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application significantly increased chlorophyll content, protein percentage, and
total carbohydrates compared with the control treatment. Conventional
potassium fertilization significantly improved mineral nutrient concentrations,
particularly potassium in plant tissues. Water stress levels significantly affected
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responses. The interaction between potassium treatments and irrigation levels
showed significant effects on several chemical characteristics of alfalfa plants.
Overall, potassium nutrition, especially in nano form, improved chemical
characteristics and enhanced alfalfa plants' tolerance to water stress. These
findings highlight the potential role of nano-potassium fertilization in improving
plant performance and forage quality under limited water availability.
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1. Introduction

Alfalfa (Medicago sativa L.) is considered one of the most important
perennial forage crops worldwide. This importance stems from its numerous
agricultural and nutritional characteristics. It has a high ability to adapt to a wide
range of environmental conditions, in addition to its high nutritional value due
to its elevated protein content, high biomass productivity, and high digestibility
for ruminant animals. Moreover, alfalfa can fix atmospheric nitrogen through its
symbiotic relationship with root-nodule bacteria, thereby improving soil fertility
and reducing the need for nitrogen fertilizers [1, 2]. Furthermore, producing this
crop is relatively less expensive than that of many other forage crops, thereby
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enhancing its economic importance in agricultural production systems [3, 4]. Alfalfa belongs to the family
Fabaceae, which is considered one of the largest plant families in the plant kingdom [5].

This crop is particularly well-suited to arid and semi-arid environments, where it is widely used in
livestock feeding due to its high protein content, which may reach about 20%. In addition, it contains
carotenoids, vitamins, and minerals that improve forage quality and enhance animal production efficiency [6,
7]. Alfalfa has also been used in folk medicine due to its bioactive compounds, which possess antioxidant and
anti-inflammatory properties. It has been traditionally used to treat conditions such as arthritis, digestive
disorders, and metabolic problems. Recent studies have also shown its effectiveness in supporting the central
nervous system and helping in the treatment of obesity [8, 9]. Despite the agricultural and economic
importance of this crop, its productivity is greatly affected by environmental factors, particularly abiotic
stresses. These stresses influence plant growth, physiological processes, biomass accumulation, and forage
quality [2]. Water stress resulting from drought is considered one of the most important limiting factors
affecting agricultural production in many regions of the world [10]. This problem has intensified in recent
decades due to declining water resources, reduced and irregular rainfall, and the increasing impacts of climate
change. These factors have negatively affected agricultural production and reduced cultivated areas,
especially amid the increasing demand for food driven by rapid population growth.

Water deficiency causes several morphological and physiological changes in plants [11]. It disrupts
cellular water balance, leads to stomatal closure, and reduces photosynthesis by decreasing chlorophyll
content. Water stress also disrupts the balance between the production of Reactive Oxygen Species (ROS) and
antioxidant defense systems, leading to the accumulation of ROS and oxidative stress, which damages
proteins, membrane lipids, and various cellular components [12]. Consequently, plant productivity and crop
quality decline under drought conditions [13, 14]. Many studies indicate that plant mineral nutritional status
plays a fundamental role in enhancing their ability to tolerate environmental stresses [15]. Potassium is
considered an essential macronutrient for plant growth and development, as it plays a crucial role in
regulating many physiological processes [16]. In alfalfa in particular, the demand for potassium increases to
ensure continued growth and maintain forage productivity [17]. Potassium contributes to the activation of
many enzymes involved in biosynthetic processes, such as protein and starch synthesis, and the production
of the energy molecule adenosine triphosphate (ATP) [18]. It also plays an important role in regulating
stomatal movement and maintaining ionic balance within plant cells, in addition to its roles in carbohydrate
transport through the phloem and in regulating plant water balance [19]. Moreover, potassium enhances plant
tolerance to various biotic and abiotic stresses [20, 21]. Several studies have demonstrated that the use of
conventional potassium fertilizers, such as potassium sulfate, can improve the growth and productivity of
alfalfa, especially under water-stress conditions [17].

In recent decades, agricultural technologies aimed at managing plant stresses have witnessed
significant development, among which nanotechnology applications in agriculture have emerged as one of
the most prominent innovations. This technology represents a modern approach that aims to improve
nutrient-use efficiency, increase crop productivity, and reduce the negative environmental impacts of
conventional agricultural inputs [22]. Nanoparticles have demonstrated a high capacity to penetrate plant
cellular barriers, thereby enhancing the efficiency of nutrient absorption and their translocation within plant
tissues due to their small size, large surface area, and high solubility [23]. The high efficiency and concentration
of these fertilizers enhance the ability of nutrient-loaded nanoparticles to penetrate plant surfaces, thereby
increasing the interaction area between nanoparticles and plant tissues. This, in turn, enhances physiological
processes, particularly photosynthesis. As a result, plant dry matter content increases, confirming the high
efficiency of nano-fertilizers used in small quantities, while achieving high productivity in both quantity and
quality [24]. Recent studies also indicate that integrating nanoparticles into agricultural practices can improve
both quantitative and qualitative crop traits, particularly under exposure to different environmental stresses.
This is attributed to nanoparticles' ability to influence molecular signaling pathways in plants, activate
antioxidant defense systems, regulate plant hormones, and enhance nutrient absorption efficiency and
distribution within plant tissues [25, 26]. Therefore, this technology represents a promising approach for
developing more efficient and environmentally sustainable agricultural production systems.
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2. Materials and Methods
2.1 Study Site

The experiment was conducted in a nursery belonging to the Directorate of Agriculture of Al-
Muthanna, in the center of Al-Samawah city, on 4 October 2025, to study the effects of conventional and nano
forms of potassium on reducing the impact of water stress on alfalfa (Medicago sativa L.) growth. Local alfalfa
seeds were obtained from the local market and manually cleaned to remove impurities before sowing. The
seeds were planted in plastic pots with a capacity of 20 kg, filled with 11 kg of a growth medium consisting of
loamy soil mixed with peat moss at a 1:3 ratio (soil:peat moss). Before planting, a representative soil sample
was collected to conduct some physical and chemical analyses in the U-Science Laboratory in Al-Diwaniyah
city, as shown in Table 1 according to the methods described by John [27] and Ryan et al. [28].

Table 1. Physical and chemical properties of the experimental soil before planting

Property Value Unit
pH 7.30 -
EC 2.06 ms/cm
Organic matter (OM) 1.12 %
CaCOs 36 %
CaSOs; 1.15 %
Bulk density 1.13 g-cm3
N available 2.8 mg/kg
K available 108.65 mg/kg
P available 7.48 mg/kg
K soluble 51.43 mg/kg
Na 273.6 mg/kg
Ca 216 mg/kg
Cl 441 mg/kg
Mg 200.08 mg/kg
HCOs 280 mg/kg
SO, 878.42 mg/kg
Sand 68.4 %
Silt 20.5 %
Clay 11.1 %
Soil texture Sandy loam -
2.2 Experimental Design

The experiment was arranged in a Randomized Complete Block Design (RCBD) with three replicates.
The first factor was the source of potassium, comprising seven treatments: conventional potassium fertilizer
applied at three levels (4, 6, and 8 g kg soil), where 6 g kg represents the standard recommended rate; nano-
potassium fertilizer applied at three concentrations (1, 2, and 3 g L-!), where 2 g L-! represents the concentration
recommended by the producing company; and an unfertilized control. The second factor consisted of four
water-stress levels applied as percentages of field capacity: 100% (well-watered control), 75%, 50%, and 25%.
Accordingly, the experiment comprised 84 experimental units resulting from the full factorial combination of
seven potassium treatments and four irrigation levels with three replicates (7 x 4 x 3).

2.3 Experimental Treatments

Conventional potassium sulfate fertilizer (K2SO4; K,O content: 50%; purity 298%) obtained from a local
agricultural office was applied at three concentrations (4, 6, and 8 g kg soil), equivalent to 44, 66, and 88 g
pot™, based on the soil weight per pot (11 kg). Fertilizer was applied to the soil after alfalfa plant germination
in two doses. Nano potassium fertilizer produced by KHAZRA Company (Iran) was used. According to the
manufacturer’s technical data sheet, the product contains 10% K>O (as K) with a nominal particle size <50 nm.
It is acknowledged that independent physicochemical verification (e.g.,, TEM, DLS, XRD) of particle
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characteristics was not conducted, which represents a limitation of the present study. Three concentrations (1,
2, and 3 g L') were prepared by dissolving them in distilled water. The treatments were applied as foliar
sprays in two applications, following the protocols reported for other crops [29]. Four irrigation levels were
applied according to field capacity: 100% (well-watered control), 75%, 50%, and 25%.

2.4 Determination of Soil Field Capacity

The field capacity of the soil was determined gravimetrically following the method of Klute [30], using
three pots each filled with 11 kg of air-dried soil. The soil was irrigated to complete saturation, then covered
with plastic bags to minimize evaporation losses and left to drain for 48 hours until gravitational water
drainage from the bottom holes ceased, after which the pots were reweighed. Field capacity was calculated
from the difference between wet and dry soil weight, yielding an average gravimetric field capacity of 25%,
based on which the four irrigation treatments were set at 25%, 50%, 75%, and 100% of field capacity,
corresponding to approximate water additions of 0.7, 1.4, 2.0, and 2.7 L per pot, respectively.

2.5 Studied Chemical Traits and Measurement Methods

Total chlorophyll content in leaves was determined according to the method described by Goodwin
[31]. A 0.5 g leaf sample of alfalfa was ground with 10 ml of 80% acetone. The extract was kept in darkness in
a refrigerator for at least 30 minutes to ensure efficient extraction. The extract was then filtered or centrifuged
to obtain a clear solution. Absorbance was measured at 663, 645, and 470 nm using a spectrophotometer, with
80% acetone as the blank. Chlorophyll concentration was calculated according to the following equations:

Chlorophyll a = (12.7 x A663 — 2.69 x A645) x 2
Chlorophyll b = (22.9 x A645 - 4.68 x A663) x 2
Total chlorophyll = Chlorophyll a + Chlorophyll b

Plant samples were digested according to the method of Cresser and Parsons [32] after drying the
shoot samples in an oven at 70°C for 48 hours until constant weight. A 0.2 g sample of dry powder was mixed
with 10 ml concentrated sulfuric acid (H.SOs4) and 2 ml perchloric acid (HClOy), then heated on a hot plate
until a clear digest was obtained. After cooling, the volume was completed to 100 ml with distilled water. Total
nitrogen was determined by the Kjeldahl method [33] according to the AOAC International standard
procedures [34]. Phosphorus was determined using the Ammonium Molybdate—Ascorbic Acid method, and
absorbance was measured at 882 nm using a UV-Visible spectrophotometer, as described by John [35].
Potassium was determined using a Flame Emission Photometer at 766.5 nm, according to the AOAC method
[36]. Proline content was determined according to the method described by Bates et al. [37]. A 0.1 g dry sample
was ground with 10 ml of 3% sulfosalicylic acid. The extract was centrifuged for 10 minutes and filtered. Then
1.5 ml of filtrate was mixed with 1.5 ml acetic acid and 1.5 ml acid ninhydrin solution, and the tubes were
heated in a boiling water bath for 30 minutes. The reaction was stopped by placing the tubes in an ice bath.
Afterward, 4 mL toluene was added and mixed using a vortex mixer. The upper toluene layer was separated,
and its absorbance was measured at 520 nm using a UV-Visible spectrophotometer. Proline concentration was
determined from a standard curve prepared with varying proline concentrations. Protein percentage in plant
samples was calculated by multiplying the nitrogen percentage by the conversion factor of 6.25, as described
by Kalra [38] and Vopyan [39].

Protein (%) = N% x 6.25

Total carbohydrates were determined according to the method described by Joslyn [40]. A 0.29 g dry
sample was mixed with 5 ml of perchloric acid and heated in a water bath at 60°C for one hour, with the
process repeated three times. The supernatant was separated by centrifugation (15 min, 3000 rpm). One ml of
the extract was diluted to 100 ml with distilled water, and 1 ml of the diluted solution was mixed with 1 ml of
5% phenol and 5 ml concentrated sulfuric acid, then left to cool. Absorbance was measured at 490 nm using a
spectrophotometer, and readings were recorded in mg L. Carbohydrate percentage was calculated using the
following equation:
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Carbohydrates (%) = (Instrument reading x (extract volume / sample weight) x dilution factor) / 10000

2.6 Statistical analysis

All experimental data were analyzed using the Statistical Analysis System (SAS) program according
to a factorial experiment within a Randomized Complete Block Design (RCBD). Significant differences among
treatment means were determined using Duncan’s Multiple Range Test at a probability level of 0.05.

3. Results and Discussion
3.1 Effect of conventional potassium fertilization and foliar application of nano-potassium under different
levels of water stress on some chemical traits of alfalfa

3.1.1 Total chlorophyll concentration in leaves (mg 100 g™

The results of the statistical analysis presented in Table 2 showed that foliar application of nano-
potassium significantly increased chlorophyll concentration in alfalfa leaves. The spraying treatments (1, 2,
and 3 g L) significantly increased chlorophyll content compared with the control treatment, which recorded
100.59 mg 100 g!, while the highest mean value was observed in the 1 g L-! treatment, reaching 135.01 mg 100
g . The results also indicated that soil-applied potassium fertilizer significantly increased chlorophyll
concentration. The treatment 4 g kg soil recorded the highest mean value of 128.76 mg 100 g~' compared with
the control treatment. Water stress levels also significantly affected chlorophyll concentration. Chlorophyll
content increased with increasing water stress levels, where the highest mean value (120.04 mg 100 g') was
recorded at 50% irrigation level, with no significant difference compared with 75% irrigation level, while the
lowest mean (105.79 mg 100 g™') was recorded at 100% irrigation level. Regarding the interaction between
experimental factors, the combination of nano-potassium at 2 g L' and a 50% irrigation level yielded the
highest mean chlorophyll concentration (154.69 mg 100 g), with no significant difference from the 3 g L!
nano-potassium at the same irrigation level. In contrast, the lowest mean value (70.53 mg 100 g') was recorded
for the interaction between soil potassium treatment at 8 g kg=! and irrigation level of 50%.

Table 2. Effect of conventional and nano potassium fertilization on the mean total chlorophyll concentration
(mg 100 g™) in alfalfa leaves under water stress conditions

Potassium treatments 100% 75% 50% 25% Mean
Control 86.43 q 102.38 m 10839k 105.171 100.59d
Nano K (2 g L) 102.38 m 14550c 154.69a 127.74h 132.58Db
Nano K (3 g L) 10290m 150.21b 153.55a 121.88i 132.14b
Nano K (1 g L) 13345f  142.64 141.19d 122.77i 135.01a
K#gkg?) 131.60 g 127.13h 139.39e 11690 128.76c¢
K6 gkg?) 99.65n 82.76 r 72.51s 90.54p 86.37e
K@ gkg?) 84.10r 86.09 q 70.53 t 92.880 83.40f
Mean 105.79 ¢ 119.53a 120.04a 111.13b

*Means with the same letter are not significantly different according to Duncan’s Multiple Range Test at P <0.05.

3.1.2 Proline concentration (ng 100 g9

The results of the statistical analysis presented in Table 3 indicate that foliar application of nano-
potassium had a significant effect on proline concentration in alfalfa leaves. The spraying treatments (1, 2, and
3 g L) reduced proline concentration compared with the control treatment, which recorded 81.25 mg 100 g™;
the lowest mean value was observed at 1 g L (79.13 mg 100 g). In contrast, soil application of conventional
potassium fertilizer showed no significant differences in proline concentration compared with the control
treatment. The lowest mean value was 80.92 mg 100 g in the treatment 4 g kg!, while the highest mean value
was 81.98 mg 100 g! in the treatment 6 g kg, without a significant difference compared with the treatment 8
g kg1. Water stress levels also significantly affected proline concentration. The highest mean value (81.00 mg
100 g) was recorded at the 100% irrigation level, while the lowest mean value (80.22 mg 100 g~') was observed
at the 50% irrigation level. Regarding the interaction between the experimental factors, the interaction between
the control treatment and the 25% irrigation level recorded the highest mean proline concentration in leaves
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(86.66 mg 100 g*). In contrast, the lowest mean value (73.63 mg 100 g') was recorded for the interaction
between the control treatment and irrigation level of 100%.

Table 3. Effect of conventional and nano potassium fertilization on the mean proline concentration (mg 100 g)
in alfalfa leaves under water stress conditions

Potassium treatments 100% 75% 50% 25% Mean
Control 73.63j 81.77 cd 82.95 bc 86.66 a 81.25 ab
NanoK (2 g L) 81.94 cd 80.33 def  81.10 cde 78.08 ghi 80.36 ¢
Nano K (3 g L) 84.13b 7895 fgh  79.30 e-h 78.10 ghi 80.12 ¢
Nano K (1 g L) 84.12b 78.16 ghi 76.72 1 77.52 hi 79.13d
K@#gkg? 82.00 cd 80.33 def 81.03 de 80.31 def 80.92 bc
K (6 gkg™) 80.94 de 81.43 cd 81.06 de 84.50 b 81.98 a
K@ gkg?) 80.21 def 84.50 b 79.39 efg 81.11 cde 81.30 ab
Mean 81.00 a 80.78 ab 80.22 b 80.90 b

*Means followed by different letters differ significantly according to Duncan’s Multiple Range Test at P <0.05.

3.1.3 Mineral content

3.1.3.1 Nitrogen concentration (%)

The results of the statistical analysis presented in Table 4 indicate that foliar application of nano-
potassium had no significant effect on nitrogen concentration in alfalfa leaves compared with the control
treatment, which recorded 3.30%. However, the highest mean value (4.10%) was observed in the 2 g L
treatment, with no significant difference compared with the 1 and 3 g L-! treatments. Similarly, soil application
of conventional potassium fertilizer showed no significant differences in nitrogen concentration compared
with the control treatment, although the highest mean value (3.70%) was recorded in the 4 g kg™! treatment.
In contrast, water stress levels significantly affected nitrogen concentration. Nitrogen values decreased with
increasing water stress levels. The highest mean value (3.94%) was recorded at the 100% irrigation level, with
no significant difference compared with 75% and 25% irrigation levels, while the lowest mean value (2.30%)
was observed at the 50% irrigation level. Regarding the interaction between potassium fertilization treatments
and water stress levels, the nano-potassium at 2 g L' and 100% irrigation level recorded the highest leaf
nitrogen concentration (4.80%), with no significant difference from other interactions. In contrast, the lowest
mean value (2.30%) was recorded for the interaction between conventional potassium treatment at 8 g kg!
and an irrigation level of 50%.

Table 4. Effect of conventional and nano potassium fertilization on the mean nitrogen concentration (%) in
alfalfa leaves under water stress conditions

Potassium treatments 100% 75% 50% 25% Mean
Control 3.60 abc 3.40 abc 3.20 abc 3.00 abc 3.30 abc
Nano K (2 g L) 4.80 a 4.40 ab 3.80 abc 3.40 abc 410a
Nano K (3 gL™) 4.40 ab 3.60 abc 3.60 abc 3.60 abc 3.80 ab
Nano K (1 g L) 4.40 abc 4.00 abc 3.40 abc 4.20 abc 4.00 ab
K4 gkg?) 4.00 abc 3.40 abc 3.60 abc 3.80 abc 3.70 abc
K6 gkg?) 2.80 abc 2.60 bc 2.60 bc 3.40 abc 285c¢
K@ gkg?) 3.60 abc 3.00 abc 230 ¢ 3.60 abc 3.13 bc
Mean 39 a 3.49 ab 321b 3.57 ab

*Means followed by different letters differ significantly according to Duncan’s Multiple Range Test at P < 0.05.

3.1.3.2 Phosphorus concentration (%)

The results of the statistical analysis presented in Table 5 indicate that foliar application of nano-
potassium had a significant effect on phosphorus concentration in alfalfa leaves. The spraying treatments (1,
2, and 3 g L) significantly increased phosphorus concentration compared with the control treatment, which
recorded 0.580%, while the highest mean value (0.724%) was observed in treatment 1 g L. Similarly, soil



ASEAN ]. Sci. Tech. Report. 2026, 29(6), e264371. 7 of 15

application of conventional potassium fertilizer showed a significant increase in phosphorus concentration
compared with the control treatment. The 6 g kg™ treatment recorded the highest mean value (0.652%), with
no significant difference from the 4 g kg treatment. Water stress levels also significantly affected phosphorus
concentration. Phosphorus content increased with increasing water stress levels. The highest mean value
(0.750%) was recorded at the 50% irrigation level, whereas the lowest mean value (0.473%) was observed at
the 100% irrigation level. Regarding the interaction between potassium fertilization treatments and water
stress levels, the nano-potassium treatments (2, 1, and 3 g L') and the 50% irrigation level recorded the highest
mean phosphorus concentrations, without significant differences among them. The highest value (0.893%) was
recorded in treatment 2 g L' at 50% irrigation level. In comparison, the lowest mean value (0.243%) was
observed in the interaction between the control treatment and irrigation level of 100%, with no significant
difference from the interaction between nano-potassium treatment (2 g L) at the same irrigation level.

Table 5. Effect of conventional and nano potassium fertilization on the mean phosphorus concentration (%)
in alfalfa leaves under water stress conditions

Potassium treatments 100% 75% 50% 25% Mean
Control 0.243 i 0.609 c—f 0.710 b—e 0.660 b—f 0.556 ¢
Nano K (2 g L) 0.340 hi 0.715b-e 0.893 a 0.748 bc 0.674 ab
Nano K (3 g L) 0.444 gh 0.670 b-f 0.875a 0.659 b—f 0.662 ab
Nano K (1 g L) 0.533 fg 0.700 b-e 0.880 a 0.782 ab 0.724 a
K#gkg? 0.573 efg 0.659 b-f 0.659 b—f 0.700 b—e 0.648 b
K (6 gkg™) 0.650 b—f 0.659 b-f 0.651 b—f 0.649 b—f 0.652b
K@ gkg™) 0.526 fg 0.723 bed 0.585 def 0.659 b—f 0.623b
Mean 0.473 ¢ 0.676 b 0.750 a 0.694 b

*Means followed by different letters differ significantly according to Duncan’s Multiple Range Test at P < 0.05.

3.1.3.3 Potassium concentration (%)

The results of the statistical analysis presented in Table 6 indicate that foliar application of nano-
potassium had a significant effect on potassium concentration in alfalfa leaves. The 3 g L! treatment showed
a significant increase compared with the control, which recorded 1.53%, achieving the highest mean value of
2.05%. Similarly, soil-applied conventional potassium fertilizer resulted in a significant increase in leaf
potassium concentration. The treatment 8 g kg™ recorded the highest mean value of 3.79% compared with the
control treatment. Water stress also significantly affected potassium concentration. Potassium concentration
decreased with increasing water stress levels. The highest mean value (3.25%) was recorded at the 100%
irrigation level, while the lowest mean value (2.01%) was observed at the 25% irrigation level. Regarding the
interaction between potassium fertilization treatments and water stress levels, the interaction between
conventional potassium at 8 g kg and irrigation level of 100% recorded the highest mean potassium
concentration in leaves (4.83%), with no significant difference compared with the interaction of the same
treatment at 75% irrigation level, as well as the interaction between 6 g kg™ potassium and 100% irrigation
level. In contrast, the lowest mean value (0.88%) was recorded for the interaction between the control treatment
and the 50% irrigation level.

3.1.4 Total protein concentration (%)

The results of the statistical analysis presented in Table 7 indicate that foliar application of nano-
potassium had a significant effect on protein concentration in alfalfa leaves. The treatments significantly
increased protein concentration compared with the control treatment, which recorded 21.25%, where the 2 g
L-! treatment recorded the highest mean value (25.63%), with no significant difference compared withthe1 g
L' treatment. Similarly, soil application of conventional potassium fertilizer significantly increased protein
concentration. The treatment 4 g kg recorded the highest mean value (22.50%) compared with the control
treatment. Water stress levels also significantly affected protein content. Protein concentration decreased with
increasing water stress levels. The highest mean value (24.64%) was recorded at the 100% irrigation level,
while the lowest mean value (20.12%) was recorded at the 50% irrigation level. Regarding the interaction
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between potassium fertilization treatments and water stress levels, the nano-potassium treatment (2 g L) at
100% irrigation level achieved the highest mean leaf protein concentration (30.00%). In contrast, the lowest
mean value (14.58%) was recorded for the interaction between conventional potassium treatment (8 g kg™)
and irrigation level of 50%.

Table 6. Effect of conventional and nano potassium fertilization on the mean potassium concentration (%) in
alfalfa leaves under water stress conditions

Potassium treatments 100% 75% 50% 25% Mean
Control 2.20 f-k 1.75 h-m 0.88 m 1.28 klm 1.53d
Nano K (2 g L) 2.43 2.31 f-k 1.51 i-m 1.39 j—m 1.91 cd
Nano K (3 g L) 291 c-¢g 1.93 g-1 1.85 h-m 1.51 i-m 2.05c
Nano K (1 g L) 2.52 e-i 1.87 h-m 1.15Im 1.78 h-m 1.83 cd
K@gkg? 3.53 bed 291 c-g 3.63 bc 2.03 -1 3.03b
K(@®6gkg?) 4.35 ab 3.49 b-e 3.00 c—f 2.39 {5 331b
K@ gkg? 483 a 4.02 ab 2.61d-g 3.69 bc 3.79 a
Mean 3.25a 2.61b 2.09 c 2.01c

*Means followed by different letters differ significantly according to Duncan’s Multiple Range Test at P < 0.05.

Table 7. Effect of conventional and nano potassium fertilization on the mean total protein concentration (%)
in alfalfa leaves under water stress conditions

Potassium treatments 100% 75% 50% 25% Mean
Control 22.50 ef 21.25fg 22.50 ef 18.75 hi 21.25d
Nano K (2 g L) 30.00 a 27.50 b 23.75 de 21.25fg 25.63 a
Nano K (3 g L) 27.50 b 22.50 ef 22.50 ef 22.50 ef 23.75b
Nano K (1 g L) 27.50 b 25.00 cd 21.25fg 26.25 be 25.00 a
K#gkg? 25.00 cd 21.25fg 20.00 gh 23.75 de 22.50 ¢
K(@®6gkg?) 17.50 ij 16.25 jk 16.25 jk 21.25fg 17.81f
K@ gkg? 22.50 ef 18.75 hi 14.58 k 22.50 ef 19.58 e
Mean 24.64 a 21.79b 20.12 ¢ 22.32b

*Means followed by different letters differ significantly according to Duncan’s Multiple Range Test at P < 0.05.

3.1.5 Total carbohydrates concentration (%)

The results of the statistical analysis presented in Table 8 indicate that foliar application of nano-
potassium had a significant effect on carbohydrate concentration in alfalfa leaves. The treatments significantly
increased carbohydrate content compared with the control treatment, which recorded 8.16%, where the 3 g L
treatment achieved the highest mean value of 16.40%. Similarly, soil application of conventional potassium
fertilizer showed a significant increase in carbohydrate concentration compared with the control treatment.
The treatment 8 g kg™ recorded the highest mean value of 12.87%. Water stress levels also significantly affected
carbohydrate concentration. Carbohydrate values decreased with increasing water stress levels. The highest
mean value (19.70%) was recorded at the 100% irrigation level, while the lowest mean value (9.48%) was
recorded at the 50% irrigation level. Regarding the interaction between potassium fertilization treatments and
water stress levels, the nano-potassium treatment (3 g L) at 100% irrigation level achieved the highest mean
leaf carbohydrate concentration (35.64%). In contrast, the lowest mean value (3.63%) was recorded for the
interaction between conventional potassium treatment (6 g kg™) and irrigation level of 25%.
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Table 8. Effect of conventional and nano potassium fertilization on the mean total carbohydrate concentration
(%) in alfalfa leaves under water stress conditions

Potassium treatments 100% 75% 50% 25% Mean
Control 10.58 k 11.99jj 4.54 no 551 n 8.16 f
Nano K (2 g L) 14.77 ef 12.39 hi 8.86 Im 5.60 n 1041e
Nano K (3 g L") 35.64 a 12.28 hi 13.25 ghi 4.43 no 16.40 a
NanoK (1gL™) 24.54b 13.82 fg 10.76 jk 9.39 klm 14.63b
K@ gkg? 15.97 de 14.56 fg 9.15Im 4.75 no 11.11d
K6 gkg?) 16.29d 13.22 ghi 10.22 kI 3.63 0 10.84 de
K@ gkg) 20.12 ¢ 13.60 fgh 9.60 kil 8.16 m 12.87 ¢
Mean 19.70 a 13.12b 9.48 ¢ 5.92d

*Means followed by different letters differ significantly according to Duncan’s Multiple Range Test at P < 0.05.

4. Discussion
4.1 Total Chlorophyll Content in Leaves

The results of the present study revealed a significant increase in total chlorophyll content in alfalfa
leaves following foliar application of nano-potassium compared with the control treatment. This increase may
be attributed to potassium's essential role in chlorophyll biosynthesis and photosynthetic processes. Potassium
plays a fundamental role in regulating stomatal opening, activating many enzymes associated with
photosynthesis, and stabilizing chloroplast membranes, which ultimately contributes to improving
photosynthetic efficiency and chlorophyll accumulation in plant tissues [41]. Under drought conditions, plants
often experience a decline in chlorophyll content due to oxidative stress and damage to the photosynthetic
apparatus. However, adequate potassium nutrition can mitigate these negative effects by maintaining cellular
osmotic balance and improving water relations within plant tissues. Potassium also helps maintain turgor
pressure and protects chloroplast structures from degradation under stress conditions [42]. The greater
effectiveness of nano-potassium observed in this study compared with conventional potassium fertilizers may
be explained by nanoparticles' unique physicochemical properties. Nanofertilizers possess a larger surface
area and improved solubility, which enhances nutrient absorption and mobility within plant tissues. These
properties increase nutrient use efficiency and improve plant metabolic activity under environmental stress
conditions [43]. Furthermore, nanoparticles have been reported to enhance plant tolerance to abiotic stresses
by stimulating antioxidant systems and improving physiological processes such as photosynthesis and
nutrient uptake [23]. Similar effects of foliar fertilizer application on photosynthetic pigments have been
documented in other crops [29]. Similar results were reported in alfalfa, where potassium fertilization
significantly increased chlorophyll content, improved forage quality, and enhanced plant productivity [44].

4.2 Proline Content

Proline is considered one of the most important osmoprotectants accumulated in plants exposed to
environmental stresses such as drought and salinity. In the present study, proline concentration decreased in
plants treated with nano-potassium compared with the control treatment. This reduction indicates that
potassium application alleviated the intensity of water stress experienced by the plants. Under stress
conditions, proline accumulation helps stabilize proteins and cellular membranes, maintain osmotic balance,
and protect plant cells from dehydration damage. Therefore, high proline levels are generally associated with
severe stress conditions [45]. The lower proline levels observed in potassium-treated plants suggest that
potassium improved plant water status and reduced the severity of stress conditions. Potassium enhances
osmotic adjustment, regulates stomatal movement, and improves water-uptake efficiency, thereby
contributing to maintaining plant metabolic activity under drought conditions [46]. Previous studies also
indicated that potassium fertilization reduces oxidative stress by enhancing antioxidant enzyme activities and
maintaining membrane stability, thereby decreasing the need for excessive accumulation of stress-related
metabolites such as proline [47]. Moreover, plants with improved potassium nutrition exhibit greater tolerance
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to osmotic stress and therefore accumulate lower levels of proline compared with plants exposed to nutrient
deficiency [48].

4.3 Nitrogen Content

The results of the present study showed that potassium treatments did not significantly affect nitrogen
concentration in alfalfa leaves, although slight increases were observed in some treatments. This result may
be explained by the fact that nitrogen accumulation in alfalfa largely depends on biological nitrogen fixation
through symbiotic relationships with rhizobia bacteria rather than potassium fertilization alone. Nevertheless,
potassium indirectly contributes to nitrogen metabolism by activating enzymes involved in nitrogen
assimilation and facilitating the transport of nitrogenous compounds throughout plant tissues. Potassium also
enhances root growth and increases nutrient uptake efficiency, which may improve nitrogen accumulation
under favorable conditions [49]. Water stress significantly influenced nitrogen concentration in the present
study. Drought conditions reduce nutrient mobility in the soil and limit nutrient diffusion toward plant roots.
Consequently, reduced soil moisture may impair nutrient uptake and decrease nitrogen accumulation in plant
tissues [50]. Previous studies have demonstrated that adequate fertilization improves nutrient balance and
enhances nitrogen uptake and assimilation in alfalfa, thereby improving plant growth and productivity [51].
Furthermore, environmental factors and soil fertility conditions play important roles in determining nitrogen
accumulation and

4.4 Phosphorus Content

The results showed that nano-potassium application significantly increased phosphorus
concentration in alfalfa leaves compared with the control treatment. This improvement may be attributed to
the synergistic interaction between potassium and phosphorus in plant metabolic processes. Potassium plays
an important role in energy metabolism and ATP production, which are essential for phosphorus uptake and
transport within plant tissues. Adequate potassium supply, therefore, facilitates phosphorus absorption and
improves its distribution within plant organs [52]. The importance of phosphorus fertilizer management in
determining crop phosphorus status has also been demonstrated in other crops [53]. Additionally,
nanofertilizers have been reported to enhance nutrient absorption efficiency due to their extremely small
particle size and increased surface area. These characteristics enable nanoparticles to penetrate plant tissues
more effectively, thereby enhancing nutrient mobility and metabolic utilization [54]. Recent studies have also
highlighted the potential of nanotechnology to improve plant nutrient uptake and enhance plant tolerance to
environmental stresses, including drought [55].

4.5 Potassium Content

As expected, potassium fertilization significantly increased potassium concentration in alfalfa leaves.
The highest potassium content was observed in treatments receiving higher potassium fertilization rates,
indicating a strong relationship between potassium supply and its accumulation in plant tissues. Potassium is
involved in numerous physiological processes, including enzyme activation, regulation of osmotic potential,
maintenance of cell turgor, and transport of carbohydrates within plant tissues. Therefore, increasing
potassium availability directly enhances plant growth and physiological performance [56]. In calcareous and
alkaline soils similar to those used in this study, fertilizer management is particularly important as soil
chemistry strongly influences nutrient availability and plant uptake [14, 21]. However, water stress
significantly reduced potassium concentration in plant tissues. Under drought conditions, nutrient mobility
in the soil decreases, which limits potassium uptake by plant roots. In addition, reduced transpiration rates
under water deficit conditions may further limit nutrient transport within the plant [17].

4.6 Total Protein Content

The results of the present study revealed a significant increase in protein content in alfalfa leaves
following nano-potassium application. This increase may be related to potassium's role in nitrogen
metabolism and protein synthesis. Potassium activates several enzymes involved in amino acid synthesis and
facilitates nitrogen assimilation in plant tissues. As a result, improved potassium nutrition enhances protein
formation and accumulation in plant tissues [57]. However, water stress may negatively affect protein
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synthesis due to reduced metabolic activity and decreased availability of substrates required for protein
formation. Severe drought conditions often reduce photosynthetic activity and limit the energy required for
protein metabolism [58].

4.7 Total Carbohydrate Content

The results showed that nano-potassium application significantly increased total carbohydrate
concentration in alfalfa leaves. This increase may be attributed to potassium's role in regulating photosynthetic
processes and carbohydrate metabolism. Potassium enhances carbon assimilation by regulating stomatal
conductance and facilitating the transport of photosynthates from leaves to other plant organs. Consequently,
plants supplied with adequate potassium accumulate higher carbohydrate concentrations [59]. Under severe
water stress conditions, carbohydrate accumulation may decline due to reduced photosynthetic efficiency and
limited carbon fixation. Drought stress often leads to stomatal closure, which restricts CO, uptake and reduces
carbohydrate production [58]. Nevertheless, nanotechnology-based fertilizers may enhance plant tolerance to
drought stress by improving nutrient uptake efficiency, enhancing metabolic activity, and increasing
carbohydrate accumulation in plant tissues [60].

5. Conclusions

The results of this study showed that both conventional potassium fertilization and nano-potassium
application significantly affected several chemical characteristics of alfalfa (Medicago sativa L.) under different
levels of water stress. Nano-potassium application increased chlorophyll content, protein percentage, and total
carbohydrates, indicating enhanced physiological performance of plants under water-deficit conditions. In
addition, potassium fertilization improved the mineral nutrient status of the plants, particularly potassium
concentration in plant tissues. Water stress levels also clearly influenced most of the studied traits, and the
interaction between potassium treatments and irrigation levels played an important role in regulating plant
responses. Overall, potassium nutrition, especially in nanoform, can improve chemical characteristics and
enhance alfalfa plants' tolerance to water stress. Specifically, nano-K at 1-2 g L' is recommended as the
optimal concentration range, and 75% field capacity is recommended as the optimal irrigation level to balance
water conservation with acceptable forage quality. These results suggest that nano-K can serve as a
complementary or partial replacement for conventional K fertilization under water-limited conditions. Future
field-scale validation studies are recommended to extend these pot-based findings to practical agronomic
applications.

6. Acknowledgments

The authors would like to express their sincere appreciation to the University of Al-Qadisiyah, College
of Education, Department of Biology, for their support in completing this research. They also thank the
Directorate of Agriculture of Al-Muthanna for providing the nursery facilities in Samawah city,

Author Contributions: Conceptualization, D.A.K. J. and H.A.S. G; methodology, D.AK.J. and HA.S. G;
software, D.A.K ]J.and H.A.S. G; validation, D.A.K.J.and H.A.S. G, formal analysis, D.A.K.J.and H.A.S. G;
investigation D.A.K.J.and H.A.S. G resources, D.A.K J.and H.A.S. G; data curation, D.A.K.J.and H.AS. G;
writing—original draft preparation,

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest

References

[1] Appiah, E. A,; Balla-Kovacs, A.; Ocwa, A.; Csajbdk, J.; Kutasy, E. Enhancing Alfalfa (Medicago sativa L.)
Productivity: Exploring the Significance of Potassium Nutrition. Agronomy 2024, 14, 1806.
https://doi.org/10.3390/agronomy14081806


https://doi.org/10.3390/agronomy14081806

ASEAN ]. Sci. Tech. Report. 2026, 29(6), e264371. 12 of 15

(2]

(10]

[11]

(12]

[13]

(14]

[15]

[16]

(17]

(18]

(19]

Daud, M.; Xu, S.; Qiao, H,; Hui, X;; Adil, M.; Lu, Y. Understanding Abiotic Stress in Alfalfa:
Physiological and Molecular Perspectives on Salinity, Drought, and Heavy Metal Toxicity. Front. Plant
Sci. 2025, 16, 1627599. https://doi.org/10.3389/fpls.2025.1627599

Castroluna, A. Fisiologia de la Germinacion y Crecimiento de Tres Variedades de Medicago sativa Bajo
Condiciones de Estrés Abiético; Grade Thesis, National University of San Luis: Argentina, 2009.
Janchai, S.; Nakkorn, N.; Vorarat, S.; Thongprapa, S. Carbon Footprint Assessment Using Synthetic
Fertilizer and Liquid Organic Biofertilizer in Cassava Cultivation to Promote Good Cultivation
Practices and Prevent Greenhouse Gas Emissions from Agricultural Cultivation in Thailand. ASEAN
J. Sci. Technol. Rep. 2024, €257702. https://doi.org/10.55164/ajstr.v28i4.257702

Gepts, P.; Beavis, W. D.; Brummer, E. C.; Shoemaker, R. C.; Stalker, H. T.; Weeden, N. F.; et al. Legumes
as a Model Plant Family. Plant Physiol. 2005, 137, 1228-1235. https://doi.org/10.1104/pp.105.060871
Jonker, A.; Hickey, S.; Pinares-Patifio, C.; McEwan, J.; Olinga, S.; Diaz, A.; et al. Sheep from Low-
Methane-Yield Selection Lines Created on Alfalfa Pellets Also Have Lower Methane Yield under
Pastoral Farming Conditions. J. Anim. Sci. 2017, 95, 3905-3913. https://doi.org/10.2527/jas2017.1709
Patra, P. S.; Paul, T. Lucerne (Alfalfa). In Forage Crops of the World I: Major Forage Crops; 2019; pp 231-243.

Bora, K. S.; Sharma, A. Phytochemical and Pharmacological Potential of Medicago sativa: A Review.
Pharm. Biol. 2011, 49, 211-220. https://doi.org/10.3109/13880209.2010.504732

Raeeszadeh, M.; Beheshtipour, J.; Jamali, R.; Akbari, A. The Antioxidant Properties of Alfalfa
(Medicago sativa L.) and Its Biochemical, Antioxidant, Anti-Inflammatory, and Pathological Effects on
Nicotine-Induced Oxidative Stress in the Rat Liver. Oxid. Med. Cell. Longev. 2022, 2022, 2691577.
https://doi.org/10.1155/2022/2691577

Slama, I.; Tayachi, S.; Jdey, A.; Rouached, A.; Abdelly, C. Differential Response to Water Deficit Stress
in Alfalfa (Medicago sativa) Cultivars: Growth, Water Relations, Osmolyte Accumulation, and Lipid
Peroxidation. Afr. |. Biotechnol. 2011, 10, 16250-16259. https://doi.org/10.5897/A]B11.1202

Garcia, F. H.; Mendonga, A. M.; Rodrigues, M.; Matias, F. L; Silva Filho, M. P.; Santos, H. R.; et al.
Water Deficit Tolerance in Sugarcane Is Dependent on the Accumulation of Sugar in the Leaf. Ann.
Appl. Biol. 2020, 176, 65-74. https://doi.org/10.1111/aab.12559

Waraich, E. A;; Ahmad, R.; Ashraf, M. Role of Mineral Nutrition in Alleviation of Drought Stress in
Plants. Aust. J. Crop Sci. 2011, 5, 764-777.

Naidu, S.; Pandey, ]J.; Mishra, L. C.; Chakraborty, A.; Roy, A.; Singh, I. K,; et al. Silicon Nanoparticles:
Synthesis, Uptake and Their Role in Mitigation of Biotic Stress. Ecotoxicol. Environ. Saf. 2023, 255,
114783. https://doi.org/10.1016/j.ecoenv.2023.114783

Puyod, S. E. G; Pascual, P. R. Varietal Performance of Hybrid Corn Fertilized with Ammonium
Fertilizers in an Alkaline Soil under Drought Conditions. ASEAN ]. Sci. Technol. Rep. 2024, e257403.
https://doi.org/10.55164/ajstr.v2814.257403

Azaizeh, H.; Marschner, H.; Romheld, V., Wittenmayer, L. Effects of a Vesicular-Arbuscular
Mycorrhizal Fungus and Other Soil Microorganisms on Growth, Mineral Nutrient Acquisition, and
Root Exudation of Soil-Grown Maize Plants. Mycorrhiza 1995, 5, 321-327. https://doi.org
/10.1007/BF00207404

Sardans, J.; Pefiuelas, ]. Potassium Control of Plant Functions: Ecological and Agricultural
Implications. Plants 2021, 10, 419. https://doi.org/10.3390/plants10020419

Darapuneni, M. K.; Lauriault, L. M.; Martinez, G. K.; Djaman, K.; Lombard, K. A.; Dodla, S. K.
Potassium and Sulfur Fertilizer Sources Influence Alfalfa Yield and Nutritive Value and Residual Soil
Characteristics in an Arid, Moderately Low-Potassium Soil. Agronomy 2024, 14, 117. https://doi.org
10.3390/agronomy14010117

Johnson, R.; Vishwakarma, K.; Hossen, M. S.; Kumar, V.; Shackira, A.; Puthur, J. T.; et al. Potassium in
Plants: Growth Regulation, Signaling, and Environmental Stress Tolerance. Plant Physiol. Biochem.
2022, 172, 56-69. https://doi.org/10.1016/j.plaphy.2022.01.001

Rawat, J.; Pandey, N.; Saxena, J. Role of Potassium in Plant Photosynthesis, Transport, Growth and
Yield. In Role of Potassium in Abiotic Stress; 2022; pp 1-14. https://doi.org/10.1007/978-981-16-4461-0_1


https://doi.org/10.3389/fpls.2025.1627599
https://doi.org/10.55164/ajstr.v28i4.257702
https://doi.org/10.1104/pp.105.060871
https://doi.org/10.2527/jas2017.1709
https://doi.org/10.3109/13880209.2010.504732
https://doi.org/10.1155/2022/2691577
https://doi.org/10.5897/AJB11.1202
https://doi.org/10.1111/aab.12559
https://doi.org/10.1016/j.ecoenv.2023.114783
https://doi.org/10.55164/ajstr.v28i4.257403
https://doi.org/10.3390/plants10020419
https://doi.org/10.1016/j.plaphy.2022.01.001
https://doi.org/10.1007/978-981-16-4461-0_1

ASEAN ]. Sci. Tech. Report. 2026, 29(6), e264371. 13 of 15

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]

[39]
[40]

Baidoo, M. Alfalfa Response to Phosphorus and Potassium Fertility in Relation to Calcium and
Magnesium. Int. J. Agric. Res. Environ. Sci. 2024, 5, 1-7.

Jamio, E. D.; Bacalso, B. C.; Magsayo, N. J. A.; Canunayon, M. I.; Tangpos, D. B.; Caritan, J. D.; Pascual,
P.R. L. Early Root Development and Yield Performance of Different Corn (Zea mays L.) Varieties under
Alkaline Soil. ASEAN ]. Sci. Technol. Rep. 2024, €259735.

Shahid, M. A.; Sarkhosh, A.; Khan, N.; Balal, R. M.; Alj, S.; Rossi, L.; et al. Insights into the Physiological
and Biochemical Impacts of Salt Stress on Plant Growth and Development. Agronomy 2020, 10, 938.
https://doi.org/10.3390/agronomy10070938

Al-Khayri, J. M.; Rashmi, R.; Surya Ulhas, R.; Sudheer, W. N.; Banadka, A.; Nagella, P.; et al. The Role
of Nanoparticles in Response of Plants to Abiotic Stress at Physiological, Biochemical, and Molecular
Levels. Plants 2023, 12, 292. https://doi.org/10.3390/plants12020292

Mahdi, L.; Al-Falahi, M.; Farhan, K. J.; Alkhateb, B. A. Effect of Nano-Zinc Fertilization and Water
Stress on Water Use Efficiency, Growth and Yield of Broccoli Irrigated with Saline Water. Int. . Agric.
Stat. Sci. 2022, 18.

Arora, P. K; Tripathi, S.; Omar, R. A,; Chauhan, P.; Sinhal, V. K; Singh, A.; et al. Next-Generation
Fertilizers: The Impact of Bionanofertilizers on Sustainable Agriculture. Microb. Cell Fact. 2024, 23, 254.
https://doi.org/10.1186/s12934-024-02528-5

Rehman, A.; Khan, S.; Sun, F.; Peng, Z.; Feng, K.; Wang, N.; et al. Exploring the Nano-Wonders:
Unveiling the Role of Nanoparticles in Enhancing Salinity and Drought Tolerance in Plants. Front.
Plant Sci. 2024, 14, 1324176. https://doi.org/10.3389/fpls.2023.1324176

John, P. R. A Textbook of Soil Chemical Analysis; John Murray Publishers Ltd.: London, 1971.

Ryan, J.; Estefan, G.; Rashid, A. Soil and Plant Analysis: Laboratory Manual, 2nd ed.; International Center
for Agricultural Research in the Dry Areas (ICARDA): Aleppo, 2003.

Pascual, P. R. L.; Remedios, E. A.; Abello, N. F.; Carabio, D. E.; Pascual, V. U.; Alburo, R. P. Vegetative,
Photosynthetic, and Anthocyanin Content of Turmeric (Curcuma longa L.) Applied with Organic Foliar
Fertilizers. ASEAN ]. Sci. Technol. Rep. 2024, e257477. https://doi.org/10.55164/ajstr.v28i5.257477
Klute, A. Water Retention: Laboratory Methods. In Methods of Soil Analysis. Part 1: Physical and
Mineralogical Methods; Klute, A., Ed.; American Society of Agronomy: Madison, 1986; pp 635-662.
https://doi.org/10.2136/sssabookser5.1.2ed.c26

Goodwin, T. W. Chemistry and Biochemistry of Plant Pigments, 2nd ed.; Academic Press: London, 1976.
Cresser, M.; Parsons, J. Sulphuric-Perchloric Acid Digestion of Plant Material for the Determination
of Nitrogen, Phosphorus, Potassium, Calcium and Magnesium. Anal. Chim. Acta 1979, 109, 431-436.
https://doi.org/10.1016/S0003-2670(01)84273-2

Kjeldahl, J. Neue Methode Zur Bestimmung Des Stickstoffs in Organischen Koérpern. Z. Anal. Chem.
1883, 22, 366-382. https://doi.org/10.1007/BF01338151

AOAC International. Official Methods of Analysis of AOAC International, 21st ed.; AOAC International:
Gaithersburg, MD, 2019.

John, M. K. Colorimetric Determination of Phosphorus in Soil and Plant Materials with Ascorbic Acid.
Soil Sci. 1970, 109, 214-220. https://doi.org/10.1097/00010694-197004000-00002

AOAC. Official Methods of Analysis of the Association of Official Analytical Chemists, 21st ed.; AOAC
International: Gaithersburg, MD, 2019.

Bates, L. S.; Waldren, R. P.; Teare, I. D. Rapid Determination of Free Proline for Water-Stress Studies.
Plant Soil 1973, 39, 205-207. https://doi.org/10.1007/BF00018060

Kalra, Y. P. Handbook of Reference Methods for Plant Analysis; CRC Press: Boca Raton, FL, 1997.
https://doi.org/10.1201/9780367802233

Vopyan, V. G. Agricultural Chemistry, 1st ed.; Mir Publishers: Moscow, 1984.

Joslyn, M. A. Methods in Food Analysis: Physical, Chemical and Instrumental Methods of Analysis; Academic Press:
New York, 1970.


https://doi.org/10.3390/agronomy10070938
https://doi.org/10.3390/plants12020292
https://doi.org/10.1186/s12934-024-02528-5
https://doi.org/10.3389/fpls.2023.1324176
https://doi.org/10.55164/ajstr.v28i5.257477
https://doi.org/10.2136/sssabookser5.1.2ed.c26
https://doi.org/10.1016/S0003-2670(01)84273-2
https://doi.org/10.1007/BF01338151
https://doi.org/10.1097/00010694-197004000-00002
https://doi.org/10.1007/BF00018060
https://doi.org/10.1201/9780367802233

ASEAN ]. Sci. Tech. Report. 2026, 29(6), e264371. 14 of 15

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Cakmalk, I.; Rengel, Z. Humboldt Review: Potassium May Mitigate Drought Stress by Increasing Stem
Carbohydrates and Their Mobilization into Grains. ]. Plant Physiol. 2024, 303, 154325.
https://doi.org/10.1016/j.jplph.2024.154325

Fang, S.; Yang, H.; Wei, G.; Shen, T.; Wan, Z.; Wang, M.; Wu, Z. Potassium Application Enhances
Drought Tolerance in Sesame by Mitigating Oxidative Damage and Regulating Osmotic Adjustment.
Front. Plant Sci. 2022, 13, 1096606. https://doi.org/10.3389/fpls.2022.1096606

Chandrashekar, H. K.; Singh, G.; Kaniyassery, A.; Thorat, S. A.; Nayak, R.; Murali, T. S.; Muthusamy,
A. Nanoparticle-Mediated Amelioration of Drought Stress in Plants: A Systematic Review. 3 Biotech
2023, 13, 336. https://doi.org/10.1007/s13205-023-03751-4

Majid, M.; Ali, A.; Essia, B. Effect of Salinity on Sodium and Chloride Uptake, Proline and Soluble
Carbohydrate Contents in Three Alfalfa Varieties. IOSR J. Agric. Vet. Sci. 2012, 1, 1-6.
https://doi.org/10.9790/2380-0160106

Meng, Y.; Yin, Q.; Yan, Z.; Wang, Y.; Niu, J.; Zhang, J.; Fan, K. Exogenous Silicon Enhanced Salt
Resistance by Maintaining K+/Na+ Homeostasis and Antioxidant Performance in Alfalfa Leaves.
Front. Plant Sci. 2020, 11, 1183. https://doi.org/10.3389/fpls.2020.01183

El Moukhtari, A.; Cabassa-Hourton, C.; Crilat, E.; Carol, P.; Lamsaadi, N.; Hidri, R.; Savouré, A. Salt
Stress Is Alleviated by Either Proline or Silicon but Not by Their Combination in Alfalfa (Medicago
sativa L.) Inoculated with a Salt-Tolerant Ensifer meliloti Strain. |. Plant Growth Regul. 2023, 42, 4048—
4062. https://doi.org/10.1007/s00344-022-10865-1

Safarnejad, A. Morphological and Biochemical Response to Osmotic Stress in Alfalfa (Medicago sativa L.).
Pak. ]. Bot. 2008, 40, 735-746.

Hanson, A. Evaluating Physiological Responses of Ten Alfalfa (Medicago sativa subsp. falcata)
Germplasm to Drought Treatments. J. Undergrad. Res. 2015, 13, 10.

Pourebrahimi Foumani, M.; Savoy, H.; Atotey, N.; Yin, X. Effect of Potassium Application Rate and
Timing on Alfalfa Yield and Potassium Concentration and Removal in Tennessee. Agron. Res. 2023,
21,183-192.

Wan, W.; Li, Y.; Li, H. Yield and Quality of Alfalfa (Medicago sativa L.) in Response to Fertilizer
Application in China: A Meta-Analysis. Front. Plant Sci. 2022, 13, 1051725. https://doi.org/
10.3389/fpls.2022.1051725

Li, S.; Liu, Z. Q. Fertilisation and Environmental Factors Affect the Yield and Quality of Alfalfa in
China. Plant Soil Environ. 2024, 70, 276-286. https://doi.org/10.17221/457/2023-PSE

Song, K.; Zhao, D.; Sun, H.; Gao, J.; Li, S.; Hu, T.; He, X. Green Nanopriming: Responses of Alfalfa
(Medicago sativa L.) Seedlings to Alfalfa Extracts Capped and Light-Induced Silver Nanoparticles. BMC
Plant Biol. 2022, 22, 323. https://doi.org/10.1186/s12870-022-03692-9

Mustacisa-Lacaba, M.; Tan, N.; Villanueva, R. The Effect of Eliminating the Application of
Phosphorus-Containing Fertilizer for the Bulking Period of Sweet Potato (Ipomoea batatas) Production.
ASEAN ]. Sci. Technol. Rep. 2022, 58-66. https://doi.org/10.55164/ajstr.v26i2.248752

Raza, A.; Charagh, S.; Salehi, H.; Abbas, S.; Saeed, F.; Poinern, G. E. J.; Varshney, R. K. Nano-Enabled
Stress-Smart Agriculture: Can Nanotechnology Deliver Drought- and Salinity-Smart Crops? J. Sustain.
Agric. Environ. 2023, 2, 189-214. https://doi.org/10.1002/sae2.12061

Alkhafagi, H. H. A.; Al-Khafaji, K. F. H.; Al-Janaby, Y. A. Effectiveness of Nano Potassium on Growth
and Yield of Spring Maize (Zea mays L.) Grown under Heat Stress. Pak. |. Agric. Res. 2025, 38, 18-24.
https://doi.org/10.17582/journal.pjar/2025/38.2.18.24

Abdel-Gawad, A.L; Farid, M. H.; Soliman, M. N.; Sheta, M. H.; Zarad, M. M.,; Bakr, A. M.; Elateeq, A.
A. A Comparative Study of Conventional and Nano-NPK on Growth, Flowering, Bioactive
Compounds and Anatomical Characters of Solidago virgaurea. Egypt. ]. Soil Sci. 2025, 65. https://doi.org
/10.21608/ejss.2025.350094.1956

Ugurlar, F. Effect of Potassium Optimization on Wheat Drought Tolerance in Controlled Conditions.
Black Sea ]. Agric. 2025, 8, 1-2. https://doi.org/10.47115/bsagriculture.1573391


https://doi.org/10.1016/j.jplph.2024.154325
https://doi.org/10.3389/fpls.2022.1096606
https://doi.org/10.1007/s13205-023-03751-4
https://doi.org/10.9790/2380-0160106
https://doi.org/10.3389/fpls.2020.01183
https://doi.org/10.1007/s00344-022-10865-1
https://doi.org/%0b10.3389/fpls.2022.1051725
https://doi.org/%0b10.3389/fpls.2022.1051725
https://doi.org/10.17221/457/2023-PSE
https://doi.org/10.1186/s12870-022-03692-9
https://doi.org/10.55164/ajstr.v26i2.248752
https://doi.org/10.1002/sae2.12061
https://doi.org/10.17582/journal.pjar/2025/38.2.18.24
https://doi.org/10.47115/bsagriculture.1573391

ASEAN ]. Sci. Tech. Report. 2026, 29(6), e264371. 15 of 15

[58] Cao, Y.; Turk, K.; Bibi, N.; Ghafoor, A.; Ahmed, N.; Azmat, M.; Ahmed, R.; Ghani, M. I.; Ahanger, M.
A. Nanoparticles as Catalysts of Agricultural Revolution: Enhancing Crop Tolerance to Abiotic Stress.
Front. Plant Sci. 2025, 15, 1510482. https://doi.org/10.3389/fpls.2024.1510482

[59] Li, D.; Haq, M. I. U.; Hamza, A.; Igbal, M. M.; Al-Khayri, ]. M.; Aldaej, M. I.; Alsubaie, B. The Role of
Nanoparticles in Plant Tolerance against Drought Stress: Review and Future Perspective. Appl. Ecol.
Environ. Res. 2025, 23. https://doi.org/10.15666/aeer/2304_63296358

[60] Canunayon, M. L; Nedamo, G. B.; Jamio, E. D.; Tangpos, D. B.; Caritan, J. D.; Magsayo, N. J. A,;
Pascual, P. R. L. Nitrogen Uptake at Different Growth Stages of Corn and Its Effect on Important Yield
Parameters. ASEAN ]. Sci. Technol. Rep. 2025, €259741. https://doi.org/10.55164/ajstr.v29i3.259741


https://doi.org/10.3389/fpls.2024.1510482
https://doi.org/10.15666/aeer/2304_63296358
https://doi.org/10.55164/ajstr.v29i3.259741

