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Abstract: Agronomic biofortification is the purposeful utilization of mineral fertilizers to increase
the concentration of desired minerals in edible plant parts for enhancing their dietary intake. It is
becoming crucial to enhance the dietary intake of K for addressing hidden hunger and related health
issues such as cardiac diseases and hypertension. This study was designed to enhance the potassium
concentration in edible parts of spinach through its foliar application under saline environment.
The salinity levels of electrical conductivity (EC) =4, 6, and 8 dS m~! were applied using sodium
chloride (NaCl) along with control. The levels of K for foliar sprays were 5 and 10 mM, along with
control. The present experiment was performed under two factorial arrangements in a completely
randomized design (CRD). After 60 days of sowing, the crop was harvested. Data regarding growth,
ionic, physiological, and biochemical parameters, i.e., shoot dry weight, relative water content,
electrolyte leakage, total chlorophyll content, tissue sodium (Na) and K concentration, activities
of superoxide dismutase (SOD), and catalase (CAT) were recorded and those were found to be
significantly (p < 0.05) affected by foliar application of K on spinach under saline conditions. The
highest growth, physiological and biochemical responses of spinach were observed in response to
foliar-applied K at 10 mM. It is concluded that agronomic bio-fortification by foliar use of K can be a
useful strategy to increase tissue K intakes and minimize Na toxicity in the vegetables studied under
saline conditions.
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1. Introduction

In arid zones with low precipitation, salinity is a common problem for crop production.
Potential hazards linked with salinity are ion imbalances, oxidative stress, biochemical
and physical disturbances, nutrient deficiencies, plant sterility, specific ion effects, and
osmotic stress which ultimately result in degraded physico-chemical properties of soils
and decreased crop yield [1,2]. The high concentrations of Na and chloride (Cl) ions
become toxic for plants and affect various processes within them, including photosynthesis
reducing growth rate [3]. Deficiency of essential nutrients e.g., K—occurred due to the
presence of an excessive number of soluble salts and exchangeable Na in soil which
reduce nutrient uptake and negatively affect plant metabolism and activities of many
enzymes [4-6]. The production of reactive oxygen species (ROS) like hydroxyl radicals,
superoxides and hydrogen peroxide are among the significant biochemical responses which
occur in the plants subjected to environmental stresses [1]. The detrimental effects of ROS
are evaded by the operation of an effective scavenging system of plants which consist of
antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT) [7].

According to the Department of Economics and Social Welfare, United Nations, “The
Sustainable Development Goal 2” (SDG 2) aims to “end hunger, by ensuring food security
and enhanced nutrition and promoting sustainable agriculture” [8]. Potassium (K), being
an important intracellular cation and essential macronutrient for plants is not only required
for proper functioning of plant metabolism [9], but also plays a vital role in human health
through its nutritional functions [10]. The enrichment of dietary sources with K is becom-
ing increasingly important for the maintenance of acid-base balance, osmotic pressure
and water balance [9,11,12]. The heartbeat regulation, neuromuscular activity, protein
metabolism and enzyme activation require the presence of sufficient K [13,14]. Insufficient
dietary K intake may be responsible for skeletal muscle contraction, poor tissue health, and
gastrointestinal dysfunction. Severe deficiency of K is known as hypokalemia, which is
associated with glucose intolerance, muscle weakness and cardiac arrhythmias [15]. The
non-communicable ailments primarily responsible for morbidity and mortality around the
globe can be ameliorated through adequate dietary intake of K [16-18]. A daily adequate
intake of K is recommended for adults [19], and this can be acquired from K-rich vegetables
and fruits such as oranges and spinach [20].

There are several approaches to address the dietary deficiencies of nutrients includ-
ing supplementation, food fortification, dietary diversification, or agronomic biofortifica-
tion [21,22]. Among these approaches, the agronomic biofortification of crops results in the
enhancement of mineral concentrations in edible plant parts through mineral fertilizers
application and is the cheapest and quickest method, having significant additional effects
for improving yield on marginal and salt-affected land [17]. Dietary diversification can
be achieved not only through the biofortification of staples but also by biofortifying the
under-utilized crops, fruits and vegetables [8].

The quality of the crop yield can be improved by K application. The K use increases
the salts tolerance of different crops [23]. The K acts as an inorganic compatible solute, Na
competitor, acts as an enzyme activator and helps in the synthesis of protein [24]. Under
saline conditions, the use of K decreases the adverse effects of salts through osmoregulation,
stomatal regulation, homeostasis and maintaining ion balance [25,26].

Foliar application of major nutrients like K and P is proven beneficial in comparison to
their soil application. Foliar feeding is relatively non-conventional and new in comparison
to conventional methods of application, but is now used to provide primary, secondary,
and especially micronutrient supplemental doses, hormones, stimulants, plant growth
promoters, and other beneficial substances [27]. As compared to ground application,
foliar feeding is 820 times more effective in terms of absorption of nutrients [28]. In the
agricultural advanced countries, K consumption through foliar application in plants is well
acknowledged and is being in practice. Therefore, it is needed to fulfill K requirements by
its foliar application particularly in crops grown in saline conditions.
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Spinach is an important vegetable and is highly rich in antioxidants and important
cellular constituent polyglutamyl folate (vitamin B9 and folic acid) having high nutritional
value [29]. Those plants growing under normal conditions when compared with the plants
growing under stress can be used to determine the range of harmful effects.

Still, there is very limited information present in the literature about the foliar applica-
tion of K for the biofortification of spinach. The present study aimed to appraise whether K
concentration in a wire house grown spinach could be increased through biofortification by
adding an extra amount of foliar-applied K to regular fertilizers under salinity. A secondary
aim was to assess the effect of K biofortification on the Na concentration of spin-ach and
determine whether increasing the K concentration of spinach results in a reduction in the
Na concentration and toxicity due to the competition between these two cations. Therefore,
the study was conducted to examine the effects of salinity on tissue concentration of K
in spinach and to examine the effects of foliar use of K on the growth of spinach under
saline conditions.

2. Materials and Methods
2.1. Experimental Conditions

A pot trial was executed for assessing the effects of foliar-applied K on the spinach
(Spinacia oleracea) grown under saline conditions in the wirehouse with a glass-covered
roof (sides having only an iron wire screen without control over temperature and humid-
ity) at the Institute of Soil and Environmental Sciences (ISES), University of Agriculture
Faisalabad (UAF) (latitude 31.4310° North, longitude 73.0695° East). The recorded aver-
age temperature was 25.7 °C and relative humidity was 57.9% during spring seasoned
pot study, with day and night temperatures ranging from 18.9 °C (minimum) to 32.6 °C
(maximum) in the wirehouse.

The seeds of spinach were obtained from the Vegetable Research Institute, Ayub
Agriculture Research Institute, Faisalabad, Pakistan. Soil physical and chemical analysis
was done before filling the soil in the pot following Igbal et al. [30]. Soil used in this
study was sandy clay loamy in texture (sand = 58.1%, silt = 19.4% and clay = 22.5%)
having pH =7.6, EC =2.57 dS m~ !, soluble Na* = 19.02 mmol. L™}, sodium adsorption
ratio (SAR) = 7.4 (mmol L~1)/2, organic matter = 0.91%, nitrogen (N) = 357 mg kg_l,
phosphorus (P) = 6.3 mg kg !, K =112 mg kg ! and saturation percentage = 38%.

2.2. Experimental Setup and Layout

This experiment was conducted with two factors (NaCl & foliar application of K) in a
completely randomized design (CRD) and each treatment was repeated three times. Three
salinity levels were artificially created by adding the calculated amount of NaCl to achieve
control (2.57), 4,6 and 8 dSm~! EC following Naz, et al. [31]. The foliar application of K
on spinach was applied as 0, 5 mM and 10 mM using potassium di-hydrogen phosphate
(KH,POy) salt.

The soil was ground, sieved and filled in 12 kg pots. The recommended dose of
NPK fertilizer at 120:60:90 kg ha~! was used for spinach. In the present study, for foliar
application of K at 5 and 10 mM, the 680 and 1360 mg of KH,POy, respectively, was
dissolved in 1000 mL of distilled water, which is the final volume of the working solution
(water) per pot. The solubility of KH,POy is 22.6 g 100 mL~! of H,O at 20 °C. The pKa of
KH,POy is 12.67 up to 25 °C. The specific gravity/density of KH,POy is 2.338 g cm 3.

Surfactant (commercial surf; at 1.00 mg L~ 1) was added to desired levels of K treated
spray solution to enhance the adhesion of spray substance to the aerial parts of spinach.
The pH of foliar solution was retained at 6.0 £ 0.5 using 1N HCl and 1N NaOH. At the
time of foliar spraying, pots were covered all around by polyethylene sheet adhesive tape
to avoid the penetration of foliar applied K solution in the soil. The desired levels of K
solutions were foliar applied via spray gun from 04:00 p.m. to 06:00 p.m., twice a week
as to frontier the sufferers of K by volatilization. Plants in control treatment were sprayed
with distilled water.
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After two months of sowing, at the harvesting stage, data on growth parameters
including shoot fresh and dry weights; physiological parameters like total chlorophyll
contents, membrane stability index, relative water content; as well as ionic parameters
such as K and Na concentration and biochemical responses i.e., superoxide dismutase and
catalase, were recorded.

2.3. Analytical Measurements
2.3.1. Total Chlorophyll Contents

The total chlorophyll content index was examined according to Saqib et al. [32] as
Special Products Analysis Division (a SPAD, Division of Minolta) value. A handheld
SPAD-502 m (Minolta, Osaka, Japan) was used to measure from leaf base to tip, subse-
quently, and average value was taken for analysis. It is a low-cost mode to quantify plant
photosynthetic capacity compared to the expensive chlorophyll fluorescence [31,33].

2.3.2. Samples Collection

The young leaves of spinach were collected for measuring relative water content,
electrolyte leakage, SOD and CAT from 9.00 a.m. to 11.00 a.m. From each replication,
the leaves from three plants were collected. The fresh leaf samples were transported in
the ice bucket and freshly used for determining the relative water content (RWC) and
electrolyte leakage.

2.3.3. Relative Water Contents

Leaf sample (0.5 g fresh weight) was taken immediately after harvesting and immersed
in deionized water for four hours. The turgid weight of leaf samples was taken after
removing the adhering water on the surface by blotting. The dried weight was recorded
after the leaves were oven-dried at 65 °C for forty-eight hours (48 h). Relative water content
of leaf samples was determined using Equation (1) [34].

RWC = [(Fresh Weight — Dry Weight)/(Turgid Weight — Dry Weight)] x 100 (1)

2.3.4. Electrolyte Leakage

To assess the permeability of membrane, electrolyte leakage is used [35]. Electrical
conductivity (EC) meter was used to determine electrolyte leakage. Samples of the plant
leaf were taken and cut into segments of 1 cm. After washing with distilled water for
removing contamination, the samples were put in vials filled with 10 mL of deionized
water and incubated at 25 °C for 24 h on a shaker at 100 rpm. After incubation, the electrical
conductivity of the bathing solution (EC1) was recorded. The samples were then placed
in an autoclave for 20 min at 120 °C and then the second reading (EC2) was taken. The
electrolyte leakage was determined as EC; /EC; and then expressed as a percentage.

2.3.5. Antioxidant Enzymes Extraction

Fresh leaves (0.1 g) were homogenized in 5 mL of cooled phosphate buffer (50 mM,
pH 7.8). The mixture was centrifuged at 15,000 rpm for 20 min at 4 °C. This extract was
used to determine the activities of catalase (CAT) and superoxide dismutase (SOD).

2.3.6. Superoxide Dismutase

The SOD was assayed by the nitroblue tetrazolium (NBT) method as described by
Gong et al. [36]. The assay ingredients included: enzyme extract (50 pL), 50 uM NBT
(1 mL), 1.3 uM Riboflavin (1 mL), 13 mM Methionine (500 uL), 75 mM EDTA (500 uL),
50 mM phosphate buffer pH 7.8 (950 pL).

By using a micropipette all the ingredients were poured in quartz cuvette including
enzymes extract and NBT. Immediately after adding enzyme extract and NBT, the cuvette
was placed under a 30 W fluorescent lamp for 5 min, after pouring NBT until the formation
of blue formazan as a result of NBT photo-reduction. Also, one cuvette containing all other
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ingredients but lacking enzyme extract was placed in the dark for five minutes. The lamp
was switched off and a UV spectrophotometer was used to observe absorbance at 560 nm
wavelength. Single SOD unit was described as “the amount of enzyme responsible for
causing 50% inhibition of NBT reduction rate at 560 nm in comparison with tubes lacking
the enzyme extract”.

2.3.7. Catalase

The method of Cakmak et al. [37] was used to determine the catalase activity. The
activity of catalase was recorded by measuring the initial disappearance rate of hydrogen
peroxide at 240 nm. The Catalase reaction mixture included: (1) enzyme extract (100 puL),
(2) 50 mM phosphate buffer (2 mL at pH 7.0), and (3) 5.9 mM hydrogen peroxide (900 pL).

Subsequently, phosphate buffer, enzyme extract and hydrogen peroxide were dis-
pensed into the cuvette and then placed in UV-spectrophotometer, and readings were
taken at 30 s interval for 5 min. The blank was also run by pouring phosphate buffer and
H,0O, into the cuvette without enzyme extract. The CAT activity was estimated using the
coefficient of extinction.

The activity of CAT was calculated by using Equation (2):

A =1Ce /mg(Protein) ()

where A = Absorbance, 1 = Distance traveled by light through the body (usually 1 cm),
C = Concentration of species that absorbs light in the sample, ¢ = Molar extinction coeffi-
cient (36 mol~! L cm™1).

2.3.8. Inorganic Ions (Na*, K*)

For determining ionic concentration, the freeze-thaw method was used to collect leaf
sap [38]. After thawing, the leaf samples were put into microcentrifuge tubes with an
opening at the base for allowing leaf sap to pass into a collection tube. The leaf samples
were then crushed, followed by centrifugation at 11,000 rpm for 3 min. The K™ and Na* in
extracted leaf sap were measured using a flame photometer (Sherwood Flame photometer,
Model-410; Sherwood Scientifics, Ltd., Cambridge, UK) following the methods described
in Estefan et al. [39]. In brief, working standards were prepared of 10, 20, 30, 40, 50 Na and
2,4,6,8,10 for K, or according to the instrument sensitivity and accuracy using Certified
Reference Materials (CRMs) stock solution via Equation (3):

CiVi =GV, 3)

whereas C; = Concentration of the stock solution in ppm, V; = Volume to be taken of stock
solution in mL, C; = Concentration of Na or K to be required in ppm, V; = Total volume to
be required in mL

C, (ppm required) = V1 (mL of known solution) x C; (ppm of known solution)/V; (Total volume to be made) (4)

Flame photometer was operated according to the instruction manual provided for the
equipment. A series of suitable Na or K standards were run to standardize the instrument
and calibration curve were drawn. The Na or K concentrations were calculated according
to the calibration curves using the Equation (5).

Na or K (ppm) = ppm Na or K (from calibration curve) x V/Wt 5)

where, V = Total volume of the extract (mL), Wt = Weight of dry plant (g).
Later, the ppm values were converted into percent (%) for Na or K to be presented in
the respective mean Table(s).
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2.3.9. Quality Assurance

The analytical reagent grade (AR grade) chemicals were used. All the solutions were
prepared in deionized water for the tests and analytical procedures. All determinations
were done in triplicate, and their standard errors (SE) were calculated (values in tables).
All the extracts were preserved in the dark at 4 °C.

2.3.10. Statistical Analysis

The Fisher analysis of variance technique [40] was used to analyze the collected
statistically. The Least Significance Difference (LSD) test was employed for the comparison
of treatment means at 5% probability level.

3. Results and Discussion
3.1. Shoot Dry Weight

The shoot dry weight (SDW) of spinach was significantly (p < 0.05) reduced by salinity,
which was counteracted by foliar-applied K (Table 1). Under saline environments, SDW
reduced and a reduction 8.3, 24.2 and 45.2% was found at 4, 6 and 8 dSm™}, respectively,
in comparison to control. Foliar usage of 5 and 10 mM K significantly (p < 0.05) improved
SDW of spinach and the maximum SDW (24.5 g) was observed with 10 mM K foliar
spray in control conditions where no salinity was imposed, and it was 53.2% higher
than the respective control. The foliar application of K at 10 mM resulted in 57.6, 39.8
and 65.8% enhancement in SDW at 4, 6 and 8 dS m~! NaCl salinity in comparison with
respective control. The least SDW was 8.7 g visualized when no K was applied at 8 dSm ™!
salinity level.

Table 1. Impact of Foliar Application of K on Shoot Dry Weight (g pot~?!) of Spinach Plants Exposed to varying Concentra-

tions of Salt Stress.

Foliar K Levels
Salinity Levels (dS m~—1)
Ky (0 mM K) Ks (5 mM K) K10 (10 mM K) Mean
Control 15.99 + 0.48 cde 18.19 + 0.53 b (13.7%) 24.52 + 0.83 a (53.2%) 19.57 + 0.64 A

ECy4 (4 dSm~! NaCl)
ECg (6 dS m~1 NaCl)

14.66 £ 0.47 de (—8.3%)  16.68 & 0.28 bed (13.8%) 23.11 + 0.45 a (57.6%) 1815+ 048 B

12.11 £0.25 fg 14.04 + 037 ef (15.9%) 1693 + 038 bc (39.8%) 1436+ 031 C

(—24.3%)
ECg (8 dS m~! NaCl) 8.76 + 0.28 h (—45.2%) 11.40 £ 0.36 g (30.1%) 14.53 £ 0.29 de (65.8%) 11.56 £ 024D
Mean 12.88 £0.58 C 15.08 £ 0.46 B 19.77 £ 048 A
F-Value
Coefficient of Variance
Salinity Potassium Salinity X Potassium
8.32 77.21** 97.97 ** 2.77%

Means sharing dissimilar letter(s) in a row or in a column are statistically significant (p < 0.05, n = 3 & SE). Value in ( ) are % decrease or
increase over respective control. NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).

The outcomes of previous research conducted by Sumithra et al. [41] and Nxele
et al. [42] support the present study results. The monitored decrease in biomass might be
a result of specific ion effects, osmotic stress, and ionic imbalance as Na* reduces the ab-
sorption of K*. Plant development and growth were reduced by salt-stressed environment;
as a result, overall salt stress negatively affected the plant dry biomass [43]. However,
the supplementary K application as foliar spray enhanced the dry biomass. It has been
established that the total dry mass production of plat under drought and salt stress in-
creases with an adequate supply of K fertilizer compared to its deficient concentrations [44].
Similar findings were stated by Amjad et al. [45] in tomato where the foliar application of
K enhanced the biomass production under saline conditions. Foliar application of KOH
in sunflower improved the yield and growth significantly along with reduction of toxic
influences of salt stress [46]. The supplementary K application as foliar spray enhanced the
growth of cucumber and pepper cultivars under salt stress [47].
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3.2. Potassium Concentration in Spinach Leaves

In the present study, under saline environment, K concentration significantly (p < 0.05)
declined and there was 5.1, 13.3 and 18.6% decrease in K concentration in spinach leaves at
4,6and 8 dSm ™!, respectively, without K supplementation as foliar spray percent reduction
(Table 2). The foliar supplementation of K at 5 and 10 mM enhanced leaf K concentration by
4.3 and 6.2%, respectively, under the non-saline situation. The foliar application of K also
proved useful under saline conditions for enhancing leaf K concentration. Under saline
conditions, the foliar spray of K at 10 mM enhanced leaf K concentration by 4.9%, 6.6% and
8.5% (% DW) at 4, 6 and 8 dS m~! NaCl toxicity correspondingly. At a salinity level of 8
dS m~!, the minimum leaf K concentration was observed, which was 18.6% less than the
control with no foliar K application.

Table 2. Impact of Foliar Application of K on Shoot Tissue K Concentration (% DW) of Spinach Plants Exposed to varying

Concentrations of Salt Stress.

Salinity Levels (dS m~—1)

Foliar K Levels (mM)

Ky (0 mM K) K5 (5 mM K) K10 (10 mM K) Mean
Control 4.66 = 0.051 b 4.87 £ 0.053 a (4.3%) 4.97 £ 0.057 a (6.2%) 4.83 +£0.048 A
EC4 (4 dS m~! NaCl) 4.42 4 0.064 cd (—5.1%) 4.48 £ 0.046 ¢ (1.3%) 4.64 £ 0.056 b (4.9%) 4.51 +0.061 B
ECs (6 dS m™~! NaCl) 4‘0?f1£'§% fe 4224+ 0,053 of (44%) 43140062 de (6.6%) 419 +0.058C
ECg (8 dS m~! NaCl) 3.79 4+ 0.053 1 (—18.6%) 3.97 £ 0.047 h (4.7%) 4.11 £ 0.043 gh (8.4%) 3.96 £+ 0.050 C
Mean 4.23 +0.056 C 4.38 +0.052 B 4.51 +0.046 A
F-Value
Coefficient of Variance . : — -
Salinity Potassium Salinity X Potassium
5.56 280.33 ** 49.48 ** 0.82*

Means sharing dissimilar letter(s) in a row or in a column are statistically significant (p < 0.05, n = 3 & SE). Value in ( ) are % decrease or
increase over respective control. NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).

Comprehending the salinity-nutrient relationships is of vast economic significance
since nutrients may offer protective mechanisms against salinity stress by lowering ion tox-
icity via dilution effect, competitive ion uptake and involvement with osmotic adjustment,
retaining ion balance and scavenging of ROS under saline environment [25]. Increased
salinity caused a decline in leaf K concentration [28,29]. The significance of K for osmotic
adjustment cannot be denied, so plants uptake it in the required amount [24]. However,
conditions become unfavorable for plants in saline soil. The Na competes with K as they
both have similar ionic radius that causes deficiency of K, along with the accumulation of
Na [6,10]. Al et al. [48] stated that foliar usage of SO4 form of K gave better straw yield
and paddy, K content of paddy and straw and number of tillers.

3.3. Sodium Concentration in Spinach Leaves

It was witnessed that foliar-applied K significantly (p < 0.05) reduced NaCl toxicity
in spinach leaves. The Na* concentration was increased in response to saline conditions.
Nat an increase in leaf Nat concentration of 20.6, 62.0 and 144.8% was observed at 4, 6
and 8dSm1, respectively, with no usage of foliar K (Table 3). However, a decrease in
Na concentration was observed with increasing dose of foliar-applied K under normal,
as well as saline, conditions. The highest Na* concentration (0.71% DW) was observed at
8 dS m~! without K application as foliar spray. However, Na* concentration was 0.29, 0.37
and 0.48 (% DW) was observed at 4, 6 and 8 dS m~! respectively with K level of 10 mM
which indicated that K application at 10 mM reduced Na concentration in spinach leaves
by 17.1, 21.2 and 32.3% at 4, 6 and 8 dS m~!, respectively, in comparison to respective
control.
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Table 3. Impact of Foliar Application of K on Shoot Tissue Na Concentration (% DW) of Spinach Plants Exposed to varying
Concentrations of Salt Stress.

Foliar K Levels
Salinity Levels (dS m™1)
Kg (0 mM K) K5 (5 mM K) Klg (10 mM K) Mean
Control 0.29 £+ 0.026 gh 0.25 £ 0.011 hi (—13.7%) 0.23 + 0.027 1 (—20.6%) 0.26 £0.022D

ECy4 (4 dSm~1 NaCl)
ECg (6 dS m~1 NaCl)
ECg (8 dS m~! NaCl)

0.35 £ 0.028 ef (20.6%)  0.31 & 0.026 fg (—11.4%) 0.29 £ 0.018 gh (—17.1%)  0.32 £0.024C
0.47 £ 0.023 ¢ (62.0%)  0.42 +0.028 d (—10.63%)  0.37 £ 0.021 de (—21.2%) 0.42 £0.023 B
0.71 £ 0.023 a (144.8%)  0.54 £ 0.025 b (—23.94%) 0.48 £ 0.020 ¢ (—32.3%) 0.58 £0.027 A

Mean 0.46 + 0.026 A 0.38 £ 0.025 B 0.34 +0.024 C
F-Value
Coefficient of Variance
Salinity Potassium Salinity X Potassium
6.68 260.51 ** 57.16 ** 6.97 *

Means sharing dissimilar letter(s) in a row or in a column are statistically significant (p < 0.05, n = 3 & SE). Value in ( ) are % decrease or
increase over respective control. NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).

Sairam et al. [49] and Nguyen et al. [50] also reported that an increase in soil salinity
increases the leaf Na concentration. Plants develop mineral ion homeostasis to counteract
stress, and the replacement of K* by Na* can lead to alternations in the result and lack of
proteins functionality along with ion cytotoxicity. The Na concentration disturbs intracellu-
lar homeostasis, which leads to inhibition of metabolic activity, membrane instability and
other harmful alternations, as an outcome declined growth, as well as the occurrence of cell
death [5,51,52]. However, it can be implicit that increasing K concentration in the vegetable
can be beneficial metabolically to alleviate the adverse effects of Na consumption [53,54].
The present study accomplished that the negative effects of high Na intake can be mitigated
through the consumption of K-rich vegetables.

3.4. Potassium/Sodium Ratio Relationship for Bio-Fortified Spinach

By increasing K concentration, a significant (p < 0.05) improvement in K: Na ratio of
leaf was observed (Table 4). It was detected that K/Na ratio declined and there were 21.1,
47.2 and 66.4% decreases in K/Na ratio at 4, 6 and 8 dS m~!, respectively, as compared
to respective control under saline conditions with no K application as foliar spray. The
maximum K/Na ratio was 21.6, observed in treatment where 10 mM K was applied as foliar
spray in control conditions, while the lowest K/Na ratio was 5.4 at a salinity concentration
of 8 dS m~! when no foliar K was used. However, the application of foliar K (10 mM)
under saline conditions enhanced K/Na ratio by 28.3, 36.4 and 57.4%, respectively, at 0, 4,
6 and dSm ™! over respective control.

Table 4. Impact of Foliar Application of K on Shoot K/Na ratio of Spinach plants Exposed to varying Concentrations of

Salt Stress.
Foliar K Levels
Salinity Levels (dS m™1)
Kp (0 mM K) K5 (5 mM K) K10 (10 mM K) Mean
Control 16.1+1.11c¢ 19.4 + 1.29 b (21.74%) 21.6 £ 1.22 a (39.75%) 194+123A
EC4 (4 dS m~! NaCl) 12(?;:1 11;5/; ;je 14.5 + 1.32 cd (14.17%) 16.3 £ 1.24 ¢ (28.35%) 145+ 1.27B
ECg (6 dSm~! NaCl) 8.5 + 1.14 fg (—47.2%) 10.2 + 1.23 ef (20%) 11.6 + 1.27 e (36.47%) 101 £1.29C
ECg (8 dSm~! NaCl) 5.4 £+ 1.05 h (—66.46%) 7.3 £ 1.09 gh (35.19%) 8.5 + 1.32 fg (57.41%) 71+£125D
Mean 10.7+1.20C 129+ 1.19B 147+ 117 A 12.8
F-Value
Coefficient of Variance — - — -
Salinity Potassium Salinity X Potassium
9.32 102.89 ** 19.44 ** 0.78*

Means sharing dissimilar letter(s) in a row or in a column are statistically significant (p < 0.05, n = 3 & SE). Value in ( ) are % decrease or
increase over respective control. NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).
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In glycophytic plants, a declined K*: Na* proportion is the utmost frequently detected
concern of Na*-stress. The major reason for decline of K concentration in cells may be
due to the reason that Na* hinders K* influx into the cell [55,56]. Yet, Na* leading to the
stimulation of K* efflux may be another potential cause. Salt stress causes membrane depo-
larization due to high Na* influx into the cytoplasm of cells leading to efflux of cytosolic
K* [57]. It has been revealed that K* efflux is enhanced by the osmotic stress established
by non-ionic osmolytes. Yet, various qualitative upshots of non-ionic and ionic osmolytes
on K* transportation have been visualized in barley root and bean leaf [58]. Membrane
disintegration caused as a result of osmotically hampered loss of water from cells may
lead to accelerated K* efflux by osmotic stress. In an investigation, it was found that both
ionic and osmotic elements were responsible for K* efflux [12]. The K* equilibrium is
upset via reduced influx, elevated efflux, and declined cytosolic K* collections under high
Na* concentrations [55]. The results of Chow et al. [59] also supported the present results.
Replacement of K by Na results in ion cytotoxicity and alternations, along with a lack of
protein functionality [51]. Under a saline environment, Na accumulation in plant parts
occur as Na competes with K, and K deficiency occurs as well [6].

3.5. Total Chlorophyll Contents

The foliar K levels significantly (p < 0.05) influenced total chlorophyll content in
spinach leaves (Table 5). It was observed that when K was not applied as foliar spray, total
chlorophyll contents declined by 38.1, 45.3 and 52.0%, respectively, at 4, 6 and 8 dS m!
as compared to control under a saline environment. The minimum value of total chloro-
phyll content (24.1 SPAD value) was observed when K was not applied as foliar spray at
8 dSm~!. However, the K supplementation as foliar spray in saline conditions resulted in
enhancement of total content.

Table 5. Impact of foliar application of K on Leaf Total Chlorophyll Content (SPAD-value) of Spinach Plants Exposed to
varying Concentrations of Salt Stress.

Foliar K Levels
Salinity Levels (dS m™—1)
Kp (0 mM K) Ks5 (5 mM K) Kj9 (10 mM K) Mean
Control 50.3 £1.52b 52.2 £ 1.48 ab (3.64%) 54.7 £ 1.56 a (8.04%) 524+ 321 A
EC, (4 dSm~! NaCl) 31.1 £1.35e(—38.17%) 36.7 £ 1.64 d (15.26%) 44.1 £+ 1.34 ¢ (29.48%) 373+ 258B
ECg (6 dS m~! NaCl) 27(54:5 é370?)fg 30.6 & 1.48 ef (10.13%) 31.8 £ 1.27 e (13.52%) 30.0 £3.09C
ECg (8 dSm~! NaCl) 24.1 +1.12 h (—52.09%) 24.4 + 0.87 gh (1.23%) 24.4 +1.01 gh (1.24%) 243 +3.65D
Mean 332+£198C 36.0 £1.62B 38.8 £ 1.58 A
F-Value
Coefficient of Variance — - — -
Salinity Potassium Salinity X Potassium
11.18 381.69 ** 26.29 ** 6.28 %

Means sharing dissimilar letter(s) in a row or in a column are statistically significant (p < 0.05, n = 3 & SE). Value in ( ) are % decrease or
increase over respective control. NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).

Figure 1 Correlation shows the significance level for shoot Na and K concentration and
with total chlorophyll contents (SPAD-value) as affected by foliar application of K on spinach
plants exposed to varying levels of salt stress, Shoot Na concentration in spinach leaves increased
with increasing SPAD values; however, shoot tissue Na concentration was inversely linked with
SPAD values (Figure 1a,b). Membrane and chlorophyll damage were visualized in tomatoes
under saline conditions, which was lowered by foliar application of KH,POy [60]. The toxic
ion consequences of salt on fruit formation in bottle gourd (Lagenaria siceraria) was decreased
along with an increase in production by 77% after foliar usage of 250 ppm KNOj3 under salt
stress [61]. Under salt stress, spraying of foliar of KOH on sunflower amplified K* concentration
along with significant growth and yield elevation [46]. The present study results align with the
findings for cucumber, pepper [47], tomato [60], spinach [62] and cotton [63].



Horticulturae 2021, 7, 566

10 of 16

55 0.8
(a) (b)
y=0.031x +3.273 o7l ©
R2=0.907 y= -(;.?1(:;7; 2.761
55 P :
® 2~ o osf
H s o
£ _- s
g 0" ¢ E °
S as _-7 < osf ;\
< o ®.~ Lot
3 = o T
2 Qi p4 o "~
2 P = o4} N
= - v \g RN
° o - 3 o ~
240 2~ @ S
& o F o3l < X
e oL O
o e
o 2 =8 &
02f ~
35}
01f
3.0 : : " . " . . 0 . . . . . . .
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60

Total Chlorophyll Contents (SPAD-Value)

Total Chlorophyll Contents (SPAD-value)

Figure 1. Correlation showing significance level for shoot (a) Na and (b) K concentration and with total chlorophyll contents

(SPAD-value) as affected by foliar application of K on spinach in salt stress.

3.6. Relative Water Content

By increasing salt stress (Table 6) levels, the RWC of spinach declined significantly
(p < 0.05). The outcomes highlighted that in saline situation at 8 dS m~! without foliar
K, the RWC was reduced by 19.78% as compared to control. The foliar application of K
enhanced RWC in saline conditions. An increase of 6.7 and 9.34% was found at 8 dS m !
with foliar supplementation of K at 5 and 10 mM, respectively, as compared to respective
control. The foliar application of K enhanced RWC in saline conditions. An increase of
6.7 and 9.34% was found at 8 dS m~! with foliar supplementation of K at 5 and 10 mM,
respectively, as compared to respective control.

Table 6. Impact of foliar application of K on Leaf Relative Water Contents (%) of Spinach Plants Exposed to varying

Concentrations of Salt Stress.

Foliar K Levels
Salinity Levels (dS m™1)
Ky (0 mM K) K5 (5 mM K) K10 (10 mM K) Mean
Control 92.0+218a 89.5 £1.76 b (2.72%) 91.5 + 1.91 a (0.54%) 91.0 £ 273 A
EC4 (4 dS m~! NaCl) 84.3 £ 1.67 de (—8.37%) 87.0 & 2.21 ¢ (3.1%) 87.6 £2.05¢ (3.77%) 86.3 £3.38 B
ECg (6 dS m~! NaCl) 79.8 +3.21 g (—13.26%) 83.0 £2.41 e (3.86%) 85.4 £2.19 d (6.56%) 828 £3.70C
ECg (8 dSm~! NaCl) 73.8 £ 2.86 h (—19.78%) 79.1 £2.65 g (6.7%) 81.4 £ 1.26 f (9.34%) 781+£235D
Mean 82.5+2.04C 84.7 £2.13B 86.5+2.76 A 84.5
F-Value
Coefficient of Variance — - — -
Salinity Potassium Salinity X Potassium
9.47 432.73 ** 77.06 ** 19.14 *

Means sharing dissimilar letter(s) in a row or in a column are statistically significant (p < 0.05, n = 3 & SE). Value in ( ) are % decrease or

increase over respective control. NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).

Relative water content and electrolyte leakage are generally influenced by salinity and
considered as important criteria for evaluation of the plant capability to tolerate salinity
stress [64,65]. Decline in RWC under NaCl stress might be linked to salt-induced reduction
in water potential in rhizosphere, which lowers the water extraction ability of the plant
from soil, exporting it to aerial plant parts [66]. Sairam et al. [49] visualized similar results
in wheat. They tested wheat RWC against saline environment and illustrated that RWC was
decreased by rising salinity [67]. Under higher levels of salinity, plants showed significant
reduction in RWC [68,69].
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3.7. Electrolyte Leakage

There was a significant (p < 0.05) increase in electrolyte leakage in spinach in response
to salt stress (Table 7). The salt stress was responsible for 60, 118.1 and 225.2% enhancement
in electrolyte leakage, respectively, at 4, 6 and 8 dSm ™! as compared to control. At8 dS m™!
the highest electrolyte leakage (32.2%) was observed, while minimum electrolyte leakage
was found in non-saline condition when K was applied as foliar spray at 10 mM. Moreover,
in saline conditions, increasing level of foliar supplementation of K reduced electrolyte
leakage and a reduction of 17.6, 21.3 and 31.68% was observed with 10 mM K application as
foliar spray at 4, 6 and 8 dS m ™!, respectively, over respective control. Electrolyte leakage
is generally used to assess membrane permeability. Salinity-induced electrolyte leakage is
already reported in different plant species [70], including tomato [60] and spinach [62].

Table 7. Impact of foliar application of K on Leaf Electrolyte Leakage (%) of Spinach Plants Exposed to varying Concentra-

tions of Salt Stress.

Salinity Levels (dS m~—1)

Foliar K Levels

Ky (0 mM K) K5 (5 mM K) K10 (10 mM K) Mean
Control 99+0.79h 8.5+ 0.83 hi (—14.14%) 7.7 +£0.841(—22.2%) 87+111D
EC, (4 dSm~! NaCl) 15.9 £ 0.69 ef (60.00%)  14.1 £ 0.74 fg (—11.32%) 13.1 £ 0.52 g (—17.6%) 144+189C
ECs (6 dS m~! NaCl) 21.6 £ 0.89 c (118.18%) 19.0 + 0.59 d (—9.54%) 17.0 £ 0.79 e (—21.3%) 19.2+3.83B
ECg (8 dS m~! NaCl) 32.2 £ 0.9 a (225.25%) 24.8 £ 0.74 b (—22.98%) 22.0 + 0.67 ¢ (—31.68%) 263+ 264 A
Mean 199+ 253 A 16.6 +2.81 B 149+ 1.69C 17.1
F-Value
Coefficient of Variance — - — -
Salinity Potassium Salinity X Potassium
419.84 ** 63.50 ** 9.12*

Means sharing dissimilar letter(s) in a row or in a column are statistically significant (p < 0.05, n = 3 & SE). Value in () are % decrease or
increase over respective control. NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).

3.8. Activity of Superoxide Dismutase

Under high level of salinity, the activity of SOD tended to grow substantially (p < 0.05)
at all salinity levels (Table 8). The percent increase in SOD was 11.9, 61.9 and 97.8% at 4, 6
and 8 dS m~! correspondingly compared to control. However, increasing levels of foliar K
application resulted in decreased SOD activity. There was 9.4, 20.4 and 13.5% reduction
in SOD activity at K level of 10 mM and salinity of 4, 6 and 8 dS m~!, respectively, over
respective control.

Table 8. Impact of foliar application of K on Leaf Superoxide Dismutase (SOD) Activity (U mg~! protein min~') of Spinach
Plants Exposed to varying Concentrations of Salt Stress.

Foliar K Levels
Salinity Levels (dS m™1)
Koy (0 mM K) Ks (5 mM K) K10 (10 mM K) Mean
Control 142 £0.02 fg 1.22 £ 0.09 gh (14.08%) 1.14 £ 0.03 h (19.72%) 126 £0.13D
EC4 (4 dS m~! NaCl) 1.59 £ 0.03 f (11.97%) 1.63 + 0.04 ef (—2.52%) 1.44 £+ 0.02 fg (—9.43%) 1.55+0.12C
ECg (6 dSm ™! NaCl) 2.30 £ 0.02 ¢ (61.97%) 198 £ 0.05d (—13.91%)  1.83 £ 0.03 de (—20.43%) 2.03+0.11B
ECg (8 dSm~! NaCl) 2.81 £ 0.04 a (97.88%) 2.54 £0.02b (—9.6%) 2.43 £0.05bc (—13.52%)  2.59 £+ 0.109 A
Mean 2.03+£0.143 A 184 £0.112B 1.71+£0.105C 1.86
F-Value
Coefficient of Variance — - — -
Salinity Potassium Salinity X Potassium
7.35 164.03 ** 16.60 ** 1.27*

Means sharing dissimilar letter(s) in a row or in a column are statistically significant (p < 0.05, n = 3 & SE). Value in ( ) are % decrease or

increase over respective control. NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).
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The CAT and SOD are counted as the front-line defense enzymes that decrease cellular
damage in plants and detoxify ROS [2,31]. Esfandiari et al. [71] inspected that as the
concentration of NaCl tends to increase the SOD activity in two wheat cultivators. The
ROS caused membrane damage and a decline in oxidative stress was found due to better
SOD activity. The superoxide level tended to increase as an outcome of saline conditions.

Foliar application of K behaves as an antioxidant substance, which protects the pho-
tosynthetic machinery under stress condition through abolishing the excessively reactive
oxygen species (ROS). Thus, it enhances the resistance and controlled the concentration of
ROS within the tissues of plants under stress conditions [27,45].

3.9. Activity of Catalase

The catalase (CAT) activity increased statistically (p < 0.05) with increasing salinity
level (Table 9). The percent rise in CAT activity was noted to be 14.8, 63.8 and 106.3% at 4, 6
and 8 dS m~! compared to control. The greatest CAT (0.97 umol g~! FW) was observed
at 8 dS m~! salinity. The applied K as foliar spray reduced the activity of CAT. The CAT
activity was 0.37, 0.48, 0.61 and 0.81 pmol g~! FW with 10 mM K foliar application at
control, 4, 6 and 8 dSm™~1 salinity levels.

Table 9. Impact of Foliar Application of K on Leaf Catalase (CAT) Activity (umol HyO, mg*1 Protein) of Spinach Plants
Exposed to Varying Concentrations of Salt Stress.

Foliar K Levels
Salinity Levels (dS m™1)
Ko (0 mM K) Ks5 (5 mM K) K19 (10 mM K) Mean
Control 0.47 £ 0.026 gh 0.40 + 0.011 h (—14.89%)  0.37 £+ 0.027 I (—21.28%) 041 +0.022D
ECy4 (4 dSm~1 NaCl) 0.54 4+ 0.028 ef (14.89%) 0.52 + 0.026 f (—3.70%) 0.48 £0.018 g (—11.11%) 0.51 £ 0.024 E
ECg (6 dS m~1 NaCl) 0.77 + 0.023 ¢ (63.83%)  0.66 £ 0.028 d (—14.29%) 0'6(1_2500%%20/1)(163 0.68 +0.023 B
ECg (8 dS m~1 NaCl) 0.97 £0.023 a (106.38%) 0.86 £0.025b (—11.34%)  0.81 + 0.020 ¢ (—16.49%) 0.88 4+ 0.027 A
Mean 0.69 4+ 0.026 A 0.61 +0.025 B 0.56 +0.024 C 0.62
F-Value
Coefficient of Variance
Salinity Potassium Salinity X Potassium
13.42 1394.59 ** 176.11 ** 7.01*%

Means sharing dissimilar letter(s) in a row or in a column are statistically significant (p < 0.05, n = 3 & SE). Value in ( ) are % decrease or
increase over respective control. NS = Non-significant (p > 0.05); * = Significant (p < 0.05); ** = Highly significant (p < 0.01).

Barakat et al. [72] discovered that CAT activity was significantly enhanced in pot
grown wheat in response to salinity. Similarly, it has been reported that concentrations
of SOD and CAT were increased in spinach plants subjected to salinity stress [73]. The
CAT and SOD are the vital antioxidant enzyme that alters hydrogen peroxide (H,O;) to
water. The activities of antioxidant enzymes in plants exposed to biotic and abiotic stresses
indicate the tolerance ability of plant species against stresses.

Leaf SOD activity in spinach leaves decreased with increasing SPAD values, similarly,
CAT activity in spinach leaves also showed inverse linkage with SPAD values (Figure 2a,b).
In the current study the antioxidant enzymes (SOD and CAT) activity was reduced in
treatments where sufficient K nutrition was applied. It has been suggested that the ROS
production can be decreased to a greater extent with the improved status of K nutrition in
plants as improving K nutrition helps reduce activity of NAD(P)H oxidases and maintains
photosynthetic electron transport; as a result, the activity of antioxidant enzymes reduces
with K application [25,74].
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Figure 2. Correlation showing significance level for leaf (a) SOD & (b) CAT activity and with total chlorophyll contents

(SPAD-value) as affected by foliar application of K on spinach plants exposed to varying levels of salt stress.

4. Conclusions

Outcomes of the present study indicated that diverse levels of salinity significantly
affected the physiological and growth of spinach, whereas a significant improvement
in morphological, physiological and antioxidant characteristics in spinach plant were
observed under different levels of foliar applied K in salinity. It was recognized that dietary
deficiency of essential elements can be quickly addressed by agronomic biofortification. It is
an economical and eco-friendly approach to additionally provide essential minerals to the
population with commonly used vegetables, fruits and cereals. Moreover, it enhances plant
growth and improves quality of produce in salt-affected soils. The present study indicates
that K is beneficial for improving the yields by mitigating the Na toxicity in spinach. The
results showed that agronomic biofortification of spinach with K results in its enhanced
nutritional level through the improved K concentration in the edible portion. This provides
an efficient way not only for addressing some health and nutritional challenges, but also for
improving incomes and livelihoods of masses. The present research is practical and novel
in its proposed scientific approach and objectives. However, the present study outcomes
required to be established in field test and economic feasibility must be calculated.
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