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Potassium augments growth, yield,
nutrient content, and drought
tolerance in mung bean (Vigna
radiata L. Wilczek.)

Mohammad Rafiqul Islam?, Umakanta Sarker?”’, Mohammad Golam Azam?,
Jamil Hossain3, Mohammad Ashraful Alam*, Riaz Ullah®, Ahmed Bari®, Nazmul Hossain’,
Ayman El Sabagh® & Mohammad Sohidul Islam?®

Uneven rainfall and high temperature cause drought in tropical and subtropical regions which is a
major challenge to cultivating summer mung bean. Potassium (K), a major essential nutrient of plants
can alleviate water stress (WS) tolerance in plants. A field trial was executed under a rainout shelter
with additional K fertilization including recommended K fertilizer (RKF) for relieving the harmful
impact of drought in response to water use efficiency (WUE), growth, yield attributes, nutrient
content, and yield of mung bean at the Regional Agricultural Research Station, BARI, Ishwardi, Pabna
in two successive summer season of 2018 and 2019. Drought-tolerant genotype BMX-08010-2 (G1)

and drought-susceptible cultivar BARI Mung-1 (G2) were grown by applying seven K fertilizer levels
(KL) using a split-plot design with three replications, where mung bean genotypes were allotted

in the main plots, and KL were assigned randomly in the sub-plots. A considerable variation was
observed in the measured variables. Depending on the different applied KL and seed yield of mung
bean, the water use efficiency (WUE) varied from 4.73 to 8.14 kg ha™ mm™. The treatment applying
125% more K with RKF (KL,) under WS gave the maximum WUE (8.14 kg ha™ mm™1) obtaining a seed
yield 0f 1093.60 kg ha™. The treatment receiving only RKF under WS (KL,) provided the minimum
WUE (4.73 kg ha™ mm™) attaining a seed yield of 825.17 kg ha™!. Results showed that various
characteristics including nutrients (N, P, K, and S) content in stover and seed, total dry matter (TDM) in
different growth stages, leaf area index (LAl), crop growth rate (CGR), root volume (RV), root density
(RD), plant height, pod plant™, pod length, seeds pod?, seed weight, and seed yield in all pickings
increased with increasing K levels, particularly noted with KL,. The highest grain yield (32.52%) was
also obtained from KL, compared to lower K with RKF. Overall, yield varied from 1410.37 kg ha™! using
281 mm water (KL,; well-watered condition with RKF) to 825.17 kg ha™* using 175 mm water (KL,). The
results exhibited that the application of additional K improves the performance of all traits under WS
conditions. Therefore, mung beans cultivating under WS requires additional K to diminish the negative
effect of drought, and adequate use of K contributes to accomplishing sustainable productivity.

Grain legumes contribute a significant role in the world economy through improved nutritional safety and soil
health, especially in developing countries as they are rich in protein sources and nitrogen-fixing ability to the
soil?. Mung bean (Vigna radiata L. Wilczek) subjected to one of the major annual grain legume crops?, accounts
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for 5% of the total world production of pulses*. However, global mung bean production is threatened by drought
stress that leads to a reduction in growth and yield, particularly in tropical and subtropical regions where scarcity
of water due to uneven rainfall is a common phenomenon®. High solar radiation and large temperature swings
during the mung bean growing season (March-May) act as a double whammy, intensifying drought stress on
the crop®. Also, the temperatures of more than 35 °C and straight solar radiation owing to global climate change
are confirming injurious to summer sown mungbean that experiences suppression of growth in different devel-
opmental parts’. The spectrum of plant reactions to drought varies widely across different crops and stages of
growth, shaped by the severity and persistence of water scarcity®.

Drought stress during critical growth phases significantly hampers mungbean growth and yield. It initially
reduces stomatal conductance, stem elongation, leaf size, and root growth, consequently reducing nutrient
uptake and resulting in a decline in grain yield®. This stress adversely affects yield components such as pod and
seed numbers, along with individual seed weight'’. Furthermore, it lowers plant height, dry weight, chlorophyll
content, and essential nutrient levels like nitrogen (N), phosphorus (P), potassium (K), and sulfur (S)'. Drought
also disrupts mineral uptake and N fixation in legumes'®'*. Seed filling, a crucial stage for plant development,
is compromised by drought and heat stress, triggering premature senescence and shortening the seed-filling
period'*. These stressors interfere in assimilate remobilization and cause alterations in protein levels and amino
acid concentrations within seeds'.

Drought stress leads to significant changes in the internal chemical bonding and reduces the yield by up to
70%'. Besides, tolerance to adverse environments is very difficult, because of complex interactions between
stress factors and different physio-biochemical, and molecular occurrences motivating plant enlargement and
expansion'’. Drought disturbs the development of plant phenology'®, growth'®, leaf area®, and productivity*!
by alteration of various bio-physiological activities??. These activities mimicked drought conditions by induc-
ing osmotic stress®® and overproduction of reactive oxygen species (ROS)*, ultimately leading to oxidative
damage, a natural consequence of stress*>. Osmotic stress in plants changes morphology?, protein*’, mem-
brane damage?, nutrient imbalance?, many enzymatic antioxidants**non-enzymatic antioxidants**-*, stomatal
closer, and opening®® which can manage the adverse impact of abiotic stresses. It also hampers the plant water
relation®** and nutrient uptake® resulting in low growth and yield response,

Nutritional deficiency can retard plant growth and development, cause plant damage, and ultimately lead
to yield reduction. To attain maximum yield and quality, it is necessary to supply adequate nutrients in regard
to crop demands”. On the contrary, suitable genotypes/verities and good crop management including proper
fertilizer management are responsible for high productivity in mung bean?. Potassium assumes a crucial role,
both directly and indirectly, among applied nutrients, particularly under various stress conditions, and it a vital
part in important plant mechanisms like photosynthesis, respiration, synthesis of protein, and stimulation of
enzymes, which are strongly correlated with the overall growth and yield of crops**°, as well as their resistance
against the different diseases and pests*'. Additionally, K contributes to the preservation of water absorption
and osmotic potential, exerts a positive influence on stomatal closure*?, enhances WUE*, and improves the
water relations of the plant** and these combined effects contribute to improve the tolerance of plants to water
stress (WS)*. However, the K level in our soils is being depleted day by day due to practices of intensive crop-
ping systems as well as the use of modern high-performance crop varieties, so far there is no alternative basis to
restock it into the soil. The use of substantial amounts of K is noted as a decreasing factor in WS environments,
and its consumption has positive effects in alleviating the adverse impacts associated with that condition*, It
aids in facilitating the transport of different mineral compounds (NO;~, PO;™, Ca?", Mgz*), amino acids, and the
movement of water, and its uptake decreased when the K supply deviates from the optimal amount*. Hence,
yield-limiting effects under WS conditions can be overcome through rising K application *®. To improve soil
moisture, optimize nutrient content, and achieve a substantial yield in WS environments, it is essential to imple-
ment suitable management options including the adequate use of fertilizer.

Potassium fertilization significantly enhances the yield and quality of mung bean plants. Studies indicate that
applying K fertilizers increases seed yield, protein content, and important yield components like thousand seed
weight, plant height, seeds per pod, and first pod height**’. Different levels of K application improve growth
parameters, yield attributes, seed and haulm yields, and economic returns'. Optimal results, such as the highest
protein content in seeds and maximum apparent K recovery efficiency, are achieved with specific K application
rates®. Potassium plays a crucial role in protein formation, and the application of K has a positive impact on the
growth of mungbean®>**, Overall, the proper use of K enhances productivity, quality, and nutrient content, and
contributes to soil fertility maintenance in mung bean cultivation.

The preceding explanation strongly supports that drought poses a significant environmental challenge for
summer-sown mungbean. Consequently, implementing strategic K management under WS conditions has the
potential to greatly alleviate the negative impacts of drought stress on the development and productivity of
mungbean. Additionally, the application of specific K application levels, particularly through a recommended
K fertilizer (RKF) approach may improve WUE, total dry matter (TDM), leaf area index (LAI), crop growth
rate (CGR), root development and nutrient absorption, collectively contributing to improved crop performance
during drought stress. Furthermore, combining the use of tolerant genotypes with sufficient K fertilization
synergistically works to mitigate the detrimental effects of WS on the yield of summer-sown mungbean plants.
Thus, the study aims to observe the impacts of additional K fertilization for relieving the negative repercussions
of drought stress specifically examining WUE, growth, nutrient content, yield attributes, and overall yield of
summer mung bean cultivation.
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Results and discussion

Effects of additional K fertilizer with RKF on WUE of mung bean under WS condition

The variations of additional K fertilization with RKF can be related to patterns of soil moisture depletion (Fig. 1).
The rate of soil water depletion (SWD) was lower (51 mm) under KL, treatment than KL, (121 mm), indicating
to conservation of more soil moisture as compared to KL,. In addition, as the K level increases with RKF under
WS condition (KL;-KL,), the rate of SWD decreases simultaneously (Fig. 1). The results indicate that K improves
the soil moisture content. The highest total water use (281 mm) was exhibited in KL, followed by the KL, treat-
ment plot (174 mm). The total water use was reduced in KL, owing to declining soil moisture depletion. Based
on different K fertilizer concentrations and the mung bean seed production under different water regimes, the
WUE ranged from 4.74 to 8.16 kg ha™ mm™. With the highest WUE (8.16 kg ha™ mm™), the KL, treatment
produced a seed yield of 1093.60 kg ha™'. This observation may be attributed to the fact that the most efficient
use of water coincided with corresponding water consumption, leading to increased seed yield. Likewise, KL,
treatment provided the minimum WUE (4.74 kg ha™ mm™) attaining a seed yield of 825.17 kg ha! followed by
KL, (5.02 kg ha™! mm™). Notably, soil moisture stress severely affects the grain yield of mung bean, affecting the
WUE?, and heightened application of K (up to 175%) with recommended level alleviates this negative impact
through overcoming soil moisture stress®.

Effects of additional K fertilizer with RKF on growth traits of mung bean under WS condition
Total dry matter

The amount of light energy that the leaves efficiently catch and convert to chemical energy determines how much
TDM the plants produce. Enhancing mungbean productivity primarily hinges on optimizing TDM production
and ensuring its appropriate partitioning to reproductive organs'®. The TDM of both studied mung bean geno-
types exhibited an increase with the advancement of plant maturity (Fig. 2). Under KL,, the TDM considerably
declined as compared to KL,. However, the G1 genotype produced a higher TDM in response to WS across the
respective growth stages, whereas it was comparatively lesser in G2 (Supplementary Table S1). This disparity
could be attributed because the G1 genotype exhibited a higher LAT under WS conditions compared to that of G2,
resulting in increased interception of light energy and subsequent conversion into higher TDM. The outcomes
further exposed that TDM steadily increased with the rising K levels ranging from 25 to 125% (KL;-KL,) in
comparison to KL,, and the highest increment of TDM accounting to 15, 25, 21, 31, 33, and 40%, were recorded
with KL, at the measured growth stages, respectively, surpassing those of KL,. The use of adequate K fertilizer
exhibited a significantly positive relationship with dry matter accumulation, as reported in an earlier study*.

Leaf area index

One of the growth markers, LAI, regulates the overall absorption of light energy by plants and serves as an indi-
cator of crop yield. The increase in dry matter production and the capture of solar radiation inside the canopy
is closely associated with the rising LAI Therefore, a decline in LAT is mirrored by a reduction in dry matter
production *’. In a similar vein, Dwyer and Stewart®® found that crop light interception is significantly influenced
by leaf area, which in turn has a significant impact on crop productivity. In the current investigation, the LAI
grew steadily in both genotypes until the first pod color change stage (55 DAS), at which point it dramatically
decreased as a result of certain leaves senescing. (Fig. 3). The mung bean genotypes significantly reduced the
LAI under KL, compared to KL,, and the reduction of LAI under KL, might be due to the diminished WUE.
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Figure 1. Effect of additional potassium (K) fertilization with RKF on the WUE of mung bean under WS

(KL, =WW +RKF (18 kg K ha™); KL, = WS+ RKF; KL; = WS + RKF + 25% additional K; KL,= WS+ RKF + 50%
additional K; KL;= WS+ RKF +75% additional K; KLs=WS+ RKF + 100% additional K; KL, =WS+RKF + 125%
additional K; IR irrigation schedule, SWD soil water depletion, TWU'total water use, WUE water use efficiency.
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Figure 2. Effect of additional K fertilization on the TDM (g plant™) at different pheno-phages of mung bean
genotypes under WS (KL, =WW +RKF (18 kg K ha™!); KL, = WS+ RKF; KL; = WS+ RKF +25% additional K;
KL,;=WS+RKF +50% additional K; KL;=WS + RKF + 75% additional K; KL;=WS +RKF +100% additional K;
KL,=WS+RKF +125% additional K; Values within the bars having different letter(s) differed significantly at 5%
level of probability as per LSD.
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Figure 3. Effect of additional K fertilization on the LAI (cm? cm™) at different pheno-phages of mung bean
genotypes under WS (KL, =WW +RKF (18 kg K ha™!); KL, = WS+ RKF; KL; = WS+ RKF + 25% additional K;
KL,=WS+RKF +50% additional K; KL;=WS + RKF +75% additional K; KL;=WS+RKF + 100% additional K;
KL,=WS+RKF +125% additional K; Values within the bars having different letter(s) differed significantly at 5%
level of probability as per LSD.

However, the extreme LAI was recorded in the G1 genotype, and the least was noted in genotype G2 at the trifoli-
ate stage of the leaf (20 DAS). The application of additional K fertilizer under stress conditions had a significant
effect on the LAI As regards, increasing K fertilizer by 25, 50, 75, 100, and 125% in stress treatment significantly
increased the LAI and the maximum LAI was recorded with the highest K level (125%) at all the growth stages
(Fig. 3). The adequate soil moisture after K treatment, leading to increased leaf area and dry weight, was the
primary factor contributing to a discernible rise in LAI at the various growth phages. Genotype G1 performed
better regarding LAI under KL;-KL, treatment than G2, and KL, in both genotypes produced the highest LAI
from 20 DAS to the final harvest (Supplementary Table S2). WS is more prominent and affects crop phenology
and leaf growth and development'®*® which ultimately turns or decreases the leaf area®. The results are also

Scientific Reports |

(2024) 14:9378 | https://doi.org/10.1038/s41598-024-60129-z nature portfolio



www.nature.com/scientificreports/

consistent with those of Nisha et al.®!, who found that under stress circumstances at various development stages,
WS significantly decreased the leaf area whereas K fertilizer enhanced the leaf area.

Crop growth rate

The dry matter buildup at various stages of development was used to determine CGR. In both genotypes, the
CGR grew progressively up to 55 DAS before declining at harvest (Fig. 4). The halt of vegetative development, the
loss and senescence of leaves, and the reduction in LAI at later growth stages are the causes of the CGR decline
after 55 DAS. These factors may have also decreased the photosynthetic efficiency and, eventually, the dry matter
accumulation rate””. The CGR under KL, was reduced significantly compared to KL, in mung bean genotypes at
different stages of life span. The use of additional K fertilizer with KL, (KL;-KL,) showed a considerable response
to the CGR. The highest level of K (KL, 125%) produced the maximum CGR at all the growth stages ranging from
0.0046-0.0402 g day™! plant™, as compared to KL,. The favorable reaction of CGR to plants and the acceleration
of photosynthetic activity might be the cause of the rise in CGR seen with increased K fertilizer. The growth
of the G1 genotype was higher than G2 at all sampling dates in this study (Supplementary Table S3). After the
trifoliate leaf stage (20 DAS) to 55 DAS, the higher CGR was recorded in the G1 genotype than in genotype G2.
This might have been caused by higher LAI in G1 genotype which reflected higher TDM and CGR. The results
are corroborated with earlier findings where noticed that a sufficient supply of K can augment the crop growth
(total dry mass accumulation) under drought stress in contrast to lesser K levels®?.

Root volume and Root density

Root growth (root volume and density) is a key factor for plant tolerance to WS as it is the main engine to meet
the transpirational demand and plays a significant role in facilitating water availability to plants. The present
study revealed that mung bean plants subjected to KL, treatment exhibited a significant diminution in their
root growth in the soil environment when compared to KL,. Additional K fertilization at the rate of 25, 50, 75,
100, and 125% (KL;-KL,) with KL, considerably increased the root growth, and KL, showed the highest root
growth (Fig. 5). It might be due to increasing K fertilizer accelerating the development of lateral and secondary
roots which leads to an increase in RV as well as density. Nisha et al.*! also showed that in mung beans grown
under WS conditions, there was an increase in root development with the rise in K content. The results are also
consistent with the findings of Dhole et al. (mung bean)® and Sharma et al. (moth bean)®, who discovered that
a decrease in water potential corresponded with a reduction in the number of roots per plant. Additionally, it
was shown that increasing the K supply to promote root development resulted in an increased in the root surface
area®. Between the genotypes, G1 recorded more advanced root growth than G2 concerning water status (stress
and non-stress) and K fertilization. This clearly demonstrates that G1 is WS tolerant and G2 is susceptible.

Effects of additional K fertilization with RKF on the yield contributing traits and yield of mung
bean under WS condition

Plant height (cm)

Mung bean genotypes, elevated K levels, and the interplay between genotypes and K levels all had a substantial
impact on plant height (Table 1 and Supplementary Table S4)). The mung bean genotype G1 produced taller
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Figure 4. Effect of additional K fertilization on the CGR (g day™! plant™) at different pheno-phages of mung
bean genotypes under WS (KL, = WW + RKF(18 kg K ha™'); KL, =WS + RKF; KL; = WS + RKF +25% additional
K; KL,=WS+RKF +50% additional K; KL;=WS + RKF + 75% additional K; KL;=WS + RKF + 100% additional
K; KL, = WS +RKF +125% additional K; Values within the bars having different letter(s) differed significantly at
5% level of probability as per LSD.
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Figure 5. Effect of additional K fertilization on the RV and RD at harvest under mung bean genotypes

under WS (KL, =WW +RKF(18 kg K ha™!); KL,= WS + RKF; KL, = WS + RKF + 25% additional K;
KL,=WS+RKF +50% additional K; KL;=WS + RKF + 75% additional K; KL;=WS +RKF + 100% additional K;
KL,=WS+RKF + 125% additional K; Values within the bars having different letter(s) differed significantly at 5%
level of probability as per LSD.

Treatments | Plant height (cm) Pods plant™ (no.) | Pod length (cm) Seeds pod! (no.)
Potassium fertilization levels (KL)

KL, 56.87a 20.52a 8.11a 11.50a
KL, 37.07d 9.95f 5.56d 6.72g
KL; 37.35d 10.98e 6.27¢ 7.63f
KL, 42.30c 13.28d 6.54bc 8.01le
KL; 43.42¢ 14.72c 6.64bc 8.73d
KL 48.82b 15.45bc 6.92b 9.80c
KL, 50.07b 16.13b 7.08b 10.53b
CV (%) 3.96 2.18 9.07 4.45
LSD (0.05) 1.59 0.85 0.54 0.36
Genotypes

Gl 47.54a 15.56a 7.83a 10.25a
G2 42.71b 13.31b 5.63b 7.73b
CV (%) 4.26 5.18 9.28 6.67
LSD (0.05) 0.85 0.33 0.28 0.26
Interactions

KLxG il * ‘ ns *

Table 1. Effects of additional K on the yield contributing traits at harvest of mung bean genotypes
under WS (average of 2018 and 2019). KL, =WW + RKF(18 kg K ha™!); KL, = WS+ RKF(18 kg K ha™');

KL;=WS+RKF +25% additional K; KL,= WS + RKF + 50% additional K; KL; = WS+ RKF + 75% additional

K; KLg=WS +RKF +100% additional K; KL,=WS + RKF + 125% additional K; LSlevel of significance,
nsnonsignificant at P=0.05. *Significant at P =0.05; ***significant at P <0.001; values within the same column
having different letter(s) differed significantly at 5% level of probability as per LSD.

plants while G2 produced shorter plants in all conditions. WW plants treated with RKF treatment (KL,) gave
the tallest plant whereas the shortest plant was noted in WS with RKF treatment (KL,). The reduction in plant
height under drought stress may be attributed to hormonal imbalances, specifically disruptions in cytokinin and
abscisic acid levels affecting growth by altering cell wall extensibility, as well as plant dehydration, which might
have contributed to decreased relative turgidity leading to turgor loss, decreased cell expansion, and decreased
cell division®. Increasing K levels (25, 50, 75, 100, and 125%) with KL, (KL;-KL,) significantly increased the
plant height which was 1, 14, 17, 32, and 35%, respectively. However, KL, showed the tallest plant. The increased
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plant height under greater K levels may be related to the soil’s adequate K content, which promoted plant cell
division and expansion and significantly increased plant height. The findings align with Das® research, suggesting
that K fertilizer treatment may cause a significant rise in plant height by strengthening the stem and enhancing
plant vigor. This is further supported by the observation that a lower root shoot ratio associated with reduced K
absorption, resulted in minimal plant height in plots without K application, as noted by Rahman et al.% .

Pods plant™

The outcome showed that mung bean genotypes, K levels, and their interaction influenced the pods plant™
(Table 1 and Supplementary Table S4). WS drastically reduced the number of pods plant™ in both the geno-
types compared to WW conditions. The KL, treatment gave the highest pods plant™! whereas the minimum
pods plant! was noted in the KL, treatment. Mamun et al.*’ found higher pods plant™ in soybean by applying
K which is corroborative to the current results. In this study, increasing K fertilizer with RKF in WS (KL;-KL,)
significantly increased the pods plant™ by 10, 33, 48, 55, and 62%, respectively. However, the mung bean plants
received K 125% (KL,) and produced the maximum number of pods plant™. The availability of K in drought-
prone soil perhaps promoted the growth and metabolic activity which increased the number of pods plant™. A
higher number of pods plant™ was recorded in the G1 genotype than in the G2 genotype (Table 1). It was also
observed that under the KL, treatment number of pods, plant™ reduced by 50 and 53% as compared to KL, in
G1 and G2 genotypes, respectively. This finding was consistent with mungbean and cowpea by Pandey et al.”’.
The increase in the pods plant™! was mainly associated with increased plant height. Similar results were observed
by Tariq et al.”! who reported that K application significantly increased the number of pod bearing, branches
plant™, and seed yield in mung bean.

Pod length (cm)

WS condition (KL,) significantly reduced the pod length in both the genotypes compared to WW condition
(KL,). Rising K fertilizer at the rate of 25, 50, 75, 100, and 125% with RKF under WS conditions (KL;-KL,)
significantly increased the pod length by 13, 18, 19, 24, and 27%, respectively. Mung bean plants that received
125% additional K (KL;) produced the longest pod, compared to those subjected to lower K levels. Sufficient K
in water-stressed soil contributed to the maintenance of better water status and crop growth which might have
enhanced the pod length. In between the genotypic performance, the extended pod length was noted in the
G1 genotype and shorter in G2 (Table 1). Previous studies also noted a significant effect of K on pod length®.

Seeds pod™!

Under WS (KL,), the seeds pod™! significantly decreased from 11.50 to 6.72; this reduction was recorded as
41.57% when compared to KL, (Table 1). The results of this study showed that K has a significant effect on the
number of seeds pod™". Application of additional K (KL;-KL;)under WS considerably increased the seeds pod™
from 7.63 to 10.53, with the recorded increments of 14, 19, 30, 46, and 57%, respectively. The increase in seeds
pod! was mostly linked to longer pod length and increased plant height, attributed to the greater K supply 7.
Furthermore, the presence of sufficient K in the root zone helped in maintaining a higher moisture level (Table 1),
higher TDM, and crop growth (Figs. 2 and 4) which might be enhanced by longer pod length and number of
seeds pod™!. The results also suggested that the experimental soil had a medium level of K and the application
of higher K doses perhaps increased the seeds pod™'. The number of seeds pod™! varied remarkably between
the genotypes, and the G1 genotype showed superiority by producing the number of seeds pod™! compared to
the genotype G2 which recorded a lower seeds pod™" as shown in Table 1. The interaction between K levels and
genotypes also demonstrated significant differences (Supplementary Table S4). The observed difference in the
seeds pod™! between genotypes may be attributed to their distinct genetic compositions. According to the results
of Jamil et al.”%, seeds pod™ was found to increase with an increased supply of K.

Thousand seed weight (g)

Thousand seed weights (TSW) of respective harvesting time, as well as their average value, were significantly
varied by mung bean genotypes, K levels, and their interaction (Table 2 & supplementary Table S4).). The TSW
also varied with the picking times as the first picking was followed by the second and the third picking. The treat-
ment KL, (WS) significantly reduced the TSW at all picking times as well as the average TSW in both genotypes.
Additional K fertilization (KL;-KL,)in stress conditions led to an increase in TSW across all the harvesting
times and the average TSW. However, KL, resulted in a 13.50% higher increase in TSW over KL,. Between the
genotypes, G1 consistently gave higher TSW in all the picking times as well as their average TSW data than G2.
The higher grain weight in the G1 genotype might be due to variations of genetic makeup as well as enhanced
assimilate translocation to the grain during the grain-filling period. Data showed that KL, treatment decreased
the TSW by 13 and 19% compared to KL, in G1 and G2, respectively. However, treatment KL,;-KL; increased the
substantial amount of TSW by 2.36, 5.07, 7.21, 8.20, and 9.32% in G1 and 7.27, 13.07, 14.80, 17.85, and 18.44%
in G2, respectively. The results revealed that the G2 genotype (stress susceptible) responds more favorably to K
fertilizer than the G1 genotype (moderate stress-tolerant) with respect to increased TSW under WS conditions.
The study’s findings are consistent with past research showing that seeds from plants deficient in K are often tiny,
shriveled, and more susceptible to disease, and that seed quality can be improved by applying an appropriate
quantity of K’*. According to Nejat et al.”>, WS applied to maize during the blooming stage decreased the grain
weight by 19%. It is noted that the maturity stage has a substantial impact on grain weight, and WS applied at a
later development stage may dramatically decrease TSW7S.
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Treatments ‘ 1st picking 2nd picking 3rd picking Average
Potassium fertilization levels (KL)

KL, 37.39a 36.72a 31.98a 35.37a
KL, 30.76f 30.30f 28.06d 29.71f.
KL, 32.37e 31.47e 29.40¢ 31.08e
KL, 33.90d 33.38d 29.63bc 32.30d
KL; 34.48¢ 34.24c 29.93bc 32.88¢
KL 35.30b 34.98b 30.08bc 33.45b
KL, 35.55b 35.19b 30.41b 33.72b
CV (%) 1.34 2.20 3.13 1.47
LSD (0.05) 0.41 0.66 0.83 0.43
Mung bean genotypes

Gl 36.28a 35.74a 31.03a 34.35a
G2 32.21b 31.76b 28.82b 30.93b
CV (%) 1.84 3.51 2.99 2.41
LSD (0.05) 0.28 0.52 0.39 0.35
Interactions

KLxG * * * *

Table 2. Effect of additional K fertilization with RKF on the thousand seed weight (g) of mung bean genotypes
under WS (average of 2018 and 2019). KL, =WW +RKF (18 kg K ha'); KL,=WS+RKF (18 kg K ha'');
KL;=WS +RKF +25% additional K; KL,=WS + RKF + 50% additional K; KL; = WS+ RKF + 75% additional K;
KLg=WS +RKF + 100% additional K; KL,=WS +RKF + 125% additional K; LSlevel of significance. *Significant
at P<0.05; RKF = RKF; values within the same column having different letter(s) differed significantly at 5%
level of probability as per LSD.

Seed yield

Seed yield significantly varied by mung bean genotypes, increasing K levels and their interaction (Table 3 and
supplementary Table S5). At WW treatment (KL,) the maximum seed yield was found in the third picking fol-
lowed by the first picking and the second picking. But in the first picking, the highest seed yield was gained in
the rest of the treatment (KL,-KL,) followed by the third picking and the second picking. In the case of all the
harvesting times and average yield, increased K fertilizer with RKF in stress conditions increased the seed yield.

Treatments 1st picking 2nd picking 3rd picking Average
Potassium fertilization levels (KL)

KL, 458.72a 410.44a 541.22a 1410.37a
KL, 317.39¢ 240.91d 266.87d 825.17¢
KL; 381.03b 279.46bc 284.75d 945.24d
KL, 385.99b 264.93cd 337.33¢ 988.24d
KL; 385.36b 285.17bc 329.55¢ 1000.08cd
KLg 390.44b 286.84bc 380.09b 1057.37bc
KL, 409.90b 300.90b 382.69b 1093.50b
CV (%) 9.39 11.17 10.21 6.48

LSD (0.05) 32.55 29.37 32.72 60.23
Genotypes

Gl 264.52a 402.44a 458.08a 1125.04a
G2 515.14b 188.60b 262.64b 966.38b
CV (%) 5.66 7.28 5.81 4.45

LSD (0.05) 9.72 9.48 9.23 20.47
Interactions

KLxG ok hk ok ok

Table 3. Effect of additional K fertilization with RKF on the seed yield (kg ha™') of mung bean genotypes
under WS (average of 2018 and 2019). KL, =WW + RKF(18 kg K ha™!); KL, = WS+ RKF (18 kg K ha™');
KL;=WS+RKF +25% additional K; KL,= WS + RKF + 50% additional K; KL; = WS+ RKF + 75% additional

K; KLg=WS +RKF +100% additional K; KL,=WS + RKF + 125% additional K; LSlevel of significance.
***significant at P <0.001; Values within the same column having different letter(s) differed significantly at 5%
level of probability as per LSD.
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However, higher average yield was obtained from increasing K levels (KL;-KL,) as compared to additional K
non-fertilized plots (KL,). The mung bean yield exhibited a notable increase of 32.52% when receiving 125% more
K (KL;) compared to the application of RKF alone (KL,) under WS conditions. Higher seed yield was obtained
from higher K levels due to maintaining better water relation, plant growth, LAI, TDM increasing plant height,
pods plant™ as well as lengthened pod development.

Between the genotypic means, G2 achieved the highest seed yield in the first picking followed by the third
picking and the second picking. In contrast, the highest seed yield for G1 genotype was observed in the third
picking, following the second and the first picking. However, overall higher seed yield was observed in G1, which
exhibited a 16% greater seed yield compared to G2. Fertilization of K at rates of 25, 50, 75, 100, and 125% more
(KL;-KL,) with RKF under WS (KL,) positively influenced the seed yield of both genotypes and is also noted
that the seed yield increased by 3.55, 8.72, 9.52, and 17.08, 23.30% in G1 and 29.88, 35.15, 37.48, 43.56, 45.37%
in G2, respectively. The results showed that the genotype G2 exhibited a better K response with respect to seed
yield increment under WS conditions than the G1 genotype. The increases in plant height, pods plant™, and pod
length were mostly linked to an increase in seed output.

According to earlier research, crop yield and quality are adversely affected by the low level of K in the soils””.
However, the impact of K on both the quantity and quality of beans was investigated, revealing a significant influ-
ence on grain output by positively affecting the number of pods and grains per pod’®. Furthermore, K treatment
has been shown to enhance the photosynthetic rate and increase the availability of other soil nutrients, which
raised seed yield”.

Correlation analysis

A common method for assessing the strength of the association between two or more variables is the correla-
tion matrix. Choosing a program based on the correlation matrix may be an excellent way to test for better
genotypes®. The correlation analysis results showed that almost every statistic had a significant link with every
other parameter (Fig. 6). For every variable under study, there was a strong positive association between seed
yield and each attribute. From this correlation study, the maximum significant positive correlation (" 0.90) was
recorded within the seed yield with RV (0.94), RD (0.92), and pods plant™ (0.92); RD with RV(0.93); RV with
pods plant™ and thousand seed weight with pod length and seeds pod™ (0.94), and plant height with pods plant™
(0.93). These results are in agreement with earlier findings 3%
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Figure 6. Correlation coefficients of yield contributing and growth traits with seed yield of mung bean
genotypes under different treatments. The deeper positive color scale signifies most of the treatment reactions,
whereas deeper negative stripes display less response. The deep green color presented a highly positive
relationship and the deep red color exposed a high negative association between traits. Likewise, decreasing
the color intensity, reducing the performance of the treatment in both the positive and negative ranges
(***significant at P <0.001; PH plant height, PPPpods plant™, PL pod length, SPP=seeds pod-1, TSW 1000-
seed weight, TDM total dry matter (at harvest), LAIleaf area index (55 DAS), CGR crop growth rate (55 DAS),
RVroot volume, RDroot density, SY seed yield.
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Effects of applied additional K fertilizer with RKF on nutrient content in mung bean stover and
seeds under WS condition

The nutrient content in mung bean stover and seeds was found significantly difference among the K levels and
genotypes (Table 4) but their interaction was observed with no significant variation (supplementary Table S6).

Nitrogen content

Under water stress (WS) conditions, N uptake by mung bean genotypes decreased significantly (Table 4). In the
present study, increasing K levels under WS, particularly up to 125% with RKF doses, gradually raised N content
in both mung bean stover and seed. The substantial increase in N content in both stover and seeds accounting
for 27.27% and 30.07% respectively, was observed with KL,, followed by the application of 100% additional K
(KLg), which resulted in increases of 19.70% and 23.79% respectively. On the other hand, N content in stover
and seed under KL, increased by 37.88 and 40.94% as compared to KL,.

A comparison between genotypes revealed that G1 outperformed G2 in N uptake. G1 exhibited higher N
content (0.96 and 0.71%; 9.11 and 6.63%) in stover and seeds compared to G2 (0.86 and 0.60%; 8.30 and 5.75%)
under both KL, and KL, treatments, respectively. The highest N content was recorded in the genotype G1 than
in G2 under both conditions and other treatments. Despite both genotypes showing reduced N content under
KL, compared to KL,, G1 experienced a lower reduction (26.04% in stover and 27.22% in seeds) compared to
G2 (30.23% in stover and 30.84% in seeds).

Water stress is known to cause a rapid buildup of free amino acids, leading to higher N content in plants .
The extended existence of water stress in soil hampers the movement of N, leading to a deficit in N availability *,
hampers plant development, and can cause chlorosis in peas®. Moreover, WS may lessen soil-N mineralization,
which would limit N availability®. A slower rate of transpiration affecting the transfer of N from roots to shoots
might potentially be the cause of a reduced N intake crop®”. The application of K fertilizer under water stress has
been shown to improve plant water relations, facilitating increased N absorption from soil and subsequently
higher N levels in plant tissue®.

Phosphorus content
The current study showed significant differences in P content in mung bean stover and seeds with additional
K fertilization (Table 4). The highest P content (0.17% in stover and 0.23% in seeds) was observed under KL,
treatment, while the lowest (0.15% in stover and 0.19% in seeds) was recorded in KL,. Additional K application
alongside RKF improved P uptake under WS (KL;-KL,), with the highest P content (0.17% in stover and 0.24%
in seeds) achieved with 125% additional K (KL,), followed by 100% additional K (KLy), representing increases
of 13.33% to 26.32% compared to KL, treatment.

The genotype G1 exhibited higher P content compared to G2, which might be due to the genetic makeup and
inherent capacity. WS negatively affected P uptake regardless of genotypes, with G2 showing a lower uptake under
RKF and WS conditions (KL,). The increase in K levels (25-125% with RKF; KL;-KL,) positively influenced

Stover Seed
Treatments N (%) P (%) K (%) S (%) N (%) P (%) K (%) S (%)
Potassium fertilization levels (KL)
KL, 091a 0.17a 1.60a 0.21a 8.71a 0.23a 2.01a 0.55a
KL, 0.66f 0.15d 0.93e 0.13e 6.18f 0.19b 1.48d 0.40d
KL, 0.69ef 0.15d 0.96e 0.13e 6.68¢ 0.20b 1.50d 0.43cd
KL, 0.73de 0.15d 1.10d 0.15d 7.00de 0.21b 1.64cd 0.47bc
KL, 0.75cd 0.16bc 1.13d 0.17¢ 7.18d 0.21b 1.68cd 0.52ab
KL 0.79¢ 0.16bc 1.26¢ 0.18bc 7.65¢ 0.23a 1.80bc 0.54a
KL, 0.84b 0.17a 1.39b 0.19b 8.10b 0.24a 1.94ab 0.56a
CV (%) 5.85 7.48 6.64 12.58 6.02 8.00 13.14 12.68
LSD (0.05) 0.04 0.011 0.071 0.019 0.39 0.015 0.20 0.056
Genotypes (G)
Gl 0.82a 0.16a 1.26a 0.17a 7.85a 0.23a 1.80a 0.51a
G2 0.71b 0.15b 1.13b 0.16b 6.86b 0.20b 1.64b 0.48b
CV (%) 7.41 10.64 11.03 14.84 8.96 16.87 11.94 11.14
LSD (0.05) 0.02 0.007 0.058 0.011 0.29 0.016 0.09 0.024
Interactions
KLxG ‘ ns ‘ ns ‘ ns ‘ ns ns ns ns ‘ ns

Table 4. Effects of additional K fertilization on the nutrient content in mung bean stover and seed (average
of 2018 and 2019). KL, = WW + RKF (18 kg K ha™'); KL,=WS + RKF; KL; = WS + RKF + 25% additional K;
KL,=WS+RKF +50% additional K; KL;= WS+ RKF + 75% additional K; KL;= WS+ RKF + 100% additional
K; KL,=WS +RKF + 125% additional K; LSlevel of significance, ns nonsignificant. *Significant at P <0.05;
**significant at P <0.01; ***significant at P <0.001, Values within the same column having different letter(s)
differed significantly at 5% level of probability as per LSD.
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P content in both stover and seeds under WS conditions which ranged from 0.15 to 0.17% in stover and 0.21
to 0.25% in seed for G1 and 0.15 to 0.16% in stover and 0.19 to 0.23% in seed for G2. It was noticed that WS
decreased Ca, Mg, and P concentrations in wheat plants®. The P contents significantly reduced under WS con-
ditions in rice genotypes and the reduction was lesser in tolerant genotypes than in susceptible ones®. Previous
research indicates that WS reduces P absorption and transport in plants’>*2, resulting in decreased P concentra-
tions in various crops, primarily because of little increase in aerial biomass®.

Potassium content

Potassium plays a vital role in plant physiology, acting as an osmotic regulator’ and balancing nutrient effects of
both N and P and thus, it is especially important in multi-nutrient fertilizer applications®. The K fertilizer levels
and varying variable moisture regimes significantly influenced the K content in mung beans (stover and seed)
(Table 4). The treatment KL, achieved the maximum K content in stover and seeds (1.60 and 2.01%) which was
72.04 and 35.81% more as compared to KL, treatment (0.93 and 1.48%). The K content in mung bean (stover
and seed) was significantly reduced by the WS plot (KL,). While, the application of additional K fertilizer at the
rate of 25, 50, 75, 100, and 125% (KL;-KL,) with KL, led to an increased the K content in mung bean stover and
seeds which ranged from 0.96 to 1.39% and 1.50-1.94%, respectively.

Between the mung bean genotypes, G1 was statistically more capable of gaining more K content compared
to G2 under both WW (KL,) and WS conditions (KL,). However, under KL,, the K content in both stover and
seed was statistically similar between the genotypes, with negligible variation (1.63 and 1.57%; 2.15 and 1.88%,
respectively). The genotype G2 experienced a significant decrease in K content, while G1 showed an increase
compared to the control. WS reduced K uptake by plants, but the application of additional K fertilizer under WS
conditions increased K uptake. Tolerant genotypes generally show higher K values®. WS reduced K concentration
in wheat genotypes but the tolerant ones were less affected as compared to WW ones””. Plants required more
internal K to recover from drought stress®, and K played a key role in the osmotic adjustment including stoma-
tal opening contributing to improved yield upon K application to plants®. Application of K to soil significantly
influenced N, P, K, protein, and Fe in faba bean'?’, promoting nutritional balance, and enhancing photosynthate
production and mineral element uptake 194102,

Sulphur content

The availability of S depends on soil moisture as reported by Itanna '°. However, under WS condition K increases
the plant and soil water status by improving the root architecture which enhances the water flow with different
nutrient elements from soil to plant parts. From this study, it was observed that the S content in mung bean
stover and seeds significantly varied with the variation in water regimes as well as increasing K level (Table 4).
The S content in mung bean stover and seeds showed 0.21 and 0.13%; and 0.55 and 0.40% under KL, and KL,
treatment, respectively. However, the addition of K at the rate of 25, 50, 75, 100, and 125% with RKF under WS
conditions (KL,) increased the stover and seeds’ K content.

Regarding mung bean genotypes, G1 exhibited a higher S content compared to G2 under both WW (KL,)
and WS (KL,) conditions with RKF. However, under KL, the stover and seed S content were statistically identical
between the genotypes. Additionally, the G1 genotype showed a lower S content than G2 under WS compared to
WW conditions. WS can induce modifications in the metabolism of amino acids and proteins '*. It is plausible
that S-deficient plants may experience these phenomena in response to WS.

103

Materials and methods

Site and test crop

A field experiment was executed under a rainout shelter at Regional Research Station, Ishwardi, Pabna, Bangla-
desh during two sequential summer seasons of 2018 and 2019 to determine the effect of additional K fertiliza-
tion in relieving the adverse effect of drought in response to WUE, growth, nutrient content, yield attributes
and yield of summer mung bean. The location was at 24.03° North latitude, 89.05° East longitude, and 16 m
altitude above the sea level under ‘High Ganges River Floodplain soil’ (Agro-ecological Zone-11) in Bangladesh.
Mung bean genotypes viz., BMX-08010-2 (WS-tolerant: G1) and BARI Mung-1 (WS-sensitive: G2) were used
in this experiment . BARI Mung-1 and BMX-08010-2 have released varieties and advanced breeding lines,
respectively developed from Pulses Research Centre and Regional Agricultural Research Station, Bangladesh
Agricultural Research Institute (BARI), Ishwardi, Pabna, Bangladesh. Experimental research and field studies
on mung bean including the collection of mung bean seeds comply with our institutional, national, and inter-
national guidelines and legislation.

Soil and agro-climatic condition

The physical and chemical properties of the soil were analyzed before mung bean sowing from the depth of
0-15 cm soil profile. The field capacity, bulk density, and permanent wilting point of the soil, which was clay
loam in texture and slightly alkaline in nature, were 29.20%, 1.40 g/cc, and 13%, respectively. The soil contained
organic matter (1.23%), pH (7.30), N (600 mg kg™), P (34.01 mg kg*), K (0.25 cmol kg™), S (42.43 mg kg™*),
boron (0.29 mg kg™), zinc (0.60 mg kg™'). The meteorological data, which was collected from Bangladesh Sugar
Crops Research Institute situated about 400 m from the experimental site, with respect to temperature, rainfall,
and relative humidity during the growing period of the experimental site are presented in Fig. 7.

Experimental design and treatments
The experiment was conducted in a split-plot design with three replications. Two mung bean genotypes were
placed in the main plots as Factor A: BMX-08010-2 (WS tolerant: G1) and BARI Mung-1 (WS susceptible: G2),
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Figure 7. Weekly average temperature, relative humidity (RH), sunshine hour (SSH; day™), and total rainfall
(RF: mm) prevailed (4th March-8th June) during the two successive growing periods of 2018 and 2019
(Tmax maximum temperature, Trnin minimum temperature, W1 first week to W14 14th week).

whereas seven K fertilization treatments were placed randomly in the sub-plots as Factor B: (1) well-watered
(WW) + recommended K fertilization (RKF i.e. 18 kg K ha™') (KL,), (2) WS+ RKF (KL,), (3) WS+25% additional
K with RKF (KL;), (4) WS+ 50% additional K with RKF (KL,), (5) WS +75% additional K with RKF (KL;), (6)
WS +100% additional K with RKF (KLg), (7) WS +125% additional K with RKF (KL,) maintaining 3 mx3 m
plots size. The RKF used was determined by Azad et al.!%.

Fertilization

The blanket dose of N-P-S-B fertilizers was applied at the rate of 20~17-10-2 kg ha™ in the form of urea, triple
superphosphate, gypsum, and boric acid, respectively'®. Potassium (K) fertilizer was incorporated in the soil
as per treatments in the form of muriate of potash (KCl), while the entire amount of fertilizers was added to the
soil during the final land preparation (three days before sowing).

Seed sowing and crop management

Mung bean seeds were sown in continuous seeding maintaining 30 cm line apart rows on 4 March 2018 and 2019,
respectively. The seed rate was used at the rate of 25 kg ha™'. The seed was treated before sowing with Carboxin
and Thiram combination (Provax-200 WP) maintaining 3.5 g per kg seeds for controlling seed & soil-borne
diseases. After 15 days of emergence, the plants were thinned by maintaining a distance of 6-7 cm followed by
hand weeding. Subsequently, weed control was done 30 days after sowing (DAS). Imidachloprid (Imitaf 20 SL)
at the rate of 0.5 mL L™ of water was used for controlling flower thrips spraying at 35 DAS and 45 DAS. After 45
DAS, Lambda-Cyhalothrin (Karate 2.5 EC/Reeva 2.5 EC) at the rate of 1 mL L™ of water was applied 3-4 times
at seven days intervals for controlling of pod borer.

Maintenance of soil moisture

Following seed planting in each treatment, general irrigation (53 mm) was applied to ensure optimal germina-
tion and seedling establishment depending on the moisture content of the soil. Following that, three irrigations
were given to WW treatments only'” at DAS 20, 35, and 45. Taking into account the 45 cm effective root zone
depth, irrigation was delivered up to the field capacity levels based on soil moisture content at each irrigation
time'%. The estimated volume of water was manually administered in a specific flood irrigation treatment. In
contrast, the crop in the water-stressed treatment was protected from rains by a rainout shelter, and the WS
condition was sustained without irrigation for the duration of the growth season. The net quantity of irrigation
water formula is shown below.

C-MC

Net amount of irrigation water = oo xpxD

where, FCis the field capacity of the soil (%); MCis the moisture content of the soil at the time of irrigation (%);
pis thebulk density of the soil (g/cc), and Dis theroot zone depth (cm).

The soil water depletion (SWD) in the effective root zone depth was estimated according to the below men-
tioned formula'®®:

n . .
Mbi - M
SWDzzg x BDi x Di
227100

whereas SWD s the depletion of soil water (mm); Mbiis the percentage of moisture in a particular soil layer at
the start of the season; Mei is the percentage of moisture in a certain soil layer after the growing season; n is the
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number of soil layers in the root zone (3); BDi stands for bulk density of a particular soil layer, and Di for depth
(mm) of a particular soil layer within the root zone.

The exploited irrigation water by the crop was measured according to the following formula!'’:

Yield (kg ha™')

Water use efficiency (WUE) =
Total water use (mm)

Measurement of growth and yield traits

Ten plant samples were objectively taken at various phases of development (20 DAS-first trifoliate leaf stage; 25
DAS-3rd trifoliate leaf stage; 35 DAS-flower initiation stage; 45 DAS-pod filling stage; 55 DAS-pod color change
stage and harvesting stage-when pod become black color i.e., harvesting maturity) to measure the CGR'"!, LAT'"2,
and dry matter accumulation. At the final harvesting stage, root sample was conducted in each repeated plot per
treatment to determine the root volume and root density. In this instance, the roots were extracted using a root
sample instrument, and the volume was still 4500 cm® (height 20 cm x top 15 cm x base 15 cm). After sampling,
the roots were carefully washed under flowing tap water. A 100 ml measuring cylinder was used to assist in cal-
culating the root volume volumetrically. First, 50 ml of tap water were added to the cylinder, and all of the roots
were submerged in the liquid. It was noted that the roots’ soaking had raised the water level. Root volume was
defined as the difference between the final and beginning volumes. After the samples were oven-dried for 72 h
80 °C, the root dry weight was measured, and the root density was ascertained.

Indiscriminately ten plants were tagged earlier for measuring the yield contributing traits of particular treat-
ment plots. The crop was harvested from an area of 2.0 mx 1.5 m (3 m?) from the undisturbed middle area of
the unit plots. Mung bean pods were harvested three times at 60-65, 70-75, and 90-95 DAS, respectively when
they had turned blackish-brown in color, and dried to such a level that they were about to shatter. The threshed
seeds were dried, cleaned, and weighed, and finally maintained the moisture content of the grain (~ 10%) was
through frequently observing by a moisture meter (model F/RMEX).

(TDM)t, — (TDM)t
th—1

Crop growth rate (CGR) = Lg plant™!day ™!

where, TDM =total dry matter, t, = time of first observation, t,=time of second observation

Leaf area/plant

LAI =
Ground surface area/plant

Estimation of N, P, K, and S content of stover and seeds of mung bean
The Macro-Kjeldhal method!!? was used for measuring the N content in the stover and seeds of mung bean crops
of different treatments after digestion with concentrated H,SO,, H,0, and digestion tablet (catalyst mixture)
which was prepared by mixing K,SO,, CuSO,.5H,0, and selenium powder in the ratio of 100:10:1, respectively.
Then N in the digest was measured by distillation with 40% NaOH followed by titration of the distillate trapped
in H;BO, with 0.01 N H,SO,. Nitrogen content in each sample was predicted with the help of a standard curve,
which is expressed as a percentage.

The analysis of elements P, K, and S was done according to Jones and Case'', which is mentioned below-

Phosphorus content in the digested sample was determined by adding freshly prepared SnCl, solution to
develop the blue color of the phosphomolybdate complex, and the color was measured by spectrophotometer
at 660 nm of incident light followed by calibration of the reading with a standard curve of P. The K content was
determined directly from the extract by using a flame photometer. Sulphur (S) content in the digest of mung
bean samples was determined by adding 5 mL distilled water, 1 mL acid seed solution, and 0.5 g BaCl, crystal
and measuring the turbidity with the help of a spectrophotometer at 420 nm.

Statistical analysis

The same trend of results among the studied traits was found between the two successive years. So, pooled
analysis was done from the obtained values of the respective traits. In this case, the measured data were analyzed
statistically using computer-based R-stat software (version 3.1.2) following the basic procedure given by Gomez
and Gomez!". The treatments’ significant level was ascertained by analysis of variance (ANOVA), which was
then contrasted using the Least Significant Difference Test (LSD). To investigate the link between the desired
variables, correlation analysis was performed.

In conclusion, the results exhibited that the application of additional K fertilizer with the reccommended dose
under WS conditions is considered the most suitable for realizing the highest safe yield of mung beans and it can
alleviate the harmful effects of WS through improved water productivity, growth, yield contributing traits and
NPS accumulation performance. The genotype G1 was more resistant to WS compared to G2 for giving a higher
response to all the measured traits and yield. Finally, the findings lead to recommend that mung bean crops
grown under WS require additional K to minimize the negative effect of WS and help to accomplish sustainable
productivity and quality of mung bean crops.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.

Scientific Reports |

(2024) 14:9378 | https://doi.org/10.1038/s41598-024-60129-z nature portfolio



www.nature.com/scientificreports/

Received: 28 December 2023; Accepted: 19 April 2024
Published online: 23 April 2024

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Parida, A. K. & Das, A. B. Salt tolerance and salinity effects on plants: A review. Ecotox. Environ. Saf. 60(3), 324-349. https://
doi.org/10.1016/j.ecoenv.2004.06.010 (2005).

Raza, M. H. et al. Effect of irrigation levels on growth and yield of mungbean. Pak. J. Nutr. 11(10), 974-977. https://doi.org/10.
3923/pjn.2012.974.977 (2012).

De Costa, W. A. T. M., Shanmugathsan, K. N. & Joseph, K. D. S. M. Physiology of yield determination of Mungbean (Vigna
radiata (L.) Wilczek) under various irrigation regimes in the dry and intermediate zones of Sri Lanka. Field Crops Res. 61(1),
1-12. https://doi.org/10.1016/S0378-4290(98)00141-5 (1999).

Nair, R. et al. Legume improvement program at AVRDC-The world vegetable center: Impact and future prospects. Ratar. Povrt.
51(1), 55-61. https://doi.org/10.5937/ratpov51-5488 (2014).

Thomas Robertson, M. J., Fukai, S. & Peoples, M. B. The effect of timing and severity of water deficit on growth development,
yield accumulation, and nitrogen fixation of mung bean. Field Crops Res. 86(1), 67-80. https://doi.org/10.1016/S0378-4290(03)
00120-5 (2004).

Islam, M. A., Alam, M. S., Sharker, K. K. & Nandj, S. K. Estimation of solar radiation on horizontal and tilted surface over
Bangladesh. Comput. Water Energy Environ. Eng. 5(2), 54-69. https://doi.org/10.4236/cweee.2016.52006 (2016).

Kumar, R. R., Karajol, K. & Naik, G. R. Effect of polyethylene glycol induced water stress on physiological and biochemical
responses in pigeon pea (Cajanus cajan L. Mill. Sp.). Recent Res. Sci. Technol. 3(1), 148-152 (2011).

Islam, M. R. et al. Drought tolerance in mung bean is associated with the genotypic divergence, regulation of proline, photosyn-
thetic pigment and water relation. Phyton Int. J. Expt. Bot. 92(3), 955-981. https://doi.org/10.32604/phyton.2023.025138 (2023).
Tiwari, S., Lata, C., Chauhan, P. S. & Nautiyal, C. S. Pseudomonas putida attunes morphophysiological, biochemical and molecu-
lar responses in Cicer arietinum L. during drought stress and recovery. Plant Physiol. Biochem. 99, 108-117. https://doi.org/10.
1016/j.plaphy.2015.11.001 (2016).

Sarkar, S. et al. Abiotic stresses: Alteration of composition and grain quality in food legumes. Agronomy. 11(11), 2238. https://
doi.org/10.3390/agronomy11112238 (2021).

Lian, H., Qin, C., Shen, J. & Ahanger, M. A. Alleviation of adverse effects of drought stress on growth and nitrogen metabolism
in mungbean (Vigna radiata) by sulphur and nitric oxide involves up-regulation of antioxidant and osmolyte metabolism and
gene expression. Plants 12(17), 3082. https://doi.org/10.3390/plants12173082 (2023).

Samarah, N., Mullen, R. & Cianzio, S. Size distribution and mineral nutrients of soybean seeds in response to drought stress. J.
Plant Nutr. 27(5), 815-835. https://doi.org/10.1081/PLN-120030673 (2004).

Serraj, R. Effects of drought stress on legume symbiotic nitrogen fixation: physiological mechanisms. Indian J. Exp. Biol. 41,
1136-1141 (2003).

Sehgal, A. et al. Drought or/and heat-stress effects on seed filling in food crops: Impacts on functional biochemistry, seed yields,
and nutritional quality. Front. Plant Sci. 9, 1705. https://doi.org/10.3389/fpls.2018.01705 (2018).

Zare, M., Ghahremaninejad, M. & Bazrafshan, F. Influence of drought stress on some traits in five mung bean (Vigna radiata
(L.) R. Wilczek) genotypes. Int. J. Agron. Plant Prod. 3(7), 234-240 (2012).

Thakur, P,, Kumar, S., Malik, J. A., Berger, J. D. & Nayyar, H. Cold stress effects on reproductive development in grain crops: An
overview. Environ. Exp. Bot. 67(3), 429-443. https://doi.org/10.1016/j.envexpbot.2009.09.004 (2010).

Zhu, J. K. Plant salt tolerance. Trends Plant Sci. 6(2), 66-71. https://doi.org/10.1016/S1360-1385(00)01838-0 (2001).

Islam, M. R. et al. Assessing the productivity and water use efficiency of two summer mungbean (Vigna radiata L.) genotypes
grown under drought stress condition. J. Crop Health. 76(2), 499-516. https://doi.org/10.1007/s10343-023-00966-6 (2024).
Tawfik, K. M. Effect of water stress in addition to potassiomag application on mungbean. Aust. J. Basic Appl. Sci. 2(1), 42-52
(2008).

Bangar, P. et al. Morphophysiological and biochemical response of mungbean [Vigna radiata (L.) Wilczek] varieties at different
developmental stages under drought stress. Turk. J. Biol. 43(1), 58-69. https://doi.org/10.3906/biy-1801-64 (2019).

Sarker, U. & Oba, S. Salinity stress enhances color parameters, bioactive leaf pigments, vitamins, polyphenols, flavonoids and
antioxidant activity in selected Amaranthus leafy vegetables. J. Sci. Food Agric. 99(5), 2275-2284. https://doi.org/10.1002/jsfa.
9423 (2019).

Singh, C. M. et al. Improving drought tolerance in mungbean (Vigna radiata L. Wilczek): Morpho-physiological, biochemical
and molecular perspectives. Agronomy 11(8), 1534. https://doi.org/10.3390/agronomy11081534 (2021).

Sarker, U. & Oba, S. The response of salinity stress-induced A. tricolor to growth, anatomy, physiology, non-enzymatic and
enzymatic antioxidants. Front. Plant. Sci. 11, 559876. https://doi.org/10.3389/fpls.2020.559876 (2020).

Sarker, U. & Oba, S. Catalase, superoxide dismutase and ascorbate-glutathione cycle enzymes confer drought tolerance of A.
tricolor. Sci. Rep. 8(1), 16496. https://doi.org/10.1038/s41598-018-34944-0 (2018).

Sarker, U. & Oba, S. Drought Stress effects on growth, ROS markers, compatible solutes, phenolics, flavonoids, and antioxidant
activity in Amaranthus tricolor. Appl. Biochem. Biotechnol. 186(4), 999-1016. https://doi.org/10.1007/s12010-018-2784-5 (2018).
Fatema, M. K. et al. Assessing morpho-physiological and biochemical markers of soybean for drought tolerance potential.
Sustainability. 15(2), 1427. https://doi.org/10.3390/su15021427 (2023).

Mannan, M.A., Yasmin, A., Sarker, U., Bari, N., Dola, D.B., Higuchi, H., Ercisli, S., Ali, D. & Alarifi, S. Biostimulant red seaweed
(Gracilaria tenuistipitata var. liui) extracts spray improves yield and drought tolerance in soybean. Peer J. 11, 15588 https://doi.
org/10.7717/peerj.15588 (2023)

Roychowdhury, R. et al. Multi-omics pipelines and omics-integration approach to decipher plant’s abiotic stress tolerance
responses. Genes. 14(6), 1281. https://doi.org/10.3390/genes14061281 (2023).

Sarker, U. & Oba, S. Response of nutrients, minerals, antioxidant leaf pigments, vitamins, polyphenol, flavonoid and antioxidant
activity in selected amaranth under four soil water content. Food Chem. 252, 72-83. https://doi.org/10.1016/j.foodchem.2018.
01.097 (2018).

Sarker, U. et al. Salinity stress ameliorates pigments, minerals, polyphenolic profiles, and antiradical capacity in lalshak. Anti-
oxidants 12(1), 173. https://doi.org/10.3390/antiox12010173 (2023).

Sarker, U,, Oba, S., Alsanie, W. F. & Gaber, A. Characterization of phytochemicals, nutrients, and antiradical potential in slim
amaranth. Antioxidants 11(6), 1089. https://doi.org/10.3390/antiox11061089 (2022).

Sarker, U. et al. Colorant pigments, nutrients, bioactive components, and antiradical potential of danta leaves (Amaranthus
lividus). Antioxidants. 11(6), 1206. https://doi.org/10.3390/antiox11061206 (2022).

Sarker, U. & Oba, S. Color attributes, betacyanin, and carotenoid profiles, bioactive components, and radical quenching capacity
in selected Amaranthus gangeticus leafy vegetables. Sci. Rep. 11(1), 11559. https://doi.org/10.1038/s41598-021-91157-8 (2021).
Sarker, U. & Ercisli, S. Salt eustress induction in red amaranth (Amaranthus gangeticus) augments nutritional, phenolic acids
and antiradical potential of leaves. Antioxidants 11, 2434. https://doi.org/10.3390/antiox11122434 (2022).

Agurla, S., Gahir, S., Munemasa, S., Murata, Y. & Raghavendra, A. S. Mechanism of stomatal closure in plants exposed to drought
and cold stress. Adv. Exp. Med. Biol. 1081, 215-232. https://doi.org/10.1007/978-981-13-1244-1_12 (2018).

Scientific Reports |

(2024) 14:9378 |

https://doi.org/10.1038/s41598-024-60129-z nature portfolio


https://doi.org/10.1016/j.ecoenv.2004.06.010
https://doi.org/10.1016/j.ecoenv.2004.06.010
https://doi.org/10.3923/pjn.2012.974.977
https://doi.org/10.3923/pjn.2012.974.977
https://doi.org/10.1016/S0378-4290(98)00141-5
https://doi.org/10.5937/ratpov51-5488
https://doi.org/10.1016/S0378-4290(03)00120-5
https://doi.org/10.1016/S0378-4290(03)00120-5
https://doi.org/10.4236/cweee.2016.52006
https://doi.org/10.32604/phyton.2023.025138
https://doi.org/10.1016/j.plaphy.2015.11.001
https://doi.org/10.1016/j.plaphy.2015.11.001
https://doi.org/10.3390/agronomy11112238
https://doi.org/10.3390/agronomy11112238
https://doi.org/10.3390/plants12173082
https://doi.org/10.1081/PLN-120030673
https://doi.org/10.3389/fpls.2018.01705
https://doi.org/10.1016/j.envexpbot.2009.09.004
https://doi.org/10.1016/S1360-1385(00)01838-0
https://doi.org/10.1007/s10343-023-00966-6
https://doi.org/10.3906/biy-1801-64
https://doi.org/10.1002/jsfa.9423
https://doi.org/10.1002/jsfa.9423
https://doi.org/10.3390/agronomy11081534
https://doi.org/10.3389/fpls.2020.559876
https://doi.org/10.1038/s41598-018-34944-0
https://doi.org/10.1007/s12010-018-2784-5
https://doi.org/10.3390/su15021427
https://doi.org/10.7717/peerj.15588
https://doi.org/10.7717/peerj.15588
https://doi.org/10.3390/genes14061281
https://doi.org/10.1016/j.foodchem.2018.01.097
https://doi.org/10.1016/j.foodchem.2018.01.097
https://doi.org/10.3390/antiox12010173
https://doi.org/10.3390/antiox11061089
https://doi.org/10.3390/antiox11061206
https://doi.org/10.1038/s41598-021-91157-8
https://doi.org/10.3390/antiox11122434
https://doi.org/10.1007/978-981-13-1244-1_12

www.nature.com/scientificreports/

36.

37.

39.

40.

41.

42,
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Bista, D. R, Heckathorn, S. A., Jayawardena, D. M., Mishra, S. & Boldt, J. K. Effects of drought on nutrient uptake and the levels
of nutrient-uptake proteins in roots of drought-sensitive and-tolerant grasses. Plants 7(2), 28. https://doi.org/10.3390/plant
$7020028 (2018).

Mengel, K. & Kirkby, E. A. Principles of plant nutrition. Ann. Bot. 93(4), 479-480. https://doi.org/10.1093/aob/mch063 (2004).
Hussain, E. et al. Growth and yield response of mungbean to different levels of potassium. Int. J. Agril. Environ. Res. 2(1), 67-76
(2016).

Zaidi, P. H., Khan, E. A. & Chaturvedi, G. S. Physiological role of potassium under stress environment. Fertil. News 39(9), 47-49
(1994).

Waraich, E.A., Ahmad, R., Saifullah., Ashraf, M.Y. & Ehsanullah. Role of mineral nutrition in the alleviation of drought stress
in plants. Aust. J. Crop Sci. 5(6), 764-777 (2011).

Pettigrew, W. T. Potassium influences on yield and quality production for maize, wheat, soybean, and cotton. Physiol. Planta.
133, 670-681. https://doi.org/10.1111/j.1399-3054.2008.01073.x (2008).

Epstein, E. Mineral Nutrition of Plants: Principles and Perspectives (Wiley, 1972).

Nguyen, H. T., Nguyen, A. T., Lee, B. W. & Schoenau, J. Effects of long-term fertilization for cassava production on soil nutrient
availability as measured by ion exchange probe and by corn and canola nutrient uptake. Korean J. Crop Sci. 47, 108-115 (2002).
Thaltooth, A. T., El-Zeiny, H. A. & Saad, A. O. M. Application of potassium fertilizer for increasing salt tolerance of broad bean
(Vicia faba L.). Bull. Egypt. Soc. Physiol. Sci. 10, 181-193 (1990).

Yadav, D.V. Potassium nutrition of sugarcane. In Balanced Fertilization for Sustaining Crop Productivity. Proceedings of the
International Symposium Held at Punjab Agricultural University, Ludhiana, India, 22-25 November (Benbi, D.K., Brar, M.S.,
Bensal, S.K. eds.). 275-288 (2006).

Sangakkara, U. R., Frehner, M. & Nosberger, J. Influence of soil moisture and fertilizer potassium on the vegetative growth of
mung bean (Vigna radiata L. Wilczek) and cowpea (Vigna unguiculata L. Walp). J. Agron. Crop Sci. 186(2), 73-81. https://doi.
0rg/10.1046/j.1439-037X.2001.00433.x (2001).

Schwartzkopf, C. Potassium, Calcium, Magnesium—How They Relate to Plant Growth. USGA Green Section Record (A Pub. on
the Turf Management by the US Folf Association). Vol. 10(6). 1-2 (1972).

Damon, P. M. & Rengel, Z. Wheat genotypes differ in potassium efficiency under glasshouse and field condition. Aust. J. Agric.
Res. 58(8), 816-825. https://doi.org/10.1071/AR06402 (2007).

Eroglu, A. S. & Onder, M. Effects of potassium doses on yield and important agricultural properties of mung bean [Vigna radiata
(L.) Wilczek] genotypes. Selcuk J. Agric. Food Sci. 37(1), 52-63. https://doi.org/10.15316/SJAFS.2023.007 (2023).

Chantal, K., Ongor, B. T. I, Salvator, K., Fulgence, N. & Norbert, A. Effects of potassium fertilizer on bean growth and yield
parameters. Int. J. Adv. Sci. Res. Eng. 5(1), 01-07. https://doi.org/10.31695/IJASRE.2019.33001 (2019).

Lateef, E. M. A. E., Wali, A. M. & El-Salam, M. S. A. Synergistic effect of P and K interaction on yield and yield components of
mungbean (Vigna radiata (L.) Wilczek) varieties. Bull. Natl. Res. Centre. 45, 161. https://doi.org/10.1186/s42269-021-00622-x
(2021).

Quddus, M. A. et al. Influence of potassium addition on productivity, quality and nutrient uptake of mungbean (Vigna radiata
L.). J. Agric. Stud. 7(1), 21-40. https://doi.org/10.5296/jas.v7i1.14269 (2019).

Al-Wardy, M. I. Z., Khuit, S. A., Al khafagi, K. E H. & Kadim, H. A. M. The impact of different potassium concentrations on the
yield of mungbean (Vigna radiata L.). Rev. Bionat. 7(4), 31 https://doi.org/10.21931/RB/2022.07.04.31 (2022).

Al-Shaheen, M. R,, Soh, A. & Ismaaiel. O.H. Effect of Irrigation timing and Potassium fertilizing on some growth characteristics
and production for Mungbean (Vigna radiata L.). Int. . Sci. Res. Publ. 6(3), 525-528 (2016).

Vassanthini, R. & Premanandarajah, P. Effect of soil moisture content and rate of potassium fertilizer on soil potassium content
and growth of cowpea (Vigna unguiculata L.) grown in sandy regosol in Sri Lanka. Int. J. Res. Publ. https://doi.org/10.47119/
IJRP1006711220201621 (2020).

Salih, H. M., Ali, N. S. & Salman, E. S. S. Effect of foliar potassium application on corn yield in two Iraqi soils. Tikrit J. Agric.
Sci. 12(4), 183-187 (2012).

Islam, M. R., Zaman, R., Alam, M. A., Khan, M. A. A. & Hossain, J. Yield potentiality of maize as relay crop with T. Aman rice
under different agronomic management. Cercetdri Agron. Moldova 50(2), 35-49. https://doi.org/10.1515/cerce-2017-0013 (2017).
Dwyer, L. M. & Stewart, D. W. Leaf area development in field-grown maize. Agron. J. 78(2), 334-343. https://doi.org/10.2134/
agron;j1986.00021962007800020024x (1986).

Ranawake, A.L., Dahanayaka, N., Amarasingha, U.G.S., Rodrigo, W.D.R.]. & Rodrigo, U.T.D. Effect of WS on growth and yield
of mungbean (Vigna radiata L.). Trop. Agril. Res. Exten. 14(4), 2011-2021. https://doi.org/10.4038/tare.v14i4.4851 (2011).
Umar, S., Rama Rao, N. & Sekhon, G. S. Differential effects of moisture stress and potassium levels on growth and K uptake in
sorghum. Indian J. Plant Physiol. 36, 94-97 (1993).

Nisha, K. & Narender, S. Assessing the effects of applied potassium on selected Vigna radiata L. genotypes under water deficit.
Int. J. Adv. Res. 2(10), 369-385 (2014).

Wang, M., Zheng, Q., Shen, Q. & Guo, S. The critical role of potassium in plant stress response. Int. J. Mol. Sci. 14(4), 7370-7390.
https://doi.org/10.3390/ijms14047370 (2013).

Dhole, V. J. & Reddy, K. S. Gamma rays induced moisture stress tolerant long root mutant in mungbean (Vigna radiata L. Wil-
czek). Electron. ]. Plant Breed. 1(5), 1299-1305 (2010).

Sharma, K. D., Kumar, S. & Singh, N. Dry matter accumulation and its partitioning in different moth bean [Vigna aconitifolia
(Jacq.) Marechal] genotypes under moisture stress. Ann. Appl. Biol. 23(1), 91-95 (2007).

Rombheld, V. & Kirkby, E. A. Research on potassium in agriculture: Needs and prospects. Plant Soil. 335(1), 155-180. https://
doi.org/10.1007/s11104-010-0520-1 (2010).

Hussain, M., Malik, M. A., Farooq, M., Ashraf, M. Y. & Cheema, M. A. Improving drought tolerance by exogenous application
of glycine betaine and salicylic acid in sunflower. J. Agron. Crop Sci. 194(3), 193-199. https://doi.org/10.1111/j.1439-037X.2008.
00305.x (2008).

Das, P.C. Plant nutrients. In Manures and Fertilizers. 2nd ed. 5-10 (Kalyani Publishers, 1999).

Rahman, M., Zahan, E, Sikdar, S. & Sabagh, E. L. Evaluation of salt tolerance mungbean genotypes and mitigation of salt stress
through potassium nitrate fertilization. Fresen. Environ. Bull. 26, 7218-7226 (2017).

Mamun, M. A. A. et al. Application of potassium after waterlogging improves quality and productivity of soybean seeds. Life
12(11), 1816. https://doi.org/10.3390/life12111816 (2022).

Pandey, R. K., Herrera, W. A. T. & Pendelton, ]. W. Drought response of grain legumes under irrigation gradient: I. Yield and
yield components. Agron. J. 76, 549-553. https://doi.org/10.2134/agronj1984.00021962007600040009x (1984).

Tariq, M., Khalig, A. & Umar, M. Effect of phosphorus and potassium application on growth and yield response of mungbean
(Vigna radiata L.). J. Biol. Sci. 2, 427-428. https://doi.org/10.3923/jbs.2001.427.428 (2001).

Naeem, M., Igbal, J., Alias, M. A. & Bakhsh, H. A. Comparative study of inorganic fertilizers and organic manures on yield and
yield components of mungbean (Vigna radiata L.). J. Agric. Soc. Sci. 2(4), 227-229 (2006).

Jamil, M., Abbasi, G. H., Hussain, A., Malik, Z. & Sufyan, A. Response of mung bean (Vigna radiata L.) to potassium application
rates under desert climate. Pak. . Agric. Agric. Eng. Vet. Sci. 34(1), 10-21 (2018).

Fusheng, L. Potassium, and water interaction. In International Workshop on Soil Potassium and K Fertilizer Management.
(Guangxi Agricultural College University, 2006).

Scientific Reports |

(2024) 14:9378 |

https://doi.org/10.1038/s41598-024-60129-z nature portfolio


https://doi.org/10.3390/plants7020028
https://doi.org/10.3390/plants7020028
https://doi.org/10.1093/aob/mch063
https://doi.org/10.1111/j.1399-3054.2008.01073.x
https://doi.org/10.1046/j.1439-037X.2001.00433.x
https://doi.org/10.1046/j.1439-037X.2001.00433.x
https://doi.org/10.1071/AR06402
https://doi.org/10.15316/SJAFS.2023.007
https://doi.org/10.31695/IJASRE.2019.33001
https://doi.org/10.1186/s42269-021-00622-x
https://doi.org/10.5296/jas.v7i1.14269
https://doi.org/10.21931/RB/2022.07.04.31
https://doi.org/10.47119/IJRP1006711220201621
https://doi.org/10.47119/IJRP1006711220201621
https://doi.org/10.1515/cerce-2017-0013
https://doi.org/10.2134/agronj1986.00021962007800020024x
https://doi.org/10.2134/agronj1986.00021962007800020024x
https://doi.org/10.4038/tare.v14i4.4851
https://doi.org/10.3390/ijms14047370
https://doi.org/10.1007/s11104-010-0520-1
https://doi.org/10.1007/s11104-010-0520-1
https://doi.org/10.1111/j.1439-037X.2008.00305.x
https://doi.org/10.1111/j.1439-037X.2008.00305.x
https://doi.org/10.3390/life12111816
https://doi.org/10.2134/agronj1984.00021962007600040009x
https://doi.org/10.3923/jbs.2001.427.428

www.nature.com/scientificreports/

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.
111.

112.

113.

114.

Nejat, F, Dadniya, M., Shirzadi, M. H. & Lak, S. Effects of drought stress and selenium application on yield and yield components
of two maize cultivars. Plant Ecophysiol. 2, 95-102 (2009).

Fooladivanda, Z., Hassanzadehdelouei, M. & Zarifinia, N. Effects of water stress and potassium on quantity traits of two varieties
of mungbean (Vigna radiata L.). Cercetdri Agron. Moldova 47(1), 107-114. https://doi.org/10.2478/cerce-2014-0011 (2014).
Mian, S. M. et al. Effect of MOP and SOP on plant chloride uptake and soil properties in a rice-wheat rotation. Pak. J. Soil Sci.
14(1-2), 70-74 (1998).

Nasri, M. & Khalatbary, M. Effect of nitrogen fertilizer, potassium, and zinc on quantitative and qualitative characteristics of
green bean genotypes. J. Crop Ecophysiol. 3(1), 82-93 (2011).

Saket, K., Jakhar, D. S. & Singh, R. Growth and yield response of mung bean (Vigna radiata L.) in different levels of potassium.
Acta Sci. Agric. 2(6), 23-25 (2018).

Kim, S. K., Nair, R. M., Lee, J. & Lee, S. H. Genomic resources in mungbean for future breeding programs. Front. Plant Sci. 6,
626. https://doi.org/10.3389/fpls.2015.00626 (2015).

Parihar, R. A., Agrawal, P,, Sharma, D. J. & Minz, M. G. Character association and path analysis studies on seed yield and its
yield attributing traits in mungbean (Vigna radiata (L.) Wilczek). J. Pharm. Phytopharm. 7(1), 2148-2150 (2018).

Azam, M. G. et al. Genetic analyses of mungbean [ Vigna radiata (L.) Wilczek] breeding traits for selecting superior genotype (s)
using multivariate and multi-traits indexing approaches. Plants 12(10), 2023. https://doi.org/10.3390/plants12101984 (1984).
Mujtaba, S.M. & Alam, S.M. Drought Phenomenon and Crop Growth. Industry and Economy Magazine. Pakistan (2002).
DaMatta, E, Loos, R. A,, Silva, E. A., Loureiro, M. E. & Ducatti, C. Effects of soil water déficit and nitrogen nutrition on water
relations and photosynthesis of pot-grown Coffea canephora Pierra. Trees 16(8), 555-558. https://doi.org/10.1007/s00468-002-
0205-3 (2002).

Mabhieu, S. et al. The influence of water stress on biomass and N accumulation, N portioning between above and below ground
parts and on N rhizodeposition during reproductive growth of pea (Pisum sativum L.). Soil Biol. Biochem. 41(2), 380-387.
https://doi.org/10.1016/j.s0ilbio.2008.11.021 (2009).

Bloem, J., Deruiter, P. C., Koopman, G. J., Lebbink, G. & Brussaard, L. Microbial numbers, and activity in dried and rewetted
arable soil under integrated and conventional management. Soil Biol. Biochem. 24(7), 655-665. https://doi.org/10.1016/0038-
0717(92)90044-X (1992).

Tanguilig, V. C., Yambao, E. B., O’Toole, J. C. & Dedatta, S. K. Water-stress effects on leaf elongation, leaf water potential, tran-
spiration, and nutrient-uptake of rice, maize, and soybean. Plant Soil. 103, 155-168. https://doi.org/10.1007/BF02370385 (1987).
Blevins, D. G., Hiatt, A. J., Lowe, R. H. & Leggett, J. E. Influence of K on the uptake, translocation, and reduction of nitrate by
barley seedlings. Agron. J. 70(3), 393-396. https://doi.org/10.2134/agronj1978.00021962007000030007x (1978).

Ashraf, M. Y. Yield and yield components response of wheat (Triticum aestivum L.) genotypes tinder different soil water deficit
conditions. Acta Agron. Hung. 46, 45-51 (1998).

Barua, K. K., Bhuyan, S. S., Ghosh, P. T. . & Pathak, A. K. Response of rice (Oryza sativa L.) genotypes to moisture stress imposed
at the seedling stage. Indian J. Plant Physiol. 3, 181-184 (1998).

Brown, C. E., Pezeshki, S. R. & DeLaune, R. D. The effect of salinity and soil drying on nutrient uptake and growth of Spartina
alterniflora in a simulated tidal system. Environ. Exp. Bot. 58(1), 140-148. https://doi.org/10.1016/j.envexpbot.2005.07.006
(2006).

Fisher, M. J. The influence of water stress on nitrogen and phosphorus uptake and concentrations in Townsville stylo (Stylosanthes
humilis). Aust. J. Exp. Agric. Anim. Husban. 20(103), 175-180. https://doi.org/10.1071/EA9800175 (1980).

Sardans, J. & Pefiuelas, ]. Increasing drought decreases phosphorus availability in evergreen Mediterranean forest. Plant Soil
267, 367-377. https://doi.org/10.1007/s11104-005-0172-8 (2004).

Afkari Bajehbaj, A., Gasimov, N. & Yarnia, M. Effects of drought stress and potassium on some of the physiological and mor-
phological traits of sunflower (Helianthus annuus L.) cultivars. J. Food Agric. Environ. 7(3&4), 448-451 (2009).

Brady, N.C. The Nature and Properties of Soil. 10th ed. 369 (Prentice Hall of India Pvt. Ltd., 1995).

Arjenaki, F. G., Jabbari, R. & Morshedi, A. Evaluation of drought stress on relative water content, chlorophyll content and mineral
elements of wheat (Triticum aestivum L.) varieties. Int. ]. Agril. Crop Sci. 4(11), 726-729 (2012).

Yasin, M., Sarwar, M. & Nabi, G. Growth and some important mineral concentration of wheat varieties in relation to soil moisture
stress. Pak. J. Agric. Res. 14(2 & 3), 136-142 (1993).

Cakmak, I. The role of potassium in alleviating detrimental effects of abiotic stresses in plants. J. Plant Nutr. Soil Sci. 168(4),
521-530. https://doi.org/10.1002/jpln.200420485 (2005).

Foyer, C. H., Vanacker, H., Gomez, L. D. & Harbinson, J. Regulation of photosynthesis and antioxidant metabolism in maize
leaves at optimal and chilling temperatures: A review. Plant Physiol. Biochem. 40(6-8), 659-668. https://doi.org/10.1016/S0981-
9428(02)01425-0 (2002).

Taha, A.A., Omar, M.M. & Hadeer, R.K. Effect of different sources and levels of potassium on growth, yield and chemical com-
position of faba bean plants. J. Soil Sci. Agric. Eng. 7(3), 243-248. https://doi.org/10.21608/jssae.2016.39402 (2016).

Kherawat, B. S., Lal, M., Agarwal, M., Yadav, H. K. & Kumar, S. Effect of applied potassium and manganese on yield and uptake
of nutrients by Clusterbean(Cyanosister agonoloba). J. Agric. Phys. 13(1), 22-26 (2013).

Biswash, M. R., Rahman, M. W,, Haque, M. M., Sharmin, M. & Barua, R. Effect of potassium and vermicompost on the growth,
yield, and nutrient contents of mungbean (BARI Mung-5). J. Biosci. Bioeng. 1(3), 33-39 (2014).

Itanna, F. Sulfur distribution in five Ethiopian rift valley soils under humid and semi-arid climates. J. Arid Environ. 62(4),
597-612. https://doi.org/10.1016/j.jaridenv.2005.01.010 (2005).

Sircelj, H., Tausz, M., Grill, D. & Bati, F. Biochemical responses in leaves of two apple tree cultivars subjected to progressing
drought. J. Plant Physiol. 162(12), 1308-1318. https://doi.org/10.1016/j.jplph.2005.01.018 (2005).

Islam, M.R. Improving mungbean productivity under drought stress through screening of genotypes and potassium application.
A Ph.D. Dissertation. Department of Agronomy, Hajee Mohammad Danesh Science and Technology University (HSTU) (2020).
Azad, A K., Gosshami, B.K., Rahman, M.L., Malaker, P.X., Hasan, M.S. & Rahman, M.H.H. Krishi Projukti Hatboi (Handbook
on Agro-technology). 7th ed. 52 (Bangladesh Agricultural Research Institute, 2017).

Islam, M. R. et al. Physiochemical changes of mung bean [Vigna radiata (L.) R. Wilczek] in responses to varying irrigation
regimes. Horticulturae 7(12), 565. https://doi.org/10.3390/horticulturae7120565 (2021).

Michael, A.M. Irrigation Theory and Practice. 512 (Vikas Publishing House Pvt. Ltd., 1996).

Martin, D.L., Stegman, E.C. & Freres, E. Irrigation scheduling principals. In Management of Farm Irrigation Systems. ASAE
Monograph (Hoffman, G.L., Howell, T.A., Solomon, K.H. eds). 155-372 (St. Joseph, 1990)

Molden, D. Accounting for water use and productivity. In SWIM Paper 1. (International Irrigation Management Institute, 1997)
Beadle, C. L. Plant growth analysis. In Techniques in Bio-Productivity and Photosynthesis 2nd edn (eds Coomlos, J. D. O. et al.)
21-23 (Pergamon Press, 1987).

Moosavi, S. G. The effect of water deficit stress and nitrogen fertilizer levels on morphology traits, yield, and LAI in maize. Pak.
J. Bot. 44(4), 1351-1355 (2012).

Kjeldahl, J. Neue methods zur bestimmung des stickstoffs in organischen Korpern. Z. Anal. Chem. 22, 366-382. https://doi.org/
10.1007/BF01338151 (1983).

Jones, Jr JB. & Case Y.W. Sampling handling and analysis plant tissue sample. In Soil Testing and Plant Analysis. SSSA Book Ser.
3, Madison, Wis, USA (Westerman, R.L. ed.). 389-427 (1990).

Scientific Reports |

(2024) 14:9378 |

https://doi.org/10.1038/s41598-024-60129-z nature portfolio


https://doi.org/10.2478/cerce-2014-0011
https://doi.org/10.3389/fpls.2015.00626
https://doi.org/10.3390/plants12101984
https://doi.org/10.1007/s00468-002-0205-3
https://doi.org/10.1007/s00468-002-0205-3
https://doi.org/10.1016/j.soilbio.2008.11.021
https://doi.org/10.1016/0038-0717(92)90044-X
https://doi.org/10.1016/0038-0717(92)90044-X
https://doi.org/10.1007/BF02370385
https://doi.org/10.2134/agronj1978.00021962007000030007x
https://doi.org/10.1016/j.envexpbot.2005.07.006
https://doi.org/10.1071/EA9800175
https://doi.org/10.1007/s11104-005-0172-8
https://doi.org/10.1002/jpln.200420485
https://doi.org/10.1016/S0981-9428(02)01425-0
https://doi.org/10.1016/S0981-9428(02)01425-0
https://doi.org/10.21608/jssae.2016.39402
https://doi.org/10.1016/j.jaridenv.2005.01.010
https://doi.org/10.1016/j.jplph.2005.01.018
https://doi.org/10.3390/horticulturae7120565
https://doi.org/10.1007/BF01338151
https://doi.org/10.1007/BF01338151

www.nature.com/scientificreports/

115. Gomez, K.A. & Gomez, A.A. Statistical Procedures for Agricultural Research. 2nd ed. (A Wiley Interscience Publication, 1984).

Acknowledgements
Authors wish to thank the Researchers Supporting Project number (RSP2024R346) at King Saud University,
Riyadh, Saudi Arabia for financial support.

Author contributions

M.R.I. and M.S.I. initiated the research work, conceived the study, and performed the experiments; M.R.I,, U.S.,
M.G.A., and M.A.A. performed statistical analysis; M.R.I,, US., M.G.A., M.A.A,, JH.,R.U, A.B.,,N.H., and A.E.S.
drafted, edited, interpreted data and prepared the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-60129-z.

Correspondence and requests for materials should be addressed to U.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:9378 | https://doi.org/10.1038/s41598-024-60129-z nature portfolio


https://doi.org/10.1038/s41598-024-60129-z
https://doi.org/10.1038/s41598-024-60129-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Potassium augments growth, yield, nutrient content, and drought tolerance in mung bean (Vigna radiata L. Wilczek.)
	Results and discussion
	Effects of additional K fertilizer with RKF on WUE of mung bean under WS condition
	Effects of additional K fertilizer with RKF on growth traits of mung bean under WS condition
	Total dry matter
	Leaf area index
	Crop growth rate
	Root volume and Root density

	Effects of additional K fertilization with RKF on the yield contributing traits and yield of mung bean under WS condition
	Plant height (cm)
	Pods plant−1
	Pod length (cm)
	Seeds pod−1
	Thousand seed weight (g)
	Seed yield
	Correlation analysis

	Effects of applied additional K fertilizer with RKF on nutrient content in mung bean stover and seeds under WS condition
	Nitrogen content
	Phosphorus content
	Potassium content
	Sulphur content


	Materials and methods
	Site and test crop
	Soil and agro-climatic condition
	Experimental design and treatments
	Fertilization
	Seed sowing and crop management
	Maintenance of soil moisture
	Measurement of growth and yield traits
	Estimation of N, P, K, and S content of stover and seeds of mung bean
	Statistical analysis

	References
	Acknowledgements


