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ABSTRACT

Basil downy mildew (BDM), caused by the oomycete Peronospora belbahrii, is a devastating foliar
disease that causes severe yield losses in basil production. This study evaluated the antifungal potential
of biosynthesized copper (Cu), chitosan (Cs), and silver (Ag) nanoparticles as eco-friendly alternatives
to synthetic fungicides. The efficacy of these nanomaterials (50-400 mg L") was evaluated against
potassium silicate and the fungicide Redomil Gold in laboratory and greenhouse trials. In vitro assays
showed CuNPs (400 mg L") had the highest inhibition of conidial germination (96.7%), performing
slightly better than Redomil Gold (96.4%) and CNPs (96.0%). In preventive greenhouse trials, CNPs
(400 mg L") provided protection statistically comparable to Redomil Gold. The most significant
finding was in the curative trial, where CuNPs (400 mg L") demonstrated significantly superior
efficacy to the fungicide, reducing final disease severity to 16.0% (compared to 27.6% for Redomil
Gold). Furthermore, CuNPs and CNPs acted as biostimulants, significantly improving plant anatomical
structure, growth parameters, and the induction of defense-related enzymes (e.g., PO, PPO, CAT) and
phenols. These results demonstrate that biosynthesized nanoparticles, particularly CuNPs, offer a highly
effective, dual-action approach for controlling BDM, acting as both a direct antifungal and a plant
defense elicitor.
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1. Introduction

Basil (Ocimum spp.) is one of the most important aromatic plants in terms of economic value and
productivity, representing a significant source of income for large-scale herb producers around the
world, where it is grown in fields, high tunnels, and greenhouses (Simon et al., 1999). Basil downy
mildew (BDM), caused by Peronospora belbahrii, has become a major problem in sweet basil (O.
basilicum) cultivation across the world in the last decade. Since its emergence in 2007, it has caused
tens of millions of dollars in losses in the United States alone and has been described as a damaging
disease in several countries (Wyenandt et al., 2015; Abdullah et al., 2022).

In Egypt, since the oomycete pathogen (P. belbahrii) was initially discovered, mainly in the Beni-
Suef governorate in 2013, it has spread swiftly and become a pandemic disease in all basil-growing
regions. It is considered the source of severe disease and total crop losses, as infected basil plants are
no longer marketable (Ghebrial & Nada, 2017).

Fungicides, as a conventional method to control plant pathogens, have affected both the
environment and the economy of farmers. As much as 90% of applied fungicides can be lost in the open
field during application and as overland flow, affecting both agriculture and the environment, while
also increasing application costs for the farmer. Thus, the environmental problems caused by fungicide
overuse have been a matter of concern for both scientists and the public. The reasons for this are dual:
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(1) the high toxicity and non-biodegradable properties of pesticides and (2) the excessive pesticide
residues in soil, water resources, and crops that influence human and animal health (Koul ez al., 2008).
The use of nanotechnology as an alternative to develop eco-safe antifungal agents, like bio-based
nanomaterials, is urgently needed to fight against fungal pathogens and replace conventional, high-
toxicity pesticides. The expression "nano-fungicides" is used to describe any fungicide formulation that:
(a) intentionally includes entities in the nanometer size range (up to 100 nm) and (b) is claimed to have
novel properties associated with this small size (Abd-Elsalam and Alghuthaymi, 2015).

The importance of using nanotechnology is due to the ability of nanoparticles to improve the
stability of the active compound against environmental degradation, such as oxidation, hydrolysis, and
enzymatic decomposition. The particle size and distribution of nanoparticles are their most important
characteristics, as they can determine their distribution, toxicity, and delivery ability to the target (Kim
etal.,2009; Liet al., 2011).

Synthesis of nanoparticles using biological entities has attracted great interest due to their unusual
optical properties (Krolikowska et al., 2003). Bio-nanotechnology has emerged as an integration
between biotechnology and nanotechnology for developing biosynthesis and environmentally friendly
technology for the synthesis of nanomaterials. The synthesis and assembly of nanoparticles would
benefit from the development of clean, non-toxic, and environmentally acceptable "green chemistry"
procedures (Bhattacharya & Rajinder, 2005).

Concurrently, potassium silicate has been recognized as a promising eco-friendly alternative,
primarily by enhancing plant resistance. It is reported to strengthen plant cell walls and induce systemic
resistance by triggering defense-related enzymes, thereby reducing disease severity and enhancing
overall plant vigor (Ghebrial & Nada, 2017).

Although nanomaterials like copper, silver, and chitosan have demonstrated broad-spectrum
antifungal properties against various plant pathogens (Okey-Onyesolu et al., 2021), their specific
efficacy against Peronospora belbahrii remains largely unexplored. Furthermore, comprehensive
reviews on BDM management focus primarily on fungicides and genetic resistance, highlighting a gap
in the literature regarding nano-based interventions (Wyenandt et al., 2015). This highlights the need
to evaluate and compare these eco-friendly alternatives against conventional fungicides.

This study aims to evaluate the effectiveness of biosynthesized copper, chitosan, and silver
nanoparticles, along with potassium silicate and the fungicide Redomil Gold, in inhibiting spore
germination and reducing the incidence and severity of basil downy mildew. The evaluation includes a
comprehensive assessment of their antifungal properties, potential disease suppression mechanisms,
and overall impact on plant health. The study also aims to compare the efficacy of these treatments in
mitigating disease progression and enhancing plant resistance. It is hypothesized that the biosynthesized
nanoparticles, particularly silver, will provide disease control comparable to the synthetic fungicide
(Redomil Gold) but with significantly enhanced plant health indicators, while potassium silicate will
primarily act by inducing systemic resistance.

2. Materials and Methods

2.1. Preparation of nanomaterials

2.1.1. Chitosan nanoparticles (CNPs) chemicals and reagents: Chitosan (85% deacetylation) was
procured from (STARCHEMIC), sodium tripolyphosphate (STPP) from (SRL company), and glacial
acetic acid were used without further purification.

Preparation of Chitosan Nanoparticles: Chitosan nanoparticles were prepared based on the ionic
gelation method reported by Tang et al. (2007) using STPP as an anionic cross-linker. Briefly, 0.2 g of
chitosan was dissolved in 61.3 mL of a 1% (v/v) aqueous acetic acid solution. The STPP solution was
prepared by dissolving 0.069 g of STPP in 6.6 mL of distilled water. The STPP solution was then added
dropwise to the chitosan solution under magnetic stirring (1000 rpm, 1 hour) at room temperature.

2.1.2. Copper Nanoparticles (CuNPs) Culturing of Pseudomonas fluorescens: P. fluorescens (obtained
from the Department of Plant Pathology, DRC culture collection) was grown in King's B (KB) medium.
The inoculum was transferred to KB broth and incubated at 30°C in a shaking incubator at 150 rpm.

Biosynthesis of CuNPs by P. fluorescens: Copper nanoparticles were synthesized using P. fluorescens

as described by Shantkriti and Rani (2014). After 48 h of growth, the culture was centrifuged at 7500
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rpm for 20 min at 30°C. The cell-free culture supernatant was recovered and centrifuged again at 10,000
rpm for 20 min at 30°C. For the synthesis, 100 mL of the cell-free supernatant was mixed with 100 mL
of'a 1 mM CuSOs solution and placed in a shaking incubator for 24 to 48h at 30°C, 150 rpm.

2.1.3. Silver nanoparticles (AgNPs): Silver nanoparticles were prepared according to Abu-Elsaoud et
al. (2015) using the fungus Trichoderma viride (obtained from the Department of Plant Pathology, DRC
culture collection).

Biomass preparation: 7. viride was grown on potato dextrose agar (PDA) slants at 25°C for 14 days.
The cultures were then grown in 250-mL Erlenmeyer flasks containing 100 mL potato dextrose broth
(PDB) at 25°C and 120 rpm for 5 days. The biomass was harvested by filtration through sterile
Whatman No. 1 filter paper. The filtrate (fungal crude extract) was collected and used for nanoparticle
synthesis.

Biosynthesis of AgNPs: For biosynthesis, 50 mL of the cell filtrate was mixed with an aqueous AgNOs
solution to achieve a final concentration of 1 mM. A reaction mixture without AgNOs was used as a
control. The solutions were incubated at 28°C for 24h in the dark to avoid photochemical reactions. The
AgNPs were purified by centrifugation at 10,000 rpm for 10 min (repeated twice) and collected for
further characterization.

2.2. Characterization of nanoparticles

The preliminary detection of synthesis was carried out by visual observation of color change.
UV-visible spectrophotometer (UV—vis): The samples were subjected to optical measurements using a
UV-Vis spectrophotometer (LW-200 Series). Spectra were scanned between 200 and 800 nm at a
resolution of 1 nm.

Particle size distribution (DLS): The particle size distribution of the nanocomposite samples
dispersed in DI water was examined by DLS (Dynamic light scattering) (NICOMP N3000, particle size
analyzer).

Transmission Electron Microscopy (TEM): The particle size and morphology of the silver
nanoparticles were analyzed using Transmission Electron Microscope (TEM).

2.3. Effect of nanomaterials and potassium silicate on conidia germination (In vitro)

This experiment evaluated the effect of nanomaterials and potassium silicate compared with
Redomil Gold fungicide on P. belbahrii conidial germination. The water suspension of conidia was
mixed with the treatments. The final concentrations tested were: chitosan NPs, copper NPs, and silver
NPs (50, 100, 200, and 400 mg L'); and potassium silicate (1.0, 1.5, 2.0, and 3.0 g L™*). Redomil Gold
was used as the recommended dosage (Kasprowicz et al., 2010).

Infected basil leaves were brought to the laboratory. Conidia were harvested with the help of a small
sterile paintbrush into a Petri plate containing sterile distilled water. A 20 pL drop of the spore
suspension was placed onto a cavity slide. Three replications were made for each treatment, and the
slides were incubated for 24 h at 18°C in 95% RH. The germination percentage was calculated under a
light microscope.

2.4. Control of BDM under greenhouse conditions
Seeds were planted in a growth chamber, and seedlings were transplanted into pots (4
seedlings/pot). Three replicates were used for each treatment. Two protocols were evaluated:

2.4.1. Preventive (Prophylactic) Treatment The experiment was conducted with four concentrations of
each material: NPs (50, 100, 200, and 400 mg L) and potassium silicate (1.0, 1.5, 2.0, and 3.0 g L™").
The fungicide (Redomil Gold MZ 68 WG) was used at the recommended dosage. Materials were
sprayed on plants 3 days prior to inoculation with P. belbahrii. Three replicates for each concentration
and 3 non-treated replicates (control) were used. This experiment was conducted on the first of June in
the Nanophytopathology lab greenhouse, DRC, Cairo, Egypt. Artificial inoculation was performed at
the four-true-leaf stage. Data for disease incidence and severity were recorded weekly for one month.
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2.4.2. Treatment Plants were first artificially inoculated at the four-true-leaf stage. The same materials
and concentrations were applied to the plants immediately after the first symptoms of infection
appeared. Data on disease incidence and severity were recorded weekly for one month and compared
to the infected control.

2.5. Measurements
2.5.1. Leaf anatomy:

Leaf Anatomy of basil plants a comparative microscopical examination was performed on plant
material (main stem and corresponding leaf lamina) from the control and the treatments showing the
most positive response. Specimens were taken 45 days after sowing (one week after the last treatment
application). Specimens were killed and fixed for at least 48 h in F.A.A. (10 mL formalin, 5 mL glacial
acetic acid, 85 mL 70% ethyl alcohol). Samples were washed, dehydrated in a normal butyl alcohol
series, embedded in paraffin wax (56°C m.p.), sectioned to a 20 pum thickness, double-stained with
crystal violet-erythrosine, cleared in xylene, and mounted in Canada balsam (Nassar and El-Sahhar,
1998).

2.5.2. Biochemical analysis

Determination of total phenolic compounds: The total phenolic content of 70% methanolic extracts
was determined by the Folin—Ciocalteu method (Kaur and Kapoor, 2002). Absorbance was measured
at 650 nm. Results were expressed as mg of gallic acid equivalent per g dry weight (mg GAE g™ DW).

Determination of total protein: Total nitrogen content was determined using the Micro-Kjeldahl
method according to the British Pharmacopoeia (1993).

Determination of total carbohydrates: Hydrolysable carbohydrates were extracted by digesting 1 g
of plant powder with 2.5 mL of 2 M HCl at 100°C for 90 min. Sugars were estimated using the phenol-
sulfuric acid assay. Absorbency was measured at 490 nm. The concentration of total sugars (g %) was
determined (Chaplin and Kennedy, 1994).

Determination of total Lipids: One hundred grams of air-dried plant powder was extracted with
petroleum ether (40-60°C): diethyl ether (1:1) for 24 hours using a Soxhlet apparatus. The lipids were
obtained by distilling off the solvent and heating them in a vacuum oven at 50°C to a constant weight
(Christie, 1982).

2.5.3. Enzyme activities

Peroxidase (PO): PO activity was determined based on the oxidation of pyrogallol according to Allam
and Hollis (1972). Peroxidase activity was expressed as the change in absorbance at 425 nm min™" g™
fresh weight (FW).

Polyphenol oxidase (PPO): PPO activity was measured using catechol as a substrate as described by
Matta and Dimond (1963). PPO activity was expressed as the change in absorbance at 420 nm min™
g'FW.

Catalase (CAT): CAT activity was measured spectrophotometrically using the ammonium molybdate
method (Goth, 1991). One unit (U) of CAT is the amount of enzyme that decomposes 1 uM of H20-
per minute. CAT activity was expressed as U mg™" protein.

2.5.4. Essential oil content

Isolation of essential oils: Air-dried basil samples (10 g) were hydro-distilled in a Clevenger apparatus
(Guenther, 1961). The essential oil percentage (%) was determined. The oils were collected,
dehydrated over anhydrous sodium sulfate, and stored in a refrigerator.

Gas chromatography (GC) analysis of essential oils: GC analysis was performed on a Ds Chrom

6200 Gas Chromatograph with a Flame Ionization Detector (FID). Column: BPX-5 (30 m length, 0.25
mm diameter). A 1 pL sample size was injected. The temperature ramped from 70°C to 200°C at
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10°C/min. Detector (FID) temperature was 280°C. Carrier gas was Nitrogen (N2). Flow rates were 30
mL/min for N2, 30 mL/min for Hz, and 300 mL/min for air. Compounds were identified by comparing
their retention times to those of authentic standards. The relative percentage of each component was
calculated from the peak area (Ghebrial and Dewidar, 2020). Extractions were carried out at the
Medicinal and Aromatic Plants Research Dept. (DRC), and GC analysis was carried out at the DRC
central laboratory.

Statistical analysis:

The obtained results were exposed to statistical analysis of either simple regression & correlation
or analysis of variance (ANOVA) according to the eligibility of the data set. Generally, whenever there
is enough replication, the ANOVA will be recruited according to the randomized complete blocks
statistical design according to the procedures described by Gomez and Gomez (1984). SPSS package
was recruited to carry out both methodologies adopted for statistical analysis in the current research
work. The differences between the mean values of various treatments were compared by Duncan’s
multiple range test (Duncan, 1955).

3. Results
3.1. Preparation and characterization of nanoparticles
3.1.1. Chitosan nanoparticles (CNPs)
The successful synthesis of chitosan nanoparticles (CNPs) was confirmed through UV-Vis, DLS,
and TEM analyses.

UV-Vis Spectrophotometry: The UV-Vis spectrum of the synthesized CNPs (Fig. 1) showed a strong
and broad absorption peak in the range of 450—510 nm, confirming the formation of the nanoparticles.
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Fig. 1: UV-Vis spectrum shows absorption peak of synthesized chitosan NPs.
Particle size distribution (DLS): Dynamic Light Scattering (DLS) analysis was used to determine the

hydrodynamic size distribution. The results (Fig. 2) showed that the CNPs had an average
hydrodynamic diameter of 34.1 nm.
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Fig. 2: DLS spectra of the chitosan nanoparticles
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Transmission electron microscopy (TEM): TEM analysis revealed the morphology and core size of
the CNPs (Fig. 3). The nanoparticles were observed to be uniform, spherical, and had an average particle

size ranging from 4.9 to 12.7 nm.
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3.1.2. Copper nanoparticles (CulNPs)
Visual observation: Biosynthesis of CuNPs was first indicated by a visual color change. Upon

incubation of the P. fluorescens cell-free supernatant with the CuSOs solution for 48 hours, the color of
the reaction mixture shifted from blue to dark green, suggesting the formation of CuNPs.

UV-visible spectrophotometry (UV—vis): The UV-Vis absorption spectrum (Fig. 4) confirmed this
formation, showing a broad absorption band with characteristic peaks observed between 490 nm and

700 nm.
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Fig. 4: UV-Vis spectrum shows absorption peak of synthesized CuNPs.

Particle size distribution (DLS): DLS analysis (Fig. 5) determined the average hydrodynamic
diameter of the biosynthesized CuNPs to be 49.4 nm.
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Fig. 5: DLS spectra of the copper Cu-NPs

Transmission electron microscopy (TEM): TEM analysis was used to determine the morphology and
size of the CuNPs (Fig. 6). The images showed nanoparticles with both spherical and hexagonal shapes,
possessing a particle size ranging from 37.4 to 59.1 nm.
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Fig. 6: Transmission electron microscope (TEM) image of Cu-NPs

3.1.3. Silver Nanoparticles (AgNPs)
Visual observation: Preliminary confirmation of AgNPs biosynthesis was obtained through visual

observation. The T. viride fungal filtrate, upon addition of the AgNO:s solution, changed color from its
original yellowish-brown to a dark brown, indicating AgNPs formation.

UV-visible spectrophotometry (UV-vis): The UV-Vis spectrum (Fig. 7) showed a strong, wide
absorption peak with a maximum (A_max_) centered between 480 nm and 710 nm. This characteristic
peak is attributed to the Surface Plasmon Resonance (SPR) of the synthesized AgNPs.

Fig 7: UV-Vis spectrum shows abéafption peak of synthesized AgNPs.

Particle size distribution (DLS): The DLS measurement (Fig. 8) indicated that the AgNPs had an
average hydrodynamic diameter of 32.8 nm.
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Fig 8: DLS spectra of the Ag-NPs

Transmission electron microscopy (TEM): TEM analysis (Fig. 9) confirmed the size and morphology
of the nanoparticles. The AgNPs were observed to be spherical in shape, with an average particle size
ranging from 19.3 to 23.5 nm.
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Fig. 9: Transmission electron microscope (TEM) image of Ag-NPs

3.2. Effect of nanomaterials and potassium silicate on conidial germination (In vitro)

All tested nanomaterials, potassium silicate, and the fungicide Redomil Gold caused a significant
decrease in P. belbahrii conidial germination compared to an untreated control (Table 1 and Fig. 10).
A clear dose-dependent relationship was observed for all treatments, where higher concentrations
resulted in higher inhibition percentages. At the highest tested concentration (400 mg L"), Copper NPs
(CuNPs) showed the highest efficacy, inhibiting 96.7% of conidial germination. This was slightly
higher than the commercial fungicide Redomil Gold (96.4%) and Chitosan NPs (96.0%). Silver NPs at
the same concentration also showed strong inhibition (93.4%). Potassium silicate showed the lowest
(though still significant) inhibitory effect across its tested concentrations, achieving 83.0% inhibition at
3 mL. Overall, CuNPs had the lowest mean germination (5.83%), followed by Chitosan NPs (7.50%).

Table 1: Effect of (chitosan- copper- silver) Nanoparticles, potassium silicate in different
concentrations, and Redomil gold in recommended dosage on germination and inhibition
percentage of P. belbahrii conidia.

Germination Inhibition
Treatment Con.

% %
50 mg L' 10.0 90.0
. 100 mg L' 9.0 91.0
Chitosan NPs 200 mg L' 7.0 93.0
400 mg L! 4.0 96.0
Mean 7.50 92.50
50 mg L! 83 91.7
100 mg L! 6.3 93.7
Copper NPs 200 mg L' 5.3 94.7
400 mg L! 33 96.7
Mean 5.83 94.17
50 mg L-! 12.6 87.4
. 100 mg L' 11.3 88.7
Silver NPs 200 mg L 10.3 89.7
400 mg L' 6.6 93.4
Mean 10.25 89.75
1 mL 26 74.0
. . 1.5 mL 23.3 76.7
Potassium Silicate 2 mL 2 20.0
3 mL 17 83.0
Mean 21.58 78.42
Redomil Gold MZ 68 WG 3.6 96.4
Treatments 1.46
LSD1 % Concentrations 1.31
Interaction 2.92
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Fig. 10: Effect of different Nano-particles and potassium silicate with various concentration;

(a) conidial germination, (b) control, (¢) Redomil Gold MZ, (d 1,2,3,4) Copper NPs 50, 100, 200, 400
mg L; (e 1,2,3,4) Silver NPs 50, 100, 200, 400 mg L™'; (f 1,2,3,4) Chitosan NPs 50, 100, 200, 400
mg L7; (g 1,2,3,4) potassium silicate 1 mL, 1.5 mL, 2mL, 3mL. * Under light microscope 40X
microscope lens.

3.3. Greenhouse Experiment 1: Preventive (Prophylactic) Application

In the preventive trial, treatments were applied 3 days before artificial inoculation. All treatments
significantly reduced the Disease Incidence (DI) and Disease Severity (DS) over four weeks compared
to the untreated control (Table 2). After four weeks of observation, the most effective treatment was the
commercial fungicide Redomil Gold (DI: 36.0%, DS: 34.3%). Chitosan NPs at 400 mg L™ provided
statistically comparable protection (DI: 36.7%, DS: 34.7%), showing no significant difference from the
fungicide. Potassium silicate (3 mL) also performed well (DI: 40.0%, DS: 38.0%), followed by the
highest concentration of CuNPs (DI: 46.6%, DS: 40.5%). Silver NPs showed the least protective effect
in this trial, with the 50 mg L™ concentration being the least effective of all treatments (DI: 64.3%, DS:
56.0%). All treatments performed significantly better than the untreated control (DI: 100%, DS: 98.7%).
In the curative trial, treatments were applied after the first symptoms of infection appeared (Table 3).
This trial yielded the most significant finding of the study. After four weeks, Copper NPs at 400 mg L™
emerged as the most effective treatment overall. It significantly suppressed the disease, showing the
lowest final Disease Incidence (27.0%) and Disease Severity (16.0%). This was followed by Chitosan
NPs at 400 mg L' (DI: 41.7%, DS: 21.0%). Notably, both the 400 mg L' CuNPs and CNP treatments
demonstrated significantly better disease control than the commercial fungicide Redomil Gold (DI:
49.3%, DS: 27.6%). Silver NPs and Potassium silicate were the least effective treatments in this curative
trial. Potassium silicate at 1 mL showed the highest disease levels (DI: 67.7%, DS: 52.3%), though all
treatments were still statistically superior to the untreated control (DI: 100%, DS: 96.3%).
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Table 2: Effect of (chitosan-copper-silver) Nanoparticles, potassium silicate in different
concentrations, and Redomil gold MZ 68 WG in recommended dosage under greenhouse
conditions showing disease incidence % and disease severity % before artificial infection.

(a) Effect of treatment x infection progress

Treatment Week 1 Week 2 Week 3 Week 4
DI% DS% DI% DS% DI% DS% DI% DS%
50 mg L 320 260 407 350 463  40.6 500 463
Chitosan 100 mg L™ 270 217 370 316 430 360 470  43.0
NPs 200 mg L 25 180 307 275 387 310 420 400
400 mg L 190 150 275 206  33.0 240 367 347
50 mg L 3.0 390 495 453 540 485 600 560
Copper 100 mg L 385 360 443 413 503 446 565 510
NPs 200 mgL" 326 310 396 370 450 390 495 453
400 mg L 297 285 383 317 410 360 466 405
50 mg L 473 416 555 496 613 497 643 560
_ 100 mg L 410 376 470 420 513 470 613 516
Silver NPs 500 mg L 370 340 410 380 497 413 573 49.0
400 mg L 313 325 365 347 453 377 520 42,0
TmL 316 303 430 393 483 403 535 493
Potassium 1.5 mL 287 276 380 310 434 353 485 443
Silicate 2 mL 235 216 340 290 403 320 440 426
3mL 210 196 300 230 357 280 400 380
Redomil Gold MZ 68 WG 18.6 173 23.0 203 29.0 _ 27.0 360 343
Control 95.0 927 963 960 100 973 100 987

* Disease incidence (DI), Disease severity (DS)

(b) Effect of treatment x concentration interaction

Treatment Disease incidence % Disease severity%
50 mg L! 42.3 37.0
. 100 mg L! 38.5 33.1
Chitosan NPS 50 mg 1 33.5 29.2
400 mg L' 29.1 23.6
Mean 30.7 35.8
Copper NPs 50 mg L 51.7 473
100 mg L! 47.5 43.3
200 mg L' 41.8 39.0
400 mg L' 38.8 343
Mean 40.9 44.9
50 mg L-! 57.2 49.3
. 100 mg L! 50.2 44.6
Silver NPs 200 mg L' 46.3 40.6
400 mg L' 41.3 36.8
Mean 42.8 48.7
1 mL 44.2 39.8
. - 1.5 mL 39.7 34.6
Potassium Silicate 2 mL 355 312
3 mL 31.7 27.3
Mean 33.2 37.8
Redomil Gold MZ 68 WG 24.8 26.7
Control 96.2 97.8
Treatments 1.00 1.14
LSD1 % Concentrations 0.81 0.93
TxC 2.0 2.3
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(¢) Effect of treatment x Weeks interaction
Treatment 1t week 2" week 3"week 4" week Mean
Chitosan NPs 25.2 34.0 40.3 43.9 35.8
G Copper NPs 36.0 43.0 47.6 53.1 44.9
8 Silver NPs 39.2 45.1 51.9 58.8 48.7
é Potassium Silicate 26.3 36.3 41.9 46.6 37.8
g Redomil gold 18.7 23.0 29.0 36.0 26.7
‘s Control 95.0 96.3 100.0  100.0  97.8
E Weeks Mean 40.0 46.3 51.8 56.4 48.6
R Weeks WxT
LSD 1 %
0.81 2.0
Chitosan NPs 20.2 28.8 32.9 41.0 30.7
) Copper NPs 33.8 39.7 42.1 48.3 40.9
i Silver NPs 36.5 41.1 43.9 49.7 42.8
';:: Potassium Silicate 24.7 30.8 33.9 43.6 332
é Redomil gold 17.3 20.3 27.0 34.3 24.8
§ Control 92.7 96.0 97.3 98.7 96.2
2  Weeks Mean 37.5 42.8 46.2 52.6 44.8
- LSD 1% Weeks WxT
0.93 2.3

Table 3: Effect of (Chitosan- Copper- Silver) Nanoparticles, potassium silicate in different
concentrations, and Redomil gold in recommended dosage under greenhouse conditions showing
Disease incidence % and Disease severity % after artificial infection.

(a) Effect of treatment x infection progress

Week 1 Week 2 Week 3 Week 4
Treatment Con. DI DS DI DS DI DS DI DS
% % % % % % % %
50 mg L-! 100 87.0  98.0 84.0  63.0 38.3 513 35.0
) 100 mg L™ 100 853 950 813 580 360 470 300
Chitosan NPS 540 mg 11 99.0 815 920 775 527 333 440 267
400 mg L' 98.6 80.3 90.3 73.0 47.0 26.4 41.7 21.0
50 mg L-' 100 86.0  95.0 81.0 620 380 456 260
100 mg L™ 100 83.0 933 79.0  56.0 32.5 350 23.0
Copper NPS  200mgL' 980 813 903 755 513 300 326 215
400 mg L' 96.3 79.0 89.0 710 350 250 270 16.0
50 mg L-! 100 89.0  98.0 84.7 83.0 55.7 56.3 48.5
100 mg L 100 86.0 97.0 81.3 78.7 51.6 52.5 41.6
Silver NPs 200 mg L 983 843 960 783 750 477 486  40.0

g

400 mg L 98.0 79.5 950 720 707 443 37.0 38.6
1mL 100 90.0  99.0 86.0 87.0 57.6 67.7 52.3
Potassium 1.5 mL 100 88.0 983 81.7 81.0 540 640 470
Silicate 2 mL 100 85.0  97.0 78.6 770 490  60.0 416
3mL 99.0 82.0 965 77.3 71.5 450 580 380
Redomil Gold MZ 68 WG 77.0 78.7 65.0 75.5 57.5 39.6 493 27.6
Control 100 92.0 100 93.0 100 95.0 100 96.3

* Disease incidence (DI), Disease severity (DS)
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(b) Effect of treatment x concentration interaction
Treatment Con. Disease Disease

incidence severity

% %

50 mg L! 78.1 61.1
. 100 mg L! 75.0 58.2
Chitosan NPS 50 mg 1 71.9 54.8
400 mg L! 69.4 50.2
Mean 56.1 73.6
50 mg L! 75.7 57.8
100 mg L! 71.1 54.4
Copper NPS 00 myg L 68.1 522
400 mg L 61.8 47.8
Mean 53.0 69.2
50 mg L! 84.3 69.5
. 100 mg L! 82.1 65.2
Silver NPs 200 mg L' 79.5 62.6
400 mg L! 75.2 58.7
Mean 64.0 80.3
1 mL 88.4 71.5
Potassium Silicate 1.5 mL 85.8 67.7
2 mL 83.5 63.6
3 mL 81.3 60.6
Mean 65.8 84.8
Redomil Gold MZ 68 WG 55.4 62.3
Control 94.1 100.0
Treatments 0.76 1.03
LSD 1% Concentrations 0.62 0.84
TxC 1.52 2.05

(c) Effect of treatment x weeks interaction

Treatment 1t week 2" week 3"9week 4™ week Mean
. Chitosan NPs 99.4 93.8 55.2 46.0 73.6
= Copper NPs 98.6 91.9 51.1 351 692
g2 Silver NPs 99.1 96.5 76.8 48.7 80.3
< Potassium Silicate 99.8 97.8 79.2 62.4 84.8
‘S Redomil gold 77.0 65.0 57.7 493 623
'é Control 100.0 100.0 100.0 100.0 100.0
S _Weeks Mean 95.6 90.8 70.0 56.9 78.3
-g LSD 1 % Weeks WxXT
0.62 1.52
Chitosan NPs 83.6 79.0 33.5 28.2 56.1
< Copper NPs 82.3 76.7 314 217 53.0
z Silver NPs 84.8 79.1 49.8 42.3 64.0
5 Potassium Silicate 86.3 80.9 51.4 44.8 65.8
% Redomil gold 78.7 75.7 39.7 27.7 55.4
< Control 92.0 93.0 95.0 96.3 94.1
§ Weeks Mean 84.6 80.7 50.1 435 64.7
-é , Weeks WxT
LSD 1% 0.84 2.05

3.5. Plant Growth Parameters
All treatments, applied curatively, had a significant effect on basil plant growth parameters,
including plant height, leaf number, leaf size, and fresh weight, as detailed in Table 4. The most
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significant plant growth promotion was observed with Copper NPs (400 mg L™). This treatment
produced the tallest plants (61.8 c¢m) and the highest number of leaves (71.8), significantly
outperforming both the healthy Control (50.8 cm; 32.9 leaves) and the Redomil Gold fungicide (59.8
cm; 44.9 leaves). Chitosan NPs (400 mg L) also showed outstanding results, producing the largest
leaves (Length: 7.18 cm; Width: 4.98 cm), which were superior to both the Control and Redomil Gold.
For plant fresh weight, both Copper NPs (400 mg L") and Redomil Gold yielded the highest biomass
(49.8 g), which was double the weight of the healthy Control (24.9 g). Chitosan NPs (400 mg L) (48.8
g) and Potassium Silicate (3 g L") (46.8 g) also produced excellent plant biomass. Conversely, Silver
NPs at 50 mg L' showed the least positive effect, resulting in the lowest values for all growth
parameters (e.g., 39.9 cm height; 19.9 g weight), which were significantly lower than the healthy
Control, suggesting a mild phytotoxic effect or poor disease control at this concentration.

Table 5: The effect of different treatments on plant measurements.

Treatment Con. Plant height  No. of plant leaf length  Leaf width Plant' fresh
weight

(cm) leaves (cm) (cm) @
50 mg L-! 47.8 29.9 5.48 3.19 24.9
. 100 mg L™ 49.8 33.9 5.58 3.29 29.9
Chitosan NPS 500 mg L 53.8 41.9 6.98 4.49 44.9
400 mg L' 55.8 64.8 7.18 4.98 48.8
50 mg L-! 528 349 488 3.49 21.9
Copper Nps 100 mg L 54.8 63.8 5.98 3.49 29.9
200 mg L' 58.8 66.8 6.78 3.99 37.9
400 mg L' 61.8 71.8 7.08 4.98 49.8
50 mg L-! 39.9 249 478 3.49 19.9
. 100 mg Lt 41.9 279 5.58 3.69 20.9
Silver NPs 200 mg L' 45.8 32.9 5.98 3.99 24.9
400 mg L' 48.8 34.9 6.48 4.19 29.9
1mL 42.9 279 6.48 3.99 34.9
Potassium 1.5mL 46.8 34.9 6.48 4.29 37.9
silicate 2 mL 49.8 39.9 6.58 4.49 44.9
3mL 51.8 42.9 6.78 478 46.8
Redomil Gold MZ 68 WG 59.8 44.9 5.98 439 498
Control 50.8 32.9 5.68 3.69 24.9
Treatments 0.3 0.7 0.03 0.03 0.56
LSD 1% Cons. 0.2 0.5 0.03 0.02 0.46
TxC 0.6 13 0.06 0.05 112

3.6. Leaf Anatomy (Histological Analysis)

Microscopical measurements of transverse leaf sections revealed significant histological changes
induced by both the pathogen and the treatments (Table 5, Fig. 12). Compared to Healthy control, the
Infected plants showed significant degradation and reduction in all measured parameters. This included
a thinner upper epidermis (2.91 um vs 3.54 um in healthy), thinner palisade tissue (14.09 pum vs 17.22
um), and a smaller vascular bundle (39.27 um vs 48.80 um). All treatments worked to mitigate this
damage. Notably, Chitosan NPs (400 mg L) and Potassium Silicate (3 g L") provided the most
significant protective and restorative effects. These treatments not only repaired the damage but
enhanced the leaf structure to be stronger than the healthy control. Chitosan NPs produced the thickest
tissues overall: upper epidermis (6.10 pm), lower epidermis (4.72 pum), spongy tissue (51.32 pm),
palisade tissue (25.59 pum), and the largest vascular bundle (71.04 pm). Potassium Silicate was the
second-best treatment, demonstrating a similar trend of anatomical enhancement. Copper NPs and
Redomil Gold also restored tissue thickness to levels at or above the healthy control. Silver NPs was
the least effective treatment, showing anatomical measurements (e.g., 3.04 um upper epidermis) that
were only slightly better than the infected plants and worse than the healthy control.
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Fig. 13: Transverse sections through the lamina of the leaf developed at the median portion of the main
stem of Basil plant, aged 45 days, (a) Chitosan, (b) potassium silicate, (c) Copper, (d) Ridomil gold, (e)
Silver, (h) healthy and (i) infected.
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Table 7: Measurements in micro-meter (um) of certain histological features in transverse sections
through the leaves of the basil plant, aged 12 weeks, treated by different compounds in
comparison with the healthy plants and the infected plants.

Chitosan  Potassium Copper  Silver  Ridomil

Measurements NPs silicate NPs NPs Gold Healthy Infected
Upper epidermis 6.1 5.94 5.52 3.04 430 3.54 291
thickness
Lower epidermis 472 4.44 3.94 2.53 3.41 2.84 233
thickness
Spongy tissue 51.32 45.54 43.71 40.40 41.80 40515  36.487
thickness
Palisade tissue 25.59 24.80 19.51 16.23 18.43 17220 14.085
thickness
Length of midrib
e b e 71.04 68.12 63.11 4658 5553 48.801  39.274
Thickness of leaf 255.35 25115 24422 203.04 22754 209524 201.512

midrib
* Abbreviation: u. ep = upper epidermis, 1. ep = lower epidermis, sp. o = spongy tissue thickness, p. al = palisade
tissue thickness, mid b = length of midrib vascular bundle, and mid r = thickness of leaf midrib.

3.7. Biochemical Profile (Primary Metabolites)

The curative application of nanomaterials and other treatments significantly altered the primary
biochemical composition of the basil plants (Table 8).

The most substantial improvements were seen in plants treated with Copper NPs (400 mg L™),
which recorded the highest content of both total carbohydrates (3.09%) and total protein (16.54%).
These values were significantly higher than those of the healthy Control (2.45% and 7.18%,
respectively) and the Redomil Gold treatment (2.69% and 11.47%, respectively). This suggests a
powerful restorative and growth-promoting effect. Chitosan NPs (400 mg L) also showed excellent
results, producing high levels of carbohydrates (2.79%) and protein (16.00%). Conversely, Silver NPs
(50 mg L") produced the lowest levels of carbohydrates (0.90%) and protein (7.17%), values that were
significantly lower than the healthy Control, correlating with the poor plant growth observed in Table
4. For total lipids, CuNPs (400 mg L™) also recorded the highest content (0.708%), while Potassium
Silicate (1 g L") recorded the lowest (0.150%).

3.8. Plant Defense System Induction (Secondary Metabolites)

The analysis of plant defense compounds revealed a significant induction of systemic resistance
by the nanoparticle treatments (Table 9).

Copper NPs (400 mg L") triggered the strongest defense response, showing the highest
accumulation of Total Phenols (11.56 mg/g) and the highest activities of all three defense-related
enzymes: Catalase (1.51), Peroxidase (2.77), and Polyphenol Oxidase (0.97). Chitosan NPs (400 mg
L) also acted as a powerful elicitor, inducing the second-highest levels of Total Phenols (10.38 mg/g)
and all associated enzymes. Critically, both CuNPs and CNPs at their highest concentrations induced a
defense response that was significantly stronger than that of the Redomil Gold fungicide and the Healthy
Control. This indicates that these nanoparticles provide a dual-action benefit: direct antifungal activity
(as seen in Table 1) and a strong induction of the plant's own immune system. Potassium silicate and
Silver NPs showed a weaker, though still dose-dependent, inductive effect.
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Table 8: The effect of different treatments on plant total carbohydrates, total protein, and total lipids.
Total Total  Total
Treatment Con. Carbohydrates protein lipids
% % %
50 mg L! 1.69 8.60 0.468
. 100 mg L! 1.89 11.27  0.538
Chitosan NPs 559 m§ L 229 1498 0.648
400 mg ! 2.79 16.00  0.668
50 mg L! 1.50 10.16  0.588
100 mg L! 1.79 11.03  0.618
Copper NPs 559 m§ L 2.59 1561 0.638
400 mg ! 3.09 16.54  0.708
50 mg L! 0.90 7.17 0.299
. 100 mg L! 1.30 11.22  0.329
Silver NPs 200 mg L' 1.99 1213 0.458
400 mg L! 2.29 14.29 0498
1 mL 0.60 11.16  0.150
Potassium 1.5 mL 1.59 12.07  0.299
silicate 2 mL 2.29 13.84  0.528
3 mL 2.79 14.50  0.568
Redomil Gold MZ 68 WG 2.69 11.47  0.518
Control 245 7.18 0.449
Treatments 0.3 0.15 0.006
LSD 1 % Concentrations 0.3 0.12 0.005
TxC 0.6 0.29 0.013

Table 9: The effect of different treatments on plant total phenols and defense enzymes (catalase —
peroxidase - polyphenol oxidase)

Total Enzymatic activities Mean
Treatment Con. henol
l()mg/g) Catalase Peroxidase P(:)lzil:il:;l:ﬂ
Chitosan NPs 50 mg L-! 2.70 0.07 0.728 0.269 0.94
100 mg L! 3.00 0.15 0.937 0.289 1.09
200 mg L' 6.46 0.76 1.206 0.369 2.20
400 mg L! 10.38 1.12 2.462 0.738 3.68
Copper NPs 50 mg L-! 3.28 0.92 0.827 0.249 1.32
100 mg L! 5.33 0.93 0.917 0.399 1.89
200 mg L! 8.67 0.97 1.425 0.528 2.90
400 mg L' 11.56 1.51 2.771 0.977 4.20
Silver NPs 50 mg L-! 1.61 0.13 0.618 0.219 0.64
100 mg L' 3.38 0.34 0.877 0.229 1.21
200 mg L' 6.62 0.41 1.047 0.369 2.11
400 mg L! 8.21 0.93 1.734 0.439 2.83
Potassium 1 mL 1.39 0.08 0.389 0.239 0.52
silicate 1.5 mL 2.60 0.14 0.817 0.259 0.95
2 mL 4.63 0.59 1.096 0.488 1.70
3 mL 6.58 0.77 1.355 0.488 2.30
Redomil Gold MZ 68 WG 6.39 0.83 1.186 0.608 2.25
Control 3.28 0.03 0.508 0.409 1.06
Mean 5.34 0.59 1.16 0.42 -
Treatments 0.13 0.02 0.029 0.009 -
LSD1 % Concentrations 0.11 0.02 0.024 0.007 -
TxC 0.27 0.04 0.058 0.018 -
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3.9. Essential Qil Composition (GC Analysis)

Gas chromatography (GC) analysis of the essential oils extracted from the treated plants identified
18 primary chemical constituents. The results (Table 10) show that all treatments altered the chemical
profile of the oil compared to the healthy control.

e Chitosan NPs application resulted in the highest concentrations of Eugenol (10.69%), 1,8-Cineole
(9.52%), a-Pinene (2.57%), Camphor (4.85%), and Chavicol (4.02%) compared to all other
treatments.

e Copper NPs treatment led to the highest accumulation of Linalool (19.58%), B-Pinene (2.19%),
and Cadinol (4.31%)).

e Potassium Silicate treatment resulted in the highest percentages of Sabinene (2.92%) and
Limonene (3.61%).

e The Redomil Gold treatment, interestingly, produced the highest relative percentages of Methyl
Cinnamate (31.65%) and Myrcene (2.94%).

The Healthy Control plants were characterized by having the highest levels of Methyl Chavicol
(12.61%) and B-Caryophyllene (3.28%), compounds which were reduced in most of the nano-treated
groups.

Table 10: Effect of the different treatments on the chemical composition of basil plant essential oil.
Percentage %

Component Chitosan Copper Silver Potassium Redomil Control
NPs NPs NPs Silicate gold

o-pinene 2.57 1.94 1.32 1.38 1.59 1.75
sabinene 2.84 2.21 1.30 2.92 1.13 1.47
B-pinene 1.23 2.19 1.55 1.29 2.17 1.33
Myrcene 1.13 243 1.94 1.42 2.94 1.16
Limonene 3.12 2.11 1.15 3.61 2.26 2.94
1,8-cineol 9.52 7.83 5.97 6.71 8.14 8.48
a-terpinene 3.21 2.94 1.79 2.46 2.44 2.14
Linalool oxide 4.78 2.24 2.77 3.89 2.98 3.67
Linalool 18.76 19.58 11.97 16.54 12.63 14.85
Camphor 4.85 3.31 2.37 2.52 2.90 3.26
Methyl chavicol 9.01 9.36 7.30 10.87 8.27 12.61
Isoestragole 3.79 4.61 3.21 4.73 5.66 4.13
Chavicol 4.02 3.59 3.40 3.52 3.83 2.96
Bornyl acetate 3.55 291 2.60 3.53 3.31 2.33
Eugenol 10.69 7.35 8.13 7.04 5.76 9.34
Methyl cinnamate 27.39 29.92 24.16 25.41 31.65 25.24
p-caryophyllene 2.67 3.15 1.71 2.54 2.36 3.28
Cadinol 3.44 431 3.24 3.31 3.24 3.43
Sum 116.57 111.98 85.88 103.69 103.26 104.37
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4. Discussion

The primary objective of this study was to evaluate eco-friendly nanomaterials for the management
of basil downy mildew. The most significant finding was the successful curative application of
biosynthesized nanoparticles. Notably, Copper Nanoparticles (CuNPs) at 400 mg L™ not only
controlled the disease but significantly outperformed the synthetic fungicide Redomil Gold (Table 3).
This superior efficacy suggests that the nanoparticles employ a multi-pronged mechanism of action,
encompassing both direct antifungal toxicity and the induction of host plant defenses.

Dual-Action Mechanism: Antifungal and Host-Defense Induction: The in vitro results (Table 1)
confirmed the direct antifungal toxicity of all tested nanomaterials. The high inhibition rates are
consistent with the established modes of action. For Chitosan (CNPs), its polycationic nature
electrostatically interacts with the negatively charged fungal membrane, leading to altered cell
permeability and leakage of cellular contents (Garcia-Rincon et al., 2010). Furthermore, chitosan's
chelating ability can sequester essential metal ions, making them unavailable for fungal development
(Goy et al., 2009; Roller and Covill, 1999). Similarly, CuNPs are known for their broad-spectrum
antimicrobial activity, which involves direct binding to the cell wall, membrane perforation, protein
denaturation, and the induction of reactive oxygen species (ROS) that damage lipids and DNA (Mallick
et al., 2012; Gaetke and Chow, 2003).

However, direct toxicity alone does not explain the superior in vivo curative success. The data
strongly indicates that the nanoparticles also acted as powerful elicitors of the plant's own immune
system. As shown in Table 9, CuNPs and CNPs triggered a significant accumulation of total phenols
and defense-related enzymes (Peroxidase, Polyphenol Oxidase, and Catalase) far exceeding the levels
in both healthy control and fungicide-treated plants. This is a hallmark of Systemic Acquired Resistance
(SAR). These enzymes play a critical role in defense: PO and PPO catalyze the lignification and cross-
linking of plant cell walls, creating a stronger physical barrier, while phenols act as direct antimicrobial
compounds. This aligns perfectly with the findings of Siddaiah ef al. (2018), who linked chitosan's
control of pearl millet downy mildew directly to the stimulation of this innate immune pathway.

Nanoparticles such as Biostimulants: Enhancing Plant Anatomy and Physiology, beyond disease
control, the treatments improved the plant's physical resilience and overall health. Anatomical analysis
(Table 5) showed that CNPs and Potassium Silicate significantly increased the thickness of the leaf
epidermis, palisade, and spongy tissues. This structural reinforcement creates a formidable physical
barrier against initial pathogen penetration, which helps explain their strong performance in the
preventive trial (Table 2). This finding is supported by Sharif et al. (2018) and El Amerany et al. (2020),
who also reported anatomical improvements in plants treated with chitosan.

This biostimulant effect was further confirmed by the primary metabolite analysis (Table 8). Plants
treated with CuNPs and CNPs showed the highest levels of total protein and total carbohydrates. This
is a critical finding: the nanoparticles are not just stopping the pathogen; they are actively promoting
plant health and photosynthesis. This enhanced metabolic state provides the plant with more energy and
resources for both growth and defense, which directly explains the superior plant fresh weight (Table
4) and overall vigor. This agrees with Mau et al. (1999) and Michael and David (2002) regarding the
role of proteins and carbohydrates in plant repair, growth, and energy.

Impact on Secondary Metabolism: Essential Qil Profile: The treatments also induced deep-seated
changes in the plant's secondary metabolism, as evidenced by the essential oil profiles (Table 10). Each
treatment modulated the oil's chemical composition differently, indicating specific interactions with
plant metabolic pathways. For example, Chitosan NPs significantly boosted the concentration of the
known antimicrobial compound Eugenol (10.69%), while Copper NPs led to the highest accumulation
of Linalool (19.58%). This demonstrates that beyond disease control, the choice of nano-elicitor can be
used to modulate the plant's final chemical profile and, potentially, its aromatic and medicinal quality.
The data confirms that the nanomaterials had no negative effect on the diversity of the oil components.
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5. Conclusion

In conclusion, this study demonstrates that biosynthesized Copper and Chitosan nanoparticles are
highly effective and viable alternatives to synthetic fungicides for the management of basil downy
mildew.

Most notably, Copper NPs (400 mg L") exhibited a curative efficacy superior to the commercial
fungicide Redomil Gold. This success is attributed to a dual-action mechanism: (1) direct antifungal
toxicity and (2) a powerful induction of the plant's systemic resistance, evidenced by the accumulation
of phenols and defense enzymes.

Furthermore, CuNPs and CNPs act as biostimulants, enhancing plant anatomical structure,
promoting growth, and increasing the content of proteins and carbohydrates. These findings present a
strong case for the use of CuNPs and CNPs as eco-friendly, multi-functional agents in an integrated
pest management strategy, offering both disease control and plant health promotion.
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