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Abstract:

The agricultural sector faces ongoing g allenwmsed by emerging plant
diseases, threatening the sustainabili 'C ivity of important crops. In Italy,

ptoms emergence. KVDS affects both
nsis var. deliciosa, particularly in areas

er. Recent research has shed light on the
ere microbial community in KVDS development, with
between healthy and affected plants. These findings
3 e rhizosphere, contributing to the manifestation of
KVDS, pa i with chronically stressed root systems. In addition, the
de is facing the emergence of several other novel plant

thus posing signi reats to crop production and food security. Therefore, there
is an urgent need for proactive surveillance, research, and management strategies to
address the complexities of emerging plant diseases and safeguard agricultural
systems against future threats.

1. Introduction

Climate change and market globalization are posing new threats to crop protection by
facilitating pathogens and pests spread and establishments in new areas. From 2012, in
Europe 142 new pathogen introductions were recorded including viruses (37%), bacteria
(32%) and fungi (25%) (Raza and Bebber, 2022). This situation is further worsened by the
50% reduction of pesticide use and risk foreseen by 2030 by the European Green Deal. Once
the invasive pathogen establishes, it becomes extremely difficult to eradicate it (Singh et al,,
2023). The management of good practices is vital but not sufficient. Critical examples of alien



pathogens that established in Europe in the last decades, and for which there are no
treatments nor sufficiently fast/smart diagnosis are the Xyllela fastidiosa, Candidatus
liberibacter, Pseudomonas siryngae pv actinidae, Erwinia amylovora, Ralstonia solanacearum,
Clavibacter michiganensis, Monilinia fructicola, Xanthomonas citri, and X. phaseoli

(www.eppo.int/).

Climate change is causing a constant increase in the frequency and severity of plant
stresses especially during delicate phenological phases such as blooming, fruit set and pre-
harvest. In climate change host-spots, such as the Mediterranean Basin, the increase in biotic
and abiotic stresses related to the forecasted climate scenarios are predicted to lead to a
significant decrease in crop yield, paralleled with a higher inter-annual variability (Trnka et
al., 2012). Droughts and heatwaves have affected crop production in southern and central
Europe in the last decades (Peltonen-Sainio et al., 2009). In Italy, extreme flooding events after
along arid period caused, just in Emilia Romagna devastating damagesiexceeding €1.5 billion
with 5000 small farms affected and over 50% of fruit production and 400,000 ton of wheat
losses (Reuter, 2023). As the climate warms, pathogens and pésts can move poleward in
latitude or upward in elevation (Schneider et al., 2022) and thas, several alien pathogens are
finding adequate conditions to establish themselves in Europe (Raza and Bebber, 2022). The
relative richness of some plant pathogenic genera like‘Alternaria, Fusarium and Venturia
increased with temperature (Raza and Bebber 2022);and climate change may also increase
the spread of weeds, insects, pests, and diseases tothe new areas.

Despite kiwifruit cultivation is very successful, and it.is widely spread with an increase
of total fresh fruit from 577 to 887 Mt/year in the last 20 years (Richardson et al., 2023, Bassi
et al, 2023), this crop is no exception. Kiwifruit cultivation is facing several phytoiatric
problems and, among them, KVDS (Donati etal.;2020a; Mian etal., 2022a; Savian et al., 2022)
and Halyomorpha halys (Stal) (Francati et al., 2021) pose the highest risks. Till last decade,
the research carried on Actinidia mainly focused on improving agronomical practices
(training systems, irrigation, fertilization) ‘instead of plant protection. Indeed, prior to
Pseudomonas syringae pv. actinidiae pandemic outbreak, no particular diseases or pests were
affecting kiwifruit vines. Thus, phytopathological studies were limited to abiotic aspects, such
late frost damages, nutritional diserdersyand waterlogging. The bacterial canker epidemic,
caused by Pseudomonas syringae'pv. actinidiae (Psa), was the first serious disease of kiwifruit
and rapidly spreadsworldwide (Donati et al.,, 2020b). Even if this disease is still a concern,
nowadays kiwifruit-growers are managing to control it, correctly applying proper agronomic
tools, usingscopper and resistance inducers as preventive treatments and taking infected
material out of orchards. Forthwith after Psa, three new remarkable adversities appeared.
Firstly, Halyomorpha halys (Avila et al., 2021) known as brown marmorated stink bug (BMSB),
secondly, the kiwifruit vine‘decline syndrome (KVDS) and lastly, the skin-pitting caused by
Cadophora luteo-olivaced (Di Francesco et al., 2022). Concerning BMSB, kiwifruit growers
manage this pest by using chemical treatments, which are often partially effective and
deploying nets for physical exclusion of the bugs. However, both these strategies pose serious
environmental risks such as pesticide residues, increase of pest resistance and microplastic
contamination of the soil, respectively. Concerning KVDS, it is a destructive syndrome causing
complete degradation of the root system, and, as a consequence, a sudden wilting leading to
plant death, within one or two growing seasons after symptoms occurrence. In comparison
to the biological stressors (i.e. Psa, Halyomorpha halys and skin-pitting), KVDS is most likely
the one creating the highest threads to kiwifruit production since the aetiological background
is complex and still unclear. Therefore, no reliable tools are available to manage this decline.
Moreover, its effects also last after vine death or explant. In fact, in orchards that were severely
affected by KVDS, newly planted Actinidia vines will soon be affected. For the above-
mentioned reasons, this review will primarily focus on KVDS.


http://www.eppo.int/

2. Kiwifruit Vine Decline Syndrome and its aetiology

The first report of a vine sudden decline dates back to March 1988, in New Zealand,
when the cyclone Bola caused a severe and prolonged flooding condition in all orchards. After
this, a widespread of early vine decline has been reported, reducing the agronomical
performance not only in that specific year, but in the following seasons as well. The observed
negative effects were often considered a long-term consequence of the waterlogging
conditions since kiwifruit is very sensitive to this stress (Reid et al., 1991). Nonetheless,
differently from KVDS, after few years, no symptoms were further reported, suggesting that
this first occurrence was imputable primarily to waterlogging. In Italy, KVDS was firstly
observed in Verona province (Veneto, North-eastern of Italy), where several kiwifruit
orchards (*50 ha) suddenly begun to wilt during summer 2012 (Tacconi et al., 2015).
Furthermore, in just few seasons, the syndrome rapidly spread, exceeding 1200 ha in 2016
(Tacconi et al., 2019). Meanwhile, during 2014-2015, other two outbreaks occurred in two
regions of the Northern Italy, namely Friuli Venezia and Piedmont (Donati et al., 2020a; Savian
etal,, 2020). To date, the disease is present in the majority of kiwifruit producing areas within
[taly, led to important economic losses, counting about €3,000,000 in 2020 (Tacconi et al.,
2019). Reports of declines with KVDS-like symptoms are also found worldwide (Polat et al,,
2017; Tirkkan et al., 2022).

KVDS has so far puzzling Italian kiwifruit sectof, leading to a series of hypotheses on
the causes of the disease. Despite a number of new studies on this syndrome (Savian et al.,
2020; 2022, Mian et al.,, 2022b), the main causes of KVDS, their relative importance and their
cause effect relationship still remain unclear with no substantial progress from the first
published study on KVDS (Donati et al., 2020a). KVDS is a dysbiotic multifactorial syndrome
caused by a combination of factors, both abiotic and biotic ones; which occur together causing
the symptom development (Donati et al., 2020a; Savianet al., 2020; 2022, Mian et al., 2022b,
Mian et al., 2023a).

2.1. Abiotic factors facilitating KVDS

Waterlogging and .the consequent anoxic conditions at the root level have been
considered a key factor for KVDS oenset (Donati.et al., 2020a; Savian et al., 2020; 2022, Mian
et al.,, 2022b). Furthermore, symptom development in the canopy primarily occurs during
heatwaves or, imgeneral, periods of high temperature or high transpiration. Both
waterlogging due heavy rainfalls leading to flooding conditions and heatwaves have increased
their frequency due to climate change (Bardi et al., 2020). Among the earliest symptoms in
the canopy, a progressive desiccation of the leaves moving from leaf margin to inner tissues is
observed (Sorrenti et al., 2016, Donati et al., 2020a). The peak of symptomatology generally
occurs in mid-late summer in concomitance with high temperatures, when transpiration of
the vines is the highestand the shoots support the very demanding fruit growth. At this stage,
most of the canopy shows leaf margin desiccation and extensive phylloptosis occurs,
triggering the plant’s collapse (Fig. 1 A-C). The symptomatology on the canopy reflects the
massive damages to the root system (Fig. 1 F-I). The syndrome can affect both young and adult
vines. A significant decrease of feeder roots is observed, while structural roots develop a red
discoloration whit a progressive breakdown of cortical issues. With the progression of KVDS
also the number and diameter of the xylemic vessels are reduced and root cortex breakdown
occurs thus blocking of both stele and xylem vessels (Sorrenti et al., 2016, D’Ippolito et al.,
2022). These symptoms are often difficult to distinguish from the ones caused by long-time
exposure to waterlogging conditions (Reid et al., 1991). KVDS symptoms at the root level
impair water transport in the vines which is particularly high during the transpiration period
leading to the symptomatology in the canopy. However, the development of symptoms on the



canopy may remain latent, despite the root system is already compromised (Donati et al.,
2020a).

Interestingly, dysbiosis and substantial changes in soil conditions are also the causes of
other tree decline syndromes, such as the Apple Replant Disease (ARD) (Winkelmann et al.,
2019) and oak acute decline (Denman and Webber, 2009), which has also been related to
climate changes (Brasier and Scott, 1994) and changes in soil (Pinho et al., 2020) and plant
(Denman et al., 2016) microbiota structure and functions. All these syndromes share several
commonalities. First of all, their outbreak occurred with the rise of environmental stresses
related to climate changes and the primary symptoms occurs below-ground. Secondly, they
are complex syndromes in which several damaging agents, including microbial dysbiosis,
interact to create a severe decline tree, finally, the role of Oomycota phyla has been found in
all of them. For example, in oak tree decline, Phytophthora spp. are known to damage fine
feeder roots leading to symptom development in the canopy especially in drought conditions
(Jung et al., 2000; Ruiz-Gémez et al.,, 2019). The role of chronic stressésrrelated to changes in
environmental conditions is corroborated by the observation that non-cultivate forest tree
species are experiencing massive declines (Sapsford et al., 2017). In.KVDS, waterlogging has
been proven to be a prime triggering factor. However, the role of excessive and prolonged
irrigation has been overestimated based on anecdoticeobservations (e.g. the very low
prevalence of KVDS in those areas, such as Emilia Romagna, where water is scarce and
irrigation is precisely controlled), or by experiments performed in extreme waterlogging
conditions that mask all other factors (Di Biase et al., 2023). Indeed, one of the main problems
is studying KVDS is that symptoms are often not distinguishable from waterlogging stress,
thus making difficult to differentiate the two type of stresses. This observation, together with
experiments performed only in orchards in'severe waterlogging conditions (Sofo et al,, 2022,
Di Biase et al, 2023) held misleading evidences,suggesting,a substantially equivalence
between waterlogging stresses and KVDS. However, differently from waterlogging, that
causes stress and decline only in exposed vines, KVDS is transmissible and, even in conditions
of reduced irrigation, vines réplanted in soil from KVDS affected orchards will develop
symptoms (Savian et al., 2020).



The effect of other abiotic stresses has also been hypothesised to contribute to kiwifruit
vine decline such as nutrient availability including organic matter, heavy metals content,
phytotoxicity, water quality and temperature (Reid et al.,, 1991), together with management
practices, e.g., over pruning and overcropping (Black et al., 2012). Nevertheless, none of these
factors, once tested alone, led to KVDS symptoms, and thus, they have a minor role as
triggering factors of the decline (Sorrenti et al., 2016). The transmissibility of KVDS symptoms
to plants not exposed to waterlogging conditions, the persistence of KVDS even after
uprooting, ploughing, and replanting, the absence of recovering of even mild symptomatic
plants after waterlogging ceased strongly indicate the role soil microbiota and one or more
soil-borne pathogens, as the causative agents of this syndrome.

Figure 1. (A-C) Dead and dying kiwifruit vines affected by Kiwifruit Vine Decline Syndrome
(KVDS). (E-F). Soil conditions inducing KVDS: water logging (E), drowned and suffocated root

2 » —

(F), KVDS-induced root desegregation with black, smelly and anaerobic roots. (G-I) Root
system under standard irrigation (G)or high irrigation (H) strategies. (I) Combined effect of



high-irrigation and Desarmillaria tabescens, in greenhouse experiment on potted plants
'Hayward'.

2.2 Biotic factors of KVDS

Soils are inhabited by a multitude of microorganisms contributing to soil fertility,
functioning and ecosystem services. These microbial groups include bacteria, archaea,
protozoa, algae, fungi, oomycetes, and viruses. Biotic factors associated to KVDS can be
divided into 3 main groups: bacterial, fungi and Oomycota (Table 1).

2.2.1 Bacteria

KVDS symptomatology are generally not attributable to bacterial pathogens, and thus
the involvement of bacteria in KVDS onset has been marginally investigated (Donati et al,,
2020a; Spigaglia et al., 2020, Manici et al., 2022). According to Donati et al., 2020a no specific
bacterial pathogen was isolated in KVDS-affected roots and soil samplés. Instead, Spigaglia et
al,, 2020 found that Clostridium bifermentans and C. subterminale’ were more abundant in
KVDS vines than in healthy ones. These bacteria were also.able to incite symptoms in
kiwifruit, both in vivo and in vitro pathogenicity tests. The rise of anaerobic bacteria in root
and soil of KVDS affected vines reflect the development of anaerobic conditions in
waterlogged soil. Manici et al, 2022 found asubstantial reduction of total
bacteria, Pseudomonas, actinomycetes and Bacillus in'lKVDS affected soils. In these soils, also
potently beneficial genera, such as Massilia, Rubrobacter and Kaistobacter, were reduced.
However, a significant increase of Nitrosospira and, other nitrifying bacteria was also
observed, probably due to an increase of ammonia concentration in waterlogged soil. All these
evidences suggest that the bacterial communities in the soil and rhizosphere may play an
indirect role in KVDS. In this view, environmental stresses, such as waterlogging, lead to
structural changes in the soil bacterial microbiota that get.enriched of anaerobic bacteria and
genera adapted to high ammonia concentration, while the frequency of beneficial species, and
consequently soil microbial fertility is reduced. However, the role of bacterial microbiota in
promoting or suppressing KVDS needs furtherinvestigations. For example, the enrichment of
specific taxa by application of single species or coordinated co-inoculations may be tested as
a sustainable strategy to mitigate stresses (Sangiorgio et al., 2023) or to recover KVDS soils.
2.2.2 Fungi

Several studies identified different pathogenic fungi in KVDS soil and affected roots.
Donati et al.,,2020a found that KVDS affected roots, but not the heathy one, hosted
Desarmillaria tabescens. This latter microorganism is responsible for severe root rot on many
horticultural erop plants. Woody plant infection caused by D. tabescens is exacerbated by
climate change. Indeed, waterlogging could facilitate infection since D. tabescens produces
melanised rhizomorphs in water-saturated environments. Furthermore, conditions of
periodic water saturation can facilitate D. tabescens passive spread from root to roots in single
or adjacent root systems, and even among root systems of sequential generations of trees.
Also Dactylonectria pauciseptata, Da. macrodidyma, Ilyonectria robusta and Thielaviopsis
basicola were associated to severely affected KVDS vines (Savian et al,, 2020). The presence
of Ilyonectria species, and the closely related Cylindrocarpon, were also confirmed by other
studies (Tacconi et al., 2015; Manici et al., 2022, D’'Ippolito et al., 2022). Cylindrocarpon was
previously found to be associated to kiwifruit root rot in New Zealand (Manning et al., 2003),
and Turkey (Erper et al,, 2013). T basicola is a specie recognised as the primary aetiological
agent of “black root rot”, already globally present in over 230 crop species (Pereg and Pereg,
2013). Furthermore, Fusarium solani (Savian et al., 2020) and E oxysporum (D'Ippolito et al,,
2022) have been isolated from KVDS vines. E solani and F breve were shown to cause root rot
on kiwifruit as well (Song et al., 2023). However, E solani seemed unable to cause fine root
decay whether inoculated by submerging Actinidia roots in a suspension of hyphae and



conidia (Porta-Puglia and Corazza, 1985). In fact, E solani was reported being a secondary
pathogen; as it was unable to cause root rot by itself, meanwhile, able to speed up the fine root
decay when associated with Oomycota (YaJun and PeiKun, 1998).

Fungi may also exert beneficial role on host plants. For example, plants rely on the
symbiosis with mycorrhizal fungi for nutrients acquisition, plant-to-plant communications,
and plant health. Alterations in mycorrhizal fungi and/or functional fungi may directly or
indirectly alter plant growth, health, and pathways for nutrients absorption (Sapford et al,,
2017). Donati et al., 2020a found that in KVDS affected roots, in addition to the increase on
pathogenic Oomycetes, several beneficial fungi, such as Trichoderma citrinoviridae, T
pseudokoningii and the mycorrhizal fungi Melinomycetes variabilis, were reduced. Moreover,
healthy soils, but not the ones affected by KVDS, hosted Hymenoscyphus and Pleurotus
citrinopileatus. Hymenoscyphus is known for its symbiotic effects on other crop species.
Pleurotus citrinopileatus belongs to the P. ostreatus species complex which have been shown
to have beneficial associations with several crop species (Abdallah et@al., 2000). This growth
promotion effect is related to the ability of P ostreatus to secrete‘several enzymes, such as
laccases, manganese peroxidases, veratryl oxidases, cellulase that can increase saprophytic
degradation of wood and organic matter and, thus, enhancenutrients availability in the soil
(Bezalel et al., 1996). Finally, Pleurotus can created hyphal roots have no competition with
plant roots and seem to play a symbiotic role with the plant as an exo-mychorizal effect.

2.2.3 Oomycota
Oomycetes are a fungus-like group of microorganisms. This class include several

important microorganisms in plant pathology (de Andrade Lourenco et al., 2020). Oomycetes
infection and spread is facilitated by high water content in the soil since they produce motile
zoospores. The genera Phytopythium (Pp.) and Phytophthora (Phy.) are the most frequently
pathogens isolated in KVDS vines (Tacconi et al.,;”2015; Donati et al., 2020a, Bardi, 2020).
Phytophthora and Phytopythium spp. are important pathogens responsible for devastating
economic and cultural losses, suchas late blight of potato caused by Phythophtora infestans
responsible for the Great Famine in Ireland, the blackleg of tobacco caused by Phy. nicotianae,
stem rot of soybean causéd by Phy. Sojae and the ink disease of chestnut caused by Phy.
cinnamomi, (Choupina et al., 2014; Kamoun et al., 2015; Mian et al., 2023a). Donati et al,,
2020a identified Phy. infestans, Phy. megasperma, Pp. helicoides as fully able to induce
macroscopic KVDSw.symptoms, at root level translating into canopy decay. Phy.
megasperma was isolated from infected plants and, in experimental conditions, this pathogen
was able todead to root necrosis, even under barely favourable conditions (Baudry et al.,
1991). Moreover, the soil-borne pathogen Phy. cinnamomi (mating type A1) was isolated
from Actinidia roots displaying root rot in Guangdong Province, China. Phy. cinnamomi can
create more severe symptoms, when its associated with E solani which has also been
associated in the ‘same(fields. Indeed, E solani can accelerated the root rot process,
facilitating Phy. Cinnamomi disease (Yajun and Peikun, 1998). Phy. cryptogea was also isolated
in symptomatic lesions of KVDS-affected vines and pathogenicity was verified with
experimental inoculations on Actinidia plants (Tacconi et al,, 2015). Phy. cryptogea and Phy.
citrophthora were also reported in kiwifruit in Chile (Latorre et al., 1991), Phy. cryptogea, Phy.
cinnamoni, Phy. citricola, Phy. gonapodyides and Pyh. stellata in New Zealand. Mian et al,,
2023a found that Phytophthora sojae was the dominating species within Oomycota
pathocommunity in soil and plants affected by KVDS. Metagenomic studies confirmed the
presence of Phytophthora sojae in other KVDS sites in Italy (Savian et al., 2022b ) and in KVDS-
like affected vines in Turkey (Tiirkkan et al.,, 2022). Recently, Pp. chamaehyphon has been
reported in Italy on kiwifruits affected by KVDS ( Prencipe et al., 2020; Savian et al., 2021). Pp.
helicoides, a closely related species, has been previously linked to root and collar rot of
kiwifruit in China (Wang et al., 2015). Savian et al,, 2022 found Pp. citrinum, only in root
endosphere and rhizosphere of symptomatic samples, suggesting it can have a pathogenic



role in KVDS. In addition, Pp. citrinum was identified in Turkey as the causal agent of declines
both in kiwifruit and deciduous and coniferous seedlings in forest tree nurseries (Akilli et al.,
2011). Pp. vexans was reported in Turkey, in kiwifruit orchards affected by a root and collar
rot (Polat et al.,, 2017). In experimental conditions, Pp. vexans may also cause KVDS-like
symptoms (Prencipe et al., 2020).

Globisporangium (syn. Phytopythium) intermedium, G. sylvaticum, G. heterothallicum
and Pythium dissotocum were the most common oomycete species identified in a study in
Turkey by Tiirkkan et al., 2022, yet authors confirmed their virulence with different levels
(i.e., Globisporangium showed the lowest virulence). Also, Mian and co-workers (2023a)
found out Globisporangium intermedium in a metabarcoding study as associated to KVDS,
indirectly confirming the poor virulence of this oomycetes.

Tablel. Main pathogens associated with KVDS

Biotic factor

Group Pathogen Isolation tissue Reference
Bacteria Nitrosospira spp. Soil Manici et al., 2022
Bacteria Clostridium bzfe.rmentans, ¢ Roots and soil Spigaglia et al., 2020
subterminale
Fungi Desarmillaria spp. Roots Donati et al., 2020a
Fungi = Ddctlonectria pauciseptata, Roots Savian et al,, 2020; 2022
D. macrodidyma
Funei Ilyonectria robusta, I. Roots Savian et al.,, 2020; 2022,
& vredenhoekensis D'Ippolito et al., 2022
Fungi Thielaviopsis basicola Soil Savian et al.,, 2022
Fungi F. solani, F. oxysporum Roots Savian etal, 2020, D'Ippolito et
al,, 2022
Fungi Desarmillaria tabescens Roots Donati et al., 2020a
Tacconi et al.,, 2015, Donati et al.,,
. Roots, soil, 202043, Tiurkkan et al., 2022,
Oomycota  PhyaoraQE, anNQojae rhizosphere Savian et al, 2022, Mian et al,,

2023a, Guaschino et al,, 2024

Tacconi et al., 2015, Polat et al.,
2017, Donati et al.,, 20204,
Roots, soil, Prencipe et al., 2020, D'Ippolito
rhizosphere etal, 2022, Tiirkkan et al., 2022,
Savian et al, 2022, Mian et al.,,
2023a, Prencipe et al., 2023
Guaschino et al., 2024

Oomycota Phytophitium spp.

Abiotic factors

High Temperature and soil biological
fertility Bardi et al.,, 2020

Donati et al., 2020a, Savian et al., 2020,
Waterlogging D'Ippolito et al,, 2022, Mian et al., 2023a,
Prencipe et al., 2023




3. Beyond KVDS: new disease outbreaks
Hereinafter, recent disease outbreaks concerning kiwifruit are listed:

a. Fruit Tree Trunk Diseases (e.g., Phytophthora spp.): various Phytophthora species and
other pathogens can cause trunk diseases in fruit trees, leading to cankers, wood decay,
and decline. These diseases affect the vascular system of the tree, impairing nutrient and
water transport and ultimately impacting fruit production and tree health Antonelli et al,,
2024.

b. Elephantiasis: this is characterized by a marked brown area developed from the
hypertrophic zone extending to most of the length of the plant, with marked brown
discoloration of the annual rings. Elephantiasis can be present at different heights of the
trunk, at the collar or at higher portion, so they have been named, respectively, collar and
top elephantiasis. Studies on the etiological and epidemiological aspects of this disease
are still in progress and up to now, in plants with elephantiasis, they have shown the
presence of a complex mycoflora belonging to the <genera Fusarium Link ex
Fr, Cylindrocarpon Wollenw., and Phialophora-like taxa (Tyson etal., 2023).

c. Neofabraea actinidiae (syn. Cryptosporiopsis actinidiae)ds a member of a suite of fungi
associated with ‘ripe rots’ of kiwifruit., important during the post-harvest. The conidia of
the fungus are likely to be water borne, infect fruit daring or near to flowering, and remain
latent until harvest and subsequent ripening« The source of inoculum remains still
unknown (Tyson et al., 2019).

4. Hot Research Topics on Plant Pathogen/Pathobiomes, management, and future
perspectives for KVDS

Despite major advances in the knowledge of plant-microbe interactions, phytobiota role
in plant health; fitness and precise and rapid diagnosis of stresses, which may provide pivotal
solutions for a sustainable cropmanagement, and translational research has not yet allowed
practical applications. For example, the new paradigm of holobiont, that consider plants as a
new level of ecological opganization encompassing the plant associated microbiota, together
the recent development in BioEngineering.may potentially allow the use of Synthetic
Communities to restore planthealth and mitigate climate-derived stresses opening a new
horizon to the agriculture translational research. Beneficial microbes such as rhizobia,
mycorrhizal fungi, and plant growth-promoting bacteria play crucial roles in enhancing
nutrient uptake, improving stress tolerance, and suppressing pathogens. Research efforts are
focused on  deciphering the molecular mechanisms underlying these interactions and
developing strategies to manipulate microbial communities for agricultural benefits. From
biofertilizers to biestimulants, harnessing plant-microbe interactions offers promising
avenues for optimizing,crop productivity while minimizing environmental impact.

Additionally, biostimulants are substances or microorganisms applied to plants with
the aim of enhancing their physiological processes, thus improving growth, yield, and stress
tolerance. These products can include beneficial microorganisms, seaweed extracts, humic
substances, and amino acids, among others. Research in this area focuses on identifying
effective biostimulants, elucidating their modes of action, and optimizing their application
methods to maximize their benefits in agriculture, thus, could be useful to counteract any
stress or decline by promoting the whole plant activity (Mian et al., 2023c). Recently, Mian et
al,, 2023b successfully tested Eruca sativa extracts to inhibits Oomycota pathogens associated
to KVDS under in vivo environment. Similarly, resistance inductors are compounds or
treatments that induce plant defences against pathogens, pests, or abiotic stresses. These
inducers trigger various defence mechanisms in plants, such as the production of
antimicrobial compounds, activation of defence-related genes, and strengthening of physical



barriers. Understanding the mechanisms underlying induced resistance and identifying novel
inducers are critical areas of research aimed at reinforcing plant immunity and reducing
reliance on chemical pesticides.

Lastly, integrating biostimulants and resistance inductors into agricultural practices
offers sustainable solutions for disease management and crop protection. By harnessing the
natural resilience of plants and enhancing their innate defence mechanisms, it is possible to
aim to develop eco-friendly strategies that mitigate the impact of pathogens and
environmental stressors on crop productivity. Furthermore, exploring synergistic effects
between biostimulants, resistance inductors, and other agricultural tools holds promise for
maximizing their efficacy and promoting holistic approaches to plant health management.

Precision agriculture (PA) can also help to define a decision support system and
tailored water input in relation to the real needs during the growing season, preserving
resources and increasing vine health. PA may also allow to develop tools for the early
identification of KVDS before symptoms development. In this wview, several different
approaches can be deployed including hyperspectral imaging and4emote sensing (Savian et
al,, 2020) and monitoring of volatile organic compounds (VOCs).emission (Cellini etal., 2017).
The latter technique has found promising applications for several. plant diseases and
physiological disorders since VOCs are usually highly specific for the different stresses and
changes in VOCs profile occur at early stage of the disorder (Cellini et al., 2018, 2019). Finally,
in recent years, VOCs detection techniques underwent a tremendous development including
the use of biosensors (Bohbot, and Vernick, 2020) which allowing in site, fast and user-
friendly identification of VOCs markers.

At the other hand the adoption of an agroecological approach, such as consociation,
could be consider a worthy ally improvingssoil functional biodiversity and enhancing the
resilience of cropping systems.

Considering a long-term strategy, the development of a genetic tolerance by crop
breeding appears a key factor to minimize the effect of climate change, and reduce the risk
of KVDS occurrence. Mian et al. 2021; 2022a focused on the first attempt to screen several
Actinidia species genetically resistant to the disease, being a tool for breeding purposes
and/or to be used as rootstock. Different research institutes started breeding programs based
on germplasm screening and some genotypes (A. macrosperma, A. arguta) seem to be
promising especially on heaviersoils. Actinidia germplasms contain a rich genetic diversity to
explore, and once identified all potential resources their agronomic value in term of plant
performance,fruit quality and storability will have to be evaluated demonstrated.

In summary, the management strategies for new emerging plant diseases KVDS-like
require a multifaceted approach that encompasses prevention, early detection, containment,
and mitigation. Here we indicated some key strategies and future perspectives: i) Implement
surveillance systems, to monitor, utilizing technologies such as remote sensing, drones, and
satellite imagery for early detection of disease outbreaks, together with the develop pf rapid
diagnostic tools. ii) Resistant Varieties and Breeding Programs, in order to develop resistant
cultivars with enhanced tolerance to emerging pathogens. iii) Adopting cultural practices that
promote plant health and reduce disease pressure: intercropping, and diversification
strategies to disrupt disease cycles and suppress pathogen populations in the soil. Lastly, iiii)
Precision Agriculture and Digital Technologies, hence, the use of data-driven decision support
systems, predictive models, and machine learning algorithms to assess disease risk, optimize
resource allocation, and tailor management strategies to specific field conditions.

5. Conclusions

KVDS aetiology and epidemiology are far from been clarified being complexed, and in
which many factors take place, despite the main players (waterlogging and pythobiome) have



been deeply investigated. However, despite the recent technological advances in
microorganism diversity studies, host-microbiota interactions leading to dysbiosis are still
poorly understood. For example, the relation of decline with plant metabolic imbalance, and
the role of the microbial community either in suppressing or facilitating infection remain to
be elucidated. Microbes play important functions in ecosystem, they are involved in process
of nitrogen fixation, plant nutrient acquisition or soil formation. Beneficial community can
promote plant growth and defences, produce antimicrobial substances, parasitize fungal
pathogens and prey on nematodes (Sangiorgio etal.,, 2020, 2023). In this scenario, a dysbiosis,
which is an imbalance in the microbiome, can have significant consequences for plant health
and soil structure. While traditionally we think of plant diseases as being directly caused by
pathogens, there's growing interest in understanding how changes in microbial composition
can indirectly affect plant health. One emerging perspective is that KVD dysbiosis may be
caused by the reduction of keystone taxa in the soil microbiome and rhizosphere. These
keystone taxa are microbial species that play critical roles in the ecosystem and in host plant
physiology. When microbial diversity decreases till affecting the generally resilient keystone
taxa, plants become more susceptible to diseases. The reduction of functional taxa in the soil
may results in lower nutrient mobilisation (e.g. P, Fe) or availability (e:g. N), negative impact
on soil structure and microaggregate formation (e.g. impaired production of EPS and
glomalin) and slower cleavage of toxic molecules in the soils (e.g. phytoalexin, allelopathic
molecules). The latter molecules may affect both plant physiology and microbiota alike. Plant
microbiota can be actively recruited by plants bydneans of specific chemical signals such as
root exudates or VOCs. In this view, adaptative plant responses to stresses can be microbial-
mediated. Climate changes and environmental stresses alter plant-microbe interactions both
in a direct and indirect way as well (Sapsford.et al., 2017). Higher temperature or prolonged
precipitations have a direct effect of soil and plant-associate microbiota, facilitating those
species more adaptable to the new conditions. Indirectly; environmental stresses influence
plant physiology thus altering secondary metabolite production and hormonal balances
which are essential regulatorsfof plant health and plant-microbe interactions (Cellini et al.,
2021). Thus, above a certainthreshold also these responses cease to be effective thus affecting
the plant ability to recruit functionalimicrobes. Considering that the soil and plant microbiota
creates a continuum and ‘changés in onecan be reflected or amplified in the other,
physiological response to stresses (e.g. changes in plant exudates or VOCs emission) may have
a cascade effect on the microbiotaleading to dysbiotic conditions (Fig. 4).
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Figure 4. (A): the new paradigm in the disease triangle highlighting the role of plant
microbiota in the host health. (B): Plants are subjected to multiple stresses and each of them
above a certain thresholds may cause the shift from eubiosis to dysbiosis. In the figure, the



main factors that may contribute to KVDS are shown. Conditions are highly interconnected
each other. Each condition not only influence the plant response directly, but also indirectly
by affecting in the others. For example, climatic conditions influence plant physiology, but they
also influence cultural management, soil conditions, microbiota, pathogens and ecological
conditions which, in turn, impact on plant responses. Thus, a little shift in one of the
conditions may cause cascade effects on all the others magnifying the impact on plant health
and performances

On this basis, the main future point is to gather knowledge regarding the host-pathogen-
microbiota-environment interactions and network, where all above-mentioned instances act
together as a consortium. In fact, the swiftness with which this syndrome had spread across
kiwifruit production areas and the astonishingly rapid progress that it has made throughout
the affected orchards, clearly suggested the involvement of an aggressive pathogens or
pathogenic consortia mix of microbes acting in this direction. However, whether these
pathogens are the primal cause, or a consequence of reduced plant fitness and defence has
not been yet elucidated. Plant declines like KVDS driven by multifactorial determinants
require the development of control strategy with short-term and long-term objectives. There
is no doubt that many aspects of kiwifruit cultivation must be re-considered especially in the
light of the new climatic conditions which are increasingly leading to extreme and opposite
conditions. Further studies are required to define thetelationship betweenalldeterminants.
Hence, it is essential mitigate the risk, combining a general broad-spectrum strategy
(preventives and correctives) that can protect the vines_against several potential factors
involved in KVDS. Therefore, agronomic interventions, @aimed at improving soil biological
fertility and physical characteristics, can help to protect kiwifruit plant. These interventions
should also include actions to maintain orchard hygiene to prevent the spread or
accumulation of pathogenic species. An optimum irrigation strategy is desirable to promote
root turnover and encourage the uptake of essential mineral'elements from the soil.

Each future perspectivefor mahaging new emerging/re-emerging plant diseases will
likely involve the integration of cutting-edge technologies, interdisciplinary approaches, and
adaptive management strategies. Embracing innovation, resilience, and sustainability will be
essential for addressing the evolving challenges posed by emerging pathogens and
safeguarding global food security in a rapidly changing world yet under the climate change
scenario.
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