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ARTICLE INFO ABSTRACT

Keywords: Rice bakanae, a devastating seed-borne disease caused by Fusarium species requires a more
Green synthesis attractive and eco-friendly management strategy. The optimization of plant-mediated silver
Optimization nanoparticles (AgNPs) as nanofungicides by targeting Fusarium species may be a rational
Silver nan_ol,)armles approach. In this study, Azadirachta indica leaf aqueous extract-based AgNPs (AiLAE-AgNPs) were
Nanofungicides

synthesized through the optimization of three reaction parameters: A. indica leaf amount, plant
extract-to-AgNOs ratio (reactant ratio), and incubation time. The optimized green AgNPs were
characterized using ultraviolet-visible light (UV-Vis) spectroscopy, field emission scanning
electron microscopy (FESEM) with energy dispersive X-ray (EDX) spectroscopy, transmission
electron microscopy (TEM), dynamic light scattering (DLS), and powder X-ray diffraction (XRD)
techniques. The optimal conditions for producing spherical, unique, and diminutive-sized AgNPs
ranging from 4 to 27 nm, with an average size of 15 nm, were 2 g AiLAE at a 1:19 ratio (extract-to-
AgNOs) and incubated for 4 h. Fusarium isolates collected from infected soils and identified as
F. fujikuroi (40) and F. proliferatum (58 and 65) by PCR were used for seed infestation. The AgNPs
exhibited concentration-dependent mycelial growth inhibition with ECsy values ranging from
2.95 to 5.50 pug/mL. The AgNPs displayed exposure time-dependent seed disinfectant potential
(complete CFU reduction in F. fujikuroi (40) and F. proliferatum (58) was observed at a concen-
tration of 17.24 pg/mL). The optimized green AgNPs were non-toxic to germinating seeds, and
completely cured bakanae under net-house conditions, suggesting their great nano-fungicidal
potency for food security and sustainable agriculture.

Fusarium species
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1. Introduction

Bakanae, an extremely destructive seed-borne fungal disease of rice (Oryza sativa L.) caused by Fusarium fujikuroi species complex
(FFCS), has been reported to cause yield losses of up to 95.4% under severe infection, depending on the region and variety. Among the
FFSC, F. fujikuroi, F. proliferatum, F. verticillioides and F. andiyazi were the main pathogens responsible for rice bakanae [1]. Infected
plants are typically thinner and taller than healthy plants and have yellowish-green or pale-green leaves. The abnormal production of
the plant growth-promoting phytohormone, gibberellic acid (GA3), by disease-causing pathogens is primarily responsible for the
development of the classical symptoms [1]. Among the various tools used to manage Bakanae, seed treatment using chemical fun-
gicides is the most effective and widely used. However, due to the misuse and overuse of chemical fungicides, phytopathogens have
become resistant to this approach, negatively affecting rice productivity. In addition, excessive use of chemical fungicides in agri-
cultural systems poses major concerns for public health and the environment [2]. Therefore, there is great interest in developing a
more effective and environmentally safe management strategy that employs naturally active compounds for sustainable agricultural
systems. The synthesis of nanofungicides via green routes, particularly using plant systems, may be a robust approach for controlling
Bakanae disease.

Recently, plant extract-mediated silver nanoparticles (PEM-AgNPs), particularly nanofungicides, have been considered the best
option for agricultural applications in the management of phytopathogenic microorganisms because of their advantages over other
biological entities, such as faster synthesis of nanoparticles, simple and enhanced antifungal activities, cost-effectiveness, relatively
easy scale-up, and eco-friendliness [3,4]. Various structurally and functionally diverse secondary metabolites naturally present in
different parts of plants can act as reducing agents to convert Ag * ions into AgNPs, facilitate their stabilization, improve physico-
chemical and biological properties, and reduce toxicity [5-8]. Another striking feature of AgNPs is that pathogenic microorganisms do
not become resistant [9], which has led to AgNPs being considered potentially ideal fungicides for practical applications. Very small,
monodisperse, and spherical AgNPs have been reported to have superior fungicidal potential owing to their high surface-to-volume
ratio [2]. Therefore, it is of pivotal importance to generate PEM-AgNPs with the desired and controllable physicochemical proper-
ties for application as nanofungicides to protect crops. Optimization of the most important reaction parameters (plant extrac-
t-to-AgNOs ratios, concentration of AgNOs, incubation times, pH, temperature, etc.) is key for the controlled biosynthesis of AgNPs
[10,11] as well as the effective management of phytopathogens without exhibiting any toxic effects on non-target organisms [12].
Furthermore, maximum efficacy under field conditions can only be attained when AgNPs are optimized by targeting one specific crop
species or a group of related crop species infected with similar phytopathogens [12].

The application of PEM-AgNPs under field conditions is the most recent advancement of nanotechnology in agro-ecosystems and
has been gaining popularity among farmers owing to the overproduction of crops. One study [13] reported that treatment with
Azadirachta indica leaf extract-based AgNPs (AiLAE-AgNPs) is an eco-friendly and safe approach that significantly enhances the growth
and yield of tomato plants by reducing the severity of early blight disease (caused by Alternaria solani). The positive outcome,
notwithstanding, was that the reaction parameters were not optimized, which is one of the major limitations of this study. In a related
study, Jo et al. (14) reported the in vitro antifungal and seed disinfection efficacies of chemically synthesized AgNPs against G. fujikuroi.
To increase the fungicidal potential of AgNPs at very low concentrations, Sharma et al. (15) 1, 2, 4-triazolyldithiocarbamate-conju-
gated silver nanoparticles (TDTC-AgNPs) were synthesized and evaluated for their potential as a nanofungicide to manage rice
bakanae disease under in vitro and field conditions. To prepare TDTC-AgNPs, 1,2 4-triazole was combined with dithiocarbamates (both
potent chemical fungicides) to produce 1,2,4-triazole-1-ylcarbodithioate (TDTC), which was subsequently conjugated to chemically
synthesized AgNPs. However, it was hypothesized that the optimized PEM-AgNPs would manage rice bakanae disease more efficiently
and effectively without showing any toxic effects at a significantly lower dosage than chemically synthesized AgNPs alone or their
conjugates. Therefore, the present study investigated the optimization and characterization of AiLAE-AgNPs and, as a novel approach,
evaluated their potential as nanofungicides against the targeted fungal pathogens, Fusarium sp. (isolated from the soils of
bakanae-prone areas) under in vitro and net-house conditions.

A. indica (commonly known as neem) belongs to the Meliaceae family and is considered the best biocontrol agent in agriculture
because of its low toxicity, availability, chemical diversity, potent secondary metabolites, and high efficacy against phytopathogens.
Different parts of the plant possess important secondary metabolites; however, the leaves, in particular, are known to contain gly-
coproteins, triterpenes, polyphenols, saponins, and limonoids, such as azadirachtin, nimbolinin, nimbin, and nimbidin. Although
Azadirachtin (a complex tetranortriterpenoid) is the main chemical compound responsible for the antimicrobial properties of A. indica
leaves, polyphenols and other limonoids also have beneficial effects [14]. However, AgNPs biosynthesized using AiLAE exhibited
superior antifungal activity compared to the extract alone [15]. Various antimicrobial mechanisms have been proposed for AgNPs,
including attachment to the surface of the cell wall and membrane, infiltration into the cell wall or membrane, interaction with cellular
structures and biomolecules, generation of reactive oxygen species (ROS) and free radical species due to cellular toxicity and oxidative
stress, and modulation of signal transduction pathways [16].

In this study, three synthesis parameters: A. indica leaf amount, plant extract-to-AgNOs ratio (reactant ratio), and incubation time
were optimized. Physicochemical characterization of the optimized AgNPs was carried out using various analytical techniques,
including ultraviolet—visible light (UV-Vis) spectroscopy, field emission scanning electron microscopy (FESEM), energy dispersive X-
ray (EDX) spectroscopy, transmission electron microscopy (TEM), dynamic light scattering (DLS), and powder X-ray diffraction (XRD).
Subsequently, the in vitro fungicidal effect of the green AgNPs against Fusarium isolates collected from the soils of disease-prone
districts in Bangladesh was evaluated. Their effects on seed surface disinfection, germination, and their potential to cure and
manage Bakanae disease under net-house conditions were also investigated.
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2. Materials and methods
2.1. Collection and preparation of A. indica leaf extract

Fresh and healthy A. indica leaves were collected from Islamic University, Kushtia, Bangladesh, and washed thoroughly under
running tap water, followed by double-distilled water (ddH20) to remove dirt. The cleaned leaves were air-dried at room temperature,
finely chopped, and placed in Erlenmeyer flasks. Water (ddH,0) was added to the flask, boiled at 100 °C for 20 min, cooled, filtered,
and stored at 4 °C until nanoparticle synthesis (Fig. S1). A schematic representation of the optimization of green AgNPs from AiLAE,
characterization, and antifungal sensitivity tests is shown in Fig. S2.

2.2. Biosynthesis of A. indica leaf extract-mediated AgNPs

The green synthesis of AgNPs was performed according to a previously described protocol [10,17]. AiLAE was mixed with silver
nitrate (AgNOs3, Sigma-Aldrich, St. Louis, MO, USA) solution, followed by incubation at 85 °C in a hot air performance incubator
(AP120, Froilabo, Meyzieu, France). The color change of the reaction mixture from colorless to yellow and finally to red-brown
indicated the biosynthesis of AgNPs. All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.3. Optimization of synthesis parameters

Five different amounts of A. indica leaves (2, 5, 10, 15, and 20 g) and a wide range of reactant ratios and incubation times, ranging
from 1:4 to 1:99 and 0.5-20 h, respectively, were explored for AgNP biosynthesis based on the literature [17-21] and after preliminary
investigations. Determining the optimum amount of leaf, reactant ratio, and incubation time is very important for the biosynthesis of
the desired AgNPs with improved physicochemical properties, that is, tiny, spherical, monodispersed, highly crystalline, and long-term
stability. The temperature was kept constant at 85 °C during the optimization process based on a previous study [10] and after
preliminary investigations. All experiments were performed in triplicates.

2.3.1. Amount of A. indica leaf and reactant ratio

The optimization process began with the formation of AgNPs from aqueous extracts of five different amounts of A. indica leaves.
From each of the above extracts, 1 mL was mixed with different concentrations of AgNOj3 to prepare mixtures with ratios of 1:4, 1:9,
1:14, and 1:19 (final concentrations of 1 mM). After incubation at 85 °C for 1 h, the absorption spectra of the mixtures were measured
as a function of reaction time using a UV-Vis spectrophotometer (U-2900 UV/VIS Spectrophotometer 200 V, HITACHI, Tokyo, Japan).
To confirm the optimal amount of leaf extract and reactant ratio, AgNPs were biosynthesized using extracts from four different
amounts (2, 5, 10, and 15 g, excluding 20 g) of leaves at different ratios of reactants, following the same procedure as above. Sub-
sequently, the mixtures were incubated for different durations and their absorption spectra were measured. Based on these results, the
optimal amount of leaf extract and reactant ratio were selected for further investigation.

2.3.2. Incubation time

Optimization of the incubation time was carried out based on color development and UV-Vis spectral analysis of the reaction
mixtures (here, only the optimal amount of leaf and reactant ratio were used). After incubating the mixtures (maintaining the final
volume and concentration at 100 mL and 1 mM, respectively) for different durations (0, 10, 20, 30, 40, 50, 60, 120, 180, 240, 300, and
360 min), the color changes and absorption spectra were monitored and recorded. The optimal incubation time was selected based on
spectral analysis and used for subsequent experiments.

2.4. Estimation of concentration of optimized AgNPs

The concentration of the optimized AgNPs in the aqueous solution was estimated based on a calibration curve prepared from
commercial AgNPs (65-75% Ag basis, product no. 85131). AgNPs were dispersed in sterile ddH>0 using an ultrasonicator (UC-40A;
Biobase Industry Co. Ltd., Jinan, China). Subsequently, solutions at different concentrations of AgNPs (1.5-20.0 ug/mL) were prepared
with sterile ddH,0 and taken into quartz cuvettes, followed by absorption measurement at 404 nm against a blank. A blank was
prepared by replacing the AgNP solution with sterile ddH>O.

2.5. Examination of stability of optimized AgNPs

The stability of optimized AgNPs in aqueous solution (kept in the dark at room temperature over for 18 months) was evaluated
based on the analysis of the surface plasmon resonance (SPR; Amax and peak width) band of UV-Vis spectra.

2.6. Physicochemical characterization of optimized green AgNPs
Optimized green AgNPs were separated and purified from the reaction mixtures by continuous centrifugation (16,658xg, 1610,

Universal 32R, Hettich Zentrifugen, Tuttlingen, Germany) for 20 min at 4 °C with sterile ddH20 [17]. The obtained pellets were
washed repeatedly (3—4 times) with ddH»0 to ensure better separation of the AgNPs from other contaminants. After drying the pellets
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at 60 °C in an oven (AP120, Froilabo, Meyzieu, France), the dried AgNPs were kept at 4 °C for further characterization.

The surface morphology, shape, and particle size distribution of the AgNPs were characterized using a FESEM device equipped with
an EDX detector (JSM-7610F, JEOL Ltd., Akishima, Tokyo, Japan) operating at an acceleration voltage of 15 kV. The elemental
distribution of the AgNPs was confirmed using EDX spectroscopy. The average particle size of the AgNPs was determined using a
particle size analyzer (ZEN3600 Zetasizer, Malvern, Worcestershire, UK). The morphology, size, and shape of the AgNPs were
determined using TEM image analysis. TEM (Talox F200X, Thermo Fisher Scientific, Hillsboro, OR, USA) image acquisition was
performed under the following conditions: autofocus, microtrace, autodrive, live FFT display, auto pre-irradiation (API), 120 kV
accelerated voltage, multiple lens configurations including a standard lens for unsurpassed high contrast, and a class-leading UHR lens
for high resolution. A TEM grid was prepared by placing a drop of the bioreduced diluted solution on a carbon (C)-coated copper grid
and drying it under a lamp.

The crystalline nature of green AgNPs was determined through the analysis of the XRD patterns of the powder AgNPs sample using
an X-ray diffractometer (Philips PW 3040 X’Pert Pro, Eindhoven, Netherlands) using Cu Ka-radiation (A = 1.54 i\), tube voltage of 33
kV, and tube current of 45 mA. The intensities were measured at 20 values ranging from 10° to 90° at a continuous scan rate of 10°/
min.

2.7. Collection, preservation, and molecular identification of fungal isolates

Soil fungal isolates were collected from three bakanae-prone districts (Habiganj, Cumilla, and Gazipur) by the Plant Pathology
Division of Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh, and named fungal isolates (40), (58), and (65), respec-
tively, for convenience. The isolates were preserved on potato dextrose agar (PDA; Merck, Darmstadt, Germany) plates containing 4 g/
L potato extract, 20 g/L glucose, and 15 g/L agar at 4 °C.

All three isolates were identified using PCR. Genomic DNA was extracted from the isolates for molecular characterization. To this
end, 2 mL of a 24-36 h fresh culture of each isolate was centrifuged (Sorvall Legend Micro 17R centrifuge, Thermo Scientific, Waltham,
MA, USA) at 13,845xg at room temperature for 10 min, and the supernatant was discarded. Nuclease-free water (500 pL) was added,
followed by centrifugation at 13,845 x g for 10 min, and this step was repeated twice. The supernatant was discarded, and the pellet was
crushed in CTAB buffer (300 pL) using a crushing ball. Phenol:chloroform:isoamyl alcohol (25:24:1, v/v/v) was added, mixed gently
by inversion, and maintained at room temperature for 10 min before centrifuging the sample at 13,845xg for 10 min. The aqueous
upper layer (~200 pL) was transferred to a fresh tube containing an equal volume of isopropyl alcohol, mixed well, and kept for 10 min
at room temperature. Subsequently, the samples were centrifuged at 13,845xg for 10 min, followed by supernatant removal and cold
ethanol (70%, 700 pL) addition without disturbing the pellet. Finally, after centrifugation at 13,845xg for 5 min, the supernatant was
decanted, the pellet was air-dried, and the dried pellet was re-suspended in TE buffer and stored at —20 °C for further analysis.

To amplify the target gene sequences, PCR reaction (reaction volume of 20 pL containing 10 pL of master mix (Thermo Fisher
Scientific, Waltham, MA, USA), nuclease-free water (New England Biolabs, Ipswich, MA, USA) 4 pL, and primer (IDT, Singapore
Science Park II, Republic of Singapore) forward and reverse 0.5 pL each (ITS1/4-F: 5-GAAGTAAAAGTCGTAACAAG-3") and ITS1/4-R:
5'-CCTCCGCTTATTGATATGC-3") was performed by taking 5 pL of extracted genomic DNA in a Thermal Cycler (WD-9402B, BioBase,
Jinan, China). The PCR condition was as follows: initial denaturation at 94 °C for 5 min, followed by 35 cycles of denaturation at 94 °C
for 30 s, annealing at 53 °C for 30 s, extension at 72 °C for 1 min, and a final extension at 72 °C for 7 min.

2.8. Invitro antifungal activity determination of green AgNPs

2.8.1. Preparation of inoculum

Fungal isolates (40, 58, and 65) were cultured on PDA plates and incubated for 7-14 days at 28 + 2 °C. Small pieces of agar
containing the fungus were cut from the peripheral region of the plate using a scalpel and transferred to another plate for radial growth.
A 14-day-old culture of each isolate was used as an inoculum.

2.8.2. Antifungal activity evaluation

The antifungal potential of AiLAE and optimized green AiLAE-AgNPs was determined using a food poisoning technique [22].
Colloidal solutions of AgNPs at 17.24 pg/mL were mixed with PDA solutions to prepare mixtures with final concentrations of 1.724,
3.448, 5.172, 6.89, 8.62, 10.34, and 12.07 pg/mL. The mixtures were subsequently poured into Petri dishes (90 mm diameter) to
prepare the experimental plates. Another plate was prepared by mixing 1 mL AiLAE (the concentration used for AgNPs synthesis) with
PDA solution (when cooled to around 55 °C) following the same procedure. A control PDA plate was prepared without AgNPs. The
14-day-old fungal cultures were cut with a scalpel and placed at the center of each Petri dish. Subsequently, all plates were incubated at
28 + 2 °C for 7-14 days in an incubator (Cool Incubator 23, Domel, Zelezniki, Slovenia) until the positive control plate was completely
covered with fungal mycelia. Each treatment was replicated three times in a Complete Randomized Design (CRD) in the laboratory.
The percentage mycelial growth inhibition in the control and experimental plates was measured and calculated using Eq. (1):

I=(R.-R) / R.x 100 )
where R. and R; are mycelial growth in the control and experimental plates (mm), respectively, and I is the inhibition of mycelial

growth. Furthermore, the concentrations sufficient to effectively inhibit 50% mycelial growth (ECsg) for all fungal isolates were
estimated using a previously described method [23].
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2.9. Effect of optimized green AgNPs on seed surface disinfection, germination, and management of bakanae in net-house condition

2.9.1. Disinfection of Fusarium-infested seeds surfaces with AgNPs

Conidia from 2-week-old subcultures of all Fusarium isolates (40, 58, and 65) were scraped from PDA plates into separate test tubes,
25 mL sterile ddH,0 was added, and the tubes were vortexed. One milliliter of each conidial suspension was serially diluted, spread on
PDA, and incubated at 28 + 2 °C for 3 days, followed by enumeration. The CFU counts of each isolate (40, 58, and 65) were 3.3 x 106,
8.2 x 108, and 9.5 x 10°, respectively, and adjusted to a final concentration of 1 x 10° conidia/mL with ddH0. Rice (F1 Hybrid,
China, is a highly susceptible cultivar to Fusarium species) seeds (200/100 mL ddH;0) were submerged in a 250 mL Erlenmeyer flask
for 10 min and vortexed for 3 min. This process was repeated three times to clean the seeds. Afterward, the seeds were air-dried on a
clean bench for 1 h. Dried seeds were soaked in the final individual conidial suspension at 25 + 2 °C for 24 h to facilitate their
attachment to the seed surface. The fungi-infested seeds were further air-dried on a clean bench for 1 h. Forty infested seeds of each
isolate were completely flooded in 100 mL Erlenmeyer flasks containing 17.24 pg/mL of AgNPs. In parallel, 40 infested seeds from each
isolate were plunged into sterile ddH>O as a positive control. To measure the initial CFU in untreated seeds, five seeds of each isolate
were placed in sterile microcentrifuge tubes containing 1 mL of sterile ddH>0 and centrifuged in a microcentrifuge machine at 216xg
for 3 min. The same procedure was followed for the treated seeds; however, five seeds of each isolate were collected after exposure for
1, 3, 6, 12, and 24 h. After centrifugation, 100 pL conidia solution of the treated and non-treated seeds of each isolate was taken,
serially diluted with sterile ddH»0, spread on PDA, and incubated at 25 + 2 °C for 3 days, followed by enumeration. The experiment
was repeated thrice.

2.9.2. Seed germination test and management of bakanae in net-house condition

The seed germination test was performed in Petri dishes (90 mm) as follows: the infested-seeds were treated with AgNPs at a
concentration of 17.24 pg/mL for 24 h, and subsequently, air-dried on sterile filter paper. Finally, all Petri dishes containing the 10
treated seeds were incubated in the dark and allowed to germinate under ambient conditions.

The trial for bakanae disease management in the net-house condition was carried out in rectangular-sized stainless steel trays (21"
length x 17" width) on the roof of the faculty building of the Biological Sciences of Islamic University. Seeds were germinated on soils
collected from the bakanae-prone districts of Habiganj, Cumilla, and Gazipur. A total of 27 trays were equally divided into three
groups, and each group contained nine trays (three trays per isolate): (i) positive control, in which seeds were soaked in ddH»0, air-
dried, and sown on soil without any fungal infestation or AgNP treatment; (ii) negative control, in which seeds were infested with each
fungal isolate without AgNP treatment; and (iii) experimental, in which seeds were both fungi-infested and AgNP-treated. Each tray
contained 20 seeds sown in 5" apart, with an inter-plant distance of 4". Seeds were infested with individual fungal isolates following the
procedures described in section 2.9.1. The experimental group was treated with AgNPs at a dose of 17.24 pg/mL at 10-day intervals for
40 days. Each experiment was repeated three times and each concentration included three replicates.
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Fig. 1. UV-Vis spectra of AgNPs using (A) 2 g, (B) 5 g, (C) 10 g, (D) 15 g, and (E) 20 of Azadirachta indica leaf at leaf extract-to-AgNOj3 solution
ratios of 1:4, 1:9, 1:14, and 1:19 (v/v) incubated at 85 °C for 1 h.
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3. Results and discussion
3.1. Primary confirmation of AgNPs biosynthesis based on color change

Green AgNPs were produced through the reduction of Ag " ions by AiLAE, as observed primarily by the color change of the reaction
solution (Fig. S3). The colloidal red-brown color change was due to the excitation of surface plasmon vibrations in the metal nano-
particles [24]. Similar changes in color due to the reaction between AiLAE and AgNOj3 have been previously reported [17]; therefore,
the complete reduction of Ag ™ ions was confirmed. The functional groups present in the bioactive compounds of AiLAE, particularly
flavanones, terpenoids, and alkaloids, play the most important roles in capping, stabilizing, and reducing Ag * to Ag® [10]. Subse-
quently, Ag nuclei are formed owing to the further reduction of Ag", and the nucleation of such nuclei results in the synthesis of AgNPs

[4].

3.2. Optimization of synthesis parameters

3.2.1. Amount of A. indica leaf and reactant ratio

The UV-Vis spectra of AgNPs obtained from the extracts of different amounts of A. indica leaves (2, 5, 10, 15, and 20 g), keeping
other variables constant, are shown in Fig. 1A-E. UV-Vis spectroscopy can be used to confirm the formation and stability of AgNPs in
aqueous solutions, and the size and shape of the AgNPs can be roughly determined from the peak position and shape or width of the
absorption band (SPR band). Only a single SPR band is expected in the absorption spectra of spherical nanoparticles, whereas
anisotropic particles can produce two or more SPR bands depending on the shape of the particles [25]. As shown in Fig. 1A-E, the
spectrum of the 1:19 ratio of 2 g of leaf extract exhibited a single SPR band, suggesting that the AgNPs were spherical. However, except
for the one above, all spectra from all extracts at all ratios were anisotropic because they gave rise to two or more SPR bands, indicating
variation in the shapes of the biosynthesized AgNPs.

Fig. 2 shows the UV-Vis spectra of the AgNPs produced using 2 g of A. indica leaves and different ratios (v/v) of the extract-to-
AgNOg solution at different time intervals. The 1:9 reactant ratio clearly exhibited an anisotropic curve (Fig. 2A), and the same
phenomenon was observed for the 1:14 ratio over time (Fig. 2B). Conversely, single-SPR flat curves were initially observed after 30 and
60 min of incubation at a 1:19 ratio (Fig. 2C). However, with increasing reaction time (up to 4 h), the curves became sharper and the
SPR bands became narrower, and the peaks shifted toward shorter wavelengths, indicating the formation of monodisperse and small-
sized AgNPs. As the reaction time increased, the absorbance intensity of the reaction mixture increased, indicating enhanced formation
of AgNPs. A similar observation has been reported previously [17]. The absorption maximum was recorded as 0.760 at 408.5 nm
wavelength, 0.948 at 407.5 nm, 1.235 at 403.5 nm, 1.431 at 403 nm, and 1.498 at 407 nm for 30 min, 1 h, 2 h, 4 h, and 8 h of reaction,
respectively. AgNPs usually exhibit an SPR band due to free electron excitation in the visible range of 390-500 nm, as determined by
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Fig. 2. UV-Vis spectra of AgNPs formed from 2 g Azadirachta indica leaf extract and AgNOj3 solution at the ratios of (A) 1:9, (B) 1:14; (C) 1:19; (D)
1:29; and (E) 1:39 (v/v) incubated at 85 °C for 0.5, 1, 2, 4, and 8 h, respectively.
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UV-Vis absorption spectroscopy [26]. In all cases, absorption bands were observed within this range, confirming the formation of
AgNPs. Moreover, AgNPs generated by incubation for 2 and 4 h showed that the intensity of the SPR band increased without any shift
in the peak wavelength. However, the band shifted toward red and an anisotropic curve was observed upon further increasing the
reaction time (8 h), suggesting that incubation between 2 and 4 h may be the optimal time for the formation of monodisperse and
small-sized AgNPs. It was also observed that the formed AgNPs exhibited two or more SPR bands with increasing reaction time
(Fig. 2B-D, and E). Furthermore, the curves of the 1:29 (Fig. 2D) and 1:39 (Fig. 2E) ratios were flatter and shifted toward red, sug-
gesting larger AgNPs compared to the 1:19 ratio (Fig. 2C). Therefore, a ratio (1:19) was observed to be the optimal reactant ratio for the
production of the desired AgNPs. This result is consistent with that of a previous study that reported that the biosynthesis of optimal
AgNPs occurs at a specific plant extract-to-AgNOs3 ratio [27].

Again, the AgNPs produced from 5 g of the leaf extract at all ratios exhibited anisotropic curves at different reaction times (Fig. 3).
This may be due to the presence of a higher concentration of phytochemicals, which accelerated the reducing power and the formation
of two or more flat curves. Figs. 4 and 5 show that all the spectra of the biosynthesized AgNPs from 10 to 15 g of AiLAE were anisotropic
and that the curves were flatter and shifted toward red with increasing time, suggesting an increase in particle size due to diffusion
growth, aggregation, or a combination. Therefore, if AiLAE is used at concentrations above a certain threshold value, it is not suitable
for AgNP formation [21]. In this study, the optimal conditions for the formation of monodisperse, spherical, and small-sized AgNPs
were 2 g AiLAE at a 1:19 reactant ratio and an incubation time between 2 and 4 h.

3.2.2. Incubation time

The color development of the reaction mixture containing 2 g AiLAE and a reactant ratio of 1:19 at different time intervals is
presented in Fig. 6A. The first two Erlenmeyer flasks on the left side of the figure indicate the AiLAE and AgNOj solutions, respectively.
At 0 min, no color change was noted; however, a yellow color appeared at 20 min, which deepened to reddish-brown and finally to
dark red as the incubation time increased. Therefore, the color intensity increased with incubation time [17]. Interestingly, after 180
min of incubation, almost no color change was observed in the reaction mixture, indicating complete bio-reduction of Ag * to Ag’.
Subsequently, UV-Vis spectroscopic absorption measurements of each reaction mixture were carried out at each time interval. The
absorption maximum was recorded as 0.291 at 419 nm wavelength, 0.485 at 417 nm, 0.698 at 412 nm, 0.801 at 411 nm, 0.911 at
410.5 nm, 1.049 at 410 nm, 1.185 at 407 nm, 1.455 at 405.5 nm, 1.593 at 404 nm, 1.663 at 413.5 nm, and 1.724 at 421 nm for 0, 10,
20, 30, 40, 50, 60, 120, 180, 240, 300, and 360 min of reaction, respectively (Fig. 6B). It can be seen that the intensity of the SPR band
increased with increasing incubation time, and the SPR band shifted toward blue up to the incubation time of 240 min (4 h). However,
further increasing the reaction time (>240 min) resulted in a band shift toward red, suggesting that incubation of the reaction mixture
for 4 h was the optimal time for the formation of monodisperse, small-sized AgNPs. Moreover, the maximum absorption peak observed
at 404 nm after 240 min of incubation indicated a size of approximately 20 nm [28]. Therefore, it has been confirmed from the above
discussions that the condition for producing optimized AgNPs (monodisperse, spherical, and small-sized) in this study is the 2g AiLAE
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Fig. 3. UV-Vis spectra of AgNPs formed from 5 g Azadirachta indica leaf extract and AgNOj3 solution at the ratios of (A) 1:19, (B) 1:29, (C) 1:39, (D)
1:49, and (E) 1:59 (v/v) incubated at 85 °C for different durations.
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Fig. 4. UV-Vis spectra of AgNPs formed from 10 g Azadirachta indica leaf extract and AgNOj solution at the ratios of (A) 1:29, (B) 1:39, (C) 1:49, (D)
1:59, and (E) 1:69 (v/v) incubated at 85 °C for 0.5, 1, 2, 4, and 16 h, respectively.
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Fig. 5. UV-Vis spectra of AgNPs formed from 15 g Azadirachta indica leaf extract and AgNO3 solution at the ratios of (A) 1:59, (B) 1:69; (C) 1:79; (D)
1:89; and (E) 1:99 (v/v) incubated at 85 °C for 0.5, 1, 2, and 4 h, respectively.

in a 1:19 reactant ratio incubated for 4 h at 85 °C.

3.3. Estimation of concentration of optimized green AgNPs

The concentration of the optimized green AgNPs was estimated based on the calibration curve of the standard AgNP solutions (y =
0.0991x + 0.027, R% = 0.9975). The absorbance of standard AgNP solutions increased with increasing AgNP concentration (Fig. 6C).
Similar observations have been reported previously [29]. The high R? value shows that the standard curve can be applied to reliably
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Fig. 6. (A) Color progression of colloidal AgNPs solution biosynthesized from 2 g Azadirachta indica leaf extract in a 1:19 ratio (v/v) incubated at
85 °C. The first two Erlenmeyer flasks on the left side of the figure indicate the AiLAE and AgNOj; solutions, respectively. The subsequent flasks
represent the mixtures incubated for 0, 10, 20, 30, 40, 50, 60, 120, 180, 240, 300, and 360 min, respectively; (B) UV-Vis spectra of the reaction
mixtures at each incubation time point; (C) Calibration curve of standard commercial AgNPs; (D) Stability test of optimized green AgNPs over for 18
months based on (SPR; Anax and peak width) band of UV-Vis spectra.

estimate the concentration of optimized AgNPs (17.24 pg/mL, maximum absorption 1.593 at 404 nm).

3.4. Stability test of AgNPs

As can be seen from Fig. 6D, the maximum absorption of the optimized AgNPs was 1.593 at 404 nm, 1.727 at 415.5 nm, and 1.801
at 417.5 nm at 0 days (initial), 12 months, and 18 months, respectively. This indicates that the SPR band shifted slightly toward red
owing to particle agglomeration during the storage of the aqueous solution. However, a sharp and high-amplitude peak similar to that
in the spectrum at day 0 was observed; therefore, the optimized green AgNPs showed excellent stability even after 18 months. This
high long-term storage ability may be due to the attachment of a large quantity of strong capping agents (flavanones, terpenoids, and
alkaloids) to the surface of tiny AgNPs by preventing agglomeration [30]. In contrast, the maximum stability of AiLAE-AgNPs was
previously reported to be up to 4 months [31].
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3.5. Physicochemical characterizations of optimized green AgNPs

3.5.1. DLS analysis
The particle size distribution of the AgNPs, as determined by DLS, is shown in Fig. 7A. The Z-average diameter value and poly-
dispersity index (PDI) were found to be 49.96 nm and 0.271, respectively. The PDI value of a colloidal AgNPs solution less than 0.3 in

addition to a single SPR band the monodisperse nanoparticles [32]. Our results are consistent with those in the literature and thus
indicate the formation of small and monodisperse AgNPs.

3.5.2. FESEM-EDX analysis

The formation of green AgNPs can be discerned from FESEM analysis (Fig. 7B). The AgNPs were spherical, which is in agreement
with the SPR peaks of the absorption spectra. The particles were also monodisperse with a narrow size distribution ranging from 30 to
50 nm. Some particles were larger than those inferred from the optical absorption spectra, owing to the agglomeration of nano-
particles, as the samples used to examine the morphology were maintained for a relatively longer time.

The chemical composition and purity of the AgNPs were investigated using the EDX spectra shown in Fig. 7C. The EDX spectrum
exhibits a strong signal at 3 keV, which is the typical absorption peak for metallic AgNPs due to SPR [33], thus confirming the complete
reduction of Ag compounds to AgNPs. However, two weak signals characteristic of C and oxygen (O) were also observed in the spectra
within the range of 0-0.5 keV, which indicated the role of the phytochemicals present in AiLAE as stabilizing/reducing agents. The
absence of other elements in the spectra confirmed the purity of the green nanoparticles. The EDX analysis showed that the relative
compositions of the elements were C 5.61%, O 4.48%, and Ag 89.92%. Thus, Ag was the main component of the particles, whereas the
other elements served as capping organic agents bound to the surface of the AgNPs.

3.5.3. TEM analysis

Transmission electron microscopy (TEM) is the most efficient, preferred, and widely used method for directly measuring the size,
size distribution, and morphology of nanoparticles because it provides high-resolution images of single nanoparticles in addition to
analyzing their morphological properties [34]. Fig. 7D shows the morphological shape and size of the AgNPs obtained by TEM. The
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Fig. 7. (A) Size distribution by intensity using a particle size analyzer; (B) FESEM image; (C) Elemental analysis by EDX; (D) TEM image; and (E)
XRD of optimized green AgNPs.
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figure demonstrates that most of the particles are spherical, and the size of the particles ranges between 4 and 27 nm, which supports
the size predicted from the UV-Vis spectrum. Moreover, the average diameter of the AgNPs observed by TEM was 15 nm, which is
consistent with a previous study that reported an average size of 20 nm [10]. On the contrary, the average sizes of chemically syn-
thesized AgNPs and their TATC conjugates were reported to be 24.83 + 7.23 and 45.48 + 5.13 nm [35], therefore, much larger than
the average size of the present study.

3.5.4. XRD analysis

Fig. 7E shows the XRD pattern of the AgNPs. This was used to confirm that the biosynthesized particles were Ag and to determine
their structure. The crystalline nature was confirmed by comparing the XRD patterns of the AgNPs, which exhibited sharp and clear
peaks, with Bragg’s diffraction patterns available in the Joint Committee on Powder Diffraction Standards (JCPDS) files. The XRD
patterns of the AgNPs showed five main characteristic diffraction peaks for Ag at 260 = 38.28°, 44.52°, 64.66°, 77.72°, and 81.9°,

A B

o

Fig. 8. (A) PCR amplification of Fusarium isolates (1 = 40, 2 = 58, 3 = 65; 100 bp ladder was used); Antifungal potential of AgNPs against (B)
Fusarium fujikuroi (40) (C) F. proliferatum (58); (D) F. proliferatum (65) mycelial growth on PDA at different concentrations: a Control; b-h (12.08,
10.34, 8.62, 6.89, 5.172, 3.448, and 1.724 pg/mL, respectively) after 3 days of incubation at 28 + 2 °C; and (E) Fusarium strain-infected rice plants
(left), control (middle), and Fusarium strain-infected rice plants treated with green AgNPs (17.24 pg/mL) in net-house conditions (right): a F.
fujikuroi (40); b F. proliferatum (58); and c F. proliferatum (65), respectively.
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corresponding to the (111), (200), (220), (311), and (222) planes, respectively, which were indexed to the face-centered cubic (FCC)
structure of metallic Ag. These peaks were analogous to those reported by Raj et al. [36] of 260 = 38.15°, 44.34°, 64.50°, 77.45°, 81.60°,
and indicated the presence of phytochemical compounds in the AiLAE. The strongest peak (111) at 26 = 38.20° probably corresponds
to the spherical nanoparticles crystallized in the FCC structure. Moreover, the (111) peak of the FCC materials exhibits the highest
intensity, reflecting a high degree of AgNP crystallinity [33]. These results were in agreement with those obtained using DLS, FESEM,
and XRD.

3.6. Molecular identification of Fusarium isolates

A representative image showing the PCR amplification of the target gene (IST1/4) of the three isolates separated by electrophoresis
on a 1.5% agarose gel in 1X TAE buffer at 90 V is presented in Fig. 8A. Sequence analysis was performed using MiSeq Illumina
(Macrogen Inc., Seoul, Republic of Korea), and similarities were identified using NCBI BLAST analysis (Table 1). The isolates (40, 58,
and 65) were identified as F. fujikuroi, F. proliferatum, and F. proliferatum, respectively. It has been reported that the ribosomal internal
transcribed spacer (ITS) is used as a DNA barcoding marker to identify the interspecies fungal variation [37]. Interestingly, our
molecular findings demonstrate the presence of three different fungal strains.

3.7. Antifungal activity of green AgNPs

The antifungal potential of the optimized green AiLAE-AgNPs against Fusarium strains is shown in Fig. 8B-D and Table 2. In the
present study, AiLAE alone did not inhibit mycelial growth in F. fujikuroi (40), F. proliferatum (58), or F. proliferatum (65) (Fig. S4). The
presence of low quantities of phytochemicals in dilute concentrations of the leaf extracts was not sufficient to elicit strong antifungal
properties [4]. However, the mycelial growth inhibition of F. proliferatum (65), F. fujikuroi (40), and F. proliferatum (58) was observed
to be 100, 95.56, and 70% against green AgNPs at a concentration of 12.08 pg/mL on PDA media. Therefore, it was confirmed that
AgNPs capped with AiLAE synergistically enhanced antifungal potency compared to the extract alone [4]. Moreover, AiLAE-AgNPs at a
concentration of 400 pg/mL reported a maximum of 89% mycelial growth inhibition against Fusarium species in a previous study [38].
In another study, complete mycelial growth inhibition (100%) was noticed at 25 pg/mL by TDTC-AgNPs [35]. This study also reported
10° times better antifungal activity of the conjugate against F. fujikuroi than that of chemically synthesized AgNPs alone. The results
obtained in the present study indicate that the optimized AgNPs could completely inhibit fungal growth, even at a significantly lower
dosage than the previously reported AiLE-AgNPs and TDTC-AgNPs. The antifungal activity of AgNPs depends on various factors, such
as concentration, size, shape, and exposure time [2,39]. In this study, AgNPs exhibited in vitro antifungal activity against all three
Fusarium strains in a concentration-dependent manner (i.e., increasing the concentration of AgNPs resulted in increased mycelial
growth inhibition). A similar concentration-dependent relationship between AgNPs and antifungal activity was previously reported [2,
35]. Moreover, the ECso values of AgNPs in our study were shown to be 5.50, 5.40, and 2.95 pg/mL for F. fujikuroi (40) and
F. proliferatum (58 and 65), respectively. In comparison, the ECsq values of TDTC, AgNPs alone, and TDTC-AgNPs were found to be 15,
28, and 13 pg/mL, respectively, by Sharma et al. (15). These data suggest that the TDTC-AgNP conjugates successfully reduced the
ECsg value of AgNPs alone, which was one of the main aims of this study because of the toxicological apprehensions associated with
high doses of AgNPs. However, the ECsq value of TDTC-AgNPs was still much higher than that of green AgNPs in the present study.
Therefore, it is evident that the optimized green AgNPs are more potent than the chemically synthesized AgNPs and the TDTC-AgNP
formulation.

The antifungal molecular mechanisms of AgNPs against wheat Fusarium graminearum (which causes Fusarium head blight), one of
the most destructive phytopathogens, have recently been elucidated [40]. However, the exact molecular mode of action against
F. fujikuroi and F. proliferatum has not yet been explored and is poorly understood, necessitating further studies. The underlying
fungicidal mechanism of the developed AgNPs is hypothesized to primarily inhibit mycelial growth and conidial germination, which
are linked to damage to cell wall and membrane integrity. After entry, they interact with internal cellular organelles or large bio-
molecules and generate high levels of ROS and free radicals, which cause dysfunction of metabolism, signal transduction, and genetic
information processing, ultimately resulting in cell death [40].

Owing to their larger surface-to-volume ratio, smaller spherical AgNPs release more silver ions, which exert their higher antifungal
potential [2,40]. The smaller the AgNPs, the faster they can cross cell walls and membranes. Subsequently, they interact with bio-
logical oxidizers to sustainably release silver ions, which bind strongly to intracellular organelles and biomolecules, and disrupt
biological processes, resulting in cell death [2]. Nanoparticles of very small sizes (10-20 nm) can enter and exit the cell membrane
more easily than larger nanoparticles [41]. In this study, the sizes of the green AgNPs ranged between 4 and 27 nm, with an average
size of 15 nm, and hence exerted potent in vitro antifungal activity against three strains of Fusarium sp. In addition, AgNPs with a
monodisperse size distribution, spherical shape, and high crystallinity have been reported to exhibit enhanced antifungal activity [2].

Table 1
Identification of Fusarium isolates using target gene amplification.
SIL. No. Isolate Location Identification Similarity (%)
1 40 Habiganj Fusariun fujikuroi 99.82
2 58 Cumilla Fusariun proliferatum 99.27
3 65 Gazipur Fusariun proliferatum 100
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Table 2
Concentration-dependent in vitro antifungal potential of green AgNPs against Fusarium strains.
Strains Name Concentration of Green AgNPs (ug/mL)
12.08 10.34 8.62 6.89 5.17 3.45 1.72 ECso
Fusarium fujikuroi (40) 95.56 93.33 88.89 71.11 44.44 00 00 Growth inhibition (%) 5.50
Fusarium proliferatum (58) 70.00 64.44 60.00 57.78 48.89 40.00 00 5.40
Fusarium proliferatum (65) 100.00 95.56 93.33 91.11 73.33 68.89 00 2.95

Here, optimized AiLAE-AgNPs were found to be monodisperse, highly spherical, and crystalline in nature, and therefore exhibited
enhanced antifungal activity.

Among the Fusarium species, although F. fujikuroi is the most virulent and common fungal pathogen, F. proliferatum is also
responsible for Bakanae disease in rice [42]. Our results indicated that AgNPs were highly effective against F. proliferatum (65), fol-
lowed by F. fujikuroi (40), and moderately effective against F. proliferatum (58). The F. proliferatum (58 and 65) strains probably had
genetic divergence, which could explain their significant differences in sensitivity to AgNPs. Thus, the optimization process had a
profound influence on the antifungal potential of AgNPs by improving their physicochemical characteristics.

3.8. Effect of optimized green AgNPs on seed disinfection, germination, and bakanae management in net-house condition

The CFU counts of Fusarium strains on the surfaces of rice seeds treated with the optimized green AgNPs at different time intervals
are presented in Table 3. On the surface of non-treated seeds (positive control), the CFU counts of individual strains (40, 58, and 65)
were 4.6, 4.5, and 5.2 ( x 10°/mL), respectively. However, when fungal-infested seeds were treated with AgNPs (17.24 ug/mL) for 1 h,
CFU reductions of 95, 96, and 100% were observed for F. fujikuroi (40), F. proliferatum (58), and F. proliferatum (65), respectively. When
the exposure time was increased to 3 h, 100% CFU reduction in F. fujikuroi (40) and F. proliferatum (58) was observed, indicating that
the efficacy of AgNPs was also dependent on the exposure time [39]. In comparison, Jo et al. (2015) reported a 96.2% CFU reduction of
G. fujikuroi after 6 h exposure to chemically synthesized AgNPs at a significantly higher concentration of 150 pg/mL. Hence, the
optimized green AgNPs exhibit excellent potential as seed disinfectants at significantly low concentrations.

When the seeds were exposed to green AgNPs for an even longer duration (24 h) in Petri dishes, they germinated successfully and
no abnormal seedlings were observed. Therefore, the developed AgNPs are nontoxic to rice seeds. This nontoxic nature may be
attributed to the attachment of a maximum quantity of biocompatible capping agents [30]. Moreover, green AgNPs can act as anti-
fungal agents against the plant pathogen Fusarium in rice seeds with high efficacy and safety. Although tomato plants treated with
chemically synthesized AgNPs showed a significant reduction in early blight disease [35], Fusarium strain-infected rice plants treated
with green AgNPs (17.24 pg/mL) in net-house conditions were noticed to be fully cured from the disease and had the appearance as
normal rice plants (Fig. 8E). AgNPs have been reported to display significant antibacterial effects under in vitro conditions at 100
pg/mL [35], which is higher than the permitted level established by the Environmental Protection Agency (EPA).

Plants produce various phytohormones, such as auxins, abscisic acid, cytokinins, gibberellins, and brassinosteroids, which regulate
their normal functioning (growth, development, reproductive processes, longevity, and even death). GAs plays an important role in
regulating stem elongation during the juvenile stage, seed germination and dormancy, flowering, leaf expansion, and leaf and fruit
senescence [43]. FFSC, the main pathogen responsible for rice bakanae, also produce auxins, cytokinins, and gibberellin hormones.
The abnormal production of GA3 in bakanae is solely attributed to typical bakanae symptoms, such as abnormally elongated seedlings
[1]. However, among the FFSC, F. fujikuroi and F. proliferatum could only produce GAg [42]. Both pathogens, in addition to GA3 can
also produce various secondary metabolites such as fumonisin (FUM), monilifornin (MON), fusaric acid (FA), indole acetic acid (IAA),
and beauvericin (BEA) in infected plants attributing to the development of other symptoms. High production of FUM and FA has an
opposite effect to that of GAs, which is responsible for the stunted growth of seedlings [44]. Thus, it is evident that the optimized green
AgNPs successfully regulated the abnormal production of GAg, FUM, and FA by F. fujikuroi and F. proliferatum in infected rice plants
(Fig. 8E). The mechanism of this regulation by AgNPs should be explored in future studies.

Thus, the above discussion provides strong evidence that the optimized AiLAE-AgNPs have remarkable in vitro antifungal and seed
disinfection activities against all Fusarium strains examined at significantly low concentrations. In addition, they did not show any
adverse effects on germination, were stable for a long period (18 months) in aqueous form, and, most importantly, effectively managed
rice bakanae under net-house conditions. Hence, they can be successfully applied under field conditions to control devastating dis-
eases. However, latent adverse effects on plant health or genetic components, the smallest effective concentration in actual field
conditions, cost-effectiveness, bakanae control mechanisms, effects on other phytopathogenic plant diseases, and long-term exposure
effects on humans and animals need to be evaluated in future studies.

4. Conclusions

In conclusion, this report demonstrates a green, non-toxic, and effective approach for the management of rice bakanae disease-
causing phytopathogens and Fusarium species under in vitro and net-house conditions, providing a significant improvement in sus-
tainable agriculture. The approach explored the green synthesis of AiLAE-AgNPs through the optimization of various reaction pa-
rameters, the effective concentration against the targeted phytopathogens (isolated from the soils of bakanae-prone areas), and
subsequently, their successful application as nanofungicides in net-house conditions, The results showed that the optimized AgNPs
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Table 3
Effect of optimized green AgNPs on the CFU reduction of Fusarium strain-infested seeds after different exposure durations (h; hour) and on
germination.

Fusarium strains Fusarium strains-infested seeds treated with AgNPs (17.24 pg/mL) after different exposure durations
1h 3h 6h 12h 24 h Seed
Germination (%)
F. fujikuroi (40) 95 100 100 100 100 CFU reduction of Fusarium strains (%) 100
F. proliferatum (58) 96 100 100 100 100 100
F. proliferatum (65) 100 100 100 100 100 100

were very small, uniform, spherical, highly crystalline, and long-term stable in aqueous solutions. AgNPs displayed mycelial growth
inhibition and seed disinfection potential in concentration- and exposure time-dependent manners, respectively. Moreover, they
exhibited remarkable inhibitory effects at significantly lower concentrations and shorter exposure times than chemically synthesized
AgNPs reported in the literature. Most importantly, the optimized AiLAE-AgNPs were non-toxic to seeds during germination and fully
cured Fusarium sp.-infected rice plants under net-house conditions. The findings of this study underscore the high nano-fungicidal
potency of optimized PEM-AgNPs as an effective alternative strategy for controlling phytopathogenic diseases while minimizing
the negative ecological impacts associated with chemical fungicides. This study provides valuable insights into the expanding field of
PEM-AgNPs as nanofungicides in agricultural systems and paves the way for further research and development in the pursuit of eco-
friendly solutions for controlling plant diseases.
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