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Abstract

Particle film technology is an environmentally sustainable crop protection method, offering
an alternative to chemical pesticides for disease control. Copper-based compounds have
long been central to the management of bacterial and fungal diseases, particularly in
organic agriculture. However, due to their environmental persistence, their use has been
increasingly restricted by European regulations, making the management of widespread
diseases such as Olive Knot (Pseudomonas savastanoi pv. savastanoi) and Downy Mildew
(Plasmopara viticola) more difficult. The LIFE Microfighter project addresses this problem by
testing a novel Zeo-Biopesticide (ZBp), in which natural zeolite serves as a carrier for the
beneficial bacterium Pseudomonas synxantha DLS65. Field trials conducted in high-rainfall
areas of Emilia-Romagna (Italy) evaluated the product’s distribution and persistence on
olive and grape leaves through ESEM (Environmental Scanning Electron Microscopy)
observations, its ability to retain the microorganism, and its effectiveness for disease control.
Results showed that ZBp significantly reduced Olive Knot incidence compared to both
the untreated control and Cu-based treatments (p < 0.05), supporting its potential as an
alternative for bacterial disease management, while showing no statistically significant
difference compared to the control in either the incidence or severity of Downy Mildew
(p > 0.05). Its persistence and adherence to plant surfaces, which could influence its overall
field performance, were affected by environmental conditions, particularly rainfall.

Keywords: olive; grapevine; zeolite; biocontrol

1. Introduction

Particle film technology consists of aqueous formulations containing mineral particles,
capable of forming a protective film to coat agricultural and horticultural crops [1]. It
offers a sustainable and environmentally friendly alternative to chemical pesticides for pest
management and control of abiotic stresses [2].

Kaolin and zeolites are common natural minerals used for this purpose. Their insecti-
cidal properties have been extensively documented [3-6]. Glenn et al. [7] proved that insect
behavior is significantly altered when insects interact with kaolin-coated plants due to a

Agronomy 2025, 15, 1563

https://doi.org/10.3390/agronomy15071563


https://doi.org/10.3390/agronomy15071563
https://doi.org/10.3390/agronomy15071563
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0003-4436-9486
https://orcid.org/0000-0003-2004-5911
https://orcid.org/0000-0002-3546-7159
https://orcid.org/0000-0003-1577-866X
https://doi.org/10.3390/agronomy15071563
https://www.mdpi.com/article/10.3390/agronomy15071563?type=check_update&version=1

Agronomy 2025, 15, 1563

20f 16

physical barrier that impairs their ability to detect and identify host plants. Similar results
have been documented by Daniel et al. [8] who used kaolin for treatments against Cacopsylla
pyri L. during its initial flight period, leading to a significant decrease in oviposition when
compared to the untreated control. Andric et al. [9] assessed the insecticidal properties
of two natural zeolites on adults of Sitophilus oryzae (L.) and Tribolium castaneum (Herbst):
the study reported up to 100% insect mortality after 21 days of exposure to wheat treated
with zeolites which damage the epicuticle causing desiccation. These desiccant properties
are also advantageous for controlling fungal or bacterial pathogens. Percival et al. [10]
identified zeolites as an effective preventive measure in disease management of apple scab,
caused by Venturia inaequalis, through a mechanism analogous to that of kaolin. Their study
highlighted the capacity of zeolites to absorb dew on plant surfaces, thereby disrupting the
formation of the thin aqueous film critical for the germination and proliferation of many
pathogenic microorganisms.

Mineral particles can be advantageous both independently and as carriers for synthetic
insecticides or microbial agents [2]. Kvachantiradze et al. [11] utilized zeolites as a photo-
stabilizer in combination with Bacillus thuringiensis for treatments against flour moth larvae,
achieving a 100% mortality rate with the application of the complex. Kefalogianni et al. [12]
observed that treating aubergine with Bacillus SP10 in combination with zeolite significantly
reduced the severity of Verticillium dahliae infection compared to both the control and the
treatment with Bacillus SP10 alone. However, the use of zeolite alone was equally effective
in reducing disease severity.

Mineral particle films, such as natural zeolites, require optimal coverage, since they
are non-systemic products that only exert toxic effects on treated portions of the leaf surface.
Newly developed canopy also remains unprotected, so it needs further applications [13].
To achieve optimal performance, both surfaces of the leaf should be coated with the particle
film [2]. Achieving a uniform particle distribution across the canopy remains technically
challenging. Existing application methods often result in unequal deposition, with sig-
nificant differences in coverage between leaves and between their upper (adaxial) and
lower (abaxial) surfaces. This heterogeneity in particle coverage may result in differential
physiological responses at the leaf level, which could have substantial implications for
plant performance and the effectiveness of agricultural practices relying on particle-based
treatments. Deposition patterns depend on several variables, including particle size, spray
droplet size, droplet contact angle, method of application, product concentration, and cutic-
ular characteristics of the treated surface like wettability or surface micro-roughness [13-15].
Low rainfall regions are better suited for this technology due to the reduced leaching risk,
which in turn lowers treatment costs [16].

This technology represents a promising alternative for pest management [13], par-
ticularly in organic farming, where strict regulations limit the use of many conventional
products. Among these, copper-based pesticides have historically played a crucial role in
fungal and bacterial disease control within organic agricultural systems [17]. However,
due to their environmental persistence and accumulation, their use has been progressively
restricted under European legislation since 1991 [18]. This regulatory shift has made it
increasingly difficult to manage diseases such as Olive Knot (Pseudomonas savastanoi pv.
savastanoi) in olive orchards and Downy Mildew (Plasmopara viticola) in vineyards, both of
which have traditionally relied on high copper inputs [19,20]. Olive Knot is a widespread
bacterial disease that considerably reduces olive yield by inducing the formation of galls,
which in turn affect tree vigor and overall production. The bacterium enters the host plant
through wounds or natural openings and thrives in conditions of high humidity, making
it challenging to control [20,21], particularly under organic farming constraints. Similarly,
Downy Mildew (Plasmopara viticola) is one of the most devastating grapevine diseases,
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induced by an obligate oomycete and infecting leaves, and having the potential to cause
rapid defoliation, reduced crop yields, and lower fruit quality, especially under humid
conditions [19]. Current restrictions [22] highlight the urgent need for more sustainable
and effective alternatives to copper-based formulations.

The LIFE Microfighter project was developed to bridge this gap by evaluating the
efficacy of a novel Zeo-Biopesticide (ZBp). This formulation employs natural zeolite as a
carrier for the microorganism Pseudomonas synxantha DLS65, selected by Tontou et al. [23].
The present field study was conducted in high-rainfall provinces of the Emilia-Romagna
region (Italy) and aimed to (i) examine the distribution of zeolite combined with the
microorganism on olive and grape leaves via ESEM (Environmental Scanning Electron
Microscopy) observations; (ii) quantify leaf coverage and assess the effects of rainfall-
induced leaching; (iii) determine zeolite’s function as a carrier using SEM-FEG analysis
(Field Emission Gun Scanning Electron Microscopy); and finally, (iv) monitor the onset and
progression of each disease in both crops. Zeolite enriched with Pseudomonas indicated
potential in decreasing olive knot symptoms, while no visible impact was observed on
Plasmopara viticola in grapevine.

2. Materials and Methods
2.1. Zeo-Biopesticide Description

The product consists of micronized Italian natural K-chabazite zeolite, with a zeo-
lite content above 50%, consequently defining the tuffs as zeolitite. In the present study,
chabazite is the predominant constituent (70% =+ 5%), characterizing the material as a
chabazitic-zeolitite. The zeolitite is marketed by Verdi S.p.A. (Castelnovo di Sotto, Reggio
Emilia, Italy), and its mineralogical composition determined by X-ray diffraction is given
in Supplementary Material Table S1. In addition, the product contains Pseudomonas synx-
antha DLS65 [23]. Symbiagro S.r.l. (Via dell’Artigianato 1/A, 25030 Roncadelle, Brescia,
Italy) carried out a survivability test, included in Supplementary Table S2, to validate
the compatibility between these two components and finalized the development of the
product formulation using its patented proprietary methodology. The results, shown in
Supplementary Table S2, indicated that bacterial concentration was higher during the first
14 days (7.4 x 10° CFU/g) and remained relatively stable after up to 12 months of storage
(1.5 x 108 CFU/g).

2.2. Site Description, Product Applications and Sample Collections

For each crop, the testing area has been treated as follows: 0.1 ha, no treatment of
copper to check the severity of the disease (Cu0); 0.4 ha with conventional copper treatment
(Cu_100); and 0.1 ha with Zeo-Biopesticide, without any addition of copper.

2.2.1. Olive

Field trials were carried out in Santarcangelo di Romagna (Province of Rimini, Italy;
44°2'52.73" N, 12°23'4.14" E). Climatic data from 1991 to 2020 indicate a mean annual
precipitation (MAP) of 766.8 mm and a mean annual temperature (MAT) of approximately
13.9 °C [24]. The olive orchard (cv. Correggiolo), planted in 2006 and rainfed, was naturally
infected by P. savastanoi pv. savastanoi. Spacing was 6 x 6 m, resulting in a density of
278 trees/ha. The three treatments were as follows: (1) untreated negative control (Cu0), no
application of Cu and particle film (only foliar applications were applied with variable water
spray volume of 400 to 800 L/ha); (2) Zeo-Biopesticide treatment (ZBp), no application
of Cu + application of ZBp 6 kg /1000 L per hectare and (3) positive control, application
of conventional copper treatment (Cu_100) with Ossiclor 35 WG (copper oxychloride
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35 g) at 2.1 kg/ha. The machinery used was a tractor equipped with a mounted sprayer
(Idromeccanica Bertolini S.p.A., Via Cafiero 20, 42124 Reggio Emilia, Italy ).

Rainfall data related to washout were obtained from data provided by the meteorolog-
ical station of the Emilia-Romagna region in Santarcangelo di Romagna [25].

The Environmental Scanning Electron Microscopy (ESEM) allows for imaging of con-
ductive materials or hydrated specimens in changing humidity and low-vacuum conditions,
without a need for conductive coating. It is particularly suited for imaging biological sam-
ples in close-to-native conditions [26,27]. ESEM analysis was performed using a ZEISS EVO
LS 10 microscope equipped with a LaBg thermionic source and coupled with a Bruker Quan-
tax System for microanalysis (Esprit 2.0 software; Carl Zeiss AG, Oberkochen, Germany;
Bruker Nano GmbH, Berlin, Germany). After the treatment, two sampling campaigns
were conducted for ESEM distribution analyses: one on 8 May 2023 and one on 18 July
2023. At each sampling, five plants per treatment were randomly selected, and three leaves
per plant were randomly collected by hand-picking and placed in plastic bags, following
Rotondi et al. [16]. The same procedure was followed for ESEM leaching analysis to assess
the washing effect of natural rainfall (18 July 2023 and 13 December 2023). The leaves were
collected after 255.4 mm (18 July 2023) and 132.4 mm (13 December 2023) of precipitation,
respectively. Sampling was scheduled according to rainfall events occurring during the
treatment period.

ESEM distribution analyses were conducted on the days corresponding to the field
treatments, while ESEM leaching analyses were performed after a period determined by
the amount of rainfall to better simulate real field conditions.

While ESEM offers close-to-native imaging conditions, its resolution may be lower
compared to conventional high-vacuum systems. Hence, the P. synxantha DLS65 was sub-
jected to a high-resolution study on a Field Emission Gun Scanning Electron Microscope
(SEM-FEQG) that provides higher surface details required for accurate morphological iden-
tification [26,27]. For this purpose, a ZEISS LEO 1530 FEG microscope (Carl Zeiss AG,
Oberkochen, Germany) was used to obtain high-resolution images of the bacterial surface.

2.2.2. Grapevine

The Fusignano experimental field is in an organic farm located within the Ravenna
province (Italy). The coordinates of this site are 44.4895°, 11.9375°. The MAP (mean annual
precipitation), calculated based on data from the period 1991 to 2020, is 651.1 mm. The
MAT (mean annual temperature) from the same period is approximately 14 °C [24]. The
grapevine orchard has the tolerant to Plasmopara viticola Merlot Khorus cv with a single
cordon training system and a planting distance 3.0 x 1.25 m. Three foliar treatments
were tested: (1) untreated negative control (Cu0) with no application of Cu and particle
film (only foliar applications were applied with variable water spray volume of 400 to
800 L/ha); (2) Zeo-Biopesticide treatment (ZBp) with no application of Cu + application
of ZBp 6 kg /1000 L per hectare; and (3) positive control with application of conventional
copper treatment (Cu_100) with GRIFON 280 (a.i. Copper 272 g/L SC: Cu hydroxide
136 g/L + Cu oxycloride 136 g/L) at 1.5 kg/ha. At treatment time, the machinery used was
a conventional tractor equipped with Compact Twin 1000 sprayer (Agricolmeccanica Friuli
S.rl., Cervignano del Friuli, Udine, Italy). After the treatment, one sampling campaign was
conducted on 21 June 2023 for ESEM distribution analyses. Five plants per treatment were
randomly selected, and three leaves—either healthy or diseased—were randomly collected
from each plant by hand-picking and placed in plastic bags, following Rotondi et al. [16].

The Imola experimental field is an organic farm located within the Bologna province
(Italy). The coordinates of this site are 44.3004°, 11.6382°. The MAP (mean annual precipita-
tion), calculated based on data from the period 1991 to 2020, is 729.3 mm. The MAT (mean
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annual temperature) from the same period is approximately 14 °C [24]. The grapevine
orchard has the Downy Mildew susceptible Trebbiano Romagnolo cv with a duplex training
system and a planting distance 4.0 x 1.6 m. Three foliar treatments were tested: (1) un-
treated negative control (Cu0) with no application of Cu and particle film (only foliar
applications were applied with variable water spray volume of 400 to 800 L/ha); (2) Zeo-
Biopesticide treatment (ZBp) with no application of Cu + application of ZBp 6 kg /1000 L
per hectare; and (3) positive control with the application of conventional copper treatment
(Cu_100) with GRIFON 280 (a.i. Copper 272 g/L SC: Cu hydroxide 136 g/L + Cu oxy-
cloride 136 g/L) at 1.5 kg/ha. Machinery used for applications was a conventional tractor
equipped with Compact Twin 1000 sprayer (Agricolmeccanica Friuli S.r.1., Cervignano
del Friuli, Udine, Italy). After the treatment, one sampling campaign was conducted on
9 June 2023 for ESEM distribution analyses. Five plants per treatment were randomly
selected, and three leaves, both healthy and diseased, per plant were randomly collected
by hand-picking and placed in plastic bags, following Rotondi et al. [16].

2.3. ESEM (Environmental Scanning Electron Microscopy) Analysis

Samples of olive and grapevine leaves were stored in a refrigerator to prevent de-
hydration until analysis. To prepare samples for microscopic examination, an area of
approximately 5.0 x 5.0 mm was cut from 15 leaves, which were used to observe the
adaxial and abaxial surfaces, with the area to be examined being in the central part of the
leaf, excluding the central leaf vein. Leaf pieces were placed on aluminum stubs using
double-sided carbon adhesive tabs. Five areas for each leaf were observed by ESEM Zeiss
EVO LS 10 (Oberkochen, Germany). All sampled olive leaves were healthy, as the pathogen
rarely induces foliar symptoms. In grapevine, both diseased and healthy portions of leaves
were equally observed.

Product Coverage Analyses and Its Leaching on Olive Leaf Surface

The micrographs were used to observe crystal distribution and to perform image
analysis aimed at quantifying product leaf coverage across the different treatments. The
product quantification was defined with Image] software (version 1.54k; National Institutes
of Health, Bethesda, MD, USA). Five micrographs were taken at random points per each
of the 5 leaf sections using High-Density Back Scattered Electrons under Low Vacuum at
450 x without conductive coating. Micrographs were taken maintaining working distance,
contrast and brightness as consistent as possible to keep a relatively constant area of interest
and avoid difficulties when using Image] auto-threshold.

Image] was used to determine the percentage ratio between the surface covered,
calculated using the automatic threshold, and the total surface area of the micrographic
sample. Twenty-five coverage percentage values were extrapolated from images obtained
for each date, both for leaf samples taken at treatment time and washed ones.

2.4. SEM Analysis

Sample preparation was the same as that followed with ESEM. Leaf sections were
mounted on aluminum stubs using double-sided carbon adhesive tabs. The samples were
coated by depositing a 10 nm gold coating using a sputter coater. A ZEISS LEO 1530 field
emission scanning electron microscope (FEG-SEM) was used.

2.5. Phytopathometric Measures

Olive knot monitoring was carried out on 5 trees per treatment, 10 shoots per tree: only
those without galls was chosen and marked (8 May 2023). The number of galls present on
each marked shoots were counted and used as indicator of disease infection presence [21].
Observations were conducted monthly during the period from May to December 2023.
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Downy Mildew symptomatology was evaluated according to the EPPO PP1/31(3)
guidelines [28]. Incidence was determined based on 100 units per subplot (with 4 subplots
per treatment), while severity was assessed using a 7-class scale, where each class represents
the proportion of the area affected by pathogen lesions [28]. Data on incidence and severity
determined in the bunches of the two grapevine cultivars can be seen in Supplementary
Tables S3 and S4. In both cultivars, the copper treatment significantly reduced disease
incidence and severity compared to both the Zeo-Biopesticide and the untreated control.

2.6. Statistical Analysis

Data collected from Olive Knot and Downy Mildew were elaborated using Microsoft®
Excel 2007 /XLSTAT®© (Version 2009.3.02, Addinsoft, Inc., Brooklyn, NY, USA). Prior to con-
ducting the analysis of variance, the Shapiro-Wilk test was performed to assess normality.
Significant differences among means at p = 0.05 level were determined by 1-Way ANOVA
followed by Tukey Honestly Significant Difference (HSD) post hoc test.

3. Results
3.1. Olive
3.1.1. ESEM (Environmental Scanning Electron Microscopy)

ESEM imaging of olive leaves treated with Zeo-Biopesticide (ZBp) revealed a uniform

distribution of zeolite particles on the adaxial surface, in contrast to untreated samples
from both spring and summer samplings (Figure 1).

Figure 1. Environmental Scanning Electron Microscopy observations of olive leaves samplings.
(a) Adaxial leaf blade treated in May with Zeo-Biopesticide with uniform dispersion of ZBp particles;
(b) untreated adaxial leaf blade (May), revealing natural surface structures such as peltate trichomes;
(c) adaxial leaf blade treated in July with ZBp, showing particle aggregation in the micrograph lower
part; (d) untreated adaxial leaf blade (July), used as a reference control; (e) and abaxial leaf blade
treated with ZBp (May), where no visible product adhesion is detected.

The presence of P. synxantha within mineral crystals did not appear to affect distri-
bution. Additionally, the irregular presence of trichomes did not interfere with product
adherence. Even if the new Zeo-Biopesticide is uniformly dispersed, the quantity that
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is deposited on the leaf surface is variable, resulting in varying adhesion in the canopy.
No adhesion of the product can be observed on the abaxial leaf blade, but the abundant
presence of peltate trichomes can be noted (Figure 1).

In Figure 2A, the frequency distribution of coverage classes following the second
treatment was largely concentrated in the range 10-25%, with values around 20% occur-
ring most frequently and very low percentages scarcely represented. In the subsequent
assessment (Figure 2B—third treatment), the distribution became more constrained, with
a central tendency included in the 5-15% range, indicating a moderate and less variable
coverage level. On average, coverage levels were below 30%, indicating limited adhesion
at the time of application.
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Figure 2. Histograms showing the frequency distributions of leaf coverage percentages calculated
from Environmental Scanning Electron Microscopy micrographs of samples collected immediately
after the (A) second (8 May 2023) and (B) third (18 July 2023) Zeo-Biopesticide-treatments. The
horizontal line in each panel indicates the mean coverage value at the respective treatment time.

Following rainfall events (Figure 3A,B), Zeo-Biopesticide coverage further declined.
After 255.4 mm (July) and 132.4 mm (December) of cumulative precipitation, coverage
dropped to nearly 0-2% in most observations, indicating that product retention was low

under high rainfall.
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Figure 3. Histograms showing frequencies of leaf coverage percentages calculated from Environ-
mental Scanning Electron Microscopy micrographs of samples collected after cumulative rainfall of
(A) 255.4 mm (18 July 2023, following the second treatment with the Zeo-Biopesticide (ZBp)) and
(B) 132.4 mm (13 December 2023, following the third treatment). Horizontal lines indicate the mean
coverage values.
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SEM micrographs (Figure 4) of leaves subjected to intense leaching revealed the
presence of P. synxantha DLS65. The bacterium remained associated with zeolite particles
and was also observed colonizing adjacent areas of the leaf blade.

Figure 4. Pseudomonas synxantha DLS65 on olive leaf surface. (a) colonization of the leaf surface;
(b) round-shaped bacteria surrounding a zeolite crystal; and (c) bacterial proliferation at the interface
with the zeolite particle.

3.1.2. Phytopathometric Measures

Analysis of gall formation induced by the pathogen, as presented in Table 1, reveals
that the control exhibited a higher incidence compared to the Zeo-Biopesticide (ZBp)
treatment, which consistently maintained a statistically significant (p < 0.05) low rate of new
galls after the third field survey, indicating a reduced incidence of infection. Furthermore,
the results obtained with the new product, ZBp, were statistically better (p < 0.05) in terms
of treatment efficacy against the disease, compared to those achieved with Cu_100, as ZBp
consistently led to a significantly lower number of galls.

Table 1. Results of means of gall counts conducted on 50 shoots per treatment at each date. Zeo-
Biopesticide treatment (ZBp), copper treatment (Cu_100), and negative control (Cu0).

Galls Total Number
13 September 13 December
Trt 8 May 2023 18 July 2023 2023 17 October 2023 2023
Cu0 0 0.10a 0.88 a 0.94 a 122 a
ZBp 0 0.04a 0.10b 0.12b 0.30b
Cu_100 0 0.08 b 0.46 ab 0.48 ab 0.62 ab

Identical letters indicate no significant differences (p > 0.05) based on ANOVA and TUKEY’s (HSD) tests.

3.2. Grapevine
3.2.1. ESEM (Environmental Scanning Electron Microscopy)

An extensive deposition of Zeo-Biopesticide has been observed on the upper epidermis
of Merlot leaves (Figure 5).

ESEM images (Figure 5) revealed that, on treated adaxial surfaces, ZBp formed a
continuous and uniform layer, under which most leaf structures were no longer distin-
guishable. However, the outlines of the polygonal epidermal cells remained clearly visible,
likely due to the absence of trichomes. The microorganism’s presence did not affect the
distribution of the formulation.
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Figure 5. ESEM (Environmental Scanning Electron Microscopy) observations of Merlot Khorus leaf
surfaces with and without Zeo-Biopesticide treatment. (a) ZBp-treated adaxial surface showing a
continuous film of ZBp; (b) untreated adaxial surface with exposed epidermal structures; (c) ZBp-
treated abaxial surface with limited deposition of ZBp; (d) untreated abaxial surface. Polygonal
epidermal cells are visible in both (c,d) panels.

In contrast, only a limited Zeo-Biopesticide (ZBp) deposition was observed on the
abaxial surface of treated leaves, where stomata and epidermal structures remained visible
in both treated and untreated samples. The images confirm the near-complete absence of
trichomes on both leaf surfaces of Merlot cv (Figure 5). Preliminary stages of the disease
were detected on the abaxial surface of untreated leaves (Figure 6), where Plasmopara
viticola, during the second phase of its infection cycle, released zoospores that attached
and encysted upon reaching the stomatal openings [29]. ESEM images show germinated
zoospores (Figure 6a,b) and emerging sporangiophores from stomata (Figure 6c).

Figure 6. ESEM (Environmental Scanning Electron Microscopy) observations of untreated Merlot
Khorus leaves. (a,b) germination of encysted zoospores of Plasmopara viticola during early infection
stages; (c) emergence of sporangiophores through stomatal openings.
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Advanced stages of the disease (Figure 7) were observed in both untreated samples
and ZBp-treated leaves. The abaxial surfaces appeared fully covered with sporangiophores
containing desiccated sporangia, suggesting a prior release of zoospores. Additionally,

signs of cell wall degradation—Ilikely associated with cell-wall-degrading secretions—were
detected on both leaf sides and under both treatments [30].

Figure 7. ESEM (Environmental Scanning Electron Microscopy) observations of Merlot Khorus
leaves samplings. (a) Abaxial surface of a Zeo-Biopesticide-treated leaf covered with fully developed
sporangiophores; (b) abaxial surface of untreated leaf with similar sporangiophore development;
(c) abaxial surface of ZBp-treated leaf with visible cell wall degradation (circled); (d) abaxial surface
of untreated leaf with degraded cell wall (in circle); (e) adaxial surface of untreated leaf showing
degraded cell wall (in circle).

Particles distribution on the adaxial leaf blade of the Plasmopara viticola sensible Treb-
biano cv was not as uniform as in Merlot (Figure 8).

In both healthy and diseased treated leaves, particles tended to accumulate near leaf
hairs rather than forming a continuous layer. The untreated control was characterized
by the absence of mineral residues, allowing clear visualization of erect and reclining
hairs along with epidermal cells. As observed in Merlot, the abaxial surface retained
minimal amounts of product, with few zeolite particles and abundant reclining hairs clearly
identifiable. Advanced stages by the oomycete were detected in Trebbiano diseased leaves,
too. Figure 8 shows plenty of Downy Mildew fully developed sporangiophores twisted
around reclining hairs on the abaxial leaf side. Additionally, signs of cell wall degradation
likely caused by enzymatic activity were also observed in this cultivar.
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Figure 8. ESEM (Environmental Scanning Electron Microscopy) observations of Trebbiano Romag-
nolo leaves samplings. (a) Zeo-Biopesticide-treated adaxial surface of a healthy leaf, with product
accumulation near erect hairs; (b) ZBp-treated adaxial surface of a diseased leaf; (c) untreated adaxial
surface showing reclining and erect hairs; (d) ZBp-treated adaxial surface with ZBp concentrated
near reclining hairs; (e) ZBp-treated adaxial surface with degraded cell wall (in circle); (f) ZBp-treated
abaxial surface with product particles near reclining hairs (in circle); (g) ZBp-treated abaxial surface
fully covered by sporangiophores.

3.2.2. Phytopathometric Measures

In accordance with ESEM (Environmental Scanning Electron Microscopy) observations
of the leaves, Table 2 reports disease incidence and severity in Merlot Khorus, showing no
statistical differences (p > 0.05) between the untreated control and the ZBp treatment from
the initial sampling. Therefore, the new Zeo-Biopesticide did not demonstrate efficacy.

Table 2. Results of Merlot Khorus mean percentages of leaves incidence and severity. Zeo-Biopesticide
treatment (ZBp), copper treatment (Cu_100) and negative control (Cu0).

Merlot Khorus Leaves Incidence Merlot Khorus Leaves Severity
Tet 14 June 30 June 17 July 2 August Tet 14 June 30 June 17 July 2 August
r 2023 2023 2023 2023 ’ 2023 2023 2023 2023
Cu0 440a 39.80 a 55.40 a 7340 a Cu0 0.32a 941a 17.08 a 25.78 a
ZBp 4.00 a 38.40 a 54.40 a 7220 a ZBp 0.24a 8.90 a 16.55a 23.13a
Cu_100 0.40b 720b 23.20b 38.40b Cu_100 0.01b 0.34b 2.62b 6.86 b

Identical letters indicate no significant differences (p > 0.05) based on ANOVA and TUKEY (HSD) tests.



Agronomy 2025, 15, 1563

12 of 16

A clear onset of infection, similar to that observed in Merlot Khorus, was also dis-
covered in Trebbiano Romagnolo leaves. This trend became evident from the second
observation, as demonstrated by the lack of statistical differences (p > 0.05) in disease
incidence and severity between the untreated control and the ZBp, as shown in Table 3.

Table 3. Results of Trebbiano Romagnolo mean percentages of leaves incidence and severity at each
date. Zeo-Biopesticide treatment (ZBp), copper treatment (Cu_100) and negative control (Cu0).

Trebbiano Romagnolo Leaves Incidence

Trebbiano Romagnolo Leaves Severity

Tet 15May 1June 21June 10July 3 August Tet 15May 1June 21June 10July 3 August
2023 2023 2023 2023 2023 2023 2023 2023 2023 2023
Cu0 12.00a 52.40a 100.00a 80.20a 61.80 a Cu0 1.61a 1476 a 4936a 38.84a 3443a
ZBp 3.00b 52.00a 100.00a 80.40a 61.60 a ZBp 0.34b 13.12a 48.70b 38.2la 32.64a
Cu_100  0.00c 520b 67.80b  41.00b 22.60b Cu_100 0.00c 0.30 b 829 ¢ 6.78b 5.16b

Identical letters indicate no significant differences (p > 0.05) based on ANOVA and TUKEY’s (HSD) tests.

4. Discussion

The distribution of the new Zeo-Biopesticide on the adaxial surface of olive leaves
was uniform and was not influenced by the presence of trichomes. The adhesion of the
product immediately after the two treatments observed on the adaxial leaf surfaces was
low, with average coverage of 17.38% and 10.46%, respectively. Although the particle
distribution is uniform, the low coverage is due to the discontinuous nature of the ZBp
film, as observed with zeolite alone by Rotondi et al. [16]. This depends not only on spray
volume and tree structure [31] but also on leaf morphological characteristics such as size,
surface roughness, and wettability [15,32]. Since the adaxial surfaces of olive leaves are
primarily covered with epicuticular waxes [33], this can create a more or less hydrophobic
cuticular layer, which affects leaves wettability and consequently the deposition capacity
and subsequent adhesion of the product. A reduced percentage of covered area (about
21%) on the adaxial leaf surface of Prunus laurocerasus treated with kaolin was observed by
Salerno et al. [34] due to the presence of the epicuticular wax film. On the abaxial surfaces
of treated leaves, the product adhered minimally. This could be related to the presence of
trichomes, which make the surface difficult to wet [31], to field conditions like temperature,
humidity, and wind exposure to which treated foliage is subjected, or treatment conditions
(product application technique or formulation used) [14].

Adherence was also minimal in samples tested for leaching, with average coverage
values of 1.43% and 2.53%. The first percentage refers to sampling performed in the sum-
mer, after a precipitation in May that alone exceeded three times the expected monthly
average [35]. On one hand, the high levels of rainfall significantly reduced the amount
of minerals retained on the leaf, but on the other hand, they created conditions favorable
for Pseudomonas synxantha strain DLS65 [23] to grow on the leaf surface. Water availabil-
ity is indeed a critical factor for microbial growth [36,37]. Furthermore, a preliminary
characterization of Pseudomonas synxantha DLS65 by Bellameche et al. [38] indicated its
antimicrobial activity against Pseudomonas savastanoi pv. savastanoi, which is associated
with the production of volatile organic compounds (VOCs). In our study, the antagonistic
bacterium was observed associating with zeolite particles and also began colonizing the
leaf surface. A in vitro study by Modica et al. [39] revealed that the P. synxantha-zeolite
formulation allowed the bacterial antagonist to survive and remain bioactive for over six
months. While the porous structure of zeolites can create a favorable microenvironment
for microbial growth [40], adhesion likely occurred on the external surface, where ion
exchange processes may influence nutrient availability. Therefore, zeolite may serve as an
effective substrate, facilitating the attachment and proliferation of microorganisms. More-
over, zeolite could function both as a carrier for novel biopesticides in foliar treatments for
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pest management and as a biofertilizer. Other minerals have already been used for this
purpose: an example of successful microbial inoculant is vermiculite, which in a laboratory
experiment by Subhashini et al. [41] has extended the shelf life of Rhizobium, Azospirillum
lipoferum, and B. megaterium for about 8 months.

In grapevine, particle distribution on the adaxial surface varied between cultivars. In
Merlot Chorus cv, which is tolerant to Plasmopara viticola, the mineral particles completely
covered the upper leaf surface. In contrast, in the susceptible Trebbiano Romagnolo, which
had leaf hairs, the particles were mostly localized around them. In fact, the surface of
leaves shows many forms of roughness that can impact their wetting properties. Among
these features, trichomes are particularly significant [42]. This variability is reflected in the
resulting zeolite deposition. To the best of our knowledge, the ultrastructural characteristics
of the epidermis of both cultivars under study have not yet been described. Gaskin et al. [15]
conducted a study on characterizing plant surfaces for spray adhesion and retention in
which they found that Grape foliage cv. Cabernet Sauvignon is moderately difficult-to-
wet on the upper, and very-difficult-to-wet on the lower surface. In our study, ESEM
observations have revealed how the product did not remain adherent to the lower leaf
surface, regardless of the presence (Trebbiano) or absence (Merlot) of trichomes. Boso
et al. [43] reported that stomata in Vitis species are present only in the lower epidermis
of the leaf. When an oomycete zoospore encounters a stoma, it attaches, encysts, and
subsequently forms a germ tube that penetrates the substomatal cavity, initiating the
infection process [29]. The absence of zeolite film left the stomata unprotected, so advanced
stages of the oomycete were seen in treated leaves of both cvs. These results contrast with
previous studies where chabazite-zeolites were effective against Downy Mildew [44], likely
due to differences in active ingredient, cultivar response, or field conditions.

5. Conclusions

Organic agriculture, in a context where copper-based pesticides are progressively
banned due to their environmental persistence, has a direct need for alternative pest control
practices. In the present work, it was shown that the novel Zeo-Biopesticide represented
an adequate substitute for copper-based products. The new product significantly reduced
the incidence of Olive Knot in olive orchard, whereas its application on grapevines did
not effectively control Downy Mildew. These findings suggest that ZBp may be more
suitable for managing bacterial diseases than oomycete pathogens under field conditions.
The detected absence of efficacy may be attributed to essential ecological and biological
distinctions between our bacterial-based treatment and the oomycete pathogen. In fact,
intra-genus competition arises when organisms share similar ecological niches, while
Plasmopara viticola, being an oomycete, presents distinct biological characteristics that may
limit its susceptibility to Pseudomonas synxantha DLS65 formulation.

The research further demonstrated that ZBp dispersion and adhesion were affected by
environmental conditions, including rainfall, and by plant cultivar and species character-
istics. Field conditions like rain caused humidity and temperature variations, while not
affecting the intrinsic interaction between the pathogen and the formulation, may have
impacted Plasmopara viticola development. Adhesion could be improved by reformulation,
which would increase the economic and ecological sustainability of the product by promot-
ing more efficient colonization of plant surfaces. Future work should focus on optimizing
formulation properties for a range of crops and climatic scenarios. Additionally, assessing
the ultrastructural characteristics of different cultivars and developing predictive indices
for foliar retention could further support the effective use of biopesticides in integrated and
organic management programs.
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