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Integrated iron foliar application

and phosphorus fertilization enhance
yield and nutrient dynamics of mung bean
in calcareous soils
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Abstract

Background Mung bean production in calcareous soils is often constrained by low nutrient availability, particularly
iron (Fe) and phosphorus (P), which limit plant growth and yield. This study aimed to evaluate the effects of Fe foliar
application and P fertilization on growth, yield, and nutrient dynamics of mung bean under calcareous soil conditions.

Results A two-year field experiment (2022-2023) was conducted using a randomized complete block design with
Fe foliar application (0, 0.2, 0.4, and 0.6%) and P fertilization rates (0, 30, 60 and 90 kg ha™"). Iron and phosphorus
applications significantly influenced yield components, physiological traits and nutrient accumulation. Foliar
application of 0.4% Fe resulted in the highest thousand seed weight (39.42 g), biological yield (3132 kg ha™ '), seed
yield (790 kg ha™') and crop growth rate (13.58 g m~2 day™ '), representing increases of 12.21%, 12.54%, 23.44%

and 44.47%, respectively over the control treatment. Similarly, phosphorus application at 60 kg ha™' significantly
enhanced thousand seed weight (39.83 g), biological yield (3156 kg ha™') and seed yield (796 kg ha™ '), chlorophyll
content (3.12mg g~ ') and crop growth rate (13.48 g m~2 day ") with increase of 14.49%, 14.06%, 32.89% and 26.22%,
respectively compared with the unfertilized control. Seed and straw N (3.58% and 1.27%) and Fe concentrations

(36.2 mg kg™ ' and 315 mg kg~ ') were highest under 0.6% Fe, while in case of phosphorus, the plots with 90 kg P ha™'
produced the maximum seed and straw N (3.97% and 1.06%). The highest seed and straw P concentration (0.31% and
0.16%) was observed at 0% Fe, while application of 90 kg P ha™' also enhanced seed and straw P content (0.38% and
0.20%). Agronomic phosphorus efficiency peaked at 30 kg P ha™' (4.26 kg kg™ ") and 0.4% Fe (4.29 kg kg™ "), while total
N uptake (41.51 kg ha™ "), seed carbohydrate content (62.79%) and soil P (7.02 mg kg™ ") were highest with application
of 90 kg P ha~". The foliar spray of 0.6% Fe resulted in higher total N uptake (40.45 kg ha™"), seed carbohydrate
content (61.19%) and soil P (6.79 mg kg~ '). Economic analysis revealed that the combined application of 0.4% Fe and
60 kg P ha™' produced the highest value cost ratio.
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Conclusion The combined application of 0.4% Fe and 60 kg P ha™' is recommended for farmers to enhance mung
bean yield and profitability under calcareous soil conditions, where Fe and P availability is often limited, whereas 0.6%
Fe with 90 kg P ha™ ' is more effective for enhancing nutrient accumulation. This nutrient management strategy can
be effectively adopted under field conditions to improve productivity and nutrient use efficiency.

Keywords Chlorophyll content, Carbohydrates, Nitrogen content, Crop growth rate, Seed yield

Introduction

Mung bean serves as a crucial source of dietary protein,
playing a significant role in ensuring nutritional secu-
rity for the rapidly growing population of South Asia
[1, 2]. Belonging to the Fabaceae family, mung bean is
cultivated as an essential summer pulse crop in several
Asian countries, including Pakistan, due to its excellent
flavor, high market value, superior digestibility, and abil-
ity to biologically fix nitrogen. The seed of mung bean is
rich in essential nutrients, including proteins, fiber, ash,
and fats [3-5]. Inoculation with arbuscular mycorrhizal
fungi and Rhizobium spp. has been shown to improve
mung bean adaptation to low phosphorus conditions,
enhancing phosphorus uptake from the soil. This sym-
biotic relationship, therefore, holds the potential to sus-
tain and improve mung bean productivity [6]. Beyond
its nutritional benefits, mung bean is an economically
vital short duration cash crop that first well into wheat-
rice cropping systems, offering quick returns to smaller
farmers in Pakistan. It can be grown in marginal, rainfed
conditions and requires relatively low inputs, making
it a climate resilient and profitable option for resource
poor households [7, 8]. The increasing global demand for
plant-based proteins further elevates its market value,
highlighting its dual contribution to food security and
rural livelihoods [9, 10].

Various strategies are employed to address micro-
nutrient deficiencies in crops, including dietary diver-
sification, food supplements, food fortification and
biofortification [11, 12]. The two primary approaches
to improving the nutritional quality of food crops are
genetic and agronomic biofortification. However, agro-
nomic biofortification is considered a more cost-effective
and immediate method for increasing micronutrient con-
tent in the edible portions of crops compared to genetic
biofortification [13, 14]. Agronomic biofortification is
considered a rapid and practical strategy for improving
micronutrient concentration because it can be directly
implemented through fertilizer management without
the lengthy breeding process required in genetic biofor-
tification [15]. Unlike genetic biofortification, agronomic
approaches can be readily adopted and adjusted accord-
ing to soil and environmental conditions [16]. Moreover,
agronomic biofortification provides immediate enhance-
ment in grain Fe and Zn concentrations, crop produc-
tivity and nutrient bioavailability, particularly under
micronutrient-deficient soils [13]. It is also recognized

as one of the most efficient strategies for mitigating min-
eral deficiencies in human diets. Iron (Fe) and zinc, in
particular, are essential micronutrients that pose a chal-
lenge for biofortification due to their low bioavailability,
requiring substantial amounts to be effective [17, 18]. It is
possible to boost micronutrient concentrations without
a corresponding loss in yield. Agronomic biofortification
techniques such as seed priming, seed coating, and soil
or foliar fertilization have proven effective in increasing
the micronutrient content of grains [19, 20]. Foliar appli-
cation of Fe has been shown to address deficiencies and
enhance yields [21]. Additionally, the combined applica-
tion of phosphorus and Fe can have synergistic effects,
improving pod number and biomass in legumes [22, 23].
Iron is essential for the activation of various key
enzymes and acts as a co-factor in enzymes such as cyto-
chrome oxidase, catalase, peroxidase and nitrogenase
[24, 25]. At the biochemical level, Fe and P are tightly
interconnected in legumes that Fe is a constituent of
nitrogenase and leghemoglobin, while P drives the ATP-
dependent energy transfer required for nitrogen fixation
in nodules; however, these two nutrients also exhibit
antagonistic interactions as their homeostasis is coordi-
nately regulated and imbalances in one can impair the
utilization of the other [21, 22]. However, in calcareous
soils, Fe availability is limited due to its precipitation into
inorganic forms, resulting in reduced chlorophyll syn-
thesis, impaired enzyme function and stunted growth
[20]. In calcareous soils, Fe availability is critically lim-
ited because of high pH (7.5-8.5) lowers Fe solubility by
several orders of magnitude and elevated bicarbonate
concentrations buffer rhizosphere pH and inhibit root
ferric reductase activity, preventing Fe acquisition [26].
Similarly, P availability is governed by sorption and pre-
cipitation reactions with calcium, which form insoluble
Ca-P compounds, with approximately 80% of applied P
rapidly fixed and lost from the available pool [27]. These
combined constraints severely impair mung bean growth
and yield on calcareous soil. Iron contributes to chloro-
phyll production, nodule development and enzymatic
activities related to nitrogen fixation; however, high soil
pH restricts its availability, thereby hindering growth
and reducing yield [21, 22]. Split applications of Fe can
improve mung bean yield, grain Fe concentration and
economic returns. Nevertheless, excessive Fe application
can be toxic and interfere with cellular processes [28, 29].
Phosphorus plays a key role in root growth, timely crop



Khan et al. BMC Plant Biology (2026) 26:1574

maturity and nodulation, which in turn enhances total
dry matter production, seed yield and protein content
[30]. Phosphorus deficiency significantly limits mung
bean growth and yield by impairing root development
and grain formation. Adequate phosphorus availability
is essential for root proliferation, nodule formation, and
nitrogen fixation [31]. It also supports pod development,
energy production, nitrogen absorption, carbohydrate
metabolism and reproductive growth [30]. Several stud-
ies confirm that balanced Fe-P rates can enhance indi-
vidual nutrient uptake, the interactive effect of these
nutrients on their final bioavailability in the human diet
particular the influence of phytic acid, which constitutes
approximately of total seed phosphorus which remains
largely underexplored [32]. According to [33], combined
Fe and P biofortification in mung bean grown in calcar-
eous soils is limited, despite the widespread prevalence
of such soils in South Asia. This study was conducted to
evaluate the individual and combined effects of iron foliar
application and phosphorus fertilization on growth, yield,
nutrient uptake and soil nutrient dynamics of mung bean
under calcareous soil conditions. We hypothesized that
the integrated application of Fe and P would synergisti-
cally improve nutrient availability, enhance physiological
performance and increase mung bean productivity com-
pared with their sole application or untreated control.

Materials and methods

Experimental site

A field trial was conducted at the Agronomy Research
Farm of the University of Agriculture Peshawar, Pakistan,
over two consecutive years (2022 and 2023) during the
summer season. The objective of the study was to evalu-
ate the effects of phosphorus and Fe foliar applications
on mung bean yield, quality, agronomic phosphorus effi-
ciency, and total nitrogen uptake. The experimental site
is situated at 34.01° N latitude and 71.35° E longitude, at
an elevation of 350 m above sea level. The climate data
for the experimental site is provided in Fig. 1. During
the experimental period, summer temperatures ranged
from 35.1 °C to 40.5 °C, with an average minimum tem-
perature spanning from 22.8 °C to 25.9 °C. Precipitation
varied considerably across the summer months, with the
highest rainfall recorded in August (57 mm), while June
experienced the lowest rainfall (8 mm). Relative humid-
ity ranged from 42% to 70% throughout the experimental
period. The soil at the site was classified as clay loam with
a lime content of 6.7%, indicative of calcareous condi-
tions. The total nitrogen content in the soil was 0.053%,
and its electrical conductivity measured 0.34 dS m™},
reflecting slightly alkaline conditions (pH 7.5). Organic
matter content was 0.61% and phosphorus availability
was recorded at 3.28 mg kg!. Iron concentration avail-
ability was recorded at 5.7 mg kg™ .
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Research design and treatments

The experiment was conducted using a randomized com-
plete block design (RCBD) with three replications. Each
experimental plot measured 3 m by 2.4 m and consisted
of six rows. Although uniform agronomic practices and
experimental conditions were maintained throughout the
study, minor variations in environmental factors such as
temperature, humidity and soil heterogeneity may have
influenced nutrient availability and crop response under
field conditions. However, the randomized complete
block design and replication were used to minimize the
effects of such variability on the experimental outcomes.
The mung bean cultivar Ramzan was sown using a single-
row hand drill, with a row spacing of 40 cm and a plant-
to-plant spacing of 10 cm, at a seeding rate of 25 kg ha™".
The Ramzan variety, with parentage VC1482C x NM92,
was provided by the Agronomy Research Farm at the
University of Agriculture Peshawar. This variety exhibits
improved traits compared to standard varieties, includ-
ing larger seed size, reduced plant height, early maturity,
stronger stems, higher harvest index, and a higher yield
potential [34]. A recommended nitrogen dose of 25 kg
ha™! was applied at sowing from urea as the nitrogen
source. Thinning was performed 20 days after sowing
to maintain the proper plant-to-plant spacing. The crop
was harvested in two pickings when the pods had turned
brown, after which they were sun-dried and threshed.
The study assessed four phosphorus levels (0, 30, 60,
and 90 kg ha™!) and four Fe levels (0% [water spray as a
control], 0.2%, 0.4%, and 0.6%). Single superphosphate
was used as the phosphorus source, while ferrous sulfate
heptahydrate (FeSO,-7H,0) served as the Fe source. The
selected Fe foliar concentrations and phosphorus appli-
cation rates were adopted based on previous published
studies demonstrating their effectiveness in enhancing
nutrient availability, physiological traits, and productiv-
ity of mung bean and other legumes under alkaline and
calcareous soil conditions. These levels were selected to
evaluate the optimum range of Fe and P supplementation
without causing nutrient toxicity or antagonistic effects.
Phosphorus was applied at sowing, and Fe was applied
through foliar sprays 30 days after sowing. The Fe foliar
spray was applied 30 days after sowing to coincide with
the active vegetative growth stage of mung bean, dur-
ing which nutrient demand and physiological activity
are high. Application at this stage improves Fe absorp-
tion and utilization because at this stage root nodule
were active for nitrogen fixation, particularly under cal-
careous soil conditions where Fe availability is limited
due to fixation and reduced solubility. For the Fe spray
application, the required amount of water for one plot
was determined using a water sprayer and the appro-
priate concentration of FeSO,7H,O solution was pre-
pared for each treatment. Iron foliar sprays were applied
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Fig. 1 Weather data for the experimental location during the mung bean growing seasons of 2022 and 2023

at concentrations of 10, 20 and 30 g of FeSO,-7H,O per
liter of water (0.2%, 0.4% and 0.6% iron, respectively) one
month after sowing applied before evening under calm
and dry weather conditions to ensure uniform spray cov-
erage and minimize evaporation losses. The foliar spray
volume used in the experiment was equivalent to approx-
imately 1389 L ha™!, through which FeSO,7H,O was
applied at the rates of 13.89, 27.78 and 41.67 kg ha™ cor-
responding to 10, 20 and 30 g L™! of water, respectively.

Measurements

Seed and yield measurements

The thousand-seed weight was determined by count-
ing and weighing one thousand seeds from each plot
seed lot using an electronic balance. The weight was
recorded, and the results were averaged across replica-
tions. For yield measurements, the middle four rows of
each experimental unit were harvested when the pods
had turned brown, using a sickle. The harvested material

was bundled and left to dry under direct sunlight for one
week. After drying, each bundle was weighed to deter-
mine the biological yield, followed by threshing to sepa-
rate the seeds. Both biological and seed yields were then
changed to kg ha™! for standardization.

Total chlorophyll content (mg g~')

Chlorophyll content was determined according to the
method of Machlachlan and Zalik [35]. Fresh leaf sam-
ples (0.5 g) were collected from mung bean plants and
homogenized in 10 mL of 80% acetone using a mortar
and pestle under low-light conditions to minimize pig-
ment degradation. The homogenate was centrifuged at
3000 rpm for 10 min and the supernatant was collected.
The residue was re-extracted repeatedly with 80% ace-
tone until complete pigment extraction was achieved and
the residue became colorless. The collected extracts were
pooled, and the final volume was adjusted to 25 mL with
80% acetone. Absorbance of the extract was measured
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using a spectrophotometer at wavelengths of 663 and
645 nm against 80% acetone as a blank. Total chlorophyll
contents were calculated using the following equations.

[20.2 (A645) + 8.02 (A663)]
1000 x W

Chlorophyll content (mg g~ 1) =

Crop growth rate (gm~2day™ )

To measure the crop growth rate (CGR), four plants were
randomly selected from each plot 50 days after sowing
(DAS). Fresh plant samples were initially weighed and
then oven-dried at 70 °C for 72 h in the laboratory. After
drying, the samples were reweighed using a precision
scale. The first sampling occurred at 30 DAS before the
Fe spray and the second at 50 DAS. The dry weight of the
plants was expressed on a per square meter basis. CGR
was calculated using the formula proposed by Hunt [36].

Plant nutrient analysis

Seed and straw N content (%)

Samples of grain and straw were oven-dried at 100 °C for
approximately 24 h to express nutrients concentration in
plant tissue. After drying, the samples were finely ground
using a grinding machine and passed through a 0.2 mm
sieve. A 2 g sample was placed in a test tube, to which 20
mL of concentrated H,SO, was added. The mixture was
then distilled, followed by the addition of 50 mL distilled
water. For titration, 0.2 N H,SO, was used as the titrant
solution, and 70 mL of 32% NaOH was added. Nitrogen
content was determined using the Kjeldahl apparatus
[37].

Seed and straw iron content (mg kg")

Iron concentration was determined using Atomic
Absorption Spectrophotometry (AAS) following the pro-
cedure described by Singhal and Singh [38]. Briefly, 0.5 g
of oven-dried and finely ground sample was transferred
into a digestion flask, and 10 mL of concentrated nitric
acid (HNO,) was added for predigestion overnight. Sub-
sequently, 4 mL of perchloric acid (HCIO,) was added,
and the mixture was heated gradually on a hot plate until
a clear digest was obtained. After cooling, the digest was
filtered through Whatman No. 42 filter paper and diluted
to a final volume of 100 mL with distilled water. Iron con-
centration in the digest was measured using an Atomic
Absorption Spectrophotometer equipped with a hollow
cathode lamp and calibrated with standard Fe solutions.
The Fe concentration in plant samples was calculated
from the standard calibration curve and expressed as mg
kg™! dry weight using the following equation:

Fe(mg kg™ ') = C;VV
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where C is the Fe concentration obtained from the AAS
(mg L™1), Vis the final volume of the digest (L), and W is
the sample weight (kg).

Seed and straw P content (%)

Total phosphorus was determined using the ascor-
bic acid-molybdenum blue method [39]. Samples were
digested with HNO;-H,0, to convert phosphorus into
orthophosphate form, and the digest was diluted to a
known volume. A 1 mL aliquot was transferred into a
25 mL volumetric flask followed by the addition of 5
mL distilled water and 2 mL combined color reagent
containing ammonium molybdate, ascorbic acid, sulfu-
ric acid, and antimony potassium tartrate. The volume
was adjusted to 25 mL with distilled water, mixed thor-
oughly, and allowed to stand for 15 min for color devel-
opment. Absorbance was measured at 880 nm using a
PerkinElmer Lambda-35 spectrophotometer. Phosphorus
concentration was quantified using a KH,PO, standard
calibration curve prepared from known standard concen-
trations. Phosphorus content was calculated as:

C20.0252 D

Phosphorus content (%) = 210
T

Where C =phosphorus concentration from the standard
curve, D=dilution factor (total digest volume/aliquot
volume) and W =sample weight (g).

Carbohydrates content (%)

Total carbohydrates were determined following the
Anthrone method described by Sadasivam and Man-
ickam [40]. Briefly, 0.5 g of powdered seed sample was
homogenized with 10 mL of 80% ethanol and centrifuged
at 3000 x g for 15 min to separate the insoluble residue.
The precipitate was re-extracted with 2 mL of 80% etha-
nol and centrifuged again, after which the supernatants
were pooled and evaporated under a stream of hot air.
The dried residue was subsequently reconstituted in 5
mL distilled water. For carbohydrate estimation, aliquots
of standard solutions and test samples were prepared in
separate test tubes, with distilled water used as a blank.
The sample extract was diluted to 100 mL, and 1 mL of
the diluted extract was used for analysis. The test tubes
were placed in an ice-water bath for 10 min, followed
by the addition of 4 mL anthrone reagent. The reac-
tion mixture was then heated in a boiling water bath for
15 min and cooled to room temperature. Absorbance
was recorded at 640 nm using a spectrophotometer, and
total carbohydrate concentration was calculated from the
standard calibration curve.
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Agronomic phosphorus efficiency (kg kg~") and total N
uptake (kg ha™")

Agronomic phosphorus efficiency (APE) was calculated
using the procedure outlined by Alam et al. [41].

Yieldin fertilized plots (kg hail) — Yield in control plot (kg h(fl)

APE = T
Amount of P applied in the plot (k‘g ha™ )

Total nitrogen uptake was calculated based on nutrient
concentration and biomass yield by multiplying the bio-
logical yield by the whole plant nitrogen concentration
and divided by 100:

Biological yield (kg ha™') @ Plant N (%)
100

N uptake (k‘g hail) =

P content in post-harvest soil sample

Available soil phosphorus was extracted using the ammo-
nium bicarbonate-diethylenetriaminepentaacetic acid
(AB-DTPA) method Soltanpour and Schwab (1977) [42].
Air dried soil (10 g) was placed in a 125 mL conical flask,
20 mL of AB-DTPA solution was added and the mixture
was shaken on a reciprocal shaker for exactly 15 min.
The suspension was immediately filtrate through What-
man NO. 42 filter paper. A 1 mL aliquot of the clear fil-
trate was pipetted into a 25 mL volumetric flask and 4
mL of a composite colour-developing reagent (contain-
ing ammonium molybdate, ascorbic acid, sulfuric acid
and antimony potassium tartrate) was added. The vol-
ume was made up to 25 mL with distilled water, the flask
was shaken and the blue colour was allowed to develop
for 15 min. Absorbance was measured at 880 nm using
a UV-Vis spectrophotometer (PerkinELmer Lamba-25).
The phosphorus concentration in the measured solution
read from a standard curve prepared with KH,PO,. Soil
available phosphorus was calculated as:

Czx Vemt Vfinal

P (mg kgil) - w v Valiquot

Where:
C =P concentration from standard curve.
V= volume of extracting solution.
W =mass of air-dried soil.
Vina = final volume of the coloured solution.
Valiquot = Volume of filtrate taken.
Statistical analysis
Data was analyzed using a two-way analysis of variance
(ANOVA) appropriate for in a randomized complete
block design with factorial arrangements of treatments.
ANOVA was used to determine the main effect of Fe and
P and their interaction effects. When ANOVA indicated
a significant difference among treatments, means were
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compared using the Least Significant Difference (LSD)
test at a significance level of P<0.05 Jan et al. [43]. Simple
linear regression analysis, correlation analysis, and prin-
cipal component analysis were conducted using Origin
Pro 2025 (Origin Lab Corporation, Northampton, MA,
USA) and R programming language (version 4.5.1; R Core
Team, 2025) to explore relationships among agronomic,
physiological and nutrient traits. The Shapiro-Wilk test
showed that some variables were normally distributed
(p>0.05), while others exhibited minor but statistically
significant deviations from normality (p<0.05). Q-Q
plots confirmed that these deviations were small and the
data were deemed appropriate for parametric analysis.
Levene’s test indicated homogeneous variances for most
traits, including Phosphorus, thousand seeds weight,
biological yield, grain yield, seed N content, straw N con-
tent, seed Fe content, seed P content and total N uptake
(p>0.05), while total chlorophyll content, crop growth
rate, straw Fe content, straw P content, carbohydrates
and soil P were heterogeneous (p<0.05). Log transfor-
mation improved variance stability for crop growth rate
and soil P, but total chlorophyll content, straw Fe content,
straw P content and carbohydrates remained heteroge-
neous. These results suggested that variance was largely
stable across treatments.

Results

Seed weight and yield

Iron foliar spray and phosphorus fertilization signifi-
cantly influenced thousand seeds weight, biological yield
and seed yield of mung bean during both years. All the
interactions were non-significant for thousand seed
weight, seed yield and biological yield except the Fe x
P interaction was fount significant for biological yield.
Across Fe treatments, the application of 0.4% Fe pro-
duced the highest seed weight with values of 37.92 g in
2022 and 40.91 g in 2023, whereas the lowest values were
recorded in control (0% Fe) with 34 g and 36.25 g during
2022 and 2023, respectively (Fig. 2A). Similarly, biologi-
cal yield increased with Fe application and reached maxi-
mum of 3038 kg ha™! in 2022 and 3227 kg ha™! in 2023
under 0.4% Fe (Fig. 2B). The same trend was observed for
seed yield, where 0.4% Fe produced the highest seed yield
(711 kg ha™! in 2022 and 808 kg ha™! in 2023) compared
with the control treatment which resulted in 620 kg ha™!
and 659 kg ha™! in 2022 and 2023, respectively (Fig. 2C).
Although the application of 0.6% Fe improved yield com-
ponents compared with the control, its performance was
slightly lower than that of 0.4% Fe. Phosphorus rates also
significantly affected yield attributes. The highest thou-
sand seed weight was obtained with 60 kg ha™!, produc-
ing 38.50 g in 2022 and 41.17 g in 2023, while the lowest
values were recorded in the control with 33.67 g and
3592 g during 2022 and 2023, respectively. Likewise,
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biological yield increased from 2689 kg ha™! in 2022
and 2845 kg ha™! in 2023 under the control treatment to
3058 kg ha™! and 3255 kg ha™! with 60 kg P ha™!. Seed
yield followed a similar trend, where the highest val-
ues (774 kg ha™! in 2022 and 819 kg ha™! in 2023) were
recorded at 60 kg P ha™!, whereas the lowest seed yield
was obtained in the control treatment.

Total chlorophyll (mg g~ ") and crop growth rate (g m™2

day™")

Iron foliar spray and P rates significantly affected total
chlorophyll content and crop growth rate of mung bean
during both years. The interactions between Fe x P, Year x
Fe and Year x Fe x P were found significant for total chlo-
rophyll except the Year x P interaction, whereas for crop
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growth rate all the interactions were non-significant.
Among Fe foliar spray treatments, 0.6% Fe produced the
highest total chlorophyll content, recording 3.36 mg g™* in
2022 and 3.61 mg g~! in 2023, followed closely by 0.4% Fe
with 2.93 mg ¢! and 3.50 mg g~ ! in the respective years.
In contrast, the lowest chlorophyll content was observed in
the control with 2.01 mg g™* in 2022 and 2.15 mg g”! in
2023 (Fig. 3A). The highest CGR was recorded at 0.4% Fe,
reaching 13.24 g m™* day! in 2022 and 13.92 g m™2 day™*
in 2023 which was statistically similar with 0.6% Fe (13.05 g
m~2day ! and 13.77 g m~? day™! in 2022 and 2023, respec-
tively). The lowest CGR was recorded in the control treat-
ment (9.18 and 9.63 g m~2 day!) as shown in Fig. 3B.
Among P rates, the application of 60 kg P ha™! produced
the highest total chlorophyll content (3.05 mg g~! in 2022
and 3.19 mg g~! in 2023), followed by 90 kg P ha™! with
2.73 and 3.08 mg g~ !, respectively. The lowest total chloro-
phyll content was observed in the control treatment. Simi-
larly, CGR was significantly improved with P application,
where 60 kg P ha™! produced the highest CGR (13.13 and
13.83 g m 2 day ™! in 2022 and 2023, respectively), whereas
the lowest CGR was recorded in the control.

Seed and straw N content (%)

Seed and straw nitrogen (N) content was significantly
impacted by Fe and P levels across both years. Seed N
content increased significantly with Fe and P levels in
both years (Fig. 4A). The interaction between Fe x P was
found to be significant for seed and straw N content,
while all other interactions were non-significant. The
highest seed N content was recorded at 0.6% Fe spray
(3.52% in 2022 and 3.64% in 2023), while control treat-
ment showed the lowest seed N content (3.04% in 2022
and 3.33% in 2023). The plots with 90 kg P ha™! produced
the maximum seed N content (3.89% in 2022 and 4.05%
in 2023), followed by 60 (3.51% in 2022 and 3.64% in
2023) and 30 kg P ha™! (2.98% in 2022 and 3.07% in 2023).
The control treatment showed the lowest seed N content
(2.64% in 2022 and 2.97% in 2023). Across treatments,
seed N content was generally higher in 2023 than in
2022. Straw N content exhibited similar trends (Fig. 4B).
Increasing Fe concentration significantly enhanced straw
N with maximum values obtained at 0.6% Fe spray (1.22%
in 2022 and 1.32% in 2023), while the lowest values were
recorded in the control (0.42% in 2022 and 0.48% in
2023). P rates also resulted in a significant and gradual
increase in straw N content, reaching the highest levels at
90 kg P ha™! (1.01% in 2022 and 1.12% in 2023),whereas
the lowest values were observed in control treatments
(0.50% in 2022 and 0.54% in 2023).

Seed and straw Fe content (mg kg")
Seed Fe content was significantly affected by Fe
foliar spray and P levels in both years (Fig. 5A). All
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interactions were found non-significant for seed and
straw Fe content except the Fe x P interaction which
significantly affected seed straw content. Increasing
Fe spray concentration resulted in a consistent and
significant increase in Fe content with the highest Fe
content recorded at 0.6% Fe spray (35 mg kg~ ! in 2022
and 37.4 mg kg™! in 2023) followed by 0.4% (32.3 mg
kg™! in 2022 and 34.7 mg kg™! in 2023) and 0.2%
(30.4 mg kg~ ! in 2022 and 33.9 mg kg~ ' in 2023), while
the control treatments exhibited the lowest Fe con-
centration (27.8 mg kg™! in 2022 and 30.3 mg kg™ ' in
2023). P application also exerted a significant effect on
seed Fe content in both years with increasing P levels
leading to gradual reduction in seed Fe content. The
highest seed Fe content was recorded in the control
plots (32.3 mg kg~ ! in 2022 and 34.6 mg kg~ ! in 2023),
whereas the minimum values observed at 90 kg P ha™!
(30 mg kg™! in 2022 and 32.9 mg kg™' in 2023). Straw
Fe content was significantly affected by Fe application
in both years. The highest Fe content was recorded
under 0.6% spray (309 mg kg™! in 2022 and 322 mg
kg™! in 2023), while the lowest values were observed
in the control (254 mg kg™! in 2022 and 258 mg kg™*
in 2023). P rates had a non-significant effect on straw
Fe content during the first year, however a significant
response was observed in the second year (Fig. 5B).
In the second year, straw Fe content tended to decline
with increasing P levels, the highest Fe content was
recorded 30 kg P ha™! (304 mg kg™ '), while lowest
values were recorded at control plots (283 mg kg™ 1.
Across both years, maximum straw Fe content was
obtained with 0.6% Fe spray, whereas the control treat-
ment recorded the lowest values.

Seed and straw phosphorus content (%)

Seed P concentration of mung bean was significantly
influenced by P fertilization in both years. Fe foliar appli-
cation did not significantly affect seed P content in the
first years, however in the second year, seed P content
was significantly influenced by Fe application (Fig. 6A).
The Fe x P interaction significantly affected seed and
straw P content, whereas all other interactions were non-
significant. With higher Fe sprays levels resulted in a
slight but significant reduction in seed P concentration.
The highest seed P content was recorded in the control
plots (0.30% in 2022 and 0.314 in 2023), while the lowest
values were recorded at 0.6% Fe spray (0.28% in 2022 and
0.29% in 2023). In contrast, increasing P rates resulted
in a consistent increase in seed P content with the high-
est values recorded at 90 kg P ha™! (0.37% in 2022 and
0.39 in 2023), followed by 60 (0.34% in 2022 and 0.35%
in 2023) and 30 kg P ha™! (0.25% in 2022 and 0.27% in
2023), while lowest content was observed in the control
treatments (0.20% in 2022 and 0.21% in 2023). Straw P
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Fig. 3 Effects of iron foliar sprays and phosphorus levels on (A) total chlorophyll (mg g™ ') and (B) crop growth rate (g m~2 day™') of mung bean dur-
ing 2022 and 2023 years. Vertical bars represent standard error+mean. Means followed by different letters indicate differences among treatments at
LSD <0.05 according to the LSD test
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Fig. 4 Effects of iron foliar sprays and phosphorus levels on (A) seed N content (%) and (B) straw N content (%) of mung bean during 2022 and 2023
years. Vertical bars represent standard error+mean. Means followed by different letters indicate differences among treatments at LSD <0.05 according

to the LSD test

content was significantly affected by P rates and Fe foliar
sprays during both experimental years (Fig. 6B). Straw
P content increased markedly with increasing P rates,
reaching maximum values at 90 kg P ha™! (0.195% in
2022 and 0.205% in 2023), while the lowest values were
recorded in unfertilized plots (0.100% in 2022 and 0.104%
in 2023). Foliar application of Fe showed a decreasing
trend in straw P content, with the highest P concentra-
tion observed in the control treatments (0.159% in 2022
0.166% in 2023), while the lowest values were recorded at
0.6% Fe spray (0.137% in 2022 and 0.146% in 2023).

Agronomic phosphorus efficiency, total N uptake,
carbohydrates content and soil phosphorus content
Agronomic phosphorus efficiency (APE) was significantly
impacted by both P rates and Fe foliar application in both

years (Fig. 7A). The Fe x P and Year x Fe interactions were
significant for APE, while all other interactions were non-
significant. Among P treatments, APE increased mark-
edly at 30 kg P ha™! (5.45 kg kg™! in 2022 and 3.07 kg
kg™! in 2023) followed by 60 kg P ha™! (4.69 kg kg™! in
2022 and 3.44 kg kg~! in 2023), whereas lower APE was
recorded at 90 kg P ha™! (2.91 kg kg™* in 2022 and 1.81 kg
kg™! in 2023). Regarding Fe application, APE was sig-
nificantly enhanced with 0.4% Fe spray (5.75 kg kg™! in
2022 and 2.83 kg kg™! in 2023) followed by 0.6% (4.62 kg
kg™ in 2022 and 2.60 kg kg~! in 2023) and 0.2% (3.98 kg
kg™! in 2022 and 2.74 kg kg~! in 2023) compared with
control (3.06 kg kg™! in 2022 and 2.93 kg kg~! in 2023).
Year wise comparison showed that higher APE was noted
during 2022 than 2023. Total N uptake showed signifi-
cant respond to both P and Fe spray application in both
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years (Fig. 7B). The interactions between Fe x P, Year x Fe
and Year x P were significant for total N uptake, except
the Year x Fe x P interaction which was non-significant.
Increasing P levels resulted in a progressive rise in N
uptake, while maximum value was recorded at 90 kg P
ha™! (52 kg ha™! in 2022 and 31 kg ha™! in 2023) followed
by 60 (47 kg ha™! in 2022 and 29 kg ha™! in 2023) and
30 kg P ha™! (30 kg ha™! in 2022 and 21 kg ha™! in 2023),
whereas the lowest values were recorded at control plots
(27 kg ha™! in 2022 and 17 kg ha™! in 2023). Fe foliar
spray also significantly increased N uptake with 0.6%
(53 kg ha™! in 2022 and 28 kg ha™! in 2023) Fe producing
the highest uptake followed by 0.4% (44 kg ha™! in 2022
and 27 kg ha™! in 2023) and 0.2% (36 kg ha™! in 2022 and
23 kg ha™! in 2023). The lowest values were recorded in

control treatments (29 kg ha! in 2022 and 20 kg ha™' in
2023).

Carbohydrates content of mung bean seeds was signifi-
cantly affected by Fe foliar application and P fertilization
in both years (Fig. 7C). The Fe x P interaction was sig-
nificant for carbohydrates, whereas all other interactions
were non-significant. Higher P levels increased carbo-
hydrates content with higher values observed at 90 kg P
ha™! (62% in 2022 and 64% in 2023), whereas the lowest
carbohydrates content was recorded at control plots (56%
in 2022 and 57% in 2023). Among Fe treatments, 0.6%
Fe spray (60% in 2022 and 63% in 2023) resulted in the
highest carbohydrates content followed by 0.2% (58% in
2022 and 61% in 2023) and 0.4% (58% in 2022 and 60% in
2023). The lower carbohydrates were recorded in control
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treatments (57% in 2022 and 58% in 2023). Soil P content
increased significantly with increasing P levels and Fe
foliar spray (Fig. 7D). The Fe x P interaction was signifi-
cant for soil P, while all other interactions were non-sig-
nificant. Among P treatments, the highest soil P content

was recorded at 90 kg P ha™! (6.83 mg kg™! in 2022 and
7.21 mg kg~! in 2023) followed by 60 (5.84 mg kg™' in
2022 and 6.73 mg kg™! in 2023) and 30 kg P ha™! (5.02 mg
kg™ in 2022 and 5.28 mg kg~ ! in 2023), whereas the low-
est soil P content was observed at control (4.27 mg kg™*
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in 2022 and 4.50 mg kg™'). In Fe application, 0.6% Fe
spray (6.60 mg kg™! in 2022 and 6.97 mg kg™! in 2023)
resulted in the greatest increased in soil P content fol-
lowed by 0.4% (5.74 mg kg~! in 2022 and 6.28 mg kg!
in 2023) and 0.2% Fe spray (5.26 mg kg™! in 2022 and
5.60 mg kg~! in 2023), whereas the lower soil P content
was noted in control (4.37 mg kg™! in 2022 and 4.85 mg
kg~ ! in 2023). Among the years, soil P content was higher
in the second year compared with the first year.

Value-cost ratio analysis (VCR)

Economic analysis revealed that Fe foliar and P applica-
tion influenced the value cost ratio of mung bean. Among
the treatments, the combined application of 0.4% Fe with
60 kg P ha ! produced the highest gross income (Rs.
369,653 ha™'), net income (Rs. 311,908 ha™') and VCR
(5.40) compared with all other treatments. The second
highest economic return was recorded with 0% Fe com-
bined with 60 kg P ha™! which produced a VCR of 5.20,
followed closely by 0.4% Fe combined with 40 kg P ha™!
with VCR of 5.11. These treatments displayed that mod-
erate P application improved economic returns even at
lower Fe levels. Across Fe treatments, foliar application
of 0.4% Fe consistently enhanced profitability with con-
trol and higher Fe concentration (0.6%). In contrast, the

control treatment (0% Fe and 0 kg P ha™') resulted in
the lowest net income (179,425 ha™') and VCR (3.80)
(Table 1). Overall, the integrated application of 0.4% Fe
foliar spray with 60 kg P ha™! proved to be the most eco-
nomically efficient nutrient management strategy for
mung bean cultivation in calcareous soils.

Regression analysis

Regression analysis of seed yield with yield related traits
Scatter plots were drawn to evaluate the relation-
ship between seed yield and key growth, physiologi-
cal and nutrient traits in mung bean (Fig. 8). Seed yield
showed a strong positive association with biological
yield (R?=0.646) and thousand seed weight (R?=0.5492),
indicating that yield improvement was largely driven by
biomass production and seed size. Similarly, total chloro-
phyll content exhibited a positive relationship with seed
yield (R*=0.5241), suggesting the role of photosynthetic
efficiency in enhancing productivity. A positive asso-
ciation was also observed between seed yield and crop
growth rate (R*=0.5478), reflecting the importance of
growth dynamics in yield formation. Nutrient- related
traits showed comparatively weaker relationships, where
seed phosphorus (R*=0.3523) and total nitrogen uptake
(R?=0.2231) were positively but moderately associated
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Fig. 8 Regression relationships between seed yield and yield related traits (thousand seed weight, biological yield, total chlorophyll, crop growth rate,

seed phosphorus and total nitrogen uptake) of mung bean

with seed yield. Overall, the results indicate that growth
and physiological traits contributed more strongly to
seed yield variation than nutrient accumulation traits.

Correlation analysis

Correlation analysis revealed strong and positive asso-
ciations among yield, nutrient uptake and soil fertility
parameters in mung bean under different Fe foliar spray
and P levels (Fig. 9). Grain yield traits showed strong
positive association with growth parameters. Seed yield
exhibited a strong positive correlation with BY (r=0.80)
and TSW (r=0.74), indicating that higher biomass pro-
duction and heavier seeds contributed significantly to
increased vyield. Similarly, CGR showed a strong posi-
tive correlation with total chlorophyll (r=0.80) and SY
(r=0.74). Nutrient concentrations in plant tissues were
also positively related to yield traits. Seed N had a moder-
ate positive relation with SY (r=0.57) and CGR (r=0.50).
Likewise, straw N was strongly correlated with CH
(r=0.76) and SY (r=0.62), suggesting improved nutrient

accumulation in plants under applied treatments. Micro-
nutrient accumulation also showed important asso-
ciations. Seed Fe had a positive correlation with CGR
(r=0.67) and straw Fe (r=0.58), indicating coordinated
nutrient uptake and translocation with the plant. How-
ever, seed Fe exhibited negative correlations with seed P
(r = -0.29) and straw P (r = -0.35), suggesting a potential
antagonistic relationship between Fe and P accumula-
tion in plant tissues. Phosphorous content in plant tis-
sues demonstrated strong positive relationships among
themselves. Seed P was strongly correlated with straw
P (r=0.76), reflecting consistent P uptake and distribu-
tion in both grain and straw. In addition, seed P showed
positive association with seed N (r=0.71) and soil P
(r=0.59), indicating the beneficial role of P fertilization in
enhancing nutrient accumulation. Soil fertility indicators
also exhibited positive relationships with plant growth
and yield traits. Soil P had positive correlations with SY
(r=0.69), CGR (r=0.64) and straw N (r=0.73). Similarly,
carbohydrates showed positive correlations with BY
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Fig. 9 Correlation analysis showing the relationships among the studied traits under iron foliar spray and phosphorus levels in mung bean. TSW=Thou-
sand seed weight, BY =biological yield, SY=seed yield, CH=total chlorophyll, CGR=crop growth rate, Seed N=seed nitrogen content, Straw N=straw
nitrogen content, Seed Fe=seed iron content, Straw Fe=straw iron content, Seed P=seed phosphorus content, Straw P=straw phosphorus content,
APE=agronomic phosphorus efficiency, C=carbohydrates, soil P=soil phosphorus

(r=0.53) and SY (r=0.50). The correlation analysis indi-
cated that growth parameters, nutrient uptake and soil
fertility traits were positively associated with mung bean
yield, while some negative relationships were observed
between Fe and P concentration in plant tissues.

PCA analysis

Principal component analysis (PCA) was performed to
evaluate the relationships among growth, yield, nutri-
ent accumulation and soil properties under different Fe
spray and P levels during both years (Fig. 10). The first
two principal components explained a substantial pro-
portion of the total variation, where PC1 accounted for
55.02% and PC2 explained 18.72%, collectively explain-
ing 72.84% of the total variability among the stud-
ied traits. Most of the growth and yield related traits,
including seed vyield, biological yield, thousand seed
weight, crop growth rate and total chlorophyll content
were strongly loaded on the positive side of PC1, indi-
cating a strong positive association among these traits.
These variables were closely related to treatments such
as T31 (2023 + 0.6% Fe + 60 kg P ha''), T32 (2023 + 0.6%

Fe+90 kg P ha''), T27 (2023 +0.4% Fe +60 kg P ha)
and T15 (2022 +0.6% Fe+60 kg P ha™), suggesting
that higher Fe concentrations combined with moder-
ate to high P levels enhanced plant growth, chloro-
phyll formation and productivity. Nutrient related
traits including seed N, seed P, straw P, total nitrogen
uptake and soil P were also positioned along the posi-
tive quadrant of PC1, indicating a strong association
between nutrient uptake and improved yield perfor-
mance. Treatments such as T24 (2023 + 0.2% Fe + 90 kg
P hal), T28 (2023 +0.4% Fe+90 kg P ha') and T30
(2023 +0.6% Fe+30 kg P ha''), representing higher P
levels combined with Fe foliar spray were located close
to these nutrient variables. Micronutrient traits, par-
ticularly seed Fe and straw Fe were strongly associated
with PC2, indicating that Fe accumulation in plant tis-
sues contributed independently to the overall varia-
tion. Treatments such T30 (2023 +0.6% Fe +30 kg P
ha') and T26 (2023 + 0.4% Fe + 30 kg P ha'!) were posi-
tioned near these variables, suggesting enhanced Fe
uptake under higher foliar Fe applications. Conversely,
treatments such as T1 (2022 +0% Fe + 0 kg P ha'!), T2
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P ha!, T15=2022+06% Fe+60 kg P ha™', T16=2022+0.6% Fe+90 kg P ha™', T17=2023+0% Fe+0 kg P ha™', T18=2023+0% Fe+30 kg P ha™',
T19=2023+0%Fe+60kgPha™",T20=2023+0%Fe+90kgPha™!,T21=2023+0.2%Fe+0kgPha~',T22=2023+0.2%Fe +30kgPha™',T23=2023+0.2%
Fe+60kgPha ', T24=2023+02% Fe+90 kg P ha ', T25=2023+0.4% Fe+0 kg P ha™', T26=2023+0.4% Fe+30 kg P ha™',T27=2023 +0.4% Fe +60 kg
P ha™!, T28=2023+04% Fe+90 kg P ha™', T29=2023+0.6% Fe+0 kg P ha~', T30=2023+0.6% Fe+30 kg P ha™', T31=2023+0.6% Fe+60 kg P ha™',

T32=2023+0.6% Fe+90 kg P ha™'

(2022 + 0% Fe +30 kg P ha'!), T3 (2022 + 0% Fe + 60 kg
P ha), T17 (2022+0.6% Fe+90 kg P ha!) and T18
(2023+0% Fe+0 kg P ha') representing control or
lower Fe and P levels were located on the negative side
of PC1, indicating weaker associations with growth,
yield, chlorophyll content and nutrient accumulation
traits. Overall, the PCA results indicate that combined
application of higher Fe spray (0.4—0.6%) and moder-
ate to higher P levels (60-90 kg P ha™) positively influ-
enced chlorophyll content, crop growth rate, nutrient
uptake and ultimately mung bean productivity during
both experimental years.

Discussion

The current investigation demonstrates that foliar appli-
cation of Fe and phosphorus fertilization are important
for improving the growth and productivity of mung bean.
The application of micronutrients, including Fe, has

been widely reported to enhance photosynthetic efficacy,
chlorophyll production and enzymatic activity which
facilitates better nutrient translocation and metabolic
activity during the reproductive of legumes [44, 45]. Iron
is particularly significant in nitrogen fixing crops such as
mung bean as it plays a role in the synthesis and activ-
ity of nitrogenase enzymes which are essential for effec-
tive biological nitrogen fixation and overall plant vitality
[46]. Iron plays a critical component of both nitrogenase
enzyme complex and the oxygen- buffering heme protein
leghemoglobin within root nodules. By supporting these
functions, adequate iron enhances symbiotic nitrogen
fixation, which promotes sustained chlorophyll synthe-
sis, delays leaf senescence and increases the allocation
of nitrogenous assimilates to developing seeds which are
direct determinants of mung bean yield [25]. Phospho-
rus also plays a crucial role in legume growth by serv-
ing as a source of energy transfer (ATP), carbohydrate
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metabolism and facilitating the partitioning of assimilates
to developing seeds. Adequate phosphorus level pro-
motes root development, nodule development and bio-
mass accumulation, all of which are critical for vegetative
and reproductive growth in mung bean [31, 47]. Phos-
phorus improves yield mainly by enhancing root develop-
ment and nodulation efficiency in legumes. Stronger root
systems improve nutrient uptake, while better nodulation
increases biological nitrogen fixation, supporting repro-
ductive growth and seed filling [48]. who reported that
increased root nodulation and seed yield in mung bean
with phosphorus up to 80 kg ha™, while [49] also found
improved growth and yield components with phospho-
rus application. These support the present findings that
phosphorus driven improvements in root and nodula-
tion traits lead to higher yield. The complimentary rela-
tionship between Fe and P indicates that their combined
application can synergistically enhance physiological and
biochemical functions resulting in increased growth,
improved assimilate allocation and higher yield.

The current results indicate that Fe and P fertilization
are both vital in improving the physiological functioning
of mung bean. The foliar application of micronutrients,
especially Fe enhanced chlorophyll synthesis, photosyn-
thetic efficiency and enzymes activities all of which con-
tribute to improved energy capture and the translocation
assimilation to actively growing tissues [13, 50]. The role
of Fe in legumes is particularly crucial as it is involved in
nitrogen fixation and supports the function of the nitro-
genase and leghemoglobin, thereby promoting plant
health and chlorophyll retention [51]. Phosphorus exerts
a complementary effect by enabling energy production
through ATP synthesis, supporting nitrogen fixation in
root nodules and facilitating the development of roots
and photosynthetic tissues. Adequate P supply enhances
assimilate partitioning and biomass accumulation both
of which are essential for sustaining crop growth and
increasing crop growth rate and chlorophyll content [52].
The observed in increases in CGR can be attributed to
increased photosynthetic activity and the efficient trans-
portation of energy and metabolites to growing parts,
demonstrating the combined influence of macro and
micronutrient nutrition on plant growth. The synergis-
tic effect of Fe and P shows the importance of balanced
nutrient management for mung bean growth particularly
in calcareous and alkaline soils where nutrient availability
is often limited. Foliar application of Fe and P fertiliza-
tion significantly influenced nitrogen accumulation in
both mung bean seed and straw, underscoring the impor-
tance of balanced nutrient supply in legume nitrogen
metabolism. An adequate supply of Fe promotes nodule
development and nitrogenase activity, thereby enhanc-
ing the uptake of atmospheric nitrogen and its subse-
quent incorporation into plant tissues [53]. The higher
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nitrogen concentrations observed in seeds and vegetative
parts under Fe application can be attributed to improved
nodulation, enhanced enzymatic activity, and increased
nitrogen assimilation rates in mung bean plants [54, 55].
Sufficient P supply stimulates root growth, enhances rhi-
zobial activity in nodules, and improves nutrient uptake
and translocation within the plant. Given that nitrogen
fixation is an energy-intensive process requiring sub-
stantial ATP, an adequate phosphorus supply supports
efficient nodule function and increases nitrogen concen-
trations in plant tissues. The beneficial effect of P on seed
nitrogen content may also be associated with improved
assimilate partitioning and enhanced transport of nitrog-
enous compounds to developing grains. The positive
interaction between Fe and P is evident in the simultane-
ous increase in nitrogen uptake by both seed and straw
following their combined application. Iron supports
enzymatic reactions involved in nitrogen fixation, while
P maintains the energy supply and root development
necessary for efficient nutrient uptake and translocation.
Previous research on mung bean has similarly shown
that integrated micronutrient and phosphorus nutrition
enhances nodulation, nitrogen fixation, and overall nitro-
gen content in plant tissues [56].

When applied foliar, Fe is directly absorbed and trans-
located within the plant, thereby increasing its concentra-
tion in developing seeds. The observed increase in seed
Fe content following foliar treatment can be attributed to
enhanced micronutrient uptake efficiency, greater trans-
location from source tissues to grains and heightened
physiological activity during reproductive development.
Similar studies on mung bean have reported that foliar Fe
application significantly increases seed Fe concentration
and improves grain nutrient composition by enhancing
nutrient mobility and assimilation within plant tissues
[57, 58]. This is further corroborated by [59] who dem-
onstrated that various Fe application methods including
foliar sprays, effectively enhanced Fe biofortification in
mung bean and by [20], who showed that combined foliar
application of Fe with boron and zinc markedly increased
grain Fe levels and overall nutritional quality. Phospho-
rus nutrition can also influence Fe accumulation through
nutrient interactions in the soil-plant system. Elevated P
concentrations can promote the formation of insoluble
Fe-phosphate complexes in the soil or within plant tis-
sues, thereby limiting Fe uptake and its translocation to
developing grains. Physiological and molecular evidence
has demonstrated that P-Fe interactions are important
in regulating nutrient homeostasis in plants, with high P
supply potentially inhibiting Fe acquisition and reducing
its accumulation in plant tissues [60, 61]. A recent genetic
study in mung bean identified VrYSL3, a transporter gene
that facilitates iron distribution within the plant under
iron-limited conditions, often induced by high phosphate
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availability in calcareous soils [62]. This finding provides
molecular evidence that mung bean possesses a specific
iron-handling mechanisms whose function or regula-
tion may be directly comprised by elevated phosphorus,
explaining the antagonistic effect of seed iron accumula-
tion observed here.

Sufficient P supply enhances root growth, nutrient
uptake efficiency, and the translocation of assimilates to
developing seeds, ultimately leading to higher phospho-
rus concentrations in grain tissues. Previous studies on
mung bean have similarly reported that increased phos-
phorus application significantly enhances grain P con-
centration by improving nutrient uptake and internal
transport [63, 64, 65]. At moderate P levels, agronomic
phosphorus efficiency tended to increase, likely because
plants utilized moderately available phosphorus more
productively, whereas higher application rates were less
effective due to phosphorus fixation in calcareous soils.
In alkaline soils, precipitation of applied P with calcium
compounds is common, which reduces P availability for
plant uptake and diminishes P-use efficiency [66, 67, 68].
Similarly, high pH and bicarbonate in these calcareous
soils reduce iron solubility, while calcium fixes phospho-
rus as insoluble Ca-phosphates. Foliar Fe bypasses this
soil-mediated immobilization by delivering iron directly
to leaves and soil applied P supplies sufficient orthophos-
phate for root and nodule development despite partial
fixation. The observed improvements can thus be attrib-
uted to these amendments overcoming the inherent
nutrient constraints of calcareous soils [69].

A practical strategy for mung bean growers in calcare-
ous soils is to combine soil applied phosphorous (60 kg
ha!) with a 0.4% foliar iron spray at early vegetative stage.
This approach is supported by [70, 71], who reported
that P fertilization improved yield in P-deficient soils
and a recent study confirming that foliar Fe is the most
effective method for enhancing chlorophyll content and
grain yield in mung bean [13]. In severely deficient field,
increasing the rates to 90 kg P ha™ and 0.6% Fe can fur-
ther boost grain iron enrichment and overall productivity
[16]. A more detailed consideration of the study limita-
tions, including potential spatial variability in soil prop-
erties, environmental influences during the experimental
period and the short-term nature of the field trial, would
provide a more comprehensive and balanced interpreta-
tion of the findings while improving the understanding of
their broader applicability under diverse agroecological
conditions.

Conclusion

It can be concluded that foliar application of 0.4% Fe
combined with 60 kg P ha™"! significantly enhances mung
bean yield and profitability, while application of 0.6%
Fe combined with 90 kg ha™! P increased the nutrient
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accumulation. These findings suggest that integrated
application of Fe foliar spray and phosphorus fertiliza-
tion can be adopted as an effective nutrient manage-
ment strategy to improve mung bean productivity and
nutrient use efficiency in calcareous soils but also pro-
vides insights for developing sustainable biofortification
strategies in other legume and field crops grown under
micronutrient-deficient conditions and further studies
evaluating nutrient bioavailability and anti-nutritional
factors are needed for a complete assessment of bioforti-
fication efficacy. The use of 0.4% Fe combined with 60 kg
P ha™! may help farmers achieve higher yields under alka-
line soil conditions where Fe and P availability are often
limited. However, these findings should be further vali-
dated through multi-location field trials across soil types
and agro-climatic conditions to ensure their broader
applicability and stability under variable environmental
conditions.
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