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Abstract

:

Water scarcity, due to physical shortage or inadequate access, is a major global challenge that severely affects agricultural productivity and sustainability. Deficit irrigation is a promising strategy to overcome water scarcity, particularly in arid and semiarid regions with limited freshwater resources. However, precise application of deficit irrigation requires a better understanding of the plant response to water/drought stress. In the current study, we investigated the potential impacts of biochar-based soil amendment and foliar potassium-humate application (separately or their combination) on the growth, productivity, and nutritional value of onion (Allium cepa L.) under deficient irrigation conditions in two separate field trials during the 2018/2019 and 2019/2020 seasons. Our findings showed that deficit irrigation negatively affected onion resilience to drought stress. However, these harmful effects were diminished after soil amendment using biochar, K-humate foliar application, or their combination. Briefly, integrated biochar and K-humate application increased onion growth, boosted the content of the photosynthetic pigments, enhanced the water relations, and increased the yield traits of deficient irrigation onion plants. Moreover, it improved the biochemical response, enhanced the activities of antioxidant enzymes, and enriched the nutrient value of deficiently irrigated onion plants. Collectively, these findings highlight the potential utilization of biochar and K-humate as sustainable eco-friendly strategies to improve onion resilience to deficit irrigation.






Keywords:


water scarcity; deficit irrigation; onion; biochar; soil amendment; potassium-humate; antioxidant; nutritional value












1. Introduction


Onion (Allium cepa L., Family: Amaryllidaceae) is a vegetable crop of high economic importance worldwide [1]. It is a nutrient-dense vegetable, which is high in vitamins, minerals, and antioxidants while being low in calories. Moreover, onion bulbs are good sources of bioactive components, such as polyphenols, flavonoids, and other antioxidants that are important for the human diet and might protect from cancer and cardiovascular disease [1,2]. The total area cultivated in 2019–2020 was 63,000 ha, which produced 2 Mt with a productivity of 35.24 t ha−1 [3]. The mean of exports attained 350,000 tons [4].



Onion is a shallow-rooted plant that needs carefully scheduled irrigation which consists of determining the amount and timing of irrigation applications to achieve high productivity [5]. As a result of climate change, increment in air temperature and decrement in water resources and soil quality are expected; consequently, water stress and soil salinity will increase [6]. Therefore, a smaller amount of irrigation water than recommended should be applied in crop irrigation programs [7]. Nevertheless, under water stress, the onion reduces its photosynthesis, stomatal conductance, osmotic adjustment, evapotranspiration, and accordingly productivity [6,8]. Water stress is the main restriction for crop yield, particularly in arid and semi-arid zones. Exposing onion crops to water shortage during plant development triggered decreases in length, diameter, and weight of bulbs [9]. Immense decreases in physiological processes (photosynthesis and stomatal conductance), bulb yield, and quality were attained owing to subjecting onions to water stress [6,7]. Once water shortage was imposed, leaf area and bulb growth significantly declined, with a decrease of 19–28% in onion yield [7].



In arid and semi-arid zones, irrigated lands exposed to salinization are augmenting annually owing to several causes. Water stress, low-quality irrigation water, high air temperature, and high evaporation rate are examples that might trigger salinity-related problems in these zones [10]. Roughly one-third of the irrigated land is negatively influenced by salinization, which supplies almost 40% of the worldwide food production. Among onion-producing countries, Egypt, suffers from problems of salinity and drainage, influencing between 20 and 35% of their irrigated lands, causing a reduction in crop growth and development. As a consequence of climate changes, water stress and soil salinity along with soil properties should be managed for better crop growth and development [11].



Recently, much attention has been given to the development of sustainable agriculture. To alleviate water stress and soil salinity impacts on plants, some new approaches have been applied, including soil amendments and foliar spraying. Biochar has been widely demonstrated as a potential soil amendment to increase soil fertility and crop productivity as it increases soil physico-chemical attributes, plant physio-biochemical properties by improving soil pH [12], cation exchange capacity, water, and nutrient retention capacity in soils, which positively affects plant growth and crop productivity as well as alleviating the harmful impacts of water stress and soil salinity. Biochar is a carbon-rich solid obtained through gasification (fast or slow pyrolysis at various temperatures from 250 to 650 °C), which thermally decomposes biomass or organic materials by heating in the absence or limited presence of oxygen [13].



Potassium humate (K-humate) has unique physio-biochemical characteristics and natural properties [14]. Moreover, it has many essential elements that result from the chemical and biological humification of animal and plant matter. Foliar application of K-humate could overwhelm the damaging impacts of water stress and soil salinity [15], positively impact enzyme activities, and enhance plant growth and productivity under abiotic stress. Potassium increases the strength of epidermal cell walls protecting plants versus drought by cuticular transpiration and augments plant tolerance to water stress and soil salinity. Foliar application of potassium enhances the growth and volume/weight development of roots that eventually augment the total area for element absorption [16].



Foliar application of potassium positively impacts water use probably due to the increased water withholding via decreasing osmotic potential. Regulation of stomatal conductance is a consequence of potassium inflow and outflow in the stomatal guard cells. Moreover, potassium humate improves the rate of nutrient uptake, plant growth, and productivity as a result of a hormone-like effect, activation of photosynthesis, accelerating cell division, increasing the permeability of plant cell membranes, and improving the plant response to salinity and water stress [17]. Potassium humate can be used as a cheap source of potassium [18]. Furthermore, humic acid is one of the main components of humus [19]. Foliar application of potassium humate had significant impacts on plant growth and improvement of production as well as the quality of wheat plants under abiotic stress [20]. Consequently, the hypothesis tested in the present investigation was designed to assess the potential utilization impacts of biochar as a soil amendment and potassium humate as a foliar application on the growth, yields, physiology, and quality of onion plants along with stimulating the level of some antioxidants that will protect plants against water stress in salt-affected soil.




2. Results


2.1. Soil Amendment Using Biochar and K-Humate Foliar Application Enhanced Onion Growth


While deficient irrigation significantly reduced the plant height (Figure 1A; pirrigation < 0.0001) and total leaf area (pirrigation < 0.0001; Figure 1B) in both seasons compared with the regular irrigated onion plants, soil amendment using biochar, K-humate foliar application, or their combination significantly improved both plant height (ptreatment < 0.0001; Figure 1A) and total leaf area (ptreatment < 0.0001; Figure 1B). In both seasons, application of biochar individually had a greater effect on both plant height and total leaf area than singular K-humate foliar application. However, combined application of biochar + K-humate had the highest plant height in both growth seasons 2018/2019 (pirrigation×treatment = 0.0439) and 2019/2020 (pirrigation×treatment = 0.0446) when onion plants were regularly irrigated or stressed with deficient irrigation (Figure 1A). Likewise, biochar + K-humate application increased the total leaf area of onion plants compared to other treatments under both irrigation conditions during the 2018/2019 and 2019/2020 seasons (Figure 1B).




2.2. Biochar and K-Humate Application Boosted the Content of the Photosynthetic Pigments of Onion Plants


Generally, deficient irrigation significantly decreased the total chlorophylls content (pirrigation < 0.0001; Figure 2A) and carotenoid content (pirrigation < 0.0001; Figure 2B) of onion plants compared with regularly irrigated plants during the 2018/2019 and 2019/2020 seasons. Nevertheless, these harmful consequences were significantly diminished after soil amendment using biochar, K-humate foliar application, or their combination. Briefly, onion plants treated with biochar + K-humate application had the highest chlorophylls (pirrigation×treatment = 0.0462 and 0.0277; Figure 2A) and carotenoid content (pirrigation×treatment = 0.0478 and 0.0476; Figure 2B) during the 2018/2019 and 2019/2020 seasons, respectively. It is worth mentioning that individual K-humate foliar applications had a slightly better impact on both chlorophylls and carotenoid content of onion plants than individual biochar application.




2.3. Exogenous Application of Biochar and K-Humate Enhanced Water Relations of Deficiently Irrigated Onion Plants


Water relation attributes including stomatal conductance and relative water content of onion leaves were measured. Even though the deficient irrigation significantly reduced both stomatal conductance (pirrigation < 0.0001; Figure 2C) and relative water content (pirrigation < 0.0001; Figure 2D) in both seasons, exogenous application of biochar and/or K-humate substantially enhanced both measurements. It is worth mentioning that onion plants grown in normal irrigated soils and treated with biochar + K-humate together had the highest stomatal conductance among all other treatments during the 2018/2019 (pirrigation×treatment = 0.0120) and 2019/2020 (pirrigation×treatment = 0.0184) seasons (Figure 2C). Similarly, the relative water content of onion plants grown in biochar + K-humate treated soils was higher than other treatments (Figure 2D).




2.4. Soil Amendment Using Biochar and K-Humate Foliar Application Improved the Biochemical Response of Deficiently Irrigated Onion Plants


The influence of soil amendment using biochar and K-humate foliar application on the biochemical response of onion plants, including free amino acids, proline content, and total soluble sugars, were studied in two separate field trials during the 2018/2019 and 2019/2020 seasons (Figure 3). While the irrigation deficiency significantly augmented the three studied biochemical attributes (pirrigation < 0.0001) in both seasons, soil amendment using biochar and/or K-humate foliar application significantly increased free amino acids in regularly irrigated onion plants but decreased it in onion leaves under deficient irrigation (pirrigation×treatment < 0.0001 in both seasons; Figure 3A). On the other hand, exogenous application of biochar and/or K-humate reduced the proline content in onion plants under both irrigation conditions (pirrigation×treatment = 0.0007 and 0.0006; Figure 3B) during 2018/2019 and 2019/2020, respectively. Moreover, the dual application of biochar and K-humate increased the total soluble sugars when onion plants were watered regularly or stressed with deficient irrigation compared with non-treated control (pirrigation×treatment = 0.0072 and 0.0097; Figure 3C) in 2018/2019 and 2019/2020, respectively.




2.5. Integrated Biochar and K-Humate Application Diminish the Stress Biochemical Indicators in Stressed Onion Plants


While deficient irrigation significantly increased the stress biochemical indicators as expressed by MDA (pirrigation < 0.0001 in both seasons; Figure 4A) and H2O2 (pirrigation = 0.0050 and 0.0262 during 2018/2019 and 2019/2020 seasons, respectively; Figure 4B), integrated soil amendment using biochar and K-humate foliar application significantly reduced the accumulation of both molecules. Briefly, MDA levels were significantly reduced due to the soil amendment using biochar and/or K-humate foliar application in the 2019/2020 season (pirrigation×treatment < 0.0234; Figure 4A). Likewise, H2O2 levels were also reduced in both seasons; however, this reduction was only significant in the second season (pirrigation×treatment < 0.0032; Figure 4B). It is worth mentioning that there were no significant differences in the H2O2 levels between the non-treated control and individual application of biochar or K-humate when onion plants were regularly irrigated. Similarly, no significant differences in the H2O2 levels between biochar-treated or K-humate-treated stressed onion plants.




2.6. Integrated Biochar and K-Humate Application Enhanced the Antioxidant-Related Enzymatic Activity in Deficiently Irrigated Onion Plants


To better understand how soil amendment using biochar and K-humate foliar application alleviate the oxidative stress in deficiently irrigated onion plants, the enzymatic activities of three antioxidant enzymes including superoxide dismutase (SOD; Figure 5A), catalase (CAT; Figure 5B), and peroxidase (POX; Figure 5C) have been colorimetrically determined in two separate field trials during the 2018/2019 and 2019/2020 seasons. Briefly, deficient irrigation significantly increased the enzymatic activities of antioxidant-related enzymes (pirrigation < 0.0001; Figure 5). Furthermore, integrated soil amendment using biochar and K-humate foliar application significantly enhanced the activities of all antioxidant enzymes including SOD (pirrigation×treatment = 0.0014 and 0.0451; Figure 5A), CAT (pirrigation×treatment = 0.0052 and 0.0258; Figure 5B), and POX (pirrigation×treatment < 0.0001 and 0.0001; Figure 5C) in the 2018/2019 and 2019/2020 seasons, respectively. It is worth mentioning that although deficient irrigation significantly increased the enzymatic activity of POX in non-treated plants, soil amendment using biochar and/or K-humate foliar application reduced the POX activity in both seasons (Figure 5C).




2.7. Soil Amendment Using Biochar and K-Humate Foliar Application Enhanced the Yield Traits of Deficient Irrigated Onion Plants


Deficient irrigation negatively altered the yield of stressed onion including bulb length (Figure 6A), bulb diameter (Figure 6B), bulb weight (Figure 6C), and bulb yield (Figure 6D). However, soil amendment using biochar and K-humate foliar application significantly boosted the onion yield. Briefly, the dual application of biochar + K-humate to regularly irrigated soils produced the highest bulb length (7.18 ± 0.69 and 7.30 ± 0.74 cm; Figure 6A), bulb diameter (8.88 ± 0.81 and 9.20 ± 0.62 cm; Figure 6B), bulb weight (161.69 ± 13.37 and 169.70 ± 12.35 g; Figure 6C), and bulb yield (51.18 ± 4.23 and 53.72 ± 3.91 t ha−1; Figure 6D) in the 2018/2019 and 2019/2020 seasons, respectively. Likewise, the dual application of biochar + K-humate to deficiently irrigated soils produced the second highest bulb length (6.36 ± 0.55 and 6.57 ± 0.49 cm; Figure 6A), bulb diameter (7.40 ± 0.32 and 7.85 ± 0.37 cm; Figure 6B), bulb weight (126.57 ± 9.61 and 137.48 ± 8.26 g; Figure 6C), and bulb yield (40.06 ± 3.04 and 43.52 ± 2.61t ha−1; Figure 6D) during the 2018/2019 and 2019/2020 seasons, respectively. Control onion plants had the lowest bulb length, bulb diameter, bulb weight, and bulb yield during both seasons.




2.8. Biochar and K-Humate Supplementation Heightened the N, P, and K Content of Deficient Irrigated Onion Bulbs


Deficient irrigation significantly reduced the N (pirrigation < 0.0001; Figure 7A), P (pirrigation < 0.0001; Figure 7B), and K (pirrigation < 0.0001; Figure 7C) contents in deficient irrigated onion bulbs during the 2018/2019 and 2019/2020 seasons. However, its undesirable impacts were outstandingly mitigated when onion plants grown in soil was treated with biochar, foliar-treated with K-humate, or their combination (ptreatment < 0.0001; Figure 7). Under both irrigation conditions, the dual application of biochar and K-humate together had the highest N (pirrigation×treatment = 0.0477 and 0.0348; Figure 7A), P (pirrigation×treatment = 0.0094 and 0.0195; Figure 7B), and K (pirrigation×treatment = 0.0173 and 0.0419; Figure 7C) contents during the 2018/2019 and 2019/2020 seasons, respectively, followed by individual biochar and singular K-humate foliar application during both seasons. However, onion bulbs had the lowest NPK content when grown in non-treated soils under deficient irrigation conditions.




2.9. Combined Biochar and K-Humate Foliar Application Enriched the Nutritional Value of Deficient Irrigated Onion Bulbs


Deficient irrigation significantly reduced the nutrient value of stressed onion bulbs, as expressed by carbohydrate (pirrigation = 0.0005 and 0.0011 during 2018/2019 and 2019/2020 seasons, respectively; Figure 8A), total soluble sugars (pirrigation = 0.0001 and 0.0003 during 2018/2019 and 2019/2020 seasons, respectively; Figure 8B), protein (pirrigation < 0.0001 in both seasons; Figure 8C), and flavonoids (pirrigation < 0.0001 in both seasons; Figure 8D) contents.



However, the bulb carbohydrate content (ptreatment < 0.0001 in both seasons), total soluble sugars content (ptreatment < 0.0001 in both seasons), protein content (ptreatment < 0.0001 in both seasons), and flavonoid content (ptreatment = 0.0279 and 0.0313 during 2018/2019 and 2019/2020 seasons, respectively) were significantly enhanced when onion plants were grown in soil treated with biochar, foliar-treated with K-humate, or their combination. It is worth mentioning that regularly irrigated onion bulbs had the highest carbohydrate content (12.86 ± 1.16 and 13.06 ± 1.24% based on FW) and protein content (1.54 ± 0.09 and 1.61 ± 0.11% based on FW) when they were simultaneously grown in biochar-treated soils and treated with K-humate during the 2018/2019 and 2019/2020 seasons, respectively. Nevertheless, deficient-irrigated onion bulbs had the highest total soluble sugars content (5.25 ± 0.44 and 5.47 ± 0.46% based on FW during 2018/2019 and 2019/2020 seasons, respectively) under combined biochar and K-humate application.




2.10. Combined Biochar and K-Humate Application Reduced the Na+ Accumulation in Onion Leaves under Deficient Irrigation Conditions


While deficit irrigation conditions significantly increased the accumulation of Na+ in onion leaves in both seasons (pirrigation < 0.0001, Figure 9A), it notably decreased the K+ content in the same leaves (pirrigation < 0.0001, Figure 9B). Nevertheless, biochar-based soil amendment and K-humate foliar application substantially reduced the accumulation of Na+ but increased the K+ content in onion leaves (ptreatment < 0.0001; Figure 9A,B, respectively). Briefly, while the non-treated onion leaves had the highest Na+ content during both seasons, the non-stressed leaves had the highest K+ content under both irrigation conditions (Figure 9A,B, respectively). As a result, the K+/Na+ ratio was notably reduced during both seasons upon the combined biochar and K-humate application (Figure 9C). The lowest K+/Na+ ratio of all tested treatments was recorded with non-treated stressed plants. However, soil amendment using biochar and/or K-humate foliar application significantly boosted the K+/Na+ ratios during both seasons (pirrigation×treatment < 0.0001 and = 0.0003 during 2018/2019 and 2019/2020 seasons, respectively: Figure 9C).




2.11. Principal Component Analysis (PCA) and Two-Way Hierarchical Cluster Analysis (HCA) Revealed the Differences among Treatments


To better understand our findings, principal component analysis (PCA) and two-way hierarchical cluster analysis (HCA) were carried out (Figure 10). Briefly, the PCA-associated scatter plot showed a clear separation among irrigation strategies (regular irrigation vs. deficient irrigation), as well as all studied treatments (non-treated control, biochar, K-humate, and biochar + K-humate treated) with respect to PC1 (around 73%) and PC2 (approximately 19%) (Figure 10A,C). Additionally, the PCA-associated loading plot showed that while TSS (leaves and bulb), antioxidant-related enzymatic activity (SOD, CAT, and POX), amino acid content, proline content, and bulb flavonoid content were positively correlated with biochar and/or K-humate foliar application, whereas MDA, Na content, and H2O2 were associated with the non-treated control under deficient irrigation conditions, all other studied variables were positively correlated with the singular biochar application or dual application of biochar and K-humate together under regular irrigation conditions (Figure 10C,D).



In agreement with PCA results, the HCA and its associated heatmap revealed the differences among treatments during the 2018/2019 and 2019/2020 seasons (Figure 10E,F, respectively). Briefly, in both seasons, the HCA-associated dendrogram among treatments showed that all treatments were clustered separately into two distinct clusters (regular irrigation vs. deficient irrigation). Under both irrigation conditions, biochar and K-humate were closer to each other than the dual biochar + K-humate application, whereas the non-treated control was clustered separately under both irrigation conditions during both seasons. Furthermore, the HCA-associated dendrogram among studied variables showed that all examined variables were clearly clustered into three distinct clusters. Cluster ‘I’ included plant height, bulb diameter, bulb NPK content, bulb protein content, leaf area, RWC, bulb length, bulb weight, bulb yield, total chlorophylls content, bulb carbohydrate content, K content, K/Na ratio, total carotenoid content, and stomatal conductance, which all were higher in regularly irrigated onion plants with superiority of biochar + K-humate application (Figure 10E,F). On the other hand, Cluster ‘II’ included free amino acids content, POX, bulb flavonoids, proline content, Na content, MDA, and H2O2 levels, which all were higher in onions grown under deficient irrigation conditions with a greater effect of the non-treated control. Cluster ‘III’ included leaves TSS, bulb TSS, and enzymatic activity of SOD and CAT, which all were higher in treated onions grown under deficient irrigation conditions, but not the non-treated control.





3. Discussion


Application of soil amendment likes biochar or foliar-applied with potassium humate (KH) on plants showed significant impacts on the plant growth, productivity, and quality [21]. Therefore, the application of biochar to salt-affected soil, potassium humate on onion plants, and their combination under deficient irrigation conditions had a positive impact on plant growth and productivity as well as bulb quality traits.



The current research examined an arid zone. Deficient irrigation and salt-affected soil harmfully affected nutrient balance in the soil by cumulative soil exchangeable sodium percentage (ESP). The lessening in plant height and total leaf area under deficient irrigation and salt-affected soil is probably due to the reduction in the transport and translocation of K+, Ca2+, and Mg2+ ions [5]. It was found that the application of biochar could enhance the phenotypic parameters like plant height and total leaf area due to increment of cell division and enlargement [22]. So, the vegetative growth in onion plants confidently responded to biochar addition under deficient irrigation and soil salinity. Biochar had the potential to enhance the nutrients and water absorbance by onion plants and increase the plant growth as expressed by plant height and total leaf area [5].



Additionally, foliar spraying with potassium humate produced a higher vegetative growth such as plant height and total leaf area than control (untreated plots) and lower than biochar application [18]. The enhancement of onion plant growth in response to foliar spraying of potassium humate may be ascribed to its contents of proteins, amino acids, different nutrients, and a higher percentage of vitamin B that can play a crucial role in improving plant growth [23]. It has been reported previously that the foliar spraying of potassium humate augmented plant growth traits on vegetable crops [9]. Furthermore, the increase of onion plants by spraying potassium humate can be ascribed to its contents of auxins (indole-3-acetic acid and indole-3-butyric acid) and cytokinins [24]. Soil and foliar application together by biochar and potassium humate caused a significant increment in phenological characteristics such as plant height and total leaf area compared to the single application or without such application.



Onion plants exposed to water stress under salt-affected soil reduce the plant growth and development by interrupting various physiological characteristics, such as total chlorophyll, carotenoids, stomatal conductance, and relative water content in addition to biochemical properties like total amino acids, proline content, and total soluble sugars [25]. In the current study, it was found that total chlorophylls, carotenoids, stomatal conductance, relative water content, and total soluble sugars were significantly increased and total amino acids and proline content decreased due to the important role of dual application of soil amendment with biochar and foliar spraying with potassium humate which had the potentiality to stimulate the meristematic activity which increases cell division and enlargement [26,27].



Application of biochar to the salt-affected soil could increase solubilize inorganic forms, nutrient availability, and uptake which improve soil quality causing enhancement of soil physiochemical properties which reflecting positively on the plant physiological and biochemical characteristics. Similar findings were stated by Hafez et al. [13]. Though foliar application with potassium humate has been shown to enhance physiological and biochemical characteristics like total chlorophyll, carotenoids, stomatal conductance, and relative water content as well as total amino acids, proline content, and total soluble sugars in onion plants under water stress conditions in salt-affected soil thought to be associated with the hormonal substances present in the potassium humate, especially cytokinins [9]. A similar result was reported by Mesbah [28]. The impact of potassium humate may be attributed to its positive contribution to cell respiration, photosynthesis, formation of structural proteins, and other enzymatic activities [10,29]. Moreover, rich nutrients observed in potassium humate such as potassium and trace elements (Fe, Cu, Zn, Co, Mo, Mn, and Ni) may be released through its break-down [14,15]. Potassium humate applied combined with biochar more positively affected physiological and biochemical traits than a sole application under deficient irrigation in soil salinity. It was found that the coupled application significantly increased nutrient availability and membrane permeability, more so than individual applications.



It is an undoubted fact that reactive oxygen species are concerned with cell signaling and membrane potential. ROS are known to be essential participants in the complex signaling network that plants use to respond to abiotic stress like drought and salinity as well as regulate physiological and biochemical parameters. The formation of excess amounts of ROS under abiotic stress led to increasing the damage level in cell compartments due to oxidation effects of free radicals like H2O2. Lipid peroxidation in the form of MDA formation is considered as one of the best oxidative stress indicators, which give a direct indication of the tolerance level to stress conditions. Hence, the content of H2O2 and MDA in plant cells has been used to assess plant response to the impact of water stress and soil salinity [30]. Under deficit irrigation, non-treated plants (control plants) produce higher amounts of particular ROS like H2O2, which is reflected in increasing the level of MDA as an indicator for lipid peroxidation, which constrains plant metabolic activities [31]. However, they were produced in lesser amounts when treated with the combined application of biochar and K-humate. Plant cells usually reduce oxidative damage by synthesizing antioxidants, which are recognized as ROS scavengers [32]. In conformity with our findings, the activity of antioxidant enzymes such as SOD, CAT, and POX in onion leaves was increased under water stress in salt-affected soil. However, the combined application of biochar and K-humate had significant positive impacts. Enzymatic antioxidants of SOD, CAT, and POX reduce H2O2 levels and MDA that reduce the membrane peroxidation, therefore preserving normal cell functions. Our data are in harmony with the results of Ahmad et al. [33], where biochar reduced the harmful impacts of water stress and soil salinity. It was stated that coupled application of biochar along with K-humate reduced the negative impacts of water stress and soil salinity on onion growth by improving SOD, CAT, and POX activities as well as lowering production of H2O2 and MDA [34,35].



The antioxidant enzymes, i.e., SOD, CAT, and POX, significantly augmented in onion plants exposed to deficient irrigation under salt-affected soil that positively reflected on the decline of the oxidative stress and scavenged reactive oxygen species [36]. It was obvious from the current study that the application of biochar improved SOD, CAT, and POX activities which maintained membrane integrity and alleviated the harmful effects of drought and salinity-induced oxidative stress [37,38]. Foliar spraying with potassium humate to onion plants increased the enzymatic activity and alleviated the abiotic factors that maintain plant development through encouraging the antioxidant defense system under water stress and salt-affected soil [19]. Foliar spraying with potassium humate to onion plants showed positive effects on enhancing the activity of antioxidant enzymes which regulate the osmotic pressure, protect plant cells from oxidative stress, and improve the electron transport chain [3,20]. Thus, the synergistic application of biochar and potassium humate gave a higher improvement in SOD, CAT, and POX than sole applications. Similar findings were reported previously [17,19].



In the current study, the decline in the bulb length, bulb diameter, and bulb weight that harmfully influenced bulb yield under deficient irrigation and salt-affected soil was attributed to the prevention in the uptake and distribution of the nutrition materials during the growth of bulbs [5]. Moreover, salt-affected soil may introduce severe damage to the bulb and therefore can result in a decline in the bulb yield [39]. With regard to yield and its related traits, the sole application of potassium humate or biochar applications had a beneficial impact in increasing onion yield traits like the bulb length, bulb diameter, and bulb weight as a result of alleviating the injurious effect of deficient irrigation and salt-affected soil relative to control plots which can increment the sterility under abiotic stressors. Application of biochar could improve potassium uptake and decrease sodium uptake, maintaining bulb length, bulb diameter, and bulb weight that positively reflect on photosynthesis and eventually increase bulb yield under water stress in salt-affected soil [36,37]. Moreover, the application of potassium humate increased potassium uptake, decreased osmotic stress and also increased translocation from sources to sink [40]. In addition, starch accumulation in the chloroplast reduced oxidative stress [20]. It was reported that coupled application of biochar and potassium humate that stated high bulb length, bulb diameter, and bulb weight resulted in high bulb yield under water stress and soil salinity.



Herein, deficit irrigation significantly reduced bulb N, P, and K content compared to regular irrigation conditions, leading to a decline of uptake of macro-elements due to lessened transpiration and nutrient absorption in the soil [27]. Reducing nutrient absorption might be ascribed to low soil moisture availability in salt-affected soil that reduces the solubility of nutrients leading to reduction of ions in the soil [13]. The soil application of biochar with foliar spraying of potassium humate to onion plants significantly increased the necessary nutrients in the soil, which boosted nitrification and maintained the water and nitrogenous nutrients in the rhizosphere in comparison with untreated plots [36]. In addition, potassium humate as foliar spraying could sustain higher contents of K in the leaves and inhibit leaf water depletion and augment K absorption. Similar findings were reported previously [20]. The sole addition of biochar could alleviate the harmful impact of deficit irrigation on bulb onion yield by sustaining water holding and osmoregulation, leading to ameliorating soil enzymatic activity and soil physicochemical traits, reflecting positively on bulb N, P, and K content [38]. However, it was observed that the coupled application of biochar with potassium humate further enhanced ion balance, plant physiological traits under low moisture availability under salt stress, leading to augmented bulb yield productivity and nutrient absorption.



In this context, planting onion seeds in soil treated with biochar and/or potassium humate as foliar spraying resulted in great increments in bulb carbohydrate, bulb soluble sugars, bulb protein, and bulb flavonoid contents in comparison with soil without biochar application [5]. The dual application of biochar and K-humate stimulates the stress tolerance of treated plants and improves their adaptation responses to various abiotic stresses [12]. The beneficial effects of biochar and K-humate may be ascribed to the entrance of potassium humate into the cells, carrying both macro-elements and water [3]. Additionally, biochar and/or potassium humate enhance the water permeability through the cell membranes and increase the water holding capacity of treated plants [2]. Potassium humate application enhanced the biosynthesis of organic compounds and this could be directly linked to its role in augmenting the efficiency of plant resistance [27]. This is owing to the boost in metabolism by enhancing photosynthesis, nutrient uptake, and translocation inside the plant and its metabolism, thus increasing the yield in general [9]. Nutritional contents of onion were enhanced in potassium humate applied as the presence of biochar could have resulted in improved phenolic compound synthesis [28] which has to been linked to a positive relation between bulb carbohydrate, bulb soluble sugars, bulb protein, bulb flavonoid contents and potassium humate applied on onion. Bulb carbohydrate, bulb soluble sugars, bulb protein, and bulb flavonoid contents rely upon transported ions and organic solutes that are converted into glucose inside onion [17,25] where biochar and potassium humate application enhances glucose biosynthesis, contributing to improved quality traits in onion plants.




4. Materials and Methods


4.1. Experimental Site, Soil, and Meteorological Conditions


Two field experiments were performed at the Elamaar village in the region of Sidi Salem (31°07′ N, 30°57′ E), Kafr El-sheik Governorate, Egypt, during two consecutive growing seasons (2018/2019 and 2019/2020) in order to determine the impact of soil application with biochar and foliar application of potassium humate (K-humate; Egyptian Company for Fertilizers and Chemicals, Attaka, Suez Governorate, Egypt) under deficient irrigation on growth, physiological traits, antioxidant activities, productivity, and the nutritional quality of onion plants in salt-affected soils. Soil samples were analyzed at depth 0−20 cm before plantation. Salinity was determined in the saturated soil paste extract according to Klute and Page [41]. Soil bulk density and total porosity were as described by Campbell and Trout et al. [42,43]. Organic matter content was determined according to the Walkaly and Black method as described by Hesse [44]. To investigate the texture of the soil, the particle size distribution was evaluated according to the method of Gee and Bauder [45]. Physiochemical analysis in both seasons is shown in Table 1, whereas meteorological data of the experimental site is shown in Table 2.




4.2. Plant Materials and Growth Conditions


Onion (Allium cepa L.) cultivar Giza 20 was used as an experimental model throughout this study. Onion seeds were sown at the nursery on the 10th and 17th of October in the 2018/2019 and 2019/2020 seasons, respectively. Onion seedlings were transplanted on December 10th and 19th in the first and second seasons, respectively. Seedling transplantations were at two sides of every ridge and the distance between seedlings was 10 cm. The harvesting was done after 150 days from the transplanting date in both seasons of this study. The two water irrigation regimes were as follows: The recommended irrigation was five irrigations (irrigation every 30 days) which is named regular irrigation and deficient irrigation was three irrigations (irrigation every 45 days); each irrigation treatment was stopped before one month from harvesting; the four amendment treatments included non-treated control, without the application of biochar or K-humate, soil application of biochar, foliar application of K-humate and combined application of biochar and potassium humate. Cultivation practices such as killing weeds, pest, and diseases control were done following the guidelines given by the Ministry of Agriculture. Before onion sowing, ploughing was performed at 40 cm depth and hoeing at 15 cm during soil preparation, the experimental soil was fertilized with phosphorus fertilizer in the form of calcium superphosphate (15.5% P2O5) at the rate of 107 kg P2O5 ha−1 during land preparation and potassium (K) at the rate of 120 kg ha−1 in the form of potassium sulfate (48% K2O) during seedbed preparation before ridging, and the nitrogen application rate was 286 kg ha−8 as ammonium nitrate (33.5%). The nitrogen fertilizer was divided into two parts and half was applied before the second irrigation and the other half before the third irrigation.




4.3. Biochar Application


Biochar was made by gradual pyrolysis of rice husk and maize stalk (1:1) at 350 °C in an oxygen-depleted environment for 3 h. Briefly, rice husks and corn stalks were mixed homogeneously and then subjected to slow pyrolysis to produce biochar.



Physico-chemical properties of used biochar were described in our previous studies [21,46]. After air drying, biochar was ground to a fine powder in a stainless-steel mill to eliminate big particles and raked for leveling. Biochar was used at the rate of 1 kg m−2 (10 ton ha−1) as recommended in previous literature [21,46,47]. Biochar was distributed homogeneously to each plot and mixed diffusely with surface soil (0–20 cm depth) one week prior to transplanting and during the tillage process. Neither the control treatment nor individual K-humate treatment received biochar.




4.4. Potassium-Humate Application


Potassium humate (humic acid: 85%, K2O: 8%, and fulvic acid: 3%) was provided by the Egyptian Company for Fertilizers and Chemicals, Attaka, Suez Governorate, Egypt. The foliar solution volume was 450 L ha−1 as recommended by the manufacture with slight modification according to Shafeek et al. [48] and Mohsen et al. [49]. K-humate was sprayed by hand sprayer (for experimental plots) until saturation point. Potassium humate (5 g L−1) was foliarly applied three times at 40, 60, and 80 days post-transplanting (dpt) of onion seedlings. The application time was early morning or in the evening when the moisture is high in the plant. Additionally, tap water was used as a control treatment




4.5. Growth and Morphological Traits


4.5.1. Plant Height


At harvest time (approximately at 150 dpt), ten biological replicates per treatment were collected randomly to measure plant height (cm) from the base of the swelling sheath to the top of the longest tubular blades.




4.5.2. Total Leaf Area


Total leaf area per plant was measured using the leaf’s area–weight relationship as described by Wallace and Munger [50]. Briefly, at 125 dpt, ten biological replicates per treatment were randomly collected, washed with running water, and then washed again with double-distilled water. Subsequently, 20 leaf discs (1 cm2 each) were dried using an oven at 85 °C for 24 h to obtain the discs’ dry weight (DDW). The total leaf area per plant was calculated using Equation (1) as follows:


  Total   leaf   area   per   plant   =    LDW DDW  × DA  



(1)




where LDW is the total leaf dry weight (g).





4.6. Photosynthetic Pigment Analysis


Assessments of total chlorophylls and carotenoid content were performed at 125 days after transferring in the 5th fully expanded leaf. Chlorophylls and carotenoid content were assessed in 80% acetone extract. After centrifugation (8000 rpm, 20 min) the absorbance was read spectrophotometrically at 663, 646, and 470 nm. The concentrations were computed as given by Lichtenthaler [51]. Equations (2) and (3) were used for calculation as follows:


  Total   Chlorophylls    mg     g   − 1    =    20.2   A 646     +   8.02   A 663      ×   Vol .   of   Etract   Sample   weight   ×   1000    



(2)






  Carotenoids    mg     g   − 1    =    1000   A 470   − 3.27  12.21    A 663    −   2.81    A 646   − 104  20.13    A 646  − 5.03    A 663      ×   Vol .   of   Extract   Sample   weight   ×   227   ×   1000    



(3)








4.7. Water Relation Analysis


4.7.1. Stomatal Conductance (gs; mmol H2O m−2 s−1)


Stomatal conductance was determined by a dynamic diffusion porometer (Delta-T AP4, Delta-T Devices Ltd., Cambridge, UK) between 9:00 and 11:00 a.m., from the abaxial and adaxial surfaces of three leaves.




4.7.2. Relative Water Content


Ten biological replicates were randomly chosen from each treatment to measure fresh weight (FW), then soaked in distilled water at 4 °C in darkness for 24 h to measure the turgid weight (TW) [52]. After that, they were oven dried for 24 h at 80 °C to measure dry weight (DW). Relative water content (RWC) was calculated using Equation (4) as follows:


  Relative   water   content    RWC , %  =   FW − DW   TW − DW     ×   100  



(4)









4.8. Biochemical Analysis of Onion Leaves


4.8.1. Free Amino Acids


Free amino acids were estimated by a high-performance liquid chromatographic (HPLC) system (Shimadzu Corporation, Kyoto, Japan) consisting of a system controller (SCL-6B), an auto-injector (SIL-6B), HPLC pumps (LC-6A), column oven (CTO-6A), fluorescence detector (RF-551), and a Supelcosil LC-18 column (5 mm packing, 150 × 4.6 mm). Briefly, 100 mg of sliced biological replicates was chosen randomly from each plot and dried to a constant weight for 16 h at 80 °C. The extraction was measured to determine free amino acids according to the method of Hansen [53]




4.8.2. Proline Content


The proline content was determined according to the method of Bates et al. [54] with slight modification. Briefly, ten biological replicates were randomly selected from each plot. For each biological replicate, approximately 300 mg of ground leaf tissue was mixed in 10 mL of 3% (w/v) sulfosalicylic acid in 80 mL distilled water and sieved. Subsequently, 2 mL of the filtrate was mixed with 2 mL of ninhydrin; then 2 mL of glacial acetic acid was added to the mixture, which was heated for 60 min. Proline content was colorimetrically determined by measuring the absorbance of toluene fraction, which aspired from the liquid phase, at 520 nm. Proline content was described as μmol proline g−1 fresh weight.




4.8.3. Total Soluble Sugars (TSS)


Leaf samples (0.5 g) were extracted with 80% hot ethanol. The concentration of TSS was estimated based on the anthrone method by Sadasivam and Manickam [55]. Anthrone reagent was prepared by dissolving 200 mg anthrone with 100 mL of 95% H2SO4. The reaction mixture consists of 100 μL of leaf extract and 2.9 mL of anthrone reagent, which incubated for ten minutes at 100 °C to start the reaction, followed by chilling in an ice bath to stop the reaction. The absorbance was read at 625 nm. The concentration of TSS was determined using the glucose standard curve and expressed as mg g−1 FW.





4.9. Antioxidant Enzyme Activity and Stress Indicators in Onion Leaves


4.9.1. Antioxidant Enzyme Activity


Samples of onion leaves (1 g each) were ground and homogenized in 5 mL of cold phosphate buffer (50 mM phosphate buffer pH 7.0, containing 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 1% polyvinylpolypirrolidone) to use as an enzyme extract. The homogenized solutions were centrifuged for 25 min at 10,000× g at 4 °C to use the supernatant as enzyme extract. The activity of superoxide dismutase (SOD: 1.15.1.1) was determined based on nitro-blue tetrazolium (NBT) photochemical assay at 560 nm as described by Beauchamp and Fridovich [56]. The activity of catalase (CAT: 1.11.1.6) was performed respecting the reaction between 50 µL enzyme extract and 12.5 mm H2O2 in the presence of 50 mM K-phosphate buffer (pH 7.0). The reaction started by adding H2O2 and the absorbance was monitored at 240 nm for 60 s [57]. Peroxidase (POX: 1.11.1.7) activity was determined using o-phenylenediamine as a chromogenic indicator in the presence of H2O2 and enzyme extract at 417 nm as described by Vetter et al. [58]. The activity of all enzymes is presented as the unit mg−1 protein.




4.9.2. Stress Indicators (Lipid Peroxidation (MDA) and H2O2)


Onion fresh leaf samples were weighed and immediately frozen and stored in liquid nitrogen for further analysis. MDA contents as an indicator for the lipid peroxidation in plant cells were determined based on the method illustrated by Du and Bramlage [59]. Frozen leaf samples (0.5 g) were ground in liquid nitrogen using a mortar and pestle and homogenized in 5 mL 0.1% trichloroacetic acid (TCA) then centrifuged at 10,000× g for 15 min. A measure of 1 mL of supernatant was mixed with 4.0 mL of 0.5 % thiobarbituric acid (TBA) in a 20 % TCA solution. The mixture was boiled for 30 min and then quickly cooled in an ice bath. Then it was centrifuged again and the absorbance of the supernatant was measured spectrophotometrically at 532 and 600 nm. The absorption coefficient of MDA (157 mmol−1 cm−1) was used in the calculation of MDA content, which is expressed as nmol g−1 FW.



Hydrogen peroxide was determined following the method of Velikova et al. [60]. The estimation of H2O2 content was carried out using 0.5 g frozen leaf samples in liquid-N2, which was homogenized with 5.0 mL of TCA (0.1%, w/v). The supernatant was centrifuged at 10,000× g for 15 min. Then, the reaction was started by mixing 0.5 mL supernatant with 0.5 mL of 10 mM K-phosphate buffer (pH 7.0) and 1 mL of 1 M KI, and the absorbance was read spectrophotometrically at 390 nm. H2O2 content was calculated using the standard curve of H2O2 and presented as µmol g−1 FW.





4.10. Yield Traits


At maturity time, samples of ten onions were collected randomly from the inner rows of every experimental unit to estimate bulb length and bulb diameter (cm) which was measured by a caliper at the maximum swollen part of the bulb. All the remaining bulbs in each plot were translocated to a shady place on the same day for curing then uprooted; the bulb yields of onion are expressed as average bulb weight (g) and total bulbs yield (t ha−1).




4.11. Nutritional Value Analyses of Onion Bulbs


4.11.1. N, P, and K Content


At maturity time, onion bulb samples from each experimental plot were collected, weighed, and finely ground, and wet digested with sulfuric acid and perchloric acid (3:1) for elemental analysis as dry weight where nitrogen (N), phosphorus (P), and potassium (K) were elements in the fresh weight (FW) of bulb tissue. The N content was determined by the Kjeldahl method as described by AOAC [61], while P content was calorimetrically measured according to Sparks et al. [62]. The K content was assessed by Atomic Absorption Spectrophotometer (AAS, Perkin Elmer 3300) with a detection limit of 100 ppb [63].




4.11.2. Total Carbohydrate, TSS, Protein, and Flavonoid Content


After harvesting, three biological replicates (bulbs including the shattered outer shells) were collected, washed tightly, and the broken external husks were erased, and scratched with a plastic knife into tiny slices. An aliquot of fresh slices was used to assess the total carbohydrate, TSS, protein, and flavonoid content. Total carbohydrates were determined in the aqueous extract according to Dubois et al. [64]. Reading of total soluble sugars (TSS%) was taken using a hand refractometer calibrated as percent sucrose according to AOAC [61]. Protein content in bulbs was calculated by multiplying nitrogen content by 6.25 [65]. Bulb flavonoid content was assessed by aluminum chloride colorimetric assay according to Zou et al. [66].





4.12. Na+ and K+ Accumulation in Onion Leaves


At 90 dpt, three biological replicates were collected randomly from each plot to determine the accumulation of sodium (Na+; mg kg−1 DW), potassium (K+; mg kg−1 DW), and K+/Na+ ratio in onion leaves. After washing and drying the leaves, they were ashed for six hours at 500 °C in a furnace. Na+ and K+ concentrations were assessed using AAS (AAS 3300, PerkinElmer LAS (UK) Ltd., Beaconsfield, Bucks HP9 2FX, UK) as described by Sparks et al. [62].




4.13. Experimental Design and Statistical Analysis


The field experiments were laid out in a split-plot design with three replications comprising of eight treatment combinations, i.e., two water irrigation regimes (regular irrigation vs. deficit irrigation) in the main plots and four amendment treatments (control, biochar, K-humate, and biochar + K-humate) in subplots. The area of each subplot was 10.5 m2, with six ridges (3.5 m long and 3 m wide). All experiments were repeated twice in two successive seasons (2018/2019 and 2019/2020), with at least three biological replicates for each treatment. The analysis of variance (ANOVA) was used to test the significant differences among irrigation regimes (pirrigation), treatments (ptreatment), and their interaction (pirrigation×treatment). Tukey’s honestly significant difference (HSD) test was used for post-hoc analysis based on the p-value of the interaction between irrigation regimes and treatments (pirrigation×treatment < 0.05). ANOVA and Tukey’s test were carried out using JMP Data analysis software, Version 15 [67].





5. Conclusions


Our results suggest that the dual application of biochar-based soil amendment and foliar K-humate application can be an efficient, sustainable, and eco-friendly strategy to improve onion resilience to deficient irrigation, particularly in arid and semiarid regions as it substantially reduced the harmful impacts of deficient irrigation in sodic-saline soils. The application of biochar + K-humate enhanced onion growth, which was accompanied by enhanced photosynthetic pigment content and, consequently, the photosynthesis process and finally onion productivity. However, the capability of biochar and K-humate application depends on the biochar source and material types used, the pyrolysis of biochar as well as the soil system. The mechanism by which biochar and K-humate alleviate the negative effects of salinity and deficient irrigation on both plant and soil ecosystems is complex. The economic benefit, as well as the long-term effects of biochar and K-humate and their application rate, should be intensively studied. Therefore, long-term field trials are vitally required to evaluate the impact of biochar and K-humate application on plants grown in sodic-saline soils.







Author Contributions


Conceptualization, K.G.A. and A.E.-D.O.; methodology, K.G.A., A.E.-D.O., H.S.O., E.M.H., A.M.S.R., D.A.E.-M., B.F.A. and S.M.G.; software, H.S.O., E.M.H. and Y.N.; validation, K.G.A., A.E.-D.O., H.S.O. and E.M.H.; formal analysis, H.S.O., E.M.H. and Y.N.; investigation, K.G.A., A.E.-D.O., H.S.O., E.M.H., A.M.S.R., D.A.E.-M., B.F.A. and S.M.G.; resources, E.M.H., D.A.E.-M., B.F.A. and Y.M.; data curation, H.S.O., E.M.H. and Y.N.; writing—original draft preparation, H.S.O., Y.M., Y.N., E.M.H., A.M.S.R., D.A.E.-M., B.F.A. and S.M.G.; writing—review and editing, Y.N.; supervision, S.M.G. and E.M.H.; project administration, S.M.G., K.G.A., Y.M., A.E.-D.O., H.S.O. and E.M.H.; funding acquisition, Y.M., D.A.E.-M., B.F.A. and E.M.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Deanship of Scientific Research at King Khalid University, KSA, grant number (RGP 2/165/42).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that supports the findings of this study are contained within the article and available from the corresponding author upon reasonable request.




Acknowledgments


The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University for funding this work through the Program of Research Groups under grant number (RGP 2/165/42). Y.N., E.M.H. and H.S.O. extend their appreciation to the Graduate Student & Research Affairs Sector of Tanta University and the University of Kafrelsheikh, and Scientific Research Sector of Ain Shams University, Egypt, respectively. Finally, the authors would like to acknowledge the members of our department for their helpful discussions and comments.




Conflicts of Interest


The authors declare that there is no conflict of interest, and they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Sidhu, J.S.; Ali, M.; Al-Rashdan, A.; Ahmed, N. Onion (Allium cepa L.) is potentially a good source of important antioxidants. J. Food Sci. Technol. 2019, 56, 1811–1819. [Google Scholar] [CrossRef]

	



Metrani, R.; Singh, J.; Acharya, P.; Jayaprakasha, G.K.; Patil, B.S. Comparative Metabolomics Profiling of Polyphenols, Nutrients and Antioxidant Activities of Two Red Onion (Allium cepa L.) Cultivars. Plants 2020, 9, 1077. [Google Scholar] [CrossRef] [PubMed]

	



Wakchaure, G.; Minhas, P.; Meena, K.K.; Singh, N.P.; Hegade, P.M.; Sorty, A.M. Growth, bulb yield, water productivity and quality of onion (Allium cepa L.) as affected by deficit irrigation regimes and exogenous application of plant bio–regulators. Agric. Water Manag. 2018, 199, 1–10. [Google Scholar] [CrossRef]

	



Statista. Agriculture in Egypt—Statistics & Facts. Available online: https://www.statista.com/topics/5674/agriculture-in-egypt/ (accessed on 2 November 2021).

	



Wakchaure, G.; Minhas, P.; Kumar, S.; Khapte, P.; Meena, K.; Rane, J.; Pathak, H. Quantification of water stress impacts on canopy traits, yield, quality and water productivity of onion (Allium cepa L.) cultivars in a shallow basaltic soil of water scarce zone. Agric. Water Manag. 2021, 249, 106824. [Google Scholar] [CrossRef]

	



Bhatt, R.M.; Srinivasa, R.N.K.; Veere, G.R. Response of bulb onion (Allium cepa L.) to water stress: Photosynthesis, stomatal conductance and osmotic adjustment. Indian J. Hortic. 2006, 63, 276–280. [Google Scholar]

	



El–Metwally, I.; Geries, L.; Saudy, H. Interactive effect of soil mulching and irrigation regime on yield, irrigation water use efficiency and weeds of trickle–irrigated onion. Arch. Agron. Soil Sci. 2021, 1–13. [Google Scholar] [CrossRef]

	



Hasanuzzaman, M.; Bhuyan, M.H.M.B.; Nahar, K.; Hossain, M.S.; Mahmud, J.A.; Hossen, M.S.; Masud, A.A.C.; Moumita; Fujita, M. Potassium: A Vital Regulator of Plant Responses and Tolerance to Abiotic Stresses. Agronomy 2018, 8, 31. [Google Scholar] [CrossRef]

	



Cakmak, I. The role of potassium in alleviating detrimental effects of abiotic stresses in plants. Proc. J. Plant Nutr. Soil Sci. 2005, 168, 521–530. [Google Scholar] [CrossRef]

	



Chakraborty, K.; Bhaduri, D.; Meena, H.N.; Kalariya, K. External potassium (K+) application improves salinity tolerance by promoting Na+-exclusion, K+-accumulation and osmotic adjustment in contrasting peanut cultivars. Plant Physiol. Biochem. 2016, 103, 143–153. [Google Scholar] [CrossRef]

	



Przygocka-Cyna, K.; Barłóg, P.; Grzebisz, W.; Spiżewski, T. Onion (Allium cepa L.) Yield and Growth Dynamics Response to In-Season Patterns of Nitrogen and Sulfur Uptake. Agronomy 2020, 10, 1146. [Google Scholar] [CrossRef]

	



Kuroda, K.; Kurashita, H.; Arata, T.; Miyata, A.; Kawazoe, M.; Nobu, M.K.; Narihiro, T.; Ohike, T.; Hatamoto, M.; Maki, S.; et al. Influence of Green Tuff Fertilizer Application on Soil Microorganisms, Plant Growth, and Soil Chemical Parameters in Green Onion (Allium fistulosum L.) Cultivation. Agronomy 2020, 10, 929. [Google Scholar] [CrossRef]

	



Hafez, E.M.; Alsohim, A.S.; Farig, M.; Omara, A.E.-D.; Rashwan, E.; Kamara, M.M. Synergistic Effect of Biochar and Plant Growth Promoting Rhizobacteria on Alleviation of Water Deficit in Rice Plants under Salt-Affected Soil. Agronomy 2019, 9, 847. [Google Scholar] [CrossRef]

	



Yaghubi, K.; Ghaderi, N.; Vafaee, Y.; Javadi, T. Potassium silicate alleviates deleterious effects of salinity on two strawberry cultivars grown under soilless pot culture. Sci. Hortic. 2016, 213, 87–95. [Google Scholar] [CrossRef]

	



Mehregan, B.; Mousavi Fard, S.; Rezaei Nezhad, A. Effect of foliar application of potassium silicate on some morphological, physiological and biochemical characteristics of Alternanthera repens L. under drought stress. J. Crops Improv. 2018, 20, 299–314. [Google Scholar] [CrossRef]

	



Kheir, A.M.S.; Abouelsoud, H.M.; Hafez, E.M.; Ali, O.A.M. Integrated effect of nano-Zn, nano-Si, and drainage using crop straw–filled ditches on saline sodic soil properties and rice productivity. Arab. J. Geosci. 2019, 12, 1–8. [Google Scholar] [CrossRef]

	



Ismail, E.E.M.; Halmy, M.M. Effect of Proline and Potassium Humate on Growth, Yield and Quality of Broad Bean under Saline Soil Conditions. J. Plant Prod. 2018, 9, 1141–1145. [Google Scholar] [CrossRef]

	



Mahdi, A.; Badawy, S.; Latef, A.A.; El Hosary, A.; El Razek, U.A.; Taha, R. Integrated Effects of Potassium Humate and Planting Density on Growth, Physiological Traits and Yield of Vicia faba L. Grown in Newly Reclaimed Soil. Agronomy 2021, 11, 461. [Google Scholar] [CrossRef]

	



Taha, R.S.; Seleiman, M.F.; Alotaibi, M.; Alhammad, B.A.; Rady, M.M.; Mahdi, A.H.A. Exogenous potassium treatments elevate salt tolerance and performances of Glycine max L. by boosting antioxidant defense system under actual saline field conditions. Agronomy 2020, 10, 1741. [Google Scholar] [CrossRef]

	



Osman, M.E.; Mohsen, A.A.; Elfeky, S.S.; Mohamed, W.A.E. Response of Salt-Stressed Wheat (Triticum aestivum L.) to Potassium Humate Treatment and Potassium Silicate Foliar Application. Egypt. J. Bot. 2017, 57, 85–102. [Google Scholar] [CrossRef]

	



Nehela, Y.; Mazrou, Y.S.A.; Alshaal, T.; Rady, A.M.S.; El-Sherif, A.M.A.; Omara, A.E.-D.; El-Monem, A.M.A.; Hafez, E.M. The Integrated Amendment of Sodic-Saline Soils Using Biochar and Plant Growth-Promoting Rhizobacteria Enhances Maize (Zea mays L.) Resilience to Water Salinity. Plants 2021, 10, 1960. [Google Scholar] [CrossRef]

	



Singh, M.; Saini, R.K.; Singh, S.; Sharma, S.P. Potential of Integrating Biochar and Deficit Irrigation Strategies for Sustaining Vegetable Production in Water-limited Regions: A Review. HortScience 2019, 54, 1872–1878. [Google Scholar] [CrossRef]

	



Abbasi, G.H.; Akhtar, J.; Anwar-Ul-Haq, M.; Ali, S.; Chen, Z.H.; Malik, W. Exogenous potassium differentially mitigates salt stress in tolerant and sensitive maize hybrids. Pak. J. Bot. 2014, 46, 135–146. [Google Scholar]

	



Zaki, N.M.; Hassanein, M.S.; Ahmed, A.G.; El-Housini, E.A.; Tawfik, M.M. Foliar application of potassium to mitigate the adverse impact of salinity on some sugar beet varieties. 2: Effect on yield and quality. Middle East J. Agric. Res. 2014, 3, 448–460. [Google Scholar]

	



Hafez, E.; Osman, H.; El-Razek, U.; Elbagory, M.; Omara, A.; Eid, M.; Gowayed, S. Foliar-Applied Potassium Silicate Coupled with Plant Growth-Promoting Rhizobacteria Improves Growth, Physiology, Nutrient Uptake and Productivity of Faba Bean (Vicia faba L.) Irrigated with Saline Water in Salt-Affected Soil. Plants 2021, 10, 894. [Google Scholar] [CrossRef] [PubMed]

	



Hafez, E.M.; Omara, A.E.D.; Alhumaydhi, F.A.; El-Esawi, M.A. Minimizing hazard impacts of soil salinity and water stress on wheat plants by soil application of vermicompost and biochar. Physiol. Plant. 2020, 172, 587–602. [Google Scholar] [CrossRef]

	



Hafez, E.M.; Kheir, A.M.S.; Badawy, S.A.; Rashwan, E.; Farig, M.; Osman, H.S. Differences in Physiological and Biochemical Attributes of Wheat in Response to Single and Combined Salicylic Acid and Biochar Subjected to Limited Water Irrigation in Saline Sodic Soil. Plants 2020, 9, 1346. [Google Scholar] [CrossRef]

	



Mesbah, E.A.E. Effect of irrigation regimes and foliar spraying of potassium on yield, yield components and water use efficiency of wheat (Triticum aestivum L.) in Sandy Soils. World J. Agric. Sci. 2009, 5, 662–669. [Google Scholar]

	



Ullah, A.; Ali, M.; Shahzad, K.; Ahmad, F.; Iqbal, S.; Rahman, M.H.U.; Ahmad, S.; Iqbal, M.M.; Danish, S.; Fahad, S.; et al. Impact of Seed Dressing and Soil Application of Potassium Humate on Cotton Plants Productivity and Fiber Quality. Plants 2020, 9, 1444. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharjee, S. ROS and Oxidative Stress: Origin and Implication. In Reactive Oxygen Species in Plant Biology; Springer: New Delhi, India, 2019; pp. 1–31. [Google Scholar] [CrossRef]

	



Nafees, M.; Fahad, S.; Shah, A.N.; Bukhari, M.A.; Maryam, I.; Ahmad, S.; Hussain, S. Reactive Oxygen Species Signaling in Plants. In Plant Abiotic Stress Tolerance; Springer: Cham, Switzerland, 2019; pp. 259–272. [Google Scholar] [CrossRef]

	



Chung, W.-H. Unraveling new functions of superoxide dismutase using yeast model system: Beyond its conventional role in superoxide radical scavenging. J. Microbiol. 2017, 55, 409–416. [Google Scholar] [CrossRef]

	



Ahmad, R.; Hussain, S.; Anjum, M.A.; Khalid, M.F.; Saqib, M.; Zakir, I.; Hassan, A.; Fahad, S.; Ahmad, S. Oxidative Stress and Antioxidant Defense Mechanisms in Plants under Salt Stress. In Plant Abiotic Stress Tolerance; Springer: Cham, Switzerland, 2019; pp. 191–205. [Google Scholar] [CrossRef]

	



Alam, M.Z.; Carpenter-Boggs, L.; Hoque, A.; Ahammed, G.J. Effect of soil amendments on antioxidant activity and photosynthetic pigments in pea crops grown in arsenic contaminated soil. Heliyon 2020, 6, e05475. [Google Scholar] [CrossRef]

	



Hasanuzzaman, M.; Parvin, K.; Bardhan, K.; Nahar, K.; Anee, T.I.; Masud, A.A.C.; Fotopoulos, V. Biostimulants for the Regulation of Reactive Oxygen Species Metabolism in Plants under Abiotic Stress. Cells 2021, 10, 2537. [Google Scholar] [CrossRef]

	



Wang, Y.; Pan, F.; Wang, G.; Zhang, G.; Wang, Y.; Chen, X.; Mao, Z. Effects of biochar on photosynthesis and antioxidative system of Malus hupehensis Rehd. seedlings under replant conditions. Sci. Hortic. 2014, 175, 9–15. [Google Scholar] [CrossRef]

	



Huang, M.; Zhang, Z.; Zhai, Y.; Lu, P.; Zhu, C. Effect of Straw Biochar on Soil Properties and Wheat Production under Saline Water Irrigation. Agronomy 2019, 9, 457. [Google Scholar] [CrossRef]

	



Thomas, S.C.; Frye, S.; Gale, N.; Garmon, M.; Launchbury, R.; Machado, N.; Melamed, S.; Murray, J.; Petroff, A.; Winsborough, C. Biochar mitigates negative effects of salt additions on two herbaceous plant species. J. Environ. Manag. 2013, 129, 62–68. [Google Scholar] [CrossRef] [PubMed]

	



Kamara, M.M.; Rehan, M.; Ibrahim, K.M.; Alsohim, A.S.; Elsharkawy, M.M.; Kheir, A.M.S.; Hafez, E.M.; El-Esawi, M.A. Genetic Diversity and Combining Ability of White Maize Inbred Lines under Different Plant Densities. Plants 2020, 9, 1140. [Google Scholar] [CrossRef]

	



Hemida, K.A.; Eloufey, A.Z.A.; El-Yazal, M.A.S.; Rady, M.M. Integrated effect of potassium humate and α-tocopherol applications on soil characteristics and performance of Phaseolus vulgaris plants grown on a saline soil. Arch. Agron. Soil Sci. 2017, 63, 1556–1571. [Google Scholar] [CrossRef]

	



Klute, A.; Page, A.L. Methods of Soil Analysis. Part 2—Chemical and Microbiological Analysis, 2nd ed.; Klute, A., Page, A.L., Eds.; American Society of Agronomy: Madison, WI, USA, 1982; ISBN 0891180729. [Google Scholar]

	



Campbell, D. Determination and Use of Soil Bulk Density in Relation to Soil Compaction. In Developments in Agricultural Engineering; Elsevier: Amsterdam, The Netherlands, 1994; pp. 113–139. [Google Scholar] [CrossRef]

	



Trout, T.; Garcia-Castillas, I.; Hart, W. Soil-Water Engineering: Field and Laboratory Manual; Department of Agricultural and Chemical Engineering, Colordo State University: Fort Collins, CO, USA, 2012; ISBN 9788172337230. [Google Scholar]

	



Hesse, P.R. A Textbook of Soil Chemical Analysis; Juan Murry Ltd.: London, UK, 1971. [Google Scholar]

	



Gee, G.W.; Bauder, J.W. Particle-size analysis. In Methods of Soil Analysis. Part 1. Physical and Mineralogical Methods; Klute, A., Ed.; American Society of Agronomy, Inc.: Madison, WI, USA, 1986; pp. 383–411. [Google Scholar]

	



Hafez, E.M.; Gowayed, S.M.; Nehela, Y.; Sakran, R.M.; Rady, A.M.S.; Awadalla, A.; Omara, A.E.-D.; Alowaiesh, B.F. Incorporated Biochar-Based Soil Amendment and Exogenous Glycine Betaine Foliar Application Ameliorate Rice (Oryza sativa L.) Tolerance and Resilience to Osmotic Stress. Plants 2021, 10, 1930. [Google Scholar] [CrossRef]

	



Rafique, M.; Ortas, I.; Ahmed, I.A.; Rizwan, M.; Afridi, M.S.; Sultan, T.; Chaudhary, H.J. Potential impact of biochar types and microbial inoculants on growth of onion plant in differently textured and phosphorus limited soils. J. Environ. Manag. 2019, 247, 672–680. [Google Scholar] [CrossRef]

	



Shafeek, M.R.; Helmy, Y.I.; Omar, N.M. Use of some bio-stimulants for improving the growth, yield and bulb quality of onion plants (Allium cepa L.) under sandy soil conditions. Middle East J. Appl. Sci. 2015, 5, 68–75. [Google Scholar]

	



Mohsen, A.A.M.; Ibraheim, S.K.A.; Abdel-Fattah, M.K. Effect of potassium humate, nitrogen bio fertilizer and molybdenum on growth and productivity of garlic (Allium sativum L.). Curr. Sci. Int. 2017, 6, 75–85. [Google Scholar]

	



Wallace, D.H.; Munger, H.M. Studies of the Physiological Basis for Yield Differences. I. Growth Analysis of Six Dry Bean Varieties 1. Crops Sci. 1965, 5, 343–348. [Google Scholar] [CrossRef]

	



Lichtenthaler, H.K. Chlorophylls and carotenoids: Pigments of photosynthetic biomembranes. Methods Enzymol. 1987, 48, 350–382. [Google Scholar]

	



Mullan, D.; Pietragalla, J. Leaf relative water content. In Physiological Breeding II: A Field Guide to Wheat Phenotyping; Cimmyt: México-Veracruz, Mexico, 2012; pp. 25–27. [Google Scholar]

	



Hansen, S.L. Content of Free Amino Acids in Onion (Allium cepa L.) as Influenced by the Stage of Development at Harvest and Long-term Storage. Acta Agric. Scand. Sect. B—Plant Soil Sci. 2001, 51, 77–83. [Google Scholar] [CrossRef]

	



Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205–207. [Google Scholar] [CrossRef]

	



Sadasivam, S.; Manickam, A. Biochemical Methods, 3rd ed.; Sadasivam, S., Manickam, A., Eds.; New Age International Publishers: New Delhi, India, 2008. [Google Scholar]

	



Beauchamp, C.; Fridovich, I. Superoxide dismutase: Improved assays and an assay applicable to acrylamide gels. Anal. Biochem. 1971, 44, 276–287. [Google Scholar] [CrossRef]

	



Aebi, H.B. Isolation, purification, characterization, and assay of antioxygenic enzymes: Catalase in vitro. Methods Enzymol. 1984, 105, 121–126. [Google Scholar]

	



Vetter, J.L.; Steinberg, M.P.; Nelson, A.I. Enzyme Assay, Quantitative Determination of Peroxidase in Sweet Corn. J. Agric. Food Chem. 1958, 6, 39–41. [Google Scholar] [CrossRef]

	



Du, Z.; Bramlage, W.J. Modified thiobarbituric acid assay for measuring lipid oxidation in sugar-rich plant tissue extracts. J. Agric. Food Chem. 1992, 40, 1566–1570. [Google Scholar] [CrossRef]

	



Velikova, V.; Yordanov, I.; Edreva, A. Oxidative stress and some antioxidant systems in acid rain-treated bean plants: Protective role of exogenous polyamines. Plant Sci. 2000, 151, 59–66. [Google Scholar] [CrossRef]

	



Association of Official Analytical Chemists. AOAC Official Methods of Analysis; Association of Official Analytical Chemists: Washington, DC, USA, 1975; p. 1018. [Google Scholar]

	



Sparks, D.L.; Page, A.L.; Helmke, P.A.; Loeppert, R.H. Methods of Soil Analysis. Part 3, Chemical Methods; John Wiley & Sons: Hoboken, NJ, USA, 2020; ISBN 978-0-891-18825-4. [Google Scholar]

	



Jackson, M.L. Soil Chemical Analysis; Prentice Hall Inc.: Englewood Cliffs, NJ, USA, 1958. [Google Scholar]

	



Dubois, M.; Gilles, K.; Hamilton, J.; DuBois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.A.; Smith, F. Colorimetric Method for Determination of Sugars and Related Substances. Anal. Chem. 1956, 28, 350–356. [Google Scholar] [CrossRef]

	



Association of Official Analytical Chemists. AOAC Official Methods, 17th ed.; 2nd Version; Analysis of Association of Official Agriculture Chemists: Washington, DC, USA, 2000; p. 2200. [Google Scholar]

	



Zou, Y.; Lu, Y.; Wei, D. Antioxidant Activity of a Flavonoid-Rich Extract of Hypericum perforatum L. in Vitro. J. Agric. Food Chem. 2004, 52, 5032–5039. [Google Scholar] [CrossRef] [PubMed]

	



SAS JMP®. Data Analysis Software; Version 15; SAS Institute Inc.: Cary, NC, USA, 2013; Available online: http://www.jmp.com/ (accessed on 15 February 2013).








[image: Plants 10 02598 g001 550] 





Figure 1. Effect of soil amendment using biochar and K-humate foliar application on the growth of onion plants grown in sodic-saline soil and irrigated regularly (Every 30 days) or stressed with deficit irrigation (every 45 days) during 2018/2019 and 2019/2020 seasons. (A) Plant height (cm) and (B) Total leaf area (dm2). Data presented are the means ± standard deviation (mean ± SD) of three biological replicates. Different letters signify statistically significant differences between treatments according to Tukey’s HSD test (pirrigation×treatment ≤ 0.05). 
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Figure 2. Effect of soil amendment using biochar and K-humate foliar application on the content of the photosynthetic pigments and water relations of onion plants grown in sodic-saline soil and irrigated regularly (every 30 days) or stressed with deficit irrigation (every 45 days) during 2018/2019 and 2019/2020 seasons. (A) Total chlorophylls content (mg g−1 FW), (B) Total carotenoid content (mg g−1 FW), (C) Stomatal conductance (mmol m−2 s−1), and (D) Relative water content (%). Data presented are the means ± standard deviation (mean ± SD) of three biological replicates. Different letters signify statistically significant differences between treatments according to Tukey’s HSD test (pirrigation×treatment ≤ 0.05). 
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Figure 3. Effect of soil amendment using biochar and K-humate foliar application on the biochemical responses of onion plants grown in sodic-saline soil and irrigated regularly (Every 30 days) or stressed with deficit irrigation (every 45 days) during 2018/2019 and 2019/2020 seasons. (A) Free amino acids (mg g−1 FW), (B) Proline content (µmol g−1 FW), and (C) Total soluble sugars (mg g−1 FW). Data presented are the means ± standard deviation (mean ± SD) of three biological replicates. Different letters signify statistically significant differences between treatments according to Tukey’s HSD test (pirrigation×treatment ≤ 0.05). 
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Figure 4. Effect of soil amendment using biochar and K-humate foliar application on the stress biochemical indicators of onion plants grown in sodic-saline soil and irrigated regularly (Every 30 days) or stressed with deficit irrigation (every 45 days) during 2018/2019 and 2019/2020 seasons. (A) Malondialdehyde (MDA; nmol g−1 FW) and (B) H2O2 (µmol g−1 FW). Data presented are the means ± standard deviation (mean ± SD) of three biological replicates. Different letters signify statistically significant differences between treatments according to Tukey’s HSD test (pirrigation×treatment ≤ 0.05). 
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Figure 5. Effect of soil amendment using biochar and K-humate foliar application on the activity of antioxidant-related enzymes of onion plants grown in sodic-saline soil and irrigated regularly (Every 30 days) or stressed with deficit irrigation (every 45 days) during 2018/2019 and 2019/2020 seasons. (A) Superoxide dismutase (Units mg−1 protein), (B) Catalase (Units mg−1 protein), and (C) Peroxidase (Units mg−1 protein). Data presented are the means ± standard deviation (mean ± SD) of three biological replicates. Different letters signify statistically significant differences between treatments according to Tukey’s HSD test (pirrigation×treatment ≤ 0.05). 
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Figure 6. Effect of soil amendment using biochar and K-humate foliar application on the productivity and yield traits of onion plants grown in sodic-saline soil and irrigated regularly (Every 30 days) or stressed with deficit irrigation (every 45 days) during 2018/2019 and 2019/2020 seasons. (A) Bulb length (cm), (B) Bulb diameter (cm), (C) Bulb weight (g), and (D) Bulb yield (t ha−1). Data presented are the means ± standard deviation (mean ± SD) of three biological replicates. Different letters signify statistically significant differences between treatments according to Tukey’s HSD test (pirrigation×treatment ≤ 0.05). 
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Figure 7. Effect of soil amendment using biochar and K-humate foliar application on the NPK content of onion bulbs grown in sodic-saline soil and irrigated regularly (Every 30 days) or stressed with deficit irrigation (every 45 days) during 2018/2019 and 2019/2020 seasons. (A) Bulb nitrogen content (% based on FW), (B) Bulb phosphorus content (% based on FW), (C) Bulb potassium content (% based on FW). Data presented are the means ± standard deviation (mean ± SD) of three biological replicates. Different letters signify statistically significant differences between treatments according to Tukey’s HSD test (pirrigation×treatment ≤ 0.05). 
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Figure 8. Effect of soil amendment using biochar and K-humate foliar application on the nutritional value of onion bulbs grown in sodic-saline soil and irrigated regularly (Every 30 days) or stressed with deficit irrigation (every 45 days) during 2018/2019 and 2019/2020 seasons. (A) Bulb carbohydrate content (% based on FW), (B) Bulb soluble sugars content (% based on FW), (C) Bulb protein content (% based on FW), and (D) Bulb flavonoid content (mg QE g−1 FW). Data presented are the means ± standard deviation (mean ± SD) of three biological replicates. Different letters signify statistically significant differences between treatments according to Tukey’s HSD test (pirrigation×treatment ≤ 0.05). 
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Figure 9. Effect of soil amendment using biochar and K-humate foliar application on the accumulation of Na+ and K+ in onion leaves grown in sodic-saline soil and irrigated regularly (Every 30 days) or stressed with deficit irrigation (every 45 days) during 2018/2019 and 2019/2020 seasons. (A) Leaf Na+ content (mg kg−1 DW), (B) Leaf K+ content (mg kg−1 DW), and (C) Leaf K+/Na+ ratio. Data presented are the means ± standard deviation (mean ± SD) of three biological replicates. Different letters signify statistically significant differences between treatments according to Tukey’s HSD test (pirrigation×treatment ≤ 0.05). 
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Figure 10. Principal component analysis (PCA) and two-way hierarchical cluster analysis (HCA) of individual response variables assessed in onion plants grown in sodic-saline soil and irrigated regularly (Every 30 days) or stressed with deficit irrigation (every 45 days) after soil amendment using biochar and/or K-humate foliar application during 2018/2019 and 2019/2020 seasons. (A,C) PCA-associated scatter plots during 2018/2019 and 2019/2020 seasons, respectively, (B,D) PCA-associated loading plots during 2018/2019 and 2019/2020 seasons, respectively, (E,F) Two-way HCA during 2018/2019 and 2019/2020 seasons, respectively. Variations in the dependent variables among studied treatments are visualized as a heat map. Rows correspond to dependent variables, whereas columns correspond to different treatments. Low numerical values are green colored, while high numerical values are colored red (see the scale at the top right corner of the heat map). 
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Table 1. Soil properties of the experimental sites (soil depth 0–20 cm) during the 2018/2019 and 2019/2020 seasons.
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Soil Attribute

	
Season




	
2018/2019

	
2019/2020






	
Soil texture

	
Clay loam

	
Clay loam




	
Organic matter (%)

	
1.51

	
1.48




	
Electric conductivity (EC; dS m−1)

	
11.14

	
12.09




	
Field capacity (%)

	
29.4

	
31.1




	
pH

	
8.35

	
8.58




	
Soil bulk density (g cm−3)

	
1.42

	
1.38




	
Total porosity (%)

	
45.25

	
47.65




	
Cations (meq L−1)




	
Na+

	
17.78

	
18.65




	
K+

	
10.73

	
11.86




	
Mg+2

	
14.76

	
16.23




	
Ca+2

	
16.54

	
18.29




	
Anions (meq L−1)




	
Cl−

	
23.56

	
24.21




	
HCO3−

	
17.22

	
19.67




	
SO4−2

	
19.03

	
21.15
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Table 2. Meteorological data of the experimental sites during 2018/2019 and 2019/2020 growing seasons.
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Year

Month

	
2018/2019

	
2019/2020




	
Temperature (°C)

	
Rainfall

(mm)

	
Relative Humidity (%)

	
Temperature (°C)

	
Rainfall

(mm)

	
Relative Humidity (%)




	
Max

	
Min

	
Max

	
Min






	
Oct.

	
26.3

	
17.2

	
0.98

	
32.6

	
25.3

	
16.2

	
0.94

	
31.6




	
Dec.

	
25.9

	
15.3

	
0.85

	
34.2

	
24.9

	
14.3

	
0.82

	
33.2




	
Jan.

	
24.5

	
13.2

	
1.1

	
35.1

	
23.2

	
12.4

	
0.54

	
32.7




	
Feb.

	
22.3

	
10.3

	
3.1

	
46.2

	
20.3

	
11.1

	
3.32

	
42.4




	
Mar.

	
21.4

	
9.7

	
6.4

	
44.3

	
20.6

	
10.7

	
6.85

	
43.1




	
April

	
23.7

	
13.8

	
0.5

	
43.8

	
22.5

	
12.5

	
0.63

	
44.8
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