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Abstract: In recent decades, agriculture has faced the fundamental challenge of needing to increase
food production and quality in order to meet the requirements of a growing global population.
Similarly, viticulture has also been undergoing change. Several countries are reducing their vineyard
areas, and several others are increasing them. In addition, viticulture is moving towards higher
altitudes and latitudes due to climate change. Furthermore, global warming is also exacerbating
the incidence of fungal diseases in vineyards, forcing farmers to apply agrochemicals to preserve
production yields and quality. The repeated application of copper (Cu)-based fungicides in con-
ventional and organic farming has caused a stepwise accumulation of Cu in vineyard soils, posing
environmental and toxicological threats. High Cu concentrations in soils can have multiple impacts
on agricultural systems. In fact, it can (i) alter the chemical-physical properties of soils, thus com-
promising their fertility; (ii) induce toxicity phenomena in plants, producing detrimental effects
on growth and productivity; and (iii) affect the microbial biodiversity of soils, thereby influencing
some microbial-driven soil processes. However, several indirect (e.g., management of rhizosphere
processes through intercropping and/or fertilization strategies) and direct (e.g., exploitation of vine
resistant genotypes) strategies have been proposed to restrain Cu accumulation in soils. Furthermore,
the application of precision and smart viticulture paradigms and their related technologies could
allow a timely, localized and balanced distribution of agrochemicals to achieve the required goals.
The present review highlights the necessity of applying multidisciplinary approaches to meet the
requisites of sustainability demanded of modern viticulture.

Keywords: copper; rhizosphere; smart agriculture; microbes; vineyard

1. Introduction

In recent decades, the food demand has significantly increased in terms of quality
and quantity due to the increase in the global population, which has now reached almost
8 billion people [1]. The growth of the per capita income in developing countries has
undoubtedly played a decisive role [2,3]. On the other hand, the arable soil surface
has decreased due to soil degradation and the impact of climate change [4]. Indeed,
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we are experiencing a global annual mean warming of 1 °C above the level of the pre-
industrialization period [5]. Moreover, the global non-renewable natural resources used
for the production of fertilizers (e.g., rock phosphate) are limited and are expected to be
consumed shortly [6]. All these trends highlight the limits and the vulnerability of the
current model of economic and social growth based on mass production and consumption,
including with respect to soil [7].

For this reason, the United Nations defined 17 Sustainable Development Goals (SDGs)
and 169 target actions for the year 2030, to which we are all invited to proactively contribute.
These include targets of no poverty, zero hunger, good health and well-being, life below
water, life on land, and climate action. In this context, agriculture is called upon to
contribute by providing primary production and to reduce its anthropogenic impacts on
the environment.

A specific example is represented by copper (Cu) accumulation in agricultural soils
due to the massive application of metal-contaminated sludges and/or Cu-based pesticides
for crop defense plans against pathogens. While Cu is an essential micronutrient for
equilibrated crop growth, excessive Cu concentration, due to its accumulation in soil, leads
to severe symptoms of toxicity, which are beginning to be recognized in crops, particularly
in acid soils [8,9]. The case of vineyard soils is the most emblematic. Therefore, specific
strategies must be adopted to limit and/or mitigate this problem, particularly in the
viticulture sector.

This review aims at shedding light on the soil vineyard Cu accumulation and its
agricultural and environmental consequences, specifically at the European level. Some ap-
proaches to limiting Cu toxicity and the related challenges, considering recent technological
innovations (rhizosphere management, biotechnologies and precision/smart viticulture),
are discussed. A short description of the role of Cu as an essential nutrient for plants is
also included. The review further highlights research gaps that urgently require further
study and innovation in order to guarantee sustainable vineyard management, providing
soil conditions that will enable quality viticulture in the long term.

1.1. Cu in Agricultural Soils and Crops

Copper is a trace element in soil-plant systems. The average Cu concentration in
the Earth’s crust is 60 mg kg~ ! and in soil, it typically ranges between 2 and 50 mg kg !
Natural soils with a high content of clay minerals (e.g., Vertisols) or organic matter (e.g., Spo-
dosols, Histosols) are usually characterized by a higher Cu content (up to 180 mg kg 1) [10].
Anthropogenic atmospheric depositions (traffic and industry related) and agricultural
materials (inorganic fertilizers, agrochemicals, sewage sludge, livestock manure, irrigation
water, compost, etc.) can dramatically increase the Cu concentration in soil. Indeed, Cu
concentrations higher than 1000 mg kg~! have been recorded in polluted soils, including
in agricultural soils [11]. In particular, concentrations exceeding 1000 mg kg~! have been
reported for vineyard soils in France and Brazil [9] (see also the following chapter).

The main form of Cu in the soil is Cu?*, typically bound to inorganic and organic
ligands, forming both soluble and insoluble compounds. In the solid phase, Cu has a
very high affinity for organic matter and manganese oxides, as well as for iron oxides and
clay minerals. Because of its high affinity for soil colloids and especially organic matter,
Cu shows low mobility in near-neutral soils and is mainly concentrated in the upper soil
layers. For instance, in rhizosphere soil (i.e., at the root—soil-microorganism interface), Cu
is complexed by low-molecular-weight organic compounds exuded by plants and microbes
like carboxylic and phenolic acids, which play an essential role in both external and internal
plant tolerance mechanisms [9]. In arable soils, Cu concentration in the soil solution lies in
the range 1-300 pg L-1[12].

Concerning the plant acquisition process, roots can use the free ionic forms (Cu* /Cu?*),
although the direct use of Cu complexes with different organic molecules present in the
rhizosphere cannot be excluded. Indeed, the identification of an uptake system of Fe-
phytosiderophore (i.e., root exudates with a high affinity for Fe) complexes also in di-
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cots [13] further corroborates this hypothesis. Moreover, a reduction step (Cu?* — Cu*)
is also very likely to occur before the root uptake of the nutrient [9]. Indeed, previous
works demonstrated that Fe chelate reductase enzymes and their related gene family (FRO)
responded to both Cu deficiency and toxicity in Arabidopsis thaliana and cucumber plants,
respectively [14,15]. The metal is taken up through a specific transmembrane Cu Trans-
porter Protein 1 (COPT1) [16]. However, the involvement of other transporters like Zn/Fe
Permeases (ZIPs), Natural Resistance Associated Macrophage Proteins (NRAMP) and Iron
Related Transporters (IRT) has also been speculated [17-20]. In this context, the extent
of the Cu bioavailable fraction (i.e., the two free ionic Cu forms and the soluble metal
complexes with organic ligands) strongly depends on soil properties, especially cation
exchange capacity (CEC), pH values, organic matter and clay content [12].

Once taken up by the roots, Cu is loaded into the xylem vessels to be translocated
towards the aboveground organs. Despite only a few pieces of information available, the
Heavy Metal-transporting P-type ATPase 5 (OsHMADJ5) has been shown to be involved in
the Cu xylem-loading in rice plants [21]. In this respect, the Cu concentration in the xylem
sap and in shoots is remarkably limited when the expression of this gene is down-regulated.
Moreover, in A. thaliana, Yellow Stripe Like 2 (YSL2) transporter was also found to play a
pivotal role in the xylem loading of Cu complexed with nicotianamine [22]. Once loaded
in the xylem, Cu is bound to an organic ligand, generally amino acids (like histidine and
proline in Brassica carinata) or nicotianamine (e.g., in tomato and chicory) [23-25]. Once at
the leaf level, before being taken up by the cells, the Cu?* complexes need to be reduced to
Cu* by FRO4 [26] and, only after its transmembrane transport, the metal is delivered to the
different organelles (e.g., mitochondria and chloroplasts) through specific transporters [27].

In plant cells, Cu is involved in a plethora of biochemical and physiological processes,
including photosynthesis, respiration, oxidative stress responses, cell wall metabolism,
and hormone signaling [28,29]. In fact, Cu is an important cofactor in many proteins,
such as plastocyanin, cytochrome c-oxidase and amino oxidase [28]. Generally, the Cu
concentrations in plant tissues growing in uncontaminated soils range from 5 to 30 mg kg !
dry weight, depending on the type of plant, the growth stage, and the soil characteristics.
Deficiency symptoms can appear at Cu concentrations lower than 5 mg kg~! dry weight,
while leaf concentration higher than 20 mg kg~! dry weight may result in toxic effects
affecting the whole plant development [30-32].

1.2. Current Situation in Vineyards (Including Toxicity in Plants and Effects)

Several studies have reported an accumulation of metals in agricultural soils due
to common agricultural practices, such as manure fertilization and spraying for pest
control [33-35]. For instance, Cu in apple orchards can have an average annual total increase
ranging from 2.5 to 9 mg kg~! year~! deriving from the application of Cu-containing
agrochemicals [36]. The accumulation of Cu through time can be influenced not only by the
age, but also by other factors, such as soil organic matter content and pH [33]. As shown in
Figure 1, vineyard soils are prone to Cu accumulation, since the practice of spraying Cu
salts as fungicides dates back at least as far as 1761 [37]. After the introduction in 1885 of the
mixture of Cu sulfate and lime, called “Bordeaux mixture” [38], its use became generalized
on wine-producing farms. Because of this, the concentration of Cu in vineyards can be
many times higher than the background values of forest soils in the same region, reaching
up to 3000 mg kg~ [39,40]. Next, high Cu concentration differences can also be found
inter-row and intra-row within the same vineyard [41].
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Figure 1. Cu concentration distribution (a) compared to the distribution of vineyards (b) in Eu-
rope [42]. Several high Cu concentration areas perfectly match viticulture areas.

Although much research is currently taking place to find alternatives to Cu, this
element is still crucial to fighting fungal diseases in vines, especially in organic farming,
limiting the supply of pure Cu to 28 kg ha~! over a period of 7 years [43-45]. For these
reasons, the global trends of vine-cultivated areas and the use of Cu should be monitored,
particularly in newly planted vineyards. Indeed, the shallow root system of newly planted
vine plants might be more affected by high Cu levels than older plants, since Cu mainly
accumulates in the upper soil layers (where the concentration of organic matter is higher).
In fact, the first effects of Cu phytotoxicity are evident at the root level, with a clear decrease
of root elongation, abnormal root branching, thickening and dark coloration [46]. As a
consequence of this altered root development, the roots” ability to take up water and other
nutrients is clearly impaired [32,47]. In this regard, it is worth mention the negative effect
of Cu toxicity on P acquisition by roots [48,49], highlighting the interactions occurring
between the different nutrient acquisition mechanisms. Critical Cu concentrations in roots
range from 100 to 400 mg kg ! dry weight [10,46]. Like other heavy metals, an excess of
Cu may also cause the generation of toxic reactive oxygen species (ROS), which, in turn,
can damage several important biomolecules like DNA, proteins and lipids [50]. Usually,
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plants exhibit an excellent translocation barrier of excessive Cu between roots and shoots.
This limits the risk of Cu accumulation in edible plant tissues that exceeds toxic levels
to livestock and humans. However, toxic concentration levels, as well as symptoms of
Cu toxicity, have also been well described for the aerial part of plants [30-32]. Typical
cases of Cu toxicity at the root and shoot levels of vine plants (Vitis vinifera L., cv Glera) are
presented in Figure 2.

Control Cu Toxicity

Figure 2. Symptoms of Cu toxicity in vine plants grown in a soil with 814 mg kg~! Cu (DTPA
extractable fraction: 280 mg kg*1 Cu): (D-F) canopy, (C) leaves and (H) roots of grafted plants of
Vitis vinifera L. (cv. Glera); (G) canopy of the rootstock SO4 (V. berlandieri x V. riparia). As control,
canopy (A) and leaf (B) of healthy vine plants (Vitis vinifera L. cv Glera).

Considering the soil surface dedicated to viticulture, in 2019, worldwide vine cultiva-
tion covered 7.4 million hectares [51], and it has been considered stable in recent years, with
a global balance given by heterogeneous evolution in different regions of the world [52].
In Europe (Figure 1), the vine-cultivated area is stable, being balanced between the Eu-
ropean Union “grubbing up” program (i.e., the replacement of vine plants with other
agricultural crops, [53]) on the one hand, and the possibility of Member States authorizing
the planting of up to 1% of the vineyard surface already planted each year [54], on the
other hand. Globally, several countries are increasing their vineyard area, namely Russia,
New Zealand, Peru, and China, to name a few. Meanwhile, countries like USA, Argentina,
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Chile are showing a decline in vineyard area [51]. In addition to wine regulations and
the global market [55], Climate Change is playing a fundamental role in directing the
spatial distribution of vines, as increasing temperatures are leading to vineyards higher
in elevation and at higher latitudes [56,57]. Climate change also affects the incidence of
fungal infections in vineyards, requiring increasing use of Cu-based treatments [9]. These
changes will then affect the chemical and biological quality of soils of newly planted vines
with increasingly higher Cu concentrations. In this regard, it is interesting to note that the
annual supply of Cu for pathogen defense plans can range from 1-2 kg ha~! in Europe to
30 kg ha~! in southern Brazil [58] as a function of the infectious pressure of the pathogens.
Furthermore, new crops growing where there used to be vineyards might be affected by
high Cu concentrations and exhibit symptoms of toxicity.

European countries have different approaches to defining threshold levels, as there is
large heterogeneity in the legal systems, the chemical analysis used, the target organisms
for toxicity, and background-values and how these are defined. In addition, other soil
properties (mainly pH and SOM) and the precipitations/humidity of wine areas can be
used as additional data to determine the final threshold level since the need for applying
higher quantities of active principle can influence the decision-taking process [59-61].
In Italy, for instance, the management of polluted sites is regulated by the law D. Lgs.
152/2006, and a recent Decree established 200 mg kg ! of Cu as the contamination limit
for agricultural soils [62]. A literature review showed a high degree of heterogeneity
and a lack of standard approaches and thresholds for heavy metal risk assessment [59].
For example, the Austrian standard ON S 2088-2 defines a two-step evaluation in which,
firstly, soil metal content is measured (NH4sNOs-extract). If certain trigger values are
reached, then the possible bioavailability is evaluated in consideration of the metal content
and other soil parameters, such as pH and soil organic matter, thus resulting in a final
contamination evaluation [59]. The Czech Republic provides indication limits on plant
growth inhibition [63] in consideration of the metal content extracted with aqua regia
(HC1 and HNOs; at a ratio of 3:1) or with 1 mol L~! of NH4NOj. Both extractions must
be performed if the limit values for the specific metal are defined. At the global level, the
lack of a standardized approach on Cu content thresholds in soils should be addressed in
the future both by the scientific community and in public policy. Several soil extraction
methods should be evaluated, considering both total and available Cu contents in order to
reach a robust decision scheme.

2. Current Challenges

As described in the previous paragraphs, a deeper understanding of the Cu accumu-
lation phenomenon in vineyard soil with an all-encompassing approach, including the
main environmental and agricultural risks connected, appears necessary. Concurrently,
the identification of approaches and the setup of cultivation practices aimed at mitigating
the problem are urgent. Therefore, the following paragraphs describe some examples con-
sidering recent technological innovations like rhizosphere management, biotechnologies
applied to vine plant breeding and smart viticulture.

2.1. Copper Effects on Soil Agrobiodiversity

Soil contains a vast underground world inhabited by many fungal and bacterial
species. It is estimated that 1 g of soil contains a number of bacteria ranging between
100,000 to 1,000,000, and, within this fraction, there may exist different micro-niches
in which several ecotypes may live [64,65]. Although only a small fraction of the fun-
gal and bacterial diversity is known, certain fungal and bacterial groups play a crucial
role in several agroecosystem services, including plant-growth promotion and cycling
of nutrients (e.g., nitrogen, N, and phosphorus, P) [66-68]. However, the accumulation
and the excessive availability of heavy metals such as Cu can impact the soil microbial
biomass and activity, thus affecting some microbial-driven soil processes, including N
fixation and mineralization [69]. Moreover, Cu has been demonstrated to impact microbial
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communities’ composition and functionality, with higher effects on bacterial than fungal
communities [70-74]. Fungi and bacteria have evolved different strategies against high Cu
concentrations in soils (Figure 3). For instance, some filamentous fungal and yeasts species
act against the overload soil Cu, directly at the cytosol level [75]. Herein, the sequestration
of the free Cu ions occurs due to metallothioneins, a family of cysteine-rich proteins (e.g.,
Cupl and Crs5) that chelate Cu [76-78]. Furthermore, when the metal in the cytosol is in
excess, fungal cells act through organellar compartmentation of the metal, mainly directing
it to the vacuole. Concerning this latter strategy, no specific Cu transporter catalyzing
the transmembrane transport into the vacuole has yet been identified [79]. In addition,
cytoplasmic chaperones” activity is essential for mitigating Cu stress in the cytosol. Indeed,
while the chaperone Atx1 delivers Cu to the trans-Golgi network, Ccsl delivers Cu to the
Cu-Zn Superoxide dismutase Sod1 [80,81].

Figure 3. Exposure of soil microorganisms to Cu in vineyards. (a) Selection of Cu-resistant and antibiotic-resistant genes

due to the Cu application (b) Schematic representation of the bacterial and fungal strategies for coping with excessive

Cu inputs;
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In contrast, in bacteria, the detoxification strategy relies mainly on a Cu export system
based on the functionality of two different mechanisms for Gram-positive and Gram-
negative bacteria [82]. In Gram-positive bacteria, proteins belonging to the Cop family are
at the basis of cytosolic Cu disposition. The system includes a Cu chaperone (CopZ) that
delivers Cu first to CopY (copper responsive repressor), activating the transcription of copA
and copB (genes encoding for ATPase pumps), which extrude Cu* and Cu?* from the cell,
respectively. In Gram-negative bacteria, the presence of periplasmic space determines the
evolution of specific mechanisms for extruding Cu in the extracellular space. Specifically,
the Cop-protein system is located on the inner membrane and in the inner cell, and its
activation is mediated by the MerR-type Cu-responsive transcriptional activator CueR [83].
Additionally, while Gram-positive bacteria mainly use the Cop system, Gram-negative
bacteria exploit a trans-envelope extrusion system (CusABC ATPase pumps system) [82].
Additionally, the periplasmic multicopper oxidases (PcoA, CueO), oxidizing Cu* to Cu*
and activating the production of siderophores to sequester the cytoplasmic Cu, play a
crucial role in the Cu detoxification process [84,85].

Moreover, the Cu accumulation in agricultural soils other than bacterial Cu resistance
can also promote the occurrence of antibiotic resistance, with these traits being linked
together [86-90] (Figure 3). Therefore, at the molecular level, the Cu-resistant and antibiotic-
resistant genes can be reasonably co-selected. Thus, they can commonly occur on the same
mobile genetic element (i.e., plasmid, integron or transposon) [91,92]. Additionally, the
bacteria cells can have a cross-resistance molecular mechanism in which the same gene
confers resistance to different antimicrobial agents, such as antibiotics and Cu [91]. Indeed,
the repeated application of Cu to agricultural soils over the years, given that the metal is not
degradable, can dramatically enhance the frequency and dissemination of Cu-resistant and
antibiotic-resistant genes [92]. In this context, Cu-contaminated vineyard soils could even
be considered a reservoir of antibiotic-resistance traits that can be transferred among the
different bacterial species via vertical and horizontal gene transfer (e.g., plasmid-mediated
conjugation, integrons) [36]. However, more detailed studies should be carried out to
elucidate the possible long-term impact of Cu on the bacterial communities inhabiting
agricultural soils linked to the antibiotic resistance. Indeed, there is a general lack of
knowledge about the potential route for the transmission of antibiotic-resistant bacteria
from soil to crops, animals and humans. Specifically, it will be crucial to investigate the
potential health risk assessment to prevent further development of pathogenic-resistant
bacteria in agricultural ecosystems.

2.2. Soil Management Considering the Root—Microorganism Interactions
(Rhizosphere Management)

Considering the ever-increasing incidence of soils contaminated with Cu, it is evident
that rhizosphere dynamics must be taken into account when setting up and applying soil
management practices to mitigate the Cu stress in these agricultural soils. In fact, the
biogeochemical cycles of the nutrients completely differ at the soil-root interface compared
to non-rooted soil (i.e., bulk soil). Indeed, the highly dynamic interactions between roots,
soil and microorganisms occurring in the rhizosphere control not only the speciation and
the consequent availability of the nutrients (and, in turn, the extent of their root acquisition),
but also determine the level of availability /toxicity of heavy metals like Cu. For instance,
in the hotspot that is the rhizosphere, pH value modifications and the release of low- and
high-molecular-weight organic compounds by both roots and microorganisms are the main
drivers of Cu availability.

Concerning soil pH values, root-induced changes of this chemical parameter are
mainly triggered by plant nutrient uptake. This process is often coupled with an active
proton extrusion catalyzed by the plasma membrane H*-ATPase [28]. Furthermore, an
unbalanced cation/anion uptake of nutrients might lead to either acidification (i.e., due
to an excessive uptake of cations) or alkalization (i.e., due to an excessive uptake of
anions) of the rhizosphere. These imbalances might occur naturally due to different plant
requirements, depending on the physiological status of the plants, microbial interactions
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and/or competition with neighboring plants, as well as potentially being caused by the
unbalanced availability of some nutrients in the growth medium [93,94]. Indeed, in
vineyards, when cover crops are co-cultivated with other plants like vine plants, nutrient
competition might induce an unbalanced uptake of elements with consequent root-induced
changes of the pH. As is to be expected, this phenomenon impacts Cu mobility /availability
and, consequently;, its toxicity. On the other hand, excessive concentrations of metals like
Cu might also be themselves responsible for an unbalanced nutrient uptake. Recent studies
have highlighted that Cu stress can induce synergism and/or antagonisms with many
other nutrients like P, Fe, Zn and Mn, causing further root-induced pH changes both in
annual grass species and in perennial plants like grapevine [15,95]. The complexity is
further exacerbated by the fact that rhizosphere effects (like acidification and alkalization
processes) are not always constant over time [96] and are strongly plant species and
genotype/rootstock dependent [15,95,96].

As mentioned earlier, besides pH values, rhizosphere organic compounds are the
main drivers shaping Cu speciation in agricultural soils. Indeed, specific compound
classes such as phenolic compounds and carboxylic acids play a fundamental role in both
internal and external Cu tolerance strategies of plants [97]. Recent studies have shown
that perennial plants like grapevines also trigger their root exudation when exposed to
excessive Cu concentrations, yet the phenomenon strongly depends on the type of the
rootstock and the growing conditions [15]. Indeed, when grapevines are intercropped with
annual grass species like oat, the exudation pattern is completely modified. Furthermore,
the enhanced exudation reduces the Cu accumulation in grapevine plants, making this
a valuable agronomic strategy for mitigating Cu stress [15]. It is important to highlight
that the alleviating effect is highly plant species dependent, and thus the intercropping
approach should be evaluated for each specific rootstock. In addition, the intermingling of
roots in intercropping systems might induce a competition between plant species leading
on one side to a modified exudation profile and on the other side to an unbalanced nutrient
uptake ultimately affecting the effect of Cu stress.

In addition, soil management also comprises fertilization strategies, which also
strongly affect rhizosphere dynamics. For instance, the source of N supply (NO3~ or NH,*)
affects the pH at the soil-root interface both in annual and perennial plant species [28].
Nitrate-based fertilizers induce an enhanced anion root uptake with proton consumption
and a consequent alkalization of the rhizosphere. On the other hand, ammonium-based
fertilizers trigger enhanced proton release by roots, resulting in significant rhizosphere
acidification. Even though nitrate usually predominates over ammonium in agricultural
soils due to the very rapid microbial nitrification processes, preferential ammonium uptake
might still occur in acid soils, at low soil temperatures, or shortly after the application of
ammonium fertilizers, organic fertilizers and/or nitrification inhibitors [28]. Soil manage-
ment should thus comprise fertilization-induced root activities, since Cu availability in
soil is strongly pH dependent and might undergo mobilization processes, exacerbating
its toxicity. Moreover, an adequate nutritional balance for a crop seems to be decisive in
mitigating the effects of Cu toxicity when the metal is already present in relevant quantities.
Vineyards in calcareous soils represent a clear example. In fact, in this case, the edaphic
conditions (essentially soil pH values) should theoretically restrain the availability of Cu to
the plants. However, if the Fe availability for crops becomes limited as a consequence of the
chemical-mineralogical nature of the soil, the activation of the plant’s adaptive responses
to this deficiency (including the acidification of the rhizosphere [98]) could transform the
Cu problem from potential to real.

The complexity of rhizosphere dynamics highlights that soil management, and particu-
larly the management of nutrients, in agricultural agroecosystems such as vineyards needs
a comprehensive overview and an appropriate knowledge of the soil-plant system and its
dynamics. Indeed, such knowledge could be crucial in counteracting the negative effects
of toxic concentrations of heavy metals like Cu and/or exploiting beneficial synergism
between elements to benefit the agricultural production. Future studies should therefore
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focus on a holistic approach that also includes the third main actor involved in rhizosphere
processes, i.e., microorganisms. Even though microorganisms are known to increase plant
growth and stress resilience, little is known about the effect of Cu stress on their compo-
sition and functionality in the rhizosphere in real agroecosystems such as vineyards. To
date, most studies have been lab-based and recreate artificial metal stress conditions; thus,
they still provide an insufficient understanding of the microbiome functioning and the
mechanisms of plant-microbiome-soil interactions. Large-scale experiments at the field
level are thus essential in order to give a complete overview of the effect of Cu on the
complex interplay between soil, plants and microorganisms involved in the biogeochemical
cycles of nutrients at the agroecosystem level.

2.3. Biotechnologies and Breeding for a More Resistant Plant Material

Grapevine cultivation and wine production worldwide face challenges posed by the
high pressure of fungal and fungal-like diseases, causing production losses [99]. The most
common and severe problems in viticulture include those presented by downy mildew
and powdery mildew infections, caused by Plasmopara viticola and Erisyphe necator, respec-
tively [100]. Both pathogens are commonly controlled by the application of fungicides
in vineyards, mainly based on Cu [101]. However, the implementation of innovative
strategies, such as the use of pathogen-resistant vine genotypes, is highly desirable with
the aim of achieving a more sustainable viticulture. For this reason, breeding programs
have been implemented in order to transfer the so-called resistance (R) genes from resistant
Vitis species to sensitive V. vinifera varieties [102].

The production of resistant grapevine hybrids began in the 19th Century, yet the first
varieties, obtained from traditional breeding carried a high percentage of non-V. vinifera
genetic material and presented undesirable “foxy” flavors in the resulting wine, a dis-
tinctive feature of V. labrusca [101]. In the post-genomic era, new techniques, such as
marker-assisted backcrossing, marker-assisted background selection and marker-assisted
pyramidization, contributed to the development of breeding strategies allowing the precise
introgression of wild alleles in susceptible genomes, while reducing the undesired residual
genetic material [103]. At present, up to 27 Quantitative Trait Loci (QTL), known as Rpv
genes, are associated with the resistance to P. viticola, while up to 13 QTL (Ren and Run
genes) are related to resistance against E. necator [102]. Following infections, Rpv genes
can induce different defense responses (e.g., hypersensitive response, the accumulation
of phenolic compounds in the infected tissues, the accumulation of callose and lignin, the
synthesis of phytoalexins, the induction of either cell necrosis or peroxidase activity; [104]
and the references therein), while Ren and Run loci have been shown to encode small
gene families of receptor-like proteins that are thought to directly or indirectly interact
with pathogen-specific effectors. This interaction elicits a signaling cascade that leads to
the transcriptional reprogramming of the host plant and the expression of plant defense
genes [105]. Despite the potential economic and environmental benefits achievable, the
diffusion of resistant hybrids is being prevented by the wine-making industry, which pref-
erentially chooses traditional genotypes, despite their being susceptible, over resistant ones,
mainly because of current regulations [102,106]. A remarkable opportunity to overcome
the issues related to traditional breeding might be offered by the genome editing approach,
directed towards the susceptibility (S) genes encoded in the V. vinifera genome [107]. The
functionality of S genes is required for successful infections by both E. necator [108,109] and
P. viticola [106,110]. Indeed, the targeted inactivation of S genes in V. vinifera plants might
potentially lead to the generation of resistant clones, while still preserving the genetic iden-
tity of the parental genotypes, which would be highly appreciated by the wine producing
industry [106].

Interestingly, these new varieties can be defined as being tolerant to the pathogens;
however, in cases of very high infection pressure, the endogenous plant responses might
not be sufficient for counteracting disease, making the application of agrochemicals like
Cu necessary for controlling and/or contrasting pathogen diffusion within the canopy
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(Figure 4). Indeed, despite not completely avoiding the application of fungicides, resistant
varieties might contribute to strongly decreasing the use of agrochemicals in open fields.

Traditional
Susceptible Varieties Resistant Varieties

ca A= = — Pathogens ———

Cu Wash-off Cu Wash-off

Traditiona Specific fertilisation$$
fertilisation strategies? ‘

( > ( > )
Biogeochemical Cycles /j /> Microbial Biodiversity
e -

Figure 4. Traditional susceptible varieties vs. resistant varieties in viticulture. The protection of tradi-

tional susceptible varieties from pathogen infections requires the repeated application of Cu-based
fungicides, which, through drift phenomena and rain wash-offs, can cause a consistent accumulation
of Cu in vineyard soils. The increased Cu concentration in soil can, on one hand, induce vine plants to
modify their exudation to cope with Cu toxicity, and, on the other hand, promote an alteration of soil
microbial biodiversity. The combination of modified exudation patterns with an altered rhizosphere
microbial community might impact the biogeochemical cycles of mineral nutrients, thus modifying
their availability to plants. In resistant varieties, the protection against pathogens requires lower
application rates of agrochemicals, thus also reducing the input of Cu. Nonetheless, the expression
of the resistance gene(s) might alter the physiology of vine plants at transcriptomic, proteomic and
metabolomic levels, in this case also causing a modification in the exudation pattern. In addition,
evidence shows that resistant varieties might require specific fertilization strategies in order to fully
present the resistance traits. Again, an altered exudation pattern combined with the input, albeit
minimal of Cu and fertilizers may impact the rhizosphere dynamics, affecting both soil microbial
biodiversity and the biogeochemical cycles of mineral elements.

Nevertheless, both the introgression of foreign genetic material (such as for traditional
breeding) and the silencing of genes (such as for the genome editing approach) could
potentially alter the physiology of plants. The modification of vine plants” genetic material
might produce, for instance, organisms that could require particular edaphic conditions
(e.g., specific fertilization practices and/or specific provision of micro/macronutrients) in
order to express disease resistance at optimum levels (Figure 4). In fact, specific nutrient
fluxes within the leaf blade seem to be the basis for the expression of the pathogen response
in these resistant varieties [111]. In addition, transcriptional reprogramming, as in the
case of either Rpv or Ren/Run loci, can alter the metabolome [112,113], which might mirror
modifications in qualitative and quantitative root exudation patterns. Root rhizodeposition
plays a crucial role in the transformations and fluxes of nutrients from soil to plant [114],
considerably affecting the extent of their acquisition by plants, and therefore, the crop
yield. Moreover, root exudates represent, at least in part, the mechanism by which plants
can recruit soil microbiota and shape the rhizosphere microbial community [115]. As
mentioned earlier, this could either directly or indirectly impact the structure, the diversity
and the functionality of soil and rhizosphere microbial communities, which play a pivotal
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role in the processes occurring below ground (Figure 3) [68,115-117]. In this regard, the
accidental selection of pathogenic microbes, which could represent a future challenge for
viticulture in terms of new plant diseases, cannot be excluded. Therefore, the suitability
assessment of these new plant materials should not be limited to those traits that are
strictly connected with the expression of the pathogen resistance genes for the purpose of
overcoming old (i.e., the classical and well-recognized vine diseases) challenges. Indeed, it
is necessary to evaluate resistant varieties also with respect to putative new challenges (i.e.,
new pathogens and the related diseases) in order to establish the sustainability of these
viticultural practices in both the short and the long term. Furthermore, the availability
of rootstocks with traits of tolerance to Cu toxicity could be advantageous in viticultural
areas. Finally, the increase in phenotype and genotype data of the scions and the rootstocks
could significantly benefit from the application of machine learning to accelerate the crop
breeding process [118] in press).

2.4. Smart Viticulture

Cu accumulation in soil can be restrained through direct (e.g., using more resistant
plant species, as described in the previous paragraph) and indirect actions (e.g., decreasing
the availability in the rhizosphere and/or limiting the quantity of Cu that reaches the
soil via new applications). Since the resistant varieties of vine plants currently available
are essentially tolerant, and therefore a certain level of plant defense using pesticides is
essential, indirect actions are still important not only for the traditional varieties, but also
for the new ones. In this respect, the main goal is to avoid drift phenomena during the
application of pesticides and to limit Cu accumulation in the soil. The Cu applied to the
vine canopy will indeed reach the soil due to rain, foliar irrigation and/or autumn leaf fall.

In the last two decades, a wide range of technologies have been increasingly applied
in viticulture, such as monitoring technologies, decision support systems and operating
technologies. Monitoring technologies include geolocation, remote sensing (using satel-
lites, aircrafts, and unmanned aerial vehicle/drone images), and proximal sensing during
production (using wireless sensor networks to measure soil moisture, leaf wetness, grape
temperature, sap flow, etc.) and harvesting phases (using volumetric grape sensors and
optical sensors for grape “quality”). Decision support systems (DSS) make it possible to
consider the spatial variability (i.e., the variability of soil properties, landscape features,
crop stresses, yield and quality in the different areas of a field [119]) in process optimization
(irrigation, fertilization, or chemical treatments) and harvesting. Finally, operating tech-
nologies include variable-rate technologies (VRT) and agricultural robots, which make
it possible to implement the activities defined with the help of the DSS, while also limiting
drift phenomena [120].

These technologies were proposed in the 1990s, initially for their ability to manage
crops according to site-specific logic, which makes it possible to deal with the spatial
variability of soil, nutrient and phytosanitary conditions. They also include geo-referencing,
which allows producers to micro-manage soil and plant processes within small areas of
a single field. Despite positive expectations, these techniques’ diffusion is still relatively
limited, as several authors have reported [121-125]. In several European countries, the use
of ITC in agriculture remains at less than 10% of farms, and, of these, only 50% of farms
that complete site-specific applications. The current circumstances are considered to be
very favorable for the growth of the sector, not only for the new generation, with habits
more rooted in the use of digital technologies, but also for the “cultural dragging” caused
by the so-called “Industry 4.0” revolution [126-128]. In fact, this revolution has brought
significant attention to the new technological frontiers connected to the “Internet of Things”
(IoT), Big Data, Cloud Computing, hyper-connectivity, cybernetics and augmented reality.
As a consequence of this technological trend and its effects, the terms agriculture 4.0 and
smart agriculture are coming to be preferred to the term precision agriculture [129].

To the best of our knowledge, there are no studies measuring the exact impact of
precision or smart viticulture techniques on the limitation of Cu accumulation/toxicity
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at the soil level. However, various papers have highlighted that the goal of these tech-
niques is to improve not only the yield and quality of grape production, but also its
environmental sustainability (i.e., reducing the chemical treatments) [120,130]. Indeed,
these techniques have shown that it is possible to reduce the use of Cu-based fungicides
by 25-50% [131-133]. Therefore, it can be expected that the contribution to the limitation
of Cu accumulation/toxicity at the soil level will be remarkable. Thus, a set of exam-
ples of precision and smart viticulture technologies (which might be used by practitioners
and scholars as an initial reference point for implementation projects and precise impact
analyses) is discussed in the following paragraphs. Other examples can be found in the de-
tailed reviews of literature and field applications of precision viticulture [120] or precision
agriculture [134-136].

While soil protection has mostly been studied using a mono-disciplinary approach
(e.g., soil chemistry, plant defense), the use of precision/smart viticulture technologies
in combination with an interdisciplinary approach involving technology experts (from
the fields of sensors, electronics, computer science, and agricultural machinery), domain-
experts (e.g., from the fields of soil chemistry, plant pathology, genetics, and agronomy)
and sustainability experts (or Lifecycle assessment experts) is increasingly needed.

In particular, precision and smart viticulture technologies could contribute positively
to the following aspects: (1) crop monitoring, i.e., using optical sensors on vehicles (e.g.,
tractors, autonomous vehicles, or drones) to perform a sort of “early digital scouting”
to be carried out promptly to keep the phytosanitary status of wide-crop areas under
control [137,138]; (2) operational monitoring, i.e., using the so-called FORK systems (Field
Operation Register Keeping) [129,139,140] which allow the detection and automatic record-
ing of how a field operation is carried out; (3) implementation of site-specific techniques
with retrofit components, i.e., adaptable to existing farm machinery, thus avoiding the
need to make large investments in new equipment (see Figure 5). The first two aspects
concern information management actions, necessary for medium- and long-term quality
decision-making processes at the farm, based on targeted information. The third aspect
allows a direct intervention with immediate control effects, especially if the retrofit device
is also equipped with sensors capable of locally estimating the volumes of canopy to be
treated and then enabling the adjustment of the doses to be distributed accordingly.

Sensors installed both on agricultural machines and within the vineyards (both at
the plant and soil level) allow the collection and monitoring of data (e.g., the color, shape
and dimensions of leaves and grapes, temperature and weather conditions, soil pH, and
the presence of pathogens [120,130,131,141]). These data can then be processed (cleaned,
filtered, aggregated, represented and archived) and analyzed to extract the relevant infor-
mation. These analyses might be carried out by a DSS at the farm or at external servers
accessible over the Internet (i.e., in the Cloud) [133,141]. Moreover, they might be au-
tomated through Artificial Intelligence and/or neural networks algorithms, and they
might also be used to simulate/prevent future behaviors/events (e.g., a digital twin of the
vineyards can be created where the impact of different interventions/strategies can be sim-
ulated) [142]. The data analyses might also combine data from multiple farms/vineyards,
as well as other big (information assets characterized by such a high volume, velocity and
variety that it requires specific technology and analytical methods for its transformation
into value [143]) data from several sources [144,145]. Finally, the results obtained can
lead to an action, such as process optimization (modification of irrigation, fertilization,
or chemical treatments), or to a report for internal or external users [129,131,133]. Such
actions can also be implemented in a more precise and/or automatic way through strad-
dle tractors/machines, autonomous vehicles/robots, and drones [120,146]. Finally, the
application of these technologies might help the winegrower to spray, fertilize or irrigate
(1) when it is needed; (2) exactly where it is needed (also limiting the drift); and (3) at the
quantity needed in the different areas of the field and times (i.e., considering the horizontal,
vertical, and spatial variability), thus potentially minimizing the Cu accumulation process
in the soil. The technologies presented above are (mostly) already available on the market
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and have been adopted by some vineyards. An interesting example of this is PlantCT™
(formerly known as Smartvineyard), a system that continuously monitors the plants and
the environment using a wide range of sensors (i.e., spore and pest detectors, as well as
leaf surface, light, humidity, and temperature, wind, solar radiation, precipitation and
soil sensors) and suggests to the winegrower the interventions/actions that should be
implemented (https://plantct.com/). Another example—more focused on the topic of
this paper—is Coptimizer, a model-driven DSS that might help to optimize and track the
use of Cu-based fungicides in viticulture. Other similar examples include VineSens [141],
GRover [147], and FeelGrid™ (https:/ /www.feelgrid.com/). For a detailed review of
smartphone applications for smart agriculture, see [148]. There are then several companies
producing variable-rate (or smart) straddle tractors/machines and spraying drone systems
(also) for vineyard applications (e.g., Pellenc, New Holland, Durand-Wayland, Tecnovit,
Fly Dragon Drone Tech., Chouette). Some of these systems have been presented in detail
by [120].
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Figure 5. Design of a possible retrofit device to be applied to sprayers already present at the vineyard to enable them to

operate according to site-specific logics. The retrofit application concerns a vertical spraying tower equipped with a set of

rotating supports for independent nozzle selection and activation. The control is supported by a set of volumetric ultrasonic

sensors able to detect the size of the canopy to be processed. The solution even includes a Field Operation Register Keeping

(FORK) system based on an identification device enabling the tractor to automatically detect the identity of the coupled

machine through a simple Radio Frequency (RF) system (T-MO: implement transmitting code; A-RF: tractor receiving

antenna; identification is enabled only on distances <20 m). On board data transmission is performed via Controller Area
Network (BUS-CAN), supposing this is already available on-board. In case of older tractors (no BUS-CAN), a direct wire
connection can be easily established.

The necessary investments and/or operating costs required by the abovementioned
systems—as well as more generally for the implementation smart farming solutions—are,
however, rather high, particularly for small vineyards [149,150]. Furthermore, specific
know-how is often needed to properly use them [149]. The Industry 3.0 phase (indicatively
occurring between 1970 and 2010) was characterized by digital culture and technologies in
the management of industrial production processes. On the other hand, the Agriculture
3.0 phase (occurring between 1980 and 2000) introduced technological innovations mainly
focused on the improvement of the quality of mechanization in the fields of electronics,
ergonomics and safety, but with limited results in the field of information technology. The
“digital gap” in agriculture compared with the industrial sector is particularly relevant.
Therefore, the key challenge is to adopt these systems and technologies for economic sus-
tainability (the retrofit idea mentioned above could, for instance, be an interesting solution)
and to explain their potential benefits to winegrowers. Another possible idea could be
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the creation of some consortia or cooperative forms to cover the high investments/ costs.
In any case, with the application of these strategies, it is possible to significantly limit
the supply of Cu to the vineyard, thus limiting the metal accumulation process in the
wine-growing context.

However, future research is needed on the smart viticulture topic at different levels
to contribute to the general challenge. First, while well-developed and robust solutions
for specific purposes exist (e.g., grape yield monitors, soil and leaf monitors and precision
sprayers), they still tend to work as separate silos. Future research should therefore try to
develop visions as well as practical architectures/applications for an integrated smart (or
digital) management of vineyards. Second, there is a strong need to identify the compe-
tencies needed by farmers (and by wine-growing consultants) in order to correctly and
effectively use the technologies available and to consequently update the study programs.
Finally, smart viticulture’s impact on the three sustainability dimensions (i.e., environmen-
tal, social and economic) should be further investigated. [151] showed that both positive
and negative impacts of Industry 4.0 technologies can be observed in the industrial field.
This might also be applied in viticulture (and, more generally, in agriculture) where, to
date, research has mostly focused on the environmental dimension [130,131].

3. Conclusions

The repeated application of copper (Cu)-based fungicides in conventional and organic
farming has caused a significant increase in the total Cu contents in vineyard soils, posing
agricultural and environmental threats. The goal of our review was to shed light on this
issue and to discuss some approaches that might be adopted to limit Cu toxicity.

We presented the current Cu accumulation situation, with particular reference to the
European context (see Figure 1), and discussed its potential risks in viticulture (see Figure 2),
considering the chemical-physical-microbiological properties of soils, as well as the toxicity
phenomena in plants. Furthermore, some approaches and setups of cultivation practices
aimed at mitigating the Cu accumulation problem (namely, rhizosphere management,
biotechnologies and breeding for more resistant plant material, as well as precision/smart
viticulture techniques for a timely, localized and balanced distribution of agrochemicals)
were discussed. We summarized the current literature for all these topics and highlighted
a set of research gaps that urgently require future studies and innovation. In particular,
research is needed to shed light on the possible long-term impacts of Cu on selecting
antibiotic-resistant bacterial species of agricultural soils and on their potential threats to
animal and human health. Future studies should then focus on vineyard rhizosphere
dynamics more holistically, i.e., considering the microorganisms and the effect of Cu stress
on their composition and functionality, as well as relying on large-scale experiments at the
field level. Third, the assessment of “new” resistant plant material (scions) should not be
limited to the traits strictly connected with the expression of the pathogen resistance genes
for overcoming current vine diseases, but should also consider putative new pathogens
and related diseases. From this perspective, particular attention should also be paid to
rootstocks with tolerance traits for high Cu concentrations in soils. Finally, future research
is needed (1) to develop visions as well as practical architectures/applications for an
integrated smart (or digital) management of the vineyard; (2) to identify the competencies
needed by farmers and wine-growing consultants to use the technologies available correctly
and effectively; and (3) to shed empirical light on the impact of smart viticulture on the
three sustainability pillars (i.e., environmental, social and economic).

More generally, our review showed that the setting up of a more sustainable soil
management in viticulture requires a multidisciplinary approach involving all the players
throughout the whole production chain. In this context, the availability of plant material
more resistant to pathogens and physiologically more suitable for the edaphic environment
is essential. Moreover, Cu-induced antibiotic resistance in soil microorganisms highlights
the relevance of the One Health concept, where the protection of plant, animal and human
health is considered to be one. For instance, the frequent contamination of the water sources
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used for crop irrigation with synthetic compounds for human care (such as drugs like
ibuprofen, [152] clearly indicates that the defense plan against pathogens of agricultural
crops like vines using agrochemicals should not be considered independently of animal
and human health, and vice versa. Actually, thanks to an approach like this, it is possible to
effectively contribute to both the continuation of the viticulture (and more generally that of
agricultural production) and the preservation of the environment as a whole, in particular
the soil ecosystem.
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