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Abstract

Xylella fastidiosa (Xf ) is a Gram-negative bacterium responsible for severe diseases in several
commercially significant crops, including olive, grapevine, citrus and almond. Its man-
agement is particularly challenging due to its transmission via widespread vector insects,
its ability to form biofilms, its high genetic diversity and, sometimes, latent symptoms.
Current control strategies focus on integrated and preventive approaches, including the
use of resistant varieties, agronomic practices, and vector control through chemical and
biological methods. Direct control of the bacterium has always been a complex challenge
that includes strategies to limit vector presence and activity in the field; however, several
compounds have recently been evaluated that are able to inhibit biofilm formation and Xf
growth. This review provides an up-to-date summary of studies investigating the efficacy
of various treatments based on organic compounds, synthetic molecules and salt- or metal-
based formulations. By evaluating the results of in vitro and in vivo experiments, the most
promising solutions were identified that address the main challenges and limitations of
chemical control strategies. These include N-acetylcysteine and zinc- and copper-based
formulations, which are effective and potentially transferable to the field for crops such
as citrus and olive trees. Antimicrobial peptides and nanoparticles, on the other hand,
have demonstrated high efficacy in vitro, although further studies directly in the field are
required. The evidence emerging from the analyzed studies offer insights to guide future
research towards more effective and sustainable management approaches to mitigate the
spread and impact of Xf.

Keywords: control strategies; bacteria; in vivo; in vitro experiments

1. Introduction
Xylella fastidiosa (Xf ) is a Gram-negative bacterium belonging to the Xanthomon-

adaceae family, with the ability to colonize the xylem vessels of numerous host plants.
Vector insects, such as spittlebugs and leafhoppers, are responsible for transmission as they
feed on raw sap and spread pathogens from an infected plant to a healthy one [1]. The bac-
terium’s ability to survive in various hosts and environments, along with its transmission
mode, makes its management complex.

Xf settles in the xylem vessels once the infection has occurred, where it adapts to a
nutrient-poor environment by forming biofilms that progressively obstruct the flow of
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water and nutrients. As a result, affected plants exhibit symptoms such as leaf desiccation,
reduced growth and death [2]. The severity of the disease depends on the host species and
environmental conditions, causing severe damage to crops such as olive trees, grapevines,
citrus and almond trees [3,4].

One of the most critical aspects of Xf is its genetic and biological diversity, being clas-
sified into several subspecies—including pauca, fastidiosa, multiplex and sandyi [5,6]—and
it is capable of infecting more than 570 plant species (EPPO Global Database https:
//gd.eppo.int/taxon/XYLEFA/hosts, available online 11 August 2025). This genetic diver-
sity makes management further complex, as variants of the bacterium can exhibit different
behaviors towards host plants [7]. Currently, control strategies are based on integrated and
preventive approaches, such as using resistant or tolerant varieties, targeted agronomic
practices, weed control and soil management.

In recent years, several studies have focused on identifying chemical molecules that
are potentially effective in controlling Xf. Research has examined a broad spectrum of com-
pounds, evaluating their ability to inhibit bacterial growth and reduce biofilm formation.
The main groups of substances analyzed include compounds of organic origin, synthetic
molecules (including antibiotics and metal derivatives) and formulations based on salts
and metals. Although the use of genetic means and the chemical control of insect vectors
are crucial components in Xf management, this review aims to provide a comprehensive
and updated overview of the direct efficacy of various compounds in Xf control. These
compounds are analyzed in two experimental settings: in vitro experiments, in which they
are tested on isolated bacterial cultures to determine their antibacterial action, and in vivo
studies, which evaluate the impact of treatments on infected plants. Through this system-
atic analysis of the results of different experimental approaches, the aim is to identify the
most promising solutions for effective Xf management and to highlight the main challenges
and opportunities associated with the use of these chemical strategies in Xf control. Finally,
a brief compendium on the control of some main vectors by chemical means is reported,
where the strategy currently used to prevent the spread of the insect is examined, including
the use of systemic or contact insecticides and treatments based on mineral oils.

The data reported in the literature aim to reflect the multiple challenges posed by this
bacterium and to articulate a path towards practical and sustainable agricultural solutions.
Furthermore, continued research is essential to adapt and evolve management strategies
that can address the rapidly changing agricultural landscape characterized by the presence
of Xf.

2. Organic Molecules
Chemical compounds, such as organic molecules, are essential for many biological and

chemical processes. Some of these molecules have antimicrobial and antioxidant properties
necessary for improving plant health and increasing their resistance to biotic and abiotic
stresses, which is why they are utilized in crop protection.

2.1. N-Acetylcysteine (NAC)

N-acetylcysteine (NAC) is a derivative of cysteine with numerous therapeutic prop-
erties, usually used in the medical field [8,9]. It is suitable for many uses due to its
multifaceted roles, including as an antioxidant, a disulfide bond disruptor and a metal
chelator [10,11]. It is used to combat oxidative stress, serving as a precursor to glutathione
and reducing the damage caused by reactive oxygen species (ROS) [12,13].

From an antimicrobial perspective, NAC is effective because it reduces the formation
of biofilms by many Gram-negative and Gram-positive bacteria. This occurs through the
interruption of the extracellular polysaccharide matrix, thus promoting the reduction of
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bacterial aggregates and the breakdown of biofilms. Thanks to these properties, NAC is
also used as a non-antibiotic alternative, helping to limit bacterial resistance [14,15].

Finally, its characteristics, including antibacterial properties, the ability to inhibit
biofilms, low cost and the absence of significant environmental impacts, make NAC a
promising candidate for testing against Xf [16]. This has led to research being carried out
in vitro and in vivo.

Muranaka et al. [16] performed in vitro experiments with the bacterial strain 9a5c,
isolated from sweet oranges suffering from Citrus Variegated Chlorosis (CVC) due to
subsp. pauca, which was treated with different concentrations of NAC (1.0–6.0 mg/mL) for
14 days, analyzing biomass, cell viability and biofilm formation. The results showed that
NAC inhibited biofilm formation and the production of exopolysaccharides (EPS) while
exhibiting antimicrobial properties. At concentrations above 1.0 mg/mL, a significant
reduction in biofilm formation was observed, accompanied by an increase in planktonic
cells, which were primarily dead, indicating the antimicrobial effect of NAC. Cell viabil-
ity was assessed using an aliquot of the affected fraction diluted in phosphate-buffered
saline with the subsequent counting of colony-forming units. Finally, microscopic analysis
confirmed the inhibition of cell adhesion and the lack of a structured biofilm at higher
concentrations [16]. The finding was also confirmed by Da Silva et al. [17] on Xf strain
11 339 extracted from sweet orange trees, but to learn more about the effects of NAC on
EPS, force spectroscopy measurements (a technique that allows one to analyze the cellular
adhesion on live cells in conditions similar to real ones [18]) were conducted on treated
and untreated samples to such an extent that it was observed that in those treated with
NAC, the residual biofilms on the surface were less dense than those observed in the
untreated sample. The morphology of the individual treated cells also differed, with some
exhibiting a more irregular surface [17]. On the contrary, in the research conducted by Cattò
et al. [19], on olive trees affected by the Xf subsp. pauca strain De Donno and treated with
NAC, the results showed that 1000 µM of NAC did not affect bacterial growth, whereas a
lower concentration (500 µM) reduced adhesion, increased biofilm biomass and favored
the formation of cell clusters. Furthermore, NAC increased oxidative stress and reduced
biofilm dispersion without altering cell viability [19].

Therefore, despite the antimicrobial and antibiofilm properties highlighted by the
studies of Muranaka et al. [16] and da Silva et al. [17], it is necessary to underline that the
efficacy of NAC varies according to the host and bacterial strain.

In support of in vitro observations, in vivo studies were conducted on infected plants
under different experimental conditions. The study conducted in a hydroponic system
by Muranaka et al. [16] examined the efficacy of NAC (at concentrations of 0.48, 2.4 and
6 mg/mL) in treating CVC-infected sweet orange plants. The plants, obtained by grafting
infected branches onto “Rangpur” lime rootstocks, were grown in a greenhouse for two
years, during which time they developed CVC symptoms on all new branches. The infected
plants were treated with NAC by fertirrigation plus trunk injection. The latter has been used
because it offers several advantages compared to traditional soil irrigation with pesticides,
including greater operator safety, precision in product application and greater attention
to non-target organisms [20]. On the other hand, it is a technique that is little used in
agriculture because of its high cost, and therefore, it is not accessible to farmers [21]. The
results of the study by Muranaka et al. [16] showed that treatment with NAC significantly
reduced the bacterial load and mitigated the symptoms of CVC. In addition, a slow-
release fertilizer containing NAC was tested, which prolonged the therapeutic effect and
slowed the onset of symptoms. Treated plants exhibited a reduction in symptom severity
and bacterial overgrowth compared to untreated controls; however, discontinuation of
treatment led to the reappearance of symptoms, indicating that continuous treatment is
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necessary for effective control. For both plants with few initial symptoms and plants with
advanced symptoms, NAC injection into the trunk did not enhance the result already
obtained previously with fertirrigation alone, and this is why treatment with fertirrigation
alone is sufficient. NAC, however, had no adverse effects on healthy plants. In conclusion,
treatments with NAC, either as a nutrient solution or with slow-release fertilizers, show
potential for CVC control; however, efficacy depends on continuous administration [16].

Following the evaluation of NAC efficacy in greenhouse conditions, short-term and
long-term field research was conducted on sweet orange and pear plants affected by CVC to
assess NAC translocation. After the various applications through fertilization, it was shown
that in the short-term experiment (a single application of NAC), the NAC distribution was
89% in the roots, 5.3% in the stem and 1.9% in the leaves, unlike the long-term experiment
(application of NAC every two weeks for three months), where the accumulation of NAC
was 69.8% in the roots, 11.2% in the stem and 19% in the leaves. Thus, the increase in
applications led to the rise in concentration in epigeal plant organs and reduced the number
of blocked xylem vessels. To determine if the treatment could affect the flow of sap, the
transpiration rate was measured, showing that it was highest for healthy plants (a peak of
2.54 mmol/m2 s at 12:00 h). In plants affected by CVC, the peak was 0.97 mmol/m2 s at
12 h, and there was also a decrease in oxidative stress, as evidenced by the improvement in
the activity of detoxifying enzymes. NAC has also been crucial in enhancing fruit yield in
diseased plants [22].

A further study by Saponari et al. [23] evaluated NAC’s effectiveness in olive trees
affected by Xf, showing a partial reduction in symptoms under certain conditions. Notably,
symptom relief was only visible at low bacterial titers, highlighting the complexity of
NAC’s interactions with both host plants and the pathogen. The phytotoxicity observed at
higher NAC concentrations requires careful dose management, as excessive applications
may cause adverse effects, such as leaf drop [23]. The reported results underline the efficacy
of NAC both in vitro and in vivo due to its antibiofilm and antibacterial activity, but its
application is strongly conditioned by the type of administration, the host and the bacterial
strain. Unlike in some cases where there was a reduction in the bacterial titer and an
improvement in the conditions of the plant, in other cases—such as for olive trees infected
by Xf subsp. Pauca—the efficacy of NAC was limited, as it showed a partial reduction in
symptoms and because it was only valid for plants with an initially low bacterial titer.

The mechanistic insights into NAC’s action, particularly in mitigating oxidative stress
responses and disrupting biofilm formation, offer valuable clues for optimizing its use in
agricultural settings. NAC is a versatile therapeutic agent with promising applications
in both in vivo and in vitro farming environments. Its various roles as an antioxidant, a
biofilm disruptor and an antimicrobial agent demonstrate a significant range of effective-
ness against different biological challenges. However, despite its proven potential, the
variability in the results depending on concentration, host plants and bacterial strains
calls for a careful approach to its application. Ongoing research to understand how NAC
works, combined with rigorous field trials, will be key to unlocking its full therapeutic
capabilities against plant pathogens such as Xf, while also supporting wider efforts for
agricultural sustainability.

2.2. Phenolic Compounds

Plants produce phenolic compounds as a defensive strategy against various pathogens,
including bacteria, fungi and viruses [24]. Several studies have demonstrated that these
compounds, either alone or in combination, can inhibit the growth of various bacte-
rial species [25,26]. In particular, it has been reported that some strains of Xf affecting
grapevines and almonds show reduced growth in vitro in the presence of specific pheno-
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lic compounds, such as hydroxytyrosol, tyrosol, catechol, 4-methyl catechol, oleuropein,
verbascoside, 4-hydroxybenzoic acid, vanillic acid and p-coumaric acid [27].

Comprehensive experiments employing dilution methods on agar plates established
the minimum inhibitory concentrations (MICs) for twelve different phenolic compounds
against subsp. fastidiosa strains (Temecula and Conn Creek) and subsp. multiplex strains
(Dixon and Tulare), revealing that several phenolic acids, including gallic and caffeic
acids, catechol, rutin and resveratrol, exhibited potent antibacterial activity, often with
stronger inhibitory effects than those reported against Gram-positive and Gram-negative
bacteria in previous studies [28]. Compounds with simpler structures, such as catechol
and coumarin, have demonstrated bactericidal and fungicidal effects [29]. In contrast,
flavonoids like naringenin and catechin, along with stilbenes like resveratrol, have shown
strong inhibitory activity attributed to their ability to disrupt microbial cell integrity. The
antimicrobial efficacy of phenolic compounds against Xf subsp. fastidiosa is attributed to
several mechanisms, including interference with bacterial adhesion, a crucial step in biofilm
formation. Phenolic compounds such as gallic acid and epicatechin have been shown to
reduce bacterial adhesion to surfaces and negatively regulate the expression of genes
associated with adhesive structures, such as fimA and xadA [30]. This inhibition of biofilm
formation is crucial, as biofilms significantly contribute to bacterial resistance against
antimicrobial treatments. Furthermore, a study by Vizzarri et al. (2023) [31] examined
the antibacterial properties of olive leaf extracts containing notable phenolic compounds,
such as oleuropein, showing that these formulations significantly inhibited Xf growth and
biofilm formation. Notably, oleuropein was identified as particularly potent and promising
as a natural anti-Xf agent.

While in vitro studies confirm the potential of phenolic compounds in managing Xf,
their practical application in the field faces challenges related to absorption and systemic
distribution within plants. Research on olive trees infected by Xf subsp. pauca indicated
that, although treatments showed some efficacy, the overall absorption rates in mature
trees were inadequate due to xylem obstruction caused by the pathogen [32]. To address
this limitation, the use of potassium phosphite in conjunction with phenolic treatments
has been proposed, as it enhances vegetative growth and facilitates compound uptake,
suggesting a biostimulatory effect that may improve treatment outcomes [31].

In conclusion, most of the experiments were conducted in vitro, highlighting the effi-
cacy of some phenolic compounds in inhibiting the bacterial growth and biofilm formation
of Xf fastidiosa and multiplex subspecies. Regarding in vivo tests, conducted to control Xf
subsp. pauca in olive trees, we know very little about the post-treatment bacterial titer,
highlighting that the uptake of phenolic compounds was limited, especially in adult trees,
thus compromising their efficacy. However, the difficulties related to uptake and practical
application in the field require further research aimed at optimizing the methods of ad-
ministration and formulations to allow for the effective use of these natural compounds in
sustainable agricultural practices.

2.3. Oxylipins

Lipids, which are derived from plant and animal organisms, play a crucial role in bio-
logical functions, serving as an energy source and signaling molecules, including hormones.
These compounds primarily consist of fatty acids or their derivatives, and their composition
varies depending on the type of plant lipids; specifically, they comprise a mixture of polar
and non-polar lipids, as well as acylglycerides, which serve as reserves [33]. Lipids include
oxypilins, which could represent a control strategy against Xf.

The research conducted by Scala et al. [34] highlighted the differential lipid com-
position between olive trees infected by Xf subsp. pauca (cv. Ogliarola) and healthy
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counterparts. By analyzing symptomatic and asymptomatic plants, the study revealed
that certain oxylipins and unsaturated fatty acids were more abundant in infected samples.
Specifically, the lipoxygenase-derived oxylipins were found to promote biofilm formation,
while dioxygenase-derived oxylipins inhibited it, elucidating their role in bacterial virulence
regulation. This study aligns with previous findings, which indicate that symptomatic
trees exhibit exaggerated lipid accumulation compared to non-symptomatic trees [35].
Scala et al. [36] demonstrated that several specific oxylipins, such as 9-hydroxy-10,12,15-
octadecatrienoic acid, have a pronounced effect on the biofilm formation of Xf.

In contrast, compounds like 7,10-dihydroxy-8-octadecenoic acid have been shown
to inhibit biofilm development, highlighting the dual nature of oxylipins in modulating
bacterial behavior. Increased biofilm formation correlates with disease severity, suggesting
that oxylipins may exacerbate Xf infections by facilitating the establishment of biofilms
within host tissues. Recent investigations into the mutations of specific genes related to Xf
virulence have shed light on the possible regulation of oxylipin production. Scala et al. [37]
analyzed the impact of the PD0744 gene mutation on oxylipin dynamics and biofilm
formation in Xf subspp. fastidiosa and multiplex strains Temecula1 and AlmaEM3. The
results indicated that the mutant strains exhibited a marked reduction in biofilm formation,
which could be attributed to a lack of the XadA2 protein known to facilitate adhesion.
Interestingly, while the planktonic growth of the mutant strain was greater, the biofilm
inhibitory effects raise compelling questions regarding the balance of pathogenicity and
dormancy in bacterial populations under the influence of oxylipins [37].

The presence of oxylipins has a significant impact on the interaction between Xf and
host plants. Understanding the mechanisms by which these compounds influence biofilm
formation and bacterial growth is crucial for developing new disease control strategies, as
these compounds are not yet established as practical treatments. The dual roles that certain
oxylipins play—promoting both virulence and inhibiting adhesion—indicate potential
molecular targets for agricultural interventions aimed at mitigating the effects of Xf on
economically significant crops.

However, it is crucial to note that the majority of studies conducted so far have been
in vitro, which raises concerns regarding the practical transferability of these findings to real-
world agricultural settings. Future research should focus on translating laboratory insights
into field applications, establishing protocols that leverage targeted oxylipin manipulation
to disrupt Xf infection cycles effectively.

2.4. NuovOlivo®

Recently, trials were conducted with a product called NuovOlivo®, a natural detergent
based on vegetable oils and an aqueous infusion of various plants combined with sodium
hydroxide, calcium and sulfur. Its composition includes typical Mediterranean plants
such as Thymus vulgaris L., Petroselinum crispum (Mill.) Fuss, Crataegus monogyna Jacq.,
Rosmarinus officinalis L., Salvia officinalis L., Origanum vulgare L., Matricaria chamomilla L.,
Malva sylvestris L., Salix babylonica L., Capsicum annuum L. and Piper nigrum L. [38]. Trials
in olive trees infected by Xf subsp. pauca were carried out at two sites in Apulia (Italy),
involving cultivars Cellina di Nardò and Ogliarola salentina, both susceptible to Xf. While
treated plants showed some signs of recovery, such as new growth, flowers and fruit
production, and a reduction in bacterial DNA content was observed (up to 99.04% reduc-
tion in some cases), the trials were conducted under limited controlled conditions and
involved limited sample sizes [38]. Infection indices decreased significantly in treated
plants compared to the controls, yet the extent of disease control may vary depending on
environmental factors, tree age and the severity of infection. Additionally, pruning did not
consistently demonstrate significant synergistic effects alongside treatment. The treatment
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also appeared to improve physiological parameters, such as leaf size and phenolic content,
and reduce indicators of cell damage, but longer-term effects and the durability of these
improvements remain uncertain. A further study in 2024 expanded the treatment to several
olive cultivars across multiple groves, with treated plants showing better vegetative growth
and symptom reduction compared to the untreated controls; however, variability in the
results was notable across cultivars and sites [39]. While these findings are promising and
suggest a potential role for NuovOlivo® in integrated disease management, the limited
scale and experimental nature of the studies warrant cautious interpretation. Considering
that the current results on NuovOlivo® are based on preliminary studies with limited
sample sizes and without independent replications, larger field trials, over multiple grow-
ing seasons, are needed to fully evaluate the efficacy, optimal application protocols, and
economic feasibility of these treatments before recommending their large-scale adoption.

3. Synthetic Molecules
Some products used in agriculture are of synthetic origin because they are obtained

through non-natural processes [40] and still account for the predominant share of the total
active substances in the EU compared to those of natural origin [41]. Still, despite their
importance, safer and more sustainable alternatives need to be explored.

3.1. Menadione and Benzethonium Chloride

Vitamin K comprises a group of lipophilic vitamins, with vitamins K1 and K2 rep-
resenting the natural forms typically found in green leafy vegetables and produced by
intestinal bacteria, respectively. Menadione, or vitamin K3, is the synthetic variant that lacks
the polyisoprenoid side chain characteristic of its natural counterparts [42]. Conversely, ben-
zethonium chloride is a quaternary ammonium salt recognized for its antimicrobial proper-
ties against specific bacteria and fungi [43]. In an experimental study by Zhang et al. [44],
the efficacy of menadione and benzethonium chloride was evaluated both in vitro and
in vivo for their potential to combat Pierce’s disease. The study involved the genetically
modified Temecula 1 strain of Xf subsp. Fastidiosa, which expresses green fluorescent
protein, to facilitate the measurement of bacterial proliferation. In vitro results indicated
that both menadione and benzethonium chloride at concentrations of 25, 50 and 100 µL
achieved 100% inhibition of bacterial growth. However, the phytotoxicity assessments
revealed detrimental effects on plant health; benzethonium chloride caused chlorophyll
loss proportional to the concentration (approximately 33% at 100 mM), while menadione
led to an immediate loss of 40–45% chlorophyll across all tested concentrations. The in vivo
treatments included foliar sprays and soil irrigation. Menadione applied through foliar
spraying induced necrosis in leaves, whereas benzethonium chloride treatments were less
aggressive. Notably, menadione’s phytotoxicity decreased when applied via soil irrigation,
while benzethonium chloride showed minimal phytotoxicity as a foliar spray. Despite these
issues, both treatments effectively mitigated disease progression in treated grapevines;
after three months, treated plants showed symptoms in about 50% of nodes compared to
complete defoliation in untreated controls [44]. Overall, the results indicate that in vitro,
menadione and benzethonium chloride completely inhibit the growth of Xf subsp. fastidiosa
with variable phytotoxicity depending on the molecule and the administration method.
In vivo, however, there was no direct quantification of the bacterial titer, but the treatments
have been shown to slow down the disease on grapevine.

3.2. Nanoparticles

Nanotechnology is a crucial tool in modern agriculture, and one promising method to
counter Xf appears to be the use of nanoparticles (NPs). To date, all those materials with
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a size of 1 to 100 nm are defined as such [45], which in agriculture are called “nanopesti-
cides” [46]. In particular, metal nanopesticides exhibit antimicrobial activity in vitro and
protect plants against bacterial diseases [47,48].

Metallic nanopesticides can persist in the environment, accumulate in soil and non-
target organisms and, if used uncontrolled, promote the development of antimicrobial
resistance, especially with frequent and high-dose applications [46].

Among the various types of nanopesticides, some have demonstrated exceptional
effectiveness. The main nanoparticle-based treatments investigated for their efficacy against
Xf are summarized in the table below (Table 1), highlighting their mechanisms of action,
key characteristics and relevant references.

Table 1. Summary of nanoparticle-based formulations tested against Xylella fastidiosa, detailing their
mechanisms of action, distinctive physicochemical properties and the supporting literature.

Type of Nanoparticle Mechanism of Action Experimental Conditions Characteristics Ref.

Silver (Ag) NPs
(ARGIRIUM-SUNCs®) Antibacterial activity In vitro

-Small size (1.79 nm)
-Diagonal shape
-Presence of Ag
oxidation states

-Negative solvation layer

[49]

Thymol NP Antimicrobial activity In vitro

-Affects membrane
permeability and structure
-Are nanoencapsulated to

increase bioavailability and
improve thymol stability

-Gradual release into
target cells

[50–54]

Fosetyl–Al NP
Systemic fungicide
with antibacterial

activity
In vitro

Optimization of diffusion at
the target site with

nanoformulation by
sonification to break

chemical bonds and reduce
particle size

[55–58]

Zinkicide® Antimicrobial activity In vitro and in vivo

-Particle size (4 nm)
-Production of reactive
oxygen species (ROS)

-Accumulation of Zn ions
-Lipid peroxidation

-Cell membrane disruption

[59–61]

Calcium carbonate
nanocarriers Antibacterial activity In vitro and in vivo

-Different ways of
integrating molecules

-They act as nanocarriers of
micro and macromolecules

[62–64]

3.2.1. Silver (Ag) NPs

Orfei et al. [65] examined the potential of silver (Ag) nanoparticles to prevent biofilm
formation across multiple bacterial strains, including three Gram-negative species (Pseu-
domonas syringae, Xanthomonas vesicatoria and Xf subsp. pauca) and one Gram-positive
species (Clavibacter michiganensis). Treatment with Ag nanoparticles at concentrations be-
tween 0.1 and 1.0 ppm (incubated for 24–48 h) led to a significant reduction in biofilm
formation, with up to a 97% inhibition across all tested strains. Notably, even at the lowest
effective concentrations (0.06 ppm for X. vesicatoria and 0.023 ppm for Xf ), substantial
inhibition was observed, underscoring the strong potential of low-dose nanoformulations
for managing agricultural diseases [65].
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3.2.2. Thymol Nanoparticles

Building upon this research, Baldassarre et al. [66] investigated the use of thymol
nanoparticles against Xf subsp. pauca. To overcome thymol’s limited water solubility, they
employed calcium carbonate nanocrystals to improve its bioavailability and antibacterial
activity. Treatments with both free thymol and thymol-loaded nanoparticles demonstrated
notable antibacterial effects, with the nanoparticle formulation at concentrations of 0.25 and
2 mg/mL showing a more potent inhibition of bacterial growth. These findings highlight
the advantages of nanoencapsulation strategies in enhancing the efficacy of hydrophobic
natural antimicrobials [66].

Extending these findings to field conditions, Cagnarini et al. [67] conducted in vivo
trials on 40 olive trees infected with Xf subsp. pauca in different locations, comparing a 3%
thymol solution to a formulation containing thymol encapsulated in cellulose nanoparticles.
Although the nanoparticle-based treatment showed a slight reduction in bacterial loads over
time, statistical analysis indicated no significant differences compared to the free thymol
treatment. This suggests that further investigation into long-term effects and efficacy under
various environmental conditions is necessary [67].

3.2.3. Fosetyl–Al Nanocrystals

Additionally, Baldassarre et al. [68] evaluated Fosetyl–Al nanocrystals (NanoFos),
produced via sonication and subsequently coated with Chitosan–Fosetyl–Al nanocrystals
(CH–nanoFos), for antibacterial activity against Xf subspecies. The formulation completely
inhibited the growth of Xf subsp. fastidiosa at 100 µg/mL after six days and reduced biofilm
formation by 50–60% after 15 days. Conversely, its effect on Xf subsp. pauca was more
moderate, with only the partial suppression of planktonic growth and minimal impact
on biofilm formation, indicating the efficacy of strain-dependent variability [68]. A recent
in vivo study conducted on Nicotiana tabacum demonstrated that CH–nanoFos was able
to significantly reduce bacterial colonization by Xf subsp. Fastidiosa, multiplex and pauca
inhibit the formation of biofilm but also limit the development of visible symptoms [69].

Other nanotechnologies, such as hyaluronic acid–chitosan nanofilms at different
pHs, were tested on Xf subsp. pauca to evaluate their physicochemical and antibacterial
properties. At pH 4.5, both prepared nanofilms showed significant antibacterial activity.
Increasing the ionic strength did not substantially change the antibacterial effect, but
it significantly influenced the physicochemical properties of the films, including film
thickness, the amount of deposited polymer and surface morphology and topography.
At pH 3.0, the nanofilm showed the best antibacterial effect. This was attributed to the
increased exposure of protonated ammonium groups (NH3

+) on the chitosan surface. These
highly positively charged groups interact with the negatively charged bacterial membranes,
causing cell disorganization and death [70].

The current literature highlights the significant potential of nanoparticle-based strate-
gies for Xf control. While in vitro studies consistently show strong antibacterial and an-
tibiofilm activities, their translation to in vivo settings has yielded more variable and some-
times limited results, as data on bacterial titer are limited or show insignificant reductions,
as in the case of thymol nanoparticles. Furthermore, the latter are studied in olive trees,
hosts of Xf subsp. pauca, while for the other subspecies, no studies on species of agri-
cultural interest are available. This highlights the need for further in-depth research
focused on optimizing formulations, evaluating their performance in different cropping
systems and environmental conditions, and assessing long-term impacts on plant health
and ecosystems. Integrating nanotechnology into plant protection strategies is a promising
approach to increase resilience against emerging bacterial threats; however, its success will
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depend on careful refinement and validation to ensure both efficacy and sustainability in
agricultural practices.

3.2.4. Zinkicide®

Zinkicide® (ZnK) is a liquid antimicrobial nanoformulation with ZnO nanoparticles
of about 4 nm that is effective against certain bacteria [59]. The antimicrobial activity
encompasses the production of reactive oxygen species, lipid peroxidation, cell membrane
disruption and the accumulation of Zn ions in the solution [59–61]. Moreover, it has an eight
times lower minimum inhibitory concentration than other bactericides, such as Cu-based
bactericides [60].

ZnK was used in research by Shantharaj et al. [71] to understand whether ZnK can
eliminate the bacterium or reduce its growth. In vitro, a strain of Xf subsp. fastidiosa (Temec-
ulaL) was grown on agar plates for two weeks and then suspended in phosphate-buffered
saline. Next, a minimum bactericidal concentration test was performed by growing the
bacteria in a liquid medium with different concentrations of ZnK and counting the num-
ber of surviving colonies. To simulate the natural environment of the plant, microfluidic
chambers were used to mimic sap flow, where only the culture medium flowed in one
channel and the ZnK medium flowed in the other. After one week, live cells were counted
from the liquid flowing out of the chamber to verify whether the treatment was effective
under real-world conditions. The results of the in vitro experiment showed that 50 ppm
ZnK reduced the bacterial population by 99.9% within 1 h and promoted the inhibition of
biofilm formation. In other bacteria, the efficacy of ZnK varies; for example, Escherichia coli
is inhibited at 31 ppm, while Xanthomonas is inhibited at 62.5 ppm.

In vivo, Nicotiana tabacum and Vaccinium corymbosum plants were grown in a green-
house at a controlled temperature and under regular fertilization. Subsequently, N. tabacum
plants were inoculated with Xf subsp. fastidiosa (strain TemeculaL), while V. corymbosum
plants were inoculated with Xf subsp. multiplex (strain AlmaEm3), and they subsequently
received different concentrations of ZnK through fertirrigation every week for 4 weeks.
Afterwards, several parameters were evaluated, including phytotoxicity, disease severity
with symptom monitoring, mineral concentration, nutritional balance and the bacterial
population of the plant, to understand if ZnK altered the nutritional balance of the plant.
In N. tabacum, three treatments at higher doses (500 ppm, 500 ppm and 1000 ppm) led to
the complete elimination of the bacterium and a reduction in the severity of Xf symptoms
by 76%, but the dose at 1000 ppm caused stunted growth and the death of the plant with
the consequent significant increase of Zn in the leaves and reduction of Ca, Mg and Mn.

In V. corymbosum, the situation was different because high doses of ZnK did not cause
visible phytotoxicity, and this led to the administration of even higher doses (1000 ppm,
1000 ppm and 500 ppm), which significantly reduced the bacterial population by about
2 log10 and reduced the severity of symptoms by 43%; however, at the nutritional level, the
plants had a lower capacity for Zn accumulation in the leaves [71].

Finally, ZnK has shown high efficacy in vitro in reducing bacterial titer in just 60 min
and inhibiting biofilm formation. In vivo, studies have been conducted only on model
plants such as N. tabacum and V. corymbosum, where ZnK has allowed for a reduction of
symptoms of 76% and 43%, respectively, highlighting that high doses of ZnK can cause
nutritional imbalances and phytotoxicity.

3.2.5. Calcium Carbonate Nanocarriers

Calcium carbonate (CaCO3) is considered a cheap and versatile material used in var-
ious research fields. Its properties depend on several characteristics, including particle
size and crystalline phase. For this reason, the synthesis of CaCO3 nanoparticles and
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microparticles for agricultural use has become widespread in recent years [72]. Molecules
and macromolecules can be integrated into carrier systems in different ways: by physi-
cal adsorption on the surface of nanoparticles, by chemically bonding with them or by
enclosing them in nanometric structures [62–64].

Starting from these considerations, the study by Baldassarre et al. [73] represents
an example of the experimental application of CaCO3 nanocarriers and involved mixing
calcium chloride and sodium bicarbonate solutions to create CaCO3 nanocrystals, which
were subsequently coated with a fluorescent dye. They were used to transport substances
such as caffeic acid and NAC (loaded by physical adsorption by mixing the solutions
containing pesticides with nanocrystals). The aim was to evaluate the interaction between
the nanocrystals at different concentrations (1 mg/mL, 100 µg/mL, 10 µg/mL and 1 µg/mL)
and Xf subsp. pauca (strain 9a5c). Olive petioles, twigs and cuttings were immersed in
fluorescent nanocrystal solutions to test their absorption and translocation through the
xylem tissues. Nanocrystals caused bacterial wall damage, membrane detachment and,
in some cases, cell destruction. In addition, the presence of surfactants on nanoparticles
(NPs) was crucial for the mechanism of toxicity and adhesion of biomolecules [74]. In
Xf, the reduction in growth was 60–70% compared to the untreated controls. Another
clear sign that the bacterium responded to the treatment was the production of membrane
vesicles (associated with environmental interactions and defense mechanisms). This was
also possible thanks to the loading of antimicrobial compounds (caffeic acid) in CaCO3

nanocrystals, which made the treatment more effective by allowing for a targeted delivery
through the vascular system of plants to achieve a therapeutic effect, also reducing the
amount of drug needed. From the analyses carried out, nanocrystals (about 90%) were
detected in the xylem vessels, confirming their easy migration inside the plant, a crucial
aspect of systemic therapy for infected plants.

Another objective of the research by Baldassarre et al. [73] was to test the efficacy
of CaCO3 nanocrystals directly in olive trees infected by Xf subsp. pauca. They were
initially used to demonstrate the ability of olive trees to absorb and translocate them
and subsequently as vectors of some antimicrobial compounds (NAC and caffeic acid).
Despite two months of treatment with nanovectors, the bacterial population remained
unchanged (105 CFU/mL), suggesting that this system did not have a significant impact
on the reduction of bacterial growth in treated plants [73].

The study showed that CaCO3 nanocrystals are effective only in vitro since they cause
a significant reduction in the bacterial titer of Xf subsp. pauca, but in real conditions,
where CaCO3 nanocrystals were tested on olive trees, they have a lack of efficacy since
the bacterial titer remains unchanged. Furthermore, even at a symptomatic level, the olive
trees after the treatment did not show any improvements.

3.3. Antimicrobial Peptides (AMPs)

Antimicrobial peptides (AMPs) are short sequences formed from cationic and hy-
drophobic amino acids, recognized for their antimicrobial properties and serving as innate
defense mechanisms in both plants and animals [75,76]. AMPs are categorized based on
their structural features, amino acid sequences and net charge, resulting in classifications
such as anionic AMPs, helical α-cationic AMPs, extended cationic AMPs, β-sheet AMPs
and antimicrobial protein fragments [77]. Additionally, their mechanisms of action can be
delineated into non-porous models and transmembrane pore models, elucidating different
pathways for antimicrobial activity. The cationic nature of AMPs allows them to interact
favorably with the negatively charged components of bacterial membranes, promoting
their binding and ultimately leading to cell disruption and death [78].
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Given the relatively low toxicity of AMPs to host cells and their diminished poten-
tial for developing resistance, they have emerged as promising candidates for bacterial
control, including efforts against the pathogen Xf [79]. Resistance development to AMPs
occurs slower due to their positive charge and ability to form amphipathic structures that
allow for interaction with negatively charged phospholipids on the surfaces of bacterial
membranes [80].

Research has evaluated the efficacy of various AMPs against Xf subsp. pauca and
Xanthomonas albilineans by applying varying concentrations of AMPs and measuring their
effects over time. The findings revealed a MIC range that varied across different peptides,
with some AMPs emerging as particularly potent in reducing bacterial growth by notable
percentages. Furthermore, these peptides have also been shown to inhibit biofilm formation
and damage bacterial cells [81] (Figure 1).

Figure 1. Evaluation of bacterial response to antimicrobial peptides (AMPs). According to the findings
presented by El Handi et al. [81], antimicrobial peptides were administered to the Xfp bacterium at
ascending concentrations (3, 50, 25 and 12 µM for Xylella fastidiosa subsp. pauca) to assess their impact
on bacterial viability. Throughout the incubation period, these peptides exerted their action primarily
by compromising the structural integrity of the bacterial membrane, leading to cell lysis and death.
Post-incubation, the spatial dispersion of the bacterial colonies was systematically quantified by
measuring the inter-colony distance, serving as a reliable indicator of the antimicrobial potency of the
peptide treatments.

To further assess the potential of AMPs against various Xf strains, studies have
utilized techniques such as real-time quantitative PCR to quantify bacterial viability in the
presence of specific peptides such as BP171, BP175, BP170, BP176 and BP180, along with
the already known BP178, which significantly reduce bacterial viability, affirming their
effectiveness [82]. Additionally, synthesized AMPs have exhibited variable efficacy, with
certain peptides significantly reducing bacterial viability after treatment [83].

In a study by Li et al. [84], cecropin A, cecropin B, magainin I, magainin II and
Shiva-1 were evaluated for their antimicrobial activity against Escherichia coli, Agrobacterium
tumefaciens and Xf subsp. fastidiosa. Cecropin A and B showed the greatest efficacy,
completely inhibiting E.coli growth at 0.5 µM as well as Xf, while Shiva-1 showed only
partial inhibition at the highest concentration (10 µM) [84]. Instead, in the study by
Moll et al. [83], the peptides were synthesized in vitro and tested at concentrations of
3.1 µM and 12.5 µM on Xf subsp. fastidiosa and multiplex. An evaluation of the results
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showed that the greatest bactericidal activity was provided by peptides such as RIJK2, 1036,
Magainin 2 and Cecropin B. At 12.5 µM, peptide 1036 showed the highest activity (3.48
log reduction), surpassing Cecropin B (3.19 log). At 3.1 µM, RIJK2, 1036 and Cecropin B
maintained a reduction between 1.89 and 2.13 log, while Magainin 2 showed very limited
activity. RIJK2 was effective at all concentrations, while the other peptides showed a
decrease in activity as the concentration decreased. Instead, the highest antibiofilm activity
(80–90% reduction) was obtained by peptides such as 1026, RIJK2 and 1036 [83].

Gomesin, another antimicrobial peptide tested against the virulent strain Xf subsp.
pauca, demonstrated strong activity, with effective concentrations noted [85]. However,
its impact on biofilm formation suggested a complex interplay, as it appeared to increase
biofilm formation in some cases, indicating the intricate nature of microbial interactions
with AMPs [85].

In vivo evaluations have shown that treatment with AMPs post-infection can improve
plant health compared to untreated controls, reporting reductions in bacterial populations
and disease severity [81,86]. Nevertheless, some peptide treatments have resulted in mild
phytotoxicity, signifying the necessity for careful dosing during application. Moreover,
additional testing with gomesin illustrated that treatment at higher concentrations could
reduce disease severity but remained insufficient for total infection control, highlighting
that further optimization is needed for AMP applications against Xf [85].

AMPs present considerable promise for managing Xf infections, particularly in vitro,
where they exhibit substantial antimicrobial and biofilm-inhibiting activity. Nonetheless,
their in vivo efficacy requires thorough elucidation, especially across agricultural species
beyond traditional model plants. Continued research is essential to optimize AMP formula-
tions and deployment strategies, ensuring safety and effectiveness in agricultural contexts.

3.4. Siliforce®, Kalex Zn® and Kalex Cu®

Several commercial formulations have recently been tested against Xf, including
Siliforce® (a mixture of molybdenum, zinc and silicic acid), Kalex Zn® and Kalex Cu® (with
Zn and Cu ions, respectively, together with phosphites).

These three formulations are included in Del Grosso et al.’s study [87] to evaluate their
efficacy against Xf because they are fertilizers that are already known to improve plant
resistance to various stresses and because they may have antimicrobial activity. The strains
and subspecies used were Xf subsp. pauca (strain ST53), Xf subsp. sandyi (strain CO33)
and Xf subsp. multiplex (strains TOS1 and ESVL) grown on plates with culture medium
and disks impregnated with fertilizer solution at different concentrations. After 10 days,
the diameter of the inhibition zone was measured, i.e., the part where the bacteria did not
grow, because the greater the inhibition zone, the stronger the antibacterial effect. The
products tested in vitro exhibited different antibacterial activities: the product based on
Zn and phosphites was not very sensitive to ST53 but was effective against others, while
the product based on Cu and phosphites, not combined with Kalex Zn®, inhibited the
bacterium at a 6.3% resistance level. Siliforce®, on the other hand, was less effective than
Kalex Cu®, with a resistance of 26.4% at low concentrations and inhibiting bacterial growth
only at higher concentrations (4% v/v). Their bactericidal activity was also distinguished,
as Kalex Zn® completely killed the bacterium after 4 h, while Kalex Cu® and the mixture
of Kalex Zn® and Kalex Cu® killed it after 2–4 h. In this aspect, Siliforce® was ineffective
because it did not kill the bacterium even after 24 h.

In vivo trials were carried out with combined treatments of Kalex Zn® and Kalex Cu®

with phytopharmaceuticals on Xf -infected Cellina di Nardò cv olive trees. The parame-
ters monitored were severity of the disease, area under the curve of disease progression
(AUDPC) to analyze the disease trend over time, olive production, oil quality and qPCR
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analysis for Xf. The disease was significantly reduced after treatment, with a disease index
increase of only 20% for treated plants compared to 61.5% for untreated plants. Those
treated showed a reduction in the bacterial population from May to September 2022 (from
4.88 ± 0.56 Log10(CFU/mL) to 4.66 ± 0.63 Log10(CFU/mL)) and produced more olives per
plant (average of 17 kg per plant in 2021 compared to 2 kg per plant for untreated plants,
about 15.7 kg for treated plants in 2022 and about 7.5 kg for untreated plants). The quality
of the oil produced by the treated trees was higher, as evidenced by a decrease in acidity
(from 0.27% to 0.25%) and peroxides (from 5.4 to 5 meq/kg) [87].

These three formulations have proven promising both in vitro and in vivo against the
Xf subspecies studied. The most promising results, however, come from in vivo tests carried
out on cv Cellina di Nardò olive trees, the reference host for Xf subsp. pauca, where the
combined treatment with Kalex Cu® and Kalex Zn® led to a reduction in bacterial titer and
disease severity and also a significant improvement in productivity.

3.5. Antibiotics

One experimental strategy for controlling Xf is the use of antibiotics, which are being
tested for their effectiveness in reducing the bacterial load. Their use, however, raises
important questions regarding bacterial resistance and the safety of both humans and the
environment, so their use in plants is not permitted in Europe.

However, in order to better understand the susceptibility of Xf to different active
ingredients, various antibiotics have been tested in vitro by Lacava et al. [88] on strains
of Xf subsp. pauca isolated from sweet orange and coffee trees and on a strain of Xf
subsp. fastidiosa isolated from grapevines, demonstrating that the bacterium is sensitive
to tetracycline, kanamycin and neomycin but resistant to ampicillin, streptomycin and
penicillin-G [88].

In the study by Bleve et al. [89], Xf subsp. pauca was found to be susceptible to sev-
eral antibiotics, including ceftriaxone, cephaloridine, cephalotin sodium salt, gentamycin,
doxycycline hyclate, oxytetracycline, tetracycline hydrochloride, ampicillin, carbenicillin,
penicillin G sodium salt, polymyxin B sulfate and rifampicin. The inhibition zones mea-
sured on 5 µg antibiotic disks ranged from 2.0 ± 0.1 mm for gentamycin to 10.0 ± 0.1 mm
for ceftriaxone. Conversely, the bacterium was resistant to other antibiotics, such as
nystatin, cephalexin hydrate, cycloserine, nalidixic acid, amikacin, kanamycin, kasug-
amycin, neomycin trisulfate salt hydrate, novobiocin sodium salt, penicillin V potassium
salt, vancomycin hydrochloride (from Streptomyces orientalis), spiramycin, sulphapyridine,
tyrothricin (from Bacillus aneurinolyticus), teicoplanin, lincomycin and chloramphenicol.

As demonstrated by these studies, the susceptibility of Xf to antibiotics varies among
subspecies. However, no data are reported regarding the change in bacterial titer after
treatment, making it difficult to accurately assess the antibacterial effect.

4. Salt and Metal Compounds
In recent years, some innovative solutions, such as the use of metal-based compounds

(e.g., Zn and Cu), have garnered attention due to their biological and chemical properties
and their impact on Xf. In addition to administering these, other strategies, such as salt-
based solutions, have been employed.

4.1. Ammonium Chloride

Ammonium salts are water-soluble dissociated ionic compounds. Due to their proper-
ties, they find application in various sectors, including agriculture, where they are used as
fertilizers [90]. A more common example is ammonium chloride (NH4Cl), which represents
a source of nitrogen for the soil [91].
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To test the efficacy of NH4Cl on in vitro Xf subsp. pauca (strain ST53), it was used
at three concentrations. After three days, planktonic cell growth was added to a liquid
medium and measured by seeding the sample on agar plates. After six days, biofilm
formation and cell adhesion were assessed. After 3 days, bacterial colonies reduced the
concentration of NH4Cl in the medium, and after 6 days, the amount of planktonic cells
also decreased significantly for all tested concentrations. Crystal violet analysis, however,
showed a significant decrease in biofilm formation: the optical density (OD) value in the
control was 1.6, while in the samples containing NH4Cl at 0.25%, 0.5% and 1%, it dropped
to 0.8, 0.4 and 0.15, respectively [90].

In vivo studies conducted between 2019 and 2020 involved five olive groves with
different levels of symptomatology and infection in which four treatments were applied
between March and October using NH4Cl alone or in combination with biostimulants.
No detailed data were reported, but an increase in the production of new vegetation was
observed regardless of the NH4Cl formulation used, as well as a reduction in symptoms on
treated plants. However, no variation in the size of the bacterial population was observed
between treated and untreated trees [90].

In conclusion, NH4Cl demonstrated a reduction in bacterial titer only in vitro. How-
ever, in the in vivo study conducted on olive trees, despite a reduction in symptoms and
vegetative improvement, there was no difference in bacterial titer between treated and
untreated plants. This may cast doubt on the long-term efficacy of NH4Cl against Xf.

4.2. Dentamet®

Dentamet® is a biofertilizer containing a mixture of Cu (2% w/w) and Zn (4% w/w)
complexed with citric acid via a fermentation process with antimicrobial properties [92].
Over the years, the effect of Dentamet® against Xf subsp. pauca has been researched in
various ways.

Between June 2016 and September 2017, Scortichini et al. [93] tested the Cu–Zn biofer-
tilizer in vitro and in vivo on Xf -infected Ogliarola salentina and Cellina di Nardò trees, two
Xf -sensitive cultivars. Analyses with qPCR were performed, and the results showed that in
both cultivars, the treated trees had a similar trend in the reduction of Xf (approximately
102 CFU equivalents) compared to the untreated trees (104 to 105 CFU equivalents). In
terms of symptomatology, the compound reduced the severity of disease symptoms in both
varieties, resulting in a good condition at the end of the trial. At the same time, most of the
untreated trees were dead [93].

Regarding these two Xf -infected olive tree cultivars, the metabolic profiles were
analyzed by Girelli et al. [94] using H-NMR spectroscopy, comparing the trees treated
for more than a year with the biofertilizer to the untreated trees to assess differences in
metabolites within the leaves. In particular, metabolites such as oleuropein in aldehydic
form, quinic acid and ligstroside were detected in treated trees, showing an alteration in
plant metabolism in response to the treatment [94].

Tatulli et al. [95] also evaluated the efficacy of Dentamet® both in vitro and in vivo. In
the first case, the strains cultured on plates were subsp. pauca strain De Donno (isolated
from olive trees), subsp. fastidiosa strain Temecula1 (isolated from grapevines) and subsp.
multiplex strain CFBP8416 (isolated from Polygala myrtifolia), which were subsequently
treated with Dentamet® at different concentrations. In parallel, field trials were also carried
out for Ogliarola salentina, Cellina di Nardò and Leccino, where a reduction in symptoms
and an average production yield were observed (18–23 kg of olives per tree). In terms of
bacterial concentration after the treatments, values ranging from 2.1 to 2.2 × 103 CFU/g
were recorded, with no significant differences between cultivars and olive groves, except
for Cellina di Nardò in one of the groves, which had a concentration of 4.5 × 104 CFU/g.
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On the other hand, in vitro, it was found that treatment with the biofertilizer had significant
effects, as dilutions of 1:10 and 1:50 completely inhibited the growth of the bacterium. Even
with a 1:100 dilution, antibacterial activity remained considerable, although less intense. In
all dilutions, biofilm production was reduced, particularly in the strain De Donno [95].

In the metabolomic NMR analysis by Girelli et al. [96], the metabolism of Leccino
cv was evaluated in comparison to that of Ogliarola salentina and Cellina di Nardò after
various treatments. The treatment was administered over six months, and metabolic
profiles were evaluated before and after the treatment, showing that Leccino reacted more
selectively than the other two cultivars. Furthermore, Leccino demonstrated the ability to
maintain and modulate its long-term metabolomic response to the administered treatments.
This suggests that Xf -resistant cv Leccino responds more effectively to treatments than the
other two Xf -sensitive cultivars [96].

Treatments can be administered in different ways, and so Hussain et al. [97] examined
the differences between spray leaf treatments with Dentamet® and endotherapeutic treat-
ments, highlighting that the best results regarding the separation of metabolic profiles are
given by endotherapy injections, but compared to them, the foliar spray treatments are
more effective over time. However, to be truly effective, they must be applied in conjunction
with appropriate agronomic management practices [97].

Therefore, Dentamet® has proven to be effective both in vitro and in vivo against Xf
subspp. fastidiosa, pauca and multiplex, with a significant reduction in biofilm formation,
especially for Xf subsp. pauca, and complete inhibition of bacterial titer in vitro. Im-
provements have also been observed in the field in olive trees, as the treatments have
led to an increase in productivity and a reduction in symptoms. However, regarding
bacterial titer, in vivo, the treatment has had only partial efficacy. Despite the promising
results, the effect of Dentamet® also depends greatly on the administration method and
agronomic management.

The following table (Table 2) shows in detail the heterogeneity of the experimental
design of all molecules tested in vitro and in vivo against Xf.

Table 2. Summary of molecules tested against Xylella fastidiosa, highlighting the differences in in vitro
and in vivo effects.

Molecule Treated Plant

In Vitro In Vivo

Ref.
Xf Subsp.

Bacterial
Titer

Reduction

Biofilm
Reduction

Symptom
Reduction

Bacterial
Titer

Reduction

N-acetylcysteine Sweet orange pauca Yes Yes Yes Yes [16]

Olive pauca No - Partial Partial [23]

fastidiosa Yes Yes - - [27,30,31]

Phenolic
compounds multiplex Yes - - - [27]

Olive pauca Yes Yes Partial - [31]

Oxylipins pauca -

Yes
(dioxygenase)

No
(lipoxygenase)

- - [34,36]

fastidiosa and
multiplex - Yes - - [37]
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Table 2. Cont.

Molecule Treated Plant

In Vitro In Vivo

Ref.
Xf Subsp.

Bacterial
Titer

Reduction

Biofilm
Reduction

Symptom
Reduction

Bacterial
Titer

Reduction

NuovOlivo® Olive pauca - - Yes Yes [38,39]

Menadione and
benzethonium

chloride
Grapevine fastidiosa Yes - Yes - [44]

Ag nanoparticles pauca Yes Yes - - [65]

Thymol
nanoparticles Olive pauca Yes - Yes Yes [66]

Fosetyl–Al
nanocrystals+

chitosan
fastidiosa Yes Yes - - [68]

pauca Yes No - - [68]

Zinkicide® N. tabacum fastidiosa Yes Yes Yes Yes [71]

V. corymbosum multiplex Yes Yes Yes Yes [71]

Calcium
carbonate

nanocarriers
Olive pauca Yes - No No [73]

Antimicrobial
peptides N. tabacum

fastidiosa,
multiplex and

pauca
Yes Yes Partial - [81–83]

N. benthamiana fastidiosa Yes Yes Yes Yes [86]

Gomesina N. clevelandii pauca Yes No Yes No [85]

Kalex Zn®

Kalex Cu® Olive pauca, sandyi
and multiplex Yes - Yes Yes [87]

Siliforce® pauca, sandyi
and multiplex Yes - - - [87]

Ammonium
chloride Olive pauca Yes Yes Yes No [90]

Dentamet® Olive
pauca,

fastidiosa and
multiplex

Yes Yes Yes Partial [93]

Yes: effect verified; No: effect not verified; -: effect not assessed; Partial: effect partially verified.

5. Alternative Approaches for Managing Xf
In recent years, genetic approaches have made significant contributions to the manage-

ment of Xf. Whole-genome sequencing and CRISPR-based editing tools represent potential
foundations for obtaining genetic diagnostic tools that can be easily adapted to the ana-
lyzed sample [98]. However, the regulatory and cultural limitations of genetically modified
crops remain high, particularly in Europe, as they are heavily regulated [99]. Therefore, an
alternative approach may be to study the variability of response among Xf host cultivars,
with the aim of identifying genotypes that are naturally resistant or tolerant to the infection.

Among olive cultivars, “Cellina di Nardò” and “Leccino” have been extensively
studied for their contrasting responses to Xf subsp. pauca. The former is a widespread
variety in Salento (southern Italy) characterized by vigorous trees up to 20 m tall with
elongated leaves and early flowering. Olives produced from this cultivar are rich in water,
fats and phenolic compounds, including oleuropein [100,101]. The “Leccino” cultivar,
on the other hand, is characterized by high vigor, high production even in young plants
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and good adaptability [102]. The mechanisms of resistance of “Leccino” to Xf have not
yet been fully defined, but it has been demonstrated that resistance is likely due to the
amount of lignin present in the xylem vessels, which slows the movement and spread of
the bacterium [103].

In the study by De Pascali et al. [104], it was observed that in Xf -resistant olive cultivars,
such as “Leccino”, higher expression levels were present for genes involved in pathogen
stress, such as LRR-RLK (leucine-rich repeat genes), PR genes related to pathogenesis and
genes related to ROS scavenging systems. Genes associated with the response to water
stress, such as PIP2.1 (aquaporin), DREB (dehydration responsive element binding) and
DHN (dehydrin), were more active in the susceptible cultivar “Cellina di Nardò”, but only
under drought conditions. When Xf was present, these same genes were poorly expressed
in Xf -susceptible plants, while DHN was induced in “Leccino”, despite its lower drought
tolerance. This demonstrates that “Leccino” exhibits stable behavior under all stress
conditions, while “Cellina” exhibits a marked reduction in water content when infected or
subjected to combined stress, thus suggesting that “Leccino” may show resistance to Xf
due to its poor ability to tolerate water stress, consequently activating alternative defense
strategies to defend itself from the pathogen [104].

Studies to evaluate resistance have also been conducted on grapevine cultivars. In fact,
Morales-Cruz et al. [105] analyzed specific genetic fragments called R-kmer associated with
resistance, demonstrating that Vitis girdiana and Vitis arizonica (resistant wild species) share
R-kmer located in different regions of the genome (chromosomes 14 and 15), suggesting
that resistance to Pierce’s disease is likely polygenic (i.e., caused by multiple genomic
regions) [105].

Studies such as these reported in the literature confirm that identifying cultivars
tolerant and resistant to Xf can represent a practical approach for managing the pathogen.
In particular, genomic knowledge can aid in the selection of resilient genotypes, offering
promising tools for integrated and sustainable management.

6. Chemical Control of Xf Vector Insects
In addition to chemical strategies aimed directly at Xf, it is essential to also intervene

on the vector to interrupt the transmission cycle. The control of insect vectors, therefore, is
a key element in the integrated management of the disease. Currently, the main vectors of
Xf are leafhoppers belonging to the genus Homalodisca, including H. vitripennis and spittle-
bugs, especially those belonging to the genus Philaenus, including P. spumarius [106,107].
Spittlebugs are univoltine and overwinter as eggs; current control strategies also allow for
targeting the nymphal stages, proving more effective because the nymphs have little ability
to move and, therefore, cannot transmit the disease [108], unlike Homalodisca vitripennis,
which overwinter in the adult form [107].

Chemical control is effective for Homalodisca, which has been found to be sensitive
to pyrethroids and systemic neonicotinoids [107]. These compounds have a rapid and
persistent effect [109], such as the pyrethroid cyfluthrin [110] and the neonicotinoids
imidacloprid and acetaprimid [111,112]. Organophosphates such as chlorpyrifos and
dimethoate have been shown to be effective in all stages of H. vitripennis in contrast to
pyrethroids, which have shown high toxicity, especially in the immature stages of the
leafhopper [112]. Other control strategies include the use of white kaolin clay sprays, which
repel the leafhopper as the particles stick to its wings and legs, preventing egg laying and
feeding [109]. Furthermore, other techniques, such as RNA interference (RNAi), defined as
sequence-specific silencing of the target gene, are under development and could represent
a valid alternative to classic pesticides, potentially making them sustainable [113,114].
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Over the years, many insecticides have been evaluated for their efficacy against
P. spumarius, including, for example, neonicotinoids and pyrethroids. The latter have been
shown to provide excellent control against P. spumarius nymphs and to have a rapid action,
causing high mortality (approximately 90–95%) within 24 h. On the other hand, other
products, such as pymetrozine and spirotetramat, do not act effectively against nymphs
unless combined with other molecules, such as piperonyl butoxide. This results in a
mortality rate of about 30% with pyrethrins alone, increasing to 95% with the combined
treatment [115]. Instead, pyrethroids such as deltamethrin and neonicotinoids such as
imidacloprid are much more effective against adults of P. spumarius, causing mortality rates
ranging from 76 to 100%, unlike organophosphorus insecticides, which were found to be
less effective, showing mortality rates from 69 to 82% [116]. Molecules such as spinosad,
abemectin and sweet orange essential oil, like organophosphorus insecticides, have also
shown little persistence; however, unlike organophosphorus insecticides, they have shown
immediate effects [117]. The use of pheromones to manipulate insect behavior should
be included in insect vector control strategies. Germinara et al. [118] have demonstrated
how P. spumarius is able to perceive some volatile compounds that modulate intra- and
interspecific interactions, including, for example, 2-octanol, 2-decanone, (E)-2-hexenyl
acetate and vanillin [118].

Among the control strategies against P. spumarius, different methodologies aimed at
weed and soil management were also tested to reduce the young of P. spumarius. Applica-
tions, including shallow ploughing, soil tillage in early winter and in spring, soil tillage
only in early winter, sowing of Hordeum vulgare L. and Lolium spp., the use of herbicides,
flame weeding and mulching, have proven effective against the juvenile stages of both
spittlebug species [117].

In conclusion, integrated control strategies represent the most effective approach to
reducing the population of vectors and limiting the spread of Xf ; however, new techniques,
such as RNAi, may prove to be a more sustainable and effective solution.

7. The Fight Against Xf : Conclusions and Prospects
All studies reported so far have shown that most molecules exhibit good antibacterial

activity against Xf and are capable of inhibiting biofilm formation in vitro. However, some
factors complicate the application of these molecules in real-field conditions. Primarily,
some studies are conducted on model plants, such as N. tabacum, or characterized by few
independent replicates that do not allow for the evaluation of the long-term efficacy of
the molecule and its persistence. For this reason, currently, data from research conducted
in vivo are scarce, considering the importance of the problem. Furthermore, there are few
experiments carried out on plants of agricultural interest, such as olive trees, grapevines or
almonds. In addition to the control strategies for the bacterium, the management of the
insect vectors responsible for Xf transmission is of fundamental importance. However, the
success of containment strategies can be influenced by the complexity of the vector and its
ability to adapt to different environmental conditions.

Furthermore, it is necessary to consider regulatory constraints that prohibit or limit
the field use of certain molecules, particularly synthetic ones such as antibiotics and
nanoparticles. The repeated and non-integrated application of chemical treatments could
favor the development of resistance in both the bacterium and its vectors, necessitating
in-depth consideration of the sustainable use of these strategies.

Therefore, the future of Xf control should focus on developing integrated containment
strategies that combine sound agronomic practices, early diagnostic tools and control strate-
gies for both the bacterium and the vector. Such a holistic approach aims not only to address
the immediate challenges posed by Xf but also to ensure the sustainability of agricultural
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systems in the face of evolving plant pathogens. Continued research and collaboration
within the agricultural community will be crucial for developing and implementing these
innovative strategies, ultimately mitigating the impact of Xf on global food security.
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