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Abstract

The mung bean crop (Vigna radiata (L.) R. Wilczek) is widely recognized as a key source of pulse food worldwide.
However, this crop suffers substantial yield losses due to humid environments, particularly from infestations by

the fungal pathogen Macrophomina phaseolina, which causes charcoal rot disease. This infestation results in
significant agronomic losses, affecting both the crop’s growth characteristics and overall yield. Previous research
suggests that these losses can be mitigated through environmentally friendly soil amendments, such as biochar,

as well as by applying various nanofungicides. This study aims to explore the potential of biochar and zinc oxide
nanoparticles (ZNONPs) to reduce the severity of charcoal rot disease and enhance the agronomic traits and yield
of mung bean plants affected by this disease. The experiment was conducted in triplicate, applying ZnONPs at
three concentrations (5, 10, and 20 mg. L=") via foliar spraying, combined with two levels of biochar (20 g and 40 g
per pot). Positive and negative control treatments were also included for comparison. The results demonstrated
that applying 40 g of biochar per pot and 20 mg. L™ of foliar-applied ZnONPs increased the activities of the anti-
oxidative defence enzymes. Additionally, this treatment strategy boosted the plants’ disease resistance mechanisms,
leading to lower mortality rates and reduced levels of malondialdehyde (MDA) and hydrogen peroxide (H,O,) by
61.7% and 49.23%. Moreover, the treatment positively impacted key growth parameters, increasing total chlorophyll
content by 43%, plant height by 47%, and legume count per plant by 80.4%. The application of biochar and
ZnONPs also improved seed protein content, reflecting an enhancement in nutritional quality. This study supports
the use of biochar and ZnONPs as biostimulants to manage yield losses in mung bean crops affected by charcoal
rot disease. The future prospects of using ZnONPs and biochar as treatments in agriculture are promising, as they
offer innovative, eco-friendly solutions to enhance crop productivity, improve soil health, and reduce reliance on
synthetic chemicals, paving the way for more sustainable and resilient agricultural systems.
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Introduction

Mung bean (Vigna radiata L.) is a widely grown crop in
the tropical and subtropical regions of the world, serv-
ing as an excellent source of plant protein. It is a short-
duration pulse crop, with a typical life cycle of 75 to 85
days. Mung beans thrive in a temperature range of 29 to
35 °C during summer [1]. In Pakistan, mung beans are
primarily grown in rain-fed areas, where they are the
second most important legume crop after chickpeas.
However, the area under mung bean cultivation in Paki-
stan decreased from 237,200 hectares in 2001 to 213,000
hectares in 2022-23 [2], due to several abiotic factors like
harsh weather, climate change, and biotic factors, such as
“charcoal rot,” which have led to a decline in cultivation
[3].

The primary cause of yield loss in mung beans is vari-
ous pests and microorganisms, among which the most
destructive is a fungus named Macrophomina phaseo-
lina. This fungus is responsible for charcoal rot, a debili-
tating condition that spreads through soil and seeds.
Charcoal rot can result in an average yield loss of 60%,
and under conditions conducive to rapid fungal growth,
complete crop losses of up to 100% have been observed
[1]. During drought and heat stress, the fungus prolif-
erates swiftly, forming distinctive black, cushion-like
structures called sclerotia [3]. Infection by the fungus
exacerbates water scarcity, leading to leaf wilting and sig-
nificant reductions in crop yield [1-3]. Both abiotic and
biotic stressors cause a loss of vital metabolites and bio-
active substances. To protect themselves, plants activate
intrinsic defense systems involving antioxidant enzymes
such as superoxide dismutase (SOD), peroxidase (POD),
ascorbate peroxidase (APX), catalase (CAT), guaiacol
peroxidase (GPX), and glutathione reductase. These
enzymes help remove reactive oxygen species (ROS)
from plant cells, enhancing plant resilience against vari-
ous stresses [4, 5].

Nanomaterials have emerged as an attractive option for
controlling pathogenic fungi and other pests that reduce
agricultural yields [6]. Researchers have utilized metal
and metal oxide nanoparticles (NPs) to mitigate phyto-
pathogen-induced damage. For instance, the combined
application of silver nanoparticles (AgNPs) and flucon-
azole has effectively reduced mycotic pathogens such as
Trichoderma sp., Candida albicans, and Phoma glomer-
ata [6, 7). Similarly, zinc oxide nanoparticles (ZnONPs)
have shown effectiveness against Botrytis cinerea [8] and
Penicillium expansum [9]. Several studies have dem-
onstrated the potential of using ZnONPs and biochar
to manage fungal diseases across various crops. For

instance, Ibrahim et al. [10] found that ZnONPs effec-
tively inhibited the growth of Fusarium graminearum in
wheat by disrupting fungal cell membranes, which sig-
nificantly reduced disease incidence. Similarly, Mazhar et
al. [11] observed that applying ZnONPs as a foliar spray
on rice reduced the severity of blast disease caused by
Magnaporthe oryzae through the generation of reactive
oxygen species.

Biochar, produced from organic materials like agri-
cultural and forestry residues, wood chips, or organic
waste through pyrolysis, has gained attention in sus-
tainable agriculture. Its use improves soil fertility, struc-
ture, and porosity, creating an ideal soil environment
for plants and reducing the impact of biotic and abiotic
constraints [5]. Rasool et al. [12] reported that biochar
amendments in tomato soil increased resistance to Alter-
naria solani by enhancing beneficial microbial popula-
tions, which boosted the plant’s natural defences. Were
et al. [13] observed that biochar improved soil structure
and suppressed root rot in Phaseolus vulgaris by foster-
ing microbial communities that outcompeted the patho-
gen. Additionally, Copely et al. [14] noted that biochar
application decreased symptoms of Rhizoctonia solani
infection by raising soil pH and promoting microbial
competition.

The application of ZnONPs and biochar in agriculture
represents a promising approach to enhance sustainabil-
ity by addressing critical challenges such as crop resil-
ience, soil health, and environmental impact. ZnONPs
have been recognized for their antimicrobial properties,
offering a novel method for managing plant pathogens
without relying heavily on chemical pesticides [15]. This
helps reduce chemical runoff and minimizes the risk of
resistance development in pests and pathogens. Biochar,
produced from organic waste materials through pyroly-
sis, improves soil fertility, water retention, and carbon
sequestration, making it a valuable soil amendment in
sustainable farming practices. Together, ZnONPs and
biochar can potentially boost crop yield, reduce depen-
dency on synthetic inputs, and support the shift towards
eco-friendlier agriculture. Integrating these technologies
into agricultural systems could play a crucial role in pro-
moting sustainability by enhancing productivity while
conserving natural resources and reducing the ecological
footprint of farming activities [11, 13].

Various protocols are available for applying ZnONPs
in open field or greenhouse conditions. However, more
research is needed to explore their use as nano-fungi-
cides for controlling crop pathogens. This study aimed
to evaluate whether combining ZnONPs as a foliar spray
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Table 1 Physiochemical features of experimental trial soil
samples
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Table 2 Physiochemical composition of timber waste biochar
used in current experiment

Soil Character Recorded Value Component Recorded Value

Soil Type Clayey Total N 0.30%

EC 1.99dSm™! Total P 0.45%

pH 79 Total K 1.32%

Organic Matter 1.99% CEC 16.2 mmol/Kg

Nitrogen 0.059% Ash percentage 9.80%

Potassium 78 mg/Kg Volatile matter 30.10%

Phosphorus 45 mg/Kg EC 0.86 dSm™"

Saturation 0.45% pH 75
Brunauer-Emmett-Teller (Surface area) 1045 m%g™!
Fixed carbon 58.60%

with soil amendment using biochar could help prevent
charcoal rot in mung beans. The specific objectives were:
(i) to investigate the potential use of ZnONPs as nano-
fungicides for managing M. phaseolina infestations; and
(ii) to optimize the synergistic application of ZnONPs
and biochar to enhance antioxidant defences, growth,
and yield in mung beans, ultimately increasing crop tol-
erance against charcoal rot.

Materials and methods
Experimental scheme and soil analysis
The pot experiment was conducted from May to July,
2022. The plastic pots were 7"" X 6"" in length and width.
The pots were kept in the research area of the Govern-
ment Graduate College Sarai Alamgir (32.8849090,
73.7571688) District Gujrat, Pakistan. Two data loggers
were placed around the experimental area to monitor
both temperature and humidity effectively. In May, tem-
peratures ranged from around 12.6 °C (54.7 °F) to 26.3 °C
(79.3 °F), with lower humidity levels at 50% and moder-
ate rainfall of 50 mm. In June, the temperature aver-
aged from 16.4 °C (61.5 °F) to 27.8 °C (82 °F), humidity
levels also rose slightly to 56%, as pre-monsoon showers
became more frequent. By July, the full monsoon arrived,
which brought heavy rainfall around 256 mm, with tem-
peratures slightly lower than June at 22.2 °C (71.9 °F)
and humidity peaking at 80%. The mung bean genotype
MNUYT-105 is considered highly susceptible to charcoal
rot disease [1], was selected for the experimental trial.
Experimental soil was collected from a farmland area
near the site of the experiment. The physicochemi-
cal properties of the experimental soils were appraised
following Davis and Freitas [16], and are presented in
Table 1.

Zinc oxide nanoparticle and biochar

ZnO nanopowder was obtained from Sigma-Aldrich
(product no. 544906) with a particle size of less than
100 nm. X-ray diffraction analysis confirmed its struc-
ture, and complexometric titration revealed a zinc per-
centage of 79.1-81.5%. The nanopowder had a white
colour and a specific surface area ranging from 10 to 25

m? /g. Treatment concentrations of 5, 10, and 20 mg. L™*
was prepared by dissolving 5, 10, and 20 mg of ZnONPs
in 1 L distilled water, respectively and sonicating for uni-
form dispersion following protocol as described [4]. Tim-
ber waste from a local market was collected for biochar
preparation. The waste was sun-dried and subjected to
pyrolysis at 389 °C for 80 min. The resulting biochar was
finely ground and analysed for its biochemical composi-
tion as described [17]. The physicochemical properties of
the timber waste biochar used in this study are listed in
Table 2.

Soil infestation

After analysis, the collected soil was sterilized with 2%
formalin, and subsequently, 5 kg of soil was added to each
pot. Macrophomina phaseolina was obtained from the
fungal culture bank at Punjab University, Lahore, Paki-
stan (FCBP 0751). To infest the soil, 30 mL of M. phaseo-
lina culture suspension was poured into each pot [1].

Experimental layout

A pot experiment spanning 75 days was conducted
according to the protocol outlined by Khan et al. [1].
Seeds, which underwent rigorous surface sterilization,
were delicately sown in designated experimental pots,
with each pot accommodating seven seeds. During the
thinning process of the mung bean pots, which were ini-
tially seeded with seven seeds each, careful procedures
were employed to ensure the viability of the selected
plants.

Once the seedlings reached an appropriate height,
typically after the initial germination phase, a thorough
examination of their health and vigour was performed.
The healthiest and most robust seedlings were chosen
for retention, with the goal of reducing the number of
plants to three in each pot. Using fine scissors, the excess
seedlings were gently trimmed to soil level, allowing
for precise thinning while minimizing disruption to the
remaining plants. Attention to spacing was paramount,
and the selected seedlings were strategically positioned
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within the pot to optimize their access to light, water, and
nutrients. Following the thinning process, the pots were
judiciously watered, ensuring a careful balance to avoid
overwatering, which could lead to waterlogged soils.
This hands-on thinning approach guaranteed that the
selected seedlings had ample space and resources, fos-
tering optimal growth and development throughout the
experiment. The experimental layout was designed using
a completely randomized framework.

A total of 48 prepared pots were utilized, encompass-
ing 16 distinct treatments, each replicated in triplicate,
as shown in Fig. 1. The experimental treatments were
divided into discrete categories. Treatments 1-4 involved
the cultivation of plants in non-infested soils, which
received precisely measured foliar applications of various
solutions: distilled water (DW), 5 mg. L™! of ZnONPs,
10 mg. L™ of ZnONPs, and mg. L™! of ZnONPs. This
group served as a negative control and established the
baseline for the experiment. Conversely, treatments 5-8
were conducted under infested soil conditions. Plants in
this group were subjected to similar foliar applications of
DW, 5 mg. L™! of ZnONPs, 10 mg. L™! of ZnONPs, and
20 mg. L™ of ZnONPs, serving as the positive control in
contrast to the non-infested soil group. The subsequent
treatments, from 9 to 12 and 13 to 16, involved cultivat-
ing plants in infested soil amended with 20 g/pot and
40 g/pot of biochar, respectively. These plants received
carefully administered foliar applications of DW, 5 mg.
L~! of ZnONPs, 10 mg. L™! of ZnONPs, and 20 mg. L™*
of ZnONPs.
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The foliar application of ZnONPs was carried out
methodically using a hand sprayer between 8 AM and 10
AM, once a week, precisely every seventh day. This meth-
odological precision ensured the controlled application
of treatments, setting the stage for a comprehensive anal-
ysis of the experimental outcomes. To ensure the reliabil-
ity of the results, three replicates from each treatment
were selected for analysis, enhancing the robustness of
the study and allowing for a thorough assessment of the
growth and development of mung bean plants under
varying experimental conditions.

Disease assessment

All plants were visually monitored at regular intervals to
determine disease appearance. Morphological changes
due to disease started to appear on the 26th day of inocu-
lation; therefore, the disease incidence (%) described by
Cohen et al. [18] and plant mortality (%) were calculated
on days 35th and 55th days of sowing, respectively.

Numb i ted plant.
Disease incidence (%) = umber of infccied plants

x 100 (1)

Total number of plants

Number of dead plants

Mortality (%) =

= 100
Total number of plants . @

.Total chlorophyll contents

Chlorophyll content of each plant sample was measured
using the protocol described by Arnon [19]. At the early
flowering stage, the leaves of three plants from each
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Fig. 1 Graphical illustration of treatment plan and experimental layout followed in the experiment (each treatment was replicated on three pot)
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treatment were collected for the analysis of total chloro-
phyll content.

Activities of antioxidant enzymes

The catalase (CAT) activity was measured according to
the protocol described by Chance and Maehly [20]. The
CAT reaction mixture contained the enzyme extract,
H,0O,, and phosphate buffer, which were incubated and
then stopped with H,SO,. The resulting mixture was
then titrated with KMnO,. CAT activity was expressed in
units of U/mg of protein, indicating the enzyme’s capac-
ity to degrade H,O, per unit of protein. Superoxide dis-
mutase (SOD) activity was measured as described by
Maral et al. [21]. Three sets were prepared: experimental,
blank, and control. Absorbance at 560 nm was measured
after light exposure, and SOD activity was determined.
Ascorbate peroxidase (APX) activity was measured using
the method of Nakano and Asada [22], involving H,O,
reduction in phosphate buffer. Glutathione peroxidase
(GPX) activity was evaluated following Whitaker’s [23]
method, monitoring the oxidation of guaiacol at 470 nm
for 1 min.

Hydrogen peroxide and malondialdehyde (MDA) contents
0.1 g of leaf material from three replicates was homog-
enized in 5 mL of 0.1% trichloroacetic acid (TCA) using
an ice bath to maintain cold conditions during grinding.
After homogenization, the samples were centrifuged at
12,000 rpm for 5 min to separate the supernatant from
the debris. Next, 0.5 mL of the supernatant was mixed
with 0.5 mL of phosphate buffer. To this mixture, 1 mL
of 1 M potassium iodide was added and shaken well. The
absorbance was then measured at 390 nm using a spec-
trophotometer [24].

The MDA content was determined following the proto-
col of Cakmak and Horst [25]. Specifically, the MDA con-
centration was calculated using the following equation:

1 mol

MDA Concentration < FW) =

(Absorbance at 532 nm — Absorbance at 600 nm)

155

x Dilution factor

In this equation, the absorbance at 532 nm corresponds
to the peak absorbance of MDA, while the absorbance at
600 nm is used to correct for any interfering substances.
The dilution factor accounts for any dilutions made dur-
ing the assay.

Growth and yield performance

The height, number of branches, and leaf area of the
mung bean plants were recorded. For yield analysis, the
number of pods per plant, weight of pods, number of
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seeds per pod, and 1000-seed weight were measured in
triplicate. The crude protein content was determined
according to the standard methods described in [26].

Statistical analysis

To understand the treatment effects across rows and
columns, a two-way analysis of variance (ANOVA) was
performed using the statistical software CoStat version
6.3, with means separated using the Least Significant Dif-
ference (LSD) test. Additionally, Principal Component
Analysis (PCA) was conducted using the XLSTAT add-in
(Addinsoft, Paris, France) to further explore the relation-
ships between the treatment effects [27].

Results

Effect of ZnONPs and biochar on disease parameters and
stress markers

Soil amendment with biochar and foliar spray of ZnONPs
significantly reduced the disease incidence (Fig. 2A) and
mortality rates (Fig. 2B) compared to the positive control.
The application of foliar ZnONPs at a concentration of
20 mg. L™}, in combination with biochar amendments of
20 g per pot (Treatment 12) and 40 g per pot (Treatment
16), exhibited superior efficacy in mitigating charcoal rot
disease incidence and mortality in mung bean plants.
Leaf MDA (Fig. 2C) and H,O, contents (Fig. 2D) were
highest under the positive control and lowest under the
negative control.

Soil amendment with 40 g biochar and foliar applica-
tion of 20 mg. L' ZnONPs most effectively reduced
MDA and H,O, content by 61.7% and 49.2%, respec-
tively. The comparison between Treatments 9 and 13,
both grown in infested soils amended with biochar (20 g/
pot vs. 40 g/pot) without additional foliar applications,
showed that Treatment 13 had reduced oxidative stress
indicators. Specifically, disease incidence (DI) decreased
by 7.2%, mortality percentage (M%) dropped by 10.2%,
malondialdehyde (MDA) content reduced by 11.1%,
and hydrogen peroxide (H,O,) content lowered by 4.1%.
When comparing Treatments 10 and 14, both with a
5 mg. L' foliar application of ZnONPs, Treatment 14
(40 g/pot biochar) exhibited further reductions in stress
markers. The DI was reduced by 8.9%, M% decreased
by 19.5%, MDA content fell by 6.1%, and H,O, con-
tent declined by 7.4%. For Treatments 11 and 15, which
received a 10 mg. L~ ZnONPs foliar application, Treat-
ment 15 (40 g/pot biochar) had improved outcomes
with DI decreasing by 10.8%, M% dropping by 20.0%,
MDA content reduced by 18.7%, and H,O, content low-
ered by 11.5%. In the case of Treatments 12 and 16, both
with a 20 mg. L~! ZnONPs foliar application, Treatment
16 (40 g/pot biochar) displayed the most pronounced
reductions in stress indicators. DI showed a substantial
decrease of 43.3%, M% declined by 55.6%, MDA content
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Fig. 2 Disease assessment parameters (A) Disease incidence (B) mortality percentage and physiological stress markers (C) MDA, and (D) Hydrogen

peroxide of the experimental mung bean plants

was lowered by 24.1%, and H,O, content dropped by
13.8%.

The positive control comparisons also indicated that
higher ZnONPs concentrations, combined with biochar,
mitigated stress effectively in infested soils. Comparing
Treatments 5 and 6, Treatment 6 (5 mg. L~' ZnONPs)
reduced DI by 26.2%, M% by 36.6%, MDA content by
9.1%, and H,O, content by 12.3%. The addition of a
higher ZnONPs concentration in Treatment 7 led to fur-
ther decreases, with DI lowering by 58.5%, M% dropping
by 69.0%, MDA content by 20.6%, and H,O, content by
22.6%. In Treatments 8 and 12, which involved a 20 mg.

L~! ZnONPs foliar application, Treatment 12 showed
further improvements, with DI decreasing by 11.8%, M%
by 10.0%, MDA content by 19.9%, and H,O, content by
20.5%. Overall, biochar application significantly reduced
the stress indicators in plants grown under infested soil
conditions, especially when combined with ZnONPs
foliar applications. Higher levels of biochar (40 g/pot)
combined with elevated ZnONPs concentrations resulted
in the greatest reductions in DI, M%, MDA, and H,O,
content. This demonstrates biochar efficacy in mitigating
oxidative stress and enhancing plant resilience in chal-
lenging soil conditions (Table 3).
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Table 3 Comparison table for D.1%, M%, MDA, and H,0, content
of the experimental mung bean plants

Comparison D.1%* M% MDA H,0,

T9vs. T13 -7.20 -10.20% -11.10% -4.10%
T10vs. T14 -8.90 -19.50% -6.10 -7.40%
T11vs. T15 -10.80 -20.00% -18.70% -11.50%
T12vs.T16 -43.30 -55.60% -24.10% -1380%
T5vs. T6 -26.20 -36.60% -9.10 -12.30%
T5vs. T7 -58.50 -69.00% -20.60 -2260%
T5vs. T8 -80.70 -93.00% -37.00% -2600%
T5vs. T9 -2040 -31.00% -10.50 -23.60%
T6 vs. T10 -13.80 -14.50% -16.40 -20.10%
T7vs. T11 -36.90 -54.50% -17.10% -16.10%
T8vs. T12 -11.80% -10.00% -19.90 -2050%

*D. 1%: Disease incidence percentage; M%: Mortality percentage; MDA:
Malondialdehyde contents; H,0,: Hydrogen peroxide contents

Effect of ZnONPs and biochar on the anti-oxidative defence
enzymes

Raising the concentration of ZnONPs as a foliar spray
proved to be the most effective method for reducing the
levels of stress markers. The functions of the antioxidant
enzymes SOD (Fig. 3A), CAT (Fig. 3B), APX (Fig. 3C),
and GPX (Fig. 3D) increased significantly under the
influence of M. phaseolina foliar application of ZnONPs
at 20 mg. L'\, The comparison between Treatment 9
and Treatment 13 reveals a slight increase in superox-
ide dismutase (SOD) activity, from 1.38 to 1.43, reflect-
ing a 1.04-fold increase in T13. Similarly, catalase (CAT)
activity increased from 49.12 in T9 to 50.86 in T13, also
showing a 1.04-fold rise. In terms of ascorbate peroxi-
dase (APX) activity, T13 showed a minor increase, with
levels rising from 1.21 to 1.24, approximately a 1.02-fold
change.

Glutathione peroxidase (GPX) activity in T13 saw a
more significant increase from 0.069 to 0.113, marking
a 1.63-fold enhancement compared to T9. In the com-
parison of Treatment 10 with Treatment 14, SOD activity
increased slightly from 1.51 to 1.57, showing a 1.04-fold
change. The CAT activity displayed a minor increase
from 53.41 in T10 to 54.11 in T14, an approximately
1.01-fold rise. APX activity rose from 1.32 to 1.40 in T14,
marking a 1.06-fold increase, while GPX levels increased
from 0.084 to 0.121, reflecting a 1.44-fold enhancement.
Treatment 11 compared to Treatment 15 showed a mini-
mal increase in SOD activity, from 1.73 to 1.75, which
is approximately a 1.01-fold change. CAT activity rose
from 59.93 to 61.41, a 1.02-fold increase, while APX lev-
els showed a notable increase from 1.36 to 1.48, approxi-
mately a 1.09-fold rise. GPX activity increased from 0.098
in T11 to 0.113 in T15, marking a 1.16-fold enhancement.

Finally, in the comparison of Treatment 12 with Treat-
ment 16, SOD activity increased slightly from 1.89 to
1.95, representing a 1.03-fold increase. CAT activity
showed a more noticeable increase, rising from 62.30
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to 66.62, an approximately 1.07-fold change. APX activ-
ity displayed a significant increase from 1.43 to 1.64,
a 1.15-fold enhancement, while GPX levels in T16 rose
from 0.104 to 0.120, reflecting a 1.15-fold increase. In
comparing Treatment 5 to Treatment 9, SOD activ-
ity increased from 1.23 to 1.38, marking a 1.12-fold
enhancement. CAT activity in T9 showed an increase
from 45.99 to 49.12, an approximately 1.07-fold change.
APX activity saw a significant increase, from 0.77 in T5
to 1.21 in T9, reflecting a 1.57-fold enhancement, while
GPX activity rose from 0.060 to 0.069, an approximately
1.15-fold increase. Treatment 6 compared to Treatment
10 demonstrated an increase in SOD activity from 1.40 to
1.51, approximately a 1.08-fold change. CAT levels rose
slightly from 51.31 in T6 to 53.41 in T10, representing
a 1.04-fold increase. APX activity showed a significant
rise from 0.87 to 1.32, marking a 1.52-fold change, while
GPX activity increased from 0.077 in T6 to 0.084 in T10,
approximately a 1.09-fold enhancement. For the com-
parison between Treatment 7 and Treatment 11, SOD
levels saw a slight increase from 1.67 to 1.73, reflecting
a 1.04-fold change. CAT activity increased from 55.45 to
59.93, marking a 1.08-fold rise. APX levels rose signifi-
cantly from 0.99 to 1.36, indicating a 1.37-fold enhance-
ment, while GPX activity increased from 0.082 to 0.098,
an approximately 1.20-fold change. Lastly, in comparing
Treatment 8 to Treatment 12, SOD activity increased
slightly from 1.82 to 1.89, showing a 1.04-fold change.
CAT activity rose from 55.75 to 62.30, reflecting a 1.12-
fold increase. APX activity in T12 showed a significant
rise from 1.09 to 1.43, marking a 1.32-fold enhancement,
while GPX levels increased from 0.088 to 0.104, approxi-
mately a 1.18-fold rise. Overall, biochar amendment,
especially at higher levels, generally resulted in increased
activities of antioxidant enzymes, particularly for APX
and GPX, indicating enhanced oxidative stress tolerance
in biochar-amended plants.

Effect of ZnONPs and biochar on growth and yield profile
of mung bean plants

The growth attributes of mung bean plants recorded
in terms of plant height (Fig. 4A), number of branches
per plant (Fig. 4B), and leaf area (Fig. 4C) decreased by
24.5%, 29.7%, and 47.6%, respectively, compared with
the negative control group. The total chlorophyll con-
tent decreased by 32.5% compared to the negative con-
trol (Fig. 4D). In infested soil, the chlorophyll content was
highest in plants treated with treatment numbers with
synergistic doses of ZnONPs and biochar. Foliar-applied
20 mg. L' ZnONPs, in combination with 20 g and 40 g
doses of biochar, increased total chlorophyll content by
36.2% and 43.6%, respectively, compared to the positive
control.
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The yield profile of mung bean plants observed in
terms of legume count per plant (Fig. 5A), legume weight
(Fig. 5B), seed count per legume (Fig. 5C), and thousand
seed weight (Fig. 5D) decreased under positive control by
34%, 58%, 42%, and 50%, respectively, compared to posi-
tive control. All yield variables were significantly affected
by varying doses of ZnONPs and biochar, and the yield
profile was significantly improved. The exogenous appli-
cation of ZnONPs along with soil amendment with bio-
char effectively improved seed protein content (Fig. 5E).

The comparison between Treatments 9 and 13, which
involved plants grown in infested soils with 20 and
40 g/pot of biochar respectively and no additional foliar

application, revealed that Treatment 13 consistently out-
performed Treatment 9 across all parameters. Notable
increases included a 17.0% improvement in the number
of pods per plant (NOP/P), a 12.6% gain in pod weight
(PW), a 36.0% rise in the number of seeds per plant
(NS/P), and a substantial 46.3% enhancement in 1000-
seed weight (1000SW). Leaf area (LA) also increased by
16.2%, plant height (PH) by 8.5%, and total chlorophyll
content (TC) by 3.6%. When comparing Treatments
10 and 14, which received a 5 mg. L' foliar applica-
tion of ZnONPs, Treatment 14 (with 40 g/pot biochar)
showed marked improvements over Treatment 10 (20 g/
pot biochar) in most parameters. The 1000-seed weight
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increased by 37.2%, NOP/P by 27.0%, NS/P by 28.6%, and
LA by 32.0%. However, a decrease of 9.1% was observed
in plant height under Treatment 14. Total chlorophyll
content, in contrast, saw an increase of 6.8%. For plants
receiving a 10 mg. L~! ZnONPs foliar application, Treat-
ment 15 (40 g/pot biochar) exhibited higher values than
Treatment 11 (20 g/pot biochar) in all measured param-
eters. Improvements included a 14.5% rise in NOP/P, a
35.0% increase in NS/P, and a 29.0% gain in LA. Addition-
ally, the 1000-seed weight increased by 10.7%, while TC
rose by 3.6%. In the comparison of Treatments 12 and 16,
which both involved a 20 mg. L=! ZnONPs foliar appli-
cation, Treatment 16 (40 g/pot biochar) showed higher

values for all parameters, with the most pronounced gain
in LA at 38.1%.

This treatment also displayed a 13.8% rise in NOP/P,
a 30.0% increase in NS/P, and a 7.8% enhancement in
1000-seed weight. Plant height saw a moderate increase
of 6.4%, and TC improved by 5.4%. For the positive con-
trol treatments, which involved infested soils and no bio-
char, the results also showed that biochar amendments
positively impacted plant growth. Comparing Treatment
5 with Treatment 9, which both received no ZnONPs
foliar application, Treatment 9 (20 g/pot biochar) showed
improved outcomes in all parameters. The gains included
a 14.6% increase in NOP/P, a 48.9% enhancement in PW,
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and a 56.3% rise in NS/P. Additionally, there was a 33.0%
improvement in 1000-seed weight, a 19.4% increase in
LA, and a 12.0% gain in TC.

For the plants receiving a 5 mg. L™! ZnONPs foliar
application, Treatment 10 (20 g/pot biochar) performed
better than Treatment 6 in terms of several parame-
ters. NOP/P saw an increase of 10.6%, PW improved by
47.6%, and NS/P rose by 64.7%. The 1000-seed weight
also increased by 22.8%, while pH and TC showed gains
of 14.1% and 5.2%, respectively. Similarly, the compari-
son of Treatments 7 and 11, both receiving a 10 mg. L™*
ZnONPs application, indicated that Treatment 11 (20 g/
pot biochar) yielded higher values across most param-
eters. Increases included a 10.7% gain in NOP/P, a 42.6%
enhancement in PW, and a 27.4% improvement in NS/P.
Additionally, LA rose by 16.5%, while TC increased by
7.7%. Lastly, when comparing Treatments 8 and 12, both
involving a 20 mg. L™ ZnONPs foliar application, Treat-
ment 12 (20 g/pot biochar) showed modest improve-
ments over Treatment 8. Specifically, LA increased by
14.2%, PW by 39.5%, and NS/P by 25.0%. The 1000-seed
weight rose by 26.0%, while TC saw an increase of 9.3%
(Table 4). In summary, biochar amendments in conjunc-
tion with ZnONPs foliar applications in infested soils
led to overall enhanced plant growth and productivity.
Treatments with higher biochar levels (40 g/pot) gener-
ally exhibited greater improvements compared to lower
biochar levels (20 g/pot), suggesting that biochar is effec-
tive in mitigating soil infestation stress. In particular, bio-
char amendments contributed to significant increases in
the number of seeds per plant, seed weight, and leaf area,
highlighting its role in enhancing key agronomic param-
eters under stress conditions.

Figure 6 illustrates a wagon wheel chart depicting the
data analysed through PCA. Factors F1 and F2 collec-
tively contribute to 89.67% of the total variance. In the
right quarter, there is a cluster of growth and yield attri-
butes. These variables are negatively impacted by biotic
stress but show improvement with treatments involv-
ing ZnONPs and biochar. On the other hand, stress

Page 11 of 17

markers MDA and H,0, are grouped in another quarter
of the circle. Their levels increase under biotic stress but
decrease with soil amendment using biochar and foliar
application of ZnONPs. Antioxidant defence enzymes
are also clustered together, exhibiting heightened activity
under stress and further enhancement with the applied
treatments.

Further examination of the relationships between the
variables was conducted using Kendall's correlation
matrix, as presented in Table 5. The growth attributes,
total chlorophyll contents, and yield attributes exhibited
significant negative correlations with the disease assess-
ment variables. This implies that reducing the disease’s
aggressiveness through the applied treatments enhances
the growth, photosynthesis, and yield parameters of the
mung bean plants. Similarly, Table 5 also reveals positive
correlations among the variable.

Two-way ANOVA results are presented in Table 6,
which shows significant interactions among treatments
in rows and columns.

Discussion

The results of this study showed that ZnONPs and bio-
char treatments reduced the incidence and mortality
rates of charcoal rot disease in mung bean plants. These
findings align with a study on the antifungal effects of
ZnONPs against coffee fungi [28]. The lower disease inci-
dence may result from the role of ZnONPs in inhibiting
chitin and glucan biosynthesis in fungal cells, with their
antifungal activity depending on ZnONPs concentration
[8]. The reduction in disease incidence and mortality in
mung bean plants could be due to ROS generated by the
targeted fungal pathogen. ZnONPs disrupt fungal cell
membranes by penetrating and weakening them, which
impairs membrane integrity, inhibits enzymatic activi-
ties, and causes DNA damage within fungal cells, ulti-
mately reducing their ability to survive and reproduce
[29]. Soil amendment with biochar further enhanced
the effect of ZnONPs. Biochar improves nutrient recy-
cling and soil biota, which positively impacts crop yield

Table 4 Table of comparison among various treatments for growth and yield parameters

Comparison *NOP/P PW NS/P 1000SW PC% PH NOB/P LA TC
T9vs.T13 17.00% 12.60% 36.00% 46.30% 8.90% 8.50% 17.20% 16.20% 3.60%
T10vs. T14 27.00% 11.30% 28.60% 37.20% 8.60 -9.10% 7.90% 32.00% 6.80%
T11vs.T15 14.50% 7.90% 35.00% 10.70% 11.60% 4.40% 10.00% 29.00% 3.60%
T5vs. T6 14.60% 12.70% 6.30% 25.00% 4.80% 15.60% -11.50% 15.10% 13.70%
T5vs. T7 36.60% 30.80% 37.50% 46.40% 13.30% 29.40% 23.10% 23.70% 19.90%
T5vs. T8 48.70% 46.30% 50.10% 62.50% 20.30% 34.00% 38.40% 34.40% 24.70%
T5vs. T9 14.60% 48.90% 56.30% 33.00% 31.40% 19.50% 11.50% 19.40% 12.00%
Tovs. T10 10.60% 47.60% 64.70% 22.80% 31.70% 14.10% 17.10% 14.00% 5.20%
T7 vs.T11 10.70% 42.60% 27.40% 32.40% 22.10% 5.10% 25.00% 16.50% 7.70%
T8 vs.T12 6.60% 39.50% 25.00% 26.00% 20.50% 3.40% 13.90% 14.20% 9.30%
T12vs.T16 13.80% 13.20% 30.00% 7.80% 11.90% 6.40% 14.60% 38.10% 5.40%
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and growth. Additionally, biochar increases the soil’s
water-holding capacity, reducing the likelihood of fun-
gal infection through the soil [30]. Biochar enhances
soil's water-holding capacity, making moisture available
to plants during dry periods. This is particularly helpful
for maintaining plant growth when biotic stress like pest
attacks coincides with drought [31]. Its porous structure
helps improve soil aeration, promoting root growth and
making the plant more resilient to stress. Furthermore,
biochar can retain nutrients like nitrogen, phosphorus,
and potassium, making them more available to plants.
This is particularly beneficial under biotic stress, where
plants need higher energy to combat diseases or pests.
Some studies [32] suggest that biochar can directly sup-
press soil-borne pathogens by altering the soil’s physical
and chemical properties, making it less favourable for
pathogen survival and growth.

Biochar also promotes soil microbial activity, improv-
ing nodulation and biological nitrogen fixation, lead-
ing to greater biomass accumulation, as observed in our
results. Legumes, in particular, benefit from forming

nodules with soil biota that fix nitrogen, enhancing
growth characteristics [33]. With its high surface area,
biochar adsorbs essential nutrients, creating an environ-
ment favourable for mycorrhizae associations that pro-
mote plant growth. Moreover, ZnONPs support plant
growth, as zinc acts as a cofactor in the tryptophan bio-
synthetic pathway for auxin synthesis, a key plant growth
hormone [34]. Zinc plays a crucial role in enzyme acti-
vation, protein synthesis, hormone regulation, photosyn-
thesis, stress tolerance, nutrient uptake, and cell division,
all of which contribute to improved plant growth and
development [3].

In this study, biochar soil amendment and foliar
ZnONPs application increased the total chlorophyll con-
tent of mung bean plants. Haider et al. [35] reported that
biochar application enhances plants’ water-use efficiency
by improving leaf osmotic potential and relative water
content, which stimulates photosynthesis by affecting the
electron transport chain of photosystem II. Zinc applica-
tion further enhances chlorophyll content, as zinc repairs
the photosynthetic machinery by protecting chlorophyll’s
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Table 5 Kendall's correlation matrix of the studied variable of mung bean plants as influenced by the biochar and ZnONPs treatments under biotic stress

Variables
D.1%

M9%

PH

1000SW PC%

D.1% M% PH NOB/P LA TC MDA H,0, SOD CAT APX GPX NOP/P PW NS/P

1.00%
0.94*

1.00%
-0.69%
-0.60%
-0.71%
-0.84*
0.86*

1.00*
0.72*

-0.72*
-0.64*
-0.74*
-0.87*
0.89%

1.00%
0.80*

NOB/P

LA

1.00*

0.71*

1.00*

0.81*

0.71%*

0.71%*

TC

1.00*

-0.88*
-0.78%
0.07
0.11

-0.82%
-0.86*
0.02
0.07
0.1

-0.70%
-0.80*

-0.76*
-0.75*

MDA
H,0,
SOD
CAT
APX
GPX

1.00*

-0.09

-0.13

-0.21*
-0.24*
-0.80*
-0.86*
-0.65*
-0.80*
-0.82%

0.81*

0.69*

0.72*

(2024) 24:1099

1.00*
0.87*

-0.13
-0.11

1.00*

0.14
0.09
0.13

-0.09

0.06

-0.12
0.03

0.05 -0.06 0.74* 0.78* 1.00*
0.17 -0.17

5

0.26*

1.00*
0.27*

1%

0.6

0.56*
0.17
0.03
0.16
0.10
0.12

0.50*
0.14
0.01
0.13
0.08
0.07

0.30*

0.33*

-0.06

-0.10

-0.74*
-0.78*
-041*
-0.65*
-0.58*

1.00*
0.76*

0.16
0.16

-0.77*
-0.85*
-0.50*
-0.73*
-0.66*

0.78*

0.85*

0.71* 0.81*

-0.73*
-0.75*
-0.38*
-0.64*
-0.55*

NOP/P

PW

1.00%
0.61*

0.20*

0.72* 0.85* 0.82*

0.69*

1.00*

0.44* 0.65*

0.35%
0.19

0.48*

0.66*

0.73*

0.53*

NS/P

0.82* 0.77* 0.71* 1.00*

0.33*

0.78* 0.85* 0.72*

0.70*

1000SW
PC%

1.00%

0.32% 0.76* 0.79* 0.76* 0.79%

0.29*

0.81* 0.79* 0.66*

0.64*

0.05

* Significantly differs from zero at alpha
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sulfhydryl groups and repairing the D1 protein of pho-
tosystem II [36]. In legumes, Zn deficiency can lead to
chlorosis (yellowing of leaves), reduced leaf size, and
poor root development. Foliar application helps rapidly
correct these deficiencies, leading to healthier plants [37].

The combined application of ZnONPs and biochar
reduced MDA and H,O, content, indicating enhanced
stress tolerance in mung bean plants. The lower H,0O,
content suggests an antioxidant enzyme system that scav-
enges H,0,, converting it into water and oxygen, which
also correlates with reduced MDA levels. Zinc also sup-
ports membrane repair and maintains membrane integ-
rity, which helps lower MDA content [38]. ZnONPs
chelate excess metal ions within plant cells, reducing
ROS levels and protecting plants from oxidative damage
[9].

Biotic stress increases antioxidant enzyme activity,
and elevated SOD activity provides a first line of defence
against ROS-mediated oxidative damage in plants. Stud-
ies [39, 40] have shown that zinc acts as a cofactor for
superoxide dismutase, enhancing the dismutation of
superoxide radicals. Catalase, another major antioxidant
enzyme, converts hydrogen peroxide into water and oxy-
gen [41]. By decreasing H,0O, levels, catalase slows down
plant aging and senescence, helping to moderate both
biotic and abiotic stress. Biochar and ZnONPs treat-
ments further boosted peroxidase activity, which plays
roles in physiological and metabolic processes such as
ethylene biosynthesis, pathogen defence, fruit ripening,
growth, stress response, and senescence modulation [42].
Biochar helps improve the uptake of essential nutrients,
allowing plants to allocate resources more efficiently
towards growth and defence, even when under attack by
pests or diseases. Biochar can help in reducing oxidative
stress in plants by regulating enzymes that mitigate the
production of harmful ROS, which are often elevated
during biotic stress [43].

Biochar soil amendment also helps retain plant nutri-
ents by reducing nutrient loss through leaching, which
enhances yield parameters. Plants grown in biochar-
amended soil often develop healthier and more exten-
sive root systems, which aids in nutrient and water
uptake, crucial for maintaining yield under stress [43].
Biochar neutralizes soil acidity, and by increasing the
cation exchange capacity, it reduces the availability of
heavy metal cations. These effects lead to better nutri-
ent uptake and water-use efficiency, resulting in a healthy
harvest index. Previous studies have shown that bio-
char application significantly increases the yield profile
of maize plants [44, 45]. Our results are consistent with
previous studies that have highlighted the efficacy of
ZnONPs and biochar in managing fungal diseases across
various crops. For instance, Ibrahim et al. [10] found that
ZnONPs effectively inhibited the growth of Fusarium



Mazhar et al. BMC Plant Biology (2024) 24:1099

Page 14 of 17

Table 6 Two-way ANOVA results of the study. The table is based on mean square and p values of the variables followed in the study.
The table depicts the effect of two factors and their interactive effects on the experimental mung bean plants

Variation Source  ?df D.1% M% PH NOB/P LA TC

Treatment effectin = 3 2412.083%%%(0.000) 1634.354**(0.000) 364.408***(0.000) 41.616***(0.000) 530.912***(0.000)  124.345***(0.000)
rows (F1)

Treatment effectin = 3 2512.023***(0.000)  1178.576***(0.000) 393.122***(0.000) 57.151*** (0.000) 2211.449%*%(0.000) 414.8***(0.000)

columns (F2)

Interactionamong 9 242.033*** (0.000) 199.872*** (0.000)  21.464 *** (0.000) 2.14 * (0.029) 20.501**(0.001) 1.666 ns (0.743)
the factors (F1xF2)

Error 32 7412 10.742 4577 0.87 4812 2.566

Variation Source df MDA H,0, SOoD CAT APX GPX
Treatment effectin =~ 3 2027.551***(0.000)  764.3*** (0.000) 0.5092***(0.000)  365.633***(0.000)  0.178***(0.000) 0.001*(0.036)
rows (F1)

Treatment effectin = 3 6201.425%** (0.000)  1871.133***(0.000) 2.265***(0.000) 2690.783***(0.000)  2.545*** (0.000) 0.005*** (0.000)
columns (F2)

Interactionamong 9 126.717 ***(0.000)  23.8%**(0.000) 0.014 ***(0.000)  7.312**(0.004) 0.004*** (0.000) 0.0002 ns (0.847)
the factors (F1xF2)

Error 32 8105 4.666 0.001 2.146 0.0001 0.0001

Variation Source df  NOP/P PW NS/P 1000 SW GSSG

Treatment effectin =~ 3 90.030***(0.000) 394.984***(0.000)  11.920***(0.000)  176.33***(0.000)  27.50*** (0.000)

rows (F1)

Treatment effectin = 3 117.010%** (0.000) 2479.872***(0.000) 70.671***(0.000) 621.283***(0.000)  131.29***(0.000)

columns (F2)

Interactionamong 9 0.65 ns (0.380) 0.36 ns (0.417) 0.50 ns (0.256) 14.783 ***(0.000)  0.357 ns (0.856)

the factors (F1xF2)

Error 32 018 0.233 0.375 2.209 0.70

2 df. Degree of freedom, ns, non-significant; DI: Disease incidence; M%: Mortality percentage; PH: Plant Height; NOB/P: Number of branches per plant; LA: Leaf area;
TC: Total chlorophyll; SOD: Superoxide dismutase; CAT: Catalase; APX: Ascorbate peroxidase; GPX: Glutathione peroxidase; NOP/P: Number of pods per plant; PW:
Pod weight; 1000 SW, thousand-seed weight. ® *, ** and *** indicate significance at the 0.05, 0.01, and 0.001 levels, respectively

graminearum in wheat by disrupting fungal cell mem-
branes, leading to a significant reduction in disease inci-
dence. In addition, our findings align with Rasool et al.
[12], who reported that biochar amendments in tomato
soil enhanced resistance to Alternaria solani by pro-
moting beneficial microbial populations that bolster the
plant’s natural defences. Were et al. [13] also noted that
biochar improved soil structure and suppressed root rot
in Phaseolus vulgaris by fostering microbial communities
that outcompeted the pathogen. Collectively, these stud-
ies reinforce our findings, suggesting that the combined
use of ZnONPs and biochar can effectively mitigate fun-
gal diseases in agricultural settings. Foliar application of
zinc allows the plants to absorb Zn directly through their
leaves, bypassing the soil and ensuring that the nutrient
reaches the plant quickly. This is especially useful in soils
where zinc availability is limited due to factors like high
pH or poor soil structure. Zinc is involved in the syn-
thesis of auxins, a group of plant hormones that regulate
growth, particularly in reproductive structures like pods
and seeds [46]. Sufficient zinc availability through foliar
application promotes better pod setting and seed filling,
leading to higher yields. By applying zinc foliar, growers
can avoid issues like zinc leaching or fixation in the soil,
ensuring that the plants can utilize the nutrient effec-
tively without contributing to environmental pollution
[37].

Although, the present study reports encouraging
prospects of the treatments used for combating char-
coal rot in mung bean, however, applying ZnONPs as a
foliar spray in large-scale agriculture faces several limi-
tations and challenges. One major issue is the potential
toxicity of ZnONPs to non-target organisms, including
beneficial insects, soil microbes, and surrounding veg-
etation. These nanoparticles can accumulate in the soil
and water bodies, leading to environmental contamina-
tion and potential entry into the food chain. Additionally,
cost-effectiveness is a challenge, as large-scale application
requires significant quantities of nanoparticles, which
may not be economically viable for many farmers com-
pared to conventional fertilizers and pest control agents.
Furthermore, the production and transportation of bio-
char in the necessary quantities for extensive farms can
be costly and logistically complex. The biochar effects
can vary significantly based on its source material and
production process, potentially leading to inconsistent
results in soil health and crop yield. Lastly, biochar appli-
cation may require specialized equipment for even distri-
bution, adding another layer of cost and complexity for
large-scale implementation [47—-49].

The use of foliar ZnONPs and biochar as treatments
have demonstrated antifungal, antibacterial, and antivi-
ral properties, making them effective against a range of
pathogens that threaten crops like tomatoes, rice, and
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wheat. For example, ZnONPs can inhibit the growth of
fungi such as Fusarium and Alternaria, which are com-
mon plant pathogens, and may also reduce bacterial
infections by damaging microbial cell walls and gener-
ating ROS. Similarly, biochar has been used to improve
soil health, increase crop resistance to pathogens, and
suppress diseases by enhancing soil microbial activity.
This biochar-driven boost in beneficial microbes can out-
compete harmful pathogens, creating a natural defence
barrier around plant roots. The combined application of
ZnONPs as foliar sprays and biochar as a soil amendment
could offer an integrated approach to plant disease man-
agement with potential benefits for a range of crops [50].
However, more research is needed to optimize these
treatments, assess long-term effects, and determine the
specific conditions under which they are most effective.

Conclusion

Mung bean plants infected with M. phaseolina exhib-
ited poor growth and agronomic traits, likely due to
elevated hydrogen peroxide levels and reduced chloro-
phyll content. However, the use of biochar-amended soil
proved beneficial in combating diseases when used in
combination with foliar-applied ZnONPs. Zinc helped
optimize endogenous ROS levels, which in turn upregu-
lated antioxidant enzymes such as SOD, CAT, APX, and
GPX, enabling mung bean plants to better resist char-
coal rot disease. Additionally, the combined applica-
tion of ZnONPs as a foliar spray and biochar not only
suppressed disease symptoms but also improved yield
performance in terms of both yield and grain protein
content. Based on these findings, this study recommends
biochar and ZnONPs as effective management tools for
charcoal rot disease in mung beans.

To build on these findings, future research should focus
on optimizing the application protocols for biochar and
ZnONPs across diverse environmental conditions to
ensure efficacy and scalability. Investigating the long-
term effects of biochar and ZnONPs application on soil
health and microbial dynamics could offer insights into
potential environmental impacts and soil sustainability.
Additionally, exploring the use of other nanomaterials
and biochar amendments may reveal synergistic effects
that could further enhance disease resistance and crop
yield. These efforts would provide a more comprehen-
sive understanding of the interaction between nanoma-
terials, biochar, and crop physiology, potentially leading
to broader applications for disease management in other
legume species.
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