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Abstract

:

The water-retaining and yield-increasing capacity of super-absorbent polymer (SAP) are essential for soil remediation in arid and semi-arid areas. Water availability is an increasing challenge to plant development and crop yield. During the growing seasons in 2021 and 2022, the present study was conducted to evaluate the effect of the addition of different amounts of SAP on the development and yield of green beans (Phaseolus vulgaris L. cv Bronco) under varying water deficit stresses, compared with the control treatment without SAP and water deficit stress. The results demonstrated that a 50% reduction in water requirement (WR) resulted in significant decreases in leaf fresh weight, specific leaf area, leaf total chlorophyll content, pod number, leaf free water content, pod fresh weight per plant, and yield. Decreases were also found in pod total chlorophyll content, carotenoids, dry matter and total protein, leaf proline content, and crude fiber content. Additionally, leaf water saturation deficit was significantly increased under the stress compared with the full irrigation at 100% WR. However, irrigation at 75% WR increased pod contents of ascorbic acid, total sugars, and leaf bound water. The current study also indicated that addition of SAP significantly enhanced the above-mentioned growth characteristics under irrigation at 50% and 75% WR. Treatment with SAP at 3 g/plant was the most effective in mitigating the adverse effects of water deficiency, especially at the irrigation rate of 75% WR. Pearson’s correlation analysis showed significantly positive correlations between the growth parameters, as well as pod yield, under water stress and SAP. This study provides a promising strategy for green bean cultivation by adding SAP to soil to alleviate water shortage stress.
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1. Introduction


Green bean (Phaseolus vulgaris L.) is an annual plant belonging to the Leguminosae family and requires a warm growth season. In Egypt, it is planted for exportation or local consumption. It is considered to be a perfect source of protein, fiber, and carbohydrate, in addition to vitamins C and A [1,2,3], and benefits the diet because bean protein is rich in lysine. Eating green beans is beneficial for human health as they provide protein and some important nutrients. Their cultivation is also beneficial for soil fertility as green bean is a non-stressful crop for the soil and, because it is a leguminous crop, it fixes atmospheric nitrogen. Therefore, it is recognized as an important plant in Egypt. A good total yield of green bean is considered to be the main objective of planting and for the producer to receive high returns. It can be grown in three lugs mainly in summer, Nile and winter, and the possibility exists of growing green bean in new reclaimed lands and under greenhouses or tunnels. In Egypt, in 2022, the cultivated area of this crop was 23,184 ha, with production of about 24,313 tons and productivity of 10.524 tons per hectare. Green beans ranked third in vegetable exports after potatoes and onions, with an average export volume of around 20,440 tons and a value of USD 22.70 million. The three largest foreign export markets for Egyptian green beans are Italy, the United Kingdom, and the Netherlands [4].



Managing irrigation involves giving plants the right amount of water, i.e., neither too much nor too little, around their root zones. This is a crucial issue and a major factor for horizontal expansion in the agricultural sector, particularly in arid and semi-arid regions, because of many factors, such as water scarcity and changing climate conditions. Climatic changes may cause a greater evapotranspiration rate via the increasing temperature, which has led to reduced and irregular rainfall [5,6]. The strategic program in Egypt involves the extension of desert reclamation in the coming years [7]. In Egypt, new reclaimed lands are located in water-scarce regions, which are characterized as arid lands, and, at the same time, vegetable crop farming is expanding [8,9,10]. Moreover, drought is the greatest environmental stress that adversely affects plant growth and development, limiting crop production [11,12]. Green bean is sensitive to water stress at all developmental stages, particularly flowering and pod formation [13,14]. Studies of bean plants revealed that water stress treatments had a substantial impact on vegetative development and pod yield [15,16,17]. Over time, there has been greater use of soil amendments like SAP, which is well known for its capacity to hold water and enhance the physical characteristics of the soil, particularly in regions with a lack of water, like the majority of the Middle East and Africa [18,19].



SAP is a flexible polymer that has loosely cross-linked with a few widthwise linkages. This allows it to absorb and store water weighing hundreds of times more than the polymer’s dry weight [19,20]. The performance of SAP is controlled by its chemical properties, including its structure, molecular weight, and hydrogel formation conditions. In field applications, SAP reduces soil hydraulic conductivity due to its water-holding capacity [21]. Some studies determined that swollen SAP reduced the largest pores in the soil [22]. Additionally, the mixing ratio of soil and SAP, and the impact of the swellability of SAP, expanded the interaction between soil and SAP to a greater extent. Application of SAP and its addition to the soil increased the saturated and residual water content, increased the water-holding capacity and available water content [21], and reduced leakage and subsequent losses due to deep filtration [19].



The advantage of SAP for agricultural use is that it has been widely used as a promising material in agricultural sectors because its use leads to the regulated release of water and agricultural chemicals. This results in water conservation, reducing the quantities used, and reducing agricultural chemicals, thus reducing both environmental problems and toxicity. Toxic agents can be chemically bound to mammals as carriers. The use of SAP and the controlled release of bioactive substances in the agricultural sector also provides advantages over conventional formulations [23].



Treatment with SAP increases water use efficiency and plant productivity while increasing plant biomass [19,24]. The same results have been observed as a result of SAP application to soil in soybean [25] and other plants such as tomato, lettuce, wheat, barley, chickpea, and some tree species [26]. The success rate of SAP amendment in soils of semi-arid and arid regions can be attributed to the release of water when the temperature surrounding the swollen SAP increases, resulting in increased survival [19,21]. SAP can be used in farming to improve the physical features of soil and increase its capacity to hold water [18,19], reduce water waste and minimize the leaching of nutrients from soil [27], and reduce water evaporation from soil [19], leading to better growth for plants, and thus increasing crop and vegetable productivity under normal irrigation conditions and drought stress. Therefore, SAP may provide an excellent solution for plants growing on newly reclaimed land in sandy soils and for plants that may suffer even partially from drought stress [8,28,29,30]. In this regard, the use of SAP has been shown to mitigate the hazardous effects of drought in some legumes such as red beans [31,32,33], mung beans [34], and snap beans [35]. In addition, the use of SAP has been reported to mitigate the harmful effects of drought in some vegetable crops [8], such as tomato [36,37,38,39], lettuce [40], squash [41], and pumpkin [42]. The above research indicates the additional importance of this study, and the importance of applying it in new reclaimed areas, while providing the fertilizers and quantities of irrigation water used in agriculture. Therefore, this study was conducted to evaluate the effects of using super-absorbent polymer (SAP) on the growth and productivity of green bean plants (Phaseolus vulgaris L.) under different irrigation conditions. We hypothesized that this substrate could influence the yield structure, quality, and quantity of green beans.




2. Materials and Methods


2.1. Field Site and Treatments


The existing study was conducted in an open field at Al-Sadat Experimental Farm of the Faculty of Agriculture, Al-Azhar University, Monofia Governorate, Egypt, during the 2021 and 2022 seasons. The aim was to assess the effects of adding SAP to overcome water deficit stress on the development and yield of green bean (Phaseolus vulgaris L.) cv. Bronco. The SAP used was a mixture of cationic SAP (polyacrylamide allylamine hydrochloride gel 20% cationicity) and anionic SAP (polyacrylamide K polyacrylate gel 30% anionicity). The hydrogel polymers were obtained from Lucky Star TG, Egypt, produced by a Russian company called “Aqua Gool, AG, Russian. Before sowing, three quantities of SAP, 1, 2, and 3 g per hill, were added and stirred to mix completely with the soil at the location of each hill in the top 25 cm of soil. On 3 September, the seeds were planted directly in the field, with a 10 cm distance between each row of plants. Each row was 3.5 m long and 60 cm wide. Plants were thinned to one plant per hill after full germination. After the treatments, the plants were irrigated, with water deficit stress levels at 50% and 75% of water requirement, as well as a control treatment without adding SAP, which was irrigated with 100% of irrigation water. The following equation was used to determine the irrigation amounts:


Etc = Eto × Kc,








where Etc is the crop evapotranspiration in mm/day. The Penman–Monteith equation was used to compute the reference evapotranspiration (Eto), mm/day, while the crop coefficient (Kc) was adjusted based on the crop’s features and developmental stage according to Allen et al. [43]. The total quantity of WR (m3/h) is shown in Table 1. The irrigation operation was undertaken every two days during the experiment period from cultivation to harvesting, using a T-Tape drip irrigation line placed on the center of the raised row; this was employed with 15 cm emitter spacing and a flow rate of 10 L m−1 h−1 at an operating pressure of 0.55 bar.




2.2. Experimental Design


As stated above, the experiment was conducted to study the effects of nine treatments among three levels of SAP to overcome water deficit stress rates, including 50% and 75% of water requirement (WR), as well as a control treatment without adding SAP. Randomized complete blocks with three replicates were used, and the nine treatments are listed in Table 2. The physical and chemical properties of the soil experiment site are presented in Table 3. The Egyptian Ministry of Agriculture recommendations regarding cultural procedures, such as fertilization and disease and pest control, were practiced.




2.3. Studied Traits


2.3.1. Leaf Parameters


At 65 days from sowing, ten green bean plants were randomly selected from each treatment in order to quantify leaf fresh weight (FW) and specific leaf area (SLA), according to Patane et al. [44], as physical parameters:


Specific leaf area (cm2 g−1) = LA/DW








where LA: leaf area (cm2) and DW: leaf dry weight (g).



Leaf Chemical Properties


Leaf dry matter percentage was determined per 100 g after drying at 70 °C until a constant weight was attained. Total chlorophyll content (mg/g FW) was determined in leaves according to the method described by Lichtenther [45] using spectrophotometry (6800 UV/Vis Spectrophotometer, Jenway, Bibby Scientific Ltd., Staffordshire, UK). In addition, the proline content (mg/g FW) was calculated using the colorimetric method at wavelengths of 520 nm according to Bates et al. [46].





2.3.2. Pod Parameters


After reaching the marketable stage, pod samples were collected randomly from five plants from each replicate to determine the physical features, such as pod number and fresh weight per plant (g).



Pod chemical components:



Total chlorophyll and carotenoid contents (mg/g FW) were determined using the Lichtenther method [45]; ascorbic acid was determined in mg/100 g FW using titration with 2, 6-dichlorophenol indophenol dye (DCPIP) according to the method of Rao and Deshpande [47]. Total sugars were assessed using the method of Smith et al. [48]; total soluble solids (TSS), total protein, and dry matter contents using the method described in the Association of Official Analytical Chemists (A.O.A.C.) 2005 [49]; and crude fibers using the method of Sadasivam and Manickam [50].




2.3.3. Yield and Relative Yield Increases


From the start of the harvesting stage to the end of the growing season, the green pods were picked, the weight of the total yield was recorded, and the relative yield increase was determined according to Alomari-Mheidat et al. [51].




2.3.4. Water Status


Water status, including the water saturation deficit (WSD), was determined according to Quilambo [52] as follows:


WSD = 100 − RWC,








where RWC is the relative water content. The leaf free and bound water contents were determined according to Chmeleva and Kucher [53].





2.4. Statistical Analysis


According to the procedure outlined by Snedecor and Cochran [54], data of the two studied seasons were arranged and a homogeneity test was performed. Data were statistically analyzed using CoStat software (version 6, CoHort Software, Monterey, CA, USA). For significant differences between the treatments at p < 0.05, analysis of variance (ANOVA) and Duncan’s multiple range test were used [55]. The Pearson test was used to calculate correlations at p < 0.05 and 0.01 using OriginPro 2023 (OriginLab Corporation, Northampton, MA, USA) [56].





3. Results


3.1. Plant Parameters


The results of this study showed that decreasing irrigation amounts up to 50% WR decreased leaf fresh weight and specific leaf area (SLA) (Figure 1). However, non-significant increases were recorded between 75% WR and 100% WR as the control. Additionally, results showed that applying SAP to water deficit stress treatments had a positive and significant effect on most growth parameters. It was found that the maximum values of specific leaf area were produced by applying 3 and 1 g SAP/plant in the presence of 50% and 75% WR in both seasons, respectively (Figure 1). In addition, applying 3 g/plant of SAP under 75% WR recorded the highest significant trend in leaf fresh weight. However, under the conditions of 50% WR with the addition of SAP at 1 g/plant, the results recorded the lowest significant values of vegetative growth.



With respect to leaf dry matter and total chlorophyll, the data showed that these contents were significantly decreased at a water shortage of 50% WR compared with the control at 100% WR (Figure 2). Interference between WR rates and SAP amounts indicated that the increase in SAP amounts up to 3 g/plant under water shortage rates led to an increase in total dry matter and chlorophyll contents. Therefore, the highest content of leaf dry matter and total chlorophyll was obtained by adding 3 g/plant SAP in the presence of 75% WR, while the lowest significant result was obtained using 1 g/plant SAP and the irrigation rate at 50% WR (Figure 2).



The results showed that the plants that were treated with 50% WR had a much greater leaf proline content than those treated with irrigation at a rate of 75% WR and the control (100% WR). The results showed that adding SAP under the same amount of irrigation water led to a reduction in proline content. The lowest value for proline was under the addition of 3 g (75% WR + SAP3), followed by 75% WR + SAP2, then 75% WR + SAP1. The results showed the same trend under the use of 50% WR. This shows that adding the SAP at a rate of 3 g/plant reduces proline accumulation in plant leaves using an amount of 75% WR.




3.2. Pod Parameters


Data in Figure 3 show that there were significant decreases in pod number per plant and pod fresh weight per plant with decreasing amounts of irrigation water from 75% WR to 50% WR, compared with the rate of 100% WR as the control. By comparison, the addition of SAP from 1 to 3 g/plant under 50% and 75% WR led to an increase in the pod number per plant and pod fresh weight per plant. In more detail, the treatment of 3 g/plant SAP under 75% WR produced the highest values of these characters, whereas the lowest was from the treatment of 1 g/plant of SAP under 50% WR (Figure 3).



The data concerning pod total chlorophyll and carotenoid contents indicated that these contents were significantly decreased by water shortages of 75% and 50% WR compared with the control at 100% WR (Figure 4). By comparison, interference between WR rates and SAP amounts showed that the largest contents of chlorophyll a, b, and total chlorophyll of pods were found by adding 3 g/plant of SAP in the presence of 75% WR, while the least significant result was observed from using SAP at 1 g/plant and the irrigation rate of 50% WR (Figure 4).



Regarding pod ascorbic acid and total sugar contents, the results reflect that there were significant increases in these traits from using the shortage of water at 75% WR compared with 100% WR as the control (Figure 5). Evidence from our results indicated that the best results in these contents in pods were achieved from using 1 g/plant SAP under 75% WR, and the worst results were from adding 1 g/plant SAP under 50% WR and the control.



The results in Figure 5 show that by increasing water shortage up to 50% WR, TSS of green been pods did not show significant differences between 75% and 50% WR, despite the best results coming from the shortage rate of 75% WR. The results showed that applying SAP at 1 g/plant to the lower water irrigation treatment of 50% WR yielded the maximum value of TSS content, while applying 3 g/plant SAP in the presence of 75% WR produced the minimum value of this content (Figure 5).



The data also revealed that the highest values of dry matter content of green bean pods were observed under the control of 100% WR, followed by 75% WR, and the lowest value was observed at 50% WR. However, applying 1, 2, and 3 g of SAP per plant in soil under a water condition of 75% WR resulted in a non-significant increase in dry matter content when compared to other treatments; Figure 5.



In terms of pod protein content, Figure 6 shows that there was no statistically significant difference between irrigation rates at 75% WR and 100% WR as a control, and a significant decrease happened with 50% WR. The obtained results also showed that using the treatment of 2 g/plant SAP and irrigation with the rate of 75% WR resulted in the highest value, while using treatments of 1 and 2 g/plant SAP and irrigation with the rate of 50% WR resulted in the lowest content values in the first and second growing seasons, respectively.



The data obtained showed that crude fiber content of pod increased significantly with a decrease on the rates of irrigation up to 50% WR compared with 100% WR as a control. Hence, adding 1 g/plant SAP to soil with the water shortage condition of 50% WR yielded the highest significant value of this content, whereas the lowest happened with the treatments of 2 and 3 g/plant and irrigation at the rate at 75% WR (Figure 6).




3.3. Yield and Relative Yield Increase


Regarding pod yield, the results in Figure 7 show that irrigation with 75% WR and 50% WR resulted in a significant reduction in yield compared with the control. The addition of SAP led to a significant increase in yield under water shortage conditions of 75% WR and 50% WR. An increase in relative yield was found with increasing the quantities of SAP. The results also showed that applying SAP amounts of 2 and 3 g/plant at 75% WR gave the highest values.



The results in Figure 7 show that lower irrigation water rates led to a decrease in the relative increase in green bean pod yield from 98.6% to 93% under the irrigation rate of 75% WR, and decreased from 66.4% to 63% under the irrigation rate of 50% WR, compared to the control irrigation rate of 100% WR in the first and second seasons, respectively. Adding SAP from 1 to 3 g/plant under 50% WR and 75% WR also increased the yield. In addition, treatment with 3 g/plant of SAP under 75% WR resulted in obtaining the highest values of relative yield increase, which were 117.4% and 110.1% in the two seasons, respectively.




3.4. Water Statues


The data in Figure 8 indicate that water saturation deficit increased significantly under the water shortage of 50% WR compared with 100% WR as a control. By comparison, adding SAP under the irrigation rates of 50% and 75% led to significantly decreased water saturation deficit compared with the untreated plants. The highest value of water saturation deficit resulted under 75% WR, while the lowest value was found in the control in first season, and the treatment applying 3 g SAP under 75% WR.



The results show that the lowest value of free water content was observed under irrigation rates of 75% WR and 50% WR. SAP applications significantly affected free water under water deficit conditions of 75% WR and 50% WR, as there was an increase in free water content with an increasing amount of SAP. Adding an amount of SAP at rates of 2 and 3 g/plant at 75% WR resulted in obtaining the highest values of free water, while the lowest values resulted under irrigation rates of 75% and 50% WR without adding SAP; Figure 8.



The bound water content was not significantly affected by the different treatments in the first season. However, data in the second season showed that the bound water content increased significantly under a water deficit at the irrigation rate of 75% WR compared to the irrigation rate of 100% WR as a control. By comparison, adding SAP under water deficit treatments led to a decrease in bound water content compared to 75% WR and 50% WR in the absence of SAP, especially in the second season. Hence, a significant decrease was observed in the 2 g SAP/plant treatment at 50% WR, while the highest significant values for water associated with water deficit appeared at 75% WR; Figure 8.




3.5. Pearson’s Correlation Analysis


The Pearson’s correlation analysis showed significant correlations (positive or negative) between different attributes of green bean under the treatments of water stress and SAP (Figure 9). Analysis was conducted on the average data from the two studied seasons. A positive association of the measured parameters is shown with a red circle, and a negative correlation with a blue circle, in Figure 9. A positive correlation (p < 0.05 and 0.01) was observed between yield (ton/ha) with growth parameters i.e., leaf fresh weight, specific leaf area, leaf total chlorophyll, and pod number per plant. Moreover, the green bean yield was positively correlated with quality parameters, including pod total chlorophyll, pod carotenoids, pod dry matter, and total proteins. A positive correlation existed between total proteins and leaf fresh weight and pod dry matter (p < 0.01); a positive correlation (p < 0.05) was also obtained between specific leaf area and pod number per plant, pod fresh weight, and pod carotenoids. On the other hand, crude fiber content in green bean was correlated negatively with yield, pod dry matter, total proteins (p < 0.01), leaf total chlorophyll, ascorbic acid, and total sugars (p < 0.05).





4. Discussion


Water shortages are a growing problem in many parts of the world, including Egypt, due to the lack of water resources and climatic variations [57]. One strategy to overcome water scarcity is to modify the soil with different amendments, especially in sandy soil conditions [58]. The application of SAP to green bean plants under a water deficit have positive effects on plant growth, productivity, and pod quality parameters. The results showed that decreasing the irrigation rate to 50% WR led to significant decreases in specific leaf area, leaf fresh weight, pod number, pod fresh weight per plant, and yield. These findings may indicate that irrigation with 50% WR led to increased moisture tension in the surrounding root zone, resulting in inadequate soil moisture and nutrients during the plants’ growth periods. Hence, green bean yield is most significantly impacted by water stress during the vegetative growth stage and before pod establishment. These declines could be linked to the water deficit stress because stomatal closure reduced CO2 uptake and, consequently, photosynthesis [59,60]. This decline in photosynthesis slowed plant development, and decreased production of dry matter, assimilation, and dry matter partitioning [12,61,62]. Therefore, the reductions in pods yield under water deficiency (Figure 3) are in agreement with the decreases in total chlorophyll content (Figure 2) and plant growth characteristics (Figure 1). Another point of view suggests that the declines in growth characteristics may be related to the detrimental impacts of water deficit stress on cell division, cell enlargement, and cell differentiation processes, which adversely affect plant growth, pod features, and quality [63,64].



On the other hand, our results indicated that SAP applications had positive effects on the tested characteristics of water-stressed green bean plants at 50% WR and 75% WR. In addition, applying 3 g/plant of SAP under 75% WR resulted in the highest values of leaf fresh weight, pod number, and pod fresh weight per plant. These improvements in growth characteristics following the application SAP may be due to a rise in the moisture content in the soil around the activity root zone, via an improvement in the soil structure conditions and soil water-holding capacity [28,29,65]. This may have resulted in an increase in the period required to reach the permanent wilting point [66,67], which led to an increase in the available moisture amount in the root zone, thereby removing the stress and allowing the plants to continue growing in a favorable environment [28,68]. SAP has the potential to provide a controlled release of carrier fertilizer and act as a water-conserving agent [69]. In the current study, adding SAP somewhat mitigated the reduced green bean development in plants grown in water-stressed conditions.



The increase in green bean pod yield following the addition of 3 g SAP is attributable to its positive effects on the physical growth parameters (Figure 1), chlorophyll content (Figure 2), and physical characteristics of the pods (Figure 3), which was brought on by an improvement in the soil’s ability to hold water and retain nutrients. Yield showed positive relationships, having the highest correlation rates with pod weight, pod number, pod dry matter content, total carotenoid content, leaf fresh weight, leaf dry matter, specific leaf area, and leaf total chlorophyll; Figure 9. This is due to the fact that most of these characteristics directly affect the quantity of the yield, as they are either some of the yield’s components, or they are among the characteristics that affect the growth of the plant and its vital processes, such as photosynthesis.



The changes happening in the chemical components indicated that leaf total chlorophyll, pod total chlorophyll, pod total carotenoids, dry matter, and total protein contents were decreased as the amount of water decreased from 75% to 50% WR. The decreases in chlorophyll content under water deficit stress are considered to be a typical indicator of oxidative stress and may be caused by chlorophyll breakdown and pigment photo-oxidation [70,71,72]. The decrease in chlorophyll content is paralleled by declines in plant growth indicators (Figure 1). As a result, a plant’s ability to absorb sunlight and photosynthesis is compromised, which lowers dry matter content and total protein [73]. However, the combination of irrigation water rates and SAP amounts showed that the addition of 3 g/plant of SAP under 75% WR led to increases in leaf total chlorophyll, pod total chlorophyll, total carotenoid, dry matter, and total protein contents. The results suggested that using SAP under water stress conditions to maintain photosynthetic pigment content has a good impact. One of the most crucial uses of SAP in agriculture is to gradually add water to the plant, which has a favorable effect by reducing water stress, thereby increasing plant growth under stress [74,75]. Utilizing SAP has a beneficial impact on the chlorophyll content. The following mechanisms are provided as explanations: first, the roots absorbed water stored by the polymer when there was a water shortage; second, adding SAP considerably affects plant development and biomass accumulation by increasing the rate of CO2 absorption and the effectiveness of water utilization in plants grown in a water-stressed environment [76,77].



The results of the current investigation demonstrated that plants subjected to irrigation water rates of 50% WR had leaf proline contents that were significantly greater than those of the irrigation treatments at 75% WR and the control. Under drought conditions, the accumulation may be caused by increased proline biosynthesis enzyme activity or decreased proline degradation enzyme activity [78,79]. Here, the scientific evidence shows that proline accumulation is one of the crucial factors in maintaining the osmotic balance of the cell cytoplasm and preventing oxidative damage to the plant [78,80,81,82]. The findings also demonstrated that applying SAP at a rate of 3 g/plant reduced proline buildup in plant leaves at 75% WR. It was shown that SAP might be able to shield green bean plants from the effects of water stress and prevent them from suffering serious consequences [83]. These results indicated that application of SAP mitigates stress and creates suitable conditions for plant growth.



The findings of the pod chemical parameter investigations indicated that the irrigation rate at 50% WR produced the best results in terms of the levels of TSS, ascorbic acid, and total sugars (Figure 5). This can be attributed to water shortages causing the plant to regulate some metabolic activity by breaking down polysaccharides into simple sugars. This increases the amount of TSS and the rate at which organic acids (such as malic, citric, and ascorbic acids) are transformed, which is crucial for osmotic adjustment in plants [84].



It is noteworthy that the highest value in TSS content was observed with the SAP application at 1 g/plant with the low water irrigation treatment of 50% WR. This was attributed to enhanced metabolic activities, which resulted in the synthesis of large amounts of acids, metabolites, and glucose. These created reserves helped the original formation of TSS.



From the results of the current investigation, it was observed that applying 1 g/plant SAP under 75% WR resulted in increasing the ascorbic acid and total sugar contents in the pod, and these increases may be attributed to a reduction in the ascorbic acid oxidase enzyme in the plants as a result of the application of SAP, which provides the plant with sufficient amounts of water and nutrients under water deficit conditions [83].



With regard to pod crude fiber content, the results showed that it increased with decreasing rates of irrigation. SAP application at 2 and 3 g/ plant in soil at 75% WR gave the lowest significant value of pod crude fiber content. This is due to the features of water and nutrient retention of SAP, which generate favorable circumstances for improving crude fiber content under water deficiency [74,75,76].



Determination of water fractions or, as they are also called, water forms, was carried out via the refractometric method, under the action of a hypertonic 30–40% sucrose solution according to the principle proposed by Chmeleva and Kucher [53]. Determinations were carried out at 20 °C. Using this method, the free water content was found, and the bound water content was determined as the difference between total and free water. Regarding the water relations, the result indicated that water-stressed green bean plants at 75% WR and 50% WR had a lower free water content and higher bound water than the non-stressed plants of the control. These findings may be primarily attributable to an elevation in cell sap content and osmotic pressure as a result of the breakdown of polysaccharides into monosaccharaides [85,86]. SAP applications significantly affected leaf free and bound water contents under the water shortage conditions of 75% WR and 50% WR when the increase in free water and the decrease in content occurred with the addition of SAP. The water retention abilities of SAP may be responsible for these important consequences. The improved plant growth in plants treated with SAP may be related to the improvement in the water status of green bean plants. In this regard, the rise in free water and the decline in the content of bound water (Figure 7) correlated with the rise in the plant growth parameters of the plants cultivated in soils amended with SAP (Figure 1). Additionally, our findings demonstrated that the water saturation deficit under a water deficit at 50% WR increased dramatically in comparison to that at 100% WR as a control. This effect may be the result of diminished water and nutrient uptake and translocation caused by a water shortage. Therefore, the water saturation deficit is a crucial characteristic to consider when assessing the water status of plants [8].




5. Conclusions


The results of the present study showed that the addition of SAP resulted in significant improvements in various characteristics under water deficit conditions of 50% and 75% of the water requirement (WR). In general, it was found that the application of SAP at 3 g/plant mitigated the negative effects of water stress on the development and production of green bean plants. The beneficial effect of super-absorbent polymer under water stress was correlated with high leaf chlorophyll content, the enhancement in plant water status, and the decrease in leaf proline content. In turn, this improved plant growth parameters and pod quality, and yielded the highest productivity. Relative increases were 17.4% and 10.1% in the two seasons studied, in addition to savings of 50% or 25% of the amount of irrigation water.
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Figure 1. Effect of the combinations of rates of water requirement (WR) and amounts of super-absorbent polymer (SAP) on fresh leaf weight and specific leaf area in green bean plants during 2021 and 2022 seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation. 
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Figure 2. Effect of the combinations of rates of water requirement (WR) and amounts of super-absorbent polymer (SAP) on leaf dry matter (g), and total chlorophyll and proline contents (mg/g fresh weight) in green bean plants during 2021 and 2022 seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation. 






Figure 2. Effect of the combinations of rates of water requirement (WR) and amounts of super-absorbent polymer (SAP) on leaf dry matter (g), and total chlorophyll and proline contents (mg/g fresh weight) in green bean plants during 2021 and 2022 seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation.
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Figure 3. Effect of the combinations of rates of water requirement (WR) and amounts of super-absorbent polymer (SAP) on pod number and pod fresh weight per plant (g/Plant) in green bean plants during 2021 and 2022 seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation. 
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[image: Agronomy 14 01146 g003a][image: Agronomy 14 01146 g003b]







[image: Agronomy 14 01146 g004a][image: Agronomy 14 01146 g004b] 





Figure 4. Effect of the combinations of rates of water requirement (WR) and amounts of super-absorbent polymer (SAP) on pod total chlorophyll (mg/g fresh weight) and carotenoid contents (mg/g fresh weight) in green bean plants during 2021 and 2022 seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation. 






Figure 4. Effect of the combinations of rates of water requirement (WR) and amounts of super-absorbent polymer (SAP) on pod total chlorophyll (mg/g fresh weight) and carotenoid contents (mg/g fresh weight) in green bean plants during 2021 and 2022 seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation.
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Figure 5. Effect of the combinations of rates of water requirement (WR) and amounts of super-absorbent polymer (SAP) on ascorbic acid (mg/100 g fresh weight), and total contents of sugars and total soluble solids in green bean plants during 2021 and 2022 seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation. 






Figure 5. Effect of the combinations of rates of water requirement (WR) and amounts of super-absorbent polymer (SAP) on ascorbic acid (mg/100 g fresh weight), and total contents of sugars and total soluble solids in green bean plants during 2021 and 2022 seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation.
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Figure 6. Effect of the combinations of rates of water requirement (WR) and amounts of super-absorbent polymer (SAP) on pod dry matter proteins and crude fibers in green bean plants during 2021 and 2022 seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation. 
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Figure 7. Effect of the combinations of rates of water requirements (WR) and amounts of super-absorbent polymer (SAP) on yield green bean and the relative yield change in green bean plants during 2021 and 2022 seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation. 






Figure 7. Effect of the combinations of rates of water requirements (WR) and amounts of super-absorbent polymer (SAP) on yield green bean and the relative yield change in green bean plants during 2021 and 2022 seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation.
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Figure 8. Effect of the combinations of rates of water requirements (WR) and amounts of super-absorbent polymer (SAP) on water saturation deficit (WSD), and free and bound water in green bean plants during 2021 (A) and 2022 (B) seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation. 






Figure 8. Effect of the combinations of rates of water requirements (WR) and amounts of super-absorbent polymer (SAP) on water saturation deficit (WSD), and free and bound water in green bean plants during 2021 (A) and 2022 (B) seasons. Different letters indicate significant differences between values at p ≤ 0.05 according to Duncan’s multiple range test. Bar represents the standard deviation.
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Figure 9. Pearson’s analysis of correlations (*, ** p ≤ 0.05 and 0.01) between the parameters of green bean plants, such as leaf fresh weight (LFW), specific leaf area (SLA), leaf dry matter (LDM), total chlorophyll (Tchl), proline contents, pod number (PN), pod weight (PW), pod chlorophyll (Pchl), carotene (p car), ascorbic acid (ASA), total sugars (T sugars), total soluble solids (TSS), pod dry matter (PDM), proteins, crude fiber, yield, relative increase in yield, water saturation deficit (WSD), free water (F water), and bound water (B water). 
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Table 1. Seasonal irrigation quantities under different rates of water requirement for the Bronco cultivar under experimental conditions during 2021 and 2022 seasons.






Table 1. Seasonal irrigation quantities under different rates of water requirement for the Bronco cultivar under experimental conditions during 2021 and 2022 seasons.





	
Seasonal Irrigation Quantities

	
2021

	
2022






	
Etc (m3/ha)

	
100%

	
75%

	
50%

	
100%

	
75%

	
50%




	
3429

	
2571

	
1714

	
3500

	
2626

	
1750











 





Table 2. Treatments of different irrigation rates and applications of super-absorbent polymer.






Table 2. Treatments of different irrigation rates and applications of super-absorbent polymer.





	
Treatments

	
Description




	

	
Water Requirement

(WR)

	
Super-Absorbent Polymer

(SAP)






	
Control

	
100%

	
-




	
75% W R

	
75%

	
-




	
50% W R

	
50%

	
-




	
75% W R + SAP1

	
75%

	
1 g/plant




	
75% W R + SAP2

	
75%

	
2 g/plant




	
75% W R + SAP3

	
75%

	
3 g/plant




	
50% W R + SAP1

	
50%

	
1 g/plant




	
50% W R + SAP2

	
50%

	
2 g/plant




	
50% W R + SAP3

	
50%

	
3 g/plant











 





Table 3. Physical and chemical properties of the experimental soil.






Table 3. Physical and chemical properties of the experimental soil.





	
Coarse sand%

	
Fine sand%

	
Silt%

	
Clay%

	
Soil texture

	
FC (%)

	
PWP (%)




	
18.00

	
40.40

	
23.37

	
18.23

	
Sandy loam

	
15

	
6




	
E.C

(dSm−1)

	
pH

	
N (ppm)

	
P

(ppm)

	
K (ppm)

	
Soluble cation (meq/L)

	
Soluble anions (meq/L)




	
Ca++

	
Mg++

	
Na+

	
K+

	
HCO3−

	
Cl−

	
SO42−




	
3.41

	
8.2

	
39.45

	
17.63

	
304

	
8.03

	
6.85

	
15.8

	
1.1

	
7.88

	
12.4

	
11.5
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