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HISTORICAL BACKGROUND

Flavescence dorée (FD) was the first grapevine yellows (GY) to be described in the world. It
appeared in Gascony (southwestern France) in 1955. First assumed to be a physiological
disorder, evidence of its infectious transmission was produced when the leathopper vector
Scaphoideus titanus Ball was identified (71). FD pathogen agent was assumed to be a virus
until the visualisation of phytoplasmas in infected grapevine and in the body of S. titeius
specimen used for transmission (19). During the following decades, similar diseases were
described in other countries and similarly called FD or FD-like disease (39, 67). According to
the Steering committee of the International Council for the Study of Viruses and Virus-like
Diseases of the Grapevine (ICVG) a generic name for Grapevine Yellows was recommended
and the name of FD specifically applicd to the GY associaled to Scaphoidens titanus (16).
During the 90ies, surveys of GY occurring over the world, using molecular-based
identification methods of phytoplasma, permitted to characterize the phyloplasmas associated
to particular GY's in different countries and to clearly establish the geographic distribution of
FD sensu stricto.

1n the 60ies, during its first outburst, FD destroyed the vineyards of Chalosse and Armagnac
in Southwestern France and entered Corsica (18, 20). In France, a second outburst occurred in
the 80ies in Western Languedoc and it has continued since to progress in all directions. It is a
quarantine disease with mandatory control measures organized by Plant Pratection Services.
However, the situation of vineyards behind the front line of progression, is very contrasted.
Though sanitation of infected plots can be obtained progressively in controlled areas,
independent centres of disease may nevertheless burst out in the middie of stubilized plots.

In 1964, Vidano (76) observed the presence of 8. titanus in Northern Italy. in 1973, a FD-
like disease was described in Olirepd Pavese — Lombardia (7) §. titanus was observed in that
region in 1975 (64). A controversy on the actual presence and distribution of FD in ltaly
resulted from the simultaneous occurrence of BN in lwalian vineyards at the time when
molecular diagnosis and identification of phytoplasma in grapevine tissues, were not available
(65). In the beginning of the 90ies, the severity and progression of the disease strongly
suggested the presence in several ltalian regions, of FD sensy stricto which was confirmed
witl serological and molecular diagnosis (9, 10, 17, 32, 33, 65)

In Spain, FD was detected for the first time in 1996 in Northeastern Catalofia (4). The first
infected plots were soon uprooted. Though it was detected again in 1999 {Lavifia, personal
communication), the disease stocks were immediately uprooted and no diffusion has been
reported since.

FD has been decreed a quarantine organism in the European Community (EC Directive
n°77/1993 modified 92/103). Disease declaration and detailed cantrol measures are mandatory
by ministerial decrees in France {1 7th April 1987 and 1st April 1994} and in Italy (31st May
2000).




GEOGRAPHIC DISTRIBUTION OF VECTOR AND DISEASE

Origin and distribution of Seapheidens titanus

Scaphoidens titanus Ball, 1932, is a Deltocephalidae in the family of Cicadellidae, Among
the North-American genus Scaphioidens Uhler, 1889, it is the only species introduced in
Europe, where it was at first named Scaphoideus littoralis Ball, until the genus revision by
Barnett (5). In North America the species can be found in New York, Virginia, 1llinois, South
Dakota, Ontario and Southern Quebec (77). It was identified in Europe for the first time in
1958 in a vineyard of Gironde (11) and it has since expanded far away to the Fast.

In France, it was reported in the 70ies, in vineyards of Southern Aquitaine, Midi-Pyrénées,
Languedoc and Corsica, (15, 20); during the 80ies and 90ies, it spread to the North to
vineyards of Bordelais, Charentes, Poitou, Sud-Beaujolais, Savoie (36) and Burgundy
(unpublished). In the latter region, it has completely settled as North as the Chablis vineyards
since 1998, Only vineyards of Chamipagne and Alsace are unscathed at the moment.

S. titanus has settled in other European countries : in North-East Spain (45) it is now present
in Catalofia in littoral vineyards from Gerona to South Tarragona (Lavifia, personal
communication), in North Portugal (69), in Western and Southern Switzerland (3, 27);
eastward, it has colonized Northern Italy in Piemonte, Liguria, Lombardia, Veneto and Friuli
(8, 64, 76), and Slovenia and Croatia (38). It is obvious that the species has settled from West
to East, into a climatic area with cold winter and long summer seasons, from the latitude of
River Loire, Switzerland, Northern Italy and Croatia (about 47°N) to that of Corsica and
Northern Portugal (about 42°N), It can be assumed from its diffusion to the North between the
70ies and the 90ies, that the biological cycle could adjust to shorter summer seasons. Tao the
contrary, mild winter seasons might prevent colonization. Difference in the duration of
hatching period observed in Corsica, has been ascribed to milder winter conditions (20).

Distribution of Flavescence dorée

In France, FD is widespread in all Southern and Southwestern vine-growing regions (32).
Over 300 000 ha of vineyards were under mandatory control in 2000 (70). The more recent
outhursts were observed in Savoie in 2000 and in Northern Provence in 2001, In Northern
ltaly, FD was identified in Piemonte, Liguria, Lombardia, Friuli-Veneto-Giulia (8, 9, 10, 59,
65).

This relentless progression may be explained by two main causes, The former would be a
wrong assessment of the actual occurrence of the disease with the presence of unidentified
FD-phytoplasma reservoirs, the latter would be the sly propagation of the pathogen agent by
infected vine material which might have been planted in vineyards already inhabited by the
vector leafliopper (22), Thus, many still uninfected vine-growing areas colonized by S. titanus
are today under the threat of FD.

SYMPTOMS, ETIOLOGY AND BIOLOGY OF FLAVESCENCE DOREE

Symptoms and etiology

FD and other GY develop similar symptoms on V. vinifera. These symptoms suggest a bad
sieve flow and a default in transport of photosynthetic products from leaves to canes @ leaf
rolling, discoloration of lamina and veins, partial or total lack of reserve accumulation
(lignification) with flexuous canes and decline of a part or the entire vine stoclk,
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QY have been associated with several different phytoplasmas over the world. Among them,
FD is one occurrence where etiology has been fully demonstrated. Though phytoplasmas have
not been cultured and all requirements of Koch's postulate could not been fulfilled literally,
FD phytoplasma has been observed and specifically detected as well in both wild and
experimental vectors (13, 19, 34, 50), as in both naturally affected grapevines (30, 33, 52) and

in vector-fed vine cuttings which developed symptoms similar to those observed in vineyards
(24, 60).

Plant-phytoplasma interactions

Phytoplasma are phloem-restricted bacterin. It has been shown on experlmemally inoculated
plants (broad bean or periwinkle), that following inoculation on the stem by insect vectors or
by graft, phytoplasma first move down to the rootlets, multiply and invade the collar of roots;
then phytoplasma move up to developing secondary shoots and they heavily multiply in veins
of young leaves (44, 51). FD phytoplasma occur in vine tissues with an irregular distribution
and a low titre (28, 60). In the electron microscope, cytological disorders can affect a whole
phloem bundle, with necrotic and obstructed sieve tubes. However, these disorders most often
affect a limited number of bundies on the same branch or vein; such plant reactions also seem
to affect phytoplasma cells which appear collapsed or distorted (29, 60). Other bundles which
contain only a few phytoplasma cells, keep a normal outlook. Hence, normally lignified canes
may contain latent “healthy” phytoplasma. Such canes taken for propagation on mother-plants,
will contribute to diffusion of FD in the distance by latently infected cuttings (18, 22).

Fig. 1 — Distribution of FD phytoplasma in canes of a rootstock mother plant shown by
indexing of cuttings with FD-sensitive Chardonnay scions (collaboration ENTAV-INRA).
[] healthy index [F|FD-diseased index  § dead cutting

All V. vinifera varieties are sensitive to FD, with different degrees of expression of the
disease. Natural remission or recovery may be observed on diseased stocks protected from
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new inoculations (21). Symptom less rootstock mother-plants of several varieties, were shown
to be Intently infected and to transmit the disease to susceptible V. vinifera scions by grafting
(25). Such infected mother-plants maintained a latent infectivity for several years. The rate of
transmission by rootstock cuttings taken on a single mother-plant was erratic (Fig 1), ranging
from 6% to 80 % for cuttings according to the mother stock, Based on these data, it is
suspected that intensity of symptoms, delayed expression after contamination and recovery
process of an infected vine depend not only on the vinifera cultivar but also on the rootstock
variety (25).

Scions grafied on infected rootstock will most often express symptoms in the nursery.
However, a few plants may retain a latent infection for several years, Experimental data have
shown that symptom expression could be delayed for 3 years at least (Table 1); moreover,
documented field observations suppest that a 5-to-7-year latency would not be unusual.

In summary, it seems thot defense reactions of vines are irregular; they probably depend on
the cultivar or variety of both scion and rootstock partners. As the pattern of colonization of
the plant is unpredictable, sampling of material for indexing or for laboratory detection will
not be reliable. Moreaver, phytoplasma titer may remain for some time under a “symptom
expression threshold” and alse possibly under the threshold of sensitivity of detection
metliods.

Biology of the leafhopper vecter and biclogy of vector transmission

The quick diffusion of FD within a vine plot is due to the exclusive vine-feeding activity of
its specific vector, the leafhopper S. titanus.

S. titanus is a monovoltine species with five instar larvae. Laying females insert egps in bark
cracks on two-year old vine canes and between bud scales. Hatching starts in France in the
beginning of May and can last up to 8 weeks, The average duration of each instar is 10 days.
Wingless larvae feed at the lower side of vine leaves. Depending on climate, first adults may
appear as early as mid July, however 5th instar larvae can be found until the end of Aupust,
Adult females will appear and persist later than males and will lay eggs until they die in
September.

Propagation of FD phytoplasma has been studied in the body of an experimental vector (49).
Vectors acquire phytoplasma by feeding on an infected plant. During acquisition, phytoplasma
enter the gut with diet. Acquisition is a one-hit phenomenon, but subsequent infection witl
persist during the whole insect life. However, a period of latency occurs after acquisition, until
the insect becomes infective. This latency is the time necessary for phytoplasma to quit the
intestine, cross cellular barriers and enter salivary glands, This is the moment when the insect
becomes infective. It has also been shown that phytoplasma multiply in infected organs,
especially in saliva-secreting cells (acini) of salivary glands (49, 50). However, as there is no
transmission to progeny, the diffusion of phytoplasma requires that acquisition occurs at each
generation of the vector species. This schedule of propagation of FD phytoplasma in the
experimental vector body has been verified in 8. titanus specimen (13).

This transmission process in the “persistent, circulating, multiplying” mode, suggests the
presence of specific molecular recognition between phytoplasma and cells of the vector insect.
A cell-to-cell adhesion phase would be required for the penetration of phytoplasma through
the gut wall and into secretor cells of salivary glands (48, 49).

Biology of FD

Vitis sp. are host-plants for both FD vecter and FD phytoplasma, a combination that favors a
rapid infestation cycle of a vineyard. Acquisition and inoculation by the vector, occur in
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Figure 2 — Biology of FD transmission by Scaphoidets titanus and winter incubation of
phytoplasma in vine stocks

Summer and incubation occurs in infected stocks during Autumn, Winter and Spring (Fig. 2).
The rate of multiplication of symptomatic stocks within a plot is high. As an example, the
number of affected stocks in 2001 in one plot in Savoie was 20 times the number observed in
2000 (62).

Acquisition period in the vineyard starts with hatching. First instar larvae hatched on a
diseased stock (whether symptomatic or symptom less), can acquire FD-phytoplasma right
from their first meal. Infected specimen will be infective (i.e. able to transmit by feeding) 4-to-
5 weeks after acquisition, whichever the instar stage that they have reached meantime, and
they will remain infective until they die. Thus, the transmission period may start about one
month after hatching of the first specimen (i.e. middle of June} and it will last untii adults die
in Autumn. Acquisition and transmission are one-hit events with a high efficiency.

Phytaplasma-infected vine stocks are reservoirs for acquisition by the insect vector during its
period of activity and for maintenance of phytoplasma during the insect wintering-stage. As
symploms, at the earliest, will appear on inoculated stocks during Summer of the next year
after inoculation, the number of symptom-showing plants during the phase of diffusion of the
epidemics, is an underestimation of the number of actually infected “incubating” plants.
Young leaves developing in May and June on stocks inoculated during the preceding Summer,
contain phytoplasma that are available to acquisition by feeding larvae, before symptom
expression, Transmission will start again before symptoms can be seen. In addition, infected
vine stocks can play a role in long distance transportation of multiplication material taken on
symptom less latently infected mother-plants (Fig. 2).

CONTROL OF FLAVESCENCE DOREE
Indirect control of FD through control of its vector

Control of S. #itanus is facilitated because it has one single host-crop with a peried of
activity limited to 4-3 months.



Control of S, titamus should be done preventively, though it is not a pest by itself, because it
can attain very high levels of population. The “a posteriori control” after outburst of FD,
proves to be an unequal race with the diffusion of disease which started first.

No natural enemies of the species with significant occurrence, have been identified in
Europe. This can explain that the levels of pullulation in North America are by no means as
high as in Europe (53, 63). As another consequence, only chemical insecticides are available,
with the exception of two rotenone-based trade specialties authorized in France, though their
efficiency and remanence are low. Summer chemical insecticide treatments have been
scheduled in France on the basis of the knowledge of the main phases of biology of vection of
FD phytoplasma and of the beginning of the eritical transmission period (Fig. 3). The first
treatment should imperatively be given onc month after hatching (between flowering and
fruit-set stages of bunches). Other measures can contribute to a decrease of population rates :
ovicide treatments on trunks and canes before bud-bursting at the end ol winter (20, 61),
suppression of green vine shoots on the lower part of stock, where larvae hide and find fresh
tender leaves. Controlled areas must include wild and abandoned vines.

Flrst hatching
and acquisitions §

Ovicide trastment

Time schedule of
Suminer treatments

Figure 3 — Biology of Scaphoideus tilanus and schedule of insecticide treatments for
indirect control of FD, taking into account the biology of FD transmission,
The first treatment must not be given later than one month from the beginning of hatching.

Prophylaxis of phytoplasma reservoirs

Vines (Vitis sp.) are the only known potential reservoirs of FD sensu stricto phytoplasma.
Transmission will start from either o pre-existing reservoir or an introduced source.

In regions facing the epidemic phase of FD outburst, prophylaxis must include climination
of affected stocks and of wild and abandoned vines. In France, uprooting of individual
affected stocks and uprooting of the whole plot when symptomatic vines incidence reaches
20%, are mandatory.



Planting of healthy material, in parallel to an efficient control of the vector, is critical for
complete sanitation of vineyards. 1t is also a crucial requirement in FD-unscathed regions
where S. titanus is present. Because of possible erratic and latent infection of cuttings and
grafied plants, sanitation of planting material is crucial. Soaking of dormant material in hot
water (50°C for 45 mn) (12, 23, 26) has proved to be efficient against phytoplasma and
harmless to plant material, providing that the temperature is carefully regulated (50 -+/- 0.5°C)
and the treatment is placed appropriately in the schedule of plant production (14) (Table 2).

Table 2 — Efficiency of Hot Water Treatment conditions on curing of FD-infected rootstock
cuttings and delay in symplom expression in non-cured material

nursery 2000 vineyard 2001

Treatment conditions and
rootstock batch

planted  starting FD-
growth  diseased

planted  starting FD-
growth  diseased

Batch 2

| % | %
Bacchl | 52 37 6(16%)| 22 2 1(45%)
Non treated i |
Bach2 | 204 182 3(L7%)} 141 141 0
Baech1 | 54 47 3(64%)| 39 39 0
45°C /60 mn : i
Batch2 | 203 163 0 i 152 152 0
Batch1 | 53 44 3(68%)| 36 36 1(Q.7%)
48°C /30 mn | i
Bach2 | 202 157 0 | 138 138 0
Batch1 | 53 36 o | 33 33 1(3.1%)
50°C /20 mn i i
L 204 160 0 | 144 144 0

SC fasmn

Balch 1: rootstock cuttings taken on FD-scored mother plants; batch 2 : rootstock cuttings taken on non
FD-scored mother plants in the same plot. All material from ench baich were harvesled ol the same lime
and randomly distibuted for the different treatment conditions. All malerial were grafied with healthy
Pinot noir scians of the same clone. Plants planted on the 2nd year were symplom less in the nursery.

[
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DETECTION AND CHARACTERIZATION OF FD PHYTOPLASMA

Ecological and evolutionary traits

FD phytoplasma are identified as phytoplasma associated to GY symptoms in . vinifera
and transmitted by the leafhopper species S. titanus. In that respect, closely related
phytoplasma detected in vine stocks of Scheurebe cv in the Palatinate region (Germany),
where S. #itanus does not live, do not belong to FD phytoplasma {35, 37).

FD phytoplasma was classified into the ribosomal group of Elm yellows (EY or 165 rV). All
phytoplasma in this group occur in woody perennial plant species, such as vine, elm, alder,
bramble, sweet cherry, and also jujube tree (42, 74). Their genome size of about 680-820 kb is
in the lower range for phytoplasma (660 to 1,130 kb) (58). This reduction of genome size
might be related to genetic drift that can occur during the course of phytoplasma evolution. It
could in particular be considered that this small size accounts for the adjustment of the
organism to a narrow ecological niche. This is actually the case for FD phytoplasma, which

are specifically transmitted by a vine-feeder leafhopper and hence are restricied to Vitis sp.
host plants.

Detection in insects and plants
Laboratory detection methods have been developed and can be used in routine detection,

These tests are serological methods (ELISA) and DNA-based methods such as Polymerase
Chain Reaction (PCR).

Serological methods

Antibodies have been raised to antigens of the outer membrane of FD phytoplasma (13, 73)
and have been used to characterize phytoplasma in insect vectors (13, 65) and in grapevine
(24). The sensitivity of ELISA depends on the avidity of antibodies and can be enhanced by
“sandwich” procedures (DAS ELISA). The extraction, from infected grapevine tissue, of
antigens accessible to antibodies is a critical step (24).

Antibodies have been used to label phytoplasma in sitrr in insects and plant cells {49, 50,
51, 52) in combination with light- and electron microscopy, and to develop new methods for
the demaonstration of attachment sites involved in cell-to-cell recognition {49).

Immunization of animals requires quantities of purified or semi-purified phytoplasma to
raise specific sera or monoclonal antibodies (13, 72, 73). This requirement cannot be achieved
easily since phytoplasma have not been cultured. Antibodies of good quality are often
obtained in limited amounts. In addition, more versatile assays than ELISA are needed in
surveys of GY-affected vineyards, since other Bois noir and other GY produce similar
symptoms than FD.

Antibodies are nevertheless interesting tools because target antigens are gene products,
indicating possible specificities, For example, the data obtained with serotogical assays using
FD polyclonal and monoclonal antibodies, showing a diversity between FD isolates and that
FD phytoplasma were related to, but different from EY phytoplasmas as weil (55, 65, 73),
strongly suggest that these target antigens could also be involved in host-vector interactions.

Antibodies remain powerful and discriminating tools to gain access to biological and
biochemical features of phytoplasma interactions with their hosts,

DNA-based methods : Polymerase chain regetion (PCR
Detection of phytoplasma with DNA-based methods started to develop in the end of the
80ies (43, 46) and was applied to detection in grapevine tissues (30, 31, 54). They are very
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sensitive assays which have helped in the understanding of etiology and epidemiology of GY
worldwide (4, 9, 10, 31, 32, 35, 40, 43, 35, 66).

The development of a PCR assay requires the identification of a DNA fragment present with
a high nucleotide sequence homology in all target organisms, Oligonuclectides chosen on
conserved regions (i.e. showing a full sequence homology) at both ends of the selected DNA
fragment, are used as “primers” in the synthesis of high numbers of copies of the fragment
with the use of a DNA polymerase. Depending on the presence of the initially selected DNA
fragment in all phytoplasmas or in phytoplasma belonping to a particular group or subgroup,
the designed PCR primers will help in “universal” or “group specific” detection of
phytoplasmas (56). Assays with universal primers are best fitted for field surveys (32).
Together with FD-specific ELISA assays, they have been used by the National Plant
Protection Laboratory in France {LNPV Colmar) in annual surveys since 1996, to evaluate the
respective importance of FD and BN in French vine-growing regions. However, RFLP
analysis of PCR products, is necessary to further characterize the detected phytoplasmas (56).
Such an analysis is tedious and expensive when many samples have to be tested.

In contrast to antibodies, PCR primers are easily synthesized by specialized firms. Numerous
primers for universal or proup-specific diagnosis have been published together with
amplification procedures (1, 47, 56). ldentification of FD phytoplasma can be achieved by
RFLP analysis of DNA fragments amplified in the 16S rRNA gene and 165-235 intergenic
spacer. Several primer combinations have been developed and restriction cnzymes chosen,
which allow differentiation of FD phytoplasma from other GY-associated phytoplasmas (4, 9,
10, 31, 32, 35, 40, 45, 66) .

Alternatively, specific primers for FD were constructed from the extremities of fragments
randomly cloned in FD-DNA purified from an FD isolate (FD70) maintained in the laboratory
{30). These detection tools proved to be specific for EY-group phytoplasmas (33); they were
used to demonstrate the presence of FD-related phytoplasma in symptomatic vines in
Germany (55). As they were FD-specific, a “multiplex” assay was developed for surveys of
affected vineyards, that used simultaneously in the reaction mixture, a FD-specific primer pair
and a BN-specific primer pair to detect both or either of FD and BN phytoplasma (33).
However, the assay lacked sensitivity on grapevine samples from the field.

Improved sensitivity of detection

The assays reported above allow a sensitive detection of phytoplasma in most wild
herbaceous hosts and in periwinkle {Catharant/ius roseus) or broad bean (Vicia foba) plants
used to maintain reference pliytoplasma isolates. However, sensitive detection in trees and
grapevine is hindered by the low titer of phytoplasma and accumulation of phenolic
compounds in diseased tissues; such compounds interact with phytoplasma enrichment,
extraction of DNA; they can also be inhibitors of the PCR reaction.

DNA extraction methods. Comparisons were done in several laboratories in France (6) and
Italy, between different procedures used for DNA extraction and purification. (30, 33, 59, 68).
A procedure using 3% cethyl-trimethyl-ammonium-bromide (CTAB) in Tris buffer (1), was
shown to yield good quality DNA template and to be quicker, allowing the assay of numerous
field sampices in one experiment.

PCR_procedures. Enhancement of detection was obtained by the use of nested-PCR
procedures, Different combinations of primers may be used. Versatile assays can be obtained
by amplification of 168 rDNA with two successive pairs of universal primers, followed by
RFLP analysis of products after digestion with restriction enzymes {1, 4, 56, 59), For specific
detection of FD and FD-related phytoplasma (EY-group or 165 rV), specific amplification of




a fragment of ribosomal DNA could be obtained either by the combination of a pair of
universal primer and a pair of EY-group specific primers (1, 6, 56, 59) or by nested-PCR
amplification of a FD-specific fragment (FD9) in the non ribosomal DNA (1, 6).

Comparisons between the latter procedures, showed that a higher sensitivity was obtained
with PCR-RFLP of the ribosomal DNA fragment amplified with primers P1/P7 (37, 75)
followed by primers 16r758f/M238Sr (41, 66) and digested with Tru9l restriction enzyme (I,
6). However, nested-PCR of the FD9 fragment is a rapid procedure avoiding RFLP analysis.
Its sensitivity has recently been improved (Boudon-Padieu, unpublished

Results of experiments combining comparisons in extraction methods and PCR procedures
are given in Table 3.

Differential detection ef FD and Bois noir phyteplasma

1t has already been pointed out that FD (EY group) and Bois noir (associated with stolbur
phytoplasma, STOL group), which produce similar symptoms in grapevine, must be readily
differentiated in the frame of control measures on FD propagation. Differentiation of the two
pathogen agents can be obtained as described above, with PCR-RFLP of ribosomal DNA.
However, routine application of RFLP is tedious and expensive. Alternatively, a multiplex
nested-PCR procedure was developed to amplify one and the other of two non ribosomal
DNA fragments specific of EY and STOL groups, called FD9 and Stoi! |, respectively (33). In
addition to formerly obtained primers FD9f/r and Stoll1f2/rl, new primers were constructed
internal to each fragment. The primer length was chosen in order to permit amplification of
both fragments with similar PCR conditions of temperature and elongation time. The
concentration of each primer pair was adjusted to obtain the amplification of both FD and
STOL fragment in the first step and the nested step, with an equal sensitivity, taking into
account the individual specificity of each primer. The optimal conditions have been validated
on DNA from numerous vine samples collected in Grapevine yellows-affected French
vineyards. This procedure will be used in the future by the National Plant protection
laboratory (Boudon-Padieu et al., unpublished).

MOLECULAR APPROACH TO THE EPIDEMIOLOGY OF FD PHYTOPLASMA

Recognition of ecological diversity of phytoplasma strains in nature may provide a way to
investigate the epidemiclogy of phytoplasma-induced diseases and to prevent the potential
spread of phytoplasma diseases due to germplasm exchange by national and international
trade of planting material. This chapter aims at understanding and featuring the different
routes of diffusion of FD, starting with a comparison of FD phytoplasma with related non-
grapevine phytoplasmas in the same group (EY or 165 rV).

Differentiation of FD phytoplasma from related phytoplasma in the EY group

The relationship of FD phytoplasma with Elm yellows phytoplasma and the existence of
different FD phytoplasma isolates, were first shown in western-blot analysis of phytoplasma
membrane proteins with FD-specific antibodies (64, 73).

RFLP analysis of the FD9 fragment from non ribosomal DNA, amplified in diseased
grapevines from different regions and countries, showed that different isolates could be
detected (33). One isolate, called FD88 (syn. FD92) was more frequent. Three isolates (PGY)
found in German grapevines cv. Scheurebe in Palatinate (55, 57), were found to be different
from one another and different from FD sensy stricto phytoplasma. It was also very interesting
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that PGY phytoplasma were detecied also in symptom less alders neighboring the vine plots,
and that they could be transmitted to grapevine by naturally infected specimen of an alder
leathopper, Gncopsis alni (57). It must be emphasized that the Palatinate GY is restricted to a
little number of affected vines, with no diffusion.

More recently, comparisons have been done within EY-group phytoplasma, between four
isolates found in French grapevines (FD70, FD92) (33) and Italian grapevines (FD-C, FD-D)
{39), three Palatinate isolates (PGY-A, PGY-B, PGY-C) and four reference isolates
maintained in periwinkle, that had been isolated from elm and alder and dogbane in Europe
and America. Comparisons used PCR-RFLP analyses with several enzymes, heteroduplex
mobility assay and sequencing data of one fragment of 168 rDNA and of the non ribesomal
FD9 fragment. Results showed that FD22 from France and FD-D from ltaly were identical in
all respects (1, 2). Two other FD isolates (FD70 and FD-C) were very similar among them and
also to ALY, an ltalian alder phytoplasma (74). These 4 FD sensu stricio phytoplasma and
ALY were grouped into a first cluster. German PGY phytoplasimas (not transmitted by 5.
titanus) were shown to form a distincet cluster, also distinet from the elm yellows phytoplasma
cluster (1, 2). :

In addition, during sumumer 2000, a new FD phytoplasma was identified and transmitted to
test plants using wild individuals of S. fitanus trapped in abandoned vineyards with symptoms
of FD in south-western France. This FD2000 isolate proved to be different from other FD
sensu stricto isolates, however to belong to the same narrow cluster delineated with FD sensu
stricto and ALY phytoplasmas (Angelini et al., unpublished).

it would be valuable (o investigate the products of the phytoplasma gene containing the FD9
fragment, since its variability seems to be related to serological variation (635, 73) and to
epidemic traits (39, 65). In particular, relationships of the pene products with transmission
traits might be investigated through comparison of transmission efficiency by known natural
vectors and potential vectors.

Questions on the initial origin of Flavescence dorée

Such fine differentiation methods of closely related phytoplasma are interesting tools to try
and elucidate the origin and propagation of FD during the different periods of the epidemics
and in the different regions that it has reached,

The origin of the pathogen agent in the frst outburst of FD in the 50ies, was postulated to be
American, This hypothesis was based on the American origin of the vector species and an the
introduction and plantation on their own roots in Armagnac, of American Vitis hybrids, short
before the first cbservation of FD in France. In the beginning of the 90ies, Maixner et al. (53)
obtained data that strongly suggested that S. firanus leafhoppers trapped in GY-affected
vineyards in New York could transmit by feeding a phytoplasma that reacted positively to FD-
specific antibodies. Mowever, because DNA methods were not available at that time, data are
lncking on dirvect detection of a FD-related phyloplasima in affected vines in the latter region.
Hence, no clear data neither support nor exclude this first possible explanation of the outbreak
of FD in Europe.

An American origin would also confirm the role of planting material in propagation of FD, a
well documented process. We may however wonder if this was the only route of diffusion in
Europe rom the first seats of infection in south-western France in the 50ies. Alternatively, an
accidental introduction to grapevine from other host-plant species mipht alse originate a
primary infection seat. Can molecular tools bring data that could help to clucidate the latter
possibility and eventually allow to “weigh™ the importance of eaclh of these two possible,
however non exclusive routes?



Possible erratic transmission from non-grapevine host plants by accidental vectors

The findings that O. alni could erratically transmit a FD-related phytoplasima from alder to
grapevine were the first demonstration that such a phytoplasma might be introduced from a
non-grapevine source (57). The second step towards epidemie diffusion would be transmission
of the new “grapevine phytoplasma” by an efficient vector such as S. titamus (Fig, 4), This did
not happen in Palatinate since S, #iranus does not live there; morcover, repeated experiments to
obtain acquisition of Palatinate PGY isolates from infected Scheurebe vines and transmission
to healthy vines by healthy laboratory-reared specimen of S. #itanus, have been unsnccessful
{Boudon-Padieu and Maixner, unpublished), suggesting if not demonstrating, that these PGY
phytoplasma may not be transmissible by S. titamus.

grapevine
Vitis spp

FD sensu stricto
phytoplasma

Scaphoideus

LT

| +itanus

occasional
vine-feeder

'd

non-grapevine
host-plant of a
FD-related
phytoplasma

Figure 4 — Proposed mechanism of accidental introduction of a FD-related phytoplasma into
the Vitis sp — Seaphioideus titomus niche,

The more recent findings that an Italian isolate of alder phytoplasma, ALY, is more closely
related to FD sensu stricto isolates, emphasize the possibility of introduced primary seats for

FD diffusion, if such a non-grapevine phytoplnsma, once introduced into grapevine, could be
transmitted by 8. titanus.

Future research will focus on the genetic and cellular determinants of FD sensu stricto
phytoplasma cells that determine their transmissibility by S. tiranus.

FD propagation with planting material

The outburst of FD in isolated regions such as Corsica in the 60ies or Savoie in 2000,
demonstrate introduction by infected planting material, similarly to the possible introduction
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from America to Europe. In order to obtain some information on the FD isolates that were
present in the main FD-affected French regions, we have characterized the phytoplasma
detected in numerous vine samples collected in diseased vineyards in surveys conducted
during the last few years. All these samples were re-examined with RFLP of the FD9
fragment. The results showed that isolate FD92 was present in all regions with a high rate
(Table 4). In addition, Martini et al, (59), have reported that FD-D (identical to FD92 on ali
criteria explored) was widely spread in Italy with a high incidence.

Table 4 — Distribution of FD sensu sfricto isolates in grapevine samples collected in France
and Spain from 1996 to 2000.

Origin of vine samples Nosamples  Notesting for  Notesting for ~ No testing for
FD92 type FD70 type FD2000 type
Languedoc-Roussillon /
Catalofia (Spain) 36 36 0 0
Poitou-Charentes 3 2 0 1
Aquitaine 21 12 1 g®
Savoie 21 19 0 2
TOTAL 81 69 1 11

{a) FD2000 isolate was also identified in S. tifanus leafhoppers catched in the same vineyard.

Such data add evidence to direct observations, that the main source of FD-phytoplasma
diffusing in the past decades, has been a wide-range and lonp-distance propagation by
commercial exchange of planting material erratically and latently infected. Given the very
high numbers of plants produced and exchanged, a very low incidence of infection could be
enough for effective introduction of infection seats into vineyards. The high numbers of 5.
titanus populations and their active feeding on grapevine would be largely enough efficient for
a sly, then conspicuous extension,

CONCLUSION AND RESEARCH DIRECTIONS

The more striking characters of FD epidemics depend on the specificity and biology of its
leafhopper vector. The latier species is but one of numerous American species in the same
genus with similar ethology, which live mainly on wild Vitis (V. riparia) (40, 63). It is striking
that §. fitarus has found in Europe most favorable conditions for its multiplication and
extension on . vinifera und that it has become one of the most important leafhopper occurring
in vineyards in our countries.
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Chemical insecticides are detrimental to the auxiliary fauna in vineyards and neighboring
crops. Biological control of §. fitanns with predators and parasitoids is being studied at the
momient with uncertain issue (63). Nonetheless, neither chemical nor biological control can be
expected to eradicate the vector or to bring populations to an acceptable level. it must be
reminded that in the case of vectors of pathogen agents with such a high transmission
efficiency, the admitted threshold for residual population should be close to zero.

During the first outburst of FD in France, chemical contro] of the vector and natural recovery
of affected stocks, were jointly used to progressively restore healthy vineyards. Such a policy
catmot be followed today, as uprooting of affected stocks is mandatory due to the dramatic
continuous progress of FD disease and the large aren colonized by the leafhopper vector,
However, this past experience could help in drawing the main directions that research should
follow to get keys to fight against FD diffusion. Research should jointly develop on the
following topics :

» Investigation on natural enemies and biological insecticides against S. fitanus that could
lower population numbers to an acceptable leve] with no prejudice to the natural fauna.

* Improvement of the evaluation and maintenance of a good sanitary status of planting
material : sensitivity of detection, rationalization of sampling methods for statistical analysis,

*  Understanding of the basis for specificity of vector-phytoplasma interactions. S. fitanns ~
transmissible and non transmissible phytoplasma isolates could be compared at the molecular
level and in cellular interactions with natural and experimental vectors.

* Increase of general knowledge on epidemiological factors such as finest ethological
conditions of 8. tifanus or presence of eryptic reservoirs of phytoplasma related to FD, that
could be introduced to vines by altermative vectors

» Analysis of plant reaction towards phytoplasma colonization, with an insight to the
internctions between scion and rootstock in the development of “resistance” or recovery.

«  Use of elicitors to enhance wide-range defense reactions of vines and their effect on
colonization by phytoplasma,
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