSIoN

Pruning mass and number of canes did not show si-
gnificant differences between BNA and H grapevi-
nes; however significant year effects were detected 
for both parameters. lack of lignification of BNA 
plants occurred in each year. Due to the incomplete 
maturation, BN symptomatic canes turned to a dark 
brownish/black colour after winter. An average of 
30% of canes of BNA vines showed uneven lignifi-
cation and the buds of these canes were not viable. 
Usually, such shoots are less fruitful, thus resulting 
in unpredictable crop production. A decrease of leaf 
surface of BNA plants, induced by leaf rolling, oc-
curred (29.5% and 26.4% in 2013 and 2014, respec-
tively). A multi-year average increase of dry mass 
almost reached 20% and the decrease of relative 
chlorophyll index exceeded 30% of BNA leaves 
compared to healthy ones. 
Growth, yield and fruit composition of the grapevine 
eventually depend on the seasonal canopy photosyn-
thetic capacity (HUNTER and RUFFNER, 2001). In 
each experimental year the yield of BNA vines was 
significantly lower than that of H vines (P < 0.001). 
over three years, berry mass, bunch mass and num-
ber of bunches/grapevine collectively resulted bet-
ween 53% and 75% of losses in diseased plants. 

In all three years of the experiment (2012, 2013 and 
2014) and one year prior (2011), meteorological 
data were recorded (Table 1). The year 2011 was a 
regular year, followed by an extremely dry one (year 
2012). The 2013 season was outstanding in terms of 
weather conditions that allowed great quality grape 
production. The year 2014 was an usual year until 
véraison, during which 50% of annual rainfall was 
received. This wet condition affected the harvest.
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Bunches with shriveling berries and dry bunches 
were frequently produced from diseased grapevines. 
Results are in agreement with findings of other stu-
dies reporting severe yield losses (ENDESAW et al., 
2012; GARAU et al., 2007; ZAHAVI et al., 2013; 
RoMANAZZI et al., 2013). Decline in grape quality 
caused by different phloem-inhabiting pathogens are 
well known (BoUDoN-PADIEU, 2003; MANNINI 
et al., 2009). Similar to these findings, the measure-
ments on fruit composition showed significant qua-
lity loss. Higher TA (1.6 g/l increase in 3-year aver-
age) and lower pH characterized the fruits of BNA 
grapevines. Soluble solids of must of BNA plants 
decreased by 6.2% in 3-year average, indicating lo-
wer potential alcohol concentration.
Wine analyses confirmed the quality loss in wines 
of BNA affected vines. In 3-year average alcohol 
content dropped by 5.3%, and TA and organic acids 
individually, as well as total phenols increased in 
each lot of wines from BNA plants. RUSJAN et al. 
(2012) demonstrated elevated phenolic compound, 
mainly hydroxycinnamic acids in the berry skin of 
BN diseased grapevine, which suggested a negative 
effect on wine quality. In this experiment, results of 
sensory analyses confirmed these hypotheses. Wines 
from BNA plants lagged behind wines of healthy 
plants. Reduced aroma and flavour, flatness, acidity, 
bitterness and colouring (in some years pinkish dis-
colouration) characterized BNA wines in each expe-
rimental year. During wine-making, fermentation of 
BNA musts was slower than that of H wines. Disco-
loration of BN-affected wines can be considered a 
wine default that may decrease the market value of 
these wines. Thus, importance of sulphur treatments 
to maintain reductive conditions of wines must be 
emphasised in cases yields may contain BN-affected 
bunches.
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Bois noir (BN) strains widespread in several winegrowing regions in Austria have been transferred for mo-
lecular studies to the lab host Catharanthus roseus by wild catches of the Auchenorrhyncha planthopper 
Hyalesthes obsoletus. Interestingly, infection of C. roseus with different stolbur genotypes (CPsM4_At1, 
CPsM4_At4 and CPsM4_At6) resulted in clear differences in symptom development, showing different de-
grees of virescence and phyllody in C. roseus flowers. Here, we report RNA sequencing results to evaluate 
the expression of stolbur genes of different stolbur genotypes and demonstrate the expression of a large sub-
set of phytoplasma genes including hypothetical proteins in planta. 

INTRoDUCTIoN

Bois noir (BN) associated with ‘Candidatus Phyto-
plasma solani’ is widespread in several winegro-
wing regions in Austria. The transmission of ‘Ca. 
Phytoplasma solani’ to grapevine occurs by Auchen-
orrhyncha species and the planthopper Hyalesthes 
obsoletus (Cixiidae) is seen as the major vector of 
the pathogen (MAIXNER 2011). The strains invol-
ved in disease development of BN in Europe were 
linked to cycles involving different wild plants in-
cluding nettle, bindweed and vitex with the help 
of molecular markers (lANGER and MAIXNER 
2004; JoHANNESEN et al. 2012, KoSoVAC et 
al., 2016). The marker genes used for typing of the 
different phytoplasma strains include secy, stamp, 
tuf and vmp1 (CIMERMAN et al. 2009; FABRE et 
al. 2011; JoHANNESEN et al. 2012; PACIFICo et 
al. 2009). Previous studies based on these molecular 
markers have shown dominance of a nettle associa-
ted strain named CPsM4_At1 in Austrian vineyard 
areas (ARyAN et al., 2014).

Symptom developments in plant hosts typically 
include phyllody, virescence, yellowing, stunting, 
declines and diebacks (BERTACCINI & DUDUK, 
2009; HoGENHoUT et al., 2008). Effector proteins 
of ‘Candidatus Phytoplasma asteris’ have been de-
scribed to be involved in the development of these 
phytoplasma symptoms (HoSHI et al., 2009; MAC-
lEAN et al., 2014; SUGIo et al., 2011). The ex-
pression of ‘Ca. Phytoplasma asteris’ genes is diffe-
rentiated between insect and plant hosts (oSHIMA 
et al., 2011), but little is known on the expression 
of effector like proteins of ‘Ca. Phytoplasma solani’ 
in plants. Here, we used Catharanthus roseus infec-
ted with different BN strains and showing different 
symptoms to study the expression of ‘Candidatus 
Phytoplasma solani’ genes in planta. 

MATERIAl AND METHoDS

Catharanthus roseus (cv. “Sorbas Reinweiß”, Aus-
trosaat, Vienna, Austria) were grown in greenhouse 
on soil “Einheitserde Spezial, Tonsubstrat ED 63” 
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from (Einheitserdewerke, Sinntal-Altengronau, Ger-
many) at 22-30°C with 14/10 h day/night regime. 
Wuxal Super (N, P, K fertilizer with trace elements, 
Kwizda Agro, Wien) was added every second week 
at the concentration of 0.2%. ‘Ca. Phytoplasma sola-
ni’ strains were transferred to C. roseus plants by aid 
of  infected H. obsoletus and anaceratagallia ribau-
ti field collected in Austrian vineyard areas in 2012 
and 2013 (ARyAN et al., 2014). The phytoplasma 
genotypes were characterized by the marker genes 
secy, stamp, tuf and vmp1. C. roseus plants infected 
with the accessions CrHo13_1178, CrHo13_1183 
and CrHo12_601 were selected for further analy-
sis. CrHo13_1178 and CrHo13_1183 corresponded 
to the nettle associated genotypes CPsM4_At1 and 
CPsM4_At4 respectively, CrHo12_601 correspon-
ded to the bindweed associated genotype CPsM4_
At6 (ARyAN et al., 2014). 
RNA for RNA sequencing was isolated using a 
CTAB based protocol (CHANG et al., 1993) from 
pools of healthy, CPsM4_At1, CPsM4_At4 and 
CPsM4_At6 infected plants in triplicates. Ribomal 
RNA was removed using Ribo-Zero rRNA Remo-
val Kit (Epicentre, Madison) for bacteria and for 
plants according to the instructions of the manufac-
turer. mRNA sequencing was performed at GATC 
Biotech (Konstanz) after random primed cDNA 
synthesis at the HiSeq platform (Illumina) genera-
ting 60 million reads per sample. All quality control-
led reads (Q30, min seq length 30bp; in house perl 
scripts) were subjected to a reference based assem-
bly using the available phytoplasma sequences and 
bowtie2 (lANGMEAD & SAlZBERG, 2012). The 
identified regions were extracted and subjected to 
further analysis and annotation (information of the 
triplicate datasets were merged into one representa-
tive dataset). All identified regions were annotated 
using blast (e-value e-5; AlTSCHUl et al., 1990; 
CAMACHo et al., 2009) and NCBI’s NR database 
(http://ncbi.nlm.nih.gov/).

RESUlTS AND DISCUSSIoN

With wild catches of H. obsoletus and a. ribauti we 
were able to transfer at least six different genotypes 
to the lab host Catharanthus roseus. As in wild po-
pulations of Hyalesthes obsoletus the majority of the 
infections belong to genotype CPsM4_At1. Interes-
tingly, infection of C. roseus with different stolbur 
genotypes resulted in clear differences in symptom 
development, showing different degrees of virescen-
ce and phyllody in C. roseus flowers (Fig. 1). While 
CPsM4_At1 infected plants often do not flower at 
all, CPsM4_At4 infected plants produce small whi-
te flowers. CPsM4_At6 infected plants on the other 
side show strong virescence and phyllody. 

Whole genome sequencing of the different genoty-
pes provides the fundament for comparison to un-
derstand the molecular basis for these differences. 
Nevertheless, genome comparison alone might not 
be sufficient to find and understand the reasons for 
phenotypic variation. Differential expression of ef-
fectors might play an important role in heterogenous 
symptom development. little is known on expres-
sion of phytoplasma genes in its hosts in general 
and of the stolbur phytoplasma in particular. Here, 
we report RNA sequencing results to evaluate the 
expression of stolbur genes in different stolbur ge-
notypes. Although symptoms were evident and the 
genotypes were confirmed in all analysed plants, the 
number of reads assigned to phytoplasmas was cle-
arly different between the strains. The recovery rate 
and the number of clearly expressed phytoplasma 
genes in CPsM4_At1 was below hundred, while in 
CPsM4_At6 several hundred of phytoplasma genes 
corresponding to >50% of the genome were detec-
ted. Interestingly, the expressed genes did not only 
contain annotated metabolic genes (Fig. 2), but also 
contained several hypothetical proteins showing 
very pronounced expression. 

     
 

Figure 1: Symptoms of BN infections in C. roseus. left the bindweed associated strain CPsM4_
At6, in the middle nettle associated CPsM4_At4 and right a healthy control.
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Figure 2: RNAs reads of CPsM4_At6 mapping to gene regions encoding for a diadenosine 
tetraphosphate hydrolase (top) and a DNA-ligase (below)
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Also expression of the genes encoding for the sur-
face proteins Stamp and vmp1 was pronounced in 
CPsM4_At6 infected C. roseus. The clear expres-
sion of genes without specific annotation points to 
a role of the genes in plant colonialization of BN. 
Knowledge on expression of BN phytoplasma ge-
nes in its hosts and its variation will allow a better 
understanding for the necessary factors for phyto-
plasma proliferation in its host, but will also pave 
the way for a better understanding of the virulence 
factors involved in disease development.
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and in field spread of the disease. other strategies 
for reducing BN spread or incidence are based on (i) 
preventive removal of the grape suckers on which H. 
obsoletus could feed after grass mowing; (ii) trunk 
cutting above the engagement point of the sympto-
matic grapevines (Belli et al., 2010). Considering 
the Horizon 2020 guidelines for the sustainable en-
vironmental development, it is necessary to develop 
new sustainable strategies to contain the spread of 
plant diseases.
An ambitious strategy for phytoplasma disease con-
trol is based on the selection of resistant, tolerant, or 
not susceptible plant varieties, cultivated or not-cul-
tivated, as source of resistance-genes for plant 
breeding programs. Previous studies identified the 
presence of plant species and/or varieties showing 
low susceptibility to phytoplasma infection (BiAnco 

evaluaTion of effecTive Microorga-
nisMs® efficacy on 'Candidatus phyTo-
plasMa solani'-infecTed and healThy 
periWinkle planTs
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A sustainable approach to control plant diseases concerns the employment of bacteria promoting induced sys-
temic resistance (ISR) and/or directly antagonizing the pathogens. In the present study, we tested the efficacy 
of the commercial product EM® (Effective Microorganisms®) on periwinkle plants infected by 'Candidatus 
Phytoplasma solani' (CaPsol), the etiological agent of Bois noir disease (BN) of grapevine. Sequence analy-
ses confirmed the affiliation of CaPsol (strain STol), transmitted to healthy periwinkle plants by grafting, to 
16SrXII-A/tuf-B type. Experiments were performed to evaluate both preventive and curative EM® efficacy 
by treating roots of periwinkles (ungrafted, grafted with healthy scion, grafted with infected scion). Untreated 
periwinkles were used as controls. Starting from the 20th day, CaPsol-symptoms along with a drastic reducti-
on of the photosynthetic activity, measured as Fv/Fm, were observed in treated and untreated plants infected by 
grafting, without significant difference. However, higher Fv/Fm values were registered in treated ungrafted 
plants in comparison with treated plants grafted with healthy scion. Such evidences suggested that (i) EM® 
treatment stimulated the plant growth; (ii) grafting induced stress to the plants compromising the evaluation 
of EM® efficacy. Further studies were planned to investigate the effects of EM® on BN-affected grapevine 
in controlled conditions and in open field.

So far, the management of plant diseases associated 
with phytoplasmas mainly consists of compulsory 
insecticide treatments against the vectors. Due to the 
complexity of the biological cycle of its etiological 
agent ('Candidatus Phytoplasma solani'; CaPsol) 
(QuAGlino et al., 2013), it is difficult to design ef-
ficient control strategies against Bois noir (BN) of 
grapevine (Belli et al., 2010). Since insecticides 
applied to the grapevine canopy influence neither 
the disease nor the presence of Hyalesthes obsole-
tus, the insect vector of CaPsol, the management of 
host plants in the vineyards and surrounding areas 
is considered crucial for BN control (mori et al., 
2015). Thus, preventive measures such as checking 
the sanitary status of propagation materials and tre-
ating diseased mother plants through thermotherapy 
are applied to delimit long distance dissemination 
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TreaTMenTs by effecTive Microor-
ganisMs®: experiMenTal plan

Experiments, designed based on randomized block 
scheme, were performed to evaluate both preventi-
ve and curative EM® efficacy by treating roots of 
periwinkles (ungrafted, grafted with healthy scion, 
grafted with infected scion). Untreated periwinkles 
were used as controls.
Two experimental schemes were adopted for preven-
tive treatments: (i) one treatment pre-grafting, one 
treatment 24 h post-grafting, four weekly treatments 
post-grafting (all treatments performed using EM® 
diluted 1:10); (ii) four treatments pre-grafting (3 tre-
atments performed using EM® diluted 1:10 and 1 
treatment using EM® diluted 1:2), one treatment 24 
h post-grafting (EM® diluted 1:2), ten weekly treat-
ments post-grafting (EM® diluted 1:2).
one experimental scheme was adopted for curative 
treatments carried out on symptomatic plants: five 
weekly treatments (EM® diluted 1:10) and eleven 
weekly treatments (EM® diluted 1:2).

evaluaTion of TreaTMenT efficacy

Visual symptom observation (appearance and pro-
gression in plants grafted by infected scions; re-
gression in symptomatic plants) and photosynthetic 
efficiency analysis (registered as the maximum ef-
ficiency of photosystem II (Fv/Fm) using a portable 
fluorometer) were utilized to determine the efficacy 
of both preventive and curative treatments.

RESUlTS AND DISCUSSIoN

As expected, nucleotide sequence analysis of 16S 
rRNA and tuf genes confirmed the affiliation of the 
strain STol, reference strain of the species CaPsol, 
to 16SrXII-A/tuf-B taxonomic group (QuAGlino et 
al., 2013).
Considering the visual symptom observation, treat-
ments by EM® on periwinkle root system did not 

et al., 2011). Unfortunately, up to now, none of the 
examined Vitis species and V. vinifera varieties have 
been found immune or resistant to the phytoplasma 
associated with BN (lAimer et al., 2009). Moreover, 
a great interest concerns the induced systemic re-
sistance (ISR) promoted by the interaction between 
bacteria (rhizobacteria and/or endophytes) and plant 
tissues (mainly the roots) (cHoudHAry and joHri, 
2009). In the case of grapevine yellows (mainly Bois 
noir and Flavescence dorée), it was suggested that 
natural plant recovery can be stimulated by grapevi-
ne-associated endophytic bacteria capable to induce 
ISR and/or act directly against the phytoplasmas 
(iriti and Faoro, 2007; Bulgari et al., 2011). In the 
present study, we tested the efficacy of the commer-
cial product EM® (Effective Microorganisms®) 
on periwinkle plants infected by CaPsol reference 
strain STol, with the aim to explore innovative sus-
tainable strategies for the control of BN.

MATERIAl AND METHoDS

selecTion of Model planTs infecTed 
by 'ca. phyToplasMa solani'

Periwinkle (Catharanthus roseus (l.) G. Don) 
has been selected as universal model plant host of 
phytoplasmas in order to perform experiments in 
greenhouse under controlled conditions, indepen-
dently from the seasonality of natural phytoplas-
ma plant hosts. Symptomatic periwinkles, infected 
by the phytoplasma strain STol (reference strain 
of the species 'Ca. Phytoplasma solani', genetical-
ly identical to CaPsol strains associated with BN 
of grapevine), were utilized for producing infected 
scions to be grafted on healthy periwinkles. Befo-
re grafting, PCR-based amplification and sequence 
analyses of 16S rRNA and tuf genes were performed 
using total nucleic acids, extracted from sympto-
matic periwinkles, as previously described (lAnGer 
and mAixner, 2004; QuAGlino et al., 2009), to verify 
the phytoplasma affiliation to the taxonomic group.
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show any efficacy in all the experiments carried out. 
In fact, it was not possible to observe symptom re-
gression in curative trials and absence of symptoms 
in preventive trials on periwinkles grafted by infec-
ted scions (data not shown).
Considering the photosynthetic efficiency, basal Fv/
Fm values (T0) were identical and underlined the 
normal physiological conditions of the examined 
plants (Fig. 1), as previously reported (pierce et al., 
2002).
Starting from the 20th day of the experiments, a dra-
stic reduction of the photosynthetic activity was 
measured in both treated (PTI) and untreated (PNTI) 
plants infected by grafting, without significant dif-
ference (Fig. 2). The highest Fv/Fm values, even 
not significant, were measured in treated ungrafted 
plants (PT) in comparison with treated plants graf-
ted with healthy scion (PTS) (Fig. 2). This evidence 
suggested that EM® treatment stimulates the plant 
growth (PT), while grafting induces stress to plants 
even executed with healthy scions (PTS). Hormo-
nal signals are believed to play an important role in 
the wound healing and vascular regeneration within 
the graft union zone. Incomplete and convoluted 
vascular connections impede the vital upward and 
downward whole plant transfer routes. long-distan-
ce protein, mRNA and small RNA graft-transmis-
sible signals currently emerge as novel mechanisms 
which regulate nutritional and developmental root/
shoot relations and may play a pivotal role in graf-
ting physiology (GoldsmitH, 2014).
Results demonstrated that grafting causes a stress 
that, independently from infection and treatment, 
could compromise the EM® efficacy, already pro-
ved by promising results obtained on other crops 
(iriti, personal comm.). For that reason, further 
studies will be planned to investigate the effects of 
EM® on BN-affected grapevine in controlled condi-
tions and in open field.

 
 

 
 

Fig. 1: Maximum efficiency of photosystem II (Fv/Fm) 
of periwinkle plants in basal conditions (T0). PNT, 
untreated ungrafted plants; PT, treated ungrafted 
plants; PNTS, untreated plants grafted with healthy 
scion; PNTI, untreated plants grafted with infected 
scion; PTS, treated plants grafted with healthy scion; 
PTI, treated plants grafted with infected scion

Fig. 2: Effects of phytoplasma infection and EM® tre-
atment on maximum efficiency of photosystem II (Fv/
Fm) of periwinkle plants. PNT, untreated ungrafted 
plants; PT, treated ungrafted plants; PNTS, untreated 
plants grafted with healthy scion; PNTI, untreated 
plants grafted with infected scion; PTS, treated plants 
grafted with healthy scion; PTI, treated plants grafted 
with infected scion
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