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Abstract

:

Crops are constantly threatened by salinity. Nitric oxide (NO) is an attenuating agent for salt stress; however, the specific roles of NO in gas exchange and lettuce production are not well established. The objective of this study was to evaluate the application of different concentrations of sodium nitroprusside (SNP) as an agent to mitigate salt stress in lettuce plants. Lettuce seedlings in pots were subjected to irrigation without and with saline water (0.2 and 3.5 dS m−1) and applications of different concentrations (0, 50, 100, 150, and 200 µM) of SNP, a NO donor. Saline stress negatively affected lettuce development with a reduction of 29.5% in leaf area, 6.3% in relative water content in the leaf, 17.2% in stem diameter, and 10.7% in dry matter mass in the control, but the application of SNP mitigated the deleterious effects of salt stress. Concentrations between 100 and 150 µM of SNP improved the photosynthetic metabolism of lettuce under salinity, with an increase of 46.7% in CO2 assimilation and 42.3% in fresh matter mass. Pearson’s correlation showed that fresh matter correlated positively with CO2 assimilation. Therefore, SNP can be used to mitigate salt stress in lettuce.
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1. Introduction


Excessive salts in soil and water are a common challenge in agriculture [1,2,3]. This issue is exacerbated by factors such as saline water, shallow water tables, and low precipitation, leading to the accumulation of salts in the topsoil layer [4]. Reduced precipitation and high evaporative demand contribute to increased surface soil salinity, and saline water intrusion through rivers and groundwater in coastal regions results in widespread salinization [5,6].



Salinity represents one of the most significant limitations to agricultural productivity, as it adversely affects plant growth and development [2,7]. Its use induces changes in plant metabolism, as the high salt concentration in the root zone of sensitive plants promotes a reduction in water uptake and, consequently, stomatal closure, leading to reduced CO2 uptake, constraining photosynthesis, inhibiting cell division, and resulting in reduced plant growth [8,9].



The use of saline water has a significant impact on soil–water–plant relations, as it often restricts normal physiological activity and the productive capacity of crops. At elevated levels of salinity, crop growth and leaf surface expansion are adversely affected due to osmotic effects, water deficit, nutritional imbalance, and oxidative stress [2,7,10].



Many crops, such as onion, tomato, spinach, and lettuce, are considered sensitive or moderately sensitive to salinity, and the negative impact of this stress on plant growth leads to yield losses and potential profits [11,12]. Therefore, it has been crucial to study the physiological responses [3,8,9] and productivity [5,10] of crops under such conditions, as well as their effects on the soil [4,7].



Lettuce (Lactuca sativa L.) is a globally significant crop due to its adaptability to different climates and its nutritional value, providing essential fibers, vitamins, and minerals. In Brazil, it is one of the most commonly consumed leafy vegetables in its natural form, becoming a fundamental part of Brazilian meals [13]. However, when exposed to saline environments exceeding the electrical conductivity threshold of 1.3–2.0 dS m−1, lettuce experiences reduced growth and productivity, impacting its quality and appearance [3,10]. Therefore, the development and implementation of new agricultural technologies that mitigate the effects of salinity on vegetables emerge as promising alternatives to sustain production under this challenging condition.



In addition to various pre-existing techniques to mitigate salinity, such as soil and water conservation, drainage, the application of organic and mineral amendments, phytohormones, and genetic improvement, among others, an alternative to reverse potential damage from saline stress is the use of nitric oxide (NO). This molecule is capable of freely diffusing through cell membranes and promoting physiological acclimation responses in plants under adverse conditions [14,15,16].



Due to its high lipophilic nature, NO (Nitric Oxide) is readily released from cell membranes, playing a crucial role in various physiological reactions such as growth, development, regulation of stomatal conductance, flowering, seed germination, and response to both biotic and abiotic stresses [17,18,19,20]. Studies indicate that under stress conditions, there may be an increase in the endogenous concentration of NO in plant tissues involved in signaling or intracellular redox protection, through the formation of peroxynitrite and S-nitrosothiols [21,22]. Therefore, the exposure of lettuce plants to exogenous NO through a donor (sodium nitroprusside—SNP) may activate defense mechanisms in response to saline stress and minimize yield losses.



In saline conditions, the application of NO has been effective in enhancing plant resistance and reducing losses [23,24,25]. Regarding the benefits of NO in the metabolism of salt-stressed plants, it has been observed that the application of a NO donor, such as sodium nitroprusside (SNP), reduces oxidative damage in garlic plants [26]. Additionally, the presence of this molecule stimulated the accumulation of the amino acid proline, as well as phenolic compounds and flavonoids in corn seedlings [27]. Furthermore, NO has been shown to improve photosynthetic efficiency in wheat plants and productive attributes in lentil plants [28,29]. However, research on the role of NO in lettuce under salt stress is still in its infancy, highlighting the need for future studies to understand its mechanisms [15,30].



This research was conducted with the aim of assessing the mitigating effect of different concentrations of SNP on the morphophysiology and productivity of curly lettuce plants grown under saline stress. The hypothesis raised in this study is that an appropriate concentration of SNP promotes an increase in photosynthetic efficiency and, therefore, mitigates the deleterious effects of saline stress, resulting in reduced productivity losses.




2. Results


2.1. Photosynthetic Pigments in Lettuce Plants


The treatments tested did not influence the content of chlorophyll a, chlorophyll b, and total chlorophyll (Table 1).



However, it is important to note that there was a significant interaction between SNP concentrations and salt stress on carotenoid content (Table 1). Based on the presumed regression curve fitting, there was a 15.7% increase in carotenoid content in stressed plants when the SNP concentration was considered as 75 μM, compared to the control group (Figure 1D).




2.2. Gas Exchange in Lettuce Plants


CO2 assimilation (A) was influenced by isolated factors (SNP concentrations and salt stress), while stomatal conductance (gs), internal carbon concentration (Ci), transpiration (E), water use efficiency (WUE), and carboxylation efficiency (CE) were influenced by the interaction of SNP concentrations with salt stress (Table 2).



Through polynomial regression adjustment, the application of 123 μM of SNP promoted an increase in A of 46.7% about the 0 μM of SNP concentration. Salt stress caused a 19.19% reduction in A (Figure 2A). The increase in SNP concentrations favored gs, regardless of stress conditions. In the absence of salt stress, the maximum gs was observed through quadratic regression fitting at 94 μM of SNP concentration, while in plants under saline stress, at the maximum point of the curve (138 μM of SNP), there was an increase of 87.5% in gs compared to plants that did not receive SNP (Figure 2B).



It was found that Ci was positively affected by the application of SNP, as this variable increased as the tested concentrations increased. Under salt stress, the maximum linear concentration of 200 μM of SNP increased Ci by 30.4% compared to the control. In the absence of salt stress, the application of 50.85 μM of SNP to the curve fit provided the highest internal carbon concentration in lettuce plants (Figure 2C).



The increase in SNP concentrations promoted a higher E, both in the absence and presence of salt stress. In stressed plants, maximum E was observed under a concentration of 167 μM of SNP. In the absence of salt stress, plants showed a higher E under a concentration of 90.5 μM of SNP (Figure 2D).



Lettuce plants irrigated with saline water and under SNP application reduced WUE. Under salt stress, a lower WUE was observed at 107 μM of SNP by the curve fitting equation, with an 18.9% reduction relative to the 0 μM of SNP concentration. Plants grown at a lower saline level (0.2 dS m−1) showed a reduction in WUE up to a concentration of 60 μM of SNP according to equational interpolation, which generated a 7% reduction in WUE compared to the control (Figure 2E).



SNP concentrations favored the increase in CE, regardless of salt stress. In the absence of salt stress and under maximum curve adjustment, presumably from the application of 167 μM of SNP, there was a 66.6% increase in CE compared to no SNP application. In stressed plants, this adjustment showed higher CE under the concentration of 100 μM of SNP (Figure 2F).




2.3. Morpho-Physiological Parameters of Lettuce Plants


Relative water content in the leaf (RWC), leaf area (LA), stem diameter (SD), and total dry matter mass (TDM) were influenced only by the salinity effect (Table 3).



Exposure to salt stress caused a reduction of 6.3% in RWC (Figure 3A), 29.5% in LA (Figure 3B), 17.2% in SD (Figure 3C), and 10.7% in TDM (Figure 3D), respectively, in the control.




2.4. Productive Parameters of Lettuce Plants


The number of leaves (NL) and total fresh mass (TFM) were influenced by the interaction of factors, SNP concentrations, and salt stress (Table 4).



In the absence of salt stress (0.2 dS m−1), NL was reduced to a concentration of 88 μM of SNP according to the equational curve fit, with subsequent increase. On the other hand, in plants subjected to saline stress, there was a linear increase in NL up to the maximum concentration of 200 μM of SNP (Figure 4A).



In plants cultivated without salt stress, there was an increase in TFM under the maximum concentration of 200 μM of SNP, while in plants subjected to salt stress, the highest TFM was obtained at a concentration of 134 μM of SNP when fitting the curve, with an increase of 43.2% compared to control plants (Figure 4B).



Pearson’s correlation showed that lettuce TFM was correlated mainly by A, gs, E, RWC, SD, and NL, with a significance of 1%. TFM was correlated with Ci, CE, LA, and TDM at 5% significance. In addition to TFM, A correlated with gs, E, CE, and LA at 1% significance. TDM showed a positive correlation with RCW, SD, NL, and TFM and a significance of 5%, 1%, 5% and 5%, respectively (Figure 5).





3. Discussion


Saline stress poses a serious threat to agricultural production, being considered the primary abiotic factor that restricts plant growth and biomass, as documented in previous studies [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32]. This compromises ionic homeostasis, affects photosynthetic activity, impairs water relations, and triggers osmotic and oxidative stress [7,32,33]. The results of this study corroborate these observations, as saline stress had a significantly negative impact on lettuce development, resulting in a substantial reduction in biomass production.



Agriculture sustainability and food security require addressing saline stress using environmentally conscious methods [33]. It has been demonstrated that exogenous applications of sodium nitroprusside (SNP) mitigate the deleterious effects of salinity, regulating chloroplast content and photosynthetic metabolism, while also promoting productivity gains [3,29,34,35].



Chlorophyll content can be compromised under saline conditions, either due to pigment synthesis inhibition [36,37] or its degradation [38]. However, in this study, no effects of saline stress or SNP application on chlorophyll content were observed, consistent with the findings of [39] when assessing the quality and preservation of lettuce grown with saline water in a protected ambient.



According to reference [40], the concentration of chlorophyll in plants subjected to saline stress conditions can exhibit significant variations, varying depending on the species, and in more susceptible plants, there may be a notable reduction. However, our results revealed an increase in carotenoid content in lettuce when subjected to the combination of SNP application and saline stress, demonstrating that SNP has an attenuating effect and reinforces the mechanisms of the plant’s defenses.



As they act to protect the photosynthetic apparatus, carotenoids are considered an important line of defense against stress [41,42]; in addition, they act as antioxidant compounds, of a non-enzymatic nature, acting directly in the elimination of reactive oxygen species, reducing the damage caused by oxidative stress, which increases in stress conditions [43,44].



Our results agree with [3], which also found an increase in carotenoid content in lettuce plants subjected to short-term salt stress in the presence of SNP, emphasizing that the application of nitric oxide provided via SNP donor contributes to increase the concentration of this pigment and action in mitigating the deleterious effects caused by salinity.



In this study, we observed a significant deterioration in the gas exchange of lettuce plants due to exposure to salinity. Indeed, saline stress has the potential to profoundly impact the CO2 assimilation process in stressed plants, primarily due to the osmotic and ionic imbalances that originate from this stress [2,3,33]. This adverse condition leads to stomatal closure and cellular toxicity [3,45], which, in turn, results in increased resistance to CO2 diffusion in the leaf mesophyll, ultimately leading to a reduced rate of photosynthesis [46].



Under high concentrations of salts, plants may have lower stomatal conductance, lower internal CO2 concentration, and lower photosynthesis, as a strategy to reduce excessive water loss through transpiration due to the water deficit generated by the osmotic effect of salinity [3]. However, the application of SNP proved to be effective in attenuating the deleterious effects of salinity on lettuce in this study. The partial closure of the stomata is induced through the concentrations of abscisic acid (ABA) present in the medium that acts in the transduction of signals involving nitric oxide in the regulation of guard cells [47].



Our results have shown that the increase in transpiration rate in plants under higher concentrations of SNP is a result of the enhanced stomatal conductance, which promotes an increase in internal CO2 concentration and greater CO2 assimilation. These effects were reflected in fresh mass gains in lettuce. This process contributed to minimizing the damage caused by stress, enabling the continued development of the plant.



The favoring of photosynthetic metabolism of lettuce plants under salinity and NO application, especially at concentrations above 100 μM of SNP, can be explained by the fundamental role of NO in ABA synthesis. The presence of NO in plant tissue inhibits ABA synthesis by promoting nitrosylation and inactivating kinase OST1, a fundamental protein for stomatal regulation that allowed a greater supply of CO2 in the leaf mesophyll used in photosynthesis and kept the processes aimed at plant growth active [48].



Our research corroborates the results observed by [35], in which NO improved the photosynthetic performance of the plant and culminated in a higher transpiration rate through stomatal opening and CO2 diffusion to the leaf mesophyll and, consequently, a higher photosynthetic rate.



The water content in the leaves plays an essential role in photosynthesis, as water is required for the efficient transport of nutrients from the soil to the leaves, providing electrons during photolysis, maintaining the turgidity of leaf cells for gas exchange, and participating in the chemical reactions of photosynthesis [14]. Salinity results in significant reductions in the relative water content of lettuce leaves, decreasing tolerance to stress-induced dehydration. Leaf relative water content is a crucial indicator of a plant’s ability to cope with dehydration and is highly impacted under stress conditions [44]. Abiotic stresses can compromise tissue hydration and affect physiological processes during plant development [23,49], as evidenced by the results of this study.



The reduction in leaf water availability due to saline stress also affected the morphological characteristics of lettuce, with a notable impact on leaf area, which was the most affected variable in this study. This response represents a plant adaptation to the saline environment, achieved either by reducing leaf emission or by decreasing the size of leaf blades [50], as a strategy to mitigate water loss through transpiration [51].



The negative effect of salinity on morphophysiological and productive parameters in crops is well documented in the literature [25,52,53], and the damage may be associated with osmotic, toxic, and nutritional effects, given the accumulation of salts in the root zone, compromising the physiological and biochemical mechanisms of the plant [14].



The application of nitric oxide (NO) provides plants with increased salinity tolerance, as evidenced by the growth stimulation of lettuce seedlings cultivated in a saline medium for a short period, as previously reported [3]. These findings align with the results of this study. Additionally, it is believed that nitric oxide plays a pivotal role in plant growth and developmental regulation under stress conditions, highlighting its protective effect [54].



The maintenance of desirable commercial traits in lettuce was promoted by the action of nitric oxide through the preservation of plant photosynthetic metabolism under stressful salinity conditions. However, evidence despite that exogenous NO application favors the mitigation of abiotic stress effects [24,25,34,55,56], its impact on lettuce production still requires further clarification. Therefore, this research points towards future investigations on the role of nitric oxide in lettuce production parameters, especially under field conditions, as studies simulating field conditions are essential to provide future directions and explore the mechanisms of NO action in new technologies [16,30].



Under saline conditions, lettuce plants faced significant challenges, including water loss and ionic imbalance. Nitric oxide (NO) acted as a key regulator, assisting the plants in coping with these stresses. It played a role in modulating stomatal opening and closing, thereby controlling transpiration, and reducing water loss. Additionally, NO positively influenced photosynthetic metabolism and ensured an adequate supply of carbon for plants under saline stress. Thus, nitric oxide emerges as a promising tool in the quest for effective strategies to mitigate salt stress, with significant implications for agriculture in soil saline-affected environments.




4. Materials and Methods


4.1. Experiment Design


The experiment was carried out in a greenhouse, between April and May 2021, at the Teaching, Research, and Production Farm of São Manuel (22°43′52″ S, 48°34′14″ W and 709 m high), at the Faculty of Agricultural Sciences, Botucatu Campus, São Paulo State University, in the city of São Manuel, state of São Paulo, Brazil. The climate of the region is of type B2rB’3a’, according to Thornthwaite’s classification, characterized by a humid, mesothermal climate and concentration of potential evapotranspiration in the summer of 33% and small water deficit in April, July, and August. The annual average air temperature is 20.3 °C, with rainfall of 1428.4 mm [57].



Greenhouse climate conditions of temperature (maximum and minimum) and relative air humidity were logged throughout the experiment using Datalogger (Instrutherm, HT-500: São Paulo, Brazil) (Figure 6).



The experimental design adopted was in randomized blocks, in a 5 × 2 factorial scheme, where the first factor constituted five concentrations of sodium nitroprusside (SNP) (0, 50, 100, 150, and 200 µmol), nitric oxide donor and the second factor was composed of two saline levels of irrigation water (0.2 dS m−1: treatment without salt stress; 3.5 dS m−1 treatment with salt stress), with four replications of five plants each one, totaling 40 experimental units. Each experimental unit consisted of five plants.



The variety tested in this study was “Vera” (Seeds—Sakata, São Paulo, Brasil), curly lettuce, which has broad leaves, high crispness, an average cycle of 60 days, resistance to bolting, and good adaptation to hydroponic cultivation. The seedlings were produced in polystyrene trays filled with Carolina Soil® commercial substrate. The transplanting of seedlings to 2.8 L plastic pots filled with coconut fiber occurred 25 days after sowing (DAS) when they had three developed leaves.



The SNP (Dinâmica, Indaituba, Brazil) was used in the dihydrate form, presenting the following specifications: Na2[Fe(CN)5NO]·2H2O, with a molecular mass of 297.95 g mol L−1, minimum purity level 99%, chloride (Cl) max. 0.02%; sulfate (SO4) max. 0.01% and insoluble materials max. 0.01%.



SNP applications were made weekly (foliar application), at 14, 21, and 28 days after transplanting (DAT), totaling three applications throughout the experiment. For the application of the concentrations, the dilution of each one of them in water from the experimental area was previously prepared, for later application in a manual CO2 pressurized sprayer, with sprayer liquid 0.3 bar, full conical nozzles, a spray volume of 200 L ha−1, and CO2 constant pressure of 1.5 bar, with the aid of a plastic curtain between treatments to avoid drift.



For the lowest saline level, water from the supply sector of the experimental area was used, which presented electrical conductivity in the range of 0.2 dS m−1 (Table 5); the highest saline level, 3.5 dS m−1, was obtained by dissolving sodium chloride (NaCl) in water used at a saline level of 0.2 dS m−1, whose salinity was kept adjusted with the aid of a conductivity meter benchtop Tec-4MP Tecnal® (Tecnal, Piracicaba-SP, Brazil).




4.2. Crop Management and Fertirrigation


The irrigation system adopted was adjusted for semi-hydroponic cultivation, and the nutrient solutions were applied daily, obeying the saline level of the treatment in a volume sufficient to ensure minimal drainage of the vessels, with no return of the solution to the reservoir. This system was composed of two plastic reservoirs (360 L), with an electric pump attached to each reservoir, an outlet in lateral polyethylene lines with a diameter of 16 mm, microtube emitters of 40 cm in length, and self-compensating drip with a flow of 4.5 L h−1. To activate the system, a digital timer (TMDS0BC) Exatron® (Exatron, Canoas-RS, Brazil) was used with daily events programmed for minimal drainage of the vessels.



The availability of nutrients for culture was supplied through the recommendation suggested by [58] for hardwoods, with the 1.000 L preparation having the following composition: 750 g m−3 of calcium nitrate [Ca(NO3)2], 500 g m−3 of potassium nitrate [KNO3], 150 g m−3 of monomeric phosphate-MAP, 400 g m−3 of magnesium sulfate [MgSO4], 0.15 g m−3 of copper sulfate [CuSO4], 0.3 g m−3 of zinc sulfate [ZnSO4], 1.5 g m−3 of manganese sulfate [MnSO4], 1.8 g m−3 of boric acid [H3BO3], 0.15 g m−3 of sodium molybdate [Na2MoO4], and 16 g m−3 of iron chelate [Fe-EDTA]—13%. The application of this recommendation was adjusted to 50% of the ionic strength since coconut fiber was used as a support substrate for plants, and this can contribute to the increase in salinity.




4.3. Parameters Analyzed


The plants were harvested at 35 days after transplanting (DAT) when they presented a commercial pattern (leaves completely expanded and without sprouting), where the following parameters were evaluated: gas exchange, contents of photosynthetic pigments, relative water content in leaf, leaf area, stem diameter, number of leaves, total fresh mass, and total dry mass.



Gas exchanges were measured in two plants per replication (n = 4) using an Infra-Red Gas Analyzer (IRGA), model LI-6400, LI-COR (Lincoln, NE, USA), open system of photosynthesis with CO2 analyzer, and water vapor via infrared radiation. The measurements were conducted after NO applications, at 29 DAP, between 8:00 and 11:00 AM, using atmospheric CO2 concentration, with constant ambient temperature, humidity, and photosynthetically active radiation (PAR) (1000 µmol photons m−2 s−1): CO2 assimilation rate (A, μmol CO2 m−2 s−1), stomatal conductance (gs, mol m−2 s−1), the internal concentration of CO2 in the leaf (Ci, µmol CO2 mol−1 air), and transpiration rate (E, mmol H2O m−2 s−1). The measurements above were calculated using the general gas exchange equation of [59] through the data analysis program of the equipment. The water use efficiency (US, µmol CO2 (mmol H2O)−1) was calculated based on the A/E ratio, and carboxylation efficiency (CE, µmol m−2 s−1 CO2) was calculated based on the A/Ci ratio.



Chloroplast pigments were quantified in fresh leaf tissues of one plant per replication (n = 4) via extraction in N-dimethylformamide (DMS) solution and subsequent determination by spectrophotometry (Shimadzu, UV-2700, Kyoto, Japan). The content of chlorophylls a, b, and carotenoids was determined. A leaf disc with a known area was removed from the lettuce leaf, and immersed in N-dimethylformamide solution for 24 h in the dark. After this period, the absorbance of this solution was determined via spectrophotometry at wavelengths of 664 nm, 647 nm, and 480 nm, respectively [60].



Relative water content in the leaf (RWC) was obtained by determining the fresh, turgid, and dry mass of 24 leaf discs, measuring 1.1671 cm² in area, taken from different positions on the lettuce leaf. The mass values were submitted to Equation (1) [61].


RWC = (FM − DM)/(MT − DM) × 100%



(1)




where RWC is the relative water content in the leaf (%); MF is the fresh mass of leaf discs (g); DM is the dry matter mass of leaf discs (g); and MT is the mass of turgid matter in the leaf discs (g).



To determine the variables, leaf area, diameter, number of leaves, total fresh mass, and total dry matter mass, two plants per replication were used (n = 4).



The leaf area meter determined the leaf area of the plants in each plot (LI-COR Biosciences Inc., LI-3100C, Lincoln, NE, USA). The diameter at the plant neck was measured using a digital caliper (MeterMall, 150 mm and reading 0.1 mm, Marysville, WA, USA).



The number of leaves was determined by direct counting of fully formed leaves.



To obtain the total fresh mass, the plants were weighed on a precision analytical balance (0.05 g) (Shimadzu, BL-3200H, Kyoto, Japan) with stem and leaves, whose mass was expressed in grams. The total dry matter mass was quantified by placing the plants in an identified paper bag and placed in an oven with forced air circulation (Fanem, 330/5, São Paulo, Brazil) for complete drying of the material to constant mass under temperature of 65 °C (±1). After complete drying of the material, they were weighed on a precision digital scale (0.01 g) (Bel, S2202, Monza, Italy).




4.4. Statistical Analysis


The data were initially subjected to Levene’s homogeneity test, and normality was assessed using the Shapiro–Wilk test, both with a significance level of p > 0.05. Once these conditions were met, the analysis of variance was performed using the F-test and polynomial regression. The means of salinity levels (0.2 dS m−1 and 3.5 dS m−1) were compared using the Tukey test at a 5% significance level, and factor interaction was modeled through polynomial regression using the SISVAR® statistical software (Lavras, Brazil) [62].





5. Conclusions


Considering the aspects outlined in this research, we emphasize the negative impacts induced by saline stress on lettuce growth and harvest, as evidenced by a notable reduction in gas exchange, leaf water content, leaf area, leaf count, and fresh plant mass. However, it is worth noting that the application of SNP (sodium nitroprusside) at concentrations between 100 and 150 µM exhibited a significantly positive effect in mitigating these adverse salinity effects. SNP contributed to the enhancement of plant metabolism, resulting in a noteworthy increase in lettuce productivity.



The findings of this study unequivocally indicate that foliar application of SNP as a source of nitric oxide provides robust evidence regarding the role of this compound in promoting salinity tolerance and enhancing lettuce crop yield. These findings hold substantial implications within the agricultural context, suggesting that the manipulation of nitric oxide may constitute an effective strategy to address salinity-related challenges in lettuce cultivation and potentially in other agricultural environments.



As we progress, it is essential to conduct further research in diverse agricultural settings to validate and extend these findings. Additionally, future research endeavors may focus on exploring practical applications of nitric oxide in agriculture, aiming to develop sustainable strategies to enhance crop resilience under adverse conditions, thereby ensuring food security in the context of global challenges.
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Figure 1. Photosynthetic pigments of lettuce plants subjected to the application of different concentrations of sodium nitroprusside (SNP) and saline levels. Content of chlorophyll a (A), content of chlorophyll b (B), total chlorophyll (C), and content of carotenoid (D). ns = not significant. Red lines indicate lettuce responses at a salinity level of 3.5 dS m−1, while gray lines indicate lettuce responses at a salinity level of 0.2 dS m−1. The results followed the statistical unfolding of SNP concentrations within each salinity level, and the significance of this statistical unfolding was adjusted to the regression model using an F-test. The error bars show the standard deviation. n = 4 (number of replicates). 
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Figure 2. Physiological characteristics of lettuce plants subjected to the application of different concentrations of sodium nitroprusside (SNP) and saline levels. CO2 assimilation—A ((A)—corresponds to the significance of the isolated effect of SNP concentrations and salinity levels); stomatal conductance—gs (B); internal CO₂ concentration—Ci (C); transpiration—E (D); water use efficiency—WUE (E); carboxylation efficiency—CE (F). Red lines and red bar indicate lettuce responses at a salinity level of 3.5 dS m−1, while gray lines and gray bar indicate lettuce responses at a salinity level of 0.2 dS m−1. The results followed the statistical unfolding of SNP concentrations within each salinity level, and the significance of this statistical unfolding was adjusted to the regression model using an F-test. The error bars show the standard deviation. n = 4 (number of replicates). 
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Figure 3. Morphophysiological characteristics of lettuce plants subjected to the saline levels. Relative water content in leaf (A), leaf area (B), stem diameter (C), and total dryer matter mass (D). Means followed by the same letter do not differ from each other via the Tukey test at 5% probability. Red bar indicate lettuce responses at a salinity level of 3.5 dS m−1 and gray bar indicate lettuce responses at a salinity level of 0.2 dS m−1. The error bars show the standard deviation. n = 4 (number of replicates). 
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Figure 4. Productive parameters of lettuce plants subjected to the application of different concentrations of sodium nitroprusside (SNP) and saline levels. Number of leaves (A) and total fresh mass (B). Red lines indicate lettuce responses at a salinity level of 3.5 dS m−1, while gray lines indicate lettuce responses at a salinity level of 0.2 dS m−1. The results followed the statistical unfolding of SNP concentrations within each salinity level, and the significance of this statistical unfolding was adjusted to the regression model using an F-test. The error bars show the standard deviation. n = 4 (number of replicates). 






Figure 4. Productive parameters of lettuce plants subjected to the application of different concentrations of sodium nitroprusside (SNP) and saline levels. Number of leaves (A) and total fresh mass (B). Red lines indicate lettuce responses at a salinity level of 3.5 dS m−1, while gray lines indicate lettuce responses at a salinity level of 0.2 dS m−1. The results followed the statistical unfolding of SNP concentrations within each salinity level, and the significance of this statistical unfolding was adjusted to the regression model using an F-test. The error bars show the standard deviation. n = 4 (number of replicates).



[image: Stresses 03 00048 g004]







[image: Stresses 03 00048 g005] 





Figure 5. Pearson’s correlation between the variables: chlorophyll a (Chlor a), chlorophyll b (Chlor b), total chlorophyll (Chlor a + b), carotenoids (Carotenoid), CO2 assimilation (A), stomatal conductance (gs), internal carbon concentration (Ci), transpiration (E), water use efficiency (WUE), carboxylation efficiency (CE), relative water content in leaf (RWC), leaf area (LA), stem diameter (SD), total dry matter mass (TDM), number of leaves (NL), and total fresh matter mass (TFM). *, ** = significant at 0.05 and 0.01 probability levels, respectively. 
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Figure 6. Maximum, minimum, and average temperature and average air relative humidity in the greenhouse during the experiment. The arrows indicate the moment of onset of saline stress, as well as all analyses carried out during the study. Sodium nitroprusside (SNP). 
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Table 1. Summary of the analysis of variance of photosynthetic pigments of content of chlorophyll a (Cla), content of chlorophyll b (Clb), total chlorophyll (Cla + Clb), and content of carotenoid (carotenoids) of lettuce plants, treated with sodium nitroprusside (SNP—0, 50, 100, 150, and 200 μM) and saline levels (0.2 and 3.5 dS m−1). 1 SNP conc. (SC) = SNP concentrations; CV = coefficient of variation; ns, ** = not significant and 0.01 probability levels, respectively. Means followed by the same letter in the column do not differ via Tukey test at 0.05 probability level. n = 4 (number of replicates).
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Photosynthetic Pigments

	




	
Source of Variation

	
DF

	

	

	
Mean Squares

	






	

	

	
Cla

	
Clb

	
Cla + Clb

	
Carotenoids




	
Saline levels (SL)

	
1

	
0.00003 ns

	
0.00032 ns

	
0.00015 ns

	
0.00390 **




	
SNP conc. (SC) 1

	
4

	
0.07817 ns

	
0.15612 ns

	
0.43721 ns

	
0.00096 ns




	
SL × SC

	
4

	
0.04235 ns

	
0.07828 ns

	
0.23439 ns

	
0.00316 **




	
CV (%)

	

	
27.18

	
25.89

	
26.18

	
11.98




	
Saline levels

	

	
Test of means




	
0.2 dS m−1

	

	
0.79 a

	
1.35 a

	
2.15 a

	
0.17 b




	
3.5 dS m−1

	

	
0.79 a

	
1.36 a

	
2.15 a

	
0.19 a











 





Table 2. Summary of the analysis of variance of CO2 assimilation (A), stomatal conductance (gs), internal carbon concentration (Ci), transpiration (E), water use efficiency (WUE), and carboxylation efficiency (CE) of lettuce plants, treated with sodium nitroprusside (SNP—0, 50, 100, 150, and 200 μM) and saline levels (0.2 and 3.5 dS m−1). 1 SNP conc. (SC) = SNP concentrations; CV = coefficient of variation; ns, *, ** = not significant, and significant at 0.05 and 0.01 probability levels, respectively. Means followed by the same letter in the column do not differ via Tukey test at 0.05 probability level. n = 4 (number of replicates).
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Gas Exchange

	




	
Source of Variation

	
DF

	

	

	
Mean Squares

	

	






	

	

	
A

	
gs

	
Ci

	
E

	
WUE

	
CE




	
Saline levels (SL)

	
1

	
46.29 **

	
0.0462 **

	
6521.46 **

	
14.81 **

	
0.76 **

	
0.00014 **




	
SNP conc. (SC) 1

	
4

	
36.98 **

	
0.0130 **

	
3299.54 **

	
6.90 **

	
0.95 **

	
0.00053 **




	
SL × SC

	
4

	
1.17 ns

	
0.0043 **

	
5328.74 **

	
0.56 *

	
0.55 *

	
0.00026 **




	
CV (%)

	

	
6.71

	
9.22

	
3.93

	
9.97

	
5.72

	
7.70




	
Saline levels

	

	

	

	
Test of means

	

	




	
0.2 dS m−1

	

	
13.14 a

	
0.19 a

	
257.36 a

	
4.82 a

	
2.85 b

	
0.051 a




	
3.5 dS m−1

	

	
10.99 b

	
0.12 b

	
231.82 b

	
3.61 b

	
3.13 a

	
0.048 b











 





Table 3. Summary of the analysis of variance of relative water content (RWC), leaf area (LA) stem diameter (SD), and total dry matter mass (TDM) of lettuce plants, treated with sodium nitroprusside (SNP—0, 50, 100, 150, and 200 μM) and saline levels (0.2 and 3.5 dS m−1). 1 SNP conc. (SC) = SNP concentrations; CV = coefficient of variation; ns, ** = not significant and 0.01 probability levels, respectively. Means followed by the same letter in the column do not differ via Tukey test at 0.05 probability level. n = 4 (number of replicates).
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Morphophysiological Characteristics




	
Source of Variation

	
DF

	
Mean Squares






	

	

	
RWC

	
LA

	
SD

	
TDM




	
Saline levels (SL)

	
1

	
244.89 **

	
11,425,114.60 **

	
146.6 **

	
69.16 **




	
SNP conc. (SC) 1

	
4

	
10.88 ns

	
395,811.06 ns

	
2.91 ns

	
4.86 ns




	
SL × SC

	
4

	
10.29 ns

	
57,283.00 ns

	
10.08 ns

	
6.00 ns




	
CV (%)

	

	
4.86

	
15.68

	
9.58

	
14.08




	
Saline levels

	

	
Test of means




	
0.2 dS m−1

	

	
78.76 a

	
3612.78 a

	
22.24 a

	
21.90 a




	
3.5 dS m−1

	

	
73.81 b

	
2543.90 b

	
18.41 b

	
19.27 b











 





Table 4. Summary of the analysis of variance of number of leaves (NL) and total fresh mass (TFM) of lettuce plants, treated with sodium nitroprusside (SNP—0, 50, 100, 150, and 200 μM) and saline levels (0.2 and 3.5 dS m−1). 1 SNP conc. (SC) = SNP concentrations; CV = coefficient of variation; *, ** = significant at 0.05 and 0.01 probability levels, respectively. Means followed by the same letter in the column do not differ via Tukey test at 0.05 probability level. n = 4 (number of replicates).
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Productive Parameters




	
Source of Variation

	
DF

	
Mean Squares






	

	

	
NL

	
TFM




	
Saline levels (SL)

	
1

	
55.22 **

	
359,883.80 **




	
SNP conc. (SC) 1

	
4

	
15.41 *

	
10,418.80 **




	
SL × SC

	
4

	
8.66 *

	
4224.70 **




	
CV (%)

	

	
7.76

	
7.29




	
Saline levels

	

	
Test of means




	
0.2 dS m−1

	

	
23.8 a

	
417.74 a




	
3.5 dS m−1

	

	
21.5 b

	
357.76 b











 





Table 5. Chemical characteristics of the supply water.
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	pH
	EC
	N
	P
	K
	Ca
	Mg
	S
	Na





	
	dS m−1
	
	
	
	mg L−1
	
	
	



	6.18
	0.20
	22.00
	1.00
	10.00
	14.00
	4.00
	4.00
	0.80







EC: electric conductivity. Nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), and sodium (Na).
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