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Abstract: This study explores the impact of exogenous salicylic acid (SA) alongside conventional
treatment by farmers providing positive (Mancozeb 80 % WP) and negative (water) controls on rice
plants (Oryza sativa L.), focusing on antioxidant enzyme activities, phytohormone levels, disease
resistance, and yield components under greenhouse and field conditions. In greenhouse assays, SA
application significantly enhanced the activities of peroxidase (POX), polyphenol oxidase (PPO), cata-
lase (CAT), and superoxide dismutase (SOD) within 12–24 h post-inoculation (hpi) with Magnaporthe
oryzae. Additionally, SA-treated plants showed higher levels of endogenous SA and indole-3-acetic
acid (IAA) within 24 hpi compared to the controls. In terms of disease resistance, SA-treated plants
exhibited a reduced severity of rice blast under greenhouse conditions, with a significant decrease
in disease symptoms compared to negative control treatment. The field study was extended over
three consecutive crop seasons during 2021–2023, further examining the efficacy of SA in regular
agricultural practice settings. The SA treatment consistently led to a reduction in rice blast disease
severity across all three seasons. Yield-related parameters such as plant height, the number of tillers
and panicles per hill, grains per panicle, and 1000-grain weight all showed improvements under
SA treatment compared to both positive and negative control treatments. Specifically, SA-treated
plants yielded higher grain outputs in all three crop seasons, underscoring the potential of SA as a
growth enhancer and as a protective agent against rice blast disease under both controlled and field
conditions. These findings state the broad-spectrum benefits of SA application in rice cultivation,
highlighting its role not only in bolstering plant defense mechanisms and growth under greenhouse
conditions but also in enhancing yield and disease resistance in field settings across multiple crop
cycles. This research presents valuable insights into the practical applications of SA in improving rice
plant resilience and productivity, offering a promising approach for sustainable agriculture practices.

Keywords: indole-3-acetic acid; peroxidase; plant defense; plant’s immune response; rice blast; rice
production; superoxide dismutase; systemic acquired resistance

1. Introduction

Various factors, including unsuitable soil conditions, mineral deficiency, pests, and
diseases, have a detrimental impact on rice (Oryza sativa L.) production, leading to reduced
yields [1]. Magnaporthe oryzae causes blast disease, which is one of the most serious diseases
affecting rice in Southeast Asia and Japan, resulting in average yield losses of 20% to
50% and even up to 100% in severe cases [2]. In Thailand, favorable climatic conditions
facilitate the spread of rice blast, making it a particularly important threat to the country’s
rice production systems. Consequently, it is crucial to prioritize measures that reduce the
dissemination and intensity of rice blast to enhance yield and minimize losses in Thai
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rice production. Currently, farmers commonly use chemical fungicides, including Captan,
Carbendazim, Thiram, or Tricyclazole, to control rice blast [3]. However, the use of these
chemicals raises concerns about their potential negative effects on both humans and the
environment [4]. Therefore, it is imperative to explore novel alternatives for effectively man-
aging rice blast. Upon encountering potential pathogens or stressors, plants have the ability
to activate their innate defense mechanisms in response [5]. These defense mechanisms
protect the plant from damage and limit the spread of infections by employing a range of
strategies. These include the production of antimicrobial compounds, strengthening of cell
walls, and activation of signaling pathways that trigger systemic resistance [6]. Addition-
ally, plants can increase the activity of antioxidant enzymes to mitigate oxidative stress
caused by pathogen attack [7]. These elements not only shield the plant from intrusion but
also provide structural support, enhancing its resilience [8]. By effectively coordinating
these responses, plants enhance their ability to withstand and recover from pathogenic
invasions, ensuring better growth and survival. The immunity of plants can be improved
and their defense mechanisms enhanced through various approaches and elicitors [9]. Plant
elicitors are substances or compounds that can induce or elicit defense responses in plants
by mimicking signals associated with pathogen attack or environmental stress. Elicitors
can be derived from various sources, including microbes, plants themselves, or synthetic
chemicals, and they play a crucial role in enhancing plant immunity [10].

Exogenous salicylic acid (SA) is a strong elicitor that improves plant defense signaling,
which causes more secondary metabolites to be made [11]. It achieves this by modulating
the secondary metabolism biosynthetic pathway. Furthermore, exogenous SA can increase
the activities of antioxidant enzymes, support making pathogenesis-related (PR) proteins,
and cause antioxidant enzyme genes to be expressed in certain plant leaves [12]. There are
numerous reports that SA priming is a crop protection method that uses the plant immune
system. Research has shown that SA priming can improve resistance in maize (Zea mays)
to fungal pathogens like Fusarium, which causes ear rot, leading to reduced mycotoxin
contamination and better crop quality [13]. In wheat (Triticum aestivum), SA priming has
been demonstrated to enhance resistance to rust diseases, caused by various species of
Puccinia fungi, resulting in reduced disease severity and better grain yield [14].

Systemic acquired resistance (SAR) is a defense mechanism in plants that provides
long-lasting, broad-spectrum resistance against a wide range of pathogens [15]. It is a
systemic response that occurs in the entire plant, not only in the localized area of infection.
Certain signaling molecules, such as SA, induce SAR upon exposure to pathogens or certain
other stimuli. This enables the plant to defend against future pathogen attacks. Xi et al. [12]
reported that the application of SA is an inducer of SAR in Pakchoi, which increases reactive
oxygen species (ROS) levels, membrane lipid peroxidation, superoxide dismutase (SOD),
ascorbic acid peroxidase (APX), catalase (CAT), and glutathione reductase (GR) under
Plasmodiophora brassicae infection, which contributes to the reduction in club root diseases.
These findings correlate with previous research that used exogenous SA as an inducer
in rice, tomato, chickpea, grapevine, etc. [16–18]. In addition, SA and indole-3-acetic
acid (IAA) play a significant role in plant physiology, including plant growth promotion
and defense responses. While traditionally known as an important IAA involved in
cell elongation, differentiation, and division, recent research has shed light on its role in
SAR [19,20]. Both IAA and SA are involved in the regulation of ROS. ROS are signaling
molecules that play a key role in plant defense. While SA can increase ROS production
to enhance pathogen resistance, IAA can influence ROS levels to balance growth and
defense, ensuring that energy is not overly diverted from growth processes to defense
mechanisms [21,22]. Several studies have shown that exogenous SA can be used effectively
in greenhouses to control rice disease, but its use in actual paddy fields has not been
demonstrated. Additionally, priming rice with exogenous SA to induce resistance to blast
disease has not been observed in local paddy fields. Therefore, the objective of this study
was to examine the effects of exogenous SA priming on rice plants under field conditions,
with a focus on modulating phytohormones and antioxidant enzymes that contribute to
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the defense responses of rice plants, improving resistance to M. oryzae and enhancing crop
yield through these defense mechanisms.

2. Materials and Methods
2.1. Elicitor, Priming Conditions, and Cultivation
2.1.1. Source of Elicitor and Priming Conditions

Exogenous SA from Krungthepchemi Co., Ltd., Bangkok, Thailand, was assessed at
concentrations of 2 and 4 mM [23]. The SA was dissolved in distilled water and subse-
quently diluted to the desired concentrations, specifically 0.27624 g·L−1 for a 2 mM solution
and 0.55248 g·L−1 for a 4 mM solution. For greenhouse conditions, the SA solution was
prepared and applied to the rice plants by foliar spraying, with an application rate of
30 mL·pot−1. The treatments under investigation also involved the use of Mancozeb 80%
WP with 30 g 20 L−1 of water, application rate of 30 mL·pot−1, which is conventionally
treated by farmers to protect against natural infectious diseases, as the positive control [24],
while the negative control consisted of water at a same application rate. For field trial
conditions, a total volume of 20 L of the SA solution was prepared and applied to the rice
plants by foliar spraying, with an application rate of 20 L·rai−1 (1 rai = 0.4 acres). The
treatments under investigation also involved the use of Mancozeb 80% WP and water at a
same application rate. The plants were treated with an exogenous SA solution and control
solutions once a week for three weeks, starting on day 15 after planting. This treatment
continued through the priming state, a phase where plants are exposed to a stimulus that
enhances their ability to respond to future stresses more effectively.

2.1.2. Greenhouse Conditions

The experiment was conducted in a completely randomized design (CRD) with
4 replications. The Thai jasmine rice cultivar ‘Khao Dowk Mali 105’ (KDML 105), which
is susceptible to blast disease, was sterilized by soaking it in a 1% sodium hypochlorite
solution for a duration time of 1 min and then rinsed with sterile water three times. Subse-
quently, the seeds were soaked in water for 24 h before planting. Ten seedlings were then
transplanted into 10-inch plant pots filled with approximately 5 kg of sterile clay soil mixed
with 5 g of nitrogen fertilizer. These pots were placed in a greenhouse under natural light
conditions for 12 h at a temperature of 28 ± 4◦C, with humidity maintained at 60–75%. The
plants were treated with an exogenous SA solution and control solutions once a week for
three weeks, using the concentration and application rate mentioned above, starting on
day 15 after seed planting. A virulent strain of M. oryzae was supplied by Department of
Agriculture, Ministry of Agriculture and Cooperatives, Thailand. M. oryzae was cultured
on an oatmeal–rice agar medium at 25 ± 2 ◦C for 10 days. Conidia were collected by
gently scraping the culture with a loop. The resulting suspensions were filtered through
layers of cheesecloth to isolate pure conidia, and their density was adjusted to approxi-
mately 1 × 106 conidia·mL−1 using a hemocytometer [25]. After sowing for 45 days, the
rice plants were inoculated by spraying a suspension of M. oryzae. Antioxidant enzyme
activity and phytohormone accumulation were observed at 12-h intervals for a total of 72 h
post-inoculation (hpi).

2.1.3. Field Trial Conditions

The experiment was conducted in a Randomized Complete Block Design (RCBD)
with 4 treatments, 4 blocks, 3 replications per block. A field experiment was carried out
in the local paddy field situated in Khok-Sung, Ubolratana District, Khon-Kaen Province,
Thailand for a duration of 3 consecutive years during August-November 2021, 2022, and
2023. The soil in the area is classified as clay loam with a pH of 6.1, containing 0.92%
soil organic matter and 0.01% nitrogen. Treatments and replications were separated by
1 m of buffer strips, measuring 40 cm in height. Each individual plot covered an area of
81 square meters (9 m by 9 m). The planting arrangement consisted of rows spaced 25 cm
apart, with 32 rows and 32 seedlings per row in each plot [26,27]. The outer rows were
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assigned as boundary rows to minimize the possibility of sample cross-contamination.
Seedlings were prepared for transplantation in a seedbed located in a small area, utilizing
farm soil that had decomposed at a rate of 0.5 kg m−2 to a depth of 10 cm. The seeds
were immersed in water for a duration time of 24 h and then planted in the seedbeds at a
density of 50 g·m−2. After reaching 20 days of age, the seedlings were carefully removed
from the ground and collected for transplantation, with a density of 3 stems per hill. The
field was plowed in a zigzag pattern twice using a tractor 7 days before transplantation. A
total of 500 kg of decomposition material per rai was applied 3 days prior to implantation.
The fertilizers utilized adhered to the guidelines provided by the Land Department of
Development (LDD), Ministry of Agriculture and Cooperatives, Thailand, which were
based on the optimal levels of nitrogen, phosphorous, and potassium. A fertilizer formula
with a nitrogen–phosphorus–potassium (NPK) ratio of 16–20–0 was used to fertilize the
field during the tilling stage, starting from 10 days after transplantation. The application
rate was 30 kg·rai−1. Additionally, a fertilizer formula with an NPK ratio of 0–0–60 was
administered at a rate of 10 kg·rai−1. In addition, a 46–0–0 fertilizer formula was applied
for 50 days following transplantation, namely during the panicle start stage, at a rate
of 3 kg·rai−1. The weeds and golden apple snails were manually removed. Rice plants
were foliar sprayed with exogenous SA and control solutions once a week for three weeks
according to the concentration and application rate as described above, commencing
15 days after transplantation. The severity of rice blast disease (natural infection), growth
characteristics, and yield production were evaluated by measuring one-square meter
quadrants in each treatment with 12 replications to obtain representative data [27].

2.2. Antioxidant Enzyme Activity under Greenhouse Conditions
2.2.1. Rice Leaf Sample Protein Extraction

Flag leaves from each treatment, 4 replications per treatment, and 3 plants per repli-
cation were harvested at 0 (pre-inoculation), 12, 24, 36, 48, 60, and 72 hpi to assess
enzyme activity.

The leaf samples, with 1 g of fresh weight obtained by cutting and combining sections
from different parts of the flag leaves to ensure a representative sample, were ground in
liquid nitrogen (LN2) until they became powder. The powder was homogenized in 3 mL
of phosphate buffer (0.1 M, pH 7.5). Then, the supernatant was transferred to a new tube
containing 2 mL of trichloroacetic acid (TCA) solution at a concentration of 10% for protein
precipitation. The precipitation protein was obtained by centrifugation at 12,000× g at
4 ◦C for 15 min. The protein content of each sample was examined using the standard
Bradford protein assay [28]. The enzyme products were stored at 4 ◦C and used as a source
for further experiments.

2.2.2. Peroxidase (POX) Activity

The spectrophotometer was used to assess peroxidase activity, following the method
provided by Hammerschmidt et al. (1982) [29]. The enzyme extract (0.1 mL) was mixed
with a reaction mixture consisting of 1.5 mL of 0.05 M pyrogallol and 0.5 mL of 1% hydrogen
peroxide (H2O2). The variation in absorbance was measured at 420 nm using a Bio-Tek
microplate reader (Winooski, VT, USA) per min for a total of 3 min. A control mixture was
made using nuclease-free water instead of the enzyme extract. The enzyme activity was
quantified in units. The value was expressed as units·g−1·FW·min−1 [29]. The experiment
on POX activity was conducted 3 times, with each experiment consisting of 4 replications.

2.2.3. Polyphenol Oxidase (PPO)

The reaction was started by combining 1.5 mL of a 0.1 M solution of sodium phosphate
(Na3PO4; pH 7.0) with 0.1 mL of an enzyme extract in a cuvette. Afterward, 0.2 mL of
catechol (0.01 M) was introduced to start the reaction. The variation in absorbance was
observed at a wavelength of 495 nm at intervals of 1 min for a duration of 3 min. The
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results were expressed as units·g−1·FW·min−1 [30]. The experiment on PPO activity was
conducted 3 times, with each experiment consisting of 4 replications.

2.2.4. Catalase (CAT) Activity

The CAT analysis reaction mixture consisted of 0.5 mL of 0.1 M phosphate buffer
(pH 7.0), 0.1 mL of 1% H2O2, and 0.2 mL of enzyme extract. Following this, the mixture
underwent incubation at 28 ◦C for 1 min. To establish a baseline, the absorbance of the
mixture was zeroed at 230 nm using a Bio-Tek microplate reader (Winooski, VT, USA).
Changes in absorbance were then monitored at 1 min intervals over a span of 3 min. The
experiment on CAT activity was conducted 3 times, with each experiment consisting of
4 replications [31].

2.2.5. Superoxide Dismutase (SOD)

The SOD activity was determined by assessing its capacity to stop the photochemical
reduction of nitroblue tetrazolium (NBT). The combination of reactants comprised 50 mM
phosphate buffer (pH 7.8), 20 µM riboflavin, 75 mM NBT, 13 mM methionine, and 0.1 mM
ethylenediaminetetraacetic acid (EDTA). After illumination with two fluorescent light
tubes for 10 min, absorbance was determined at 560 nm using a Bio-Tek microplate reader
(Winooski, VT, USA) [32,33]. The experiment on SOD activity was conducted 3 times, with
each experiment consisting of 4 replications.

2.3. Phytohormones Accumulation

Flag leaves from each treatment were harvested and immediately processed to prevent
degradation of phytohormones at 0 (pre-inoculation), 12, 24, 36, 48, 60, and 72 hpi to assess
endogenous SA and IAA accumulation in rice plant.

2.3.1. Endogenous SA

The leaf samples were frozen in LN2 and then blended with 1 mL of a buffer solution
consisting of 90% methanol, 9% glacial acetic acid, and 1% water. Following this, the
samples underwent centrifugation at 14,000× g, 10 min at a temperature of 4 ◦C. After
the process of centrifugation, 0.5 mL of the liquid above the sediment was moved to a
1.5 mL tube that had previously contained 0.5 mL of a solution with a concentration of
0.02 M of ferric ammonium sulphate. The mixture was then left to react for a duration of
5 min at a temperature of 30 ◦C. Afterwards, 200 µL of each sample was moved to a 96-well
plate, and the amount of light absorbed was quantified at a wavelength of 530 nm using
a Bio-Tek microplate reader located in Winooski, VT, USA. The amounts of endogenous
SA were evaluated by comparing the absorbance results with standard benchmarks [34].
The experiment on endogenous SA activity was conducted 3 times, with each experiment
consisting of 4 replications.

2.3.2. Indole-3-Acetic Acid (IAA)

To measure the concentration of IAA using Salkowski’s reagent, prepare the reagent
by mixing ferric chloride (FeCl3) with 10.8 M sulfuric acid (H2SO4). Then, mix 2 mL of
supernatant with 3 mL of the prepared reagent, and incubate the mixture for 30 min in the
dark. Next, measure at 550 nm using a spectrophotometer, and compare the OD value to a
standard curve to determine the IAA concentration [35]. The experiment on IAA activity
was conducted 3 times, with each experiment consisting of 4 replications.

2.4. Disease Index

The disease symptoms were evaluated on the rice leaves in greenhouse conditions for
5 times at 7, 14, 21, 28, and 35 days post-inoculation (dpi) using the IRRI standard for rice
blast disease scoring, which outlines the following criteria (Table 1 [26]).
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Table 1. Rice blast disease severity rating scale.

Rice Blast Disease Scale Infection of Plant

0 No symptoms are evident.
1 Small brown spots, resembling pinheads in size.
2 Large brown spots.
3 An oval necrotic gray speckle, measuring 1–2 mm in diameter, with a brown edge surrounding it.

4 There is an elliptical necrotic gray spot measuring 1–2 cm in length, indicative of symptoms
affecting less than 2% of rice leaf area.

5 Symptoms are observed on less than 10% of rice leaf surface.
6 Symptoms are observed on 10% to 25% of rice leaf surface.
7 Symptoms are observed on 26% to 50% of rice leaf surface.
8 Symptoms are observed on 51% to 75% of rice leaf surface.
9 The entire leaf has died.

The effectiveness of blast disease management under field trial conditions was evalu-
ated against natural M. oryzae infection following the IRRI standard (Table 1 [26]). Disease
severity was assessed on 5 occasions starting from day 45 post-transplantation. The
percentage of disease severity and reduction of both conditions were calculated using
Equations (1) and (2).

Σ(Rice blast rating × Number of leaves of this rating)
Total rice leaves × maximum rating scale

× 100 (1)

Control treatment − Treated treatment
Control treatment

× 100 (2)

2.5. Yield Parameters

Plant parameters were monitored, including plant height, number of tillers and pan-
icles per hill, number of seeds per panicle, and 1000-grain weight. Additionally, overall
grain yield was assessed and reported as kg·rai−1 [36].

2.6. Statistical Analysis

The experimental data were subjected to one-way ANOVA using SPSS Software
version 20. Mean differences were determined using Duncan’s multiple range test, with a
significance level set at p ≤ 0.05.

3. Results
3.1. Antioxidant Enzyme Activity under Greenhouse Conditions
3.1.1. Peroxidase (POX) Activity

The impact of two doses of exogenous SA, alongside positive (Mancozeb 80% WP)
and negative control (water) samples, was assessed at both pre- and post-inoculation time
points, on POX activity in rice plants. The application of SA spray resulted in a significant
increase in POX activity at 12 hpi. Specifically, the highest POX activity was recorded in
the 4 mM SA-treated sample, which reached approximately 12.70 units·g−1·FW·min−1,
representing a three-fold increase compared to the initial level. Similarly, the 2 mM SA-
treated sample showed a significant increase, peaking at 12.40 units·g−1·FW·min−1 at
12 hpi. These values were substantially higher than those observed in the positive control,
which had a maximum POX activity of 7.72 units·g−1·FW·min−1, and the negative control,
which peaked at 6.35 units·g−1·FW·min−1 (Figure 1A).
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Figure 1. Effects of different treatments on antioxidant enzyme activity in plants at pre (0 h) and post
inoculated with Magnaporthe oryzae over a 72-h period. (A) Peroxidase (POX) activity, (B) polyphenol
oxidase (PPO), (C) catalase (CAT) activity, and (D) superoxide dismutase (SOD). Different letters (a,
b, c, d) indicate significant differences via Duncan’s multiple range test at p ≤ 0.05. “ns” denotes
non-significant differences.

In contrast, the POX content in the negative and positive control samples reached
their highest levels at 24 hpi, with values of 9.08 and 8.16 units·g−1·FW·min−1, respectively.
After the initial peaks, POX activity in all treatments gradually declined but remained
higher in the SA-treated samples compared to the controls throughout the observation
period up to 72 hpi. The application of SA spray resulted in a significant increase in POX
activity at 12 hpi.

3.1.2. Polyphenol Oxidase (PPO)

The impact of two doses of exogenous SA on PPO activity is shown in Figure 1B.
At 12 hpi, the application of SA began to significantly increase PPO activity. The 4 mM
SA treatment showed an increase, and by 24 hpi, PPO activity reached approximately
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1.28 units·g−1·FW·min−1. The 2 mM SA treatment followed a similar trend, with PPO ac-
tivity rising to around 1.15 units·g−1·FW·min−1 by 24 hpi. In contrast, the positive con-
trol (Mancozeb 80% WP) showed a gradual increase in PPO activity, peaking at about
1.64 units·g−1·FW·min−1 at 48 hpi. The negative control (water) also exhibited a delayed re-
sponse, with PPO activity reaching its highest level of approximately 2.01 units·g−1·FW·min−1

at 48 hpi. After 48 hpi, PPO activity in exogenous SA and the positive control treatments
showed a gradual decline whereas negative control treatment showed maintained higher
PPO activity.

3.1.3. Catalase (CAT) Activity

Figure 1C illustrates the changes in CAT activity in response to exogenous SA applica-
tion in rice plants. CAT activity in the 4 mM SA treatment started to increase significantly
by 12 hpi, indicating a rapid response to SA application. By 24 hpi, CAT activity reached
its peak at approximately 5.55 µmol·mg−1 of protein min−1. Similarly, the 2 mM SA treat-
ment showed an initial increase in CAT activity starting at 12 hpi, with a peak activity of
5.41 µmol·mg−1 of protein min−1 at 24 hpi. In comparison, the positive control (Mancozeb
80% WP) exhibited a more gradual increase in CAT activity, reaching its maximum value
of about 4.21 µmol·mg−1 of protein min−1 at 24 hpi. The negative control (water) also
showed a delayed response, with CAT activity peaking at approximately 3.12 µmol·mg−1

of protein min−1 at 24 hpi. After 24 hpi, CAT activity in all treatments began to decline.

3.1.4. Superoxide Dismutase (SOD)

The effects of exogenous SA on SOD activity in rice plants over time were explored.
The SOD activity in the 4 mM SA treatment showed the highest increase, significantly
increasing by 12 hpi, indicating an early response to SA application. By 12 hpi, the SOD
activity peaked at approximately 36.84 units·mg−1 of protein. The 2 mM SA treatment
also showed a significant increase in SOD activity starting at 12 hpi, reaching its peak at
around 35.26 units·mg−1 of protein. In comparison, the positive control (Mancozeb 80%
WP) exhibited a more gradual increase in SOD activity, peaking at about 30.54 units·mg−1

of protein at 24 hpi. The negative control (water) showed the lowest increase, with SOD
activity peaking at around 25.89 units·mg−1 of protein at 24 hpi (Figure 1D).

3.2. Phytohormone Accumulation
3.2.1. Endogenous SA

The influence of exogenous SA on the endogenous SA content in rice plants was inves-
tigated. The results showed that the exogenous SA-treated sample at dose of 4 mM showed
the highest content of endogenous SA (48.98 µg·g−1 FW), followed by the exogenous
SA-treated sample at dose of 2 mM (39.27 µg·g−1 FW) and positive control (Mancozab 80%
WP)-treated sample (29.52 µg·g−1 FW). Meanwhile, the negative control (water)-treated
sample showed the highest content of endogenous SA at 36 hpi with 29.54 µg·g−1 FW
(Figure 2A).

The 4 mM SA treatment resulted in the highest accumulation of endogenous SA,
peaking at 24 hpi with a value of approximately 48.98 µg·g−1 FW. This peak represents
a significant increase from the initial levels measured at 0 hpi. Similarly, the 2 mM SA
treatment showed a substantial increase in endogenous SA levels, peaking at around
39.27 µg·g−1 FW at 24 hpi. The positive control exhibited a more gradual increase in en-
dogenous SA levels, reaching a maximum value of about 29.52 µg·g−1 FW at 24 hpi. In
contrast, the negative control displayed the significantly lowest accumulation of endoge-
nous SA, peaking at approximately 26.89 µg·g−1 FW at 24 hpi. After 24 hpi, endogenous
SA levels began to decline in SA and positive control treatment, whereas water treatment
was still increasing until 48 hpi. However, the SA-treated samples maintained higher
levels compared to both negative and positive control treatments throughout the 72-h
observation period.
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3.2.2. Indole-3-Acetic Acid (IAA)

The level of IAA was examined before and after inoculation with M. oryzae. The IAA
level before inoculation for each treatment had a significantly different level. The results
showed that the exogenous SA-treated samples at a dose of 4 mM showed the highest con-
tent of IAA with 9.71 ng·g−1 FW, followed by the exogenous SA-treated samples at a dose of
2 mM with 8.65 ng·g−1 FW, negative control (water)-treated samples with 7.39 ng·g−1 FW,
and positive control (Mancozab 80% WP)-treated samples with 6.58 ng·g1 FW, respectively.
After the inoculation, the 4 mM SA treatment showed a significant increase in IAA lev-
els, starting at 24 hpi and continuing to increase, reaching approximately 9.93 ng·g−1 FW
at 72 hpi. The 2 mM SA treatment also exhibited a notable increase peaking at around
10.15 ng·g−1 FW at 72 hpi. The positive control displayed a steady increase in IAA lev-
els, reaching about 8.84 ng·g−1 FW at 72 hpi. The negative control showed the lowest
accumulation of IAA, with a peak of 8.00 ng·g−1 FW at 72 hpi (Figure 2B).

3.3. The Efficacy of SA against Rice Blast under Greenhouse Conditions

The effectiveness of exogenous SA at two doses, 2 and 4 mM, was compared with a
negative control and a positive control treated sample to inhibit rice blast disease under
greenhouse experiments. Mancozeb 80% WP was utilized as the positive control, while
water served as the negative control. The results revealed that the application of exogenous
SA treatment before M. oryzae inoculation resulted in a decrease in disease severity when
compared to both the positive and negative control treatments. This reduction in blast
disease severity was evidenced by higher percentages of disease reduction. The presence
of typical rice blast symptoms was observed, characterized by the appearance of elliptical
lesions or white-gray patches that were encircled by dying brown margins. At 7 dpi,
the positive control treatment revealed the lowest disease severity (8.22%), followed by
treatments with 4 mM exogenous SA (10.70%), and 2 mM exogenous SA (12.29%); these
values were significantly lower than those in the negative control treatment (16.70%). At
14 dpi, the disease severity increased in all the treatments. The positive control treatment
revealed the lowest disease severity (10.31%) followed by treatments with 4 mM exogenous
SA (15.68%), 2 mM exogenous SA (16.26%), and the negative control (31.25%). At 21 dpi,
the positive control treatment revealed the lowest disease severity (15.94%), followed by
treatments with 4 mM exogenous SA (19.44%), 2 mM exogenous SA (20.59%), and the
negative control (40.25%). At 28 dpi, the positive control treatment revealed the lowest
disease severity (18.11%) followed by treatments with 4 mM exogenous SA (20.74%), 2 mM
exogenous SA (22.26%), and the negative control (61.13%). At 35 dpi, the positive control
treatment revealed the lowest disease severity (19.63%) followed by treatments with 4 mM
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exogenous SA (24.43%) and 2 mM exogenous SA (25.11%), whereas the negative control
revealed the highest disease severity, reaching 83.76% (Table 2).

Table 2. The efficacy of salicylic acid (SA) on reducing the severity of blast disease in rice cv. KDML
105 caused by Magnaporthe oryzae.

Treatments
Disease Severity (%) Control Efficiency (%)

7 dpi 14 dpi 21 dpi 28 dpi 35 dpi 7 dpi 14 dpi 21 dpi 28 dpi 35 dpi

2 mM SA 12.29 ± 0.27 a 16.26 ± 0.28 b 20.59 ± 1.72 b 22.26 ± 1.88 b 25.11 ± 1.50 b 26.36 47.95 48.84 63.59 70.02
4 mM SA 10.70 ± 0.36 a 15.68 ± 0.52 b 19.44 ± 0.94 b 20.74 ± 0.81 b 24.43 ± 0.54 b 35.91 49.83 51.7 66.07 70.83

Mancozeb 80% WP 8.22 ± 0.06 a 10.31 ± 0.10 a 15.94 ± 0.42 a 18.11 ± 0.54 a 19.63 ± 0.12 a 50.76 67 60.39 70.37 76.56
Control (water) 16.7 ± 0.80 b 31.25 ± 1.16 c 40.25 ± 2.55 c 61.13 ± 1.50 c 83.76 ± 1.48 c

Data are mean ± SD (n = 4). Different letters (a, b, c) indicate significant differences via Duncan’s multiple range
test at p ≤0.05.

3.4. The Efficacy of SA on Yield Components and Yield
3.4.1. Plant Height

Plant height significantly increased in samples treated with 2 and 4 mM exogenous
SA across all three consecutive crops during August–November 2021, 2022, and 2023 for
KDML 105 rice, compared to positive and negative controls. In the first crop, at 45 days
post-transplantation (dpt), rice plants treated with 2 mM exogenous SA reached an average
height of 119 cm, while those treated with 4 mM exogenous SA reached an average height
of 111 cm. At 75 dpt, the 2 mM SA-treated plants showed an average height of 123 cm, and
the 4 mM SA-treated plants reached 116 cm. By 105 dpt, the plants treated with 2 mM SA
showed the highest height at 146 cm, followed by the 4 mM SA-treated plants at 143 cm. In
the second crop, at 45 dpt, the 2 mM SA-treated plants had an average height of 114 cm,
and the 4 mM SA-treated plants were 113.5 cm. At 75 dpt, the 2 mM SA-treated plants
reached an average height of 116 cm, whereas the 4 mM SA-treated plants were 115 cm. At
105 dpt, the highest height recorded for 2 mM SA-treated plants was 131 cm, with 4 mM
SA-treated plants close behind at 130 cm. In the third crop, at 45 dpt, the 2 mM SA-treated
plants had an average height of 111 cm, while the 4 mM SA-treated plants reached 112 cm.
At 75 dpt, the 2 mM SA-treated plants reached an average height of 124 cm, and the 4 mM
SA-treated plants were 123 cm. At 105 dpt, the highest height recorded for 2 mM SA-treated
plants was 129 cm, with 4 mM SA-treated plants measuring 128 cm. The data revealed that
rice plants treated with 2 mM exogenous SA consistently showed the highest plant heights
across all time points and crops, followed by plants treated with 4 mM exogenous SA. This
indicates a clear positive effect of exogenous SA treatment on the growth of rice plants,
with 2 mM concentration being the most effective (Figure 3A).

3.4.2. Tillers and Panicles per Hill

In the first crop, rice plants treated with 4 mM exogenous SA exhibited the highest
number of tillers per hill, averaging 14.25 tillers hill−1. This treatment outperformed both
the positive and negative controls. Plants treated with 2 mM exogenous SA also showed a
high number of tillers per hill, averaging 14 tillers hill−1. The tiller counts for SA treatments
were higher than those of the control treatments, which showed significantly lower tiller
numbers. In the second crop, the trend continued with the 4 mM exogenous SA-treated
plants recording an average of 16.25 tillers hill−1, the highest among all treatments. The
2 mM SA-treated plants averaged 15 tillers hill−1, which was again higher compared to the
controls. For the third crop, the highest number of tillers per hill was observed in plants
treated with 2 mM exogenous SA, with an average of 13.25 tillers hill−1. This was not
significantly different from the 4 mM SA-treated plants, which averaged 13 tillers hill−1.
The negative control showed the lowest tiller counts across all crops. Regarding the number
of panicles per hill, rice plants treated with 4 mM exogenous SA consistently exhibited
the highest counts across all crops, with averages of 14.50, 15.25, and 15.50 panicles hill−1

in the first, second, and third crops, respectively. These values were not significantly
different from those observed in the samples treated with 2 mM exogenous SA, which
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also showed high panicle counts. Conversely, the negative control treatment exhibited the
fewest panicles per hill across all three crops. These results indicate that exogenous SA
treatment, particularly at 4 mM, effectively enhances the number of tillers and panicles
per hill in rice plants, contributing to improved plant vigor and potential yield benefits
(Figure 3B).
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Figure 3. The effectiveness of exogenous salicylic acid elicitors on growth parameters and yield
components of rice cv. KDML 105: (A) plant height; (B) number of tillers and panicles per hill;
(C) number of grains per panicle; (D) 1000-grain weight; and (E) yield. Data presented as the
mean ± SD (n = 12). Different letters (a, b, c) signify significant differences as determined by Duncan’s
multiple range test at p ≤ 0.05. “ns” denotes non-significant differences.

3.4.3. Grain per Panicle

The application of 4 mM exogenous SA resulted in a significant increase in the number
of grains per panicle across all three crops studied, compared to the positive and negative
control treatments. For the first crop, the plants treated with 4 mM SA exhibited an average
of 14 grains panicle−1 as well as 2 mM SA-treated samples. Both treatments outperformed
the negative control, which had significantly lower grains per panicle (11 grains panicle−1).
In the second crop, the 4 mM SA treatment again resulted in the highest grain count per
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panicle, with an average of 16 grains panicle−1. The 2 mM SA-treated plants had an
average of 15 grains panicle−1. These values were significantly higher than those observed
in the positive and negative control treatments, which had lower grain counts (13 and
10 grains panicle−1, respectively). The trend continued in the third crop, where the 4 mM
SA-treated plants recorded an average of 13 grains panicle−1. The 2 mM SA-treated plants
had an average of 14 grains panicle−1, showing significantly higher values compared to
the negative control treatment (11 grains panicle−1) (Figure 3C).

3.4.4. Thousand-Grain Weight

The application of spray-applied exogenous SA resulted in the highest 1000-grain
weight compared to both positive (Mancozeb) and negative (water) control samples across
all three crops studied (Figure 3D). In the first crop, the 2 mM SA-treated plants exhibited
an average 1000-grain weight of 27.50 g. The 4 mM SA-treated plants showed a slightly
higher average weight of 27.69 g. These values were higher compared to the positive
and negative control treatments (25.39 and 26.26 g, respectively). For the second crop,
the 2 mM SA-treated plants had an average 1000-grain weight of 28.07 g, whereas the
4 mM SA-treated plants recorded a slightly higher average of 29.21 g, followed by positive
and negative control treatments (28.07 and 27.64 g, respectively). In the third crop, the
2 mM SA-treated plants exhibited an average 1000-grain weight of 29.36 g, and the 4 mM
SA-treated plants had an average weight of 28.78 g. Both SA treatments resulted in higher
grain weights compared to the positive and negative control treatments (27.99 and 29.11 g,
respectively). Although the difference among the treatments was not statistically significant,
SA-treated rice plants showed higher weights compared to the controls.

3.4.5. Yield

The application of 4 mM exogenous SA significantly increased grain yields across all
three crops, yielding 539 kg rai−1 for the first crop, 517 kg rai−1 for the second crop, and
457 kg rai−1 for the third crop. This treatment demonstrated the highest yield compared
to other treatments (Figure 3E). Following closely was the 2 mM exogenous SA treatment,
which also resulted in substantial yield increases. The yields recorded for this treatment
were 515 kg rai−1 for the first crop, 515 kg rai−1 for the second crop, and 422 kg rai−1

for the third crop. These figures represent significant improvements over the negative
control, which yielded 383 kg rai−1 for the first crop, 402 kg rai−1 for the second crop, and
341 kg rai−1 for the third crop. The positive control, involving the application of Mancozeb
80% WP, produced yields of 519 kg rai−1 for the first crop, 443 kg rai−1 for the second crop,
and 407 kg rai−1 for the third crop. While these yields were not significantly lower than
those achieved with the exogenous SA treatments for the first and third crops, they were
significantly lower for the second crop.

3.5. The Efficacy of Exogenous SA against Blast Disease under Field Conditions

In the first crop, at 52 dpt, positive control (Mancozeb 80% WP) exhibited the highest
reduction in blast disease severity. The average disease severity for Mancozeb was 6.89,
which translates to a significant reduction of 49.00% compared to the negative control
(water), which had an average severity of 13.57. The 2 mM SA treatment resulted in
an average disease severity of 9.53, corresponding to a 29.81% reduction. The 4 mM
SA treatment showed an average disease severity of 9.54, achieving a 29.70% reduction.
At 59 dpt, the positive control treatment had an average disease severity of 7.73. This
represents a 55.82% reduction compared to the negative control (17.50). The 2 mM SA
treatment resulted in an average disease severity of 12.60, resulting in a 28.00% reduction.
The 4 mM SA treatment showed an average disease severity of 12.95, achieving a 29.70%
reduction. At 66 dpt, positive control treatment had an average disease severity of 11.26,
showing a 55.82% reduction compared to the negative control treatment. The 2 mM SA
treatment showed an average severity of 19.34, indicating a reduction of 24.09%. The 4 mM
SA treatment showed an average disease severity of 18.76, leading to a 26.37% reduction.
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At 73 dpt, the positive control treatment had an average disease severity of 14.68, showing
a 44.91% reduction in disease severity. The 2 mM SA treatment showed an average severity
of 21.83, indicating a reduction of 18.07%. The 4 mM SA treatment had an average severity
of 20.70, leading to a 22.25% reduction (Figure 4A). In the second crop, at 52 dpt, the
positive control treatment exhibited the highest reduction in disease severity. The average
disease severity for the positive control treatment was 3.59, which translates to a significant
reduction of 55.55% compared to the negative control treatment, which had an average
severity of 8.07. The 2 mM SA treatment resulted in an average disease severity of 6.06,
corresponding to a 24.91% reduction. The 4 mM SA treatment showed an average disease
severity of 6.62, achieving an 18.03% reduction. At 59 dpt, the positive control treatment
had an average disease severity of 7.84. This represents a 55.55% reduction compared to
the negative control (15.41). The 2 mM SA treatment resulted in an average disease severity
of 12.99 resulting in a 15.68% reduction. The 4 mM SA treatment showed an average
disease severity of 12.94, achieving a 15.99% reduction. At 66 dpt, the positive control
treatment had an average disease severity of 11.46, showing a 33.28% reduction compared
to the control. The 2 mM SA treatment showed an average severity of 15.33, indicating a
reduction of 10.72%. The 4 mM SA treatment showed an average disease severity of 13.94,
leading to an 18.81% reduction. At 73 dpt, the positive control treatment had an average
disease severity of 11.61, showing a 40.53% reduction in disease severity. The 2 mM SA
treatment showed an average severity of 17.66, indicating a reduction of 9.53%. The 4 mM
SA treatment had an average severity of 15.68, leading to a 19.65% reduction (Figure 4B).
In the third crop, at 52 dpt, the positive control treatment exhibited the highest reduction
in disease severity. The average disease severity for the positive control treatment was
9.77, which translates to a significant reduction of 31.66% compared to the negative control,
which had an average severity of 14.30. The 2 mM SA treatment resulted in an average
disease severity of 10.18, corresponding to a 28.79% reduction. The 4 mM SA treatment
showed an average disease severity of 10.69, achieving a 25.23% reduction. At 59 dpt, the
positive control treatment had an average disease severity of 12.31. This represents a 34.91%
reduction compared to the negative control (18.91). The 2 mM SA treatment resulted in an
average disease severity of 13.53, resulting in a 28.47% reduction. The 4 mM SA treatment
showed an average disease severity of 11.18, achieving a 40.89% reduction. At 66 dpt,
the positive control treatment had an average disease severity of 22.76, showing a 33.21%
reduction compared to the control. The 2 mM SA treatment showed an average severity of
24.93, indicating a reduction of 26.85%. The 4 mM SA treatment showed an average disease
severity of 22.86, leading to a 32.91% reduction. At 73 dpt, the positive control treatment
had an average disease severity of 22.78, showing a 39.51% reduction in disease severity.
The 2 mM SA treatment showed an average severity of 27.47, indicating a reduction of
27.05%. The 4 mM SA treatment had an average severity of 25.62, leading to a 31.97%
reduction (Figure 4C).
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4. Discussion

The role of antioxidant enzyme activity in plant defense in plant disease control,
where increased superoxide dismutase (SOD) activity contributes to cellular protection and
defense regulation. Subsequently, the actions of SOD, catalase (CAT), and peroxidase(POX)
engage in the detoxification of hydrogen peroxide, a byproduct of SOD activity. Catalase
decomposes H2O2 into water and oxygen, while POX utilizes H2O2 in the oxidation of
various substrates, aiding in pathogen resistance and the fortification of cell walls [37].
This dual approach to H2O2 detoxification is evident in the defense responses of rice to
the blast fungus M. oryzae, where increased activities of CAT and POX are instrumental
in maintaining cellular balance and enhancing structural defenses [38–40]. Parallelly,
polyphenol oxidase (PPO) activates to catalyze the transformation of phenolic compounds
into quinones (oxidizing agents) which are detrimental to many pathogens [41,42]. This
enzymatic action not only reinforces the plant‘s physical barriers but also creates a hostile
environment for the invading pathogens, where PPO-mediated browning serves as an
effective defense strategy following mechanical damage or a pathogen attack [43]. In our
results showed that the initial protection in PPO activity in SA-treated plants at 12–24 hpi
represents a quick and robust defense response. In contrast, the higher PPO activity in
water-treated plants at 36 hpi indicates a delay as the plant tries to manage the infection
over a longer period. Moreover, it is noteworthy that PPO activity in water-treated plants
showed the highest PPO accumulation over SA-treated plants throughout the 72 hpi
observation period. PPO acts on phenolic compounds, producing quinones, which are
toxic to pathogens. However, excessive production of quinone can also potentially reduce
plant growth if not properly managed. In SA-treated plants, a rapid but short-lived spike
in PPO activity was sufficient to halt the infection early, reducing the need of energy for
sustained high levels of the enzyme. Thus, after the initial defense response, PPO activity
is downregulated to conserve resources once the infection is mitigated.

The localized defense responses and detoxification processes involving ROS and
antioxidative enzymes lead to the production of signaling molecules, such as SA, which
facilitate the systemic transduction of defense signals throughout the plant [44,45]. This
statement aligns with our findings, particularly highlighting the enhancement in plant
immunological parameters, notably the elevation in endogenous SA levels (p ≤ 0.05).
This systemic acquired resistance (SAR) is a hallmark of plant immunity, where defense
signals activated by local pathogen attacks or ROS generation are propagated to distant
tissues, initiating widespread defense responses [45,46]. In the aftermath of the immediate
defense phase, plants embark on activating long-term defense strategies that encompass
the synthesis of antimicrobial compounds, cell wall reinforcement, and the upregulation of
defense-related genes [47,48]. The continuous engagement of antioxidative enzymes like
POX and CAT in this phase is critical in ensuring cellular homeostasis and aiding in the
recovery and healing of affected plant tissues [49]. Similarly, our results showed that the
SA-treated samples maintained higher levels of POX and CAT activity compared to the
control samples throughout the 72 hpi observation period. This suggests that exogenous
SA application triggers a more robust and sustained increase in CAT activity, enhancing the
plant’s ability to decompose hydrogen peroxide and mitigate oxidative stress. In addition,
this study reveals a significant accumulation of indole-3-acetic acid (IAA). This indicates a
complex interplay between SA and other hormonal pathways, influencing plant growth
and stress responses. The increase in endogenous SA content suggests the amplification
of the SA-mediated signaling pathway, while the modulation of IAA levels may affect
various aspects of growth and development, including cell elongation and division. Unlike
the trends observed for endogenous SA, IAA levels continued to increase throughout the
72 hpi observation period in all treatments. The highest and sustained increase in IAA
levels in SA-treated samples suggests that exogenous SA application positively influences
the accumulation of IAA, an important plant growth hormone, contributing to enhanced
growth and stress responses. IAA influences cell wall composition and structure, which can
affect the plant’s physical barriers to pathogen invasion. A stronger or more resilient cell
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wall can prevent or slow down the penetration and spread of pathogens [50,51]. Pathogen
invasion is a form of biotic stress, and plants often increase IAA levels as part of their
stress response to activate various defense mechanisms [52]. Increased IAA can promote
root length and development, improving nutrient and water uptake, which strengthens
the plant’s overall health and resistance to pathogens. Higher IAA levels can help in the
fine-tuning of defense pathways, ensuring a robust and effective response to pathogen
attacks by modulating the activities of other hormones like SA and JA [53]. This increase
in IAA may be part of a feedback mechanism where initial pathogen detection leads to
auxin accumulation, which then enhances the defense responses and prepares the plant
for potential subsequent attacks. Additionally, some studies suggest that increased IAA
levels can have direct antimicrobial effects, helping to suppress the growth and spread of
pathogens within the plant tissues [54–56]. Our greenhouse experiments indicate that the
application of exogenous SA at doses of 2 and 4 mM effectively controlled blast disease. The
use of exogenous SA resulted in a significant reduction in blast disease severity, exhibiting
a control effect of 47–51% compared to the negative samples. This observation is consistent
with the findings of Shasmita et al. (2019), who reported that the application of 2 mM of SA
positively influenced the reduction in bacterial blight disease by up to 69%. This reduction
was attributed to the accumulation of defense-related enzymes [57].

The extension of these findings to field conditions across three consecutive crop sea-
sons further validates the efficacy of exogenous SA in a regular agricultural environment.
This study demonstrated the exogenous SA treatment’s consistent reductions in blast dis-
ease severity in all three crops. The study provides the beneficial effects of exogenous
SA application on rice plants, as shown on a schematic model in Figure 5. The process
begins with the application of exogenous SA, which binds to cell surface receptors. This
binding initiates the priming stage of plant defense, preparing the plant for a more robust
response upon M. oryzae attack. As M. oryzae invade, they break through the plant cell
wall, marking the recognition stage of the defense process. The breakdown products from
this invasion are recognized as elicitors by membrane receptors, which activate signaling
pathways to prepare the plant for defense. Following elicitor recognition, the production of
ROS increases, leading to oxidative stress. ROS are a crucial part of the plant’s early defense
mechanism, helping to combat the pathogen. ROS can inflict significant damage on cellular
components, including DNA, proteins, and lipids, resulting in oxidative stress. In response
to oxidative damage, the plant’s early defense mechanisms are activated, leading to DNA
damage, protein damage, and lipid peroxidation. These effects can trigger the hypersensi-
tive response (HR) and cell death, which help contain the pathogen by sacrificing some
plant cells to create a barrier. Changes in phytohormone levels, particularly in SA and IAA,
help modulate the defense responses and prepare the plant for longer-term strategies. To
counteract the oxidative damage caused by ROS, the plant activates its antioxidant defenses.
Key enzymes involved in this process include CAT, which breaks down hydrogen peroxide
into water and oxygen; SOD, which converts superoxide radicals into hydrogen peroxide;
POX, which reduces hydrogen peroxide using various electron donors; and PPO, which ox-
idizes phenolic compounds to quinones, contributing to lignification and strengthening of
cell walls. These act as secondary messengers in the SAR signaling pathway. SAR involves
systemic signaling leading to long-term defense responses throughout the plant. This stage
includes changes in gene expression and the production of various defense compounds,
enhancing the plant’s overall resistance against future attacks. Finally, the upregulation or
downregulation of antioxidant defense systems can lead to improved stress tolerance and
reduced ROS generation. These changes ultimately enhance crop resilience and productiv-
ity. Furthermore, the results showed a clear decrease in disease severity, coupled with the
observed improvements in yield components such as plant height, tillers, panicles, grain
per panicle, and overall yield. These observed improvements were expected since a de-
crease in disease severity often leads to improvements in yield parameters. Healthier plants
with lower disease levels can maintain a larger functional leaf area, enabling more efficient
photosynthesis, which directly supports growth and development, enhancing yield [58].
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When plants are less burdened by disease, they can allocate more energy and resources
to growth and reproduction instead of defense and repair, leading to increased yield com-
ponents [59]. Furthermore, healthier plants are generally more vigorous, allowing them
to better withstand adverse environmental conditions. This increased resilience translates
into improved growth and a potential increase in yield. In addition, lower disease levels
mean that plants experience less stress, which can inhibit growth and development, thus
contributing to an overall better plant health and improved yield parameters [60]. Several
researchers reported that many plant diseases have a direct impact on yield components by
damaging or reducing the size and quality of seeds, fruits, or grains [61]. By controlling
disease severity, the quality and quantity of yield are preserved, resulting in significant
improvements in yield parameters, as stated in this study.
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5. Conclusions

This study elucidates the beneficial effects of exogenous SA application on rice plants,
emphasizing its role in enhancing antioxidative defenses, modulating phytohormone levels,
reducing disease severity, and improving yield components. These findings contribute
valuable insights into the mechanistic understanding of SA-mediated responses in plants
and highlight the potential of SA as an integral component of integrated plant disease
management strategies in rice production. Further research is required to explore the
underlying molecular mechanisms and to optimize SA application strategies for broader
agricultural applications.
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