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Abstract

A greenhouse study was conducted to explore the effect of various rates of
potassium sulfate (K,SO,) nanoparticles on alfalfa (Medicago sativa L.) growth
and physiological response under salt stress. One salt-tolerant genotype (Me-
sa-Sirsa) and one salt-sensitive genotype (Bulldog 505) were selected based on
germination under salt and were planted in pots containing 2 kg of sand. The
two genotypes were subjected to 0 and 6 dS-m™" salt levels using CaCl,-2H,0:
NaCl (2:1) mixed with Hoagland solution. Three K,SO, nanoparticle treat-
ments consisting of, 1/4, 1/8, and 1/10 of the potassium (K) level in full
strength Hoagland solution (235 mg-L™') were applied. Adding K,SO, nano-
particles at the 1/8 level resulted in the highest shoot dry weight, relative yield,
root length and root dry weight in both genotypes. The different rates of
K,SO, nanoparticles affected significantly Na/K ratio and the concentrations
of Calcium (Ca), Phosphorus (P), Copper (Cu), Manganese (Mn), and Zinc
(Zn) in plant tissue. The application of K,SO, nanoparticles at the 1/8 rate
enhanced the plant’s physiological response to salt stress by reducing electro-
lyte leakage, increasing catalase and proline content, and increasing antioxi-
dant enzymes, activity. These results suggest that the application of K nano-
particles may have better efficiency than conventional K fertilizers in provid-
ing adequate plant nutrition and overcoming the negative effects of salt stress
in alfalfa.
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1. Introduction

Salt stress is one of the most important abiotic factors limiting plant growth and
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productivity, especially in arid and semi-arid regions [1]. Soil salinity reduces
agricultural production worldwide. It is estimated that nearly half of the world’s
irrigated land is affected by salinity [2].

The presence of salt in soil solution affects plants by reducing their ability to
take up water, leading to slower growth as well as the toxic effects of salt ions
accumulating inside the plant [3]. In some crops species, these phases may occur
simultaneously.

Alfalfa (Medicago sativa L.) is the most commonly grown forage worldwide
[4], because of its lower production costs, high quality (digestibility and protein
content) and seasonal distribution through the year [5]. Global alfalfa produc-
tion is estimated around 454 million tons per year [6]. Alfalfa is considered
moderately tolerant to salt and can withstand an equivalent of 20 mM sodium
chloride [1]. However, research has shown that a 7% decrease in alfalfa yields
can be expected with each 1 dS‘m™ increase in saturation extract salinity [7].
Emam et al [8] studied the effect of salt stress on two genotypes of alfalfa and
found that dry matter production decreased under high salinity level treatments
as a result of salt accumulation followed by toxic effect of salt. They also found
that Na accumulation increased with increasing salinity level in both cultivars
and that Na sequestration in one genotype was lower due to an exclusion me-
chanism of Na ions.

Potassium (K) is an essential nutrient and is also the most abundant cation in
plants [9]. Potassium plays a critical role in plant growth and metabolism, and it
contributes significantly to the survival of plants under various biotic and abiotic
stresses. Potassium fertilizer is very important for crop production and quality. As
a consequence, potash consumption has increased dramatically in most regions of
the world [10]. A strong positive relationship between K fertilizer input and grain
yield was shown by Dong et al [11]. Potassium deficiency can occur under salt
stress because the high concentrations of Na inhibit K activity in the soil solution,
result in a decrease of K availability. Sodium also interferes with K translocation
from root to shoot, especially at low K status [12]. Under salt stress, the plasma
membrane disintegrates and favors K leaking, resulting in a rapid decline in cyto-
solic K [13]. Mian et al. [14] reported that an increase in K supply corresponded
with higher K accumulation in plant tissue, which reduced Na concentration and
resulted in a higher K/Na ratio. Munns and Tester [15] suggested that plants have
a Na exclusion mechanism that maintains a low level of Na in the leaves during
salt stress. Potassium is also a major osmolyte in plant tissue and plays an impor-
tant role in maintaining cell turgor and osmotic adjustment.

Development of new types of fertilizers using innovative nanotechnology
presents opportunities to potentially improve the effectiveness of fertilizers and
to significantly enhance crop production needed to meet the future demands of
the growing global population [16]. Scientists are striving to develop new tech-
niques that could boost the functions of new fertilizers. Recent studies indicate
that some engineered nanomaterials (NM) are able to enhance plant-growth in

certain concentration ranges and could be used as nanofertilizers in agriculture
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to improve crop yields and minimize environmental pollution [17]. Nanomate-
rials (NM) are defined as particles with a single unit between 1 and 100 nano-
meters (nm) in size in at least one dimension. Accordingly, nanofertilizers are
either NM which can supply one or more nutrients to the plants and enhance
their growth and yields, or improve the performance of the conventional ferti-
lizer without directly providing crops with nutrients [17] [18]. Furthermore,
nanofertilizers could be classified as macronutrient and micronutrient nanoferti-
lizers. Compared with conventional types, nanofertilizers are expected to signif-
icantly improve crop growth and increase yield by enhancing the efficiency of
fertilizer use, reduce nutrient losses, and/or minimize their adverse environ-
mental impacts [19] [20].

The aim of this work is to explore the effect of various rates of potassium sul-
fate nanoparticles on alfalfa biomass yield and physiological response under salt

stress conditions.

2. Materials and Methods

Two alfalfa genotypes were selected based on their germination response under
increasing salt concentrations. The genotype Mesa-Sirsa was salt tolerant and
Bulldog 505 was susceptible. Seeds from the two genotypes were planted in
pots containing 2 Kg of sand and kept at field capacity (Table 1). The experi-
ment layout was a split-plot design with three replications. The main plots
were salt concentrations of 0 and 6 dS-m™ and the subplots were rates of po-
tassium sulfate nanoparticles. Alfalfa plants were gradually subjected to two
levels of salt concentrations starting at four weeks after planting. Calcium
chloride (CaCl,-2H,0) and sodium chloride (NaCl) were mixed in a 2:1 propor-
tion (CaCl,: NaCl) and added to Hoagland solution to make two nutrient solu-
tions of 0 and 6 dS-m™" electrical conductivity.

The treatments consisted of a control with Hoagland solution without salt, a

control with Hoagland solution (235 ppm K) at 6 dS-m™' EC, Hoagland solution

Table 1. Physical characteristics and chemical composition of the soil used to study the
response of two alfalfa genotypes evaluated under two salt levels (0 and 6 dS-m™" Electrical
Conductivity) and three treatments of potassium nanoparticles (1/10, 1/8, and 1/4) of the
full K rate in Hoagland solution.

Sand 100.0 % Mineral concentration (mg-kg™)
Silt 0.0 % Ca Mg Na K Cl NH-N NO;-N P Fe
Clay 0.0 % 3517 594 <1.79 255 870 <640 <0.17 097 5.46
Soil Type Sand
EC 0.011 dSm™ Zn B Mn Cu Mo Cd Cr Ni Pb
pH 6.68

CEC  0.21meq.100g™" 0.33 0775 0.88 0.29 <0.04 <0.04 0.04 <0.04 0.36

oM 0.01%

EC: Electrical conductivity in dS-m™. CEC: Cation exchange capacity in meq.100 g™ soil. OM: Organic
matter.
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with potassium sulfate nanoparticles at 1/10 K level of the control under salt,
Hoagland solution with potassium sulfate nanoparticles at 1/8 of the control,
and a Hoagland solution with potassium sulfate nanoparticles at 1/4 of the con-
trol. The potassium sulfate nanoparticles were added in two applications, the
first application was five weeks after planting and the second was after the first
cut (nine weeks after planting). The plants were harvested twice, once 70 days
after planting, and the second cut was harvested 60 after the first cut. Plant bio-
mass in green house was determined by measuring the shoot and root dry
weights using a digital scale with 0.001 g sensitivity. Root length was measured
in centimeters. The number of tillers was counted at harvest time.

Relative water content of shoots was measured according to Turner [21] using

the equation:

RWC = (FW -DW)/(TW -DW) (1)

where, FW = fresh weight, TW = turgor weight, DW = dry weight. Dry weight
was estimated by drying the samples at 80°C for 48 h in a convection oven. Tur-
gor weight was determined by floating the shoots on water at room temperature
for 48 h. Relative yield was determined according to Isla and Aragiiés [22] by di-
viding the actual yield in each saline treatment by the highest yield observed.

2.1. Salt Stress Response

Free proline content in plant tissue was determined according to the method of
Bates et al [23] where, 100 mg of plant material was homogenized in 2 ml of 3%
aqueous sulfosalicylic acid. The homogenate was centrifuged at 13,000x g for 10
minutes at 4°C, then 1 ml of supernatant was placed in a reaction test tube and
reacted with 1 ml of acid-ninhydrin and 1 ml glacial acetic acid. The test tubes
were heated in a bath of boiling water for 1 hour and the reaction was termi-
nated in an ice bath. The reaction mixture was extracted with 2 ml of toluene,
and mixed vigorously by vortex. The toluene layer separated at room tempera-
ture and the absorbance of chromophore containing toluene was measured at
520 nm using a spectrophotometer (Varian Cary 50 UV-Vis spectrophotometer,
USA), using pure toluene as the blank. Standard curves were prepared with each
assay using standard proline in 3% sulfosalicylic acid solution. Proline content
was expressed as micromoles per gram (UM g™') of fresh weight of plant materi-
al.

Electrolyte leakage (EL) was determined as described by Lutts et al [24],
where 200 mg of fresh leaves from the alfalfa plants were cut and placed in test
tubes containing 10 ml of distilled deionized water. The tubes were incubated at
25°C on a rotary shaker for 24 hours and, subsequently, the electrical conductiv-
ity of the solution (Lt) was determined. Samples were then autoclaved at 120°C
for 20 minutes and the final electrical conductivity (L0) was obtained after equi-
libration at 25°C. Measurements of electrical conductivity were made using a
conducti-meter H1993310 (HANA Instruments Romania). The electrolyte lea-

kage was expressed as
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EL (%) = (Lt/L0)x100 )

2.2. Antioxidant Enzymes Analysis

For this analysis, 200 mg of leaf samples were homogenized with 50 mM sodium
phosphate buffer (PH 7.0) containing 1 mM ethylenediaminetetraacetic acid
(EDTA) and 2% (w/v) polyvinylpyrrolidone (PVP). The entire extraction pro-
cedure was carried out at 4°C. The homogenate was centrifuged at 10,000x g for
15 min at 4°C, and the supernatant was collected and used for the assays of en-
zyme activity.

Catalase (CAT, EC 1.11.1.6) activity was measured as the rate of H,O, disap-
pearance at 240 nm according to Bergmeyer and Gawehn [25] by adding 100 ul
leaf crude extract to the solution of mixture containing 50 mM sodium phos-
phate buffer (pH 7.0) and 2% H,O,. The activity was calculated as units (umol
H,0, consumed per minute) per gram fresh weight.

Superoxide dismutase (SOD, EC 1.15.1.1) activity was assayed spectrophoto-
metrically as the inhibition of photochemical reduction of nitro-blue tetrazolium
(NBT) at 560 nm according to the method of Beauchamp and Fridovich [26].
The reaction mixture (3 ml) consisted of 50 mM Na-phosphate buffer (PH 7.8),
13 mM L-methionine, 75 pM NBT, 10 uM EDTA, 2.0 uM riboflavin and 0.3 ml
enzyme extract. The test tubes containing reaction mixtures were weighed for 10
min under 4000 Ix at 35°C. One-unit SOD activity was defined as the amount of
enzyme required to cause a 50% inhibition of the rate of NBT reduction meas-

ured at 560 nm.

2.3. Statistical Analysis

Analysis of variance (ANOVA) was conducted on the data from two experi-
ments using PROC GLM (a = 0.05) in SAS 9.4 (SAS Institute Inc., Cary, NC).
Replications were considered random and all other variables were considered
fixed effects. Means of all variables were separated using Fisher’s protected LSD

test.

3. Results
3.1. Soil Properties

An overall change in mineral composition in the soil following the second harv-
est was observed compared to the control (Table 2 & Table 3). There were sig-
nificant changes (p < 0.01) in pH, cation exchange capacity (CEC), Ca, Na, K,
and Mg as a result of the salt concentration (Table 2). There was no significant
interaction between genotypes and K nanoparticle rates. The only interaction
observed (p < 0.01) was between genotypes and salt level for soil pH. The rates of
potassium sulfate nanoparticles had a significant effect (p < 0.01) on pH, EC,
CEC, Ca, K, Mg, Na, Fe, and Mn. Under salt stress, adding K nanoparticles re-
duced the pH compared to the no-salt control and the control under salt (full

rate conventional K). The increase in salt concentration led to an increase in
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Table 2. Mean squares and significance of soil properties of alfalfa genotypes evaluated under two salt levels (0 and 6 dS-m™
Electrical Conductivity) and three treatments of potassium nanoparticle rates (1/10, 1/8, and 1/4) of the full K rate in Hoagland

solution.

Source of variation

Nano-K,SO, rates

Genotypes x Nano-K,SO,

Genotypes

Salt conc.

Genotypes X salt
concentration

rates

Error

LSD

DF

1

w

18

pH
0.0003
0.163**

0.585**

0.168**

0.016

0.001

0.072

EC (dSm™) CEC Ca K Mg Na P Zn Fe Mn
0.0919% 0.15 4900.67 273.75 62.16 8.66 76.50 0.001 0.30 0.06
2.452*%*  60.35%* 1257121.33** 30785.07** 984.64** 111188.00** 173.66 0.003 0.14 0.07

0.1667**  9.44** 129882.5** 55076.90** 1726.65** 5953.01** 7.30 0.008 2.60** 0.66*

0.0002 0.002 96.333 663.05 8.50 430.80 0.66 0.002 0.03 0.03
0.0118 0.242 5846.28 353.95 76.85 420.38 18.36 0.009 0.48  0.24
0.28 5328.47 452.33 72.63 225.39 4498 0.011 0.22 0.11

0.10 0.40 55.20 15.74 6.47 10.99 5.02 0.081 0.37 0.25

DF: Degree of freedom, LSD: Least Significant Difference at a = 0.05. *Significant at P < 0.05. **Significant at < 0.01.

CEC, Ca, Mg, and Na, compared to the no salt control (Table 3). Under salt
stress, CEC, Ca, Mg, Na, Fe and Mn concentrations decreased in the soil after
harvest in both alfalfa genotypes at all levels of K nanoparticle treatments. In the
salt sensitive Bulldog, the highest values were observed with 1/8 rate of K,SO,
nanoparticles which recorded 4.61 Meq.100 g™ for CEC, 654 mg-kg™ for Ca,
66.57 for Mg, 156.5 for Na, 4.30 for Fe and 1.68 mg-kg™ for Mn, respectively
(Table 3). In the salt-tolerant Mesa-Sirsa, the highest values were observed with
1/10 rate of K,SO, nanoparticles which recorded 4.44 Meq.100 g™ for CEC,
627.33 for Ca, 62.37 for Mg, 154.67 for Na, 4.87 for Fe, and 1.77 mg-kg™' for Mn,
respectively. On the other hand, residual potassium and phosphorous levels in
the soil were lower after harvesting in the treatments receiving K,SO, nanopar-
ticles compared to the control (full rate conventional K) under salt, while zinc
levels increased following the addition of nanoparticle-K,SO, compared to the

control under salt stress (Table 3).

3.2. Plant Biomass

There were significant differences between the two genotypes (p < 0.01) for
shoot dry weight and root length. Salt levels had a significant effect (p < 0.05) on
shoot dry weight, root length, and root dry weight (Table 4). Increasing salt
concentration caused a decrease in plant shoot dry weight, root length, root dry
weight, and relative yield in both genotypes compared to the no-salt control (0
dS'm™). The magnitude of the decrease was larger for Bulldog 505 (Table 5).
There was a significant difference in response to the application of K nanopar-
ticles (p < 0.01) in shoot dry weight, and relative yield (Table 4). Adding K na-
noparticles at the 1/8 level produced the highest shoot dry weights in both geno-
types, with 3.33 g for Bulldog and 2.66 g for Mesa-Sirsa compared to the con-
ventional potassium full rate under 6 dS-m™ salt level (Table 5). The 1/8 rate al-
so resulted in the highest relative yield in both genotypes, with 74.05% for Bull-
dog 505% and 69.94% for Mesa-Sirsa, compared to the conventional K full rate
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Table 4. Mean squares for shoot dry weight (g), number of tillers, root dry weight (g), root length (cm), and relative yield (%) of
two alfalfa genotypes evaluated under two salt levels (0 and 6 dS-m™" Electrical Conductivity) and three treatments of potassium
nanoparticle rates (1/10, 1/8, and 1/4) of the full K rate in Hoagland solution.

Source of variation DF Shoot dry weight  Plant height Root length Root dry weight ~ Relative yield
Genotypes 1 2.54%* 24.23 120.38** 1.45 27.47
Salt conc. 1 3.00** 190.37 163.36** 12.27*%* 14.54**
Cuts 1 66.19** 79.09 0 e eeeeee 6725.41**
Genotypesxsalt conc 1 0.19 1.95 3.83 0.35 4.60
Nano-K,SO, rates 3 0.81** 30.03 78.24%* 16.74** 424.04*
Genotypes x Nano-K,SO, rates 3 0.15 4.84 4.55 0.096 32.35
Genotypes x Nano-K,SO, rates x Cuts 1 0.33 555 - ---- 63.31
Nano-K,SO, rates x Cuts 3 3.30** 4009 - ---- 2056.12**
Error 20 0.13 19.74 14.41 0.48 107.22
LSD 0.1877 2.318 2.7458 0.5374 5.4036

DF: Degree of freedom, LSD: Least Significant Difference at a = 0.05. *Significant at < 0.05 **Significant at P < 0.01.

Table 5. Shoot dry weight (g), plant height (cm), root length (cm), and relative yield (%) of two alfalfa genotypes evaluated under
two salt levels (0 and 6 dS'm™" Electrical Conductivity) and three treatments of potassium nanoparticle rates (1/10, 1/8, and 1/4) of
the full K rate in Hoagland solution.

Genotypes Salt level Treatments Dry weight (g)  Plant height (cm) Root length (cm) Root dry weight (g) Relative yield (%)
Control
0dSm™! 3.50 £ 1.49 2942 +7.08 33.48 £6.02 7.83 £0.45 85.26 £ 12.05
(No salt)
Control
i 2.62 £0.38 24.36 £ 5.46 27.23 £5.67 6.15+ 1.24 68.26 £ 19.18
(with salt)
Bulldog 1: 10 2.89 £1.85 26.51 £5.86 20.33 £1.84 2.86 £ 0.40 64.18 £ 19.18
6dS'm™
1:8 3.33 £2.07 2744 £4.01 23.63 £ 3.66 2.86 £0.51 74.05 £ 21.12
1:4 249 £1.23 25.85 £6.05 21.29 £5.21 2.69 £0.22 56.16 £ 7.60
Control
0dSm™ 2.97 £0.85 27.62 £2.99 32.13 £3.08 7.76 £ 1.44 82.03 £ 18.75
(No salt)
Control
i 2.44 £0.38 21.41 £5.24 23.63 £ 1.50 5.40 £ 0.78 66.79 £ 5.51
(with salt)
Mesa-Sirsa 1:10 247 £121 26.63 £3.49 15.63 £ 1.64 1.87 +0.21 62.82 + 27.66
6dS'm™
1:8 2.66 +£1.33 25.61 £3.55 17.04 £1.53 2.48 £0.21 69.94 £ 27.66
1:4 228 £1.12 24.21 £3.43 13.86 £0.98 1.94 + 0.86 59.90 + 23.44

under salt. It seems like potassium sulfate nanoparticles stored in the soil during
the first cut were released in the second cut leading to a higher relative yield in
the second cut than the first cut (data not shown). There was no effect on plant
height in both genotypes. The application of K nanoparticles resulted in signifi-
cant differences (p < 0.01) in root length and root dry weight (Table 4). Root
length and root dry weight were overall lower in the K nanoparticle rates com-
pared to the conventional K full rate under salt stress. However, the application
of 1/8 level of K nanoparticles resulted in the highest values in root length (23.6
cm for Bulldog 505 and 17.04 cm for Mesa-Sirsa) and in root weights (2.86 g for

<3
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Bulldog 505 and 2.48 g for Mesa-Sirsa) compared to 1/4 and 1/10 rates (Table
5). There was no interaction between genotypes and salt concentrations or ge-
notypes by K nanoparticle rates on any of the biomass traits, but there was a sig-
nificant interaction between nanoparticle rates and cuts for shoot dry weight and
relative yield (p < 0.05). The interaction was mostly due to the magnitude of

shoot dry weights between the two cuts.

3.3. Plant tissue Chemical Characteristics

3.3.1. Macro-Elements Concentrations

There was a significant difference between the genotypes in both Na/K (p < 0.05)
ratio and Ca accumulation in plant tissue (p < 0.01). Under salt stress, plants of
the genotype Mesa-Sirsa had higher Na/K ratios at all K levels compared to the
genotype Bulldog 505 (Table 7). The genotype Mesa-Sirsa also accumulated
more Ca compared to Bulldog 505. Increasing salt concentration to 6 dS-m™ sig-
nificantly affected (p < 0.01) Na/K ratio, Ca, Mg, and S concentrations in plant
tissue. Calcium concentration increased in both genotypes under salt while Mg
and S decreased compared to the no-salt control (Table 7). The increase in Ca
contents in plant tissue under salt stress, in comparison to the control without
salt is expected, as the solution used to raise the salt concentration contained
calcium chloride, and this has favored its absorption and accumulation [27].
Plant magnesium content in plant tissue decreased under salt stress regardless of
the treatment, and was lower in both genotypes compared to the no-salt control.
The 1/4 rate of K nanoparticles recorded the highest magnesium values in both
genotypes (0.38% in Bulldog and 0.27% in Mesa-Sirsa) compared to the other K
treatments under salt stress (Table 7). Phosphorous concentration in plant tis-
sues was higher under K noanoparticles in both genotypes compared to the no-
salt control and the control with conventional K under salt. The highest accu-
mulation of phosphorus was observed with the 1/8 rate in the Bulldog genotype
(0.4%) and with the 1/10 rate in Mesa-Sirsa (0.44%). There was no significant
difference in nitrogen and sulfur content between salt concentrations or K
treatments. Application of K,SO, nanoparticles had a significant effect (p < 0.01)
on the Na/K ratio, as well as Ca and P concentration in plant tissue (Table 6).
All the nanoparticles rates resulted in higher Na/K ratios in both genotypes
compared to the no-salt control and to the control with full rate of conventional
K under salt stress. The magnitude of the ratios was higher in the salt-tolerant
genotype Mesa-Sirsa (Table 7). The 1/4 rate of K nanoparticles resulted in the
lowest Na/K ratio in both genotypes, with 13.81 in the salt sensitive Bulldog and
26.80 in the salt tolerant Mesa-Sirsa (Table 7). The 1/8 rate of K nanoparticles
resulted in the highest Ca concentration in plant tissues of both genotypes, re-

cording 3.38% and 3.92% in Bulldog and Mesa-Sirsa, respectively.

3.3.2. Micro-Elements Concentrations
Increasing the salt level to 6 dS-m™ significantly (p < 0.01) affected the concen-
tration of boron and cadmium in plant tissue (Table 8). Boron was lower under

salt stress and cadmium was higher compared to the no-salt treatment (Table 9).
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Table 6. Mean squares for chemical composition (macro-elements) in plant tissue of two
alfalfa genotypes evaluated under two salt levels (0 and 6 dS-m™" Electrical Conductivity)
and three treatments of potassium nanoparticle rates (1/10, 1/8, and 1/4) of the full K rate
in Hoagland solution.

Source of variation DF Na/K Ca Mg (%) P (%) N (%) S (%)
Genotypes 1 290.93*  3.78** 0.01 0.0005 0.006 0.0007
Salt conc. 1 1388.96**  1.00 0.29** 0.003 0.005 0.014**

Nano-K,SO, rates 3 458.50**  2.06** 0.02 0.02* 0.037 0.0003

Genotypes x salt

—

55.24 0.06 0.01 0.0003 0.021 0.0004

concentration
Genotypes X Nano-K,SO,
3 49.80 0.53 0.01 0.008 0.008 0.001
rates
Error 20 48.52 0.34 0.01 0.004 0.024 0.0003
LSD 5.31 0.4747  0.078 0.05 0.12 0.022

DF: Degree of freedom, LSD: Least Significant Difference at a = 0.05. *Significant at P < 0.05 **Significant
at £<0.01.

Table 7. Average mineral composition of macro-elements in plant tissue of two alfalfa
genotypes evaluated under two salt levels (0 and 6 dS-m™" Electrical Conductivity) and
three treatments of potassium nanoparticle rates (1/10, 1/8, and 1/4) of the full K rate in
Hoagland solution.

Genotypes Salt level Treatments Na/K (%) Ca (%) Mg (%) P (%) N (%) S (%)

_, Control
0dS-m 1.02 £ 0.45 0.00148 £ 0.20.55 £ 0.10.26 £ 0.032.95 + 0.1 0.31 £ 0.0
(no salts)
Control
. 433+04 220+£0.3 0.18%+0.0 0.27 £0.0 3.08 +£0.20.23 £ 0.0
Bulld (with salts)
ulldog
6 dS-m™! 1:10 1594 +£11.9 2.25+0.2 0.19%+0.0 0.30£0.1 3.03£0.10.21 £ 0.0
1:8 2445+7.1 338+04 0.25+0.0 0.40+0.12.89+0.10.21+£0.0
1:4 1381 +11.4 276 +1.2 0.38+0.2 0.33+0.1 3.07+0.10.25%0.1
_,  Control
0dS'm 1.87+039 190+0.8 0.45+0.2 0.21 £0.0 3.06 £ 0.30.28 £0.1
(no salts)
Control
. 754+52 234+0.8 0.19+0.1 0.27+0.1 3.01 £0.10.22 0.0
Mesa-Sirsa (with salts)
6 dS-m™! 1:10 2999 +10.3 3.74+0.8 0.28+0.0 0.44£0.0 2.97 £0.20.24 £ 0.0

1:8 2680+13 3.92+0.2 0.25+0.0 0.37£0.0 2.83 +£0.20.21 £0.0

1:4 24.75+2.8 3.82+03 0.27+0.0 0.35+0.0 2.86 +0.10.21 £ 0.0

Nanoparticle K,SO, treatments affected Cu, Mn, and Zn content in plant tissues
(p < 0.01). Cupper concentration increased under salt stress regardless of the K
treatment compared to the no-salt control. Application of K nanoparticles re-
duced the amount of cupper compared to the control with conventional full K
rate in the genotype Bulldog but increased its concentration in Mesa-Sirsa
(Table 9). The 1/4 rate of nanoparticle K,SO, recorded the lowest values of
Cupper under salt stress in both genotypes. Manganese concentration in plant

tissue increased with the application of K nanoparticle treatments compared to

1760

K2
o5
“2:0

Scientific Research Publishing



M. S. El-Sharkawy et al.

Table 8. Mean squares for chemical composition of micro-elements in plant tissue of two alfalfa genotypes evaluated under two
salt levels (0 and 6 dS-m™" Electrical Conductivity) and three treatments of potassium nanoparticle rates (1/10, 1/8, and 1/4) of the
full K rate in Hoagland solution.

Source of

L DF Al B Cd Cr Cu Fe Mn Zn Ni Pb
variation
Genotypes 1 2.81 121.17 40.66 0.21 5.31 70.86 592.59 3.05 0.0003 0.45*
Salt conc. 1 0.00  753.7%* 908.3** 0.65 0.40 355.34 13.87 11.02 0.00 0.24
Nano-K,SO, rates 3 12.6 432.79 131.48 5.46 0.57** 120.21 415.27* 28.83% 0.0004  0.009
Genotypes x salt
. 1 0.00 105.02 71.05 0.05 0.003 42.19 29.14 4.94 0.000 0.24
concentration
Genotypes X Na-
3 2.84 237.28 41.48 2.97 5.76* 259.94 583.48** 7.32 0.0004  0.009
no-K,SO, rates
Error 20 6.57 95.03 66.77 1.37 1.34 101.52 65.33 7.56 0.0003 0.07
LSD 1.95 2.09 6.22 0.89 0.88 7.67 6.16 2.09 0.014 0.20

DF: Degree of freedom, LSD: Least Significant Difference at a = 0.05. *Significant at < 0.05 **Significant at P < 0.01.

Table 9. Average mineral composition of micro-elements (mg kg™) in plant tissue of two alfalfa genotypes evaluated under two
salt levels (0 and 6 dS-m™" Electrical Conductivity) and three treatments of potassium nanoparticle rates (1/10, 1/8, and 1/4) of the
full K rate in Hoagland solution.

Al B Cd Cr Cu Fe Mn Zn Ni Pb
Genotypes Saltlevel Treatments
mg kg™
o Control
0dS-m ( alts) 99200 71.9+126 11.0+x49 15+04 54+08724+14.1 49.7+£38 21.2+1.209+0.0 2.6+0.8
no sailts
Control
. 99+00 50223 235%+25 09+0.0 57+04 57.7+32 444+7.1250£09 09+0.0 2.0£0.3
(with salts)
Bulldog 1:10 99+00 516%+9.7 20.8%x51 13+0.8 51+0.6 51.7+£5.2 38.0£6.3 23.0£09 09+0.0 2.0£0.2
6dS'm™
1:8 99+00 67950 216x75 1.7+x0.7 50+0.8 455+88 57.0+£3.6 21.2+3.0 09+0.0 2.0£0.2
1:4 114+£27 728 +£99 17969 4125 45+0.2 502+7.4499+12.1199+£3509+0.0 1.9+£0.0
o Control
0dS-m ( alts) 99+00 66268 105+32 14+04 50+0.2563+11.3 39.7+£6.021.2+£0509+0.0 1.9+£0.0
no sailts
Control
. 99100 56.3+214 32.7+20.1 1.1+0.3 54+0.5 492+29 40.7+£88 21.8+£1909+0.0 1.9+£0.0
(with salts)
Mesa-sirsa 1:10 103%0.8 79.1+56 304+73 31+19 9.1+3.1 61.2+3.8 79.9+13.4243+4.409+0.1 1.9+0.0
6dS'm™
1:8 99+00 70753 253%+58 25+13 59+09 57.6+93 628+9.0 18.1+£2.6 09+0.0 1.9+£0.0

1:4 143+7.6 726 +25 164+28 25+1.0 47+04734+203 674+43197+4709+0.0 1.9+0.0

the conventional full K rate under salt stress in both genotypes (Table 9). The
1/8 rate of K nanoparticles recorded the highest tissue concentration of Mn in
the genotype Bulldog (57 ppm) while the 1/10 rate recorded the highest accu-
mulation in the genotype Mesa-Sirsa (79 ppm).

3.4. Physiological Effect

3.4.1. Electrolyte Leakage (EL)
Salt concentrations had a significant effect (p < 0.01) on electrolyte leakage in
both genotypes (Table 10). The increase in salt concentration to 6 dS-m™ in-
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creased EL by an average of 6% in the salt sensitive genotype Bulldog and 3% in
the salt tolerant genotype compared to the no-salt control (Table 11). The ap-
plication of K nanoparticles had a significant effect (p < 0.01) on electrolyte lea-
kage (Table 10). There was no interaction between genotypes and salt concen-
trations on EL but there was an interaction between genotypes and K nanopar-
ticle rates (p < 0.01). In the salt sensitive genotype Bulldog, the 1/4 K nanopar-
ticle rate resulted in lowest EL (68%), while in the salt tolerant genotype Me-
sa-Sirsa, the 1/8 rate resulted in the lowest value of El (67.5%) (Table 11).

3.4.2. Proline

There was a significant difference (p < 0.01) between the genotypes in proline
concentration in plant tissue (Table 10). There was an interaction (p < 0.01)
between genotypes and salt concentrations. Proline content in the salt tolerant
genotype Mesa-Sirsa increased in the control with full K rate under salt stress
compared to the no-salt control (1.18 vs 0.92 pmol-g™"). In the salt sensitive ge-
notype Bulldog, there was no change in proline content in the control under salt
compared to the no-salt control (0.60 vs 0.66 pmol-g™'). The application of na-
noparticle K,SO, had a significant effect (p < 0.05) on proline content in plant
tissue of both genotypes. Adding K nanoparticles to the susceptible genotype
resulted in an increase in proline content by 33%, 133%, and 116% for the K
rates 1/10, 1/8, and 1/4, compared to the control under salt stress (Table 11). In
the salt sensitive genotype Mesa-Sirsa, adding K nanoparticles resulted in dra-
matic decreases in proline content (44%, 139%, and 360% for the 1/10, 1/8, and
1/4 K rates) compared to the control with conventional K under salt stress
(Table 11).

Table 10. Mean squares for electrolyte leakage, proline, and relative water content (RWC)
in two alfalfa genotypes evaluated under two salt levels (0 and 6 dS-m™" Electrical Conduc-
tivity) and three treatments of potassium nanoparticle rates (1/10, 1/8, and 1/4 of the full
K rate in Hoagland solution).

Source of variation DF Electrolyte leakage (%)  Proline (%) RWC (%)
Genotypes 1 0.09 1.75%* 3.46
Salt conc. 1 214.41%* 0.06 14.69
Cuts 1 201.70** 6.11%* 1653.11%*
Genotypes X salt conc 1 4.12 0.15%* 16.60
Nano-K,SO, rates 3 166.96** 0.06* 787.34%*
Genotypes x Nano-K,SO, rates 3 91.11** 2.02** 116.64*
Genotypes X Nano-K,SO, rates I 80.12%* L1 104.24
x Cuts
Nano-K,SO, rates x Cuts 3 12.98 0.23** 1084.61**
Error 20 11.54 0.017 37.07
LSD 1.773 0.0675 3.1773

DF: Degree of freedom, LSD: Least Significant Difference at a = 0.05. *Significant at P < 0.05 **Significant
at £<0.01.
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Table 11. Electrolyte leakage, proline and Relative water content (RWC) in plant tissue of
two alfalfa genotypes evaluated under two salt levels (0 and 6 dS-m™" Electrical Conduc-
tivity) and three treatments of potassium nanoparticle rates (1/10, 1/8, and 1/4) of the full
K rate in Hoagland solution.

Electrolyte leak:
Genotype Salt level Treatments ectro ();’;e) cakage Proline (%) RWC (%)
0
0dS-m™ Control (no salts) 70.30 £ 4.16 0.66 £0.20 95.41 +20.72

Control(with salts) 75.45 £ 2.04 0.60 +£0.25 62.64 +16.43

Bulldog 1: 10 74.78 £ 4.27 0.80 £0.23 38.24+7.05
6dS'm™

1:8 75.74 £ 5.35 140 £ 092 55.08 £12.06

1:4 68.72 £2.24 1.30 £ 0.85 44.74 £ 8.30

0dS-m™ Control (no salts) 71.69 + 5.36 0.92 +0.57 58.45 +24.38

Control(with salts) 78.50 £ 1.63 1.18 £0.76  58.35+17.77

Mesa-Sirsa 1: 10 78.39 £ 5.59 0.66 £ 0.36 47.07 £5.14
6dS'm™

1:8 67.55 £ 6.73 0.26 £ 0.02 50.61 + 3.41

1:4 70.07 £ 6.43 0.22 £0.09 45.29 +10.75

3.4.3. Relative Water Contents (RW(C)

Salt stress reduced the relative water content in both genotypes (Table 11). The
magnitude of reduction in the susceptible genotype Bulldog was much higher
than the tolerant genotype Mesa-Sirsa (32.95% compared to 0.1%). The applica-
tion of K nanoparticles had a significant effect (p < 0.01) on RWC. There was
also an interaction between genotypes and K nanoparticle rates (p < 0.05).
Compared to the control under salt (full rate of conventional K), adding K na-
noparticles resulted in a reduction in relative water content (RWC) in both ge-
notypes. The 1/8 rate of K,SO, nanoparticles exhibited the lowest reduction in
RWC in both genotypes with 55.08% in Bulldog and 50.61% in Mesa-Sirsa, re-
spectively (Table 11).

3.4.4. Antioxidant Enzymes

Salt concentration had a significant effect (p < 0.01) on superoxide dismutase
(SOD) and catalase (CAT) activity in the two alfalfa genotypes (Table 12). There
was a significant interaction (p < 0.05) between genotypes and salt concentra-
tions for the activity of both enzymes. Catalase activity increased by nearly four
folds in the salt sensitive genotype Bulldog and more than 2 folds in the salt to-
lerant genotype Mesa-Sirsa under salt stress compared to the no-salt control
(Figure 1). Superoxide dismutase activity increased by 17% in the Bulldog ge-
notype and by 35% in Mesa-Sirsa compared to the no-salt control. Application
of K nanoparticles had a significant effect (p < 0.01) on catalase and SOD activi-
ties (Table 12). There was a significant interaction (p < 0.01) between genotypes
and K nanoparticle rates for both catalase activity and SOD. In the salt sensitive
genotype Bulldog, K nanoparticle rates of 1/10 and 1/4 resulted in catalase activ-
ities similar to the no-salt control but lower than the control under salt stress.

(Figure 1). In the salt tolerant genotype Mesa-Sirsa, the 1/10 and 1/4 K nanopar-
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Table 12. Mean squares comparison of Superoxide dismutase (U g"'FW) and catalase
(umol H,0, min~'-g! FW) activity in plant tissue of two alfalfa genotypes evaluated un-
der two salt levels (0 and 6 dS-m™" Electrical Conductivity) and three treatments of potas-

sium nanoparticle rates (1/10, 1/8, and 1/4 of the full K rate in Hoagland solution).

SOD CAT
Source of variation DF
nit g~ mol H,0, min™.g~
(Unit g™' FW) (umol H,0, min~!-g™! FW)
Genotypes 1 29.35 1073.22
Salt concentration 1 1568.87** 3294.18%*
Genotypes X salt concentration 1 259.60* 9702.60**
Nano-K,SO, rates 3 578.40** 3176.84**
Genotypes X Nano-K,SO, rates 3 610.15** 16508.40**
Error 20 33.16 330.08
LSD 9.6 13.84

DF: Degree of freedom, LSD: Least Significant Difference at a = 0.05. *Significant at P < 0.05 **Significant
at £<0.01.

Table 13. Correlation between plant height (cm) shoot dry weight (g), electrolyte leakage
(%), relative water content (RWC), relative Yield (%), Proline (umol g' FW), root dry
weight (gm), catalase (umol H,0, min™' g! FW), and sodium oxide dismutase (SOD, U
g 'FW) in two alfalfa genotypes evaluated under two salt levels (0 and 6 dS-m™ Electrical
Conductivity) and three treatments of potassium nanoparticle rates (1/10, 1/8, and 1/4 of
the full K rate in Hoagland solution).

Shoot X Root
Plant Electrolyte Relative .
. r C . Proline dry Catalase SOD*
height . leakage yield .
weight weight
Plant Height 1.00 0.03 0.04 -0.36**  0.30* 0.16  0.37* 0.15 -0.12
Shoot dry weight - 1.00 -0.03 0.10 0.74** 0.22 058 026 -0.01
Electrolyte lea-
- 1.00 -0.03 0.07 0.05 0.05 0.20 0.29
kage
RWC - - - 1.00 -0.06  0.02 0.76** 0.48** -0.08
Relative yield - - - - 1.00 0.23  0.46**  0.26 0.00
Proline - - - - - 1.00 0.16 -0.20 0.40*
Root dry weight ~ — B B B = B .00 0.53** -0.27
Catalase - - - - - - - 1.00  0.41*
SOD - - - - - - - - 100

*Significant at < 0.05. **Significant at £ < 0.01.

ticle levels resulted in CAT activity higher than the no-salt control but lower
than the control under salt (conventional K). The 1/8 K nanoparticle level re-
sulted in the highest CAT activity in both alfalfa genotypes (Figure 1). The ap-
plication of K nanoparticles to the salt sensitive genotype Bulldog did not result
in big changes in SOD compared to the control under salt except for the 1/8 level
which resulted in increase in SOD activity by 18% (Figure 2). In the salt tolerant
genotype Mesa-Sirsa, all K nanoparticle rates resulted in decreases in SOD activ-

ity compared the control under salt (Figure 2).
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Figure 1. Catalase activity (umol H,O, min™"-g™' FW) in plant tissue of one salt sensitive
(Bulldog) and one salt tolerant (Mesa-Sirsa) alfalfa genotypes evaluated under two salt
levels (0 and 6 dS-m™" Electrical Conductivity) and three treatments of potassium nano-
particle rates (1/10, 1/8, and 1/4 of the full K rate in Hoagland solution).
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Figure 2. Superoxide dismutase activity (U g"'FW) in plant tissue of one salt sensitive
(Bulldog) and one salt tolerant (Mesa-Sirsa) alfalfa genotypes evaluated under two salt
levels (0 and 6 dS-m™ Electrical Conductivity) and three treatments of potassium nano-
particle rates (1/10, 1/8, and 1/4 of the full K rate in Hoagland solution).

3.5. Correlation between Physiological and Phenotypic Responses

Across genotypes and treatments, there was a high positive correlation (r= 0.76, p
< 0.01) between RWC and root dry weight but a low correlation (r= 0.10) between
RWC and shoot dry weight (Table 13). This could be due to a decreased move-
ment of water to above ground parts of the plant under salt stress (Krouma 2010),
which translates into a decreased relative water content. RWC also showed signif-
icant positive correlation with CAT (r = 0.48, p < 0.01). Electrolyte leakage
showed a low positive correlation with CAT (r = 0.20, p < 0.10) and SOD (r =
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0.29, p < 0.10). Proline concentration showed a significant positive correlation
with SOD (r= 0.40, p < 0.05) and low positive correlations with plant height and
shoot dry weight (r = 0.16 and r = 0.22) (Table 13). Catalase showed a signifi-
cant positive correlation with SOD (r = 0.41, p < 0.05), a significant positive
correlation with root dry weight (r = 0.53, p < 0.01), but a low positive correla-
tion with shoot dry weight (r=0.26, p < 0.10).

4. Discussion

Nanotechnology applications in agriculture are still relatively underdeveloped
even though they have potential in providing solutions to agricultural problems
caused by conventional fertilizer management [28]. Salt stress constrains crop
production by limiting water and essential nutrients uptake in addition to ions
toxicity. Potassium (K) is an essential nutrient that plays a major role in the bi-
ochemical and physiological processes underlying plant growth and metabolism.
Potassium contribution to the survival of plants exposed to salt stress was do-
cumented [29]. The present study explores the effect of various levels of K na-
noparticles on biomass production, mineral composition, and physiological re-
sponse to salt stress of one salt-sensitive and one salt-tolerant alfalfa genotype.
Increasing salt levels led to an increase in the cation exchange capacity of the
soil. These changes increased the amount of exchangeable hydrogen (H+) in the
soil leading to a decrease in soil pH especially under the K nanoparticle treat-
ments.

The mean dry weights of plant shoots from the two cuts was reduced under
salt stress compared to the no-salt control in both genotypes. Salinity limits leaf
injtiation and expansion thus reducing shoot growth and accelerating leaf ab-
scission [30] [31] [32]. Salt stress also reduces growth rate by reducing cell elon-
gation [33]. Application of K nanoparticles at the 1/8 rate enhanced shoot dry
weight to nearly the same levels as the no-salt control (2.66 g vs 2.97) and higher
than the control with full rate of conventional K under salt (2.66 g vs 2.44 g)
(Table 5). Under salt conditions, potassium plays an important role in the con-
trol of stomata opening and closing, tropisms, and photosynthesis [34]. Nano-
particles have the ability to enter plant cells and leaves, as well as transport
chemicals into plant cells [35] [36]. It has also been reported that metals in na-
noparticles can pass through the plants by adhering to root surfaces and entering
the epidermis and cortex through the apoplast [37] [38] [39] [40]. Effectiveness
of nanoparticles depends on several parameters including the chemical composi-
tion, size, surface reactivity, effective dose, and most importantly the plant spe-
cies [41] [42].

The steep increase in Na/K ratio under salt stress compared to the no-salt
control is a clear indication that alfalfa plants of both genotypes absorbed more
sodium than potassium. The higher ratios in the salt-tolerant genotype Mesa-
Sirsa is an indication that this genotype compartmentalize salt as a tolerance
mechanism. Unlike Na, K is an essential nutrient that is metabolized right away

following absorption. The concentration of K in the cytoplasm has consistently
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been found in the range between 100 and 200 mM [9]. In plants, Na ions has the
potential to replace K in some of its functions and it was reported that in some
plants, supplementation of Na in reduced amounts can eliminate K deficiency
symptoms under limited K supply [43]. Under salt stress, K uptake by plants can
be affected by the excessive presence of Na in the nutrient solution, and because
of similarity, Na competes with K in plant uptake. There is also an antagonistic
relationship between K and Ca absorption [44] [45]. The application of K nano-
particles resulted in an increase in Ca concentration especially with 1/8 level
compared to the no-salt control and the control with conventional K under salt
stress. Magnesium concentration decreased under salt stress, but was higher un-
der the K nanoparticle treatments compared to the control with conventional K
under salt stress. The decrease in Mg** concentration under salt could be a result
of stress and membrane permeability, but the increase with K nanoparticles
could be the result of synergistic interaction between the two nutrients [51]. The
application of K nanoparticles also increased P concentration in plant tissue but
did not affect nitrogen content.

The effect of K nanoparticles on micro-nutrients under salt stress appeared to
be genotype specific as the magnitude of increases were much higher in the
salt-tolerant genotype Mesa-Sirsa, especially for B and Mn, that are important
for cell wall formation and photosynthesis. The lowest rate (1/10) of K nanopar-
ticles resulted in the highest increases of B, Cu, Mn, and Zn. Szewczuk et al. [52]
showed that application of low levels of K to apple trees increased the concentra-
tions of Fe, Mn, and Zn in soil and plant tissue.

Electrolyte leakage (EL) is one of several physiological and biochemical res-
ponses in plants exposed to abiotic stress [53] [54]. Electrolyte leakage through
plasma membrane has been suggested as an important trait for identification of
salt tolerant plants [55] [56]. Electrolyte leakage has been related to K efflux
from plant cells, mediated by cation conductance of the plasma membrane [57].
In this study, EL increased significantly (p < 0.01) upon exposure to salt stress in
both genotypes compared to the no-salt control. Adding K nanoparticles at the
1/4 and 1/8 rates resulted in decreases in EL in both genotypes. Similar results
were reported in wheat plants following the application of NPK nanocomposites
[58]. Nanoparticles also mitigated plasma membrane increased permeability and
cell mortality in wheat plants [39] and in watermelon after foliar uptake of na-
nocomposites [29].

Proline plays an important role in reducing salinity damage and accelerating
the repair processes following stress. Proline accumulation is necessary under
salt stress, but may not be enough to give complete tolerance to salinity [59]. The
significance of proline accumulation in osmotic adjustment varies with plant
species [60]. In this study, proline content increased upon exposure to salt stress
in the salt tolerant genotype Mesa-Sirsa but not in the salt sensitive Bulldog.
Suggesting that proline which acts as an osmo-protectant, is associated with the
mechanism of salt tolerance in this genotype [61]. Adding K nanoparticles in-

creased significantly proline content in the salt sensitive genotype under salt
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stress but not in the tolerant genotype, suggesting the ability of K,SO, nanopar-
ticles to improve tolerance of plants to abiotic stress [62] [63].

Relative water content (RWC) indicates the amount of water in plant tissue,
and is an expression of the ability of a plant to maintain water under stress con-
ditions [64]. Relative water content decreased significantly in the salt sensitive
genotype Bulldog upon exposure to salt stress but remained the same as the no-
salt control in the salt tolerant genotype Mesa-Sirsa (Table 11). Adding K na-
noparticles under salt stress resulted in further decreases of RWC in both alfalfa
genotypes, even though with lesser magnitude at the 1/8 rate. This K nanopar-
ticle treatement resulted in the highest proline content and the lowest EL in both
genotypes (Table 11), suggesting that this combination had maintained ade-
quate cell turgor under salt stress [65].

Salt stress in plants is aggravated by the generation of reactive oxygen species
(ROS) such as superoxide (O7?), hydrogen peroxide (H,0,) and hydroxyl radi-
cals (OH) (Smirnoff 1995). To prevent oxidative damages, plants mobilize anti-
oxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT) to
scavenge ROS [66]. Exposure of the two alfalfa genotypes to salt stress resulted
in significant increases in the activities of CAT and SOD in both genotypes with
higher activities in the salt tolerant genotype (Figure 1 and Figure 2), suggesting
a more effective defense mechanism against salt-induced O™ generation in this
genotype, as SOD catalyzes the conversion of the superoxide anion to H,0, [67].
The increase in SOD was positively correlated with CAT and proline content
which translated in an increase in RWC and root dry weights (Table 13). In-
creases in SOD activity were also observed in alfalfa cultivars exposed to salt
stress [68] [67]. Higher constitutive and induced levels of SOD were observed in
alfalfa cultivars tolerant to salt stress [69]. Similarly, higher activities of SOD and
CAT were reported in wild, salt-tolerant tomato species than in the cultivated
salt sensitive ones [70] [71]. Application of K nanoparticles especially the 1/8
significantly enhanced the activity of both SOD and CAT enzymes in both ge-
notypes, suggesting a possible positive interaction of these enzymes with the rise
of cytosolic K [72].

5. Conclusion

The application of potassium sulfate nanoparticles on two alfalfa genotypes
grown under two salt levels 0 and 6 dS‘m™ enhanced plant growth, mineral
concentration, and increased physiological response to salt stress. The rate of
one-eighth K,SO, nanoparticles exhibited the best effect on fresh and dry
weights of shoots, relative yield, root length and root dry weight in both geno-
types. Furthermore, the one-eighth nanoparticles rate was more effective in
maintaining a lower Na/K ratio and higher Ca, P, Cu, Mn, and Zn concentration
in the plant tissue. The one-eighth K nanoparticle level also maintained lower
electrolyte leakage and higher proline, relative water content, and higher supe-
roxide dismutase and catalase activities. These results suggest that the applica-

tion of K nanoparticles may have better efficiency than conventional K fertilizers
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in providing adequate plant nutrition and overcoming the negative effects of salt

stress in alfalfa.
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