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Abstract

:

Salinity is one of the most devastating abiotic stresses that limit plant growth and yield, especially in arid and semi-arid regions. The objective of this study was to evaluate the effect of foliar application of salicylic acid in mitigating the effects of salt stress on okra cultivation in a hydroponic system. The study was conducted in a greenhouse, consisting of two experiments. A completely randomized design was adopted in a split-plot scheme, with four levels of electrical conductivity of the nutrient solution—EC (2.1; 3.6; 5.1, and 6.6 dS m−1) considered the plots and four salicylic acid concentrations—SA (0, 1.2; 2.4, and 3.6 mM), the subplots, with four replications. The second experiment differed from the first only by the increase in the EC levels (3.0, 5.0, 7.0, and 9.0 dS m−1). An increase in the electrical conductivity of the nutrient solution negatively affected the physiology and production components of okra. However, foliar application of salicylic acid at concentrations between 1.2 and 2.3 mM reduced the harmful effects of salt stress. The salinity threshold for hydroponic cultivation of okra was 2.54 dS m−1, with a reduction of 7.98% per unit increment in EC above this level.
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1. Introduction


The semi-arid region of northeastern Brazil has low rainfall and high evaporation rates, naturally contributing to a water deficit and an increase in salt concentrations of the water sources, which limits crop growth and development [1,2]. Excess salts in water and/or soil compromise crop yield due to the reduction in osmotic and water potentials, which consequently reduces water availability, absorption, and transport of nutrients to the shoot [3].



Salinity alters the metabolic and biochemical activities of plants, negatively affecting their production due to the decrease in stomatal conductance and photosynthesis rate, inhibition of protein synthesis and enzymatic activities, and intensification of chlorophyll degradation [4]. Salt stress can also modify the transport of electrons and alter the activity of photosystem II, which is responsible for oxidizing water molecules in order to produce electrons [5].



Globally, irrigation consumes approximately 70% of fresh water annually, mainly from surface reservoirs, rivers, and groundwater [6]. However, the use of hydroponic systems can reduce water consumption and the environmental impacts caused by irrigation. Hydroponic systems are important technologies for better water use efficiency and increased yield and quality of cultivation, especially of vegetables [7]. In addition, it reduces the effects of salinity on plants due to the absence of the matric potential [8].



Hydroponic systems can be classified as static or dynamic (in terms of circulation of the nutrient solution) and as open or closed (in terms of return of the solution to the reservoir) [9]. The NFT (laminar flow of nutrients) hydroponic system is a closed system with recirculation of the nutrient solution, being the most used in the cultivation of fast-growing vegetables [10,11], such as okra.



Given the growing need to use saline water, studies that enable its use have become important. In addition, substances that can be employed to reduce the deleterious effects of salinity, such as salicylic acid (SA), have emerged as a promising alternative for the utilization of these water sources [12].



Salicylic acid is a phenolic compound that plays an important role in the signaling of biotic and abiotic stresses [13,14]. Under conditions of salt stress, SA acts in several physiological and biochemical processes, contributing to the increase of photosynthetic activity, through improvements in antioxidant and metabolic defense, avoiding lipid peroxidation caused by reactive oxygen species (ROS) [15]. Salicylic acid (varying from 0 to 3.6 mM) is also involved in plant growth and physiological processes such as stomatal opening and closure, ion absorption, photosynthesis, and transpiration [16].



In recent years, studies have reported that foliar application of salicylic acid can mitigate the harmful effects caused by salt stress on several vegetables, such as bell pepper [17], tomato [18], eggplant [19], melon [20], coriander [21], and basil [22]. Okra (Abelmoschus esculentus L.) is an annual vegetable belonging to the Malvaceae family, native to Africa [23]. Okra is an important vegetable in the human diet, being a source of carbohydrates, proteins, fats, minerals, and vitamins [24]. Its cultivation is common in the semi-arid region of northeastern Brazil because it is a rustic crop and tolerant to high temperatures [25], being a good income alternative for farmers.



This study is based on the hypothesis that foliar application of salicylic acid induces salt tolerance in okra cultivated in a hydroponic system by reducing cell membrane damage and stomatal regulation, increasing photosynthetic activity, which will reflect in the production and productivity gains of okra. In this context, the objective of this study was to evaluate the effect of foliar application of salicylic acid concentrations in mitigating the effects of salt stress on okra cultivation in an NFT (Nutrient Film Technique) hydroponic system.




2. Materials and Methods


2.1. Location of the Experiment


The study consisted of two experiments: the first was conducted during the period from October to December 2021 (season of higher temperatures), and the second between January and March 2022 (season of relatively milder temperatures) in a greenhouse belonging to the Center for Sciences and Agrifood Technology (CCTA) of the Federal University of Campina Grande (UFCG), in Pombal, Paraíba, Brazil, located at the geographic coordinates 6°46′13″ S, 37°48′6″ W and average altitude of 184 m. The data of temperature (maximum and minimum) and average relative air humidity of the experiment site are presented in Figure 1.




2.2. Treatments and Experimental Design


2.2.1. Experiment I


A completely randomized design was adopted in a split-plot scheme, with four levels of electrical conductivity of the nutrient solution—EC (2.1—control, 3.6, 5.1, and 6.6 dS m−1) considered the plots and four salicylic acid concentrations—SA (0—control, 1.2, 2.4, and 3.6 mM), the subplots, with four replications and two plants per plot. Salicylic acid concentrations were applied by foliar spraying.




2.2.2. Experiment II


The second experiment differed from the first only by the increase in EC levels (3.0–control, 5.0, 7.0, and 9.0 dS m−1). The concentrations of salicylic acid used here were based on a study conducted with melon [20], while the salinity levels of the nutrient solution were adapted from the study conducted by [23] with okra cv. ‘Santa Cruz’.





2.3. Description of the Experiments


The hydroponic system used was Nutrient Film Technique—NFT type, made with polyvinyl chloride (PVC) pipes 100 mm in diameter and six meters long, spaced 0.40 m apart. In the channels, the spacing was 0.50 m between plants and 1.0 m between treatments (subsystems), and the planting cells had a diameter of 54.17 mm. The channels were supported on sawhorses with 0.60 m height and a 4% slope for the nutrient solution to flow. At the lowest point of each bench of the hydroponic system, a 150 L polyethylene reservoir was positioned to collect and conduct the nutrient solution back to the channels. The nutrient solution was injected into the cultivation channels by a 35 W-pump with a flow rate of 3 L min−1. The circulation of the nutrient solution was programmed with a timer, with an intermittent flow of 15 min every hour during the day and every 30 min at night.



The nutrient solution was prepared according to the recommendation of Hoagland [26], using local-supply water with electrical conductivity of 0.3 dS m−1, resulting in the lowest level (control) of EC (2.1 dS m−1). The electrical conductivity levels of the nutrient solution were verified using a benchtop conductivity meter (MB11, MS Techonopon®, Piracicaba, Brazil). The chemical composition and quantity of fertilizers used in the preparation of the nutrient solution are shown in Table 1.



Seeds of the hybrid okra ‘Canindé’ from Isla® (Porto Alegre, Brazil) were used in this study. This cultivar has a cycle of approximately 80 days, plants of tall stature, and is highly productive, with excellent adaptability in different regions. The fruits have five ridges and excellent postharvest quality, with lengths between 10 and 15 cm and diameters ranging from 18 to 20 mm. In addition, ‘Canindé’ okra is resistant to the Yellow Vein Mosaic Virus (YVMV) [27].



Sowing was carried out in 50 mL polyethylene containers containing vegetable sponges of plants of genera Luffa (Luffa aegytiaca), arranged in trays. Before sowing, the sponges were sanitized using 2.5% sodium hypochlorite, washed, and dried outdoors. Until the emergence of the first true leaves (on average, ten days after sowing), a half-strength nutrient solution was used. After the emergence of the first true leaves, the vegetable sponge was removed, the seedlings were inserted in the hydroponic profiles, and nutrient solution with full strength began to be used.



The saline solutions used in the cultivation were obtained by adding sodium (NaCl), calcium (CaCl2.2H2O), and magnesium chloride (MgCl2.6H2O) salts to the nutrient solution prepared in water from the supply system of the municipality of Pombal, Paraíba, Brazil, maintaining an equivalent proportion of 7:2:1, respectively. This is the proportion of Na, Ca, and Mg commonly found in the waters used for irrigation in the semi-arid region of northeastern Brazil [28].



The complete replacement of the nutrient solution occurred every eight days; however, electrical conductivity and pH were monitored daily, and whenever necessary, the solution was adjusted by adding either local-supply water with EC of 0.3 dS m−1 or nutrient solution as needed, always maintaining the EC according to the established treatments. The pH was maintained between 5.5 and 6.5 by adding 0.1 M KOH or HCl. Plants were cultivated using vertical support with nylon strings (Figure 2).



Salicylic acid concentrations were obtained by dissolution in 30% ethyl alcohol, prepared before each application event. The first application was performed 48 h after transplanting the seedlings and 72 h before the saline nutrient solution was applied, between 17:00 and 18:00 h; the other applications were performed at intervals of 10 days, until the beginning of the flowering stage, spraying the abaxial and adaxial sides of the leaves, fully wetting the leaf blades using a sprayer. During SA spraying, a plastic tarpaulin structure was used to avoid drifting onto neighboring plants.




2.4. Variables Analyzed


At 60 days after transplanting (DAT), the relative water content, percentage of intercellular electrolyte leakage, leaf gas exchange, and chlorophyll a fluorescence were evaluated. Subsequently, harvest was carried out, and the following production components were obtained: number of fruits per plant, average fruit weight, yield, fruit length, and fruit diameter.



Relative water content (RWC) was determined using the methodology described by [29], while the percentage of intercellular electrolyte leakage (% IEL) was determined using the methodology of [30].



Leaf gas exchanges, represented by stomatal conductance (gs, mol H2O m−2 s−1), transpiration (E, mmol H2O m−2 s−1), CO2 assimilation rate (A, µmol CO2 m−2 s−1), internal CO2 concentration (Ci, µmol CO2 m−2 s−1), instantaneous water use efficiency (WUEi, [(µmol m−2 s−1) (mol H2O m−2 s−1)−1]) (A/E), and instantaneous carboxylation efficiency (CEi, [(µmol m−2 s−1) (µmol mol−1)−1]) (A/Ci), were measured on the third leaf, counted from the apex of the main branch of the plant, using irradiation of 1200 μmol photons m−2 s−1 and airflow of 200 mL min−1, with the portable photosynthesis meter LCPro+ from ADC BioScientific Ltd.a (Hoddesdon, England). Leaf gas exchange measurements were performed between 08:00 and 10:00 h under ambient conditions of temperature and CO2 concentration.



Chlorophyll fluorescence was evaluated on the third leaf, counted from the apex of the main branch of the plant, at 08:00 h, using an OS5p pulse-modulated fluorimeter from Opti Science, adopting the Fv/Fm protocol to determine the variables: initial fluorescence (F0), maximum fluorescence (Fm), variable fluorescence (Fv = Fm − F0) and quantum efficiency of photosystem II (Fv/Fm). This protocol was performed after adaptation of the leaves to the dark for a period of 30 min, using a clip of the device, in order to ensure that all acceptors were oxidized, i.e., with the reaction centers open [31]. Subsequently, the evaluations were carried out under light conditions, using an actinic illumination source with multi-flash saturating pulse coupled to a clip to determine the initial fluorescence before the saturating pulse (Fs), maximum fluorescence after adaptation to saturating light (Fms), electron transport rate (ETR), and the quantum efficiency of photosystem II (YII).



Okra fruits were harvested when they reached the harvest point, which occurred 4 to 5 days after anthesis. At the harvest, fruits were between 10 and 15 cm in length [32]. In all, five harvests were performed at two-day intervals. The fruits were weighed on a scale with a resolution of 0.01 g. The number of fruits per plant, average fruit weight (g), yield (t ha−1), average fruit length (cm), and average fruit diameter (mm) were evaluated. The yield was obtained by multiplying the total production per plant (kg per plant) by the number of plants per hectare (considering a planting density of 20,000 plants).




2.5. Salinity Tolerance


The data of total production per plant in both experiments were used to determine the level of tolerance of hydroponic okra plants to salt stress, based on relative yield, using the plateau followed by the linear decrease model proposed by [33]. The model parameters were fitted by minimizing the square of errors with the Microsoft Excel Solver tool, as reported by [34]. Plants were classified according to the level of tolerance, adopting the criterion of reduction in relative yield [35], with four classification levels: T (tolerant; a decrease of 0–20%), MT (moderately tolerant; a decrease of 20–40%), MS (moderately sensitive; a decrease of 40–60%) and S (sensitive; a decrease > 60%). The percentage of loss was based on the total production per plant at a given salinity level, compared to the condition of the lowest EC (2.1 dS m−1).




2.6. Statistical Analysis


The collected data were subjected to the distribution normality test (Shapiro–Wilk test) at 0.05 probability level. Subsequently, analysis of variance was performed at a 0.05 probability level, and in the cases of significance, regression analysis was performed using the statistical program SISVAR-ESAL [36]. The choice of model was based on the coefficient of determination. In the case of the significance of the interaction between factors, TableCurve 3D v4.0 software was used to create the response surfaces.





3. Results


3.1. Experiment I


The interaction between the electrical conductivity of the nutrient solution and the concentrations of salicylic acid (EC × SA) did not significantly influence the relative water content and the percentage of intercellular electrolyte leakage. The electrical conductivity of the nutrient solution significantly affected (p ≤ 0.01) only the relative water content, i.e., no significant effect on leakage of electrolytes in the leaf blade was observed in plants cultivated with EC of up to 6.6 dS m−1.



The increase in the electrical conductivity of the nutrient solution reduced the relative water content of okra plants (Figure 3) by a 1.98% per unit increase in EC. When comparing the relative water content of plants cultivated with EC of 6.6 dS m−1 to the relative water content of those subjected to EC of 2.1 dS m−1, the reduction was 9.3%.



All variables of leaf gas exchange were significantly influenced (p ≤ 0.01) by the interaction between the electrical conductivity of the nutrient solution and the concentration of salicylic acid (EC × SA); the saline nutrient solution isolated also affected all variables except internal CO2 concentration and stomatal conductance while no variables were influenced by the application of salicylic acid.



The increase in the electrical conductivity of the nutrient solution increased the internal CO2 concentration, regardless of the salicylic acid concentration (Figure 4A). It was also verified that the application of salicylic acid up to 1.9 mM increased internal CO2 concentration, whose highest value (172.73 μmol CO2 m−2 s−1) was obtained in plants grown under EC of 6.6 dS m−1 and sprayed with SA at the concentration of 1.9 mM, corresponding to an increase of 8.0% (12.84 μmol CO2 m−2 s−1) compared to plants irrigated with the same EC (6.6 dS m−1) and without application of SA (0 mM).



Foliar application of salicylic acid with concentrations up to 1.4 mM promoted an increase in stomatal conductance (Figure 4B), even when plants were irrigated with the highest salinity level (6.6 dS m−1). The highest value of stomatal conductance (0.405 mol H2O m−2 s−1) was obtained in plants irrigated with EC of 3.0 dS m−1 and sprayed with SA at the concentration of 1.4 mM, corresponding to an increase of 4.65% (0.018 mol H2O m−2 s−1) compared to plants irrigated with the same salinity level (3.0 dS m−1) and without application of SA (0 mM). However, foliar application of SA at concentrations greater than 1.4 mM intensified the harmful effects of salt stress on stomatal conductance, with the lowest value of stomatal conductance (0.329 mol H2O m−2 s−1) in plants irrigated with EC of 6.6 dS m−1 and sprayed with SA at the concentration of 3.6 mM.



The transpiration of okra plants was reduced by the increase in the electrical conductivity of the nutrient solution at all concentrations of salicylic acid (Figure 5A). It was also verified that the increase in SA concentrations above 2.3 mM reduced transpiration, and the lowest value of transpiration (4.65 mmol H2O m−2 s−1) was recorded in plants grown under EC of 6.6 dS m−1 and sprayed with SA at the concentration of 3.6 mM, while the highest value of transpiration (5.69 mmol H2O m−2 s−1) was obtained in plants subjected to EC of 2.1 dS m−1 and sprayed with SA at 2.3 mM.



The CO2 assimilation rate (Figure 5B) and the instantaneous water use efficiency (Figure 5D) increased with the application of salicylic acid up to the concentration of 1.6 mM, regardless of EC; however, the highest values of CO2 assimilation rate (39.48 μmol CO2 m−2 s−1) and instantaneous water use efficiency (7.16 [(μmol m−2 s−1) (mol H2O m−2 s−1)−1]) were observed in plants grown under EC of 2.3 dS m−1 and sprayed with SA at a concentration of 1.6 mM, corresponding to increases of 4.34% in CO2 assimilation rate and 5.81% in instantaneous water use efficiency compared to plants subjected to the same level of EC (2.3 dS m−1) and without application of SA (0 mM).



Nutrient solution with electrical conductivity above 3.1 dS m−1 negatively affected the instantaneous carboxylation efficiency at all salicylic acid concentrations (Figure 5C). However, salicylic acid at the concentration of 1.2 mM increases instantaneous carboxylation efficiency, especially in plants cultivated with EC up to 3.1 dS m−1, recording the highest value of 0.307 [(μmol m−2 s−1) (μmol mol−1]−1)].



The treatments alone or through interaction (EC × SA) did not significantly influence the initial fluorescence, maximum fluorescence, variable fluorescence, the quantum efficiency of photosystem II, initial fluorescence before the saturating pulse, and maximum fluorescence after adaptation to saturating light. The quantum efficiency of photosystem II and the electron transport rate of okra were significantly affected (p ≤ 0.05) by the electrical conductivity of the nutrient solution.



The quantum efficiency of photosystem II of okra plants was reduced by the increase in the electrical conductivity of the nutrient solution above 2.63 dS m−1 (Figure 6A). When comparing the plants subjected to EC of 6.6 dS m−1 to those cultivated with EC of 2.63 dS m−1, there was a reduction of 20.1% (0.123). On the other hand, the electron transport rate (Figure 6B) was reduced only when plants were subjected to EC above 3.85 dS m−1, with the lowest value of electron transport rate (36.27) recorded in plants cultivated under EC of 6.6 dS m−1. On the other hand, plants grown with an estimated EC of 3.85 dS m−1 showed an increase of 7.93% compared to those subjected to an EC of 2.1 dS m−1.



There was a significant interaction (p ≤ 0.01) between the electrical conductivity of the nutrient solution and salicylic acid concentrations only for yield. On the other hand, the electrical conductivities of the nutrient solution significantly influenced all variables of the production components analyzed. Salicylic acid concentrations significantly affected (p ≤ 0.05) the average weight of okra fruit.



The increase in the electrical conductivity of the nutrient solution caused reductions in the number of fruits per plant and in the average fruit weight (Figure 7A,B), equal to 4.08% and 3.82% per unit increment in EC, respectively, i.e., okra plants grown under an EC of 6.6 had reductions of 20.0% (4.97 fruits per plant) in number of fruits per plant and 18.67% (4.03 g per fruit) in average fruit weight when compared to plants subjected to an EC of 2.1 dS m−1.



Salicylic acid concentrations increased average fruit weight (Figure 7C), with an increase of 4.66% per unit increment of SA concentration. When comparing the average fruit weight of the plants sprayed with a concentration of 3.6 mM of SA to those cultivated under SA of 0 mM, an increase of 16.76% (3.20 g) was noted.



Analysis of the interaction between the factors studied (EC × SA) on the yield of okra (Figure 7D) showed that plants cultivated with EC of 2.1 dS m−1 and sprayed with SA at the concentration of 1.4 mM stood out with the highest value of yield (9.82 t ha−1), representing an increase of 4.16% (0.39 t ha−1) compared to plants subjected to the same EC (2.1 dS m−1) and without application of salicylic acid (0 mM). However, the increase in EC reduced yield and its lowest value (6.82 t ha−1) was obtained in plants grown under EC of 6.6 dS m−1 and without the application of salicylic acid (0 mM).



The salinity of the nutrient solution negatively affected the length and diameter of okra fruits (Figure 8), with reductions of 1.96% in average fruit length and 1.21% in average fruit diameter per unit increase in EC. When comparing the average fruit length and average fruit diameter of plants cultivated with EC of 6.6 dS m−1 to the values of those subjected to EC of 2.1 dS m−1, reductions of 9.22% (1.40 cm) and 5.59% (1.05 mm) were observed in average fruit length and average fruit diameter, respectively.




3.2. Experiment II


The interaction between the electrical conductivity of the nutrient solution and the concentrations of salicylic acid (EC × SA) significantly influenced (p ≤ 0.01) the relative water content and the percentage of intercellular electrolyte leakage of okra.



Foliar application of salicylic acid at the estimated concentration of 0.8 mM promoted an increase in relative water content (Figure 9A), with the highest value (88.8%) obtained in plants cultivated with EC of 3.0 dS m−1. However, it is worth pointing out that the increase in EC reduced relative water content at all concentrations of SA, and the lowest value of relative water content (65.22%) was obtained in plants grown under EC of 9.0 dS m−1 and without application of SA (0 mM).



The percentage of intercellular electrolyte leakage in the leaf blade (Figure 9B) was reduced by the application of SA up to a concentration of 1.5 mM, regardless of the EC level. The lowest value of the percentage of intercellular electrolyte leakage (9.43%) was recorded in plants subjected to EC of 3.0 dS m−1 and sprayed with SA at the concentration of 1.5 mM. Okra plants subjected to the highest level of EC (9.0 dS m−1) and sprayed with SA at the concentration of 1.5 mM showed a reduction of 14.3% in the percentage of intercellular electrolyte leakage compared to those cultivated with the same EC and without application of SA (0 mM), demonstrating the beneficial effect of salicylic acid on the acclimatization of plants to salt stress.



There was a significant effect of the interaction between the electrical conductivity of the nutrient solution and the concentrations of salicylic acid (EC × SA) on all leaf gas exchange variables, except for stomatal conductance and instantaneous water use efficiency. However, stomatal conductance and instantaneous water use efficiency were significantly influenced (p ≤ 0.01) by the levels of electrical conductivity of the nutrient solution. On the other hand, the concentrations of salicylic acid alone had significant effects on stomatal conductance and transpiration.



As observed in Experiment I, the increase in the electrical conductivity of the nutrient solution increased the internal CO2 concentration (Figure 10) at all salicylic acid concentrations. Okra plants grown under an EC of 9.0 dS m−1 and sprayed with SA at the concentration of 3.6 mM had higher internal CO2 concentration values (127.6 µmol CO2 m−2 s−1).



Stomatal conductance was negatively affected by the increase in EC (Figure 11A). When comparing plants grown under an EC of 9.0 dS m−1 to those subjected to 3.0 dS m−1, there was a reduction of 39.45% (0.209 mol H2O m−2 s−1). Foliar spraying of salicylic acid up to the estimated concentration of 2.17 mM increased stomatal conductance (Figure 11B). Plants subjected to an SA concentration of 2.17 mM stood out with the highest stomatal conductance (0.420 mol H2O m−2 s−1), corresponding to an increase of 11.4% (0.043 mol H2O m−2 s−1), compared to plants that did not receive SA (0 mM).



Foliar application of salicylic acid up to the concentration of 1.5 mM promoted increments in the transpiration (Figure 12A) and CO2 assimilation rate (Figure 12B) of okra plants at all levels of EC. However, the highest values of transpiration (6.55 mmol H2O m−2 s−1) and CO2 assimilation rate (45.58 μmol CO2 m−2 s−1) were obtained in plants cultivated with EC (3.0 dS m−1) and sprayed with SA at the concentration of 1.5 mM. On the other hand, plants grown under EC of 9.0 dS m−1 and without the application of salicylic acid (0 mM) had the lowest values of transpiration (4.24 mmol H2O m−2 s−1) and CO2 assimilation rate (35.34 μmol CO2 m−2 s−1).



The instantaneous carboxylation efficiency was favored by the application of salicylic acid up to the concentration of 2.0 mM (Figure 12C). Plants sprayed with a concentration of 2.0 mM of SA and subjected to an EC of 3.0 dS m−1 stood out with the highest instantaneous carboxylation efficiency (0.882 [(μmol m−2 s−1) (μmol mol−1]−1), corresponding to an increase of 23.9% compared to plants grown under the same level of EC (3.0 dS m−1) and without the application of SA (0 mM), showing the positive effect of SA up to the concentration of 2.0 mM.



The increase in the electrical conductivity of the nutrient solution reduced the instantaneous water use efficiency of okra (Figure 13) by 5.23% per unit increment in EC, i.e., plants cultivated with an EC of 9.0 dS m−1 showed a reduction of 37.45% (3.73 [(μmol m−2 s−1) (μmol mol−1)−1]) compared to those subjected to 3.0 dS m−1.



According to the summary of the analysis of variance, the interaction between the electrical conductivity of the nutrient solution and the concentrations of salicylic acid (EC × SA) significantly affected the initial fluorescence, maximum fluorescence, variable fluorescence, and quantum efficiency of photosystem II of okra plants 60 days after transplanting. The variables of initial fluorescence before the saturating pulse, the quantum efficiency of photosystem II, and the electron transport rate were significantly affected by the electrical conductivity of the nutrient solution 60 days after transplanting.



When analyzing the effect of the interaction between the electrical conductivity of the nutrient solution and the concentrations of salicylic acid on the initial fluorescence of okra plants (Figure 14A), it was verified that the increase in EC promoted an increase in initial fluorescence at all concentrations of salicylic acid. This increase is intensified when SA concentrations above 1.5 mM are used, and the highest value of initial fluorescence (359.51) was observed in plants irrigated with EC 9.0 dS m−1 and sprayed with SA at the concentration of 3.6 mM.



Unlike the result observed for F0 (Figure 14A), the maximum fluorescence (Figure 14B) and variable fluorescence (Figure 14C) were reduced by the increase in the electrical conductivity of the nutrient solution. However, foliar application of SA at the concentration of 3.6 mM promoted increments in maximum fluorescence and variable fluorescence in plants grown under an EC of 3.0 dS m−1, which had the highest values of maximum fluorescence (1574.79) and variable fluorescence (1252.33). In turn, the quantum efficiency of photosystem II in the dark phase (Figure 14D) increased with foliar application of SA at the concentration of 1.2 mM in plants cultivated with an EC of up to 3.6 dS m−1, with the highest value of quantum efficiency of photosystem II (0.787) obtained under an EC of 3.0 dS m−1 (Figure 14D).



For the initial fluorescence before the saturating pulse (Fs) (Figure 15A), the increase in EC promoted an increment of 10.03% in plants cultivated with an EC of 9.0 dS m−1 compared to those exposed to 3.0 dS m−1. On the other hand, the quantum efficiency of photosystem II in the light phase (Figure 15B) was reduced when nutrient solutions with estimated electrical conductivity above 4.9 dS m−1 were used.



The use of nutrient solutions with an electrical conductivity of up to 3.9 dS m−1 did not cause reductions in the electron transport rate of okra plants (Figure 15C), but there were reductions when an EC above this level was used. It was verified that plants grown under an EC of 9.0 dS m−1 reached the lowest value of electron transport rate (34.69), that is, a reduction of 24.59% (11.31) compared to plants subjected to an EC of 3.9 dS m−1.



There was a significant interaction (p ≤ 0.01) between the electrical conductivity of the nutrient solution and the concentrations of salicylic acid only for yield. On the other hand, the electrical conductivities of the nutrient solution significantly influenced (p ≤ 0.01) all variables of production components, while the concentrations of salicylic acid alone did not affect the production components of okra.



The number of fruits per plant (Figure 16A) and the average fruit weight (Figure 16B) were negatively affected by the increase in the electrical conductivity of the nutrient solution, with reductions of 6.91 in number of fruits per plant and 2.38% in the average fruit weight, respectively, per unit increase in EC, that is, okra plants grown under an EC of 9.0 had reductions of 53.35% (13.45 fruits) in the number of fruits per plant and 15.35% (3.29 g per plant) in the average fruit weight when compared to plants subjected to an EC of 3.0 dS m−1.



Foliar application of salicylic acid at the concentration of 1.5 mM associated with an EC of 3.0 dS m−1 promoted the highest value of yield (10.49 t ha−1) in okra plants (Figure 16C), corresponding to an increase of 10.2% (0.97 t ha−1) compared to plants exposed to the same EC (3.0 dS m−1) and without the application of SA (0 mM). The lowest yield value (5.27 t ha−1) was recorded in plants cultivated with an EC of 9.0 dS m−1 and without the application of SA (0 mM).



The increase in the electrical conductivity of the nutrient solution reduced the length and diameter of okra fruits (Figure 17), with reductions of 1.15% in the average fruit diameter per unit increment of EC. When comparing the average fruit length and average fruit diameter of plants cultivated with an EC of 9.0 dS m−1 to those of plants subjected to an EC of 3.0 dS m−1, reductions of 19.1% (2.82 cm) and 7.13% (1.31 mm) were observed, respectively.





4. Discussion


Salinity is one of the main abiotic stresses that affect plant metabolism and limit growth and development, posing serious threats to agriculture and food security [37]. In the present study, it was found that the salinity of the nutrient solution partially compromised the hydroponic cultivation of okra, but the deleterious effects caused by salt stress were reduced by the foliar application of salicylic acid at intermediate concentrations.



Relative water content is an important variable to indicate the water status of plants under different environmental stresses, such as water and salt stresses, because it represents the maximum amount of water that leaves can receive under total turgor [38]. In the present study, it was verified that the increase in salinity of the nutrient solution reduced the relative water content of okra plants (Figure 3 and Figure 7A), and its reduction as a function of salinity may occur due to the osmotic effect, which restricts the absorption of water by plants [39]. Similar results have been reported for different vegetables grown in hydroponic systems, such as melon [20], coriander [21], and tomato [40].



It was found in the first experiment that the use of an EC of up to 6.0 dS m−1 did not significantly affect the percentage of intercellular electrolyte leakage, but with the increase in EC levels used in the second experiment, there was a negative effect of salt stress on percentage of intercellular electrolyte leakage; despite that, the observed data are lower than those reported for other vegetables, such as cherry tomatoes [41] and melon [20].



Plants subjected to salt stress generally produce reactive oxygen species (ROS) such as superoxide radicals, hydroxyl radicals, and hydrogen peroxide [42]. The imbalance between the production and elimination of these ROS can cause photooxidative damage to photosystems and peroxidation of the cell membrane [43], promoting an increase in the percentage of intercellular electrolyte leakage, as observed in the present study (Figure 7B). Nevertheless, this increase did not cause damage to the membrane of okra plants since it is only considered damage when it exceeds 50% of electrolyte leakage [44].



Foliar application of salicylic acid up to the concentration of 1.5 mM was able to reduce the percentage of intercellular electrolyte leakage, even in plants grown under the highest EC level (9.0 dS m−1) (Figure 7B). SA acts in the improvement of the absorption of nutrients, membrane protection, and the increase in photosynthetic activity, besides being able to interact with signaling pathways of ROS and reduce oxidative stress [45,46], consequently reducing the percentage of intercellular electrolyte leakage.



The leaf gas exchange of okra plants was negatively affected by exposure to salt stress. The increase in internal CO2 concentration (Figure 4A and Figure 10) may be related to the reduction in the activity of the ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) enzyme and to the degradation of the photosynthetic apparatus in response to leaf tissue senescence, resulting from the stress caused by the excess salts [47,48].



Stomata are the structures responsible for regulating the gas exchange of plants [49]. Okra plants subjected to the highest level of electrical conductivity of the nutrient solution showed greater stomatal closure (Figure 4B and Figure 11A), which occurs as a mechanism of tolerance to reduce the transpiration rate (Figure 5A and Figure 12A) under salt stress conditions and consequently reduce the absorption of water and nutrients [48,49,50]. However, this reduction in stomatal conductance also reduces the CO2 assimilation rate (Figure 5B and Figure 12B) and the instantaneous carboxylation efficiency (Figure 5C and Figure 12C). Reductions in gas exchange in okra plants caused by salt stress have also been verified in other studies, such as [51,52].



Foliar application of salicylic acid at concentrations between 1.2 and 2.3 mM promoted an increase in leaf gas exchange, mitigating the deleterious effects of salinity. Salicylic acid is a hormonal signaling molecule synthesized endogenously by plants and has been widely used to mitigate biotic and abiotic stresses [53]. Under conditions of salt stress, SA can contribute to reducing the Na+ content and increasing K+ content between the leaves and roots of plants and reduce the production of hydrogen peroxide (H2O2) by modulating primary metabolites [46]. SA can increase RuBisCO activity, potassium absorption, and ATP content and maintain an adequate Na+/K+ ratio in plants, thus favoring tolerance to salt stress [54].



In a study conducted by [55] evaluating the gas exchange of tomato plants subjected to salicylic acid concentrations (0 to 2.0 mM) applied through the leaves, these authors found a beneficial effect of the application of SA at the concentration of 1.3 mM on gas exchange. When evaluating the soursop crop (Annona muricata L.) subjected to salt stress and foliar application of SA concentrations (0 to 3.6 mM), [39] verified that foliar application of SA at concentrations between 1.2 and 1.6 mM mitigated the effects of salt stress on stomatal conductance, CO2 assimilation rate, transpiration, and instantaneous carboxylation efficiency. In addition, it reduced electrolyte leakage and increased the growth of the plants even when exposed to irrigation water electrical conductivity of 4.0 dS m−1.



The mechanism of action of SA is not yet well understood, mainly because it may differ from species to species, besides varying according to the environmental conditions and concentrations applied [56]. Our results show that at concentrations of SA greater than 2.3 mM, the harmful effects of salt stress were intensified. According to [57], high concentrations of salicylic acid can cause high levels of oxidative stress, leading to reduced tolerance to the stress.



The levels of electrical conductivity of the nutrient solution analyzed in the first experiment (EC of 2.1, 3.6, 5.1, and 6.6 dS m−1) did not significantly affect the chlorophyll a fluorescence variables (F0, Fm, Fv, and Fv/Fm), as also observed in electrolyte leakage. However, with the increase of EC levels in the second experiment (EC of 3.0, 5.0, 7.0, and 9.0 dS m−1), there was an increase in the initial fluorescence (F0), indicating damage to the light-harvesting complex of photosystem II of okra plants. According to [58], this damage occurs due to the decrease in the energy transfer from the light-harvesting system to the photosystem reaction center. Maximum fluorescence and variable fluorescence were reduced by the increase in the electrical conductivity of the nutrient solution at all concentrations of SA. The reduction in Fm may be an indication that there was low efficiency in the quinone photoreduction and electron flow between the photosystems, which results in low PSII activity in the thylakoid membrane, directly influencing the electron flow between the photosystems [59,60]. In addition, the reduction of variable fluorescence may indicate that the photosynthetic apparatus was damaged by salt stress, compromising the photosystem II, with negative effects on the photosynthetic process [21].



The higher maximum fluorescence (Fm) and variable fluorescence (Fv) observed in plants grown under the lowest EC contributed to improving the quantum efficiency of photosystem II in the dark phase (Fv/Fm). Several authors consider Fv/Fm values between 0.75 and 0.85 as normal in non-stressed plants [61,62,63]. Thus, the results reveal that, regardless of the concentration of salicylic acid, the quantum efficiency of photosystem II was not compromised by the salinity of the nutrient solution, as the values of the quantum efficiency of photosystem II ranged from 0.76 to 0.79, i.e., they were higher than 0.75.



The reductions in the quantum efficiency of photosystem II in the light phase (YII) (Figure 6A and Figure 13B) due to the increase in the electrical conductivity of the nutrient solution observed in the present study indicate a decrease in photosynthetic activity, which corroborates the reductions observed in the CO2 assimilation rate (Figure 5B and Figure 12B) of plants subjected to the highest levels of EC. Photosynthetic performance depends on the electron transport rate [64], which was also compromised by salt stress.



The results of the present study reveal that the increase in the electrical conductivity of the nutrient solution negatively affected the production components and yield of okra, verified by the reductions observed in the number of fruits per plant, average fruit weight, fruit length, fruit diameter, and yield. These results are a consequence of the high salinity of the nutrient solution, which can cause a water deficit by reducing the osmotic potential and the toxicity of specific ions such as Cl− and Na+ [8]. Salt stress reduces the activity of ions in solution and alters the processes of absorption, transport, assimilation, and distribution of nutrients in the plant, consequently leading to low yield [65]. Reductions in production components due to salt stress in hydroponic cultivation have also been observed in other studies with okra [66], cauliflower [67], ‘biquinho’ pepper [34], and zucchini [68].



Despite the reduction in production components, it was observed in the present study that foliar application of salicylic acid at concentrations between 1.4 and 1.5 mM promoted an increase in okra yield, especially in plants cultivated under EC of 3.0 dS m−1. The induction of defense mechanisms, which strengthens stress tolerance, can be triggered not only endogenously but also exogenously. Some compounds (natural or synthetic) applied previously at low concentrations can lead to a greater tolerance to stress and be effectively used as elicitors [69].



The beneficial effect of salicylic acid on yield may be related to its role in reducing the absorption of Na+ and increasing the uptake of N, P, K, Ca, and Mg by plants [70]. In addition, SA reduces oxidative damage and favors osmotic adjustment, increasing the activities of antioxidant enzymes and the concentrations of soluble sugars and proteins under salt stress [45,46].



An increase in yield due to foliar application of salicylic acid was also reported by [20] in hydroponic melon under salt stress (EC ranging from 2.1 to 5.4 dS m−1); the authors found that foliar application of salicylic acid at the concentration of 1.5 mM associated with EC of 3.1 dS m−1 promoted the maximum estimated value of 23.82 t ha−1.



It is worth pointing out that the okra cultivation cycle in the second experiment was reduced by 13 days compared to the first experiment, which may be related to the increase in EC levels and to the climatic conditions (Figure 1), which were different during the experiments. In Experiment I, a mean temperature of 30.1 °C and a mean relative air humidity of 48.5% were observed, while in Experiment II, an average temperature of 27.3 °C and an average relative air humidity of 70% were observed.



The production data obtained in the first and second experiments were used to determine the tolerance of okra plants to the salinity of the nutrient solution, through the relative production, obtained by the plateau followed by the linear decrease model (Figure 18), in which the EC of 2.54 dS m−1 was obtained as salinity threshold, with a reduction of 7.98% per unit increment in EC, above this threshold value. However, it is possible to obtain a relative production of 70% with an EC of 6.3 dS m−1 and a relative production of 50% with an EC of 8.8 dS m−1. On the other hand, using an electrical conductivity of the nutrient solution equal to or greater than 15.08 dS m−1 will lead to a relative production of 0%.



According to criteria of tolerance levels, on a relative production basis, cited by [35], ‘Canindé’ okra cultivated in the hydroponic system can be considered as tolerant to salinity up to EC = 5.05 dS m−1, corresponding to the maximum losses of 20% in yields. However, the results obtained in this study showed that foliar application of salicylic acid at intermediate concentrations can induce the acclimatization of plants to salt stress, increasing the CO2 assimilation rate and instantaneous carboxylation efficiency, resulting in higher yield. It is important to highlight that hydroponic production of okra, as for other vegetables, is an alternative for generating employment and revenues in arid and semi-arid regions, allowing greater control of irrigation water salinity and reduction of phytosanitary practices without causing environmental impacts such as soil salinization.




5. Conclusions


The increase in the electrical conductivity of the nutrient solution negatively affects the gas exchanges, relative water content, quantum efficiency of photosystem II, electron transport rate, and production components of okra plants grown in hydroponic systems. However, foliar application of salicylic acid at concentrations between 1.2 and 2.3 mM reduces the harmful effects of salt stress and can enable the use of saline water in okra cultivation in semi-arid regions. The salinity threshold for hydroponic cultivation of okra is 2.54 dS m−1 in the nutrient solution, with a reduction of 7.98% per unit increment in EC, from this threshold. It is possible to obtain a relative potential yield of 70% using a nutrient solution with electrical conductivity of 6.3 dS m−1.
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Figure 1. Maximum, minimum, and mean temperature and mean relative air humidity observed in the internal area of the greenhouse during the first (A) and second (B) experiment. 
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Figure 2. Cultivation of okra in Nutrient Film Technique—NFT hydroponic system at different stages of development. 
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Figure 3. Relative water content—RWC of ‘Canindé’ okra cultivated in a hydroponic system as a function of the electrical conductivity of the nutrient solution (EC) 60 days after transplanting. ** Significant at p ≤ 0.01. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 4. Response surface for internal CO2 concentration—Ci (A) and stomatal conductance—gs (B) of ‘Canindé’ okra cultivated in a hydroponic system as a function of the interaction between the electrical conductivity of the nutrient solution (EC) and the concentrations of salicylic acid, 60 days after transplanting. X and Y—concentration of salicylic acid and EC, respectively; * and ** Significant at p ≤ 0.05 and ≤ 0.01, respectively. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 5. Response surface for transpiration—E (A), CO2 assimilation rate—A (B), instantaneous carboxylation efficiency—CEi (C), and instantaneous water use efficiency—WUEi (D) of ‘Canindé’ okra cultivated in a hydroponic system as a function of the interaction between the electrical conductivity of the nutrient solution (EC) and the concentrations of salicylic acid at 60 days after transplanting. X and Y—Concentration of salicylic acid and EC, respectively; * and ** significant at a p ≤ 0.05 and ≤0.01, respectively. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 6. Quantum efficiency of photosystem II—YII (A) and electron transport rate—ETR (B) of ‘Canindé’ okra cultivated in a hydroponic system as a function of the electrical conductivity of the nutrient solution 60 days after transplanting. * and ** significant at p ≤ 0.05 and ≤ 0.01, respectively. The vertical lines represent mean +/−.standard error (n = 4). 
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Figure 7. Number of fruits per plant—NFP (A), average fruit weight—AFW (B) of ‘Canindé’ okra as a function of the electrical conductivity of the nutrient solution—EC and the concentrations of salicylic acid (C), and response surface for yield—Y (D) of ‘Canindé’ okra cultivated in a hydroponic system as a function of the interaction between the EC and salicylic acid concentrations. X and Y—concentration of salicylic acid and EC, respectively; * and ** significant at p ≤ 0.05 and ≤0.01, respectively. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 8. Average fruit length (A) and average fruit diameter (B) of ‘Canindé’ okra cultivated in a hydroponic system as a function of the electrical conductivity of the nutrient solution (EC) in harvest performed in the period from 81 to 91 days after transplanting. ** significant at p ≤ 0.01. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 9. Relative water content—RWC (A) and percentage of intercellular electrolyte leakage—% IEL (B) of ‘Canindé’ okra cultivated in a hydroponic system as a function of the interaction between the electrical conductivity of the nutrient solution (EC) and the concentrations of salicylic acid, 60 days after transplanting. X and Y—Concentration of salicylic acid and EC, respectively; * and ** significant at p ≤ 0.05 and ≤ 0.01, respectively. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 10. Response surface for internal CO2 concentration—Ci of ‘Canindé’ okra cultivated in a hydroponic system as a function of the interaction between the electrical conductivity of the nutrient solution (EC) and the concentrations of salicylic acid 60 days after transplanting. X and Y—Concentration of salicylic acid and EC, respectively; * and ** significant at p ≤ 0.05 and ≤ 0.01, respectively. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 11. Stomatal conductance—gs of ‘Canindé’ okra cultivated in a hydroponic system as a function of the electrical conductivity of the nutrient solution—EC (A) and salicylic acid concentrations (B) 60 days after transplanting. * and ** Significant at p ≤ 0.05 and ≤ 0.01, respectively. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 12. Response surface for transpiration—E (A), CO2 assimilation rate—A (B), and instantaneous carboxylation efficiency—CEi (C) of ‘Canindé’ okra cultivated in a hydroponic system as a function of the interaction between the electrical conductivity of the nutrient solution (EC) and the concentrations of salicylic acid 60 days after transplanting. X and Y—Concentration of salicylic acid and EC, respectively; * and ** significant at p ≤ 0.05 and ≤ 0.01, respectively. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 13. Instantaneous water use efficiency—WUEi of ‘Canindé’ okra cultivated in a hydroponic system as a function of the electrical conductivity of the nutrient solution (EC) 60 days after transplanting. ** Significant at p ≤ 0.01. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 14. Response surface for initial fluorescence—F0 (A), maximum fluorescence—Fm (B), variable fluorescence—Fv (C) and the quantum efficiency of photosystem II—Fv/Fm (D) of ‘Canindé’ okra cultivated in a hydroponic system as a function of the interaction between the electrical conductivity of the nutrient solution (EC) and the concentrations of salicylic acid (SA), 60 days after transplanting. X and Y—Concentration of salicylic acid and EC, respectively; * and ** significant at p ≤ 0.05 and ≤ 0.01, respectively. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 15. Initial fluorescence before saturating pulse—Fs (A), quantum efficiency of photosystem II in the light phase—Y (B), and electron transport rate—ETR (C) of ‘Canindé’ okra cultivated in a hydroponic system as a function of the electrical conductivity of the nutrient solution (EC) 60 days after transplanting. * and ** significant at p ≤ 0.05 and ≤ 0.01, respectively. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 16. Number of fruits per plant—NFP (A) and average fruit weight—AFW of ‘Canindé’ okra grown in a hydroponic system as a function of the electrical conductivity of the nutrient solution—EC (B), and response surface for yield—Y (C) as a function of the interaction between EC and salicylic acid concentrations. X and Y—Concentration of salicylic acid and EC, respectively; * and ** significant at p ≤ 0.05 and ≤ 0.01, respectively. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 17. Average fruit length (A) and average fruit diameter (B) of ‘Canindé’ okra cultivated in a hydroponic system as a function of the electrical conductivity of the nutrient solution (EC) 60 days after transplanting. * and ** significant at p ≤ 0.05 and ≤ 0.01, respectively. The vertical lines represent mean +/− standard error (n = 4). 
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Figure 18. Relative production of ‘Canindé’ okra cultivated in a hydroponic system as a function of the electrical conductivity of the nutrient solution (EC), described by the plateau followed by the linear decrease model proposed by [30], calculated considering the productions obtained at the EC of 2.1–6.6 dS m−1 (Experiment I—blue squares) and 3.0–9.0 dS m−1 (Experiment II—red rhombuses). 
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Table 1. Chemical composition of nutrient solution of Hoagland and Arnon (1950), used in the hydroponic cultivation of okra.
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	Element
	Nutrient Solution mg L−1
	Fertilizer
	Nutrient Solution g L−1





	N
	210
	KH2PO4
	136.09



	P
	31
	KNO3
	101.10



	K
	234
	Ca(NO3)2.4H2O
	236.15



	Ca
	200
	MgSO4.7H2O
	246.49



	Mg
	48
	H3BO3
	3.10



	S
	64
	MnSO4.4H2O
	1.70



	B
	0.5
	ZnSO4.7H2O
	0.22



	Mn
	0.5
	CuSO4.5H2O
	0.75



	Zn
	0.05
	(NH4)6Mo7O24.4H2O
	1.25



	Cu
	0.02
	FeSO4
	13.9



	Mo
	0.01
	EDTA—Na
	13.9



	Fe
	5
	
	



	Na
	1.2
	
	



	Cl
	0.65
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