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Abstract: The present investigation was conducted to explore the role of potassium nutrition in
improving biomass and physio-chemical alterations to reduce the adverse effects of salinity in
mungbean. A sand-culture experiment was carried out under different salinity levels (0, 50, and
100 mM NaCl) with two levels of potassium (0 and 50 mM K2SO4) and two mungbean cultivars (NM-
92 and Ramzan), and the alterations in mungbean biomass and metabolic activities were investigated.
The results suggested that salinity significantly reduced the biomass, nitrate reductase activity (NRA),
nitrite reductase activity (NiRA), total soluble proteins, chlorophyll a, chlorophyll b, total chlorophyll,
nitrogen, potassium, calcium, magnesium, and phosphorous contents in both mungbean cultivars
in comparison to the control. However, K2SO4 at 50 mM significantly improved all the parameters
in both mungbean cultivars except for the sodium content. A significant increase in the total free
amino acids, carotenoids, and sodium content in both mungbean cultivars was observed due to salt
stress. Moreover, principal component analysis and heatmaps were developed individually for both
mungbean cultivars to assess the variability and correlation among the studied attributes under
all applied treatments. Under saline conditions, the mungbean ‘Ramzan’ showed more marked
reductions in almost all the growth parameters as compared to ‘NM-92’. The results suggest that the
application of K2SO4 ameliorates the adverse effects of salinity by regulating osmolyte production,
NRA, and NiRA, thus promoting plant growth and productivity.

Keywords: salinity; mungbean; metabolic activities; heatmap; principal component analysis;
potassium sulfate

1. Introduction

Soil salinity is among the main causes of soil degradation after soil erosion and poses
a major challenge to agricultural productivity across the globe. Currently, salinity stress
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affects 7% of the world’s land area, totaling one billion hectares worldwide [1]. According
to the Food and Agriculture Organization (FAO) 2015 report, approximately 412 million
hectares and 618 million hectares of land were reported to be affected by salinity and
sodicity, respectively [2]. Salinity leads to the death of crop plants by prevailing metabolic
damage and growth retardation, resulting in crop mortality [3]. The induction of salinity
stress in arable land is anticipated to intensify due to the rising temperatures and altered
precipitation patterns resulting from climate change, mostly in arid and semi-arid regions
across the globe [4]. To escalate crop yield attributes and mitigate salinity stress, the
establishment of climate-smart agricultural practices is needed. These measures will assist
in ensuring food security for a rapidly growing population.

Mungbean belongs to the Fabaceae family, which has over 150 varieties, originating
primarily from Asia and Africa [5]. In Pakistan, mungbean is well known as a summer pulse
cash. The exploitation of modern breeding approaches aids in developing climate-smart
mungbean cultivars for supporting the economies of developing countries like Pakistan.
The deployment of modern breeding strategies assists in developing biotic- and abiotic-
resilient mungbean varieties. It is grown mainly in the spring and winter seasons and is
considered a chief source of carbohydrates (60.4%), proteins (28.3%), and lipids (1.3%) [6].
It is a short season, self-pollinated, eco-friendly leguminous crop. Mungbean is a good
returning crop for farmers in Pakistan and is therefore cultivated in a 257.7-thousand-
hectare area, with an average yield of 537 kg ha−1 [7].

Potassium is indispensable for several plant processes, like the regulation of the
Na+/K+ pump, and leads to membrane integrity, playing a crucial role in maintaining cell
homeostasis. It is a prerequisite element for triggering the activation of about 60 enzymes
that are involved in plant growth processes. High levels of potassium also contribute to
enhancing the physical quality and disease resilience of plants as well as improving the
shelf-life of vegetables and fruits [8]. Without a proper supply of potassium, plants are in-
capable of synthesizing proteins despite the availability of nitrogen being in abundance [9].
The main cause of potassium deficiency in plants is the antagonistic relationship between
sodium and potassium uptake. Sodium and potassium compete at the ion uptake site in
the plasmalemma. Exogenous application of K2CO3 to the halophyte Sophora alopecuroides
improves the chlorophyll content, gas exchange parameters, and K+/Na+ ratio [10].

Crop plants are exposed to combined stresses; their responses to combinatorial stress
individually differ from abiotic stresses and affect the plants’ metabolism, growth, and
yield [11]. Thus, the effect of both salinity and a K deficiency is a potential threat to crop
survival and productivity. Therefore, it is vital to understand any strategy for protecting the
crops. Plants tend to show various mechanisms to alleviate the stress responses; therefore,
different agricultural practices have been used by farmers for the reclamation of salinity
stress or K deficiency in the field. However, these approaches are not very efficient or
are unable to be adopted by farmers under various environmental circumstances [12,13].
Although many studies have been conducted on the individual stresses that plants are
subjected to, the effect of combined stresses, such as salt stress and limited K, on major
crops still needs to be elucidated. The present study aims to show how the application
of potassium ameliorates salt stress in mungbean plants by increasing osmolytes and
chlorophyll contents and by regulating enzymes, especially the key enzymes of nitrogen
metabolism, nitrate, and nitrite reductases, as well as the Na+ and K+ contents, and other
major macronutrients.

Plants need the supply of critical minerals for optimal plant growth and develop-
ment. There are several approaches to increasing salinity tolerance in plants, including
the cultivation of salt-tolerant plants, chemical procedures, and nutrient management in
salt-affected soils [14]. On the other hand, the use of potassium is well below the required
limits. Because Na+ and K+ have physiological similarities, K+ acquisition is an issue [15].
Under saline conditions, potassium contributes more to osmotic adjustment than Na+, Cl−,
or glycine betaine, and it promotes key enzyme activities such as pyruvate production. It
also contributes significantly to the vacuole’s osmotic pressure, ensuring cell turgor [16].
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Keeping in view the prevalence of salinity in Pakistani soils, improvement in salt tolerance
and crop yields due to potassium management in saline soils, thus good economic returns
and a short duration of mungbean crop, the present investigation was conducted to test
the hypothesis that “proper supply of potassium may promote plant growth and produc-
tivity by adapting physio-biochemical alterations in mungbean plants under normal and
saline conditions”.

2. Materials and Methods

The seeds of two mungbean cultivars, “NM-92” (a high-yielding and disease-resistant
variety, approved in 1996 for general cultivation in Pakistan due to its high seed production,
and is very popular among farmers, who are still cultivating them) and “Ramzan” (this
mungbean was approved in 2008, takes 10 days to mature early, and is a bold seed compared
to that of NM-92 but gives high yields in KPK and agro-climatic conditions) were used
in this investigation. The seeds of these mungbean varieties were obtained from the
“Plant Breeding and Genetics, Division, Nuclear Institute for Agriculture and Biology,
Faisalabad, Pakistan”. The experiment was conducted during March–April 2022 in the
NIAB greenhouse (control temperature and lightroom), where day/night temperatures
were 25/30 ◦C, and the light intensity was 1000 µmol m−2 S−1 with a photoperiod of 12 h.
The mungbean varieties were maintained in plastic containers (0.3 m diameter × 0.2 m
depth) filled with washed river sand (inert growth media, which does not interfere with
the salinity or nutrients), and three levels of salinity (0, 50, and 100 mM) were created
with sodium chloride (AnalaR-grade NaCl, Merck) and two potassium sulfate (K2SO4)
levels (0 and 50 mM), applied through irrigation (Table 1a). We selected the salinity
levels and potassium because mungbean is a salt-sensitive crop; a 10% decrease in growth
and yield was reported by an increase in every 1 dS m−1 (10 mM NaCl) over 4 dS m−1

salinity. Furthermore, a literature survey also confirmed that 100 mM NaCl or a 10 dSm−1

salinity level causes maximum damage to crops’ growth and productivity. Therefore, this
investigation was performed at 0, 50, and 100 mM NaCl levels. We have also performed
many experiments on wheat, rice, Kinnow, and sunflower by creating different levels of
potassium with K2SO4, and our published results suggested that the 50 mM level was the
most appropriate to combat salinity. This is why we selected this level of potassium.

Table 1. (a) Treatment details conducted during the experiment. (b) Composition of 100% Hoagland’s
nutrient solution.

(a)

Sr. no# Treatment Description Designation Concentration of NaCl/K2SO4

1. Control C 0 mM NaCl + 0 mM K2SO4
2. Control + Potassium sulfate C + K 0 mM NaCl + 50 mM K2SO4
3. Salinity (50 mM NaCl) S50 50 mM NaCl + 0 mM K2SO4
4. Salinity (50 mM NaCl) + Potassium sulfate S50 + K 50 mM NaCl + 50 mM K2SO4
5. Salinity (100 mM NaCl) S100 100 mM NaCl + 0 mM K2SO4
6. Salinity (100 mM NaCl) + Potassium sulfate S100 + K 100 mM NaCl + 50 mM K2SO4

(b)

Contents Composition of Stock Solution Concentration per Liter

MgSO4·7H2O 24.6 g/100 mL 2 mL/L
Ca(NO3)2·4H2O 23.6 g/100 mL 5 mL/L
KH2PO4 13.6 g/100 mL 1 mL/L
KNO3 10.1 g/100 mL 5 mL/L
H3BO3 2.86 g/L 1 mL/L
MnCl2·4H2O 1.82 g/L 1 mL/L
ZnSO4·7H2O 0.22 g/L 1 mL/L
CuSO4·5H2O 0.09 g/L 1 mL/L
MoO3 0.01 g/L 1 mL/L
Fe-DTPA 50.0 mg/L
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The experiment was arranged in a completely randomized design (CRD), and each
treatment was replicated thrice. The seeds of mungbean varieties were surfaces sterilized
with sodium hypochlorite (5%), and 10 seeds of each variety were sown at 1 cm depth in
each plastic container; after the completion of germination, five seedlings were maintained
in each pot. The pots were irrigated with Hoagland’s 1/10th strength solution (Table 1b).
When the seedlings were a week old, salinity was imposed as per the saturation percentage
of the sand (20%). To avoid the sudden shock of salinity, two levels of 50 mM salinity levels
were delivered after 3 days of the first application to achieve the 100 mM concentration.
After creating varying salinity levels, the plants were allowed to develop for one week.
Then, in both saline and control conditions, 50 mM potassium was added to the growth
media, while in the control plants, only distilled water was supplied. Plants were har-
vested seven days after potassium supplementation, and the physio-biochemical alterations
were measured.

2.1. Growth Parameters

A measuring scale (meter rod graduated up to mm) was used to determine the length
of the roots and shoots. The number of leaves was determined. The fresh and dry biomass
of plants was measured using a digital (0.001) electrical balance (Sartorius, Beijing, China).

2.2. Biochemical Analyses

All the biochemical analytic work was conducted at the Plant Stress Physiology Lab.,
NIAB, Faisalabad, Pakistan.

2.2.1. Nitrate Reductase Activity

The nitrate reductase activity (NRA) in mungbean leaves was determined according
to the method of [17]. Potassium nitrate (KNO3) was used as a substrate, and its 0.02 M was
prepared in 0.2 M phosphate buffer, which had a pH of 7.0. Fresh plant (leaves) material
(1 g) was homogenized in 10 mL of phosphate buffer (pH 7.0) containing 0.02 M KNO3.
The samples were incubated in the dark at 32 ◦C for 1 h. After incubation, 1 mL of the
reaction medium was taken in another test tube (tube-II) and mixed with 0.5 mL of the
sulfanilamide prepared in 2 N HCl to stop the enzymatic reaction. After this, 0.5 mL of
1-Naphthylethylene diamine dihydrogen chloride was added. A pink diazo color complex
was produced due to the NO2 formation. The absorbance was read at 542 nm against a
set of standards developed with NaNO2 on a spectrophotometer (Hitachi-200, Hitachi,
Tochigi, Japan).

2.2.2. Nitrite Reductase Activity

The nitrite reductase activity (NiRA) in mungbean leaves was determined following
the method of [18]. Sodium nitrite (NaNO2) was used as a substrate. Sodium nitrite
solution (0.02 M) in a phosphate buffer with a pH of 5.0 was prepared. Fresh plant material
(0.5 g) was homogenized in 4.5 mL of phosphate buffer (pH 7.0) and 0.5 mL of NaNO2
(0.02 M). The samples were incubated at 30 ◦C in a water bath with gentle shaking for
30 min. The samples were then transferred to boiling water for two minutes to terminate
the reaction, and then the reaction mixture was cooled. One mL of cooled extract was taken
and treated with 1% sulfanilamide prepared in 2 N HCl and 0.02% of aqueous solution
of N 1-Naphthyl-ethylene diamine dihydrochloride; color was developed, and then the
optical density was read at 542 nm on a spectrophotometer (Hitachi-220). A standard curve
with NaNO2 was developed. The activity of NiRA was determined as NO2 utilized g−1

fresh Weight h−1.

2.2.3. Total Free Amino Acids

For the estimation of total free amino acids (TFAA), 1 mL from each sample (extracted
in 0.2 M phosphate buffer, pH 7.0) was taken in test tubes, and 1 mL of 10% pyridine and
1 mL of 2% ninhydrin solution was added into each tube. The tubes were then heated in a
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boiling water bath for about 30 min. The contents of each tube were then made to 50 mL
with distilled water. The optical densities of these colored solutions were then read at 570 nm
using a spectrophotometer (Hitachi-200), and the free amino acids were calculated according
to [19] using a standard curve established through different concentrations of Alanine.

2.2.4. Total Soluble Proteins

Total soluble proteins were determined using the method of [20]. Fresh plant material
of 1.0 g was extracted with 10 mL of 0.2 M phosphate buffer with a pH of 7. A sample of
1 mL was taken in 20 mL capacity test tubes, and 1 mL of solution 50 of solution (2 g of
Na2CO3, 0.2 g of NaOH, and 1 g of Na-K tartrate were dissolved in distilled water and the
volume was made up to 100 mL) and 1.0 mL of another solution (0.5 g of CuSO4.5H2O
dissolved in distilled water and the volume was made up to 100 mL) to prepare the alkaline
copper solution. This solution is always prepared fresh] was added to each tube. The tubes
were thoroughly mixed and allowed to stand for 30 min at room temperature. Then, 0.1 mL
of 1:1 diluted Folin–Ciocalteu reagent was added, mixed well, and kept for 30 min at room
temperature. The optical density (O.D) was measured at 620 nm on a spectrophotometer
(Hitachi-200). Total soluble proteins were estimated using a standard curve established
through different concentrations of BSA.

2.2.5. Chlorophyll and Carotenoids Content

Chlorophylls and carotenoid contents from mungbean leaf samples were extracted
by grinding them in 80% acetone, according to [21]. The samples were centrifuged at
14,000× g for 5 min, and the supernatant absorbance (optical density; OD) was measured
at 645, 663, and 480 nm on a spectrophotometer (Hitachi, U-2800). The formulae of [22]
were used to determine the chlorophyll and carotenoid contents. The concentrations of
chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids were calculated by using
the following formulas.

Chlorophyll a = [12.7 (OD 663) − 2.69 (OD 645)] × V/1000 × W

Chlorophyll b = [22.9 (OD 645) − 4.68 (OD 663)] × V/1000 × W

Total chlorophyll = Chla + Chlb = [20.2 (OD 645) − 8.02 (OD 663)] × V/1000 × W

Carotenoids = Acar/Em × 100

where

Acar = [OD 480 + 0.114 (OD 663) − 0.638 (OD 645)] × V/(1000 × W)

W = weight of sample

Em × 100 = 2500

V = volume of extract

FW = Fresh weight of the sample

2.3. Mineral Analyses

To determine the mineral contents in mungbean leaves, the samples were dried in the
oven at 70 ◦C for 2 days. A total of 1 g of dried ground plant material was digested through
the H2SO4 and H2O2 method given by [23]. The digested volume of the aliquot was made
with +distilled water up to 100 mL in a volumetric flask. A filtered aliquot was used to
determine Na, K, Ca, Mg, P, and N. The sodium and potassium contents were determined
using a Flame-Photometer (Jenway PFP-7). Calcium and magnesium were determined
using the titrimetric method as described by [24]. Nitrogen was estimated by the micro
Kjeldahl method [25]. Phosphorus (P) was determined by a spectrophotometer, according
to Chang and Jackson [26].
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2.4. Statistical Analyses

The data were statistically analyzed using the Statistix 8.1 software application. The
significance of the means was checked at the 5% probability level using Tukey’s test, and
the means and standard errors were calculated using Microsoft Excel—the 2019 version.
Moreover, to assess the variations in the studied attributes under particular treatments,
principal component analysis (PCA) and a heatmap were developed using R Software
(version 4.3.2).

3. Results
3.1. Growth Parameters

The impact of the salinity and potassium treatments on shoot and root lengths was
statistically significant (p ≤ 0.05). In the saline conditions, the potassium treatment notably
enhanced the shoot length in both mungbean cultivars (Table 2a). Specifically, under the
50 mM NaCl + K and 100 mM NaCl + K conditions, the shoot lengths were consider-
ably longer than those under 50 mM NaCl (S50) and 100 mM NaCl (S100), respectively
(Figure 1A). Similarly, potassium nutrition under saline conditions led to a significant
(p ≤ 0.05) increase in root length for mungbean cultivars (Figure 1B). The root lengths
were markedly longer in the C + K, > S50 + K, > and S100 + K treatments compared to
plants under the control (C), > S50, > and S100, respectively. The influence of salinity and
potassium nutrition on the fresh biomass was significant (Table 2a). Plants treated with
C + K exhibited the highest fresh biomass, closely followed by the control (C). Conversely,
plants grown under S100 displayed the lowest fresh weights (Figure 1C). Likewise, the dry
biomass of mungbean cultivars was significantly (p ≤ 0.05) affected by salinity stress and
potassium nutrition (Table 2a). A noticeable decrease in dry biomass was observed in the
plants subjected to S100 and S50 compared to the control. However, potassium nutrition
significantly (p ≤ 0.05) improved the dry biomass, with the highest values recorded in the
plants treated with C + K, followed by C > S50 + K > S100 + K > S50 and NaCl S100. Both
mungbean cultivars displayed a similar response to salinity stress and potassium nutrition
(Figure 1D). The number of leaves was negatively impacted by salinity, and potassium
nutrition significantly (p ≤ 0.05) improved this parameter (Table 2a). In contrast to Ramzan,
the addition of potassium to the NM-92 plants exposed to S50 resulted in a considerable
increase in the number of leaves (Figure 1E).

Table 2. (a) Mean square values showing the effect of potassium nutrition on different parameters of
mungbean varieties grown in saline conditions. (b) Mean square values show the effect of potassium
nutrition on different parameters of mungbean varieties grown in saline conditions.

(a)

Source DF SL RL NOL FB DB NiRA NRA TFAA TSP

Variety 1 12.48 *** 10.53 *** 2.66 ** 3.14 *** 0.012 NS 4.73 *** 4.58 *** 55.70 *** 52.76 ***
Treatment 5 12.48 *** 11.49 *** 3.68 *** 3.68 *** 0.368 *** 1.98 *** 2.103 *** 41.74 *** 7.904 ***
Variety × Treatment 5 0.50 * 0.07 NS 0.10 NS 0.002 NS 0.039 NS 0.19 *** 0.13 *** 0.67 ** 0.011 NS

Error 24 0.15 0.12 0.06 0.014 0.018 0.012 0.007 0.12 0.024

(b)

Source DF Chl. a Chl. b T.Chl Car N P K Na (Ca + Mg)

Variety 1 0.26 *** 0.205 *** 0.929 *** 12.26 *** 0.419 *** 0.358 *** 25.00 *** 131.45 *** 0.366 ***

Treatment 5 0.067 *** 0.052 *** 0.236 *** 4.15 *** 0.355 *** 5.589 *** 71.23 *** 174.70 *** 5.126 ***

Variety × Treatment 5 0.0001 NS 0.002 ** 0.0025 NS 0.03 NS 0.004 ** 0.112 ** 1.46 * 1.048 *** 0.1005 **

Error 24 0.0004 0.0003 0.001 0.014 0.0007 0.022 0.38 0.108 0.024

SL: shoot length; RL: root length; NOL: number of leaves; FB: fresh biomass per plant; DB: dry biomass per
plant; NiRA: nitrite reductase activity; NRA: nitrate reductase activity; TFAA: total free amino acids; TSP: total
soluble proteins. Chl. a: chlorophyll a content; Chl. b: chlorophyll b content; T. chl.: total chlorophyll; Car: total
carotenoids contents; N: total nitrogen; P: total phosphorus; K: total potassium; Na: total sodium content. *, **,
and ***: significant at p ≤ 0.05, 0.01, and 0.001, respectively. NS: not significant.
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Figure 1. Potassium nutrition induced alterations in shoot length (A), root length (B), fresh
biomass (C), dry biomass (D), and number of leaves (E) per plant of two mungbean cultivars (NM-92
and Ramzan) grown under normal and saline conditions. Different letters indicate significant differ-
ences as per Tukey’s HSD test (p ≤ 0.05) between cultivars under potassium and salinity treatments.
Vertical bars indicate the standard error of the mean.

3.2. Biochemical Parameters

Salinity and potassium nutrition had a significant impact (p ≤ 0.05) on the biochemical
attributes, as indicated in (Table 2a,b). Similarly, both salinity stress and potassium nutrition
exerted a notable influence on total soluble proteins. Under the control (C) conditions,
plants supplemented with potassium exhibited the highest total soluble proteins, although
this concentration decreased with salinity. Nevertheless, potassium nutrition proved effec-
tive in enhancing the concentration of total soluble proteins even under saline conditions
(Figure 2A). Moreover, regarding the nitrate reductase activity (NRA), when comparing
C + K, S50 + K, and S100 + K to C, S50, and S100, respectively, a noticeable increase in
nitrate reductase activity (NRA) was found in the plants that were supplemented with
potassium nutrition (Figure 2B). Furthermore, in terms of the nitrate reductase activity
(NRA), a noticeable increase was observed in the plants supplemented with potassium
nutrition when comparing C + K, S50 + K, and S100+ K to C, S50, and S100, respectively
(Figure 2B). Similarly, under the S50 and S100 treatments, both mungbean cultivars exhib-
ited a significant reduction (p ≤ 0.05) in nitrite reductase activity (NiRA) compared to the
control. However, the provision of potassium nutrition to the plants of both mungbean
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cultivars effectively improved both NRA and NiRA (Figure 2B,C). The ascending trend in
NiRA was observed as C + K > S50 + K > and S100 + K (Figure 2C). Additionally, salinity
stress and potassium nutrition markedly influenced (p ≤ 0.05) the accumulation of total
free amino acids (TFAA) (Table 2a). In comparison to C under both salinity levels (S50
and S100), a significant increase in TFAA was noted in both mungbean cultivars, while
Ramzan exhibited a higher content in TFAA under all applied treatments compared to
NM-92 (Figure 2D).
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Figure 2. Potassium nutrition induced alterations in total soluble proteins (A), nitrate reductase
activity (B), nitrite reductase activity (C), and total free amino acids (D) of two mungbean cultivars
(NM-92 and Ramzan) grown under normal and saline conditions. Different letters reveal significant
differences as per Tukey’s HSD test (p ≤ 0.05) between cultivars under potassium and salinity
treatments. Vertical bars indicate the standard error of the mean.

Exposure of mungbean plants to salinity (50 and 100 mM NaCl) resulted in a significant
reduction (p < 0.05) in the chlorophyll (Chl) content compared to the control conditions,
as detailed in (Table 2b). The highest chlorophyll a (Chl. a) contents were observed in
C + K, followed by C > S50 + K > S50 > S100 + K and > S100 (Figure 3A). In the saline
conditions, both mungbean cultivars exhibited a substantial decrease (p < 0.05) in the
chlorophyll b (Chl. b) content (Table 2b). However, the implication of potassium led to
a considerable increase in the chlorophyll b concentration (Figure 3B). The maximum
Chl.b contents were found in C + K and S50 + K compared to C and S50, respectively.
Potassium supplementation did not improve the Chl.b content in plants grown under
S100 + K compared to those under S100 in both mungbean cultivars (Figure 3B). Salinity
and potassium nutrition had a significant (P ≤ 0.05) impact on the total leaf chlorophyll
content (Table 2b). It was the highest in the plants grown with C + K (Figure 3C). Moreover,
the maximal leaf carotenoid content (Car) was noted in plants treated with S100 + K,
followed by S100 > S50 + K, > and S50. In comparison to C, salinity produced an increase
in carotenoids in all plants of both mungbean cultivars exposed to 50 and 100 mM NaCl.
More carotenoid contents were noted when supplied with potassium nutrition (Figure 3D).
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Figure 3. Potassium nutrition induced alterations in chlorophyll a (A), chlorophyll b (B), total
chlorophylls (C), and carotenoids (D) contents of two mungbean cultivars (NM-92 and Ramzan)
grown under normal and saline conditions. Different letters demonstrate significant differences as
per Tukey’s HSD test (p ≤ 0.05) between cultivars under potassium and salinity treatments. Vertical
bars indicate the standard error of the mean.

3.3. Nutrient Uptake

Among the nutrient contents of developing mungbean cultivars, salinity significantly
increased the leaf sodium (Na+) content (p ≤ 0.05), as detailed in (Table 2b). The maximum
Na+ concentration was observed in plants treated with S100, decreasing with a reduction
in salinity and potassium-mediated nutrition, with the order S100 + K > 50 mM NaCl >
S50 + K > C + K > C (Figure 4A). The mungbean cultivar Ramzan consistently maintained
higher Na+ contents than NM-92. However, the salinity significantly (p ≤ 0.05) reduced
the leaf nitrogen (N) contents in both mungbean cultivars (Table 2b). The minimum leaf N
contents were noted for plants grown with S100, while the highest occurred in plants under
C + K. The decreasing trend followed as C > S50 + K > S50 > S100 + K (Figure 4B). Mungbean
cultivar NM-92 performed better than Ramzan because cultivar NM-92 maintained higher
N contents than the other one. Salinity and potassium nutrition significantly influenced
the leaf phosphorous (P) contents (p ≤ 0.05) in both mungbean cultivars, as indicated in
(Table 2b). The phosphorous contents (P) markedly decreased (p ≤ 0.05) with increased
salinity levels in the growth medium (S50 to S100) in both mungbean cultivars. The
minimum P contents were noted in plants treated with S100. However, after potassium
application, plants grown under C + K, S50 + K, and S100 + K showed improvement in
their P content. Mungbean cultivar NM-92 maintained higher P contents compared to
Ramzan (Figure 4C).



Horticulturae 2024, 10, 549 10 of 17

Horticulturae 2024, 10, x FOR PEER REVIEW 10 of 18 
 

 

cultivars, as indicated in (Table 2b). The phosphorous contents (P) markedly decreased (p 
≤ 0.05) with increased salinity levels in the growth medium (S50 to S100) in both 
mungbean cultivars. The minimum P contents were noted in plants treated with S100. 
However, after potassium application, plants grown under C + K, S50 + K, and S100 + K 
showed improvement in their P content. Mungbean cultivar NM-92 maintained higher P 
contents compared to Ramzan (Figure 4C). 

Moreover, salt stress adversely impacted the leaf potassium (K+) contents, while the 
addition of potassium nutrition in the growth media significantly improved this 
parameter in both mungbean cultivars (p ≤ 0.05) (Table 2b). Plants treated with C + K had 
the maximum K+ contents, which decreased with reduced salinity and increased with 
potassium application. The decreasing trend for the potassium content was S50 + K > C > 
S50 > S100. The mungbean cultivars showed different behaviors in the saline environment, 
with NM-92 successfully maintaining higher K+ than the cultivar Ramzan (Figure 4D). In 
contrast, calcium (Ca2+) and magnesium (Mg2+) contents in leaf samples of both mungbean 
cultivars were significantly affected by salinity and potassium nutrition (p < 0.05), as 
outlined in (Table 2b). Plants grown under salinity levels of 50 and 100 mM NaCl 
displayed a substantial reduction in leaf Ca2+ and Mg2+ contents in both mungbean 
cultivars in comparison to their respective controls (Figure 4E). The application of 
potassium significantly increased the Ca2+ and Mg2+ contents in plants grown under both 
control and saline conditions. The mungbean cultivars responded differently to saline 
conditions, with NM-92 revealing an overall higher Ca2+ + Mg2+ compared to Ramzan. 

 
Figure 4. Potassium nutrition induced alterations in total sodium (A), total nitrogen (B), total 
phosphorus (C), total potassium (D), and total (Ca + Mg) (E) contents of two mungbean cultivars 
(NM-92 and Ramzan) grown under normal and saline conditions. Different letters indicate 
significant differences as per Tukey’s HSD test (p ≤ 0.05) between cultivars under potassium and 
salinity treatments. Vertical bars indicate the standard error of the mean. 

h h

f f

c d

g g

e e

a b

0

5

10

15

20

25

30

35

C C+K S50 S50+K S100 S100+K
To

ta
l s

od
iu

m
 (

m
g/

g 
D

W
)

Treatments

NM-92 Ramzan

A

b
a

d d

f e

c
b

g g

h h

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

C C+K S50 S50+K S100 S100+K

To
ta

l n
itr

og
en

 (
%

)

Treatments

NM-92 Ramzan

B

bc
a

f
e

h
g

cd
b

f
de

i

h

0

1

2

3

4

5

6

C C+K S50 S50+K S100 S100+K

To
ta

l p
ho

sp
ho

ro
us

 (
m

g/
g 

D
W

) 

Treatments

NM-92 Ramzan

C

c

a

de

b

g
e

d

b

ef

c

h
fg

0
2
4
6
8

10
12
14
16
18
20

C C+K S50 S50+K S100 S100+K

To
ta

l p
ot

as
siu

m
 (

m
g/

g 
DW

)

Treatments

NM-92 Ramzan

D

bc
a

f ef

h
g

cd
ab

f

de

i

h

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

C C+K S50 S50+K S100 S100+K

To
ta

l C
a+

M
g 

(m
g/

g)

Treatments

NM-92 Ramzan

E

Figure 4. Potassium nutrition induced alterations in total sodium (A), total nitrogen (B), total
phosphorus (C), total potassium (D), and total (Ca + Mg) (E) contents of two mungbean cultivars
(NM-92 and Ramzan) grown under normal and saline conditions. Different letters indicate significant
differences as per Tukey’s HSD test (p ≤ 0.05) between cultivars under potassium and salinity
treatments. Vertical bars indicate the standard error of the mean.

Moreover, salt stress adversely impacted the leaf potassium (K+) contents, while the
addition of potassium nutrition in the growth media significantly improved this parameter
in both mungbean cultivars (p ≤ 0.05) (Table 2b). Plants treated with C + K had the maxi-
mum K+ contents, which decreased with reduced salinity and increased with potassium
application. The decreasing trend for the potassium content was S50 + K > C > S50 > S100.
The mungbean cultivars showed different behaviors in the saline environment, with NM-92
successfully maintaining higher K+ than the cultivar Ramzan (Figure 4D). In contrast,
calcium (Ca2+) and magnesium (Mg2+) contents in leaf samples of both mungbean cultivars
were significantly affected by salinity and potassium nutrition (p < 0.05), as outlined in
(Table 2b). Plants grown under salinity levels of 50 and 100 mM NaCl displayed a substan-
tial reduction in leaf Ca2+ and Mg2+ contents in both mungbean cultivars in comparison to
their respective controls (Figure 4E). The application of potassium significantly increased
the Ca2+ and Mg2+ contents in plants grown under both control and saline conditions. The
mungbean cultivars responded differently to saline conditions, with NM-92 revealing an
overall higher Ca2+ + Mg2+ compared to Ramzan.

3.4. Principal Component and Heatmap Analyses

Principal component analysis (PCA) is a multivariant statistical analysis that is nor-
mally used to scrutinize a large, intricate dataset. In the current research, PCA analysis
was performed individually for the mungbean cultivars to estimate the variations in the
studied parameters under different applied treatments. As the vector length increases from
their point of origin to the extraneous area of the constructed biplots, the variability for the
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corresponding parameters is enhanced. Moreover, the bar graph or scree plot played an
imperative role in the better comprehension of the eigenvalues’ contribution towards the
variability in all the principal components (PCs) in the PCA analysis (Figure 5). The scree
plot analysis for both mungbean cultivars, i.e., NM-92 (Figure 5A) and Ramzan (Figure 5B),
revealed that the first two principal components impart more contributions in the total
variability for all the studied parameters under different applied treatments. Therefore,
principal component analysis was accomplished among the first two principal components
(Figure 5). The biplot analysis, constructed for both the NM-92 and Ramzan cultivars,
showed that the control and C + K treatments were highly effective in demonstrating a
synergistic coherent variation pattern among the root length (RL), chlorophyll a (Chl.a),
chlorophyll b (Chl.b), total chlorophyll (T.chl), and fresh biomass per plant (FB), and di-
vulged antagonistic variations with the total free amino acids (TFAA), carotenoids (Car),
and sodium (Na) that were favored by S100 + K (Figure 6). However, a contradiction
was noticed for the Ramzan cultivar, where S100 + K showed variations in the sodium
(Na) content while at the salinity level S50 for the total free amino acids (TFAA) and
carotenoids (Car) concentration (Figure 6B). Similarly, for the NM-92 cultivar, only the
S100 + K treatment showed negative variations in TFAA, Car, and Na for the chlorophyll
contents and fresh biomass (FB). For NM-92, the cumulative variability among the first two
PCs was 96.74%—where PC-1 contributed 92.21%, and PC-2 revealed 4.53% (Figure 6A).
Additionally, the biplot analysis for the Ramzan showed that the cumulative variability
among the first two PCs was 94.82%, where PC-1 shared a 90.45% variation while PC-2 was
4.37% (Figure 6B).
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Figure 5. A bar graph or scree plot indicating eigenvalues on the y-axis and factors (y-axis) for all
the principal components of studied mungbean cultivars: (A) NM-92 and (B) Ramzan grown under
normal and saline conditions.
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Figure 6. Principal component analysis (Biplot) for two mungbean cultivars: (A) NM−92 and
(B) Ramzan, grown under normal and saline conditions.
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Moreover, heatmap analyses were performed separately for the mungbean cultivars
using R Software (version 4.3.2). The heatmap constructed for mungbean cultivar NM-92
depicted two main clusters in which all the applied treatments were grouped. In the first
cluster, two treatments (control and C + K) were arranged together and demonstrated a
strong positive correlation among the Chl.a, Chl.b, T.chl, N, SL, NRA, and K contents, while
these treatments showed a negative association with Na, Car, and TFAA. However, in the
second main cluster, two further sub-clusters were obtained. Among these two sub-clusters,
the first sub-cluster grouped two treatments (S100 and S100 + K) that showed a strongly
positive correlation with Na, Car, and TFAA and a negative one with the RL, SL, DB, and
TSP concentrations (Figure 7A). Additionally, the second sub-cluster also grouped two
treatments, namely S50 and S50 + K, which showed a slight negative linkage with FB, P,
and TSP and a slight positive interaction with NiRA, NRA, and DB (Figure 7A).
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Figure 7. Heatmap correlation analysis on two mungbean cultivars: (A) NM−92 and (B) Ramzan,
grown under normal and saline conditions.

Similarly, a heatmap developed for the Ramzan cultivar also showed two main clusters.
In the first cluster, two treatments (S100 and S100 + K) were concerted together and
indicated a strong negative relationship with RL, SL, DB, and P, whereas Na, Car, and TFAA
were positively coordinated under these two treatments. Despite this, the second main
cluster for the Ramzan cultivar was further divided into two sub-clusters. The first sub-
cluster combined two treatments (S50 and S50 + K) that showed a slight negative correlation
with RL and N, while it was marginally positive with DB, K, and NRA (Figure 7B). Moreover,
in the second sub-cluster, the control and C + K were concerted together and depicted a
strong positive correlation with the N, Chl.b, Chl.a, T.chl, and K contents, while a strong
negative association manifested with the Na, Car, and TFAA contents (Figure 7B).

4. Discussion

Soil salinization is a global constraint for agriculture because it causes severe losses
to plant growth and productivity by altering the morphological and physio-biochemical
activities of the plants [27]. The prime objective of this study was to learn more about
how salinity affects mungbean plant growth, how this affects the physio-biochemical and
metabolic processes, and to explore the role of potassium in alleviating the negative effects
of salt stress. In both mungbean cultivars, salinity reduced the shoot length (Figure 1A), root
length (Figure 1B), number of leaves (Figure 1E), fresh biomass (Figure 1C), dry biomass
(Figure 1D), nitrate reductase activity (Figure 2B), nitrite reductase activity (Figure 2C),
total soluble proteins (Figure 2A), chlorophyll a (Figure 3A), chlorophyll b (Figure 3B),
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total chlorophyll (Figure 3C), nitrogen (Figure 4B), phosphorous (Figure 4C), potassium
(Figure 4D), and calcium + magnesium (Figure 4E) in comparison to the control. Plants
treated with potassium had the highest values for all these parameters in both mungbean
cultivars. Plants treated with S100 had the lowest values for all these attributes. An increase
in salinity led to a substantial decline in the root and shoot lengths of the mungbean
varieties [28]. Decreased plant growth might be caused by the inhibition of cell division
and expansion under saline conditions [29]. These results matched the earlier work of [30],
indicating a salt concentration-dependent decline in the root and shoot lengths of mungbean
cultivars. Moreover, [31] also reported similar results for wheat and citrus and [29] for
pistachio. Although a plant’s height/length is a genetically controlled attribute and is
regulated by several crucial genes, their expression is influenced by various biotic and
abiotic factors. Reduction in root length is a strategy of plants to reduce the absorption
of salts [32]. The salinity caused a reduction in the root and shoot lengths, resulting in
decreased plant growth. This growth inhibition may be due to salt stress that causes
ionic toxicity and a disturbance in metabolic activity, leading to a manifested disruption
in photosynthetic activity; thus a decrease in growth biomass was obvious [33]. The
current investigation also depicted that salinity caused a reduction in chlorophyll contents
(Figure 3A–C) and nutrient imbalance (Figure 4); subsequently, a reduction in growth and
biomass (Figure 1) was noticed. Ionic toxicity and an adverse osmotic effect of salinity
reduce the number of leaves [34], and the findings of this study confirmed that both
mungbean cultivars showed a reduction in the number of leaves per plant (Figure 1E), as
well as fresh biomass (Figure 1C), and dry biomass (Figure 1D). The accumulation of Na+

and Cl− in the cytoplasm and cell walls of leaves causes a nutrient imbalance and reduction
in the metabolic activities that reduce plant growth by decreasing the number of leaves,
chlorophyll contents, and photosynthesis [35]. The findings of [36] provided supporting
results with mungbean and citrus, respectively. The results of this investigation confirmed
that the application of potassium in the growth media significantly improved the growth
and biomass of both the mungbean cultivars (Figure 1) under saline conditions, which
may be due to its essentiality for the regulation of metabolic and stomatal conductance
necessary to maintain the photosynthesis under saline conditions [37].

A pronounced declining trend was ascertained for nitrate reductase activity (NRA)
(Figure 2B) and nitrite reductase activity (NiRA) (Figure 2C) in both mungbean cultivars
observed as a result of the salinity treatment. Similar results were provided by [38,39] for
sorghum and cucumber, respectively. A higher salt concentration may be related to the
salt-mediated generation of reactive oxygen species (ROS), which badly hampered the
nitrate reductase, leading to its breakage and, ultimately, a decline in NRA [30]. However,
the application of potassium improved NRA and NiRA because it increases the availability
of substrate for NRA by decreasing the uptake of Cl− and increasing the NO3−, as there is
an antagonistic relationship between Cl− and NO3−. Therefore, when substrate for NRA
is available, the ability of substrate for NiRA increases [40]. Resultingly, a decrease in
NRA and NiRA induces a reduction in the total soluble protein (Figure 2A). The literature
affirmed that salinity adversely affected nitrogen metabolism [41]. Furthermore, to adjust
the saline condition, the disintegration of heavy molecules (protein) into smaller molecules
(total free amino acid) is a common phenomenon in plants [42]. Moreover, our results
demonstrated that the escalation in total free amino acids concentration (Figure 2D), which
was further enhanced due to the application of potassium in a growth medium [43],
showed that the application of potassium in saline soil enables plants to adjust to a saline
environment by decreasing the water and osmotic potential of plant cells.

Among the photosynthetic pigments, chlorophyll a, b, and total chlorophyll decreased
due to salinity; however, the potassium application significantly improved all these at-
tributes (Figure 3). Chlorophyll is requisite for photosynthesis and has a direct link to
plant health, growth, and productivity [44]. The literature confirmed that the application of
potassium is beneficial for improving chlorophyll contents and photosynthesis in plants
grown in saline conditions [45]. Additionally, [46] also suggested another reason behind
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the reduction in total chlorophyll contents, i.e., a decrease in the synthesis of 5-aminolinolic
acid, which is necessary for the synthesis of total chlorophyll.

In contrast to the control, salt stress significantly enhanced the carotenoid levels
(Figure 3D) and sodium (Na+) content (Figure 4A) in both mungbean cultivars. Plants
treated with S100 and the potassium application in the growth media exhibited the highest
levels of carotenoids. The increase in carotenoids in plants under stress conditions is often
observed by many researchers because carotenoids act as antioxidants to combat the ROS
generated due to salinity [47]. Moreover, plants treated with S100 displayed the highest
Na+ content; the increase in leaf Na+ contents in plants growing under saline conditions
is obvious [48] because this medium contains excessive Na, which competes with Ca2+

and K+, leading to curtailed Ca2+/Na+ and K+/Na+ ratios, which affect the plant growth,
yield, and other metabolic activities of the plants [49]. Therefore, the supplementation of
potassium in soils containing excessive Na+ is effective in enhancing the K+/Na+ ratio,
plant growth, and yield by regulating the activation of crucial genes that lead to favorable
alterations in the metabolic and physio-biochemical pathways [50].

Moreover, statistical analysis (PCA, Heatmap, and ANOVA) was conducted for a
better understanding of the fluctuations in the studied attributes under specific treatments
of salinity. All these statistical analyses revealed that both mungbean cultivars (NM-92
and Ramzan) showed higher Chla (Figure 3A), Chlb (Figure 3B), Chlt (Figure 3C), Car
(Figure 3D), FB (Figure 1C), and TSP (Figure 2A) under the control and C + K treatments,
while these were negatively linked with Na (Figure 4A), Car (Figure 3D), and TFAA
(Figure 2D) contents, which were increased under the S100 and S100 + K treatments.
Among both Mungbean cultivars, NM-92 maintained all the studied traits higher than
the Ramzan cultivar except for the TFAA and Na+ contents. The increase in chlorophyll
molecules enhances photosynthetic activity, consequently activating several enzymes, such
as NiRA (Figure 2C) and NRA (Figure 2B), which are essential for crop nitrogen metabolism
and the synthesis of protein (TSP), both of which are necessary to improve the fresh and
dry biomass (Figure 1C,D) of growing plants. These findings are strongly aligned with [51],
who stated that optimum nitrogen availability improves crop growth and productivity by
increasing antioxidant activity and reducing ROS concentration.

Among the nutrient contents, total nitrogen, total phosphorus, total potassium, and
total Ca + Mg were high under the control and C + K treatments, and a decreasing trend was
observed in the other treatments, i.e., S50 + K > S50 > S100 + K > S100; at the same time, the
Na+ content was higher in the salinity stress levels. A similar trend for nutrient imbalance
due to salinity was noted by [52]. In the current experiment, under saline growth media,
a substantial decline in the Ca + Mg (Figure 4E) and phosphorus (Figure 4C) contents
in both mungbean cultivars was recorded. Plants exposed to salinity stress suffer from
oxidative damage, resulting in a reduction in water uptake in plants [53]. Furthermore,
salt-stressed mungbean plants of both varieties, supplemented with potassium, enhance
the competition between Na+ and K+ in the plasmalemma for absorption and maintain a
high K+/Na+ ratio [54]. An optimal supply of potassium and nitrogen causes an abatement
in Na+ content in sugarcane because the administration of K+ and N improves the ability of
plants to evade Na+ absorption [55]. Soil salinization reduced the nitrogen in the mungbean
cultivars (Figure 4B). Moreover, [56] also reported a decrease in the nitrogen content of
both mungbean cultivars due to salinity stress. Possible explanations for the reduction
in N content—similar to those observed in the present study under salt stress—might
include the inhibition of NRA activity and a reduction in protein biosynthesis and nitrogen
fixation [57], which are attended to in the current study.

In the current research activity, we utilized 0 mM, 50 mM, and 100 mM of salinity stress
along with potassium alone or in combination to elucidate their interactions with mungbean
crop growth and development. Moreover, the implication of potassium sulfate with
different levels of salinity and potassium alone or in combined form may be a better option
for improving crop growth and development. Additionally, in the era of molecular and
computational biology, the exploitation of modern breeding and molecular biology tools,
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like marker-assisted selection (MAS), provide opportunities for omics approaches to aid in
opening a new avenue for mining the vital genes and screening out mungbean genotypes
that have better adaptability in diverse fluctuating environmental scenarios. It would also
aid in determining the variation in growth patterns, and physio-biochemical parameters.

5. Conclusions

The findings of this investigation demonstrate that the adverse effects of salinity on the
growth and biomass production of crops can be reduced by proper soil potassium nutrition
management. Potassium application in saline soils alters the physio-biochemical processes,
like the accumulation of total free amino acids and carotenoids, enabling plants to combat
salinity through osmotic adjustment. Furthermore, the potassium nutrition management of
salt-affected soils aids in promoting nitrogen metabolism by enhancing NRA, NiRA activity,
and the uptake of nitrogen, potassium, phosphorous, and chlorophyll contents, leading
to improvement in growth and biomass production in plants, as noticed in mungbean
cultivars. Additionally, statistical analyses (PCA and Heatmap) assist in analyzing the
variation and correlation among the studied parameters, indicating that Na, Car, and TFAA
were positively correlated with each other but showed a strong negative correlation with
all other studied attributes in both mungbean cultivars. The better-performing mungbean
cultivar, NM-92, under salt stress, was due to its lower Na+ concentration and more Car
contents compared to the Ramzan cultivar. Therefore, NM-92 can be grown in marginal
saline soil, having salinity levels up to 50 mM or 5 dS m−1. Potassium application in saline
soil plays a key role in improving crop productivity and ultimately assists in increasing the
country’s economy.
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