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Abstract

Flavescence dorée (FD) is a major grapevine disease in Europe with significant economic
consequences. The objective of this review is to provide as much information as possible
on the documented susceptibility or tolerance of different cultivars, both international and
local within individual countries. Additionally, spontaneous recovery has been observed
as a viable option for replanting injured vines, but its efficacy varies by cultivars. In this
regard, a broad categorization was developed for several cultivars, particularly those
examined in Europe, describing their higher or lower susceptibility and aptitude to recover.
Future research, however, should not only address the geographic spread of FD, but also
investigate how pathogen-host interactions may differ across cultivars. Such insights could
be crucial for assessing the risk of FD introduction in new regions and understanding
cultivar-specific susceptibility and epidemic dynamics, because present studies remain
mostly concentrated in regions suffering significant FD pressure, resulting in a focus on a
small number of cultivars that are often specific to a certain geographical area. Furthermore,
the implementation of innovative strategies has the potential to give a comprehensive and
long-term approach to managing and containing FD.

Keywords: Vitis vinifera; FD phytoplasma; Grapevine Yellows disease; Scaphoideus titanus;
cultivar classification

1. Flavescence Dorée and Its Distribution

The grapevine (Vitis vinifera L.) is a globally significant crop, covering over 7.2 million
hectares [1]. In this regard, grapevine diseases receive particular attention due to their
significant economic impact [2]. Among the various microorganisms that can affect the
health and yield of the grapevine, phytoplasmas stand out as a serious and damaging
disease [3]. Phytoplasmas are prokaryotic organisms without cell walls, classified within the
Mollicutes class [4], and with a range in size from 200 to 800 nm [5]. These microorganisms
are phylogenetically related to the Gram-positive bacteria [6]. Phytoplasma cells appear as
vesicular, rounded structures that move within phloem sieve tubes, passing through sieve
plate pores. However, their movement is sluggish, and their spread throughout the plant
is unpredictable, infecting all plant organs, including roots, canes, shoots, buds, flowers,
and berries, but not seeds [7]. They can exhibit polymorphism and can only survive and
reproduce in isotonic environments, such as plant phloem or insect haemolymph within
phloem-sucking leathoppers, planthoppers and psyllids [8]. Consequently, they are entirely

Pathogens 2025, 14, 939

https://doi.org/10.3390/pathogens14090939


https://doi.org/10.3390/pathogens14090939
https://doi.org/10.3390/pathogens14090939
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com
https://orcid.org/0009-0001-7706-725X
https://orcid.org/0000-0003-3122-2389
https://orcid.org/0000-0002-6047-3526
https://orcid.org/0000-0002-2207-7493
https://doi.org/10.3390/pathogens14090939
https://www.mdpi.com/article/10.3390/pathogens14090939?type=check_update&version=2

Pathogens 2025, 14, 939

20f 18

dependent on their hosts, but can replicate within insect vectors and, in some cases, even
infect their eggs [9].

Among the main damages they cause to the plant is the alteration of the functionality
of the phloem sieve tubes [10]. The phytoplasma chromosome is very small (680-1600 kb),
and efforts to grow phytoplasmas in cell-free media have been unsuccessful [9]. However,
with the advancement of molecular techniques, it was possible to identify a wide range of
phytoplasmas causing diseases in numerous plant species [11]. As a result, phytoplasmas
are categorized into over 30 groups based on their 165 rRNA sequences within the taxon
Candidatus Phytoplasma [12].

Various Grapevine Yellows (GY) diseases linked to phytoplasmas are recognized
in many grape-producing countries, where they contribute to crop loss and a decline in
quality [13]. The most important GY diseases in the main viticultural areas of Europe
are “Flavescence dorée” (FD) and “Bois noir” (BN) [14], previously mentioned as a provi-
sional taxon known as “Candidatus Phytoplasma vitis” [15], and “Candidatus Phytoplasma
solani” [16], respectively. They produce similar symptoms, such as abnormal lignification
of canes, shortened internodes, flower abortion, leaf discoloration and curling, as well
as yellowing or reddening, depending on the variety [17]. The diseases mainly differ in
their epidemiological patterns, such as severity and progress of the attack in vineyards,
vectors and source of inoculum [18]. GY diseases caused by different phytoplasmas can
occur in the same region or even within the same vineyard, as seen with the GY diseases in
Central-Southern Europe [19]. Therefore, identifying the phytoplasmas in a symptomatic
grapevine cannot be conducted through visual inspection alone and requires laboratory
diagnostic techniques [3]. Several other diseases similar to FD and BN have been observed
and researched in numerous countries [20,21]. GY diseases are caused by different phyto-
plasma species and groups, and involve distinct insect vectors that either specifically or
occasionally feed on the vines [22].

In detail, FD phytoplasma (FDp) belong to two taxonomic subgroups namely 165rV-C
and 165rV-D, and so to three phylogenetic strain clusters, according to multilocus sequence
analysis of map, vmpA, uvrB-degV and secY loci [23-25]. FD phytoplasma can be trans-
mitted from vine to vine by the ampelophagous, monovoltine leathopper Scaphoideus
titanus [26]. This leathopper is highly suited to viticultural regions where the summer
season is long enough for the adults to lay their eggs [18]. While S. titanus is the primary
vector responsible for epidemic spread in vineyards, recent studies have identified Dic-
tyophara europaea, a polyphagous planthopper prevalent in natural habitats, as an important
alternative vector capable of maintaining the pathogen outside cultivated areas [27]. FD
is therefore an epidemic, economically important, quarantine disease of grapevine in Eu-
rope [17]. It often occurs as an epidemic because it affects a significant number of vineyards
within a region, with up to 95% of the grapevines in an individual vineyard showing signs
of infection [19].

The first outbreak of FD was reported in 1955, in Armagnac, France, where it was
assumed to be a form of root asphyxia [28,29], and the disease has since dispersed to other
European winegrowing regions such as Italy, Portugal, Spain, Serbia, Slovenia, Switzerland,
Hungary, Croatia and Austria [30]. Lastly, in recent decades, there has been a significant
expansion of vine-growing areas in countries such as China, India, Japan, Korea, Thailand,
and Indonesia. This growth has heightened the risks associated with the introduction of
grapevine phytoplasma diseases, which could pose a threat to vineyard ecosystems and
the grape industry in these Asian nations [31].

All species within the genus Vitis (V. riparia, V. labrusca, V. longii, V. simpsonii, V. doaniana,
V. champinii, V. amurensis, V. rubra, V. rupestris, V. pentagona, V. sylvestris, V. vinifera), as well
as their hybrids used as rootstocks, are susceptible to FD [32]. The aim of this review is
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to provide an up-to-date overview of the susceptibility and tolerance of different Vitis
vinifera cultivars to Flavescence dorée, investigating the host-pathogen relationship and
the plant’s ability to recover, based on the literature, and to establish a practical and useful
classification of these cultivars.

2. Host-Pathogen Interaction and Resistance Factors
2.1. GY Symptoms

As previously mentioned, GY are diseases that share similar symptoms, which makes
it difficult to identify the specific phytoplasma causing the infection just by observation [33].
FDp leads to considerable damage to the plant, presenting symptoms that stem from dam-
age to the phloem and vascular cambium in the shoots and trunk [34]. This occurs because
the phytoplasma interferes with local hormonal balance and carbohydrate transport, partic-
ularly in the phloem, leading to altered signaling that promotes vegetative growth over
reproductive development [35]. FD symptoms are typically observed on leaves, clusters,
and canes, usually appearing one year after the infection [36] (Figure 1). For infected vines,
symptoms generally emerge around mid-summer (mid-July in the boreal hemisphere;
mid-January in the austral hemisphere), and worsen progressively throughout the growing
season, becoming easily noticeable [37]. Key symptoms include abnormal lignification of
canes, the appearance of blackish pustules on the shoots, shortened internodes, flower
abortion, leaf discoloration, curling, and varying yellowing or reddening, also affecting
the veins, depending on the variety [38]. The leaves of affected shoots are stiff, curled
downward, and range in color from metallic yellow to yellow-green or green, with chlorotic
patches that eventually become necrotic. Leaves on the basal and middle parts of shoots
sometimes fall off mid-season [39]. The veins are generally stiff, fragile, and curl down-
ward [40]. Diseased shoots are limp and rubbery, with short internodes and zigzag growth,
often staying green or grayish-green, while healthy shoots develop brown periderm [39].
When the first symptoms appear, the disease causes significant deterioration throughout
the plant, including severe damage to the inflorescences. If the symptoms appear after
flowering, flower abortion can occur [35]. Clusters on affected shoots may abort near
bloom or the rachis and berries shrivel before harvest [39]. Grapes that are harvested at
the end of the season are underdeveloped and unsuitable for winemaking, as their juice
is sour and lacks sugar. As a result, much of the grape yield is lost [35]. Other distinct
symptoms include abnormal growth of shoots and roots, etiolation, and necrosis of the
vascular cambium and phloem [40]. Over time, there is a general decline in the health of
the plants. However, plants with partial infection may still produce a good yield and can
survive for many years [36].

2.2. Colonization and Plant Resistance Mechanisms

Phytoplasmas have a distinctive and intricate life cycle, involving colonization of
multiple environments, including the plant phloem and various organs of phloem-feeding
homoptera insects [41]. In plants, these microorganisms predominantly reside in phloem
components, such as mature sieve tubes and developing phloem cells. Due to their lack
of a cell wall, phytoplasmas must regulate their internal osmotic pressure to match that
of the sieve elements [42]. In insects, they need to pass through the gut cells, replicate
in different tissues, and reach the saliva, where they can be transferred into plants [43].
Phytoplasmas, which are localized in the phloem sieve tubes of the phloem, invade the
phloem- conducting organs, such as veins, leaf petioles, and shoots. Their colonization
pattern, observed in different cultivars such as Chardonnay and Refoscod’Istria, is con-
sidered similar [19]. This invasion disrupts the descending vascular system, leading to
the blockage of lymphatic tubes and medullary tissues [19], which ultimately interrupts
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the transport of photosynthates [4]. Since photoassimilates cannot be stored in other plant
parts outside the leaves, starch accumulation occurs, which is believed to contribute to
the blockage of phloem sieve tubes [19]. Consequently, starch accumulates in the leaves,
hindering the transport of processed substances and progressively affecting the nutrition of
the grapevine, shoots, and stems, as found on the hybrid “Baco 22 A” [35]. After entering
the phloem sieve tube elements, phytoplasmas spread throughout the plant by passing
through the phloem sieve plate pores. Occasionally, adjacent phloem parenchyma and
companion cells are also invaded [44], though their entry mechanism remains unclear. It
seems unlikely that phytoplasmas pass through pore-plasmodesmata units, as these have
pore diameters of only 3—-4 nm [45].

o

Figure 1. Foliar symptoms of Flavescence dorée (FD) in different grapevine cultivars. (A) Reddening
of leaves in a red Yellowing and leaf curling in a white cultivar. (B) Intense reddening and pronounced
downward curling of the leaf blades in a red cultivar, indicative of advanced phloem dysfunction.
(C) Interveinal reddening and marginal necrosis in another red cultivar, reflecting vascular blockage
and tissue degeneration.

Phytoplasmas possess two secretion systems: the YidC system, responsible for inte-
grating membrane proteins, and the Sec system, which integrates and secretes proteins into
the host cell cytoplasm [46]. One of the earliest physiological effects of infection is believed
to be the disruption of auxin gradients and other hormonal signaling pathways within the
phloem. This hormonal imbalance leads to altered carbon allocation and developmental
anomalies [34]. The data indicate that phytoplasma infections significantly disrupt key
primary metabolic processes, such as glycolysis, the tricarboxylic acid (TCA) cycle, and
amino acid metabolism, as observed in recovered Barbera plants. These pathways are
essential for cell survival and provide intermediate and end products that participate
in various metabolic pathways [34]. Alterations in photosynthate movement, alongside
other physiological disturbances like reduced photosynthesis, pigment levels, stomatal
conductance, transpiration, root respiration, and hormonal imbalances, likely contribute
to the symptoms observed in infected plants [47]. The decline in photosynthetic activity
and subsequent changes in carbohydrate metabolism impact the synthesis of carbohy-
drates, chlorophyll (resulting in leaf yellowing), and carotenoids [48]. Similarly, microarray
analysis of BN phytoplasma-infected Nebbiolo leaves revealed downregulation of genes
encoding photosystem I and II proteins and a reduction in Rubisco activase expression [2].
In line with the findings of Margaria and Palmano [2], a photosystem II component (Mn-
stabilizing protein) was downregulated, while cysteine synthase, a key player in primary
metabolism, was upregulated. Cysteine is involved in glutathione (GSH) biosynthesis, a
molecule that participates in multiple pathways including redox signaling and modulation
of auxin sensitivity, thereby contributing to the plant’s defense and development under
stress conditions [49].
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Many of the proteins altered during FD infection belong to the “cell rescue, defense,
and virulence” category, such as “pathogenesis-related proteins” [50]. This is further sup-
ported by Margaria et al. [34], who found increased expression of pathogenesis-related
proteins in infected tissues of Barbera grapevine. Additionally, heat shock proteins, essen-
tial for developmental processes and stress responses, were identified as stress-responsive
proteins [51]. In agreement with their findings, Rubisco and other proteins involved in
photosynthesis and carbon metabolism were phosphorylated, suggesting that phosphory-
lation might signal protein degradation, impair the photosynthetic machinery, and disrupt
electron transfer, contributing to the generation of reactive oxygen species (ROS) in infected
leaves [52]. Consequently, Oliveira et al. [53] observed in cv. Loureiro a reduction in leaf
area by up to 60%. The phytoplasma genome also contains the sodA gene, which encodes
the Mn-SOD protein capable of neutralizing ROS, a key component of the plant’s defense
response [54]. Also, phytoplasmas may exacerbate symptoms by secreting effector proteins
and modifying plant gene expression. For instance, the TENGU gene, which suppresses
signaling or biosynthesis of auxin indole-3-acetic acid (IAA), has been linked to symptoms
such as witches’ broom and dwarfism [55]. In response, there are two primary mechanisms
by which plants defend themselves against these pathogens: resistance, which refers to
the plant’s ability to restrict pathogen growth, and tolerance, which is the plant’s ability to
mitigate the impact of infection on its overall fitness, regardless of how much the pathogen
multiplies [56]. But the essential step to trigger the defense is generally the recognition of
the pathogen: initially, they detect general elicitors (PAMPs: Pathogen-Associated Molec-
ular Patterns), which are structural components of the pathogen’s cell wall or nucleic
acids [57], or endogenous elicitors (DAMPs: Damage-Associated Molecular Patterns),
which are signaling molecules produced by the infected plant [58]. Subsequently, the plant
identifies specific pathogen proteins, known as effectors [59]. These effectors are recognized
by R-receptors, triggering a more elaborate and intensified defense response, referred to
as Effector-Triggered Immunity (ETI). This leads to the establishment of a hypersensitive
reaction, reducing the pathogen’s virulence and limiting its threat to the plant [60].

Grapevine varieties exhibit varying degrees of susceptibility to FD even when grown
under the same environmental conditions and exposed to the same disease pressure [36].
The study of these aspects is also made difficult by the restrictions established by legislation
(e.g., the European one, (UE) [61] which require the uprooting of infected plants. For this
reason, many studies are related to BN rather than FD, despite the awareness that there
cannot be a perfect analogy between the two responsible microorganisms [62]. Furthermore,
assessing cultivar susceptibility in field conditions is challenging due to uncontrolled
environmental factors that influence the presence and abundance of Scaphoideus titanus,
infection pressure, and the pathways through which the pathogens enter the vineyard
(wind direction, altitude, vineyard slope) [63]. Therefore, studying resistance factors is also
tricky and sometimes specific phenomena such as recovery are investigated to understand
some factors predisposing to resistance. Recovery refers to the phenomenon where plants
show spontaneous and stable remission of symptoms in the following growing season,
accompanied by the disappearance of the pathogen from the canopy and the restoration
of grape productivity, as observed in cvs. Barbera and Albarola [64,65]. This recovery is
thought to be linked to the down-regulation of ascorbate peroxidase, which likely leads to
a long-term accumulation of hydrogen peroxide (H,O,) in plant tissues. This accumulation
may help counteract the pathogen’s virulence and facilitate recovery [34]. However, the
reasons behind the differing susceptibility of cultivars remain difficult to identify and
require further study. One hypothesis suggests that the plant’s proteomic response may
play a role [2]. For instance, Nebbiolo plants exhibit an abundant presence of proteins
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associated with “cell rescue, defense, and virulence” during infection, while Barbera shows
a lower presence of these proteins [66].

3. Susceptibility of Main Grapevine Cultivars

The expression of symptoms, phytoplasma concentration, and the incidence of infected
plants differ across grapevine cultivars [66]. However, it is difficult to have consolidated
data following comparative evaluations between different cultivars due to the before
mentioned legislative restrictions that affect many countries involved in FD epidemics
and that require, above all, experiments in conditions of natural infection. Therefore, only
evaluations (comparisons between FD-positive and FD-negative plants of a single cultivar)
or comparisons between two cultivars are frequently reported [67]. Although the presence
of FD in an area could affect more vineyards, generally the outbreak is quickly identified, not
very extensive, and rarely affects numerous vineyards of different varieties [19]. However,
indirect comparisons can be made by considering rather similar experiments, thus defining
cultivars considered more or less susceptible.

Varieties such as Chardonnay and Pinot Gris exhibit severe symptoms, while others
like Tocai Friulano and Moscato Bianco generally show symptoms in only a few plants
or branches, displaying low susceptibility to FD and a strong ability to recover [36]. The
primary plant hormones involved in modulating inducible defenses are salicylic acid
(SA) and jasmonic acid (JA), involved in a reciprocal antagonism [68]. Studies inves-
tigating plant-phytoplasma interactions have consistently reported an up-regulation of
SA-signaling, during infections caused by FD [33], while JA-mediated defense responses
are suppressed [69]. This SA-JA crosstalk may explain the differences in susceptibility to
FD observed between Chardonnay and Tocai Friulano [36]. Similarly, Albarola is less prone
to FD and recovers better than Vermentino, where plants often die, as noted by Boselli [64].
Also, a study in vineyards revealed that Barbera was more susceptible to FD compared to
Nebbiolo, showing about one order of magnitude higher phytoplasma titres [66].

Another interesting example from Piedmont is a hierarchical classification of local
grapevine cultivars proposed by Ripamonti et al. [63], which ranks them from the least
to the most susceptible to FD. In this classification, Moscato, Brachetto, Merlot and Freisa
are grouped together as having the lowest susceptibility, followed by an intermediate
group with Nebbiolo, Arneis, Timorasso and Erbaluce, and then the most susceptible such
as Dolcetto, Barbera NC, Cortese, Barbera 84 and Ruché. Wine production in Piedmont
traditionally involves various grapevine cultivars [70]. The potential for highly suscep-
tible grapevine varieties to enhance vector transmission efficiency, thereby influencing
disease epidemiology, is becoming an important issue to address for managing FD in this
region [71]. Generally, varieties grown in FD-affected regions across France, Italy, and
Spain vary in their susceptibility. Some of these cultivars have been classified based on the
severity of symptoms and their ability to recover from FD (Table 1). Sangiovese, Garganega,
Perera, Plovdina, Frankovka, Istrian Malvasia and Loureiro are highly sensitive and typ-
ically do not recover after infection. Grenache Noir, Barbera, Cabernet Franc, Cabernet
Sauvignon, Sauvignon Blanc, Chardonnay, Riesling, Trebbiano, Pinot Gris, Zupskibojadiser,
Smederevka, Black Burgundy, Italian Riesling and Glera are also sensitive, but may recover
if protected from further inoculations [19,30,72]. Varieties such as Merlot, Pinot Noir, Erba-
mat, Croatina and Nebbiolo are more tolerant, although heavily infected vines can still be
found. Symptoms are rare in Syrah, Teran and Magdeleine [73-77].

In terms of rootstocks, a study by Eveillard et al. [78] examined several rootstocks,
including 110 Richter, 3309 Couderc, 41 B, Kober 5BB, Nemadex, Riparia Gloire de Mont-
pellier, and SO4. Except for Kober 5BB and Nemadex, which were classified as poorly
susceptible, all other rootstocks were grouped in the “intermediate susceptibility” category.
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However, excluding cases such as Chardonnay and Riesling, which are generally
the most susceptible to FD, it remains difficult to have a clear hierarchy among cultivars
worldwide, as the more or less intense response of the plant to the disease may depend
greatly on the surrounding environment, thus finding different susceptibility scales and
cultivars depending on the areas considered [19]. Therefore, we can only obtain a more
specific view by restricting the field to a single country or geographical area of the world,
as reported in some of the studies cited above. Furthermore, it is difficult to correlate
the susceptibility of cultivars to a single genotype. In the literature, it is possible to
find information on individual genotypes depending on different areas or countries, but
much more difficult depending on the specific cultivar. In the cultivars of the previously
mentioned studies, only the subgroups 165rV-C and -D, within the 16SrV taxonomic group,
were identified.

As previously mentioned, recovery is a phenomenon characterized by the remission
of disease symptoms after a prior infection, also observed in plants infected with phyto-
plasmas [36]. Therefore, recovery from FD, when integrated with conventional control
methods, could serve as a viable strategy for managing the disease, particularly in long-
established vineyards where replanting is no longer economically feasible several years
post-planting [56]. In grapevines, recovery is linked to the absence of detectable phyto-
plasma in the tissues of recovered plants. Evidence suggests that the accumulation of
hydrogen peroxide (H,O;) plays a key role, as indicated by the downregulation of scaveng-
ing enzymes such as catalase and ascorbate peroxidase scavenging enzymes, in recovered
tissues, as observed in cv. Glera [34,56]. Additionally, Galetto et al. [79] provided the first
evidence that S. titanus cannot acquire the phytoplasma from recovered grapevines. Their
research also confirmed, in cv. Nebbiolo, the intracellular accumulation of H>O,, calcium,
and callose in the phloem, along with reduced levels of antioxidant enzymes recovered
from FD. For grapevine varieties with high recovery efficiency and stability, the practice of
uprooting infected plants may not be necessary, as they no longer act as sources of inoculum.
While recovered grapevines yield approximately 20% less than healthy plants, they produce
significantly more than infected ones [80]. Consequently, maintaining infected plants to
enable natural recovery appears to be a cost-effective and time-saving disease management
strategy for growers [79], although it represents a legally prohibited practice in many
contexts where the eradication of infected plants is mandatory [81]. Therefore, not taking
into account territories subject to specific legislative restrictions for the containment of FD,
for cultivars with an intermediate recovery potential, such as Chardonnay, the decision to
maintain or replace infected plants depends on a combination of agronomic and economic
factors, as well as the risk of new infections. Specifically, maintaining infected plants is
more profitable when there is a lower yield per hectare. In contrast, replacing infected
grapevines with new plants becomes relatively more advantageous under conditions such
as longer productive lifespans, lower plant density per hectare, or an increase in grape
market prices [56]. Also, field observations confirm that recovery from FD infection is
highly dependent on the grapevine cultivar, with Barbera exhibiting a significantly higher
recovery potential than Glera.

Previous research has demonstrated that recovery can be stimulated by abiotic stress,
treatments with resistance inducers, antimicrobial compounds, and the application of
mycorrhiza [36,56]. This line of research could be particularly promising, as it offers a
more sustainable approach from both environmental and economic perspectives. The
importance of understanding and enhancing recovery mechanisms is further highlighted
by the significant economic impact of FD. For example, in 2005, in the Aleksandrovac
region of Serbia, losses due to the destruction of vineyards by the FD, were estimated
at around €3.2 million. In the same year, the Italian government and the EU provided
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€34 million in compensation for production losses and replanting [82]. In this regard,
studies on FD-infected grapevine cultivars show that successful defense mechanisms are
locally activated near symptomatic areas, involving jasmonate- and salicylate-mediated
pathways, which contribute to compartmentalizing phytoplasma infections and limiting
symptom spread [36]. Similarly, in BN-infected grapevines, treatments with resistance
inducers, including benzothiadiazole, promoted recovery without negative effects on plant
growth or yield [83]. These findings suggest that recovery, and the plant’s sensitivity
to phytoplasma infection, are linked to a dynamic, locally regulated hormonal balance
that varies among cell types and tissue compartments. Therefore, managing phytoplasma
diseases may require strategies that support this hormonal regulation within specific tissues,
allowing plants to effectively respond and recover. Further, the involvement of endophytes
in the recovery process has been reported. The microbial community, in fact, associated
with recovered plants, where phytoplasma replication is inactive, differs significantly
from that of both healthy and diseased plants [30,84]. This suggests that the restructured
microbial community in recovered plants may maintain its composition across seasons.
Such findings point to a potential role for endophytes in protecting plants from re-infection.
However, further studies are required to fully elucidate this role [84].

Table 1. Classification of grape cultivars according to their susceptibility. Grape susceptibility was
classified into three levels based on symptom expression, phytoplasma load and localization, impact
on yield, and recovery ability under natural infection pressure in vineyards.

Susceptibility to FD Cultivar Notes
Cortese (W) 11, Dolcetto (R) 1!, Frankovka (R) 5,
Hioh Garganega (W) 7, Istrian Malvasia (W) 8, Loureiro (W) High vulnerability to infection
& 10 Perera (W) 7, Pinot Blanc (W) 4, Plovdina (R) °, with low recovery ability.
Ruché (R) 11, Sangiovese (R) 7, Vermentino (W) !
Albarola (W) 1, Arneis (W) 11, Barbera (R) 11, Black
Burgundy (R) 5, Cabernet Franc (R) ¢, Cabernet . o
Sauvignon (R) ¢, Chardonnay (W) '2, Erbaluce (W) 1, ;:;fies];?rfctiéarfazic’czr;];}; isﬂllgc,’e
Medium Glera (W) 7, Grenache Noir (R) ©, Italian Riesling (W) °, depends on agronomic fn d
Pinot Gris (W) 2, Refosco D'Istria (R) 7, Riesling (W) 7, p economi% factors
Sauvignon Blanc (W) 6, Smederevka (W) °, Timorasso ’
(W) 11, Trebbiano (W) ?, Zupski bojadiser (R) 5
Brachetto (R) !, Croatina (R) 3, Erbamat (W) 2, Freisa -
R) 11, Magdaleine (W) ¢, Merlot (R) 6 Moscato (W) 12, Good recovery ability and
Low tolerance; lower need

Nebbiolo (R) !, Pinot Noir (R) ¢, Syrah (R) ,

Teran (R) 8, Tocai Friulano (W) 12 for replacement,

The berry color for each cultivar will be distinguished as “(R)” for red and “(W)” for white. 1: [64]; 2: [74]; 3: [75];
4: [85]; 5: [72]; 6: [78]; 7: [19]; 8: [77]; 9: [86]; 10: [53]; 11: [63]; 12: [6].

4. Important Local Cultivars That Have Received Little Attention

From what has been discussed above, it appears that there is a lot of information
on some of international and non-international cultivars, analyzed in most cases within
Europe (Figure 2). In this regard, it is useful to pay attention to all those cultivars that are
only partially considered, with little or no scientific reference. In most cases these refer to
areas where above all, the presence of other phytoplasmas is reported, and not necessarily
that of FDp. This is the case, for example, reported by Davis et al. [13] in Israel and Greece,
Pierro et al. [31] in China, or Abu Alloush et al. [21] in Jordan, where FDp is not present,
leaving instead Candidatus phytoplasma solani as the most widespread. On the other hand,
various studies have been conducted only in some European regions, such as the exhaustive
overview offered by Northern Italy, highlighting differences in susceptibility between



Pathogens 2025, 14, 939

90f18

different local grapevine varieties [38,87]. For example, specific literature on Spanish
cultivars is scarce. Autochthonous varieties such as Tempranillo, Garnacha, Albarifio
and Verdejo are widely cultivated in Spain, but information on their response to FD is
limited or absent [18]. There is limited information regarding the vulnerability of key
Austrian grape varieties too, such as Griiner Veltliner, Miiller Thurgau, Blauer Zweigelt,
and Blaufrankisch. Some varieties identified as susceptible hold significant importance
in Austria, including Welschriesling and Rhine Riesling [88,89]. However, this figure
is also a symptom of a reduced pressure and spread of the disease in these countries
compared to other more affected ones, like Italy and France [25]. On the other hand, some
countries, although with a limited diffusion, offer a more comprehensive overview of
the spread of FD. This is the case of Portugal and the studies carried out especially on
cv. Loureiro [90,91], of Slovenia on the cv. Modra frankinja [92,93], of Croatia with more
specific studies on FDp infection on cvs. Plemenka Crvena, Istrian Malvasia and Pinot
Gris [67,76,94], or of Serbia on the cv. Plovdina [72,95]. It is worth noting that in some
neighboring countries, such as Hungary, and Bosnia and Herzegovina, research on FD is
limited [96,97]. This is mainly because studies in these regions have focused on identifying
other phytoplasmas (e.g., Candidatus phytoplasma solani), which have been detected in
association with symptomatic grapevines [98,99]. The same applies to Montenegro [100]
where however, Radonjic¢ et al. [101] reported the first cases of FD in 2023. Additionally,
many important regional, but widely used varieties may not have received as much
research attention. This includes Sangiovese in Italy, Tempranillo in Spain, or Zinfandel in
California, which are among the main regional grape cultivars [102,103]. Moreover, certain
newer hybrid cultivars might also lack comprehensive data on their susceptibility to FD,
particularly those being tested for climate adaptability or disease resistance. In this regard,
interspecific viticultural hybrids are acquiring a strategic role in genetic improvement:
several recent studies indicate that cultivars obtained from crosses with species such as
Vitis amurensis or V. labrusca may show a lower susceptibility to FD infection or present
attenuated symptoms. To support these observations, several breeding programs, such
as the BIORES project, are selecting tolerant genotypes to be used either directly or as a
genetic source for the introduction of resistance traits by conventional crossing or genome
editing techniques [104]. The use of rootstocks derived from resistant species has also
shown promise, as it can help limit the multiplication and systemic spread of phytoplasma
in grafted plants [105].

Market demands often affect the wine industry, and research funding tends to pri-
oritize popular grape varieties [106]. For instance, well-known varieties like Pinot Noir
or Merlot attract more scientific focus due to their widespread use and economic signifi-
cance [103]. Moreover, there is no unified, standardized method for assessing grapevine
susceptibility to FD, which can result in inconsistent or incomplete data. Some studies may
focus on the disease vector or environmental factors instead of directly evaluating suscepti-
bility in different cultivars [85,107]. Further, how researchers define susceptibility, whether
through symptom expression or disease progression, can differ, making it challenging to
compare findings across studies.

In conclusion, the difficulty in gathering comprehensive information on the suscepti-
bility of certain grapevine cultivars to FD is due to a range of interconnected factors. These
include the emphasis on commercially significant cultivars, inconsistent research method-
ologies, legislative restrictions, and the complex biological and environmental interactions
at play. This underscores the need for further research to fill these gaps and develop more
effective management strategies.
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Figure 2. Distribution of grapevine cultivars evaluated for Flavescence dorée susceptibility in
European countries (according to https:/ /www.scopus.com/, accessed on 4 February 2025).

5. Innovative Strategies for Management of Grapevine Yellows and
Addressing Susceptibility

The GY susceptibility of several major grapevine varieties poses a serious problem
in viticulture, making traditional control measures insufficient to protect them. There-
fore, innovative strategies for grapevine disease management are essential to address this
issue [108,109].

Rapid and non-destructive methods of GY detection in vineyards represent innova-
tions that could effectively contrast the GY spread and have gained significant attention in
recent years [110]. These new technologies, based on optical sensors, capture alterations in
leaf optical properties and have already shown the ability to distinguish between healthy
and GY-infected plants by analyzing plant reflectance in the field [111]. Considering FD,
the methods applied so far include RGB imaging [112], multispectral imaging [113,114],
and hyperspectral data [115,116]. This last appears to be the most promising due to its
wide range of potential applications, extending beyond rapid detection alone. Recently,
the potential of hyperspectral data to distinguish between FD-positive and FD-negative
grapevines in asymptomatic plants before symptoms appear was highlighted [24]. More-
over, Oerke et al. [117,118] also emphasized the potential application of hyperspectral
data in research focused on the susceptibility of varieties to diseases, as demonstrated for
Plasmopara viticola. However, despite these intriguing results, no research has yet specifi-
cally evaluated for GY across different varieties, representing a significant opportunity for
future studies.

Endophytic communities (i.e., bacteria and fungi) play a crucial role in plant health by
enhancing stress tolerance, promoting growth, and protecting against pathogens through
the production of bioactive compounds and competition with harmful microbes [119-121].
Some evidence suggest that endophytic bacteria may contribute to the recovery phe-
nomenon in grapevines affected by GY [30,122], and also endophytic fungi can potentially
have some role in this phenomenon [123,124]. Indeed, Bulgari et al. [84,125] demonstrated
that the diversity of the grapevine endophytic bacterial community is greater in recovered
grapevines previously affected by FD or BN than in diseased or healthy plants. Moreover,
beneficial endophytic bacteria, such as Pseudomonas migulae, have shown potential effects
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in inducing systemic resistance to FDp in the experimental host Catharanthus roseus [126].
Thus, exploring the dynamics and potential applications of endophytic communities could
offer a promising strategy to enhance grapevine resistance or tolerance to FD, even in
varieties that are naturally susceptible. However, additional research is needed before these
approaches can be effectively implemented to mitigate GY at a field scale.

Other promising innovative techniques include genetic approaches, which represent
a powerful tool for addressing grapevine diseases. These approaches aid in the selection
of new grapevine varieties capable of reducing or eliminating the need for agrochemical
inputs while promoting ecological and sustainable management [127]. In some cases,
these techniques have been authorized for use in breeding, whereas in others, strict reg-
ulatory frameworks, such as those in the European Union, have been applied [128]. A
key example is marker-assisted selection (MAS) and the Clustered Regularly Interspaced
Short Palindromic Repeats/CRISPR-associated protein 9 (CRISPR/Cas9) system, which
facilitate the detection of useful alleles in the plant genome for resistance or tolerance and
provide precise tools for modifying genes associated with susceptibility to plant diseases,
respectively [129,130]. Both techniques have already been successfully applied to identify
or modify genes of interest for resistance against the most damaging pathogens affecting
grapevine, including Plasmopara viticola, Erysiphe necator, Botrytis cinerea and Guignardia
bidwellii, as well Daktulosphaira vitifoliae [131-138]. However, these techniques have yet
to be applied to develop grapevine varieties resistant or tolerant to GY, including FD,
highlighting a significant gap in this research area.

6. Conclusions

There is currently substantial and insightful knowledge available regarding the disease
dynamics of FD. Phytoplasma’s nature, life cycle, and the behavior of its specific insect
vector have become increasingly well understood. As a result, every stage and consequence
of the interaction between the phytoplasma and its host, as well as the symptoms that occur
once the pathogenic relationship with the vine is established, begin to be examined and
described more accurately. Furthermore, research has shed light on the feeding behavior of
the vector, which appears to vary depending on the grapevine cultivar, thereby influencing,
either positively or negatively, the efficiency of phytoplasma acquisition and its subsequent
spread within the plant. In this regard, the recovery phenomenon also remains highly
cultivar-dependent and should be further investigated in order to determine its causes.
However, current studies remain largely concentrated in regions experiencing exceptionally
high FD pressure, leading to a focus on a limited number of cultivars that are often specific
to a single geographical area. This is not merely a matter of examining vector behavior
or the general susceptibility of a cultivar, but instead of conducting studies on individual
cultivars in regions beyond the countries where FD is most prevalent. As previously
noted, only a handful of countries, despite experiencing low FD pressure, have not only
investigated and confirmed the presence of the phytoplasma and its vector across multiple
national wine-growing areas, but have also specifically analyzed their local cultivars.

In most cases, FD has only been detected when the risk of its spread became apparent,
either through vector capture or the emergence of symptomatic plants. Despite each coun-
try’s annual implementation of control measures, FD continues to advance across Europe,
sparing no neighboring state. This underscores the importance of maintaining proactive
research and surveillance in regions where the disease remains scarce while intensifying
in-depth investigations into its dynamics in areas where it is already established, particu-
larly in relation to the susceptibility of local cultivars. The ultimate objective is to develop a
comprehensive understanding of the disease, its variability across different regions, and its
interactions with various cultivars. Moreover, integrating innovative strategies, such as
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deploying optical sensors, fostering beneficial interactions within endophytic communi-
ties, employing MAS, and advancing genome editing techniques like the CRISPR/Cas9
system, could provide a comprehensive and sustainable approach to managing GY/FD,
addressing the susceptibility of grapevines, and enhancing disease resistance or tolerance.
Such insights will facilitate the development of more effective containment strategies and
support the identification and promotion of tolerant or resistant cultivars, fostering further

research into sustainable long-term solutions.
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