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ARTICLE INFO ABSTRACT

Citrus gummosis, primarily caused by Phytophthora nicotianae, is one of the most
destructive diseases in citrus cultivation. This study investigated the antifungal
efficacy of neem-synthesized metallic nanoparticles (silver, zinc, and copper) as
potential biocontrol agents against P. nicotianae under both in vitro and greenhouse
conditions. Nanoparticles were synthesized using methanolic neem leaf extract and
subsequently purified and characterized. In vitro assays demonstrated significant
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Neem-mediated nanoparticles inhibition of mycelial growth, with zinc nanoparticles (ZnNPs) showing the highest
Phytophthora gummosis antifungal activity, followed by silver nanoparticles (AgNPs) and copper
Citrus disease management nanoparticles (CuNPs), in a dose- and time-dependent manner. Greenhouse trials
) using foliar sprays and soil drenching revealed that the combined application of
Biocontrol agents ZnNPs and AgNPs resulted in the lowest disease incidence and smallest lesion size.

Green nanotechnology The most effective disease suppression was achieved at a 0.75% concentration.

Furthermore, nanoparticle treatments significantly enhanced root and shoot
growth parameters, with the ZnNPs + AgNPs combination exhibiting the most
pronounced effects. These findings highlight the dual role of neem-mediated
metallic nanoparticles in suppressing citrus gummosis and promoting plant
growth, providing a sustainable alternative to conventional chemical fungicides.
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INTRODUCTION
Citrus is a major fruit crop belonging to the subfamily

tons from 10.22 million hectares, whereas Pakistan
contributes 2.32 million tons from 0.199 million hectares

Aurantioideae of the family Rutaceae and order Sapindales,
comprising 162 genera and 2,085 species (Groppo et al,
2022; Hazarika, 2023; Richa et al, 2023). Globally, citrus
provides significant nutritional and medicinal benefits. The
principal cultivated varieties include sweet oranges,
mandarins, grapefruits, kumquats, lemons, and limes
(Jabeen et al., 2023). Citrus ranks among the most palatable
fruits and occupies a distinctive position within the plant
kingdom. Its global production is estimated at 161.8 million
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(FAOSTAT, 2021). During 2022-23, Pakistan produced 2.37
million tons, of which 0.53 million tons, valued at 52,458
million rupees, were exported (GOP, 2023). Punjab
province accounts for more than 95% of national
production, with Bhalwal in Sargodha district being
especially renowned for Kinnow cultivation due to
favorable soil and climatic conditions (Naseem et al., 2016;
Ameer et al,, 2023; Naheed et al,, 2023).

Citrus

fruits are consumed worldwide for their
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nutritional and medicinal properties, particularly their
role in enhancing immunity (Luo et al,, 2023). They are
hydrating and rich in minerals (K, P, Mn, Ca, Zn, and Na),
vitamins (A, E, and B-complex), vitamin C, and natural
antioxidants including flavonoids, phenolics, and
carotenoids (Uthman and Garba, 2023). These bioactive
compounds reduce the risk of chronic diseases such as
diabetes, cardiovascular disorders, stroke, and cancers
(Lv et al,, 2015; Cheng and Zhou, 2023). Moreover, citrus
fruits are high in dietary fiber and possess antibacterial,
anti-inflammatory, and low-glycemic properties (Al-
Snafi, 2016; Minami et al., 2023).

Despite its global and national trade significance, citrus
production in Pakistan faces several constraints. Yields
remain suboptimal due to poor orchard management,
limited adoption of modern technologies, and heavy pest
and disease pressure (Tariq et al, 2021). Fruit quality
losses often occur during the first 8-12 weeks after fruit
set, primarily from insect damage and disease infections
(Hasan et al, 2021). Among the diseases, gummosis
caused by Phytophthora spp. is particularly destructive,
responsible for 10-30% global yield losses (Mounde et
al, 2008; Choudhary et al, 2021). In Pakistan, P.
nicotianae and P. citrophthora have been documented as
the major causal agents (Igbal et al., 2020; Rajput et al,,
2020). Disease development is favored by extended
periods of surface wetness (218 h) and temperatures
ranging between 25-30 °C (Timmer et al,, 2000; Savita
and Nagpal, 2012). Typical symptoms include gum
exudation, bark splitting, root rot, chlorosis, wilting,
dieback, and eventual tree mortality (Chaudhary et al,
2020; Belisle et al., 2023).

Accurate and rapid detection of Phytophthora spp. is
critical for effective management. Molecular approaches
such as PCR, real-time PCR, nested PCR, and loop-
mediated isothermal amplification (LAMP) offer greater
sensitivity and specificity compared with conventional
diagnostic methods (Van Gent-Pelzer et al,, 2007; Meyer
etal, 2012; Mostowfizadeh, 2012; Hou et al., 2013; Le and
Vu, 2017; Panno et al.,, 2020; Uysal and Kurt, 2020; Driciru
et al, 2021; Ahmad et al, 2024). Furthermore, genetic
characterization provides valuable insights for breeding
resistant cultivars and implementing targeted control
strategies (Hariharan and Prasannath, 2021). Current
options
improved cultural practices, biological control agents,
chemical fungicides, and emerging nanotechnology-based
approaches (Nazarov et al, 2020; Sawake et al, 2022).

management include resistant cultivars,
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Resistant cultivars are regarded as the most sustainable
strategy, while fungicides and medicinal plants such as
neem serve as eco-friendly supplementary tools (Rajput
etal, 2011, 2018; Igbal et al,, 2020).

Nanotechnology, a rapidly evolving multidisciplinary field,
has gained prominence as an
agriculture, offering environmentally friendly alternatives
to synthetic chemicals (Fatima and Mushtaq, 2023). It
involves the synthesis, characterization, and application of
nanoparticles within the 1-100 nm range (Hano and
Abbasi, 2021). In plant disease management, green-
synthesized nanoparticles derived from plants have
emerged as promising antifungal agents. They enable the
targeted delivery of pesticides, fungicides, and other
bioactive compounds, thereby minimizing excessive
chemical sustainable crop
protection, yield stability, and food security (Manna et al.,
2017; Nguyen et al,, 2018). Nanoparticles with antifungal
activity can serve as potential substitutes for conventional
fungicides and may revolutionize strategies for managing
fungal pathogens in citrus and other crops (Sawake et al.,
2022). In this study, neem-mediated metallic
nanoparticles were evaluated for their effectiveness in
managing citrus gummosis caused by P. nicotianae.

innovative tool in

inputs while ensuring

Materials and Methods

Culture purification and plant material

The P. nicotianae isolate (NAR81-Pn.S35) used in this
study was obtained from the Plant Pathogen Interaction
Laboratory, University of Agriculture Faisalabad (UAF),
Pakistan. The isolate was maintained on V8 agar medium
and incubated at 25 * 2°C under dark conditions to
ensure optimal growth and virulence (Rajput et al.,, 2015;
Ali et al, 2024). Fresh, healthy leaves of neem
(Azadirachta indica) were collected from the Botanical
Garden, UAF (31°25'45.0"N, 73°04'17.3"E), and
subsequently used for nanoparticle synthesis.
Preparation of neem-synthesized metallic nanoparticles
Neem leaf extract was prepared following the method of
Atiq et al. (2022) with slight modifications. Briefly, freshly
collected leaves were thoroughly washed with distilled
water, shade-dried for 10-14 days, and further oven-dried
(Memmert, Germany) at 65°C for 4 h. The dried leaves
were ground into a fine powder, and 20 g of the powder
was mixed with 100 ml of methanol in a beaker, covered
with aluminum foil, and incubated overnight in the dark.
The mixture was then stirred for 10-15 min at 70°C and
filtered through Whatman No. 41 filter paper.
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For nanoparticle synthesis, a 0.5 M solution of each
metal salt, silver nitrate (17 g), copper sulfate (17 g), and
zinc sulfate (17 g), was individually mixed with the plant
extract filtrate under continuous stirring for 10 min to
initiate nucleation. The reaction mixture was subjected
to sonication using an LX100UC ultrasonic cleaner at
65°C for 60 min, followed by drying in a Dry-Line 56
oven to obtain fine nanoparticle powders.

Purification of the synthesized nanoparticles was carried
out by centrifugation at 10,000-15,000 rpm for 10-20
min, after which the supernatant was discarded. The
nanoparticle pellets were thoroughly washed with
distilled water to remove residual metabolites and
unbound metal ions. Finally, the purified nanoparticles
were collected and stored for further experimental use.
Characterization of nanoparticles

X-ray diffraction (XRD)

XRD analysis was performed to determine the crystalline
structure, elemental composition, and average particle
size of the synthesized silver (AgNPs), copper (CuNPs),
and zinc nanoparticles (ZnNPs).

Scanning electron microscopy (SEM)

SEM was used to examine the surface morphology,
shape, and structural characteristics of AgNPs, CuNPs,
and ZnNPs.

Evaluation of nanoparticles against P. nicotianae
under in vitro conditions

The antifungal efficacy of ZnNPs, CuNPs, and AgNPs was
evaluated against P. nicotianae isolate (NAR81-Pn.S35)
using the poisoned food technique. Three concentrations
(0.25%, 0.5%, and 0.75%) prepared by
incorporating 0.25 g, 0.5 g, and 0.75 g of each nanoparticle

were

type into 100 ml of V8 agar medium. The medium was
poured into 90 mm Petri plates and inoculated at the
center with a 5 mm myecelial disc of P. nicotianae. Plates
were incubated at 25 + 2°C, and radial mycelial growth
(mm) was measured daily until full growth was achieved
in the control treatment. Nanoparticle concentration,
incubation period, and mycelial growth were considered
as experimental factors for statistical analysis. The
experiment was laid out in a Completely Randomized
Design (CRD) with three replications per treatment.
Evaluation of nanoparticles against citrus gummosis
disease under greenhouse conditions

A total of forty-four citrus plants (~1.5 years old) were
obtained from Qadir Bakhash Nursery
(31°28'18.9"N,  73°12'16.5"E) and transplanted
individually into pots sterilized soil.

Farm

containing
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Greenhouse conditions were maintained at 25-28°C and
60-70% humidity. Based on
screening results, the most effective nanoparticles
(AgNPs, ZnNPs) and their combination (AgNPs + ZnNPs)
were selected for greenhouse evaluation. Their efficacy
in reducing disease incidence and severity was assessed
in two independent trials, each following CRD with three
replications per treatment.

In Trial 1, sixteen plants were inoculated by wounding
the stem 5 cm above the soil surface using the I-cut

relative laboratory

method, and each wound was inoculated with a 5 mm
culture disc of P. nicotianae, while six control plants
received sterile V8 agar discs. The wounds were
wrapped with moist sterile cotton and sealed with
parafilm. Nanoparticle treatments at 0.5% and 0.75%
concentrations were applied as foliar sprays, whereas
sterilized water served as the control. Disease incidence
(%) and lesion length (cm) were recorded weekly. In
Trial 2, the remaining sixteen plants were inoculated by
applying 100 ml of P. nicotianae spore suspension to the
root zone, followed by the application of nanoparticle
treatments (0.5% and 0.75%) as foliar sprays, with
sterilized water as the control. Disease incidence (%)
was recorded weekly, and at the end of the experiment,
root length, shoot length, root weight, and shoot weight
were measured to assess overall plant health.

Statistical analysis

All laboratory and greenhouse experiments were
conducted using CRD. Data were recorded for all
parameters and subjected to statistical analysis using
Statistix 8.1 software (Ahmad et al., 2019). Treatment
means were compared using appropriate post-hoc
tests, and differences were considered statistically
significant at P < 0.05.

Results

Characterization of AgNPs, CuNPs, and ZnNPs

SEM was used to investigate the surface morphology of
the nanoparticles. The results revealed that AgNPs were
predominantly spherical, ZnNPs exhibited both spherical
and hexagonal shapes, while CuNPs were mainly
spherical. The nanoparticle suspensions showed distinct
visual appearances: AgNPs were brownish-yellow,
ZnNPs ranged from white to off-white, and CuNPs
appeared reddish-brown. XRD analysis confirmed the
crystalline nature of the nanoparticles, with average
crystallite sizes calculated as 21.34 nm for AgNPs, 22.25

nm for ZnNPs, and 17.68 nm for CuNPs (Table 1).



Plant Protection, 09 (03) 2025. 705-716

Table 1. Characterization of Ag, Zn, and Cu nanoparticles.
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Characteristics AgNPs ZnNPs CuNPs

Average particle size 21.34 nm 23.22 nm 16.88 nm
Appearance Brownish-yellow White/off-white Reddish-brown
Shape Spherical Spherical and Hexagonal Spherical

Assessment of the efficacy of nanoparticles against P.
nicotianae under in vitro conditions

The results revealed significant differences (P < 0.05) in
the mean radial mycelial growth of P. nicotianae among
the nanoparticle treatments. Maximum growth inhibition
was observed with ZnNPs (11.3 mm), followed by AgNPs
(13.5 mm), whereas the control exhibited the highest
mean growth (24.5 mm) (Figure 1A).

The Treatment x Concentration (T x C) interaction
demonstrated that the highest inhibition was achieved
with ZnNPs at concentrations of 0.25%, 0.5%, and 0.75%
(13.9, 11.6, and 8.4 mm, respectively), followed by
AgNPs (15.9, 13.5, and 11.0 mm) and CuNPs (19.0, 16.8,
and 14.6 mm), compared with the control (Figure 2B).
Similarly, the Treatment x Time (T x T) interaction
indicated progressive inhibition over 48, 72, and 96 h.
ZnNPs consistently produced the smallest colony
diameters (8.4, 11.4, and 14.1 mm), followed by AgNPs
(10.7, 13.4, and 16.4 mm) and CuNPs (14.0, 16.7, and
19.7 mm), relative to the control (Figure 1C).

Evaluation of the efficacy of nanoparticles (spray
application) against gummosis under
greenhouse conditions based on disease incidence
Disease incidence was assessed following the spray

citrus

application of nanoparticles. Among all treatments, the
combination of ZnNPs + AgNPs resulted in the lowest
incidence (25.65%), followed by ZnNPs (31.20%) and
AgNPs (36.77%), as compared with the control (Figure
2A). The Treatments x Weeks (TxW)
indicated a progressive reduction in disease incidence
over time across all treatments. ZnNPs + AgNPs
consistently exhibited the lowest incidence (32.85%,
25.90%, and 18.50% at 1, 2, and 3 weeks, respectively),
followed by ZnNPs (38.81%, 31.90%, 24.50%) and
AgNPs (43.89%, 36.90%, 29.50%). In contrast, the
control group showed a steady increase, with incidence
values of 45.31%, 53.50%, and 70.90% at the respective
intervals (Figure 2B).

interaction

Tukey’s HSD all-pairwise comparisons for Treatments x
Concentrations (TxC) revealed that ZnNPs + AgNPs
achieved the lowest incidence (31.19% and 20.31%) at
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0.5% and 0.75% concentrations, respectively, followed
by ZnNPs (37.23% and 26.25%) and AgNPs (42.19% and
31.34%). The control group consistently recorded the

highest incidence, reaching 64.20% at both
concentrations (Figure 2C).
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Figure 1. Effect of nanoparticles (A), their concentrations
(B), and time intervals (C) on the in vitro mycelial
growth of P. nicotianae.
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Figure 2. Effect of nanoparticle spray application on citrus
gummosis incidence under greenhouse conditions: (A)
overall effect, (B) treatment x week interaction, and (C)
concentration x treatment interaction.

Evaluation of the efficacy of nanoparticles (spray
application) against citrus gummosis
greenhouse conditions based on lesion size
Foliar application of Zn+Ag nanoparticles resulted in the
greatest reduction in lesion size (71.22%), with a mean
value of 19.56 mm, followed by ZnNPs (57.34%; 29.00
mm) and AgNPs (44.31%; 37.86 mm). All treatments
were statistically different from the control (Figure 3A).
Overall lesion size decreased with time, from 42.13 mm
in week 1 to 35.36 mm in week 3. Higher concentrations
enhanced efficacy, with 0.75% producing the lowest
lesion size (35.85 mm) compared to 0.5% (41.34 mm).

Tukey’s HSD

under

comparisons indicated

significant
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differences across treatments and weeks (T x W
interaction). ZnNPs+AgNPs exhibited the greatest
reduction, decreasing from 27.76 mm in week 1 to 12.08
mm in week 3, followed by ZnNPs (37.14 mm to 20.88
mm) and AgNPs (46.03 mm to 29.67 mm). In contrast,
lesion size in the control group increased from 57.61 mm
to 78.82 mm over the same period (Figures 3B and 3C).

a 70+ a \
g 601
é 60
g 504
& 40 b
5 30 < 4
S 201
|
104
0.
ZnNPs AgNPs  ZnNPs+AgNPs  Control
Treatments
B ® B Week 10 Week 20 |Week3| =
70 b
Benl c
§60
2501 d
S0 ¢ e
f f
=304
g% h ;
220 :
~ 10
0- T T T T
ZnNPs AgNPs ZnNPs+AgNPs  Control
Treatments
C 0 5% 0.75%
.70 2
€ 60
50
S 2
»n 404 c c
= 30
s 30 d e ¢
2 20
=~ 10
0-
ZnNPs AgNPs ZnNPs+AgNPs  Control
\ Treatments /

Figure 3. Lesion size on citrus stems exhibiting gummosis
after nanoparticle spray application under greenhouse
conditions: (A) overall effect, (B) treatment x week
interaction, and (C) concentration x treatment interaction.

Evaluation of the efficacy of nanoparticles (soil
drenching) against citrus gummeosis under
greenhouse conditions based on disease incidence

Soil drenching with Zn+Ag nanoparticles resulted in the
lowest disease incidence (25.16%), followed by ZnNPs
(29.09%) and AgNPs (35.25%), whereas the control
exhibited the highest incidence (70.59%) (Figure 4A).
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The interaction between treatments and weeks (TxW)
revealed that Zn+Ag nanoparticles consistently
produced the lowest disease incidence at 1, 2, and 3
weeks (33.87%, 24.20%, and 17.30%, respectively),
followed by ZnNPs (36.33%, 29.17%, and 21.76%) and
AgNPs (42.49%, 35.33%, and 27.93%). In contrast, the
control group recorded the highest incidence values
(65.93%, 70.91%, and 74.93%) at the corresponding
intervals (Figure 4B).

Similarly, Tukey’s HSD test for treatment x concentration
(TxC) interactions indicated that at 0.5%, Zn+Ag
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nanoparticles exhibited the lowest incidence (28.65%),
followed by ZnNPs (31.57%) and AgNPs (36.53%),
whereas the control remained the highest (70.50%). At
0.75%, Zn+Ag nanoparticles again recorded the lowest
incidence (21.60%), followed by ZnNPs (26.60%) and
AgNPs (33.90%) (Figure 4C).

Overall, increasing nanoparticle concentration
significantly enhanced disease suppression, with Zn+Ag
nanoparticles demonstrating superior efficacy in reducing
disease incidence across all treatments and evaluation
intervals (Figure 4D).
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Figure 4. Effect of nanoparticle soil drenching on the incidence of citrus gummosis under greenhouse conditions: (A)
overall effect, (B) treatment x week interaction, (C) concentration x treatment interaction, and (D) treatment x week x

concentration interaction.

Evaluation of the effect of nanoparticle treatments
(soil drenching) against citrus gummosis on root and
shoot development under greenhouse conditions

Root and shoot development were evaluated following
soil drenching with nanoparticle treatments. Tukey’s
HSD all-pairwise comparisons test confirmed significant
differences (P<0.05) among treatments, with the control
group exhibiting the lowest values for all measured
parameters. Specifically, the control recorded the lowest
mean shoot weight (10.9 g), shoot length (18.4 cm), root
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weight (9.8 g), and root length (13.7 cm). In contrast, the
combined treatment of ZnNPs + AgNPs resulted in the
highest values for both root and shoot traits, followed by
individual applications of ZnNPs and AgNPs. Moreover,
the 0.75% concentration generally enhanced root and
shoot growth compared to the 0.5% concentration
(Figure 5). These findings highlight the dual role of
nanoparticle treatments in suppressing citrus gummosis
while simultaneously enhancing plant growth and vigor
under greenhouse conditions.
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Figure 5. Effect of nanoparticle soil drenching on root and shoot development against citrus gummosis under

greenhouse conditions.

Discussion

Citrus gummosis caused by Phytophthora species is one
of the most serious threats to citrus production
worldwide (Graham and Feichtenberger, 2015). It is
estimated that up to 46% of citrus trees are damaged
annually due to gummosis (Savita et al, 2012).
Phytophthora primarily affects the root system and
induces leaf yellowing, which disrupts the plant’s
physiological processes (Badnakhe et al., 2015). Lesions
formed on the trunk and roots by Phytophthora spp.
result in substantial yield losses, foot and root rot, brown
fruit rot, canopy discoloration, and premature leaf
yellowing (Zhang et al, 2019). Other major symptoms
include slow decline, twig dieback, gum exudation, early
flowering, and reduced fruit size (Naqvi, 2004).
Phytophthora spp. occurs in all citrus-growing regions of
the world (Mounde et al., 2008) and is responsible for
billions of dollars in annual losses. Gummosis is a
devastating disease that can ultimately lead to the
complete decline of orchards (Mekonen et al, 2015).
Naqvi and Singh (2002) reported that the pathogen
spreads rapidly and, being soil-borne, is difficult to
detect and manage.

The management of citrus gummosis remains a major
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challenge because of the pathogen’s ecological plasticity
and adaptability. Phytophthora species are well known for
their ability to infect a wide range of hosts and produce
diverse disease syndromes. Their capacity to form long-
lived structures such as chlamydospores and oospores,
along with lesion exudation, further complicates
management (Hwang and Ko, 1978; Turkensteen et al,,
2000; Panabiéres et al., 2016; Scanu et al,, 2015, 2021; La
Spada et al., 2022). Addressing these challenges requires a
detailed understanding of pathogen biology under
fluctuating  environmental  conditions and the
development of targeted, sustainable control strategies.

Excessive fungicides for
Phytophthora management has led to the emergence of
resistant

reliance on conventional

strains and caused environmental
contamination, thereby emphasizing the urgent need for
eco-friendly alternatives. Nanotechnology is emerging as
a transformative tool in agriculture, particularly in plant
disease management, by enabling precise and efficient
delivery of agrochemicals at the nanoscale (Hano and
Abbasi, 2021). Green-synthesized nanoparticles (NPs)
derived from plant extracts offer a sustainable and
friendly

fungicides, minimizing ecological risks while enhancing

environmentally alternative to chemical
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disease suppression (Manna et al, 2017; Nguyen et al,
2018). This approach is particularly promising for
managing Phytophthora-induced gummosis in citrus
(Sawake et al,, 2022).

Nanoparticles such as copper (CuNPs), zinc (ZnNPs), and
silver (AgNPs) act as “nano-fungicides” with unique
properties, including high surface area, small size, and
superior antimicrobial activity, offering enhanced
efficacy compared to conventional fungicides (Kim et al.,
2011; Prema and Thangapandiyan, 2013; Shaffiey et al,,
2014). They also help reduce toxicity, cost, and
resistance development (Pal et al., 2007).

In this study, we investigated the efficacy of biogenic
ZnNPs, CuNPs, and AgNPs against P. nicotianae and other
pathogenic species. The combination of ZnNPs + AgNPs
exhibited the strongest inhibitory effect on myecelial
growth, achieving a 69.1% reduction compared to the
control. Under greenhouse conditions, this combination
again proved most effective, reducing disease incidence
by 64.9% and lesion size by 71.2% through foliar
spraying and soil drenching. Moreover, nanoparticles
enhanced plant growth parameters such as shoot and
root length and biomass.

Field trials confirmed these greenhouse findings: ZnNPs
+ AgNPs significantly reduced both disease incidence
and lesion size while promoting plant growth. These
results demonstrate that biogenic nanoparticles,
particularly the ZnNPs + AgNPs combination, represent
a promising and sustainable approach for managing
citrus gummosis and improving crop health.

ZnNPs
efficacy.

in particular showed notable antimicrobial
Compared to  chemically engineered
nanoparticles, biogenic ZnNPs possess lower toxicity and
enhanced biological activity (Pimprikar et al, 2009; Kaur
et al, 2012; Rehman et al, 2024). Consistent with
previous reports, our results confirmed that ZnNPs
significantly suppressed pathogen growth and disease
development while exhibiting minimal phytotoxicity.
CuNPs also demonstrated strong antifungal activity
against P. nicotianae, inhibiting hyphal growth, spore
germination, and sporangium formation. Their effects
were associated with fungal cell damage, elevated
reactive oxygen species (ROS), and increased superoxide
dismutase (SOD) activity, in agreement with earlier
studies (Hao et al, 2017, 2019; Chen et al, 2022).
Disease incidence was reduced by 33.7% without
phytotoxic effects, underscoring CuNPs’ utility as potent

nanofungicides (Heinlaan et al., 2008; Sathiyabama and
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Manikandan, 2018).

AgNP uptake varied depending on application method,
with foliar treatments achieving higher accumulation in
stems compared to root uptake, corroborating previous
findings (Cocozza et al, 2019; Avellan et al, 2021).

Although AgNPs displayed significant antimicrobial
activity, their potential accumulation and
biotransformation in edible tissues raise biosafety

concerns that warrant further investigation (Huang et al,,
2022).

Overall, the use of green-synthesized nanoparticles in
disease management aligns with global goals for
sustainable agriculture. By utilizing plant-derived extracts
for nanoparticle synthesis, this approach minimizes
environmental risks while providing effective pathogen
control (Ikram et al,, 2022; Umair Raza et al., 2023). Our
findings demonstrate that ZnNPs, CuNPs, and AgNPs are
effective eco-friendly alternatives to conventional
fungicides, with strong potential for integration into citrus
gummosis management programs. Future research
should focus on optimizing nanoparticle formulations,
assessing their long-term ecological impacts, and ensuring
safe agricultural applications.
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