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GRAPHICAL ABSTRACT

Improved resistance to basal rot disease and promotion of onion plant growth by Aspergillus terreus-mediated silver nanoparticles
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Results: AgNPs ranging from 12.1 to 28.7 nm were incorporated into PDA media at concentrations of 50,
100, 150, and 200 ppm, achieving fungal growth inhibition rates of 24.88%, 40.77%, 54.44%, and 69.33%,
respectively. A greenhouse experiment was carried out using onion seedlings, with a randomized com-
plete block design (RCBD) to compare eight different treatments: 100 ppm AgNPs (spray), 50 ppm
AgNPs (spray), 100 ppm AgNPs (soil application), 50 ppm AgNPs (soil application), Dovex spray (50%),
Dovex soil application (50%), a negative control, and a positive control. Greenhouse results showed a sig-
nificant reduction in disease severity, with Dovex lowering it to 20%. AgNPs at 50 ppm reduced severity to
57.77% (soil) and 35.55% (spray), while 100 ppm further decreased it to 31.1% (soil) and 22.2% (spray). The
application of 100 ppm AgNPs improved plant growth parameters. It also enhanced chlorophyll a, chloro-
phyll b, and carotenoid levels. The greatest reductions in phenolic (0.34 mg/g) and anthocyanin contents
(0.48 mg/g), as well as peroxidase (0.44 pmol/min) and catalase activities (0.19 pmol/min), were
recorded in plants treated with 100 ppm AgNPs (spray).

Conclusions: AgNPs effectively control basal rot disease, boost plant growth, and regulate antioxidant
activity.
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1. Introduction

The onion (Allium cepa L.) is a globally cultivated bulb crop
known for its high carbohydrate content and valuable micronutri-
ents such as calcium, phosphorus, protein, and vitamin C [1,2].
However, its production is severely threatened by Fusarium oxyspo-
rum f. sp. cepae, the causal agent of basal rot disease, which pene-
trates the bulb base and storage scales, leading to significant post-
harvest losses [3]. This pathogen also affects other Allium species,
including garlic and shallots [4]. Conventional control strategies—
such as crop rotation, resistant cultivars, and synthetic fungi-
cides—have shown limited success and raise environmental and
health concerns [5].

Recent advances in nanotechnology have highlighted the poten-
tial of silver nanoparticles (AgNPs) as sustainable alternatives to
conventional antifungal agents. AgNPs exhibit broad-spectrum
antimicrobial activity, offering an effective strategy to reduce reli-
ance on hazardous chemical fungicides [6,7,8]. However, tradi-
tional chemical and physical synthesis methods for AgNPs often
involve toxic reducing agents, high energy consumption, and envi-
ronmental concerns [9]. To address these limitations, biological
synthesis using microorganisms -particularly fungi- has emerged
as an eco-friendly, cost-effective, and scalable approach
[10,11,12]. Fungal-mediated synthesis leverages natural biomole-
cules to stabilize AgNPs, enhancing their biocompatibility and
applicability in agriculture [13,14,15,16,17]. For instance, studies
have demonstrated the efficacy of fungal-derived AgNPs against
phytopathogens like F. oxysporum and Botrytis cinerea, achieving
inhibition rates exceeding 70% while minimizing ecological harm
[16,17]. Beyond their antimicrobial properties, AgNPs have trans-
formative applications in agriculture, serving as nanofertilizers,
smart delivery systems for pesticides, and catalytic agents for
nutrient uptake [18,19,20]. Their dual role in disease suppression
and plant growth promotion positions them as a cornerstone of
next-generation sustainable farming practices.

Therefore, this study aimed to investigate the antifungal effi-
cacy and growth-promoting effects of biologically synthesized sil-
ver nanoparticles (AgNPs) produced by Aspergillus terreus AUMC
15760 against F. oxysporum AUMC 15798, the causative agent of
basal rot in onions. We hypothesized that AgNPs would not only
suppress the pathogen effectively but also enhance plant physio-
logical traits under greenhouse conditions. Despite growing inter-
est in nanotechnology for plant disease management, there
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remains a significant gap in understanding the in vivo impact of
fungal-mediated AgNPs on both disease suppression and onion
plant growth, particularly under pathogen stress. This study
addresses that gap by combining antifungal assays with green-
house trials, offering an eco-friendly alternative to conventional
fungicides.

2. Materials and methods
2.1. Fungal strains

From diseased onion bulbs exhibiting indications of basal rot
disease, F. oxysporum was isolated and identified from certain
recently reclaimed sites in Sohag Governorate, Egypt. The disease
severity of the F. oxysporum strain AUMC 15798 was found to be
88.88 £ 19.25 [21]. As a result, we decided to use environmentally
friendly silver nanoparticle synthesis to control this strain in this
investigation. This study also exploited a wild strain of Aspergillus
terreus AUMC 15760 [22] to produce silver nanoparticles in an
environmentally safe manner for use in control experiments
involving the severity of disease caused by the F. oxysporum strain.
Both F. oxysporum AUMC 15798 and A. terreus AUMC 15760 strains
were maintained on potato dextrose agar and malt extract agar
slants, respectively, at 4°C [23]. The mycelia were also stored at
—86°C and lyophilized spores, as well as on cotton balls [24], in
the culture collection of the Assiut University Mycological Centre,
Assiut Governorate, Egypt.

2.2. Biological synthesis of silver nanoparticles (AgNPs) by A. terreus
AUMC 15760

Following the methods of Hamad [25], A. terreus AUMC 15760
was grown in 500 mL Erlenmeyer flasks with 100 mL of potato
dextrose broth in each flask for seven days at 25°C and 150 rpm.
The cell-free supernatant was obtained by centrifugation
(10,000 rpm for 10 min at 4°C). A 100 mM AgNO; solution was
mixed with the cell-free supernatant of A. terreus AUMC 15760 in
500 mL Erlenmeyer flasks to produce concentrations of 10, 20,
30, 40, and 50% (v/v). The flasks were then incubated at 25°C and
150 rpm until the color of the solution changed. Visual inspection
of the solution was regularly used to track the reduction of silver
ions to silver nanoparticles.
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2.3. Transmission electron microscopy (TEM) characterization of the
AgNPs

A 10-fold diluted sample of the produced AgNPs was placed on
carbon-coated copper grids and kept under vacuum overnight
before being inserted into the sample holder for transmission elec-
tron microscopy (TEM) measurements [26]. Using a JEM100CX11
instrument operating at 100 kV (0.23 nm resolution), the size of
the AgNPs was ascertained at the Electron Microscopy Unit of
Assiut University, Assiut, Egypt.

2.4. In vitro effect of AgNPs on the growth of f. oxysporum AUMC
15798

The impact of the AgNPs on F. oxysporum AUMC 15798 was
evaluated [27]. Mycelial discs (5 mm in diameter) obtained from
a 7-d-old culture of F. oxysporum were placed in the center of
PDA plates containing AgNPs at 50, 100, 150, and 200 ppm. After
4 d of incubation at 25 * 2°C, the percentage of inhibition of radial
colony growth was calculated. As a negative control, sterilized dis-
tilled water was administered to the PDA rather than the AgNP.
The percentage of the pathogens’ mycelial growth inhibition was
calculated according to Equation 1.

% Inhibition w (1)

where D1 = the colony diameter in the control plate and D2 = the
colony diameter in the treated plate.

x 100

2.5. Inoculum preparation

Pathogenicity tests were conducted on 60-d-old onion seedlings
(Cultivar: Giza Sabeeni) in a greenhouse at the Department of Plant
Pathology, Faculty of Agriculture, Assiut University, Egypt, during
the growing season of 2022-2023. Using a barley and sand mixture
(1:1) in 500 mL Erlenmeyer flasks, F. oxysporum AUMC 15798 was
cultured and incubated for 21 d at 25°C to prepare the inoculum.
Following the complete filling of the barley sand by Fusarium
growth, one gram of fungal growth mixture was suspended in
ten millilitres of distilled water and vortexed for one minute. Cen-
trifugation (3000 rpm for 5 min at 4°C) was then used to isolate the
supernatant containing the Fusarium spores. Seven days before the
seedlings were planted, the Fusarium growth was mixed with ster-
ilized soil at a rate of 3% (w/w) to obtain 1.5 x 10* spores/g soil.
Four groups of 25-cm plastic pots were used, one of which was
used as a negative control. Before the five onion seedlings were
planted, 3 kg of presterilized sand:clay soil (1:2) was placed into
each pot.

2.6. Greenhouse experiment

This study was carried out in the experimental greenhouse of
the Faculty of Agriculture at Assiut University, Assiut, Egypt. For
7 d, a 5.0% formalin solution was used to sterilize the clay loam soil
utilized in the greenhouse experiments [28,29]. The soil was mixed
well and covered with a plastic sheet for one week, after which the
sheet was removed for an additional week to allow the formalin to
completely evaporate. Plastic pots measuring 25 cm in diameter
were submerged in a 5.0% formalin solution for 15 min to guaran-
tee sterility. The pots were then left for a few days to eliminate the
toxic effects of formalin. As previously indicated, the percentage of
disease severity for each treatment was noted at the end of the
experiment. Five isolates were used with respect to the fungal
pathogen F. oxysporum, with each strain being allocated to three
pots. Appropriate amounts of water were added to the pots on
the basis of the rooting medium moisture level to ensure that
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the plants were moist. One week after transplanting, the plants
were subjected to a water-soluble fertilizer routine. “N20: P20:
K20 + TE” compound fertilizers from Green House Egypt Co., Egypt,
and “Stimufol Amino compound fertilizers” (which include “25% N,
16% P, 12% K, 2% amino acids, 0.044% boron, 0.17% iron, 0.001%
molybdenum, 0.03% zinc, 0.085% copper, 0.01% cobalt, 0.02% mag-
nesium, 0.085% manganese, and EDTA”) from Shoura Co., Egypt,
were the fertilizers included in this experiment. After 120 d, the
percentage of disease severity for each treatment was noted at
the end of the experiment. The percentage of disease severity in
each treatment was noted, and the basal rot disease grading scale
[21] was as follows:

1 = Symptom-free.

2 = Up to 10% rotted roots.

3 = 10-30% rotted roots with up to 10% rotted basal plates.
4 = 100% rotted roots and 10-30% rotted basal plates.

5 = 100% rotted roots and more than 30% rotted basal plates.

2.7. Experimental treatments

The study was executed via a randomized complete block
design [30,31]. The experimental treatments included the follow-
ing: T1 = 100 ppm AgNPs (spray); T2 = 50 ppm AgNPs (spray);
T3 = 100 ppm AgNPs (soil application); T4 = 50 ppm AgNPs (soil
application); T5 = Spray of Dovex (50%); T6 = Soil application of
Dovex (50%); T7 = negative control; and T8 = positive control. In
addition, 50% Dovex (azoxystrobin 20% + tebuconazole 30%) was
used at a rate of 25 cm3/100 L as a reference for comparison
[21,32].

2.8. Determination of the agronomic parameters

After 120 d from the initial seedling planting [28,29,33], an
assessment of the growth parameters was conducted. The shoot
and root lengths were measured (in cm) from the base of the bulb
to the tip of the plant. Digital calipers were used to measure the
bulb and neck diameters (in mm). With a sensitivity of 0.001 g,
precision electronic weighing scales were used to determine the
fresh and dry masses. After being harvested, the roots and shoots
were placed in paper bags and dried in an oven set to 75°C for at
least 48 h to achieve the desired dry weight.

2.9. Biochemical analysis

2.9.1. Determination of chlorophyll and carotenoid contents

Chlorophyll and carotenoid pigments were extracted from fresh
leaf tissue (0.1 g) by homogenizing in 4 mL of ice-cold 80% (v/v)
acetone containing 0.1% (w/v) magnesium carbonate (to prevent
pheophytin formation), followed by centrifugation at 3000 x g
for 5 min at 4°C. The absorbance of the supernatant was measured
at 663 nm (chlorophyll a), 645 nm (chlorophyll b), and 470 nm
(carotenoids) against an 80% acetone blank using a UV-2100 spec-
trophotometer (Unico Co., China) with 1 cm pathlength quartz cuv-
ettes. Pigment concentrations were calculated according to Abdel
Latef et al. [34] using Equation 2, Equation 3, Equation 4 and
Equation 5.

Chla = (13.36 x Agg3) — (5.19 x Agas) Mg/8 )

Chib = (27.49 x Aga) — (8.12 x Acgs) Mg/ 3)

1000 x A452) — [(2.13 x Chla) — (97.64 x Chlb)]

_ I
fe= 209

mg/g
(4)
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Total chlorophyll = [5.24 x Absgss] + AbSgsa mg/g (5)

2.9.2. Determination of total phenolic content

The total phenolic content of the leaf samples was estimated
following the method described by Oloumi et al. [35] with some
modifications. A 100 mg leaf sample was extracted in 5 mL of
95% ethanol and centrifuged for 5 min at 8000 rpm. The super-
natant was mixed with 0.5 mL of Folin-Ciocalteu reagent prepared
in a 1:1 ratio with distilled water. A total of 1.5 mL of 5% sodium
carbonate solution was added to the sample, and the absorbance
was measured at 725 nm spectrophotometer (UV-2100, Unico
Co., China) after 1 h of incubation at room temperature, and the
total phenolic content was calculated following Equation 6 using
gallic acid as standard (Fig. 1).

. Absorbance
Phenolic content = 00064 0.0787
x dilution factor mg/g FW (6)

2.9.3. Determination of anthocyanin content

Anthocyanin content was quantified using a modified protocol
adapted from Oloumi et al. [35]. Fresh leaf tissue (100 mg) was
homogenized in 10 mL of acidified methanol (99:1 v/v methanol:1
N HCI) and incubated in complete darkness at 25°C for 24 h to
ensure complete pigment extraction while preventing photodegra-
dation. The samples were then centrifuged at 4000 x g for 5 min at
25°C to pellet cellular debris, and the supernatant was filtered
through a 0.45 pm PTFE membrane. Absorbance of the clarified
extract was measured at 550 nm against a methanol:HCI blank
using a UV-2100 spectrophotometer (Unico Co., China) with 1 cm
pathlength quartz cuvettes. Anthocyanin concentration was calcu-
lated using the molar extinction coefficient of cyanidin-3-o-
glucoside (¢ = 29,600 M/cm) and expressed as micromoles per
gram fresh weight (iumol/g FW) according to Equation 7, where
the dilution factor accounted for the 10 mL extraction volume
per 100 mg tissue.

Absorbance x Dilution factor

Electronic Journal of Biotechnology 77 (2025) 24-34

2.9.4. Determination of catalase (CAT) activity

Catalase (CAT; EC 1.11.1.6) activity was determined by monitor-
ing the decomposition of H,0, at 240 nm [36,37], with modifica-
tions. Fresh leaf tissue (0.5 g) was homogenized in 5 mL of ice-
cold 50 mM sodium phosphate buffer (pH 7.5) containing 1 mM
EDTA (to prevent metal-catalyzed oxidation) using a pre-chilled
mortar and pestle. The homogenate was centrifuged at
10,000 x g for 20 min at 4°C, and the supernatant was collected
as the crude enzyme extract. The reaction mixture contained
1.8 mL of 50 mM sodium phosphate buffer (pH 7.5) and 1.0 mL
of 15 mM H,0, substrate solution (prepared by diluting 0.2 mL
of 30% stock to 50 mL with buffer). The reaction was initiated by
adding 0.1 mL of enzyme extract to the cuvette, and the decrease
in absorbance at 240 nm was recorded every 15 s for 2 min using
a UV-2100 spectrophotometer (Unico Co., China) with temperature
control maintained at 25°C. One unit of CAT activity was defined as
the amount of enzyme required to decompose 1 pmol of H,0, per
minute under the assay conditions, calculated using the extinction
coefficient of 39.4 M/cm for H,0,. Activity was expressed as pmol
H,0, decomposed min/mg protein [Equation 8], with total protein
content determined by the Bradford method [38] using BSA as
standard.

CAT activity — Absorbance x Dilution factor
Y= Fresh weight x Excitation coefficient x time x protein content

pmol/min

8)

2.9.5. Determination of peroxidase (POD) activity

Peroxidase (POD; EC 1.11.1.7) activity was determined by
homogenizing 1.0 g fresh leaf tissue in 5 mL ice-cold 0.1 M sodium
phosphate buffer (pH 6.5) containing 1% polyvinylpyrrolidone
(PVP), followed by centrifugation at 10,000 x g for 20 min at 4°C;
the supernatant was adjusted to 3 mL with extraction buffer and
combined with 3.0 mL of 0.05 M guaiacol and 1.0 mL of 0.1 M
phosphate buffer (pH 6.5) in a quartz cuvette. After adding
0.1 mL of 0.8 M H,0, to initiate the reaction, the increase in absor-
bance at 470 nm was recorded every 15 s for 3 min at 25°C using a
UV-2100 spectrophotometer (Unico Co.) [37], with activity calcu-

Anthocyanin content = ! x 33mM/g FW lated using the extinction coefficient of tetraguaiacol (26.6 mM/
Fresh weight cm) and expressed as pumol tetraguaiacol formed min/g FW accord-
(7) ing to Equation 9.
0.5 4
k4
0.45 A
_ 0.4 1
g o
2 0.35 -
‘e
S 03]
3
2
< 0.25 A y = 0.0064x + 0.0787
2 o R2 = 0.9884
e 02
2
0.15 A &
0.1 1
0.05 -
0 T T T T T y
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Concentration (pg/mL)

Fig. 1. Standard curve of gallic acid.
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POD activity = Absorbance x Dilution factor
~ Freshweight x Excitation coefficient x time x protein content

pmol/min

9)

2.10. Statistical analysis

To meet the requirements of a randomized design, three repli-
cate experiments were conducted for each treatment. The statisti-
cal program Statistix 8.1 was used to evaluate the data and find any
significant impacts by performing one-way analysis of variance
(ANOVA) on the growth parameters and yield [39]. To investigate
the statistically significant differences between the means, 95%
confidence level Duncan’s multiple range tests were performed
[40].

3. Results
3.1. Extracellular synthesis and characterization of AgNPs by TEM

Various proportions of silver nitrate solution were amalga-
mated with the culture filtrate of A. terreus AUMC 15760 to synthe-
size AgNPs. The 50:50 ratio resulted in the most significant
reduction of silver ions to silver nanoparticles. TEM examination
revealed that the synthesized AgNPs predominantly exhibited
spherical and irregular morphologies. The average dimensions of
the AgNPs vary from 12.1 to 28.7 nm (Fig. 2).

3.2. In vitro effect of AgNPs on the growth of F. oxysporum AUMC
15798

The effectiveness of AgNPs against the proliferation of F. oxyspo-
rum AUMC 15798 was examined in vitro in a laboratory environ-
ment. These findings indicate that AgNPs hindered the growth of
F. oxysporum AUMC 15798 to varying extents and considerably
diminished the formation of the pathogen lining. The application
of 200 ppm AgNPs resulted in the highest percentage of radial
growth inhibition at 69.33%, followed by 150 ppm AgNPs at

20.9 nm
A8.5 nm

Al Lif

500 nm
(IV=80.0kV
Direcl Mag: 43000x

Prinl Moy: 28500x @ 51 mm
9:59% L1710 722
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54.44%. Moreover, 100 ppm AgNPs resulted in a moderate reduc-
tion in radial growth (40.77%), whereas 50 ppm AgNPs resulted
in the lowest percentage of growth inhibition (24.88%). The appli-
cation of identical concentrations (50, 100, 150, and 200 ppm) of
50% Dovex led to growth inhibition rates of 44.88%, 54.11%,
57.44%, and 83.0%, respectively (Table 1).

3.3. Greenhouse experiment

A greenhouse experiment was performed to verify the efficacy
of AgNPs against F. oxysporum AUMC 15798. These findings suggest
that AgNPs may reduce the severity of basal rot disease. Compared
with the infected control (T8), the percentage of illness severity
was considerably reduced to 20% after Dovex (50%) treatment
(T6). Treatment with 50 ppm AgNPs (applied to soil and as a spray)
diminished disease severity to 57.77% and 35.55%, respectively,
whereas 100 ppm AgNPs (applied to soil and as a spray) decreased
disease severity to 31.1% and 22.2%, respectively (Fig. 3).

3.4. Determination of the agronomic parameters

3.4.1. Shoot and root length

The negative control (T7) had the most significant effects on
shoot and root length, with values of 62.62 cm and 20.62 cm,
respectively. The Dovex (50%) (T6) treatment resulted in a shoot
length of 49.97 cm and a root length of 15.48 cm, whereas the
application of AgNPs at a concentration of 100 ppm (T1) surpassed
that of T7, resulting in a shoot length of 57.62 cm and a root length
of 17.62 cm. Conversely, treatment T8 (infected control) resulted in
the least favorable outcomes for shoot length at 28.00 cm and root
length at 0.76 cm (Fig. 4A,B).

3.4.2. Diameter of the onion neck

The plants subjected to 100 ppm soil treatment with AgNPs (T3)
presented the greatest onion neck diameter, measuring 1.61 cm.
This measurement exceeded those of the other treatments,
although not in a statistically significant manner (Fig. 4C). More-

26.7 nm

*
12.1 nm

2147 nm
b 26.4 nm
[l
A2 Lif
Prinl Moy: 28500x @ S1 am 500 nm
10:0) LL/1d722 (IV=80.0kV

Direcl Mayg: 43000x

Fig. 2. TEM images of the AgNPs synthesized extracellularly by A. terreus AUMC 15760.
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Table 1

In vitro effects of AgNPs on the radial growth of F. oxysporum AUMC 15798. Each value
represents the mean of three replicates + SD; values with different letters are
significantly different (p < 0.05).

Treatments Concentrations Colony diameter %
(ppm) (cm) Inhibition
AgNPs 50 6.76 + 0.25" 24.88
100 5.33 £ 0.29¢ 40.77
150 4.1 +0.10¢ 54.44
200 2.76 £ 0.25¢ 69.33
Dovex 50 4,97 £ 0.84¢ 44.88
(50%) 100 4.13 + 0.06° 54.11
150 3.83 +0.29¢ 57.44
200 1.53 + 0.06 83.00
Control 9.0 + 0.00* 0.0
LSD (5%) 0.38

(a0 Each value represents the mean of three replicates + SD; values with different
letters are significantly different.

over, compared with the other treatments, the negative control
(T7), application of 100 ppm AgNPs (T1), and soil treatment with
Dovex (50%) resulted in no significant variation in leaf count
(7.33, 6.33, and 6.0, respectively) except for T8 (4.33) (Fig. 4D).

3.4.3. Length and diameter of the bulb

The plants in the negative control group (T7) had a maximum
bulb length of 4.57 cm and a diameter of 4.66 cm. A 100 ppm AgNP
(T1) spray yielded bulbs measuring 4.07 cm in length and 4.16 cm
in diameter. The T1 runner with a soil application of 50 ppm AgNPs
(T4) presented a bulb length of 3.86 cm and a bulb width of
410 cm. The bulb length and diameter of the infected control
(T8) were 2.65 cm and 2.54 cm, respectively, representing the low-
est values for these parameters (Fig. 4E,F).

3.4.4. Plant fresh and dry weights

The negative control (T7) yielded the highest plant fresh weight,
with results not significantly different from those of treatments T1
(100 ppm AgNP spray), T4 (50 ppm AgNP soil application), and T5
(Dovex 50% spray) (Fig. 4G). Compared with the infected control
(T8), treatments T1, T4, and T5 presented increases in coefficients
of 273.33%, 353.33%, and 333.33%, respectively. Similarly, the T7
treatment resulted in the greatest plant dry weight, which was
not significantly different from those of the T1, T4, and T5 treat-
ments. The T1, T4, and T5 coefficients increased by 280.00%,

100 -
90 A
80 A
70 A
60 A
50 A
40 A

Disease severity (%)
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300.33%, and 283.33%, respectively, compared with those of the
infected control (Fig. 3 and Fig. 4).

3.5. Biochemical analysis

3.5.1. Determination of photosynthetic pigments

In terms of the chlorophyll a, chlorophyll b, and carotenoid con-
centrations, the negative control (T7) presented the highest photo-
synthetic content, with values of 3.21, 1.02, and 2.21 mg/g,
respectively. Onion plants treated with a 100 ppm AgNP spray
(T1) presented increased chlorophyll a, chlorophyll b, and carote-
noid contents. The concentrations of these components were
2.99, 0.76, and 1.96 mg/g, respectively, for all three samples. Fol-
lowing the soil application of 50 ppm AgNPs (T4), the concentra-
tions of chlorophyll a, chlorophyll b, and carotenoids were 2.88,
0.88, and 1.76 mg/g, respectively (Fig. 5).

3.5.2. Determination of phenolic contents

This study investigated the phenolic content of onion plants
infected with F. oxysporum AUMC 15798 and their responses to
green-synthesized silver nanoparticles (AgNPs). Compared with
that in noninfected plants (T7), the phenolic content in T8 (plants
under infection stress) significantly increased, measuring 0.42 mg/
g. The application of AgNPs resulted in a reduction in phenolic con-
tent. Plants subjected to 50 ppm AgNPs via soil application and
100 ppm AgNPs through spraying (T4 and T6) presented the most
significant reduction in phenolic content, with values of 0.31 and
0.34 mg/g, respectively (Fig. 6A).

3.5.3. Determination of anthocyanin content

The total anthocyanin content of plants subjected to infection
stress (T8) increased (0.63 mg/g); however, exposure to AgNPs
resulted in a considerable reduction in anthocyanin content. Plants
subjected to 50 ppm AgNPs via soil application and 100 ppm AgNPs
through spraying of biosynthesized AgNPs (T4 and T6) presented
the most significant reduction in anthocyanin content, with values
of 0.46 and 0.48 mg/g, respectively (Fig. 6B).

3.5.4. Determination of peroxidase (POD) activity

The results indicated that, compared with the negative control
plants, the infected control onion plants presented elevated levels
of POD and CAT. The POD activity in the infected plants increased
to 0.77 pmol/min. The plants subjected to 50 ppm AgNPs via soil

30 1 I
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™ T2 T3 T4

T5 T6 T8
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Fig. 3. Percentage severity of basal rot disease on onion plants treated with AgNPs and Dovex (50%) under greenhouse conditions (mean values + SDs on bar graphs with
different letters are significantly different (p < 0.05; n = 3; T1 = 100 ppm AgNPs (Spray); T2 = 50 ppm AgNPs (Spray); T3 = 100 ppm AgNPs (Soil application); T4 = 50 ppm
AgNPs (Soil application); T5 = Spray of Dovex (50%); T6 = Soil application of Dovex (50%); T7 = Negative control; T8 = Infected control).
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Fig. 4. Effect of AgNPs and 50% Dovex on the growth parameters of onion plants infected with F. oxysporum AUMC 15798 under greenhouse conditions: (A), shoot length; (B),
root length; (C), onion neck; (D), diameter of leaves; (E), bulb length; (F), bulb diameter; (G), plant fresh weight; (H), plant dry weight (mean values + SDs on bar graphs with
different letters are significantly different (p < 0.05; n = 3; T1 = 100 ppm AgNPs (Spray); T2 = 50 ppm AgNPs (Spray); T3 = 100 ppm AgNPs (Soil application); T4 = 50 ppm
AgNPs (Soil application); T5 = Spray of Dovex (50%); T6 = Soil application of Dovex (50%); T7 = Negative control; T8 = Infected control).

application (T4) and 100 ppm AgNPs through spraying (T1) pre-
sented the most significant reduction, with values of 0.49 and
0.44 pmol/min/g, respectively (Fig. 7A).

3.5.5. Determination of catalase (CAT) activity

These results demonstrated that the application of AgNPs
reduced the synthesis of native enzymes. The most significant
decrease in CAT content occurred in onion plants treated with
100 ppm AgNPs via spray and 50 ppm AgNPs through soil applica-
tion (T1 and T4), with values of 0.19 and 0.22 pmoles min/g,

respectively. The application of Dovex soil at 50% (T6) resulted in
a reduction in the CAT content to 0.22 pmoles min/g, in contrast
to the CAT activity of the positive control, which was 0.35 pmol/
min/g (Fig. 7B).

4. Discussion
There is an urgent need to search for and create alternative eco-

friendly, safe, and effective plant disease control methods, such as
onion basal rot disease, that may be integrated into root-rot dis-
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Fig. 5. Effect of AgNPs and Dovex 50% on photosynthetic pigments in onion plants infected with F. oxysporum AUMC 15798 under greenhouse conditions: (A), chlorophyll a;
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T7 = Negative control; T8 = Infected control).
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Fig. 6. Effect of AgNPs and Dovex 50% on nonenzymatic antioxidant activities in onion plants infected with F. oxysporum AUMC 15798 under greenhouse conditions: (A),
phenolic contents; (B), anthocyanin content (mean values + SDs on bar graphs with different letters are significantly different (p < 0.05; n = 3; T1 = 100 ppm AgNPs (Spray);
T2 = 50 ppm AgNPs (Spray); T3 = 100 ppm AgNPs (Soil application); T4 = 50 ppm AgNPs (Soil application); T5 = Spray of Dovex (50%); T6 = Soil application of Dovex (50%);
T7 = Negative control; T8 = Infected control).
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Fig. 7. Effect of AgNPs and Dovex 50% on enzymatic antioxidant activities in onion plants infected with F. oxysporum AUMC 15798 under greenhouse conditions: (A), POD; (B),
CAT (mean values + SDs on bar graphs with different letters are significantly different (p < 0.05; n = 3; T1 = 100 ppm AgNPs (Spray); T2 = 50 ppm AgNPs (Spray); T3 = 100 ppm
AgNPs (Soil application); T4 = 50 ppm AgNPs (Soil application); T5 = Spray of Dovex (50%); T6 = Soil application of Dovex (50%); T7 = Negative control; T8 = Infected control).
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ease management programs. The successful isolation of F. oxyspo-
rum from infected onion plants is a critical step in discovering
the cause of the disease [41]. The F. oxysporum strain AUMC
15798 was isolated and determined to be the most harmful, with
a disease severity rate of 88.88% [21]. As a result, it was chosen
for this research. It is estimated that F. oxysporum has approxi-
mately 120 different strains or forms, each of which is unique to
the host plant it infects. Gymnosperms, angiosperms, monocots,
and dicots are among its diverse spectrum of hosts
[42,43,44,45,46,47,48,49].

In this study, laboratory experiments evaluating the effects of
AgNPs on F. oxysporum revealed a clear antifungal effect. The
dose-dependent inhibition of fungal growth with increasing con-
centrations of AgNPs (200 ppm > 150 ppm > 100 ppm > 50 ppm)
was an important result. At 200 ppm, AgNPs had the highest per-
centage of inhibition (69.33%), indicating their promise as antifun-
gal agents against this disease. Nanomaterials have been used
more recently, and their potential as substitutes for treating plant
diseases is being explored.

Extensive research has demonstrated the potent antifungal
properties of metallic nanoparticles, particularly silver nanoparti-
cles (AgNPs), against diverse plant pathogenic fungi. Multiple stud-
ies have confirmed that AgNPs exhibit broad-spectrum
antimicrobial activity, effectively suppressing key phytopathogens
such as F. oxysporum, B. cinerea, and Alternaria alternata [50,51,52].
Notably, time-dependent efficacy studies revealed that AgNP
application 3 h post-inoculation significantly reduced disease
severity by inhibiting fungal growth in Magnaporthe grisea and
Bipolaris sorokiniana, though this protective effect diminished
when treatment was delayed to 24 h [53].

AgNPs have shown remarkable effectiveness against both foliar
and soil-borne pathogens, including Pythium spinosum and Fusar-
ium spp., through dose-dependent inhibition of conidial germina-
tion and mycelial growth [54,55]. Citrus pathogen studies further
validated their activity against Alternaria citri and Penicillium digita-
tum, highlighting their potential as versatile antifungal agents in
agriculture [56]. These findings underscore AgNPs’ dual role as
both direct fungicides and plant defense enhancers against eco-
nomically significant crop diseases.

Dovex 50% fungicide and silver nanoparticles at 50, 100, and
150 ppm were added to PDA media prior to the in vitro experiment.
Comparative studies demonstrated that silver nanoparticles
(AgNPs) outperformed traditional fungicides in inhibiting fungal
growth. Notably, biologically synthesized AgNPs (800 pL/L) derived
from Trichoderma harzianum effectively suppressed both mycelial
growth and sporulation of F. oxysporum f. sp. Lycopersici in vitro,
confirming their superior antifungal properties [57]. Field-
relevant applications showed similar efficacy, with 50 ppm AgNPs
reducing purple blotch disease severity (caused by Alternaria porri)
from 85.5% to 23.38% - a 72.6% reduction in infection rates [33].

The greenhouse experiments provided more evidence that
AgNPs have the ability to reduce onion basal rot disease. The dis-
ease severity was reduced to 57.77% and 35.55%, respectively, after
treatment with 50 ppm AgNPs (soil application and spray) and to
31.11% and 33.33%, respectively, after treatment with 100 ppm
AgNPs (soil application and spray). The observed antifungal effects
of silver nanoparticles (AgNPs) may be attributed to their ability to
disrupt fungal cell membranes and inhibit fungal growth [58].
Although the exact antimicrobial mechanism of AgNPs remains
under debate, several theories have been proposed to explain their
mode of action [59]. One widely accepted hypothesis suggests that
AgNPs can attach to the surface of fungal cells and subsequently
penetrate the membrane, increasing its permeability and ulti-
mately leading to cell death [60]. Another proposed mechanism
involves the generation of reactive oxygen species (ROS) or free
radicals by AgNPs, which can damage cellular components and fur-
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ther compromise membrane integrity, resulting in cell lysis
[61,62].

It has also been suggested that silver nanoparticles (AgNPs)
release silver ions (Ag"), which contribute significantly to their
antimicrobial activity [63]. These ions can bind to thiol (—SH)
groups in essential enzymes, leading to enzyme inactivation and
disruption of vital cellular processes [64]. Silver, being a soft acid,
naturally interacts with soft bases such as sulfur and phosphorus,
which are abundant in cellular structures [65]. This interaction
allows Ag" to target cellular components like proteins and mem-
branes, ultimately causing cell damage and death. Furthermore,
since DNA contains sulfur and phosphorus, AgNPs may interfere
with DNA replication by binding to these elements, potentially
resulting in mutations or cell death [66].

Silver nanoparticles produce antimicrobial silver ions that inter-
fere with the function of cell wall proteins. Additionally, these
nanoparticles may adhere to proteins in the outermost membrane,
forming complexes with oxygen, phosphorus, nitrogen, or sulfur-
containing groups. This interaction, particularly involving disulfide
bonds, causes the inactivation of enzymes and proteins situated in
the membrane, eventually clogging their active sites [67,68].

The chlorophyll a, chlorophyll b, and carotenoid contents were
all reduced in this study because of basal rot disease. The applica-
tion of 50 ppm AgNPs (soil application) and 100 ppm AgNPs
(spray) to onion plants resulted in increased chlorophyll a, chloro-
phyll b, and carotenoid contents. These findings suggest that the
use of AgNPs enhances photosynthetic pigments in onion plants
while lessening the negative effects of fungal infection. Research
demonstrating that foliar application of AgNPs increased photo-
synthetic pigments (carotenoid, chlorophyll, a and b) in fenugreek
plants (Trigonella foenum-graecum) corroborated our findings [69].
Additionally, we analyzed anthocyanin and phenolic contents in
plants affected by basal rot disease in response to green-
synthesized AgNPs. Disease stress increased the phenolic content
to 0.42 mg/g, while AgNP treatment reduced it, with the 50 ppm
treatment showing the greatest decrease (0.31 mg/g). A similar
trend was observed for anthocyanin content, which showed a
strong linear relationship with total phenolic levels. Furthermore,
biologically produced AgNPs significantly affect seed germination,
increase the synthesis of carbohydrates and protein, and decrease
the total phenol content in Bacopa monnieri [70].

Phenolic compounds —including flavonoids, anthocyanins, and
tannins- exhibit antioxidant properties by scavenging reactive oxy-
gen species (ROS), thereby preventing or mitigating oxidative
stress in plant cells [71]. In this study, onion plants infected with
Fusarium showed elevated levels of catalase (CAT) and peroxidase
(POD) compared to the healthy control, indicating a heightened
antioxidant response to fungal stress. However, the application of
biosynthesized silver nanoparticles (AgNPs) appeared to reduce
the levels of these endogenous enzymes. Specifically, CAT and
POD activities were noticeably lower in plants treated with
50 ppm AgNPs (soil application) and 100 ppm AgNPs (foliar spray).
This suggests that AgNPs may alleviate oxidative stress, reducing
the need for elevated antioxidant enzyme production. In contrast,
Abd-Ellatif et al. [72] reported increased CAT and POD activities
in plants treated with Thymus vulgaris essential oil-loaded chitosan
nanoparticles (ThE-CsNPs) against Fusarium solani. These differ-
ences highlight the potential of AgNPs as a biocontrol agent that
supports the plant’s defense by effectively limiting ROS accumula-
tion during biotic stress.

Overall, our findings revealed how effective AgNPs may be in
preventing onion basal rot disease and enhancing the physiology
and growth of plants. AgNPs have the potential to be effective tools
in agriculture for managing diseases and improving crop produc-
tion, as evidenced by their dose-dependent antifungal activity
and favorable impacts on morphological parameters and photo-
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synthetic pigments. On the other hand, given the complexity of the
interactions between AgNPs and nonenzymatic antioxidants, more
research is needed. Furthermore, the ability of AgNPs to control
antioxidant enzyme activity demonstrated how they help infected
plants develop disease resistance by lowering oxidative stress.

5. Conclusions

AgNPs have been demonstrated in greenhouse trials to signifi-
cantly reduce the severity of onion basal rot disease when used
as a soil treatment. AgNPs increased the overall biomass, bulb size,
and length of shoots and roots of onion plants. Similarly, the pho-
tosynthetic pigment content was increased by the AgNP treatment.
AgNPs influence anthocyanins and phenolic compounds, suggest-
ing their potential role in lowering the oxidative stress caused by
fungal infection. On the other hand, research has shown that AgNPs
reduce POD and CAT activity, suggesting a modification in the
plant’s defense mechanisms. Overall, the results of this study
revealed how AgNPs have various effects on onion plants and
how integrated management strategies could be employed to pre-
vent onion basal rot disease. Further study is needed to fully
understand the mechanisms underlying these advantages and to
make most AgNPs suitable for agricultural practices.
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