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ABSTRACT

The use of healthy propagating material is a keyofain viticulture.
Besides causing symptomatic diseases several gnapeathogens occur
in the host plant as systemic latent (symptomles$gctions. This
phenomenon frequently causes epidemic disease ealtborin new
plantations leading to significant economic lossasd regulatory
consequences. Therefore, the use of pathogen+fopagating material is
a critical component of integrated strategies toage plant diseases.

At present, more than 70 virus- and virus-like di&ss of grapevines
are known. Some of them (e.g., grapevine degeperakaf roll) can
cause significant economic losses or may even thallée. g., Rugose
wood). Eight phytoplasmas belonging to five différgroups are known
to cause severe diseases with the same or veryasisymptoms of
grapevine yellows worldwidd=lavescence doréaduced by Candidatus
Phytoplasma vitis’ of the 16SrV-C group, and theedses described
under different names but caused by phytoplasmésndgieg to the
16SrXIl group play very important roles in grapevioroduction.

Crown gall disease caused Bgrobacterium vitisoccurs in nearly
all grape growing countries of the world, while feeds diseaseXylella
fastidosd and bacterial necrosisXylophilus ampelinys have been
described in North and Central America, in the Nedanean region of
Europe and South Africa, respectively. Fungal diesa(e. g., Petri
disease, Esca) leading to death of canes and thnank emerged as
important factors in viticulture in recent decadeerldwide. Several
fungal pathogens were found to cause decline inngouines e. g.,
PhaeomoniellachlamydosporaPhaeoacremoniurspp.,Cylindrocarpon
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spp., while others can cause different trunk disgas the field as canker
agents (e. gEutypa lata Botryosphaeriaspp.) and decay agents such as
Fomitiporia mediterranea

Pathogen-free propagating stock material can bairodd by testing
existing plant material to select healthy plantsd aproduced by
appropriate curative treatments or propagation atthFor identification
of virus free plants, testing on woody plant indica (grapevines that are
especially susceptible to a given virus) by tisgugfting is still a basic
and important approach. In parallel, ELISA and regetranscription
PCR that provide more rapid results are also widskd. For diagnosis,
detection and identification of phytoplasmas, baatand fungi various
sophisticated PCR-based protocols are now availehlp quantitative
real-time PCR, multiplex PCR, nested PCR, etc.).

For the elimination of viruses, grape plants aratitieated by
growing at 38C or shoot tips are frozen in liquid nitrogen pritr
startingin vitro cultures from apical meristems. Hot water treatnan
dormant woody canes kills phytoplasmas fastidiosaand X. ampelinus
but does not completely eliminage vitisand fungal pathogens, although
it strongly reduces the infection rate. To prodbaeterium-free plants
vitro shoot tip cultures or shoot tip propagation can used. The
pathogen-free plants obtained by either of the algetocols serve as a
basic material to establish stock plantations éogé scale production of
propagating material in vineyards.

Besides the pathogens described above, thereambpests which
directly cause damage, contribute to the spreadihgpathogens as
vectors or promote their infections through causivmunds. The most
common of such pests of grapes are nematodes,, rpligdoxera and
insect vectors of viruses. They can be eliminatechfdormant canes by
hot water treatment.

1. INTRODUCTION

Grapevine Yitis viniferg cultivation, like the production of other crojis,
endangered by several diseases. Although the jglestiln use today provide
efficient control for certain diseases (e. g., pewdmildew, downy mildew
and grey mold), there are still several pathogemswcannot be controlled by
traditional chemical methods. A general charadierisf these pathogens is
that all they are systemic in the host plants. Tlheyintercellularly in the root
system and in the vascular tissues (phloem or Xytameven intracellularly in
the host cells.

Many pathogens, including viroids, viruses, phyasphas, bacteria and
fungi, are able to infect grapevines systemicdllyeir infection frequently is
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not promptly followed by symptom development, tisathe pathogen remains
latent for variable time intervals due to the loeweél of initial pathogen
concentration in the host plant, to unfavorableiremmental conditions or to
the defense reactions of the host plant. Thus thasaeally healthy,
symptomless plants may carry dangerous pathogenshwdre spread by
vegetative propagating material. This phenomenequiently causes epidemic
disease outbreaks in new plantations leading toifgignt economic losses
and serious legal consequences. Therefore, theatoaisagents of several
grapevine diseases are considered as quarantiemisnmgs, and testing for
them and certification of propagating material a&sny pathogen-free are
strongly regulated in most grape growing countifEdson & lkin 1991,
OEPP/EPPO 2008, Rowhamt al 2005). Therefore the use of healthy
propagating material is also an important basiagipie for sustainable
viticulture.

Here we give a brief overview of the most importgrapevine pathogens
which are disseminated in vegetative plant matargdd for propagation.
Methods for their detection and identification aallvas protocols to cure these
pathogens from systemically infected plants are déscribed.

2. DISEASES & PATHOGENS SPREADING
BY PROPAGATING STOCKS

2.1. Viroids

Diseases of grapevine caused by viroids are netesre as some of the
viral or fungal diseases. Most of the viroids da cause symptoms in grape.
However, they can influence the physiology of iméecgrape plants.

Symptoms

Grapevine yellow speckling disease symptoms incleeall chlorotic
specks along main veins and veinlets on exposedrenbaves on main canes
or small lateral shoots. The yellowish-green spagkis indicative of severe
yellow speckle disease (Taylor & Woodham 1972). Sy severity
depends on the condition of the plant, the varidtg, climate, the type of
viroids, wheather it is a single or mixed infectioBymptoms generally
develop on young grape plants by mid-summer. Imdggan be improved by
enhancing symptoms by keeping the plants in a dgrasitamber (Mink &



Grapevine Pathogens Spreading with Propagating Btank... 5

Parsons 1975). Grapevine cultivatsveloping symptoms include Sultanina,
Cabernet Sauvignon, Grey Riesling, and Cabernetcfr®nly grapevine
yellow speckle viroid GYSVd-1 and GYSVd-2 causeitgb yellow speckling
on grapevine. No macroscopic symptoms on grapeviaes been associated
with Australian grapevine viroidAGVd), Hop stunt viroidgrape (HSVd-g),
or Citrus exocortis viroiegrape (CEVd-g). In general, grapevine viroids
produce very few, if any, disease symptoms in gréeed infections of
viroids are commonly present in grapevines witheywhptom development or
significant effect on yield and quality of grapeafler & Tsagris 2004).

Grapevine vein-banding disease is an exceptions linduced by a
synergistic reaction between GYSVd 1 and 2 &rdpevine fenleaf virus
(GFLV) (Krake & Woodham 1983, Szychowski al 1995). Grapevine co-
infected with HSVd and GFLV were asymptomatic iagg (Uyemotaet al
2009). Recently, symptoms of vein banding, yellowiny leaf rolling,
yellowing and small leaves were observed duringuavey to identify
grapevine viroids in Turkey on several grapevinegiet®es in the East
Mediterranean region. Of 184 samples, 62 were fdarixe infected by one or
more viroid. Citrus exocortis viroiegrapevine (CEVd-g) alone was found in
four samples, while in others were infected with &X-1, GYSVd-2 and
Hop stunt viroidgrapevine (HSVd-g) as a mixed infection (Gazel &efge
2003).

Occurrence and Impact
Viroids in cultivated grapevines are common (Haditdal 2003, Tabler

& Tsagris 2004). CEVd and HSVd are distributed waitle and infect a
large number of hosts (Singat al 2003). Australian grapevine viroid
(AGVd), Citrus exocortis viroidCEVd), Hop stunt viroid(HSVd), Grapevine
yellow speckle viroidl (GYSVd1), andGrapevine yellow speckle viroig

(GYSVd 2) and GYSVd 3 have been isolated from grvapes (Koltunow &

Rezaian 1988).

GFLVd and HSVd are the most widespread. HSVd wasfitist viroid
described in grapevines in Japan (Sabh@l 1985, Shikataet al 1984). In
Brazil, CEVd and HSVd have been detected in grage@onseca & Kuhn,
1994) and the genetic variability of isolates frovh vinifera 'Cabernet
Sauvignon' and/itis labrusca'Niagara Rosada' grapevine was studied (Eiras
et al. 2006). CEVd was also isolated from symptomlespevines in Spain,
Australia and California (Garcia-Arenat al 1987, Rezaiaret al 1988,
Semancik & Szychowski 1992). CEVd and HSVd werescked in mixed
infections from scion and rootstock varieties inngary (Farkat al. 1999).
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Grapevines are the only natural host of AGVd wiielre been found only in
Australia, Tunisia and China (Elleu&h al. 2002, Guoet al. 2007, Liet al.
2006, Rezaiaet al 1992).

The economic impact of viroid diseases of grapeviig uncertain
(Wolpertet al. 1996) or largely similar to viruses (Randles 200@pact can
vary depending on the climate, the environmentadins, the variety and
interaction with other pathogens. Cultivated grapey are symptomless
reservoirs of HSVd which can be transmitted to bagps to cause epidemics
(Kawaguchi-ltoet al. 2009).

Causal Agent
Viroids are subviral pathogens causing infectiouseases spreading

systemically in host plants (Diener 1971, 1999y have short (246—401 nt),
single stranded but highly structured, non-protading, naked, circular RNA
genome with characteristic domains (Diener 2008g# Itaya 2007, Ding &
Zhong 2009, Florest al 2004, Tabler & Tsagris 2004, Tsageisal 2008).

Viroids can be classified into two major famili¢se Pospiviroidae(type
species potato spindle tuber viroid RNA (PSTVd) ebhimembers are
replicate in the nucleus and tAgsunviroidagtype species avocado sunblotch
viroid (ASBVd) that replicate in the chloroplasiarhilies are subdivided into
several generaViroids infecting grapevine are classified intoel@rgenera
within the Pospiviroidae family based on sequence homology of their
Conserved Central Regions (CCRs). GYSVd-1, GYSVaua] AGVd are
classified in theApscaviroidagHSVd-g in theHostuviroidand CEVd-g in the
Pospiviroidgenus (Florest al 2005, Tabler & Tsagris 2004). Recently a new
member of theApscaviroidaegroup named GYSVd-3 was reported from
China (Jianget al 2009).

Biology and Epidemiology
There have been many efforts to understand thedyabf viroids (Ding

2009, Hadidiet al. 2003, Owens & Hammond 2009). Viroids are able of
replicating and moving through infected plants @et al 2005, Di Serio &
Flores 2008, Florest al. 2004, 2009). The movement of viroids (Takeda &
Ding 2009) is related to viroid structure and digb{Zhong et al 2008). A
quite narrow region in the sequence is respondibtethe pathogenicity,
however, the biological significance of this is mesolved. Viroids interact
with the cellular machinery and modify the enzymactivities(Ding 2009).
Grapevine infecting viroids are synthesized in tloeleus (Ga®t al. 2007).
Similarly to viruses, viroid infections are asstethwith the accumulation of
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viroid-derived 21-24 nt small RNAs (vd-sRNAs) prothiof RNA mediated
plant defense systems (Brodersen & Voinnet 2008hdeellet al. 2008). The
structured viroid RNA is resistant to RNA-inducedng silencing complex
mediated degradation (Gomez & Pallas 2007, l&tyal. 2007). Viroids may
interact with host enzymes involved in the RNA-dieel DNA methylation
pathway (Navarret al 2009).

Transmission
Viroids are transmitted mechanically and by graftinThe use of

contaminated cutting tools during vine managemeay rcontribute to the
distribution of viroids in vineyards (Szychowsldt al 1988). Sodium
hypochlorite and formaldehyde can be used to decgngte pruning tools
(Wutscher & Schull 1975). Systemic transmissionrugmafting plays a more
significant role in viroid spread in grapevinesa@iet al 1995). Seed and
pollen transmission have also been reported. Saedmission ofsrapevine
yellow speckle viroid andHop stunt viroidwas confirmed in 11 seedlings of
eight grapevine \(. viniferg varieties (Wan-Chow-Wah & Symons 1999).
Seed transmission can have an impact on seedlisgrvars of viroids.
Natural populations of wild grapes, such\atis sylvestriscan be invaded by
viroids via seed and pollen transmission.

Disease Management

The widespread occurrence of viroids in plantati@m their easy
spreading by routine propagation techniqgues makestra generally
unpractical. Plants cannot be cured of infectioa plantation. The real danger
of viroids is that they can interact with other ggapathogens. Efforts have
been made to save germplasm collections and tenalieviroids from stocks
of propagating materials. Somatic embryogenesisuitable for eliminating
viroids from different grape cultivars over meristeulture and thermotherapy
(Gambioet al. 2011). During maintenance cutting tools shouldiisinfested
before working with viroid-free stocks.

2.2Viruses

More than 70 virus- and virus-like diseases of guapes are known.
Some of them are latent with minor importance wtlitbers alone or in
combination with other viruses cause serious déseasf grapevines.
Grapevine viral and virus-like diseases have bemewed recently from
virological viewpoints fartelli and Boudon-Padie@006, Martelli 2009),
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according to the type of disease and spreadingr{idyeet al. 2009) or field
assessment and diagnostic methods (Gandiiab 2010).

Symptoms

Grape viral diseases are often named accordinghéo typical
symptoms appearing on grapevine (Table 1.). Theeadis symptoms
associated by the presence of viruses can affeqtadls of the plant (leaf,
shoot, root, fruit, woody trunk, Figure 1). Seweritf symptoms are different
and depends on the rootstock and scion varietiesplant condition and the
environmental factors. The manifestations of symsdas specific period in
case of each viral diseases. Typical symptoms ea turling, rolling
(leafroll), deformation of leaves and shoots (fafjle small-sized leaves,
discoloration of veins or shoot, yellowing or redgliof leaves (leafroll),
speckling, interveinal chlorosis and mottling, lighreen veins with bright
yellow vein banding, feathery veins (e.g. causedlBRV-Canadian strain),
weak shoot growth with short internodeSrdpevine fanleaf virysGFLV),
abnormal branching and fascination (fanleaf), dsfiaypud break Krabis
mosaic virugArMV), Tomato black ring viru§TBRV), Peach rosette mosaic
virus (PRMV)], poor fruit set, late ripening (leafrollSome viruses (like
Grapevine Bulgarian latent virusGBLV) cause latent infections V.
vinifera. Diseases like fleck and vein necrosis are late@uropean varieties,
others are symptomless and show typical symptorngdse wood complex)
on indicator varieties only (Uyemoat al 2009).
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Figure 1. Virus symptoms on grapevines. Grapevaadroll associated virus 3
(GLRaV-3) symptoms orVitis vinifera cv. 'Pinot noir’ (left). Grapevine virus A
(GVA) is the putative agent of Grapevine Kober sgnmoving, symptoms are shown
on the indicator variety 'Kober 5BB’ (right). (ptaxt: J. Lazar).

Occurrence and impact

Viruses playing role in most important viral diseasre widespread
all over the world. Fanleaf (GFLV), leafrolG¢apevine leafroll-associated
viruses-1, 2, 3GLRaV-1, 2, 3), rupestris stem pittin€rapevine rupestris
stem pitting-associated virussSRSPaV), Kober stem groovingstapevine
virus A GVA), fleck complex Grapevine fleck virus GFkV) and vein
necrosis (GRSPaV-1) are present in several viticalltareas. Other viruses
are currently geographically limited like PRMV t@m&h-Western Michigan
(USA) and South-Western Ontario (Canada), GBLV taolgBria and
Grapevine (Hungarian) chrome mosaic virgGCMV) to central Europe
(Martelli 2009). Virus infection generally have mige effect on plants
reducing plant vigor, delayed bud burst, altered armratic shoot growth,
malformation on leaves, mottling, coloration, nesispreduced berry size and
guality, canes do not mature. Some viral diseaseg.,( grapevine
degeneration, leafroll) can cause significant eatindosses (50-70%) or may
even be lethal (e. g., Rugose wood, Uyensdtal 2009).

Causal agents

Viruses are very small (submicroscopic) infectiquesticles. The
particle generally is composed of a protein coatléd capsid) and a nucleic
acid core which carry genetic information and teflic specifies two or more
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proteins (Hull 2002). About 70 grapevine-infectingruses are known
(Fauquetet al. 2005; Martelli 2009, Martelli & Boudon-Padieu B)0 The
important viruses and virus diseases of grapeviadisted in Table 1. They
are classified by particle morphology, host rangd mformation content of
the genome, etc. (Hull 2002).

Biology and epidemiology

The existence and replication of viruses completdgpend on
metabolically active plant cells. Most viruses agstricted to a particular type
of host or hosts. To enter the host cell plantséaidepend on injuries or on
transmissiorvia invertebrates (insects, nematodes, etc.). Theewasjority of
plant viruses including grapevine infecting virusesre ssRNA genome and
have coat proteinThe most important ones belong to tiNepovirus,
Closterovirus, Ampelovirus, Vitivirugenus, but many other type of viruses
have been reported from grapevines (Gambatoal 2009). Grapevine
infecting viruses have been studied in details iolecular level(Martelli
2009, Minafraet al 1997, Moskovitzt al 2008).The studied characteristics
help to classify them and to understand how theyreplicate, cause diseases
and spread with different vectors.

Nepovirusedike Grapevine fanleaf viru§GFLV) andArabis mosaic
nepovirushave aralmost spherical capsid. There are currentheflogically
distinct different viruses associated with leafrdlight of themGrapevine
leafroll-associated viruses dnd3-9 belong to theAmpelovirus whiléSLRaV-

2 to the Closterovirusgenus.Closterovirusesare road shaped viruses with
long particles and having the largest genome amehgtrand RNA plant
viruses. They are coding different proteins forliogise, coat protein, cell to
cell movement and other functiongtiviruses(like Grapevine virus AGVA)
andGrapevine virus RGVB) have monopartite genome. The RNA encodes 5
ORFs, has 5'cap and the 3’ is polyadenilated (E2002). Gapevine rupestris
stem pitting-associated virg&RSPaV) is also a positive strand, sSRNA virus
and belong to theFoveavirus genus (family Betaflexiviridae order
Tymoviraley. GRSPaV represents a group of distinct viruses vibich
mechanisms for viral replication may be substagtidifferent from other
RNA viruses (Meng & Li 2010, Zhangt al. 1998).

Transmission

Viruses are transmitted by grafting, plant saplgoobr vectors. Some
viruses can be easily transmitted mechanicallyntticator plants (Table 1.),
while others, like phloem-limited viruses are traited by nematodes or
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aphids (Uyemoto et al. 2009). Grafting also conitels to virus spreading
since the infected rootstock varieties can be sgmfass (Martelli 2009).

The name ofNepovirusesis an acronym from;_meatode-borne
padyhedral viruses They are transmitted specifically by differentmatode
species, e. g., GFLV byiphinema index and X. italieArMV by X.
diversicaudatum and Longidorus caespiticoRpRSV by Paralongidorus
maximus.TRSVand ToRSV (causing virus-induced grapevine ideflare
transmitted byX. americanumand ToRSV byX.rivesi, X. americanum sensu
lato and X. californicum. Nepoviruseare also sap-transmitted to herbaceous
indicator plants and are seed borne in weed hBstsch rosette mosaic virus
(PRMV) is vectored byX. americanum sensu latbongidorus diadecturus
andL. elongatus.

Closterovirusesave aphid vectors however GLRaV-2 has no known
aphid vector yet. Some other members Grfapevine leafroll associated
viruses (GLRaVs-1, -3, -5 and -9) belonging tAmpelovirus genus are
transmitted by mealybud’éeudococcidge and soft scale insect€¢ccidag.
Viruses associated to Rugose wood complex beloripdd/itivirus (GVA,
GVB and GVD), and-oveavirusgenera (GRSPaVGVA mealybug vectors
include Planococcus citri PIl. ficus Pseudococcus longispinuBs. affinis,
Heliococcus bohemicu&VB is transmitted byPs longispinusPs. affinisand
PI. ficus Many viruses have no known vector yet (Marteli0Q).

Disease Management

The infected plants should be removed since viliogretion from plants
in an established vineyard is not possible. Befeptanting vineyards the soil
should be freed from vectors. The use of virus-fpegpagating material is
essential. To get such stock material through sereatbryogenesis proved to
be more efficient thain vivo or in vitro heat therapy followed by apical
meristem cultures (Gambirat al 2009, 2011).



Table 1. Grapevineviruses, virus-like diseases, and their indicator s*

Disease Virus Acr. Vitis viniferacultivars,
otherVitis indicators Herbaceousndicators
1. European nepo viruses
Infectious FS-4,V. rupestris Chenopodium quinoa,
degeneration 1.1 grapevine fanleaf nepovirus GFLV Mission Gomphrena globosa
Ch. quinoa, Celosia
Yellow mosaic ~ yellow mosaic strain GFLV-YM Charthay,V. rupestris | argentea
~ GFLV + grapevine yellow speckle Ch. quinoa, Ch.
Vein banding viroid GFLV-VB Chardonnay amaranticolor
N. glutinosa, Phaseolus
1.2 Arabis mosaic virus AMV FS-4, Chardonnay vulgaris
Cabernet sauvignon, Ph. vulgaris, G. globosa,
1.3 artichoke lItalian latent virus AlLV Merlot Cucumis sativus
1.4 cherry leafroll virus CLRV Pinot noir Ch. quinoa, N. clevelandii
1.5 grapevine Anatolian ringspot viru GARSV lgiztahtasi
FS-4, Pinot noiry. Ch. quinoa, N.
1.6 grapevine Bulgarian latent virus GBLV riparia megalosiphon, G. globosa
Ch. quinoa, G. globosa, P.
1.7 grapevine chrome mosaic virus GCMV Pinot,riRed veltliner | vulgaris
Montepulciano, Ch. quinoa,
1.8 grapevine deformation virus GDefV Chasselas Ch.amaranticolor
1.9 grapevine Tunisian ringspot virus GTRSV
1.10 raspberry ringspot virus RpRSV FS-4, Ch. quinoa, N. clevelandii
1.11 tomato black ring virus TBRV FS-4, Pinotmoi Ch. quinoa, N. rustica




Table 1. (Continued).

Disease Virus Acr. Vitis viniferacultivars,
otherVitis indicators Herbaceousndicators
Joannes-Seyve
disease Joannes-Seyve virus, strain of TBRV nEmfeyve
Ch. quinoa, N. rustica, C.
1.12 strawberry latent ringspot virus SLRSV FS-4, sativus
Grapevine
degeneration and
decline 2. American nepo viruses
2.1 blueberry leaf mottle virus BLMoV V. labrusca Ch. quinoa, N. clevelandii
2.2 peach rosette mosaic virus PRMV V. labrusca Ch. quinoa, N. tabacum
2.3 tobacco ringspot virus TRSV Chardonnay Ph. vulgaris, C. sativus
Ch. quinoa, Ph. vulgaris, C
2.4 tomato ringspot virus ToRSV Carignane, Ba2a 2 sativus
Grapevine leafrolll 3. Grapevine leafroll complex
grapevine leafroll associated viruses|1- Pinot noir, other red
9 GLRaVs vines Nicotiana sp. (GLRaV-2)
Rugose wood
complex 4. Rugose wood complex
Rupestris stem | 4.1 grapevine rupestris stem pitting-al
pitting virus GRSPaV V. rupestris
Kober stem
grooving 4.2 grapevine virus A GVA Kober 5BB N. clevelandii




Disease Virus Acr. Vitis viniferacultivars,
otherVitis indicators Herbaceousndicators

Grapevine corky
bark 4.3 grapevine virus B GvVB LN-33 N. benthamiana

4.4 grapevine virus C GVC

4.5 grapevine virus D GVD

5. Fleck complex
Fleck 5.1 grapevine fleck virus GFkV V. rupestris

5.2 grapevine asteroid mosaic-
Asteroid mosaic | associated virus GAMaVv V. rupestris
Rupestris vein 5.3 grapevine rupestris vein feathering
feathering virus GRVFV V. rupestris

5.4 grapevine redglobe virus GRGV V. rupestris
Rupestris necrosis V. rupestris

6.Minor virus diseases
Grapevine yellow Chardonnay, Red Ch.quinoa, N.
mottle 6.1 alfalfa mosaic virus AMV Veltliner megalosiphon, Ph. vulgaris
Grapevine line
pattern 6.2 grapevine line pattern virus GLPV IQ&ver, Jubileum 75| C. sativus, N. glutinosa
Roditis leaf 6.3 carnation mottle virus + GFLV
discoloration (mixed) CarMV Mission
Grapevine G. globosa, Ch. quinoa,
angular mosaic 6.4 grapevine angular mosaic virus| AM®G cv. Baresana x Baresang Nicotiana spp.
Yellow line Laski Riesling (~Italian
pattern 6.5 raspberry bushy dwarf virus RBDV Riesling) Ch.quinoa, N. benthamiang

A




Table 1. (Continued).

Disease

Virus

Acr.

Vitis viniferacultivars,
otherVitis indicators

Herbaceousndicators

Grapevine berry
inner necrosis

6.6 grapevine berry inner necrasisy GINV

Takao, Kyoho or Pione

Grapevine stunt

6.7 anonymous

Campbell Early

Grapevine
Ajinashika
disease

6.8 anonymous, and leafroll & fleck

Kosh

7. Virus-like diseases

Grapevine enatio

disease GED LN-33, Kober 5BB

Grapevine vein

mosaic GVMV V. riparia Gloire

Grapevine Cabernet franc, Mission,

summer mottle GSM Sideritis

Grapevine vein

necrosis GVNV 110R
8. Graft incompatibility

Kober 5BB

incompatibility Grapevine leafroll associated vi2is | GLRaV-2 Cabernet Sauvignon Nicotiana sp.

California's

young vine Cabernet Sauvignon, LN-

decline GLRaV-2 + Grapevine virus B 33 Nicotiana sp.
Grapevine rootstock stem lesion-

Redglobe diseasqg associated virus GRSLaV Redglobe




Disease Virus Acr. Vitis viniferacultivars,
otherVitis indicators Herbaceousndicators

Young vine
decline in NZ,
CL, AU other molecular variants of GLRaV-2 CattrSauvignon Nicotiana sp.
Australian Shiraz | GVA has been detected in affected
disease vines Shiraz, Merlot
Syrah decline RSP strains were associated with SD Pinot noir, Syrah

9. Viroids

9.1 grapevine yellow speckle viroids 1-
Yellow speckle 2 GYSvd-1,2 LN-33, Mission

9.2 citrus exocortis viroid CEVd-g

9.3 hop stunt viroid HSVd-g

C.sativus, Lycopersicum
9.4 Australian grapevine viroid AGVd certain vitdree grapes| esculentum

*Data from: Bovey 1999, Frison & lkin 1991, Mariel992, Martelli & Boudon-Padieu 2006, Neszmédyial 1996., Vanek 1992,
Vindimian et al. 1988, Walter 1997.
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2.3. Phytoplasmas

Phytoplasma diseases occurring in grapevines ferdiit continents are
referred to collectively as grapevine yellows (GYgferring to the main
characteristic symptom. GY diseases cannot be rdiffated by visual
observation of symptoms as the same or very sisjlarptoms are induced by
different phytoplasma species\ viniferavarieties.

GY diseases include Flavescence dorée (FD), Patatgrapevine yellows
(PGY) and Bois noir (BN) in certain countries ofripe; North American
grapevine yellows (including Virginia grapevine lga¥s, | and Ill, New York
grapevine yellows and grapevine yellows in Canadaistralian grapevine
yellows (Australia and New Zealand and Bucklandl&tabrapevine yellows
in Australia; grapevine diseases in South Africd &hile).

Main Symptoms

Characteristic GY symptoms occur on shoots, flowktst clusters and
on the canes of the grapevine. The symptoms frelyudevelop only on one
shoot. In the Northern hemisphere, the first syimmst@ppear in mid-summer
(June-July). The infected young shoots have dkiir-Appearance due to their
zig-zag growth and shortened internodes, and teaires are pale yellow and
rolled slightly downwards (Figure 2a). The leaf gtoms develop during
vegetative growth. The leaves become crispy arttlehrthe triangle-shaped
rolling becomes increasingly evident (Figure 2b)sddloration of the leaf
blade changes (Figure 2f) reddish to purple (on rib@ varieties), or to
chlorotic and yellow (on the white varieties) (Rigu2c), and necrosis may
also occur. The discoloration can be sectoriat mviades the entire leaf blade
including the veins (Figure 2e). Due to uneven ifigation, the diseased
shoots have a weeping appearance (Figure 2d). diblgery canes become
frost susceptible and die during cold winter. Ibéecflowers wither, may die
and fall down. The infected bunches wither, mayadiéhe berries shrivel later
in the season (Figure 2g). The taste of thesedsdpecomes sour and/or bitter.
The quantity and quality of the crop on the disdagi@es are significantly
reduced. In case of severe infection the plants die
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Figure 2. Characteristic symptoms of grapevineoyesl onVitis viniferavarieties.
Pale, slightly downward rolling of leaves on yowsimots with shorthened internodes
(a); triangle-shaped rolling of the brittle, crispy leavn late stages of vegetative
growth (b); Discoloration of leaves on white and warieties (c, e & f); Weeping
shoots due to uneven lignification (d); Infectechdlues with withered, shriveled

berries that die late in the season (g) (photoskdber).

Causal Agents
Phytoplasmas are phloem-colonizing, non-culturabtgam-positive

bacteria lacking cell wall. They belong to the sladollicutes. They are
obligate pathogens of plants and insects. Phytolathave smaller cell (<0.8
pum) and genome (0.5-1.3 Mbp) sizes than culturbbtgeria. The biology of
phytoplasmas and the changes they cause in hott ggae expression has
recently been reviewed (Hogenhaett al. 2008, Hrenet al 2009). At first
these pathogens were thought to be viruses andwieey named after the
disease symptom they caused. From 1967 to 1993 thene called
Mycoplasma-like organisms. In 1993, the InternalorCommittee of
Systematic Bacteriology introduced the term ‘phidsma’ for these
organisms.

Phytoplasmas are classified into groups and subgrdiased on their
genetic relatedness. Phylogenetic analyses, basgdrinus conserved genes,
symptomatology, host range and serology have demaved that the
phytoplasmas form a homogeneous phylogenetic clddés clade was
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subdivided into 20 distinct phylogenetic groups aoadbgroups by their 16S
rDNA sequence data (Seemiiligral. 1998). According to this classification,
the causal agents of GY diseases identified sbdlmg to five groups in the
phytoplasma clade. Flavescence dorée (FD) andifal@rapevine yellows
(PGY) phytoplasmas belong to EIm yellows (16SrV)oup. Stolbur
phytoplasmas causing GY diseases and describedr wadg@us names in
different countries such as Bois noir (BN), Vergitigskrankheit (VK) and
Schwarzholzkrankheit or Legno nero and the Ausimaljrapevine yellows
phytoplasma Candidatus.Phytoplasma australiense’), belong to the stolbur
(16SrXIl) group. In Australia GYcan be caused also bZa. Phytoplasma
australiense’ of the peanut witches’ broom (16Sghpup. GY diseases in
North America and Israel are induced by phytoplasrofa the X disease
(26Srlll) group. Phytoplasmas associated with end&iy diseases in certain
countries of Europe, as well as in the US belonthéoaster yellows (16Srl)
group(Martelli & Boudon-Padieu 2006).

The Phytoplasma/Spiroplasma Working Team-Phytopdasof the
International Research Programme for Cooperativeddhasmology proposed
to establishment of a new genus-level provisioaabih called Candidatus
(Ca.) Phytoplasma’ to accommodate plant-pathogenic, hadical Mollicutes
(IRPCM 2004). According to the guidelines deterrdibg the Working Team,
a novel Ca. Phytoplasma’ species description should referinigla, unique
16S rDNA gene sequences of greater than 1200 lgpdod sharing less than
97.5% sequence similarity to that of any previouslgscribed Ca.
Phytoplasma’ species unless the phytoplasma undesideration clearly
represents an ecologically separate populationo Zhal. (2010) divided the
phytoplasma clade into three subclades on the lasiheir 16S rDNA
sequence similarities. Causal agents of the GYadie® belong to Subclade |
(‘Ca. Phytoplasma solani’Ca. P. australiense’Ca. P. americanum’,Ca. P.
Buckland valley grapevine yellows phytoplasm&a‘P. asteris’) and to
Subclade Il (Ca. P. vitis’, ‘Ca. P. pruni’, Ca. P. aurantifolia’ andCa. P.
australasiae’).

Transmission
Phytoplasmas inducing GY diseases are spread flamt o plant by

hemipteran insects, certain planthopper or leafaogpecies that feed in the
phloem of the grapevine vascular tissue. Phytopdasmultiply in the body of
the insect, move into the salivary gland and thenigected with the salavia
into phloem of the plant when the insect vectodfed’hytoplasmas spread by
vectors for short distances within the vineyardnearby vicinity. Infected
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propagating material is responsible for long distamissemination of GY
phytoplasmas.

Flavescence dorée disease
Flavescence dorée (FD) was the first grapevinewslldisease described
as a viral disease in France (Caudwell 1957).

Causal agent

Flavescence dorée phytoplasma belongs to the 1p8yMgenetic group.
Grapevine FD isolates are included into the 16SraR@ 16SrV-D subgroups.
According to the recent classification, the speciame is Ca. Phytoplasma
vitis'.

Occurrence and Impact
FD is a regulated pest in the European Union (Cibniective 2000/29),

in the NAPPO countries (NAPPO 2009), as well aSauth Africa and New
Zealand. FD is not known to occur in North Ameridhe FD-D isolate is
present in Southern and Central France, Northeth Gentral Italy, North-
Eastern part of Spain, Northern Portugal, and in amea of Southern
Switzerland. FD-C isolates were identified in Frandtaly, Serbia and
Slovenia. The disease is highly epidemic causingpiant crop losses.

All of the V. vinifera varieties grown in France, Italy and Spain are
susceptible to FD but they show various levels ehsgivity. Highly
susceptible varieties (e.g. Nieluccio and Garganelga not recover after
infection. Sensitive varieties (such as AlicanteuBthet, Grenache, Cabernet
Sauvignon, Sauvignon Blanc and Chardonnay) mayvegcerhen they are
protected from new infections. Merlot seems moterémt, although severely
affected plants can be also found. Symptoms am oar plants on Syrah
plants. InfectedVitis riparia rootstocks can be found but they rarely develop
symptoms (Martelli & Boudon-Padieu 2006).

Main Symptoms
As described previously in subheading grapevintowysl, Angeliniet al

(2006) observed that the first symptomatic grapewvithat appeared early
during vegetative growth were FD-infected. Symptornecome more
pronounced by the autumn. Leaves remain longerhenaffected than on
unaffected plants. Generally the symptoms developughout the whole
plant. North American rootstocks are generally stgmpess carriers of the
GY-associate phytoplasmas, so they are importaetveirs. In case of certain
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rootstock varieties GY causes rolling of leaves kwk of lignification. On
rooted cuttings necrosis of the terminal bud maguoc

Transmission

In nature, the FD phytoplasma is transmitted froapgvine to grapevine
only by the leafhoppeBcaphoideus titanuBall (Homoptera, Cicadellidae), in
a persistent manner. This insect was introduceth fiorth America into
Europe via infested propagating material in thelyed®00s and became
established in several countries. This monophagpéesies feeds only on
grapevine. It has one generation per year and ontamg as eggs. The females
oviposit under the bark of 2-year-old or older dlsod\ll larval stages and the
imago feed on grapevine and are capable to trarmit

Control

Only pathogen-free propagating material can be dsedlanting (see
below). Budwood can be taken only from healthy mptplants standing in
vineyards of regions free from FD disease. Conmmmehsures against FD are
compulsory in France and Italy. An indirect wayntanage FD is application
of insecticides to control the insect vector. Thtesatments with chemical
insecticides are efficient in preventing the depatent of FD epidemics.
Rouging of infected vines is important to avoidreduce epidemics. This is
compulsory in France.

Bois noir disease

Bois noir (BN) disease was first described in Feai€audwell 1961)
under different names as  ‘Vergilbunsgskrankheit KYV or
‘Schwarzholzkrankheit’ in Germany and ‘Legno neiroltaly. In the 1990s it
was determined that the causal agents of thesasdisavere closely related
and the same vectdilyalesthes obsoletwgas identified in different countries.
BN and FD are caused by different phytoplasmas t@la& Boudon-Padieu
2006).

Causal Agent
The cause of BN is attributed t€a. Phytoplasma solani’-related strains.

These phytoplasma strains belong to the stolbutoplasmas (16SrXII-A
ribosomal subgroup). Based duaf-gene sequences different stolbur strains
were differentiated. Three of them are associatéti BN in grapevine,
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although they have distinct specificities for di#fat weed host specigsif-a
types are specifically associated with stinginglegtrtica dioica) andtuf-b
types are specific to field bindwee@dnvolvulus arvensisjuf-b types have
been frequently found in several countries in Eastad Southern regions of
Europe. tuf-c types have been identified in hedge bindwe€dlystegia
sepium)only in a limited area of Germany so far. The fbustrain was
identified in the planthoppdReptalus panzeriAccording to the combination
of tuf- and Stol4typing, stolbur isolates from grapevine were dfeess into
VK1, VK2 and VK 3 groups. Currentlyribosomal protein genesgcYand
vmplgene are also widely used for further charactaomaif stolbur isolates
(Maixner 2011).

Occurrence and Impact
BN is endemic and widely distributed in the Mediéerean region and in

countries of Western, Central and Eastern Europeedisas in Lebanon and
Israel. Recently, it has been reported in Iran @htha but it is not known to
occur in North America, Australia, New Zealand auh Africa. In some
years, continuous increased incidence of BN hasroed. In Europe severe
economic loss occurred by reducing the quality godntity of yield and
vitality of grapevine plants. The majority of thé vinifera varieties are
susceptible to stolbur, and Chardonnay seems tlst semsitive. Infection of
rootstock varieties has not been reported so fait lwmannot be excluded. The
causal agent of BN spreads slower than FD-assdcigteytoplasmas,
however, its importance is increasing. BN is morielespread and more
difficult to control due to the feeding habit of ipolyphagous insect vector.
Beside grapevine, stolbur phytoplasma infects cafpibe Solanaceadamily
(tomato, potato, pepper, eggplant, tobacco) as a®lmaize and lavender,
causing economic damage on them. A wide range efdvepecies are also
hosts of the stolbur phytoplasma.

Main Symptoms

BN symptoms occur on all parts of the grapevinethair severity may
vary deepnding upon cultivars. All of the typicaingptoms of grapevine
yellows can be observed on BN diseased plants. Siimeptoms remain
restricted only to one part of the infected plaBymptom remission and
recovery of the BN-infected vines are common.
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Transmission
The known vector of tomato stolbi, obsoletughe polyphagous Cixiid

planthopper is the principal vector also of the Bésociated phytoplasma. It is
very abundant in Germany and its role as the vestahe BN-associated
phytoplasma in France, ltaly, Israel, SwitzerlaBdrbia and Spain has been
also verified. The main perennial hoststhf obsoletusfield bindweed and
stinging nettle are natural reservoirs of the siolissociaated phytoplasma in
several countries. Eggs are laid on the grountdeabase of the stem and the
first larval instars move to the roots to feddl. obsoletusoverwinters as
juvenile larvae on roots and stays there untilast developmental stage. The
frequency of infective larvae feeding on the raaftgliseased weeds increases
from the third to the last larval instar. They acguthe stolbur phytoplasma
from the roots of the weeds and the adults carsitnérit to grapevines during
probing as they do not continue to feed Vgitis. Grapevine is only an
occasional feeding host for the adults. Grape &pegjtransmission of stolbur
phytoplasma has not been observedyisis is a dead-end host for the stolbur
phytoplasma. Stolbur-associated phytoplasmas aoeiased with either nettle
(tuf-a type) or bindweedt(f-b type). In addition, thél. obsoletugpopulations
are specifically associated with one of these h@ds&xner 2010).

H. obsoletuss present in diseased vineyards in several cam#ithough
at very low population levels. So, existence ofeothlternative vectors cannot
be excluded. Members of Cixiid or Cicadellid spscomllected in diseased
vineyards were found positive for the stolbur-agsted phytoplasma, but only
Reptalus quinquecostatasidEuscelis lineolatusvere able to transmit it from
artificial feeding medium (Landet al. 2009, Pinzautiet al. 2008). Their
eventual vectoring of the stolbur-associated pHgopa to grapevine has to
be studiedMacrosteles quadripunctulatusnd Anaceratagallia ribautiwere
able to transmit the stolbur-associated phytoplasméherbaceous plants
(Battle et al. 2008, Riedle-Bauer & Sara 2009). The eventualitatof these
species to transmit the stolbur phytoplasma to eyige remains to be
determined.

Stolbur phytoplasma can be transmitted also bytigtabo long-distance
dissemination of the phytoplasma-associated BN rgdoy means of infected
propagating material. At present insect vectord iite ability of acquiring
Stolbur from grapevine are still not known. So, dshson our current
knowledge of BN epidemiologyitis may be a dead-end host. Therefore, BN-
affected grapevine propagating material is not iemed as an important
infection source.
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Control
Use of pathogen-free propagating material is ingmir{see below) since

vitality and yield of the BN-affected plants as e the quality of the berries
are significantly reduced. Cuttings can be coliéataly from healthy mother
plants standing in vineyards free of BN diseasasedticide treatments to
control H. obsoletusalone are not efficient due to the biology anddiee
behavior of the insect. Mechanical and chemicaldvaantrol may reduce the
vector populations.

North American Grapevine Yellows diseases
In North America four GY (NAGY) diseases have bdencribed, three in

the US and one in Canadéirginia grapevine yellows | (VGYI¥ associated
with ‘Ca. Phytoplasma asteris’-related strains belonginghto dster yellows
(16Srl-A) phytoplasma subgroupirgina grapevine yellowsll (VGYIII) is
associated withCa. P. pruni’-related strains belonging to the peactiis€éase
(16Srll-B) phytoplasmaNewYorkgrapevine yellowds associated with a
phytoplasma thought to be serologically related ED-associated
phytoplasmas, but this finding has not been comfitm

In Canada a GY disease is associated with a plagol, Ca. P. asteris’-
related strain belonging to the tomato big bud (L8% phytoplasma
subgroup (http://plantpathology.ba.ars.usda.govfgigsma.html). In the
1990s, a severe outbreak of GYs was observed in Yank and in Virginia
States. The infected plants died in 1-3 years dfterappearance of the first
symptoms. Recent studies on NAGY in Virginia arecuf@ing on
epidemiological questions. The leafthopper spedigallia constricta was
found as the most frequent vector of NAGY (Beanlatdal 2006, Wolf
2000).

2.4. Bacteria

Grapevines are affected by three bacterial diseasdgwide. These are
bacterial blight, crown gall and Pierce’s disease.

Bacterial Blight
This disease called also bacterial necrosis iscananically serious and

destructive vascular disease. Bacterial blight tesn known in Europe for
about 130 years. Incidence and severity of theadiseary from year to year.
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Bacterial blight has also been described as “mab rgella vite” (ltaly),
“gelivure”, “gomnose bacillaire”,“la maladie d'Olen” and “nécrose
bactérienne de la vigne” (France), “necrosis bamtal’ (Spain), “ulamsickte”
(South Africa) or “tsilik marasi” (Greece) and otlsynonymous names in the
different countries (Grall & Manceau 2003) where tlisease occurs.

Symptoms

While symptoms associated with bacterial blight emaracteristic of the
disease, they are not bacterial blight-specific] avay be similar to those of
other diseases and disorders of grapevines (eumpgaf diseases) that
commonly occur in vineyards. The symptoms can bgented mainly on
young shoots and leaves. Symptoms occur on allgsits of infected plants
in the field from early summer to late spring.

Leaves may be infected via the petiole and thegggihh migrates into the
veins resulting in death of whole leaves (Figure Bcrotic areas surrounded
by a halo develop on leaves infected through thielpe Alternatively, leaves
are infected via the stomata resulting in develapgme reddish-brown,
angular lesions. The lesions may become chloratid surrounded by a
discolored halo. The central dried part of the spo&y drop out resulting in a
‘shot hole’ symptom. Infection of leaves througte thydathodes results in
reddish-brown discoloration of the tips of leava$ien humidity is high, light
yellow bacterial ooze from angular, reddish-browsidns on infected leaves
or at the tips of infected leaves.

Infection usually occurs on the lower two to thremles of young shoots
and spreads upwards. Initially, linear reddish-bretreaks appear, extending
from the base to the shoot tip. As the tissue belbe discolored areas
disintegrate and due to hyperplasia of the cantisilies sometimes extending
into the pith, cankers develop (Figure 3b). Infactispreads along the
branches and is manifested as a brown discoloralibacted shoots that do
not die are shorter than uninfected shoots, gitireggvine an overall stunted
appearance. Also, affected grapevines may be les$ #an healthy vines.
Lower nodes of young shoots develop pale yellowgigten areas. Shoots wilt,
become dry and eventually die. Browning of intetiggues of stems is visible
in cross-sections. Buds on infected shoots eithietd sprout or are stunted in
the spring. Adventitious buds on infected shoots tinmature flowers turn
black and die. Symptoms, including cankers, simitarthose on infected
shoots, may occur on primary and secondary flower fauit stalks. On the
stem, longitudinal necrosis can be observed foligwinfection. Cross stem
sections also show necrotic areas. Infected grapswie usually within one-



26 Gyodrgy Dénes Bisztray, Edwin L. Civerolo, Terézial@et al.

two years following infection. Roots can also bé&edated, especially when
infected scion material is used for grafting, réeglin retarded shoot growth.

Figure 3. Bacterial blight disease causeXplophilus ampelinusn leaves (a) and on
the stem (b). (photos were kindly provided by M.IMpez, IVIA, Valencia, Spain).

Occurrence and Impact

Bacterial blight occurs in the Mediterranean regi@france, Greece
(including Crete), Italy (including Sardinia andciBi), Spain, Moldova,
Portugal, the Canary Islands, South Africa and &b (Dreoet al. 2005,
EPPO/CABI 1997a, 1997b, Grasset al 1979, Loépezet al 1980,
OEEP/EPPO 2009a, Panagopoulos 1969, Serfoeteih1997) and its spread
to other geographical regions can be expecteddaruture. The disease may
also occur in Argentina, Austria, Bulgaria, Switaed and Tunisia. In Asia,
bacterial blight of grapevine was reported to odeuiTurkey; however, the
disease has been eradicated from that country (EPAE) 1997a,
OEEP/EPPO 2009a). The causal pathogerampelinugs an internationally
regulated quarantine pest and implementation oftgdaypitary measures
affects the international movement of grapevineemials. Bacterial blight is a
chronic, systemic disease that results in reducedugtivity and shortened
life of diseased grapevines. Long distance dissatioim of X. ampelinuscan
occur via infected stock, propagating material, amdfting and pruning.
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Planting infected but asymptomatic stock can leacedtablishment of the
disease.

Causal Agent
Bacterial blight is caused byylophilus ampelinugWillems et al 1987)

formerly calledXanthomonas ampelingPanagopoulos 1969). The bacterium
causes disease only in grapevines, \ndiniferais the only known host of.
ampelinuswhere it is localized in the xylem vessels (G&Manceau 2003).
X. ampelinus belongs to the familyComamonadaceaen the Class
BetaproteobacteriaX. ampelinuscells are Gram-negative, strictly aerobic,
non-spore forming, straight to slightly curved @4-0.8 x 0.6-3.3 um) and
motile by a single polar flagellum. The bacteriuam e cultured on common
laboratory media (e. g. Difco Nutrient Agar), altigh its growth is very slow
that makes its isolation quite difficult due to theesence of faster growing
symbiotic bacteria and fungi occurring in grapevimsues. Formation of
yellow colonies (about 1mm in diameter) at 5 usually takes 7-8 days
(Dreo et al 2005, Serfonsteiret al 1997). Filamentous cells have been
observed in older cultures. The bacterium metabslzugars oxidatively and
produces a yellow, insoluble pigment when grownsome artificial nutrient
media. X. ampelinusis differentiated fromXanthomonasspecies by the
absence of xanthomonadins, very slow growth, a maxi growth
temperature of 3, presence of urease, utilization roksetartrate and no
production of acid from glucose or sucros€. ampelinusis catalase and
urease positive, utilizes citrate, fumarate, madate tartrate, growth was also
observed on arabinose, glucose, galactose, glutaciicand on a few other
carbon sources (OEPP/EPPO 2009a, Willems & Gill862. X. ampelinus
forms a relatively homogenous genomic group. Howetleere may be some
genomic diversity within the species resulting ieographic- or cultivar-
specific populations (Manceaet al 2000). Pathogenic or other ecological
variants ofX. ampelinusiave not been conclusively identified.

Biology and Epidemiology
The biology ofX. ampelinuss not completely understood. Bacteria enter

a plant through natural openings (e.g., stomatdatmpdes) and wounds, €. g.
during the pruning and grafting work. The bacteriininabits, multiplies and
survives in the xylem vessels of infected plantserghX. ampelinuscells
aggregate in biofilms, and can be detected in ek xylem fluid (Grall &
Manceau 2003). The bacteria are not uniformly ittisted within infected
plants. Epiphytic survival and multiplication of. ampelinusunder natural
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conditions have not been conclusively establishddwever, epiphytic
multiplication of X. ampelinushas been suggested as symptoms developed
when X. ampelinusontaining suspensions were sprayed on leavesndut
symptoms were observed when leaves were infiltratéd X. ampelinus
under high humidity and environmental conditions raveconducive to
symptom development (Grall & Manceau 2003). Newadebs, the importance
of an epiphytic phase &f. ampelinusn the epidemiology of bacterial blight is
not fully understoodX. ampelinuscan survive in infected plants for several
years without inducing symptoms. This may be thaulteof latency and
probably depends upon many factors, including emwrental conditions.
Environmental conditions conducive to symptom depeient are warm
(around 24C) temperatures and high relative humidity. Infectis facilitated
by naturally-occurring and mechanical (e.g., prghimounds. Differential
susceptibility-resistance of commercially-growwi. vinifera cultivars to
bacterial blight has been reported, however, thipdorly understood. The
genetic and physiological basis of virulence isnatknown.

Transmission

X. ampelinusis spread primarily via epiphytically-colonized mfected
grapevine planting materialX. ampelinusis also spread by grafting from
infected sources and pruning via contaminated poutools. Bleeding xylem
fluid from diseased plants is an epidemiologicallyportant source ofX.
ampelinugGrall et al 2005). Spread of epiphyti. ampelinusor bacteria in
ooze from infected tissues is facilitated by wirain and overhead sprinkler
irrigation. No insect vector has been reporteddaignificant factor affecting
spread oK. ampelinusor bacterial blight epidemiology.

Disease Management
Management of bacterial blight is based on raptiable detection oK.

ampelinus use of pathogen-free propagative material andtipig stock, hot
water treatment of propagating material, prunind dastruction of infected
canes or branches, application of copper-contaisprgys after pruning until
about half expansion of new leaves, avoidance dértmad irrigation,
sanitation (e.g., disinfestation of tools and emept), and regulatory
phytosanitary and quarantine measures to reduceigkeof long-distance
dissemination of the pathogen.
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Pierce’s Disease

Symptoms

Climatic conditions affect the timing and severity Pierce’s disease
symptoms, but generally not the type of symptonex.ce’s disease symptoms
begin to appear in mid- to late summer initiallyyaiowing of the leaf margin
that progresses inward. The yellowing may progresgoncentric zones.
Eventually the tissue at the leaf margins anddidarge veins turn brown and
rapidly become dry giving affected leaves a scalahiescalded appearance.
Scorching is characterized by rapid drying as teaf Ithat develops
progressively inward from the margin with the lblfde becoming brown and
dry. The leaf tissue at the edges of necrotic aneag be yellow or reddish-
purple tissue depending upon the variety of grapeyFigure 4). Severely
affected leaves eventually drop, leaving the pet#ill attached (‘matchstick’
symptom) to the shoot or cane. Late in the seagoegn islands’ of immature
tissue surrounded by brown mature bark may appeatames. Depending
upon when the disease develops during the seamah,gfowth may be
reduced and fruit may eventually wither. Bud breakseverely affected vines
in the spring is delayed, and shoot growth is skowd stunted with small
leaves. Young leaves may show interveinal chlorosisnottling, and may
also be deformed. Leaf scorching and leaf dropesg during the growing
season, and severely affected shoots may die vaok the tips. Roots of
affected grapevines may also die back.

Figure 4. Pierce’s disease symptoms on grapevafeNmte the yellow border
between the necrotic and green tissues. Photo wdky lprovided by Dr. Jianchi Chen
(USDA-ARS, Parlier, CA, USA).

Occurrence and Impact
The geographical distribution of Pierce’s diseaselimited by the

presence of suitable insect vectors of the pathogecept for a few isolated
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reports of the disease in France (Boubals, 198€)iarformer Yugoslavia
(Kosovo) (Berisheet al 1998), Pierce’s disease occurs in warm subtrbpica
and tropical areas of North America (United StateSgntral America
(Mexico) and South America (Brazil).

X. fastidiosainfects many plant species and causes seriousogGon
losses in numerous agriculturally important cropswever, it may be
considered a weak or opportunistic pathogen (Scleaad 2004a). Pierce’'s
disease can severely limit commercial productiortatfie, wine and raisin
grapes. However, there is considerable variabilitycultivar susceptibility.
Among wine grape cultivars, ‘Barbera’, ‘Chardonndilission’, Fiesta, and
‘Pinot Noir' are susceptible to highly susceptibigiile Thompson Seedless,
‘Cabernet Sauvignon’ ‘Gray Riesling’, ‘Merlot’, ‘N Gamay’, ‘Petit Syrah’
and ‘Sauvignon blanc’ are less sensitive. ‘Riesliagd ‘Zinfandel' are
moderately tolerant to tolerant. Many rootstocke aesistant to Pierce’s
disease, but the rootstock does not confer resistinsusceptibl¥y. vinifera
varieties grafted on it. However, field observasi®uggest that the incidence
and severity of Pierce’s disease may be reducedieties grown on some
rootstocks.

Causal Agent

X. fastidiosa is a xylem-limited, Gram-negative, strictly aembi
nutritionally fastidious bacterium in the famibtanthomonadacea& the
ClassGammaproteobacteriX. fastidiosacells are thin, straight rods (0.2-0.4
x0.9-4.0um). Genetic and pathogenic variants cause diséasesvide range
of horticultural and ornamental crops, and landsgalgnts. There are distinct
differences in the host ranges X¥f fastidiosastrains (Hopkins & Purcell
2002). Based on comparative phenotypic, serologstalictural protein and
genetic analyses of several strains from diffetardts, distinct genotypes of
X. fastidiosawere classified into three subspecies (Sclaad 2004a; Schaad
et al. 2004b), namelyX. fastidiosasubspeciesastidiosa X. fastidiosasubsp.
multiplexand X. fastidiosasubsppauca X. fastidiosasubsp fastidiosastrains
cause diseases in grapevines (Pierce’s diseas@llass in alfalfa, maple and
almonds. Separate genetic groups that includenstthat cause oleander leaf
scorch disease (Scalt al. 2005) and that are associated with leaf scorch
symptoms in Chitalpa tashkentensisn the Southwestern United States
(Randallet al 2009) have also been described. However, thesgabHic
names suggested or proposed for these strainsnwekalidly published and,
therefore do not currently have standing in therimational nomenclature of
prokaryotes.
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The complete genomes oK. fastidiosa subsp. fastidiosa (strains
Temecula-1, M23),X. fastidiosa subsp. multiplex (strain M12) andX.
fastidiosasubsp.pauca(strain 9a5c) have been sequenced (Gheal 2010;
Simpsoret al. 2000; Van Sluyst al. 2003). The genomes of two fastidiosa
strains isolated from oleander and almond trees bhaen partially sequenced
and annotated (Bhattacharyga al 2002). Genomic differences amodg
fastidiosastrains are largely associated with prophageeélahromosomal
rearrangements, insertions and deletions thagaat partially, account for the
presence of strain-specific genes in differentirséré/an Sluyst al 2003).X.
fastidiosagenomes also include genomic islands that are krtowepresent
adaptive traits; however, the adaptive functionXirfastidiosaare unknown
(Van Sluyset al 2003). Pierce’s disease diagnosis based on nibigjt.
fastidiosainduced transcripts (plant biomarker genes), dtageX. fastidiosa
subspfastidiosarRNA, was recently described (Cletial 2010). The system
was sensitive enough to detect both host genectipts andX. fastidiosa
subsp.fastidiosarRNA in infected, but asymptomatic grapevines. Twost
biomarker genes were not induced by water deficit.

Biology and Epidemiology
The geographic distribution of Pierce’s diseasegests that winter

temperature is a significant factor limiting ocance of the disease. In areas
where the pathogen and insect vectors are endemigenous species dfitis
are generally resistant or tolerantXo fastidiosasubsp.fastidiosainfection.
SomeV. viniferacultivars may survive for up to five years depewgdiipon the
age of the vine when infected, the variety and remvinent or other local
conditions. However, young vines are particulatgceptible to infection and
disease development, and may die within two ye2ome vines may recover
from Pierce’s disease during the first winter faliog infection depending
upon when they were infected. However, it is likBigrce's disease persists as
a chronic disease in asymptomatic grapevines thabrhe infected wittX.
fastidiosasubsp.fastidiosain the spring. Alternate host plants and its insect
vectors are reservoirs ¥f fastidiosasubspfastidiosa

The glassy-winged sharpshooter has a very widerhage. The principal
breeding habitat for the blue-green sharpshootépasian vegetation. In areas
where aggressive insect vectors (e.g., glassy-wlisparpshooter; GWSS) do
not occur, Pierce’s disease occurrence is higheshes nearest overwintering
habitats ofX. fastidiosasubspfastidiosainsect vectors. However, vine-to-vine
spread of the pathogen can occur in the presenaggréssive insect vectors,
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such as the GWSS, that move faster and flies greliséances than other
sharpshooter species.

Spatial patterns of Pierce’s disease occurrencasuraly short or shallow
diffuse gradients or no significant gradients witktance from alternate hosts
in the surrounding environment, suggesting vingite spread by the GWSS
in southern California (Hopkins & Purcell, 2002huB, even in areas were the
GWSS does not occur, vines that become infected in@culative
overwintered adult insect vectors that enter vingyan the spring become
chronically infected. Late season and dormant panfections resulting from
inoculative GWSS feeding throughout the vines carvige the winter and
lead to chronic infections. Such chronic infectiare persist from year to
year (Hopkins & Purcell, 2002).

Transmission

X. fastidiosasubsp. éstidiosais transmitted by several species of xylem-
feeding sharpshooters (subfamily Cicadellinae ie tkeafhopper family
Cicadellidae) and spittlebug (family Cercopida@gdct vectors do not require
a measurable period of time between pathogen atiguniand transmission to
efficiently transmitX. fastidiosasubsp.fastidiosafrom grape to grapeX.
fastidiosasubsp.fastidiosais transovarially transmitted in the insect vectors
Once inoculative, insects continue to transmit blaeterium until they molt
(Hopkins & Purcell 2002). After molting, insect vers must re-acquire the
bacterium to transmit it. The biology oOf. fastidiosaplant-insect vector
interaction has recently been reviewed by Chattergjal (2008).

Disease Management
Pierce’s disease management is based on insediiemtenents to control

insect vectors in vineyards and insect vector h&b#djacent to vineyards. In
areas in which Pierce’s disease is endemic, vesidhiat are less susceptible
to, or more tolerant of, the disease may be effectDuring the dormant
season, vines that are severely affected or that had Pierce’s disease for
more than one year that are likely to be chronjcatifected should be
removed. Diseased canes can also be pruned outgddormant periods.
Cutting back diseased vines to just above the gnaifin to allow vigorous
regrowth the following year may help prolong thie lof vines for a short
period of time. Phytosanitary and quarantine messuio regulate the
movement of infected propagative and infected, el wsect vector-infested,
plant material can reduce the risk of long distamigsemination ofX.
fastidiosasubsp.fastidiosa Certain native wild Americalitis species carry
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genes encoding resistance to Pierce’disease. Suaites are utilized for
breeding to combine disease resistance with high €uality of European
grapevines (Krivanekt al 2006).

Crown Gall

Symptoms

Most pathogenic bacteria and fungi causes decayeamsis of green or
woody parts of grapevines leading to the deathhefhost plant. However,
during the development of crown gall disease plaells start an
undifferenciated growth resulting in tumor formati¢Figure 5). The primary
symptoms of crown gall (called also black knot) gripevines are galls
(tumors) formed at wounds the base of the crowm theasoil line and up the
trunk of affected grapevines. Galls develop onnadbden portions and roots
of the vine where injuries occur. Interestinglye thatural occurrence of crown
gall on young green grapevine shoots has not begorted yet. Symptoms
become apparent in early summer, and are initielBamy white or light
green, but become brown to black in autumn. Refeayiae varieties produce
anthocianins in the tumors. Galls are initially tsofasses of disorganized
tissue, they become dry and woody-like as they Bgek cracking and peeling
may be associated with gall development. Extengak development can
cause girdling leading to death of crown-affectaks.

Figure 5. Different forms of crown gall disease pyoms.Agrobacterium vitisnduce
local and solitary tumors (a); extensive tumorsezing large surfaces (b); and local
cauliflower head-like galls on the woody parts cdevines (c) (Photos by L. Mugnai
(a) and E. Szegedi (b & c).
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Occurrence and Impact
Crown gall disease occurs in all grape-growingaegiaround the world,

and is economically significant particularly in asewhere cold winter
temperatures cause severe wounds that are esgenfalvitisinfection (Burr
et al 1998). Most commercially-growtV. vinifera cultivars are highly
susceptible to freeze injury and crown gall disedseelopment. Reduced
growth, and vine vigor of severely affected grapesi result in reduced
productivity and cropping potential of vineyard. 0fm, crown gall-affected
vines can die. Dead vines need to be removed ghatesl. Both nurseries and
plantations are seriously affected by this disease.

Causal Agent

Crown gall disease on grapevine is caused Agyobacterium vitis
(synonym: Rhizobium vitis formerly called Agrobacterium tumefaciens
biotype 3 (Younget al. 2005, Young 2008). WhilA. tumefaciensccurs on a
wide range of host plants and in sdN, vitis has been isolated only from
grapevines or from grapevine rhizospeherdés. vitis belongs to the
Rhizobiaceagamily in the Clas®\lphaproteobacteriaA. vitis cells are Gram-
negative, strictly aerobic, non-spore producingsr(6-1.0 um x 1.5-3.0 um),
and are motile by one to six peritrichous flagela. vitis is generally
distinguishable from otheAgrobacteriumspecies by lack of 3-ketolactose
production, no acid-clearing on PDA plus Ca@d lack of motility at pH
7.0. Additionally,A. vitisis pectolytic at pH 4.5, utilizes sodium L-tartrated
grows at 37C (Moore et al. 2001, Younget al 2005). OccasionallyA.
tumefaciensiovar 1 and 2 strains may also be associated gvdpe crown
gall (Palacio-Biels&t al 2009b, Szegedit al. 2005)

Pathogenic agrobacteria, among others, harbouga fdasmid called the
tumor inducing (Ti) plasmid which carries the gemssential for virulence
(Sciakyet al. 1978). Besides Ti plasmid8, vitis cells contain an additional
large plasmid encoding tartrate utilization (Széged al 1992). Since
grapevines contain tartrate the ability Af vitis to utilize this compound as
carbon and energy source contributes to its adsmtiaith grapevines (Kado
1998, Salomonet al 1998). Recently, the genomes Af tumefaciensA.
radiobacterand A. vitis type strains have been completely sequenced. They
contain one or two chromosome(s), one of whichdimemosomal, while the
other (inA. tumefacienandA. vitis) has plasmidrépABQ replication origins
(Slateret al 2009).
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Biology and Epidemiology
Due to its biotechnological impact, crown gall tuigenesis is one of the

most extensively studied plant-microbe interactidhe process starts with
induction of the virulence genes located on Ti plias by plant metabolites
released in wounds, i. e. phenolic compounds agarsu This leads to the
synthesis of virulence proteins and a single-sedn®@NA, called T-strand
which is transferred to the plant cells. The transéf T-DNA from the
procaryotic bacterial cell to the eucaryotic plaal is mediated by virulence
proteins. A set of proteins (VirB, VirD4) form aryesophisticated type IV
transport system in the bacterial membrane througich the T-strand and
other Vir proteins are transported as a proteireit@cid complex into the
plant cell. VirD2 and VirE2 proteins direct the risport of T-strand into the
plant nucleus where it becomes stably integratéal ime host chromosome
facilitated by the VirE3, VirF and several host tgins (e. g. BTI1, VIP1,
certain histones, etc.). The biology Agrobacteriumand the molecular basis
of crown gall tumorigenesis have recently beenawed in detail in several
excellent papers (Citovskgt al 2007, Gelvin 2009, 2010, Matthysse 2006,
McCullen & Binns 2006, Tzfira & Citovsky 2008).

The genetic transformation of plant cells Adgrobacteriumresults in two
basic physiological changes. First, T-DNA direcke tsynthesis of plant
hormones. The elevated hormone level induces uniegh cell division
resulting in tumorous growth (formation of crownlgiisease symptoms). T-
DNA genes directly contributing to crown gall fortiwen are called oncogenes
(Britton et al 2008). Second, the tumorous tissues producefgpagiino acid
derivatives, called opines. The synthesis of opisedso determined by the T-
DNA, and the type of opines induced by the givgmobacteriumform a basis
for the classification of Ti plasmids. Ti plasmid§ A. vitis isolates can be
classified into three opine groups, namely octojsin@umopine, nopaline and
vitopine (Paulu®t al 1989, Szegedit al 1988). In nature, octopine, nopaline
and vitopine isolates/tumors occur approximately 68 30 and 10 %
frequencies, respectively (Buet al. 1998, Ridéet al 2000, Szegedi 2003).
These amino acid derivatives serve as selectiveientitsource for the
inducing bacterium, and they may also induce cajutpnsfer of the Ti
plasmids to avirulenfgrobacteriumcells. Thus the production of opines in
plant tumors are beneficial for the propagation andintenance of the
inducing bacterium in nature (Dessabal. 1992, 1998).

Although agrobacteria are known as soil bactenmil mow A. vitis has
not been isolated from soil except from the grapewhizosphere. There is
only one reported exception, but such positive ltesare also derived from
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vineyard soil samples (Linet al 2009). These observations further confirm
the strong association of this bacterium with dsttplant. The systemic nature
of A. vitis infection in grapevine was first shown by J. Lectiy (Lehoczky
1968, 1971) in Hungary and later confirmed by salvendependent
laboratories (Burr & Katz 1984, Cubermi al 2006, Sile 1986, Tarbah &
Goodman 1987, Thiest al 1991).

The presence of the bacterium has been shown rptiorthe woody
aerial parts and bleeding sap of the infected pJdnit also in the root system
(Lehoczky 1978, Szegedi & Dula, 2006) where it sarvive for years in the
soil even after removing the plantation (Bwet al 1995). Thus, latent,
systemic infection of the propagating material @sidered to be the main
factor in the spreading &. vitisin nature. Tumorigenig. vitisis introduced
into new vineyard soils by planting infected nuysestock. A. vitisfree
grapevines can become infected when planted invgdil debris remaining
after the removal of infected vines. Infected grépes may remain
symptomless until injured. Wounds that are sitesAfovitis infection can be
caused by freezing, pruning, grafting, vine trajniand other mechanical
devices and practices used to cultivate and maintaeyards.

Transmission
A. vitis is disseminated via apparently healthy, but inféate infested,

propagative materials and planting stock, as welhasoil containing infested
grapevine debris. Secondary spread ofitisin vineyards may occur through
pruning and cultivation Irrigation can facilitatéssemination ofA. vitis in
vineyards. Intermediate vectors (e. g. insectsjritnring to the spreading of
A. vitis from infected plants to healthy ones have not beesncribed.
However, some observations show that nematodespnuaiyote infections of
grapevine plants through the roots system (8til 1995). Thus, they can be
considered to be potentiAlgrobacteriumvectors in the soil, although it has
not been proven that nematodes can transmit ageizmdérom one plant to
another.

Disease Management

Management of crown gall is based on the usé.a¥itisfree planting
stock (see below). Additionally, a critical crowrligdisease management
strategy is to avoid planting new vineyards andhaotblocks at sites that
were previously planted with grapevines, are prtmérost, and have wet,
heavy soils. Treatment of planting sites to consoilborne plant parasitic
nematodes can help minimize root wounds. Woundihgrumks and canes
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mechanically and via freeze injury, should be agdids far as possible. Other
cultural practices include establishing multiplentks to allow removal of
galled trunks and train suckers as new trunks fram-galled trunks, and
removal of infected vines that grow poorly or produdight crops. Biological
contol methods have also been developed to manamencgall disease
(Kawaguchiet al. 2007, Toklikishviliet al. 2010, Zauneet al. 2006) although
the effectiveness of their practical applicatiors m@t been documented yet.
The use of resistant varieties obtained by tragticor molecular breeding
may provide us further alternatives in the contobl Agrobacteriumon
grapevines (Krastanowt al 2010, Silest al 1994, Szegedit al 1984).

Rare Bacterial Diseases
Besides the above mentioned bacterial diseaseshwducur in several

countries and/or cause serious economic losses yaan to year occasional
occurrence of some other bacterial diseases ofeyirags have also been
published. In the late 1970s leaf necrosis obsenmedCabernet Sauvignon
grapes was associated with the presenc&Xafthomonassp. in diseased
plants. The wet season most probably contributesytoptom development,
since epidemic outbreaks were not observed in éars/ (Burr & Hurwitz
1980). More recently decaying inflorescences witbrotic leaves and shoots
observed olV. viniferagrapes caused significant economic losses in Aligstr
The causative agent was identifiedRseudomonas syringgey. syringaeby
physiological characteristics and molecular markéike Xanthomonassp.
infection was associated with high environmentaimidity (Whitelaw-
Weckertet al 2011). Wood decay caused alsofbysyringaewas observed in
Sardinia (Italy) affecting mainly young plantatiof@ugusiet al. 1986). Due
to the localised and sporadic occurrence of theseades their impact on
grapevine growth and yield and production of grapepropagating material
is not well documented.

2.5. Fungi

During the past 20 years the decline of young griageplants increase a
dramatically worldwide both in nurseries and newanphtions. Fungal
pathogens causing the vascular disease within ¢ha eomplex and those
causing black foot have been primarily responditniehis decline.
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Esca Complex
Within the esca complex the tracheomycotic furRfiaeomoniella

chlamydospora (PghandPhaeoacremonium aleophilum (Palre responsible
for the “dark woodstreaking” of self-rooted canes and graftings, rofte
followed by a decline known as Petri disease (Mughal 1999, Suriceet al
2008). At the nursery stage there are no visibtereal symptoms and only
changes in the internal woody tissue are indicabivanfection which can be
observed in cross and longitudinal sections ofrtléstock and graft junction.
In longitudinal sections the dark-brown streak stongs develop in the scion
and in the rootstock, from the base upwards or friie graft junction
downwards, while in the cross sections small blgaits are often arranged in
a ring around the pith. A gum-like, dark exudateynise secreted from
infected, sectioned, vessels. Dissemination ofethgeghogens is primarily via
contaminated planting stocks (Acheekal, 1998, Arocaet al 2010, Graniti
et al 2000, Morton 1995, Mugnat al 1999, Suriccet al 2008, Waite &
Morton 2007, Whitemaet al 2007).

Petri disease occurs in young, 1-8 years old, giaps (Ferreiraet al
1999, Morton 1995, Mugnait al 1999, Pascoe & Cottral 2000, Schetlal
1998). Only non-specific symptoms of decline angoreed among which the
most characteristic one is the stunted shoot growith mildly chlorotic
leaves. The pith can become dark and isolated tdpoks or groups of spots
forming a dark ring around the pith are formed e twood (Figure 6a).
Secretion of the black, gummy fluid from the blagpots, as in “dark wood
streaking” can also be observed. The diseasedspaiotv poor growth with a
significant death rate. Therefore replacing deapevines increases costs of
grape-growers. Later, reduction in yield and tradath leads to increasing
economic losses.

Another syndrome linked to infections By chlamydosporand oftenP.
aleophilum was described as a vascular disease called ,yosoaj éMugnai
et al 1998, Suriccet al 2008), or, more recently, as grapevine leaf attip
disease (Surico 2009). Small chlorotic spots dgvelketween the veins which
later become necrotic. Later they extend and tata the so-called ,tiger-
stripe” symptoms consisting of bands of chlorotitd/ar deep red tissue
surrounding necrotic interveinal stripes (Figureaiol c). The so called ,tiger-
like” striped leaves symptom can appear, with rggitcreasing incidence, all
along with vineyard life, even in 2-3 year old sndeading to lower fruit
quality and yields and to the death of the vindwe Tecrotic foliar symptoms
are thought to be caused by fungal phytotoxins (Abtansouret al. 2004,
Evidenteet al 2000, Sparapanet al 2000). Symptoms in the wooden tissue
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are the same as in the case of Petri disease. ldowtbe streaking due to the
vascular fungi colonization necrotic lesions extenthusing the development
of central or sectorial brown-red or light browncrasis usually linked to
colonization of pruning wounds (Figure 6).

Figure. 6. Woody symptoms (a); infected vineyaryd éind foliar symptoms (c) of
'young esca’ caused BBhaeomoniella chlamydospora (Baim 4 year old/itis
vinifera cv. Furmint plants (photos by L. Mugnai).

Within the esca complex another fungal pathogemnulshbe mentioned,
even if not transmitted via propagation materkbmitiporia mediterranea
(Fmed) a basidiomycetous fungus causes wood white rgtagevine, as well
as, of many other host plants. In Europe, it is riest frequently isolated
fungus causing wood decay, while many other spetiesound in other parts
of affected grapevines (Fischer 2006, Whie al 2010). Leaves of the
infected plants do not show foliar symptoms, wttile infected wooden tissue
shows a whitish-yellow rotting and becomes spongrdéred by a dark line
(Larignon & Dubos 1997).

As traditionally ,esca” is a term linked to the wéidecay disease, the
presence of both the vascular disease causingripedsleaf symptom and the
white rot, or decay, on the same vine is referoedsca proper. This syndrome
usually appears more and more often in ageing aimasy In this case both the
vascular disease agent(s) and the decay funguzresent in diseased plants.
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It is important to note, that the pathogens trattechi and spread via
propagation material within the esca complex aeevéiscular disease agents
only, while the occurrence of the decay agent lested to field infections of
wounds by aerial spores.

Vines infected by the vascular funfichandPal are frequently colonized
also by other fungal pathogens, possibly contmigutio trunk decline, as
Botryosphaeriaspp, Diatrypaceae species(as Eutypa latd, Phomopsis
viticola. In particular,Botryosphaeriaspp. have recently been found to infect
nursery material (Spagnolet al 2011). Pch has only been isolated from
grapevines, with the exception of a recent isotatiomm a weed in the
vineyard (Gramajet al 2011), and it occurs, on this host all over thwla:
Pal occurs less frequently and infects other woodyiglas well (Mosterét
al. 2006). Currently 34 species Bhaeoacremoniurhave been isolated from
different host plants, 25 of which, includirRgl, have been isolated from
symptomatic or asymptomatic grapevine wood.

Still, Pal remains the most frequent wood-decay fungus agaded vines.
The teleomorph oPch has not been described yet, while thalPaf(Togninia
minimg was found in several locatiorfEskalenet al 2005, Mostertet al
2003, Pascoet al 2004). The spores of both fungi occur on theamafof
rootstocks and scion canes. The spores invadeyleenxthrough wounds at
the basal part of stem, at the disbudding siteatdhe graft union. In the
nursery, infection may occur at any stages of prtido of propagating
material including the hydration and grafting (Aacet al 2010, Edwardst
al. 2004a, Fourie & Halleen 2002), via wounds in theting area, at the
disbudding sites or at the graft union.

Pchcan be detected in grapevine soil as well asfetiad tissue residues,
but the isolation of viable colonies in naturalhfasted soil was never proved.
Therefore, infection of the healthy planting matkfiom infested soil can be
hypothesised but it does not appear to be a seriskgFourie & Halleen
2004, Roonegt al 2001, Tello & Gonzalez 2010, Whitemanal 2002).Pch
and Pal can remain latent for several years, and the plogical factors
causing symptoms to appear are not fully unders(podlarco & Osti 2007,
Edwardset al 2001, 2004a, Zanzottet al 2001). Further details on the
pathogens, symptom development and disease managkave recently been
reviewed by Suricet al (2008).
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Black Foot Disease
Cylindrocarpon (teleomorphNeonectria) species have been reported as

causal agents of black foot disease on grapeviteniAet al. 2007, Grasso
1984, Halleeret al 2006, Maluta & Larignon, 1991, Rego al. 1998, 2001,
2006, Scheck et al. 1998). Recent research shdweddhe causal agents are
actually a complex of species belonging both Gglindrocarpon (Cyl.
liriodendri, as the main species causing black foot on grapevihg
destructansCyl. macrodidynumand toCampylocarpor(Campyl. fasciculare
andCampyl. pseudofasciculargAlaniz et al. 2007, Halleeret al 2006b).

Black foot agents are soilborne pathogens and dleyr in all important
viticultural regions of the world. They are freqtlgnisolated from rooted
graftings (cuttings) in nurseries (Fourie & Halleed01, Regacet al 2000)
where they can cause severe losses during roatuegto root infections by
micro-, and macroconidia, chlamydospores or mycéiEmments (Halleert
al. 2003, Probstt al. 2009) present in the nursery soil. Asymptomatiedted
vines usually show decline symptoms once plantedrniew vineyard.

The most characteristic symptoms are dark browndok necrosis at the
root crown and sunken necrosis on the roots, cgusidecline of the root
system. A dark streaking can appear in the woosisué starting from the
basal part of the stem. Diseased plants show stowth with short internodes
and small leaves which become chlorotic or necriotithe interveinal area.
Infected plants die within a short time, and theanrot be immediately
replaced as the pathogens are all soilborne regulti significant losses for
the growers. The widely used glyphosate herbicintweiases the harmful
effect of the black foot agents on moist soils (idaiw-Weckert 2010).

3. DETECTION AND IDENTIFICATION OF PATHOGENS

3.1. General Introduction to the Diagnostic M ethods

Pathogen-free stock material can be obtained hyn¢geexisting plant
material to select healthy plants. In this wagually healthy plants are chosen
followed by testing with appropriate protocols. &rcertain pathogens (e. g.,
viruses, phytoplasmas and obligate parasite fuzaginot be cultureah vitro,
their detection is carried out directly from theaqi material. Bacteria and
saprophytic fungi can be enriched or even isolategure culture under
laboratory conditions for further identification.ltBough this step increases
the time required for pathogen identification, wogk with pure cultures
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makes the pathogen diagnosis more reliable sincelirtinates several
contaminating materials that may interfere withittentification protocol.

For the detection of the non-culturable grapevimases indexing is the
most widely used method. This is accomplished laytigig pieces/parts of the
plants being tested onto indicator grape varietibgch show characteristic
symptoms following infection. This can be carriagt by transfer of a small
piece of wood or dormant chip-bud to the indicagoape (Rowhankt al
2005), by green-grafting (Pathirana & McKenzie 280%r micrografting
(Pathirana & McKenzie 2005b). Although the novell&A- and PCR-based
protocols (see below) are more rapid and convemgense than the laborious
and time consuming indexing, this method is sétjuired for certification of
virus- and virus-like pathogen-free grapevines (BEPPO 2008) because it
is more reliable for mitigating the phytosanitargks of quarantine viruses.
Besides indexing, immuno-based methods have rapigitpme very popular
due to their sensitivity and ability for large salpplication. ELISA detects
pathogen proteins (as antigens) by antibodies jgextiin animals (e. g., rabbit
or goat). The pathogen-specific antibody is conjedgato an enzyme that
catalyses a color reaction thereby increasing émsisvity of the reaction by
several orders of magnitude. ELISA kits are nowiade for most important
grapevine viruses (Rowhaei al 2005).

Since 1990s the polymerase chain reaction (PCR)aasme the most
widely used tool in plant pathology for pathogerteddon and identification
(Louws et al 1999). This method amplifies specific DNA sequescif
present, by DNA polymerase several million timeseTsize of amplified
fragment is determined by sequence-specific printegis exactly match the
start- and endpoints of the target DNA. Thus, neWADstrands are
synthesized in both directions. RNAs (RNA virusas} amplified following
reverse transcription (“conversion”) into DNA. Omgycle of synthesis
involves DNA denaturation (92-9€), primer annealing (54-5&) and DNA
synthesis (72-75°C). The reaction products are usually analysed by
visualization in agarose gels and identified acewydto their sizes. An
advantage of PCR over serological methods is thdbes not need antigen
purification, injecting of animals and serum pregiam from animal blood.

In conventional PCR one primer pair directs thettsysis of a well
defined single fragment. For nested PCR (that stmif two consecutive
reaction steps) and in cooperative PCR more than gair of primers are
designed for the amplification of the specific semge target. Thus, the
reaction becomes more sensitive and specific byimditing potential false
positives. If the detection of more than one patimig desired, multiplex PCR
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that involves two or more primer pairs designeddetecting different target
sequences in a single reaction can be used. Intitpiae real-time PCR, the
reaction is continuously monitored by the appeasawicfluorescent reporter
molecules. The level of fluorescence is relatedtite amount of newly
synthetized DNA. Positive reactions can be verifieg cloning and
sequencing of the amplification products and/oraggrose gel analysis. In
recent years, the loop-mediated isothermal amatifio (LAMP) has been
used increasingly. The reaction is carried outsdi@Gand DNA amplification
is followed directly by a color reaction. Thus,slmethod can be applied using
mobile laboratories in the field since its appliocatrequires only a thermal
block (Palacio-Bielsat al 2009a).

The presence or absence of a PCR-amplified tamgppienices does not
always allow the precise identification of a givenganism. However, a novel
technique called barcoding has been developedritiades sequencing of the
amplified fragments. Appropriate genes for barcgdinntain short sequences
for primer design which border a 600-1500 bp vdeategion that allows
identification of the given organism. Due to thdemsive international trade
involving plant propagating stock materials, thésean increasing need for
rapid and reliable identification of plant pathogerAccordingly, an EU
project has been started to establish and implemdrdrcoding system for
plant pathogens (Bonargsal 2010).

3.2. Virusldentification in Grapevine Stocks

Biological Indexing
The classic method for virus diagnosis, called dgalal indexing, is

based on the specific sensitivity of certditis genotypes or herbaceous plants
to grapevine viruses. Such plants are called vitdEators. The use dfitis
(woody) indicators is still a compulsory step inagevine certification
programs for the identification and detection aft@i@ diseases (OEEP/EPPO
2008). A comprehensive list of virus-, and virdglidiseases as well as their
Vitis and herbaceous indicators are listed in TableidceSisolated virus
particles cannot be mechanically transmitted frdva tested plants to the
indicator, various grafting techniques are appled., chip grafting, chip-bud
grafting, green-grafting or the useiarvitro grafting techniques (Pathirana &
McKenzie 2005a, 2005b, Rowhaeti al 2005, Vindimiaret al 1998, Walter
et al 1990, 1997). Grafted woody plants are usuallpdfarred to field and
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observed for symptom development for 2-3 years]enihi the case of green-
andin vitro grafting symptoms appear within a few months.

Inoculation of herbaceous indicators allows detectof mechanically
transmissible viruses, including those of minor ra&gligible importance
(Rowhaniet al 2005). The mechanical transmission of virusea tange of
herbaceous indicator plants is used as a prelimisareening of plants
designated for indexing on woody indicator plaisis method complements
but does not substitute for indexing ditis indicators. First virus particles can
be amplified inChenopodium quinoandicator plants (bait-plant) and such
infected plants that show symptoms are used incanseround to inoculate
other indicator species. This two-step method tesul a more effective
transmission than inoculation made directly frone thrape. Herbaceous
indicators may develop local or systemic symptonas appear 10-14 days or
a little later after inoculation. A detailed list grapevine viruses and their
Vitis and herbaceous indicators are listed in Table 1.

Laboratory Methods
Laboratory methods, such as ELISA and variationB@R techniques are

widely used for detection and identification of uges in the course of
production of virus-free grapevine propagating mate

ELISA, a quick, sensitive and reliable serologicakthod has been
routinely applied for large-scale testing in cakeaveral grapevine viruses for
about three decades. Commercial kits/sets baseagblynlonal antisera and
monoclonal antibodies are available for screenifignother plants. Both
double antibody sandwich (DAS) and triple antibed@ydwich (TAS) ELISA
can be used. Cocktails of antibodies successivelplied in several
combinations to reduce the time and costs of tgstitowever, the reliability
of the ELISA results is influenced by several fastsuch as the virus itself,
the time and method of sampling, the type of tlssui used for the test,
quality of the reagents, etc. (Boseizal. 1997, Gambinet al 2010).

Viruses of infectious degeneration (European andditdganean
nepoviruses) are reliably detectable by ELISA. $hggested sampling period
for detection of GFLV, ArMV, GCMV, ToBRYV is when syptoms appear,
early summer before flowering (end of May-beginn@iglune) before the hot
summer days. Mature leave blades are used todegtdse viruses. Dormant
canes are also good sources for virus detectionin@hot summer days, the
titer of these viruses decreases to below the ti@tetimit. Petioles of the
topmost leaves in early summer or phloem tissuen faormant canes are
successfully used for grapevine fleck virus test{@pscia et al. 1997).
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ToRSV, TRSV, peach rosette mosaic virus (PRMV),sehlagents of the
degeneration in America, can be detected by ELISMgiyoung leaves
collected in the early spring (Rowhagaiid. 1992).

For reliable detection of GLRaV viruses, old leageslormant canes are
generally good sources. The most reliable plant igathe dormant cane but
these should not be stored longer than two monthstha virus titer
significantly decreases during storage resultinfaise negatives (Gambiret
al. 2010). For detection of GLRaV-1 and GLRaV-2 vessit is best to use
concentrated plant sap extract and biotin-stregtavamplification. Several
commercial ELISA kits are available for GLRaV1 ahbut they do not detect
all strains of these viruses (Bertazzmnal. 2002). Detection of GLRaV-3 is
the most reliable by ELISA from different plant sarpetioles and midribs of
mature leaves or green shoots from June to Octdther.best source of the
virus is the cortical scrapings from mature ca@¢A and GVB are the two
viruses of the Rugose wood complex, detectable oA Dormant canes
both of European and American grapevines can be ligethe canes should
not be stored for more than three months. GVA aN® @its react also only
with a limited number of virus strains (Gambieioal 2010).

During the last decade, different PCR methods wads® developed
specifically for grapevine viruses where laboratargthods had not existed
previously or to increase the sensitivity of detectlevels above that of
ELISA. Various extraction procedures are used tdaiobtotal RNA of
grapevine with or without using commercial extrawtikits, e.g. RNeasy
(Qiagen) (Dovas & Katis 2003, Osman & Rowhani 20B®&whaniet al.
1995). A rapid CTAB-method was developed by Gamlginal (2008).

Several reverse transcription-PCR protocols wexeldped for detection
of grapevine viruses. References to these areadlgibn the website of the
International Council for the Study of Virus andrds-like Diseases of the
Grapevine (http://icvg.ch). Polyvalent RT-PCR wappleed for the
amplification of groups of viruses: fovitivirus (Saldarelli et al. 1998),
Nepovirus(Digiaro et al. 2007, Wetzelet al 2002). Dovas and Kati{R003)
detected Vitivirus, Foreavirus and Closterovirus in one reaction tube.
Multiplex PCR assays were developed for simultasesetection of eight or
nine viruses (Faggioli & La Starza 2006, Gambind>&baudo 2006). Real-
Time TagMan RT-PCR assays provide possibilitiesdétect viruses/types
which have not been detectable previously, suclvasmnts of GLRaV-2
(Beuveet al 2007), GLRaV1-5 and 9 (Osmaat al 2007), or the viruses
associated with the Rugose wood complex: GRSPa\A,G3WB and GVD
(Osman & Rowhani, 2008).
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Other technology uses DNA microarrays or biochipkerg solid
nonporous surfaces allow the application of 100,p@8bes per chip. The
short oligonucleotide or the longer cDNA probes aseecific to
complementary DNA or RNA sequences. Hybridizatignals are detected
by using labelled complementary sequences. Apphicadf this technology is
being extended to the detection of plant pathogeakiding plant viruses
(Boonhamet al 2003), and there are a few reports for deteatibmiruses
infecting grapevine (Gambinet al. 2010). Due to the multiplex capabilities of
the system and the possibility of detecting différpathogens, known and
unknown viruses at a time (Osmanal 2008), the power of the microarray
technology in the detection and diagnosis of plaathogens is very high.
However the present application is limited dueh high costs associated and
the difficulty of adaptation.

High throughput- or deep sequencing technologikesvalthe analysis of
transcriptoms and degradoms. The latter referdioot RNA products of the
RNA degrading system of the cells. In purified pl&NAs (total RNAs or
MRNASs) RNA products of the pathogens actually itifecthe organism are
also present. In this way the RNAs of the infedi@gents, such as the viral
RNAs, can also be detected and identified at thel lef sequence specificity.
Similarly, degraded short RNAs can be sequenced daid analyzed by
computer programs allowing the virtual reconstuttdf the possible original
RNAs from which the products came. Having viral gee sequence
information, specific primers can be synthesisedsttate RNAs of interest.
The method is sensitive and is suitable for disdage new pathogens
especially new viruses or to distinguish straind gariants in samples. The
data produced by deep sequencing require adegoatéobmatic support. The
present cost of the technique still limits the nembf samples that can be
analyzed. Reports have been published for graps aind viroid detection and
identification (Al Rwahniket al 2009; Navarret al 2009).

3.3. Detection and I dentification of Phytoplasmas

Symptomatology
The same or very similar symptoms are induced figrdnt phytoplasmas

on grapevines worldwide. Collectively, these symmptorefer to grapevine
yellows (GY) disease. This is a group of serioisedses developing the same
typical group of symptoms on leaves, flowers, bwscland canes of.
vinifera varieties. However, the diseases and their caugahta cannot be
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differentiated based on visual symptoms. Accordimgecent observations in
Italy, vines with the earliest appearing symptomsravmostly affected by
Flavescence dorée (FD). Later in the season, ttideince of Bois noir (BN)
became more frequent (Angeliet al. 2006). Visual observation of symptoms
is not suitable for the identification of phytopleas species but the
simultaneous presence of the characteristic symgptmmdifferent plant parts
plays an important role in the diagnosis of grapeyiellows.

Indexing
Until molecular techniques became available fortings grapevines,

phytoplasma detection was difficult. Graft transsioa of the varieties onto
sensitive indicators (e.g., Baco 22A) was appli&the to the uneven
distribution of the phytoplasmas in the plant, tisthod is not suitable for
reliable detection and cannot be used for spedéatification. Therefore, this
method is no longer recommended for phytoplasmactien in grapevines
(OEPP/EPPO 2007).

Molecular Methods

Grapevine phytoplasmas can be reliably detectedh froid-summer
through fall. Midveins of leaves, petioles of syompgtic plant parts, as well
as phloem scrapings of canes collected in the auttan be successfully used.
Phytoplasmas can be identified also in individualeict vectors or in batches
of 5-15 insects (Maixneet al. 1997). Diagnosis and characterization of
grapevine phytoplasmas is based on DNA amplificatiy the polymerase
chain reaction (PCR), followed by restriction fragms length polymorphism
(RFLP) analysis in order to assign them to GandidatusPhytoplasma’
species or to a 16S rDNA group. Several variatioheested-PCR and real-
time PCR methods using different universal and gispecific primers have
been developed. A number of primers designed opdhamorphic sites of the
ribosomal genes have been described for the spemifiplification of DNA
sequences from FD-, and BN-associated phytoplapegies (Angelini 2010,
Galetto & Marczachi 2010). Multiplex real-time PGRsays are successfully
used for simultaneous routine detection of FD ahbdpBytoplasmas (Claiet
al. 2003, Filippinet al. 2006, Pelletieet al. 2009, Terlizziet al. 2009).

For the reliable detection of phytoplasmas assediaftth the GY disease,
visual observation of the symptoms in the vineyazdmbined with use of
molecular methods is recommended. For routine strgef grapevines, fast
and sensitive real-time PCR is recommended. Fahdurdifferentiation of
phytoplasma strains, nested-PCR followed by RFLRlyars is required
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(Angelini 2010). Loop-mediated isothermal amplifioa has also been
developed for phytoplasmas (Tomlinset al 2010). Application of this
protocol for grapevine pathogens would allow theniification of infected
plants in the field.

3.4. Detection of Bacterial I nfections

Xylophilus ampelinus

Presumptive diagnosis of bacterial blight of grapes can be made based
on symptomatology; however, this should be confinby isolation of the
pathogen in early spring or late fall (Schastdal. 2001). Isolation of the
bacterium may be very difficult because of its slgmwth in vitro, as fast
growing saprophytes occuring in grapevines rapahgrgrow X. ampelinus
colonies. Visible, pale yellow colonies appear liguafter 6-10 days
incubation at 24°C depending on culture conditions. Colonies can be
identified by its cultural and physiological chaexgstics in vitro and
pathogenicity tests (OEPP/EPPO 2009a, Willems &isG2006). However,
several serological (e.g., immunofluorescence, meziinked immunosorbent
assay; ELISA) and molecular assays (conventiorsted and real-time PCR)
are also avaliable for rapid and reliable detectonl identification ofX.
ampelinugHrenet al. 2010, OEPP/EPPO 2009a, Palacio-Biefsal 2009a).

X. fastidiosa

Pierce’s disease symptoms resemble drought and altiatic stresses, as
well as some other grapevine diseases. Piercegasksdiagnostic method
based on detection and identificationXoffastidiosasubsp fastidiosainclude
isolation of the pathogen on semi-diagnostic medima, vitro cultural,
physiological and biochemical characteristics; imoassays, e.g., enzyme-
linked immunosorbent assay (ELISA), immunofluoresee (IF), dot
immunobinding assay (DIBA), and various polymeralsain reaction (PCR)-
based protocols (Hreet al 2010, Palacio-Bielsat al 2009a, Schaadt al
2001). Pierce’s disease diagnosis based on moamtdti fastidiosasubsp.
fastidiosainduced transcripts (plant biomarker genes), dt ageX. fastidiosa
subspfastidiosarRNA, was recently described (Chatial 2010). The system
was sensitive enough to detect both host genectiptssandX. fastidiosassp.
fastidiosarRNA in infected, but not in asymptomatic grap@&nThe host
biomarker genes were not induced by water deftoiiss (Choiet al 2010).
Harper and coworkers used the bacterial 16S rRNskgssing protein gene
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rimM for primer design to detedf. fastidiosa rimM specific primers were
species-specific and detected All fastidiosastrains representing the four
main subgroups of the pathogen both in LAMP angkai-time PCR (Harpen
et al 2010).

Agrobacterium spp.

Although galls on infected grapevines are generalharacteristic of
crown gall, these may be confused with normal satigsue. Crown gall
tumors caused by diverse types of agrobacteria beardistiguished from
healthy callus tissues formed at wounding siteshieypresence or absence of
opines. Grapevine crown gall tumors induced Ay vitis usually contain
octopine, nopaline or vitopine, andl. tumefacieninduced tumors may
contain octopine, nopaline or agropine dependingthen Ti-plasmid types
harboured by the disease causing agrobacteria ¢8z2603, Szegedi et al.
2005). Opine assays provide simple, rapid and ieespe protocols to
diagnose Agrobacteriuminfection in grapevines (Fig. 7.). Detailed
descriptions of the methods are described by D&saad his coworkers
(Dessauxet al. 1992). Recently, a crown gall diagnostic methadda on
analysis of the volatile profile of galled plantg §as chromatography-mass
spectrometry (GC-MS) was described (Blasioli et28l10). Specifically, the
presence of styrene was detected in galled, buimadiealthy, grapevines.
However, while this approach distinguishéd vitisinfected and healthy
grapevines, it is not clear if the presence ofestgris specific foA. vitis
infected, and is not due to other biotic (or akiptstress(es). Also, the
sensitivity of this approach for detectig vitisinfected but symptomless
plants is not known.

Since tumorigenic endophytes may occur in asymptiorrdected plants,
other diagnostic protocols directly target the diébm and identification of the
pathogen itself. For isolation of agrobacteria froptants and other
environmental samples several selective media Hmeen used. Isolated
colonies can be identified by their physiologicahda biochemical
characteristics and by virulence assays (Matth€s, Mooreet al. 2001,
Mougel et al 2001, Young et al 2005). Although these classic
phytopathological methods are reliable, they arbori@us and time-
consuming. Thus, they have recently been almostplaigly replaced by
much more rapid PCR-based pathogen detection amdifidation methods.
Total plant DNA extracts or DNA from the isolatedlanies can be used.
During the past 20 years several chromosomal apta$mid specific primers
have been developed for agrobacteria (reviewedtien@t al 2008, Palacio-
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Bielsaet al 2009a). The sensitivity of PCR-based detectiom loa further
increased by nested PCR tests (lehal 2009, Pedutet al 2010).

1 2 3 4 5 6 7 8 9 10 11

Figure 7. Detection of nopaline in natural grapevitmors. Lanes 1 and 11: pure
octopine (O) and nopaline (N), lane 2: healthy gréipe stem extract, lanes 3-10:
independent tumors collected from the same areapiésence of nopaline in tumors
distinguishes them from physiological calli and\pdes clear evidence of their
tumorous nature (photo by E. Szegedi).

Although the introduction of molecular assays iptant pathology was a
revolutionary break-through, there are still soiméting factors that should be
considered during indexing of plant material. Tinstfis caused by the uneven
distribution of Agrobacteriumcells in grapevine plants. Immunofluorescent
analysis of canes showed the concentration of bactt the nodes, while
internodal parts were bacteria-free or contained tell numbers of the
pathogen (Stefani & Bazzi 1989). In one-year oldted graftings 90% of
agrobacteria were found in the roots and 10% inréimstock, but systemic
infection was not detectable in the scion (Szedgedbula 2006). The other
difficulty comes from the genetic diversity of thathogen. Grapevines can be
infected by varioudA. vitis and A. tumefacienstrains (Momolet al. 1998,
Palacio-Bielseet al. 2009b). Therefore, designing a universal primar that
can detect all these various agrobacteria in desitmnventional PCR reaction
is quite difficult. This limitation can be overconfiy the combining various
primers that direct the amplification of variougjgences specific for different
groups of agrobacteria. This improved method, datteiltiplex PCR, allows
the rapid detection of diverse types of agrobagtria single step (Biret al
2008, Kawaguchiet al 2005, Kumagai & Fabritius 2008, Pulawséa al.
2006). Recently, Lim and coworkers used univerga primers (URP) to
develop SCAR primers to detest vitis Although these primers, combined
with nested PCR, amplified the appropriate fragnfearh a wide range oA.
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vitis strains with high sensitivity, they were not sfiiedior pathogenic strains
and did not detecA. tumefaciengLim et al 2009) that may also occur on
grapevines.

3.5. Identification of Fungi Contributing to Esca and
Black Foot Disease in Grapevine Wood

In spite of the availability of several modern diagtic techniques, it still
may be difficult to detect and identify pathogehiagi in the woody parts of
grapevines and in the soil. The use of conventiomalobiological methods
are still essential for isolating fungin vitro for morphological
characterization, establishment of type culture lectibns and for
pathogenicity tests. The most commonly used fungetia (e.g., potato-
dextrose agar, oat-meal agar, malt extract) arealadys appropriate. Thus,
several modified media have been introduced to dwgrthe isolation of
grapevine fungal pathogens from the microbial comitres occurring in plant
and soil samples. To suppress the growth of bacteamventional media are
supplemented with antibiotics. Fourie and cowork@@01) used PDA with
chloramphenicol, and Gublet al (2004) used PDA with tetracycline, while
others combined malt extract or PDA with streptomaulfate and ampicillin
to facilitate isolation of fungal pathoge(&rocaet al 2010, Romanazzt al
2009) over bacteria. Tellet al (2009) used two types of semi-selective
media, F10S containing PDA, folpet and streptomygtilphate, and RB150S
based also on PDA supplemented with rose bengastagptomycin sulphate.
These media were appropriate for isolating and tityjémg Pch both from
plant tissues and from artificially inoculated ssdimples. Fo€ylindrocarpon
spp. PDA, ,Spezieller Nahrstoffarmer agar” with seaxtract (SNAY) and
carnation leaf agar (CLA) was proposed (Regoal. 2001b). Bacterial
colonies can also be counter-selected by adjustiagpH of the medium to
approx. 5.5 which is optimal for filamentous fungihile the pH optimum of
bacteria is usually 7.0-7.2. After isolation fungallonies are identified by
their morphological characteristics (e. g., frutistructures, conidia) and
molecular markers. The great advantage of isolatiapnies on growth
media, even if time consuming and often insuffitiem a clear identification,
is that it detects viable pathogens, while DNA-bbsmethods cannot
discriminate between living and dead fungal pathsge

Among molecular techniques, PCR-based methodsoataely used for
the detection and characterization of plant pathmgéungi. Pch, Paland
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Fmedwere detected by conventional PCR using speciesfgper general
ITS1/ITS4-specific primers based in genome sequémfoemation available
in the GenBank database (Fischer 2002, Oveetoal 2004, Pilottiet al
2005, Pollastreet al. 2001, Retiekt al. 2005, Tegliet al 2000, Whitemaret
al. 2002). Target DNAs are extracted directly fromenteéd woody tissues or
from isolated fungal colonies. The molecular teghes are superior to the
traditional microbiological methods where endopbytir saprophytic fungi
frequently overgrow the pathogen (Reti¢fal 2005, Romanazat al 2009).
Martos and coworkers (2011) amplified the rDNA-ITi8gion by co-
operational PCR from several fungi. Of th&ehlamydosporavas identified
by dot blot hybridization using a non-radioactivéhbelled species-specific
probe DNA.Cylindrocarponspp., and als&ch and Phaeoacremoniurspp.,
were detected from plant and soil samples and franious stages of the
grapevine propagation process by nested PCR oedistime PCR (Arocat
al. 2010, Eskaleret al. 2001, Nascimentet al. 2001b). To isolatéch and
Phaeofrom grapevines, vacuum infiltration of plant tiss was more efficient
than placing woody pieces directly on the surfafca oulture medium. Using
this method rapid processing of high sample nurbeeame possible and the
infiltration fluid could be used directly for DNAx&raction (Arocaet al. 2009).
For simultaneous identification @@ylindrocarpon, Eutypa, Botryosphaeria,
PhaeomoniellandPhaeoacremoniurapecies causing decline and trunk death
from woody tissues, t-RFLP (terminal-Restriction agiment Length
Polymorphism) was also used (Weir & Graham 2009).

Samples were also screened by means of a previpusljshed nested
PCR assay specific fdP. chlamydosporaBased on these assays, it was
concluded that: (i) grapevine propagating mategsiay an important role as a
source of primary inoculum, not only &. chlamydosporaas previously
reported, but also for members of tBetryosphaeriacegeamong which
Neofusicoccum parvurBotryosphaeria dothideandDiplodia seriataare the
most common, and (i) multiple infections by diet species belonging to
Botryosphaeriaceaeand/or P. chlamydosporaoccur frequently both in
standing vines and propagation material. This fastling supports the
hypothesis that at least some of the non-specifiaptoms of grapevine
decline may be due to the presence of differeritqaens within host tissues.
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4. ELIMINATION OF PATHOGENS
FROM INFECTED PLANTS

4.1. General Description of Curative Methods

Besides selection of healthy stocks from existilenipmaterial by various
diagnostic protocols pathogen-free plants can hbEs@roduced by curative
treatment of plant material or by appropriate pgapen methods. To
eliminate systemic infections, dormant canes arkjested to hot water
treatment (HWT). This is based on the observatibat,tin a narrow
temperature range (usually between 48&G2or grapevines), several (but not
all) pathogens and pests are killed when incubmtedater for 30-60 minutes
while grapevine buds remain viable. Since this metban be applied for large
amounts of propagating material, it is now congdeo be a general curative
treatment for dormant grapevine canes (for desaiésbelow).

For growing plant organs (green shoots), “heatayr has been used as
a classic method for many decades to eliminateesystvirus infection from
plants. This process involves growth of target fdam heat chambers at 37-38
°C for 2-4 months followed by removing the apicalristems forin vitro
regeneration and propagation. Since this methodumes virus-free plants at
variable frequencies, individuals should be rete$te the absence of viruses
(OEPP/EPPO 2008). A novel protocol for virus eliation has been
developed from cryopreservation of plant stocksh&gen-free plants can be
regenerated at very high frequency when dehydistiedt tips are exposed to
ultra-low temperature in liquid nitrogen (-19€) prior to startingin vitro
cultures. This treatment called “cryotherapy” maglg virus-free plants at
frequencies greater than 90 % (Wang & Valkonen 20@&nget al 2008).

In conclusion, for the safest and most effectivimiglation of grapevine
pathogens a combination of the above methods imgudi) hot water
treatment of dormant canes, (ii) heat/cryotherapyplants with actively
growing shoots and (iii)n vitro shoot tip/apical meristem cultures is useful.
Pathogen-free plants obtained by either of the alumscribed protocols serve
as a basic material to establish stock plantationtarge scale production of
propagating material.
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4.2. Production of Virus-Free Plants

For production of virus-free grapevines plants veithively growing shoot
are grown at a relatively high temperature (37°G$ for 3-4 months (heat-
therapy). Then shoot tips are removed, surfacdiztel and apical meristems
or shoot tips are prepared to startvitro cultures. Shoots are regenerated on
cytokinin (e. g., benzyl-adenine)-containing mediiaihowed by rooting them
on hormone-free or auxin (e. g., indole-acetic-aciwhtaining medium.
Establishment and propagation of grapevime&itro cultures, including their
use for obtaining virus-free plants, has been metkin detail by Torregrosa
et al (2001). This method usually produces virus-frieeis at about 20-40 %
or higher frequencies and is influenced by sevéators. Recently heat-
therapy has been adapted alsantovitro grapevine plants (Maliogkat al
2009, Panattoni & Triolo 2010). Under hot condiigf@. g., in South Spain)
even field samples may be used to staxfitro cultures for selecting virus-free
plants (Valercet al 2003).

Wang and coworkers (Wargs al. 2003) used cryotherapy to eliminate
grapevine virus A (GVA) from infected plants. Whilgeristem culture alone
produced virus-free plants only at a frequency2fd, 96 % of the shoot tips
were virus-free following treatment in liquid nigen. A further advantage of
this method is that laborious and time consumingistan of the apical
meristematic tissue (0.5 mm or less) is not necgssince only virus-free
meristematic cells survive the freezing process.aélditional advance in the
production of healthy grapevine plants was devaldpeSouth-Africa. Virus-
free plants were rescued through somatic embryasieriellowed by plant
regeneration. Regenerated plants were free of synmgtand their virus-free
status was confirmed by ELISA (Torregrasteal 2001). Today this method is
used by several laboratories to eliminate virusesfgrapevines with nearly
100% or even to 100% efficiency as shown by ELI®# RT-PCR testing of
true-to type regenerated plants (Borroto-Fernamedet 2009, Gambinet al
2009). Physiological factors that contribute to ¢fimination of viruses during
the induction of somatic embryos have not beenrated yet. This may be
the result of a hormonal effect during thevitro process, or due to the lack of
vascular connection between the embryo and cailbssid (Gambincet al
2009). The lack of embryo-forming capacity of viingected plant cells may
also select the the virus-free cells during thenftion of somatic embryos.

Rooted plants can be further propagateditro as single-node cuttings or
acclimatized for greenhouse and field growth. Ptimracclimatization,in
vitro-grown grapevine plantlets can be further propagated by rooting
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single-node cuttings under inorganic conditionsgeein perlite or rockwool
moisted with tapwater, pH 6.0). After two-three W&ethey form roots and
can be hardened by gradual opening of containesd f@ culturing. Such
plants do not become contaminated due to the inargaonditions of then
vitro culture medium. Using this simple method, 75%-10f%he plants were
acclimatized (Zolet al 2007).

4.3. Elimination of Phytoplasmas from Grapevine Stocks

Hot water treatment of dormant canes or rootedtplarnth dipping in
water of 50°C for 45 minutes is an efficient method for eliming both FD
(Boudon-Padieu & Grenan 2002, Caudwtllal. 1990, 1997, Manningt al.
2009) and stolbur phytoplasmas (Mannigi al. 2009) from grapevine
propagating material. This treatment also kills ¢lggs of the vectors (e. &,
titanus see paragraph 5. in this chapter) that overwinbeler the bark. The
method has been widely used in France, Italy anstrAlia for several years.
Maintenance of the mother plantations providing thase” material under
insect-proof structures is proposed to avoid phHgtpa infection (Mannini,
2007).

Gribaudo and coworkers (2007) useditro micropropagation techniques
to completely eliminate FD phytoplasmas, while ‘%oioir'-free lines were
selected at a success rate of 40 %. Samples fee ttedies were collected
from the field. Shoot tips started from hot waterated canes would probably
increase the efficiency adh vitro techniques. Although cryotherapy has not
been tested yet for the production of phytoplasrea-grapevines, this method
may be a useful alternative for the existing methdkhe causative agent of
sweet potato little leaf diseas€dndidatusPhytoplasma aurantifolia’ was
eliminated with 100% efficiency using frozen shtips forin vitro cultures as
starting material. Similarly,CandidatusLiberibacter’ species associated with
citrus huanglongbing (HLB) was eliminated from wétr plants with 98%
efficiency by this method (Wargt al. 2008).

4.4. Methods for the Elimination of Systemic Bacterial I nfections

In contrast to viruses and phytoplasmas, bactér& ihtercellularly in
grapevines, mostly in the xylem and in the phlo&imus, their migration in
the plant is determined by the differentiation akeular vessels. The latent
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occurrence of the most common bacterial pathogengrapevine X.
ampelinus X. fastidiosasubsp fastidiosaand A. viti9 in propagating stocks
has been well documented. Thus, freeing plant nahigrthese bacteria is of
significant importance to the grape industry.

Thermotherapy of various plant parts has been dsednore than a
century to kill pests and pathogens to preventrtiiBgsemination by
movement of plant material in domestic and intéamai commercial
channels. The procedure is based on the observdtaty within certain
temperature regimes (approx. between 48Gp dormant vegetative plant
parts (e. g., canes) or seeds can survive, whiteogans and pests are killed
(Baker 1962, Grondeau & Samson 1994). Hot watetrirent has also been
adopted for and widely used to eliminate pathogems pests from dormant
grapevine canes (Boudon-Padieu & Grenan 2002).tMexd at 50°C for 20
min. completely eliminated the Pierce’s-diseasesivgubacterium from the
propagating material of several varieties. Thetée@alants remained healthy
up to two years (Goheen et al. 1973). The saméniezd is an appropriate
phytosanitary procedure to produce grapevinesdfée ampelinusthe causal
agent of bacterial necrosis (Psallidas & Argyropoul1994). Several
experiments have also been carried out to elimifateitis from dormant
grapevine canes. Although. vitis cellsin vitro did not survive 30 min in
water at 50°C under laboratory conditions, they were not comepye
eliminated from heat-treated canes (Batral. 1996). The resistance &f.
tumefacienshat may also occur in grapevine at’80is an additional limiting
factor of the application of hot water treatmenptevent spreading of crown
gall disease with propagating material (Betral 1989).

A significant improvement was introduced by Burdaroworkers who
observed that shoot tips Wt viniferacv. Pinot Chardonnay were completely
free of Agrobacteriuminfection even if they were derived from contantéth
plants (Burret al. 1988). These results were further confirmed imnt&@ay by
Altmayer (1990) and Stellmach (1997). Thies andv8sa(1992) starteWitis
rotundifolia apical meristems from which they regenerated agmrately 200
plants. None of these plants were infected. Toemse the efficacy this
method may be combined with the application ofaierantibiotics that do not
affect the growth of plant cells but kill agrobaée (e. g. claforan,
carbenicillin, etc.). Such antibiotics are widelged in plant biotechnology
during transformation experiments to eliminagrobacteriumcells after co-
cultivation. Shoot tip cultures are also an effitieool for producing plantlets
that are free ofX. fastidiosasubsp.fastidiosa (Robacker & Chang 1992).
Although these methods (apical meristem culture stmabt tip culture) are
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very effective in several laboratories for prodgcivacteria-free plants, it is
still advisable to confirm their pathogen-free stasince a few bacterial cells
may still be recovered after tirevitro procedures (Poppenbergsral 2002).
To this end, a three-step screening method is pegpincluding (i) visual
selection, screening (ii) the plant tissue culimedia and (iii) pieces of plants
for the presence of bacterial colonies (Thomas 004

4.5. Curative Protocols for Elimination of
Fungal Infections from Grapevine Propagating M aterial

The primary reason for dramatic increases in egndyevine death caused
by systemic fungal infection is a consequence groper hygienic conditions
during the production of propagating material. 8irthere are no effective
chemical control methods to prevent the spreadhebd fungi via latent
infections, prevention of infection by the use dithpgen-free planting
material is a key strategy. An extensive reviewathraspects related to spread
and control of wood pathogens in the nursery hasntty been published
(Gramaje & Armengol 2011). Although these fungi aystemic, the surface
sterilization of rootstock- and scion canes isl stiiportant as spores can
contaminate the cane surface. Several attemptshsmrecarried out including
physical treatment and the use of biological arehibal agents, to eliminate
fungal infections from propagating material. Of dbe some satisfactory
results were obtained with hot water treatment (HWTrichoderma
harzianumand a few chemical compounds.

HWT has been widely tested to eliminate fungaldtite from grapevine
propagating material (Crous et al. 2001, Edwardslet2004b, Fourie &
Halleen 2004, Gramaje et al. 2009a, Retief et @052 Rooney & Gubler
2001, Waite 1998, Whiting et al. 2001) with vargbésults, often leading to
only partial reduction of pathogen viability. It éslvisable that such treatment
be done before storing the collected dormant caaed, treated material
should be cooled gradually in air to prevent hét@tss and bud mortality.
There may be differences in heat tolerance amoagegine varieties and
other factors related to mother vine and storagelitions that should also be
considered. Amony. viniferacultivars, Pinot noir is relatively heat sensitive
Chardonnay, Merlot and Riesling are moderately itieas and Cabernet
Sauvignon is the most tolerant (Crocker et al. 2002ite & May 2005, Waite
& Morton 2007, Waite et al. 2001). However, in @iféective heat range (50-
52 °C), all varieties survived the HWT (Wample et &891). To provide a
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prolonged pathogen-free status of planting mateHaVT can be combined
with fungicide treatment (e. g., cyproconazole)ptevent rapid re-infection
from soil by black foot pathogens aRdh (Serra et al. 2009).

Trichodermaspecies have been widely used as a biocontroksageainst
tracheomycotic fungi (Howell 2003). The use Bf harzianumand other
Trichodermaspecies are highly beneficial for plants since cblpnizing the
rhizosphere, these fungi prevent infections throtighroot system, increase
the stress tolerance and resistance of grapevingathogens, and promote
root growth (Di Marco & Osti 2007, Di Marco et @004, Fourie et al. 2001,
Hunt et al. 2001).Trichodermaspp. can be effectively applied in several
forms, including immersion of propagating matenalo a suspension of
fungal cells during rehydration, soil or root-treant when a new plant is
planted, or irrigation; however the results can Jmey different or even
negative if the application time is not well pladrfer each single commercial
product (Di Marco & Osti 2007).

Various fungicides have also been applied to elitgrfiungal infections in
grapevine planting material to protect wounds fiiafections during grafting.
Of these, systemic compounds having wide rangestidity (e. g., benomyl,
thiophanate-methyl and thiram) were the most affecigainstPch Pal, Cyl
(Alaniz et al. 2011, Fourie & Halleen 2004, 200%). addition, soaking
planting material in didecyldimethylammonium-chttgj captan and
carbendazim effectively eliminated these pathod&esirie & Halleen 2006,
Gramaje et al. 2009b). To increase the effectiverdghe control of fungal
infections spread by latently infected grapevineppgating material, an
integrated system of physical, chemical and bidalgmethods was proposed
(Fourie & Halleen 2004).

Although it has not been documented, applicationno¥itro shoot tip
cultures is also a promising and efficient toolpr@duce grapevines free of
latent fungal infections, which are often presentanes from infected mother
vines. As such cultures are sterile, it is unlikiigt they are latently infected
with fungi since the pH (5.8) and the rich orgaaitd inorganic nutrient
composition of plant tissue culture media favoes gnowth of most fungi that
may be associated with grapevine. Strain€ylindrocarponspp.,Diplodia
seriatg F. mediterraneaNeofusicoccum vitifusiform@haeoacremoniurapp.
and P. chlamydosporagrew better on Murashige-Skoog (MS) plant tissue
culture medium than on potato dextrose agar (PDg9duas conventional
fungal medium (Szegedi E., unpublished data). Desthie availability of
several possible chemical or biological control mels it is important to pay
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particular attention to hygiene during storage,ydehtion, grafting and
appropriate viticultural practices in the nurseBrdmaje & Armengol 2011).

5. GRAPEVINE PESTSTHAT ARE
DISSEMINATED BY PROPAGATING MATERIAL

Besides the microbial pathogens described abowe e several pests
which directly cause significant damage or contebto the spreading of
several pathogens as vectors or promote their tiofex through causing
wounds.

Nematodes live in the soil and invade intercellidpaces or surfaces of
the root system (Barker 2003). Some of themg.Meloidogyne haplpcause
root-knot, while others (e. Kiphinema americanum sensu lato, X. index, X.
californicum, X. diversicaudatum, Longidorus elonggpare vectors of certain
grapevine viruses such @asmato ringspot, Grapevine fanleaf, Arabis mosaic
and Tomato black ring(Frison & lkin 1991, Martelli and Boudon-Padieu
2006, OEPP/EPPO 2009b). Wounds caused by nematpdesiote
Agrobacteriuminfections of grapevines through the root syst&uld et al
1995).

Another important pest, the grape phylloxeBaKtulospharia vitifoliag
also parasitizes the root systems although gathdtion can also be observed
on leaves. This pest almost completely destroyed Ebropean viticulture
during the second half of the 19th century follogviits importation from
North America. Grapevine cultivation was restored the introduction of
phylloxera-resistant Americavitis species as rootstocks (Graratal 2001).
Since then, self-rooted grapevines have been mbldry grafted plants
worldwide. Self-rooted grapes can be grown onlgandy soils in which this
pest cannot exist.

Grapevine mites (e. @olomerus vitis, Calepitrimerus vijisolonize the
young leaves and their increasing population caakesrmal and delayed leaf
and shoot development. Mites usually overwintethim buds of one year old
canes and are also disseminated via propagatirud. sthe effect of mite
damage may be especially harmful in nurseries samo®t development on
rootless canes is much slower than in older roplauats.

Some species of the scale-like pseudococcid megdybepated with a
powdery mealy waxy secretion feed on the phloerthefleaves, canes, trunk
and also on the bunches of the vine. With theidreektke mouth parts, they
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suck out the plant sap and excrete the unused platerials, the honeydew,
onto the leaves, canes and the berries. Besidenimarketable fruit covered
by honeydew and black sooty mold, they indirectigiice severe damage as
natural vectors of certain grapevine leafroll-agsed viruses e.g.
Heliococcus bohemicuand Phaenacoccus aceri§GGLRaV-1); Planococcus
ficus, Pseudococcus maritimuend Ps. viburni (GLRaV-3), Ps. longispinus
(GLRaV-3, 5 and 6)Planococcus ficuandPs. longispinugransmit GVA and
GVB, the causal agents of the Rugose wood disedsetdlli & Boudon-
Padieu 2006).

Due to the waxy cover of the mealybugs and thedrwintering under the
bark, their chemical control is difficult. Howevequite recently promising
results have been reported by Pieterseal. (2009) about controlling of the
spread of GLRaV-3 ifP. ficusmealybug-infested vineyards in South Africa.
Soft scale insects are also known to transmit gtiapeviruses in the nature.
Pulvinaria vitisandNeopulvinaria innumerabiligre vectors of GLRaV-1 and
N. innumerabiliss also a vector of GVA (Martelli & Boudon-Padi2Q06).

Certain Auchenorrhyncha insects transmit phytopéssriror examples.
titanusleafhopper (Cicadellidae) is monophagous specesféieds and exists
only on grapevine. Besides causing sucking injuti@svines, the major
damage is caused by this species as a vector dflédvescence dorée (FD)
quarantine phytoplasma (OEPP/EPPO 2G8watening the vine industry in
Europe and Israel (EPPO/CABI 1997E). obsoletusthe polyphagous Cixiid
planthopper is the vector of the Stolbur phytoplagm grapevines (Maixner
1994). Further studies are needed to clarify the ob these potential vector
species in the epidemiology of Stolbur-phytoplasiiixner 2011). New,
effective control strategies need to be developeditigate the effects of these
vectors.

To eliminate the above mentioned pests from prop@ganaterial, hot
water treatment of planting stocks can be univirsapplied. Successful
applications of this procedure have been desciib&il nematodes (Gokte &
Marthur 1995), and to eliminate phylloxera (Goudsd©77) and mites
(Szendreyet al. 1995). During these treatments, dormant grapaviatrial is
immersed in hot water (50-5€) for various intervals (20-60 min). Similarly,
the overwintering eggs of the phytoplasma leafhoppector S. titanus
(Caudwellet al. 1997), as well as mealybud@lénococcus ficys(Havilandet
al. 2005), were also killed following such treatmenat water treatment is a
universal method to free dormant grapevine propaganaterial of many
pests, including pathogen vectors.
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