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Abstract

:

Most vegetable crops are salt sensitive, growing inadequately in salinised soils due to the accumulation of toxic ions from prolonged irrigation regimes. Plant biostimulants are a potential tool that can be used to counteract salinity stress and increase crop yield. The aim of this study was to investigate the ability of the proprietary protein hydrolysate and Ascophyllum nodosum-derived biostimulant PSI-475 to activate salinity stress tolerance responses in plants. After characterising PSI-475 composition, initial biostimulant activity screening was performed using Arabidopsis thaliana. PSI-475 stimulated primary root growth (+5.5–20.0%) and photosynthetic pigments content (18.8–63.0%) under unstressed and salinity stressed conditions. Subsequently, PSI-475 was assessed by foliar application on tomato plants (cv. Micro-Tom) that received a saline irrigation water program, which caused a significant decrease in fruit yield (−37.5%). Stressed plants treated with PSI-475 increased this parameter by 31.8% versus the stressed control. Experimental data suggest that PSI-475 can alleviate the negative effects of saline irrigation by improving osmotic adjustment and ion homeostasis markers. PSI-475 was also able to provide significant yield benefits in unstressed plants (+16.9%) that were associated with improved leaf biochemical markers. The data presented support the use of this precision biostimulant to target the negative effects of salinity stress from irrigation.






Keywords:


plant biostimulants; protein hydrolysate; Ascophyllum nodosum extract; salinity stress tolerance; irrigation; osmotic adjustment; ion homeostasis; tomato; yield; quality












1. Introduction


Salinity is one of the most prevalent abiotic stresses affecting crop production and is seen as a major threat to agricultural productivity and sustainability worldwide. Overall, the total global area of salinised soils is steadily increasing at a rate of 8–10 million hectares every year, representing 1069 million hectares of total salt-affected land [1,2]. This problem is especially exacerbated in irrigated agriculture in arid and semi-arid regions (e.g., Mediterranean countries, Central Asia, China, India, Australia, USA, Mexico, Brazil, and Argentina), where precipitation is surpassed by evaporation, and soluble salts concentrate in the root zone, leading to undesirable alterations in soil properties [1,3]. This phenomenon could be aggravated due to climate change with a predicted increase in temperature combined with a decrease in rainfall [4]. Aside from naturally occurring soil salinity factors, excessive irrigation using ground-water or salinised water also intensifies this problem. It has been estimated that 20% of irrigated land, producing one-third of the world’s food, is affected by salinity stress [1,2,3].



Salinity stress is mainly associated with the accumulation of high levels of sodium (Na+) in the root zone with respect to other exchangeable cations, inducing osmotic and ion toxicity stresses that are thought to occur according to the canonical two-phase model proposed by Munns and Tester [5]. This model established a temporal and spatial separation between both abiotic stresses, with an initial rapid osmotic stress stage because of the reduced soil water availability, which is then followed by a slow and continuous Na+ accumulation in different plant organs, leading finally to significant ion toxicity stress symptoms. However, studies on root tissues have suggested that there is some temporal overlap between osmotic and ion toxicity stresses [6]. As with other plant abiotic stresses, various phenotypical, physiological, biochemical, and molecular parameters will change depending on salinity severity and duration, resulting in induced endogenous stress tolerance mechanisms (i.e., osmolyte accumulation, ion sequestration/exclusion), developmental changes, growth inhibition processes, and eventually reduced crop yield [7,8,9,10]. However, major agronomical crops are highly salt-sensitive, and their yield is significantly reduced under moderate salinity stress conditions (i.e., above 1.5 dS m−1 in irrigation water), leading to a yield gap between the potential value inherent to the crop and that obtained by the grower [1,11]. This yield gap can range between 10% and 80% and result in negative economic consequences and an inefficient food production system [12,13].



Approaches for increasing salinity stress tolerance for crops includes soil and irrigation management practices, traditional plant breeding, and genetic modification strategies. Field management practices are focused on generating suitable soil salinity levels for crop production and can demand high inputs and labour costs [1,14]. Breeding programs have been focused on acquiring traits from halophytic plant species and crop’s wild relatives, but their development is usually time-consuming [11,15]. Another way to increase yield under salinity stress is based on the generation of salt-tolerant varieties at the lab scale through the modification of the expression of genes encoding Na+ transporters, such as HKT1;2 [16,17,18], SOS1 [19], and NHX1 [20]. However, the success rate of the implementation of genetic modification strategies in real field conditions is reported to be low and more expensive than traditional breeding [13,21].



In pursuit of a more effective solution for growers to solve the salinity stress problem, plant biostimulants are emerging as sustainable solutions and have been gaining attention from the scientific and agroindustry communities [22]. Their current popularity is reflected in the fact that the global biostimulant market is expected to reach $9.22 billion by 2027, growing at a CAGR of 14.2% from 2019 [23]. According to the new EU Fertilising Products Regulation, plant biostimulants are defined as a separate category of inputs that can improve nutrient use efficiency, tolerance to abiotic stress, and/or quality traits regardless of their nutrient content [24]. Plant biostimulants made using protein hydrolysates or extracts from the brown seaweed Ascophyllum nodosum are accepted as effective and robust specialised agronomic inputs in crop production [25,26,27,28,29]. A number of publications have demonstrated the positive role of commercial protein hydrolysate biostimulants (PHBs) and Ascophyllum nodosum extracts (ANEs) in enhancing tolerance to abiotic stresses, such as heat [30], drought [31,32], and salinity [33,34,35,36,37]. Although the effectiveness of PHBs and ANEs in improving salinity stress tolerance has been mainly tested in leaf vegetable, legume, and cereal plant species subjected to short-term salinity stress (i.e., days to less than 1 month), little is known on how these biostimulant products can significantly improve both salinity tolerance mechanisms and crop yield over the production cycle in other high-value vegetable crop families that form fleshy fruits, such as the Solanaceae.



Tomato (Lycopersicon esculentum) is one of the most economically important vegetable crops produced and consumed globally. A total of 180.8 million tonnes of tomato were produced worldwide in 2019, with a global gross production value of $47.7 billion [38]. The cultivated tomato can be classified as ‘moderately sensitive’ to salinity stress, which means that it can tolerate an EC of saturated soil extract up to 2.5 dS m−1 or EC in irrigation water of 1.7 dS m−1 without any significant yield reduction. From that threshold value, tomato yield may decrease by 9–11% for every unitary increase in the EC of irrigation water [1,39,40]. Moreover, the severity of tomato productivity losses by salinity stress is increased if it occurs at flowering and fruiting growth stages [41,42,43].



The main objective of this study was to investigate the potential of the precision-engineered biostimulant PSI-475 to mitigate the adverse influence of saline irrigation water on tomato productivity. After characterising PSI-475, the formulation was initially tested in the model plant Arabidopsis thaliana to provide proof of concept. The same PSI-475 was subsequently assessed in tomato plants (cv. Micro-Tom) subjected to high salinity stress conditions from the early flowering stage onwards. In order to assess the impact on salinity stress tolerance and to provide a defined mode of action, well-established plant parameters at phenotypical, metabolic, enzymatic, and molecular levels were evaluated throughout the growth cycle.




2. Materials and Methods


2.1. Materials


The protein hydrolysate and Ascophyllum nodosum-derived biostimulant PSI-475 was provided by Brandon Bioscience (Tralee, Ireland). All chemical reagents and biochemical standards were purchased from Sigma-Aldrich (Arklow, Ireland) and Bio-Rad. The primers were purchased from Eurofins Genomics (Ebersberg, Germany).




2.2. Chemical and Structural Characterisation of Biostimulant Treatment PSI-475


Ash, uronic acids, fucose, laminarin, free mannitol, and polyphenol content were evaluated according to Goñi et al. (2018) [32]. Total free amino acid content was determined using ninhydrin reagent [44]. The concentration of individual free amino acids was evaluated through a reversed-phase separation by HPLC (RP-HPLC) and UV detection of the aminoenones formed by the reaction of amino acids with the derivatisation reagent diethyl ethoxymethylenemalonate (DEEMM) [45]. Total nitrogen was determined according to the Dumas method. Total phosphorus, potassium, sulphur, magnesium, boron, calcium, zinc, and iron were determined by acid digestion with nitric acid and quantification by inductively coupled plasma atomic emission spectroscopy (ICP-OES).



The molecular weight (Mw) distribution of PSI-475 protein hydrolysate was determined under physiological conditions using size exclusion chromatography (SEC). SEC analysis was performed using a Superdex 200 10/300GL column attached to an ÄKTA Purifier liquid chromatography system pre-equilibrated with the mobile phase (100 mM ammonium bicarbonate buffer, pH 9.0) and eluted using an isocratic program (0.75 mL min−1 for 40 min) at room temperature. Absorbance was measured at 280 nm to monitor the eluted proteins and peptides. Retention times of the observed peaks in the chromatograms were compared to those obtained for BSA (66 kDa), cytochrome C (12.4 kDa), and aprotinin (6.5 kDa) standards. The concentration of soluble peptides was estimated through gravimetric methods using the fractions separated from SEC analysis. The Mw distribution of poly and oligopeptides smaller than 30 kDa under denaturating conditions was also resolved using Tricine-SDS-PAGE according to Schägger (2006) [46].




2.3. Evaluation of Salinity Stress Tolerance in Arabidopsis Thaliana


An initial screening of the bioactive effect of PSI-475 was carried out on Arabidopsis thaliana (Col-0) seedlings. This experiment was based on a high throughput root microphenotyping platform in a 96-well format published previously [29,47] (Figure S1). Once Arabidopsis seeds germinated on the solid medium, the seedlings were subjected to unstressed and salinity stressed conditions by the selective addition of NaCl to the liquid nutrient medium (0 and 300 mM NaCl, respectively). Five concentrations of the PSI-475 (0, 2.5, 5, 10, and 25 mg L−1) were applied as biostimulant treatment. Distilled water was applied as an untreated control. Arabidopsis seedlings grew for 7 days at a temperature of 22/21 °C (day/night; 16/8 h) and 70% relative humidity (RH) under a light intensity of 100 µmol m−2 s−1. After this time period, the root system architecture parameters (primary root length and total root network length) were evaluated using Image J and Gia Roots software and expressed in mm [48]. Photosynthetic pigments were extracted from collected Arabidopsis seedling tissue in acetone:water (80:20), and their content was determined as described by Lichtenthaler and Buschmann (2001) [49], being expressed as chlorophyll (a + b) and carotenoid content on a fresh weight basis (mg g−1 FW).




2.4. Tomato Material and Growth Conditions


Tomato seeds (Lycopersicon esculentum, cv. Micro Tom) were purchased from Moles Seeds (Essex, UK). The tomato seeds were surface sterilised with sodium hypochlorite for 1 min before being thoroughly rinsed with distilled water. The seeds were set in plug trays using a growth medium composed of compost:vermiculite:perlite (6:1:1). After 28 days, the seedlings were transferred to 1-litre pots (same growth medium as previous with the addition of 2 g calcium carbonate lime and 1 g of slow releaser fertiliser containing N/P2O5/K2O (7/7/7, w/w/w). The plants were grown in a growth room at a temperature of 27/22 ± 1 °C with 16 h of daylight, 8 h of night and 80 ± 5% RH under a light intensity of 120 µmol m−2 s−1 in a complete randomised block design. The plants were placed in trays (22 plants/tray) and each tray was irrigated with 1 litre of tap water (EC: 0.7 dS m−1) three times per week. Temperature and relative moisture content were recorded regularly with a portable USB data logger (EBI300 TH, Ebro Electronic).




2.5. Salinity Stress Tolerance Experimental Design in Tomato


Prior to the application of salinity stress on the irrigation water, PSI-475 was applied by foliar spray at a rate of 2.5 mL L−1 on 56-day-old plants (T0; early flowering stage). Water was applied as a control. After 3 days, salinity stress had started in half of the plants by watering them with 50 mM NaCl (EC: 5.8 dS m−1) for 7 days and 100 mM NaCl (EC: 10.7 dS m−1) for 21 additional days (1 litre of saline water per tray, 3 times per week). To minimise the influence of any positional effect, the relative position of the pots was changed every other day. Tomato pollination was facilitated using an electric toothbrush on tomato flowers. After 28 days of adding saline water, the stressed plants were watered again with tap water (EC: 0.7 dS m−1), and PSI-475 treatment was applied again as a foliar spray at 2.5 mL L−1. The control plants were sprayed with water. Tap water irrigation (2 litres per tray, 3 times per week) was maintained for 67 days under the conditions described above to obtain 154-day-old plants. Tomato fruits were harvested in 126 and 154-day-old plants. A plant phenotypical evaluation was also carried out at the end of the plant trials (154-day-old plants). Leaf samples were collected at T1 (end of saline irrigation water period; 87-day-old plants) and T2 (2 weeks after finishing saline irrigation water period; 101-day-old plants) points at 2 h after the end of the light period, snap-frozen in liquid nitrogen, ground, and kept in −80 °C until further analysis. Additional leaf samples were also collected at T1 and T2 for relative water content (RWC) determination. Fruit tissue was also collected during the harvest stage to determine quality parameters. The other half of the plants (control and treated with PSI-475) was grown under unstressed conditions for 154 days (watering them with tap water and using the same volume as stressed plants; EC: 0.7 dS m−1) and analysed in the same way as the stressed plants (Figure S2).




2.6. Determination of Electrical Conductivity in Tomato Growth Medium


The EC from growth medium samples was measured at T0, T1, and T2 points to evaluate the salinity stress level present in the root zone. The EC expected for a saturated paste filtrate was calculated through a calibration curve made with different growth medium and water ratios (1:5, 1:8, 1:10, 1:15) according to VanderGheynst et al. (2004) [50] and expressed as dS·m−1.




2.7. Evaluation of Tomato Plant Phenotypic Markers


Four phenotypic parameters were recorded at the end of the plant trials after dividing tomato plants into roots and aboveground plant organs. Plant height was recorded as the start of the stem (at soil level) and ending with the highest point of the plant in centimetres. Plant aboveground biomass was determined after harvesting all the fruits. Primary root length was measured between the start of the root system (just below soil level) and the largest root tip and recorded in centimetres. Finally, root tissue was washed carefully with tap water to remove any growth medium particles, and root biomass was determined after drying the washed tissue for 12 h at 24 °C.




2.8. Evaluation of Tomato Fruit Yield and Quality Parameters


The total number of harvested fruits and fruit biomass per plant was used as fruit yield parameters. Moreover, a random selection of 20–25 harvested tomato fruits was made for determining fruit quality traits. Fruit samples were ground with an electric food chopper, and then the pulp and juice were separated by centrifuging the obtained fruit paste at 14,500× g at 10 °C for 10 min. After measuring the pH of each tomato juice sample, its sugar content was determined using a digital hand-pocket PAL-1 refractometer (Atago, Japan) at 20 °C and expressed as °Brix. The total titratable acidity (TTA) was determined by titrating the tomato juice sample with 0.1 M NaOH and phenolphthalein. The obtained result was expressed as grams of citric acid per 100 mL of tomato juice after preparing a calibration curve with citric acid (0–1% w v−1) [51].




2.9. Tomato Leaf Ion Content Analysis


The content of Na+ and K+ from leaf tissue collected at T1 and T2 sample points was determined after their acid extraction and further evaluation by atomic emission spectroscopy (AES), according to Munns et al. (2010) [52]. A total of 10 mg of dried leaf material was dissolved with 2.5 mL of 0.5 M HNO3 and incubated at 80 °C for 1 h. After extraction, the samples were centrifuged at 21,000× g for 10 min at 4 °C. The supernatants were collected and diluted with distilled water before measuring the ion content. The contents of Na+ and K+ were determined using AES at 589 and 766.5 nm, respectively (PerkinElmer Instruments AAnalyst 100 Spectrometer, PerkinElmer, Inc., Waltham, MA, USA). Calibration curves were prepared using certified Na+ and K+ primary standards and the ion content was expressed on a dry weight basis (mg g−1 DW).




2.10. Tomato RNA Extraction and RT-qPCR


RNA was extracted and purified from 30 mg of frozen ground leaf tissue collected at T1 and T2, according to Carmody et al. (2019) [39]. RNA concentration, purity, and integrity were measured using Qubit (Thermo Fisher Scientific, Waltham, MA, USA). The expression analysis of SOS1 (Solyc01g0050203.1), NHX1 (Solyc06g008820.3), and HKT1;2 (Solyc07g014680.3) genes was performed by RT-qPCR using a Roche LightCycler® 96 System and the LightCycler® RNA Master SYBR Green I one-step kit (Roche Life Science) according to the manufacturer’s instructions. The expression level of the tomato EF1α gene (Solyc06g005060.2) was used as a reference according to Løvdal and Lillo (2009) [53]. The 2−ΔΔCT method was used to quantify the relative normalised gene expression levels, and the unstressed control worked as the calibrator sample. The primer sequences used were as follows:



SlSOS1-FW→ GACTTGGGGCTTTAGAGTATGG



SlSOS1-REV→ GAGCAGGAAGGAAAACCGCC



SlNHX1-FW→ GGCTAGTTGCAATCATGGGG



SlNHX1-REV→ CAAGAGCGGTGATGGAATCG



SlHKT1_2_FW→ CCTACCGTCTTTTCGTCCTCA



SlHKT1_2_REV→ AGGTAAAAGCTTCCCCACCA




2.11. Tomato Leaf RWC


RWC measurements were performed on leaves collected at T1 and T2 sample points according to Goñi et al. (2018) [32].




2.12. Tomato Leaf Proline and Soluble Sugars Analysis Determination


The levels of proline and soluble sugars (expressed as glucose, fructose, and sucrose) were determined by spectrophotometry and HPAEC-PAD in tomato leaf tissue (T1 and T2 sampling points) according to the protocols described by Goñi et al. (2018) [32]. The values were expressed with respect to the leaf’s dry weight (mg g−1 DW)




2.13. Tomato Leaf Photosynthetic Pigments and Soluble Protein Content Analysis


The evaluation of photosynthetic pigment content in tomato leaf tissue (T1 and T2 sampling points) was evaluated as described in Arabidopsis seedling tissue (Section 2.3) and expressed as chlorophyll (a + b) and carotenoids content on a dry weight basis (mg·g−1 DW). Leaf soluble protein was evaluated in frozen ground tomato leaf material collected at T1 and T2 sample points and expressed with respect to dry weight (mg g−1 DW), as described previously [29].




2.14. Statistical Analysis


Chemical and molecular analysis of PSI-475 was performed using at least three biological replicates. The effect of PSI-475 on the Arabidopsis thaliana root microphenotyping system was developed in 4 independent experiments with at least 32 biological replicates per treatment and condition. Tomato plant and fruit phenotypic assessment was carried out in 3 independent trials with at least 22 plants per treatment and condition. For EC in tomato growth medium, fruit quality, RWC, and biochemical and molecular analysis, at least three biological replicates and three technical replicates per biological replicate were used for each treatment and condition using the plant samples described above. Unless stated otherwise, all data are expressed as mean ± standard error (SE). The statistics were evaluated with Sigma Plot 12 and Statgraphics Centurion XVI software. Two-way ANOVA with Tukey’s HSD test (p ≤ 0.05) was used to compare plant data obtained from Arabidopsis and tomato in order to assess the interaction between the two factors S (salinity stress) and PSI-475 (P). Where the interaction between the two factors (S × P) was significant, data were subjected to one-way ANOVA with Tukey’s HSD test (p ≤ 0.05), comparing all S × P means with each other. The application of all parametric tests was performed after checking the data normality (Shapiro–Wilk test) and equal variance assumptions. Principal component analysis (PCA) was performed to establish if a correlation existed between the different phenotypic, physiological, biochemical, and molecular markers evaluated in tomato trials. The PCA analysis was assessed using XLSTAT software package version 2014.5.03 through the correlation matrix Pearson n-1. The correlation biplot was determined based on the first and second principal components (PCs).





3. Results


3.1. Chemical and Structural Characterisation of PSI-475


The biostimulant used in this study was characterised chemically as having ash, different rates of seaweed carbohydrates (total uronics representing mainly alginate, fucose, laminarin, and free mannitol), polyphenols, total free amino acids, and soluble peptides (Table 1). The aminogram obtained for PSI-475 using RP-HPLC showed that the most abundant free amino acids were glutamic acid (9.1%), asparagine (6.1%), serine (12.1%), alanine (10.6%), methionine (12.2%), tyrosine (8.8%), and proline (6.5%). While several elements and microelements are present in PSI-475, its nutrient content was considered low and only total K and N content was above 1% w v−1 (Table 1). The molecular weight profile of PSI-475 protein hydrolysate determined through SEC analysis showed that most of the components were oligopeptides ranging between 0.2 and 12 kDa, having a peak maximum between 3 and 8 kDa (Figure 1A). Tricine SDS-PAGE analysis developed under denaturating conditions confirmed that most of the PSI-475 oligopeptide bands were present between 1 and 8 KDa (Figure 1B).




3.2. Effect of Salinity Stress and PSI-475 on Arabidopsis Thaliana


The effect of PSI-475 was first evaluated in the model plant Arabidopsis thaliana using a high throughput root microphenotyping platform (Table 2). When a two-way ANOVA test was completed, it was found that all three factors (salinity stress, PSI-475 treatment, and S × P interaction) were statistically significant for primary root length. The application of PSI-475 at 5 mg L−1 significantly increased the primary root length in unstressed seedlings by 13% compared to the unstressed control. Salinity stressed conditions (300 mM NaCl for 7 days) moderately decreased primary root length (−14.9%) compared to the unstressed control. However, seedlings treated with PSI-475 at 10 mg L−1 effectively counterbalanced the negative effects of salinity stress and increased primary root length by 20% compared to the stressed control (Table 2). Statistical analysis showed that the total root network length parameter, which quantifies both primary and lateral root growth, was significantly affected by salinity stress (p ≤ 0.001), decreasing by 16% in stressed seedlings. However, the application of PSI-475 did not induce any statistically significant differences in this root parameter compared to the control. As shown in Table 2, there was a statistically significant interaction S × P (p ≤ 0.001) for both chlorophyll (a + b) and carotenoids content in Arabidopsis seedlings. The application of PSI-475 in unstressed seedlings had statistically significant effects on chlorophyll (a + b) and carotenoids content at high concentrations (from 10 mg L−1), increasing their values to between 18.8% and 40.1% compared to the unstressed control (Table 2). While salinity stressed plants had a decrease of 60% for both photosynthetic pigments in control plants compared to untreated unstressed seedlings, those stressed seedlings treated with PSI-475 at 5 mg L−1 were characterised by a significant increase in chlorophyll (a + b) (+63%) and carotenoids (+51.3%) content compared to the stressed control.




3.3. Effect of Salinity and PSI-475 on Tomato Phenotypic, Fruit Yield and Fruit Quality Parameters


Table 3 shows the data on phenotype, fruit yield, and fruit quality parameters evaluated at the end of the tomato plant trials developed under unstressed and salinity stressed conditions. There was no statistically significant effect of either salinity or PSI-475 on plant aboveground biomass. However, salinity stress negatively affected other phenotypic parameters, such as plant height, primary root length, and root biomass (p ≤ 0.001), decreasing their average values by 13.1%, 8.9%, and 24.6%, respectively. Interestingly, and as observed in Arabidopsis thaliana, PSI-475 also had a statistically significant effect on primary root length, increasing this parameter by 5.5% on average compared to untreated plants grown under unstressed and stressed conditions. Fruit yield was compromised when tomato plants were exposed to salinity stress, decreasing this parameter by 37.5% compared to that obtained in unstressed plants. However, plants treated with PSI-475 showed higher fruit numbers and fruit yields under both unstressed and stressed conditions (36.3% and 22.4% on average, respectively) (Figure S3). Interestingly, the fruit yield increase was higher for stressed treated plants (+31.8% versus stressed control) than those treated and growing under unstressed conditions (+16.9% versus unstressed control). This positive effect can be visualised in the fruit assessment from Figure S3. Salinity stress also had a statistically significant effect on both fruit quality parameters, increasing the average sugar content (measured as °Brix) and TTA by 22.2% and 19.7%, respectively. Remarkably, PSI-475 caused a moderate average increase in the sugar content of the fruit under both unstressed and salinity stressed conditions (+9.9% on average; p ≤ 0.05) (Table 3).




3.4. Effect of Salinity and PSI-475 on Tomato Leaf Sodium and Potassium Content


As can be observed in Figure S4, the EC estimated for a saturated paste filtrate of the growth medium from unstressed plants ranged between 1.61 and 2.47 dS m−1. However, this parameter reached a maximum at the T1 sample point (10.41 dS m−1) for stressed treatments and only decreased by 39% after rewatering the pots with tap water for 14 days (T2 sample point; 6.40 dS m−1). The analysis of leaf Na+ and K+ content at T1 and T2 sample points confirmed the substantial effects of the saline irrigation program and the impact of PSI-475 application on ion homeostasis (Table 4). The two-way ANOVA analysis showed that all three factors (condition, PSI-475 treatment, and S × P) were highly significant (p ≤ 0.001) for leaf Na+ content at the T1 sample point. After exposing untreated plants to 28 days of the saline water irrigation program, leaf Na+ increased by 14.4-fold compared to unstressed control plants (p ≤ 0.001). However, PSI-475 was able to significantly reduce leaf Na+ by 20% in comparison to untreated stressed plants (p ≤ 0.001). A non-statistically significant increase of leaf K+ content was measured in both unstressed and stressed treated plants at the T1 sample point (+9.5% on average for both conditions; p = 0.236). At the T2 sample point, there was a statistically significant effect of salinity stress and PSI-475 application on leaf K+ content. While salinity stress decreased leaf K+ content by 15% (p = 0.003), PSI-475 treatment was able to induce the accumulation of this ion by 12% on average in both unstressed and salinity stressed plants (p = 0.011). Moreover, leaf Na+ content increased by nearly 27-fold in stressed plants compared to unstressed ones at the T2 sample point, confirming the presence of ion toxicity stress after rewatering the pots with tap water. Table 4 also shows how the K+/Na+ ratio was a useful marker to describe the disruption of ion homeostasis because of stress presence and the PSI-475 effect. Interestingly, it was improved by 32.3% (p = 0.128) in stressed plants treated with PSI-475 at the T1 sample point but it was similar in stressed treated and control plants at the T2 sample point (Table 4).




3.5. Effect of Salinity and PSI-475 on Tomato Leaf SOS1, NHX1 and HKT1;2 Gene Expression Levels


Following ion content analysis, a molecular approach was used to strengthen the understanding of the mode of action of PSI-475 on tomato ion homeostasis during salinity stress. The relative expression levels of three genes encoding sodium transporters (SOS1, NHX1, and HKT1;2) was calculated with respect to the respective unstressed control at T1 and T2 sample points (Figure 2). The two-way ANOVA analysis showed that there was a statistically significant interaction S × P for all gene expression data. At the T1 sample point, stressed control plants showed a significant downregulation of SOS1 and HKT1;2 with respect to unstressed control (0.80 and 0.45-fold, respectively). While PSI-475 did not induce any statistically significant differences on the gene expression levels of these ion transporters in unstressed plants, a specific effect was measured in stressed treated tomato plants. The gene expression levels of SOS1, NHX1, and HKT1;2 was significantly upregulated by 1.26, 1.90, and 1.68-fold with respect to stressed control, respectively (Figure 2A–C). At the T2 sample point, stressed control plants showed a significant upregulation of SOS1, NHX1, and HKT1;2 with respect to unstressed control (1.28, 1.45, and 1.58-fold, respectively). A second application of PSI-475 to unstressed plants did not have any statistically significant effect on SOS1, NHX1, and HKT1;2 expression levels compared to unstressed control (Figure 2D–F). While the SOS1 gene expression level decreased by 1.18-fold with respect to the stressed control in treated plants (Figure 2D), relative expression of NHX1 and HKT1;2 was significantly induced in stressed plants treated with PSI-475 at the T2 sample point (1.44 and 1.22-fold, respectively) (Figure 2E,F).




3.6. Effect of Salinity and PSI-475 on Tomato Leaf RWC, Proline, and Soluble Sugars Content


As can be observed in Table 5, RWC in leaf tissue at the T1 and T2 sample points was chosen as a physiological marker to evaluate the plant water status during the tomato trials. The two-way ANOVA showed that there was a statistically significant interaction S × P in the leaf RWC data at T1 (p ≤ 0.05). After exposing untreated plants to 28 days of the saline irrigation water program, leaf RWC decreased by 4.5% compared to unstressed control plants. However, PSI-475 caused RWC to increase significantly by 2.9% and 1.7% in comparison to the unstressed and stressed control plants, respectively. At the T2 sample point, 2 weeks after the second PSI-475 spray and finishing the saline irrigation water program, it was found that leaf RWC was also statistically significant for the interaction S × P (p ≤ 0.05). While this marker decreased significantly by 9.3% between stressed and unstressed control plants, the application of PSI-475 increased leaf RWC at T2 by 5.8% in stressed plants compared to stressed control (Table 5).



The accumulation of osmolytes, such as proline and soluble sugars (glucose, fructose, and sucrose), was determined in tomato leaf at T1 and T2 sample points in order to determine the presence of common osmoprotectant mechanisms (Table 5). Salinity stress factor at T1 had a strong statistically significant effect on proline, glucose, and sucrose (p ≤ 0.001), increasing their content by 3.7, 1.2, and 2.3-fold, respectively. The effect of PSI-475 was statistically significant on leaf glucose content at T1, inducing a strong accumulation compared to untreated control in both unstressed and stressed plants (+42% on average). While the two-way ANOVA analysis showed a significant interaction of S × P for leaf fructose content at the T1 sample point (p ≤ 0.05), we only observed statistically significant differences between unstressed and stressed plants. Proline content was also considerably affected by salinity stress in 101-day-old tomato plants at the T2 sample point (p ≤ 0.001). A statistically significant proline accumulation was also observed in plants treated with PSI-475 versus control regardless of the presence or not of salinity stress (+26.2% on average). Likewise, there was a significant interaction occurring between condition and PSI-475 treatment for glucose, fructose, and sucrose content (p ≤ 0.001). While PSI-475 only stimulated a statistically significant accumulation of fructose in unstressed plants with respect to unstressed control (22%), a different pattern was observed in stressed plants. Compared to stressed control, leaf sucrose content increased by nearly 20% in stressed plants treated with PSI-475 but glucose content decreased by 24% (Table 5).




3.7. Effect of Salinity and PSI-475 on Tomato Leaf Soluble Protein and Photosynthetic Pigments


After irrigating tomato plants with saline water for 28 days (T1 sample point), leaf soluble protein and carotenoids content showed a statistically significant decrease compared to unstressed plants (21% and 11%, respectively) (Table 6). The application of PSI-475 stimulated a common positive significant effect in both unstressed and salinity stressed plants at the T1 sample point. On average, tomato plants treated with this biostimulant increased their leaf soluble protein, chlorophyll (a + b), and carotenoids by 25.1%, 14.9%, and 8.7%, respectively. At the T2 sample point, the harmful effect of salinity stress was more pronounced for leaf soluble protein and photosynthetic pigment markers (21–23% content decrease). A positive effect was observed in these three parameters after applying PSI-475, although only the increase of chlorophyll (a + b) leaf content was significant for both unstressed and salinity stressed plants (+9.7% on average to both conditions; p = 0.034).




3.8. PCA Evaluation


A PCA model with 34 phenotypical, physiological, biochemical, and molecular variables was compiled to obtain an overview of the effects of salinity stress and PSI-475 treatment on tomato plants (Figure 3). The first two PCs were related with Eigenvalues > 5 and explained 86.35% of the total variance. PC1 was strongly positively correlated to fruit yield, fruit number, plant height, root weight, both root phenotypic parameters, RWC at T1 and T2, photosynthetic pigments content at T1 and T2, leaf K+ content at T1 and T2, leaf soluble protein content at T1 and T2, leaf fructose content at T2, and gene expression of HKT1;2 (at T1 and T2) and SOS1 (at T1). PC1 was also strongly negatively correlated to leaf Na+, proline, sucrose, and glucose content at T1 and T2, both fruit quality parameters (°Brix and TTA), and the gene expression of NHX1 and SOS1 at T2. Moreover, PC2 was strongly positively correlated to fruit number, leaf chlorophyll (a + b), K+, sucrose and fructose content at T1, and gene expression of HKT1;2 (at T1), SOS1 (at T1), and NHX1 (at T1 and T2). Furthermore, the PCA scatter plot split the samples into four main groups, with unstressed control (UC) and unstressed treated (UPSI-475) clustered in the positive side of PC1 but separated regarding the side of PC2 (negative for UC and slightly positive for UPSI-475), being associated to higher fruit yield. Stressed treated (SPSI-475) plants were distributed on the positive side of PC2 but slightly negative of PC1, where fruit quality and gene expression levels of Na+ transporters were higher. However, the stressed control (SC) sample was completely separated from the other three samples and distributed in the lower left quadrant, negatively correlated to the fruit yield variable vector.





4. Discussion


The prolonged use of salinised water in irrigation regimes of highly productive vegetable crop systems in arid and semi-arid regions represents a classical example of a vicious circle. In response to increased global food demand and advances in optimised crop yields, growers in these areas have increased the use of human and natural resources to capitalise on their localised agro-climatic benefits for industrial high-value crop production. These benefits allow them to satisfy global food markets with a continuous supply of vegetable crops during the whole season. However, it also requires the use of intensive fertilisation practices and higher amounts of irrigation water per area. This leads to the reduction of the region’s aquifers and increased salinity problems that contribute to adverse agronomic, economic, and environmental consequences [1,2,3,11,12,13]. In the current work, we investigated the potential of a protein hydrolysate and Ascophyllum nodosum-derived biostimulant, PSI-475, to effectively enhance salinity stress tolerance through a defined mode of action in the model plant Arabidopsis thaliana and a strategic vegetable crop (tomato).



4.1. Impact of PSI-475 and Salinity Stress on Phenotypical, Yield, and Quality-Related Markers


Because roots are the frontline organs of early perception and injury for salinity stress [10,54], the first screening of PSI-475 biostimulant activity was carried out on Arabidopsis thaliana using a high throughput root microphenotyping technique [29,47] (Table 2). The application of 300 mM NaCl in the liquid growth medium for 7 days was enough to observe a consistent reduction of primary root length and total root network length between unstressed and stressed controls. However, the extent of primary root growth repression was reduced when PSI-475 was added at 10 mg L−1 to the liquid growth medium of Arabidopsis seedlings. Similar benefits were found in 154-day-old tomato plants treated with two foliar applications of PSI-475 (2.5 mL L−1) and subjected to long-term irrigation salinity stress (Table 3). These results were comparable to other commercial biostimulants based on protein hydrolysates and ANEs [34,35,55] and indicate that both foliar and root applications of PSI-475 can mitigate the adverse effects of salinity stress on primary root growth. The root growth-promoting effect of PSI-475 was also measured in a dose-dependent manner in unstressed Arabidopsis seedlings and tomato plants. Unlike some animal-derived PHBs [56,57], no growth repression was observed at the highest dose tested in Arabidopsis thaliana (25 mg L−1), suggesting that the PSI-475 biostimulant shows a positive broad effect in modulating primary root elongation under unstressed and salinity stressed conditions.



The fundamental objective of salinity stress research in agriculture is to increase crop tolerance to enhance their yield under adverse conditions. Despite applying highly saline irrigation water for only 1 month, this stress regime was characterised as inducing elevated growth medium EC from early flowering until fruit harvest stages. As observed in other similar studies, the applied salinity stress model significantly affected plant height, root length, fruit number, fruit yield, and fruit quality traits in untreated tomato plants [39,40,41,42,43,58,59,60]. The obtained results provided strong evidence about PSI-475 efficacy in closing the 42% fruit yield gap in salinity stressed plants by nearly 50% (Table 3). A significant increase in tomato fruit number and fruit yield in unstressed plants was also observed. While there is a vast literature about the beneficial effects of PHBs and ANEs on fruit yield and fruit number under unstressed conditions [25,26,27,61], there is no relevant information that demonstrates that these component materials can increase yield in any fleshy vegetable crop species under salinity stress conditions. Most research to date has focussed on leafy vegetables, legumes, and cereal plant species [33,34,35,36,37].



As mentioned in previous studies, the applied salinity stress also increased the soluble sugars (°Brix) and acidity (TTA) of control stressed fruits compared to those unstressed, untreated plants [39,41,42,60,62]. Interestingly, the PSI-475 biostimulant further enhanced the accumulation of soluble sugars in tomato fruits with respect to both unstressed and stressed controls (Table 3). This finding is supported by previous studies about the effect of PHBs on chilli pepper and tomato [61,63,64] and could represent an additional benefit of PSI-475 for enhancing organoleptic quality traits of a tomato crop on top of its observed ability to enhance fruit yield [39,65].




4.2. Impact of PSI-475 and Salinity Stress on Physiological, Biochemical, and Molecular Markers


Salinity stress limits the growth and development of plants by affecting various physiological and biochemical mechanisms, such as ion content modulation, biosynthesis of osmoprotectants, photosynthesis inhibition, and activation of the antioxidant system [7,9,10]. Toxic accumulation of Na+ in plants growing under salinity stress conditions can perturb their ability to regulate K+ accumulation, making ion homeostasis challenging [7,8]. Interestingly, salinity stressed plants treated with PSI-475 significantly decreased their leaf Na+ content after irrigating tomato plants with highly saline water for 28 days. This led to a non-statistically significant improvement of leaf K+/Na+ ratio (Table 4). However, 14 days after receiving the second foliar application of PSI-475, stressed plants increased both leaf Na+ and K+ content and displayed a similar K+/Na+ ratio to that measured in control stressed plants at the T2 sample point. These results suggest that PSI-475 could stimulate different ion homeostasis mechanisms depending on several factors, such as crop developmental stage and stress intensity.



The coordinated upregulation of genes encoding the plasma membrane antiporter SOS1, which extrudes Na+ from the cytoplasm to the apoplast [19,66], and the selective HKT1;2 transporter, involved in Na+ removal from the xylem flow preventing its accumulation in photosynthetic tissues [23,67], in stressed plants treated with PSI-475 at T1 could explain the Na+ content reduction in leaf tissue compared to the stressed control (Figure 2). The specific role of SOS1 and HKT1;2 improving ion homoeostasis in leaf tissue has been experimentally corroborated in tomato [16,17,19] and glycophyte species [18,68]. However, at the T2 sample point, treated plants reduced leaf HKT1;2 upregulation and had lower levels of SOS1 expression than stressed controls, giving a possible reason for the similar leaf K+/Na+ ratio. Consistent with the mechanism of Na+ detoxification by vacuolar compartmentalisation, relative expression of NHX1 vacuolar antiporter increased in all sample points in stressed plants treated with PSI-475. Numerous studies have confirmed the positive correlation between the overexpression of NHX genes in leaf and root tissues and improved salinity stress tolerance in Arabidopsis thaliana and tomato crops [20,69,70,71].



Irrigation with salinised water can generate a loss of turgor of the leaves as a result of the osmotic stress. The application of PSI-475 in salinity stressed tomato plants partially recovered leaf RWC reduction of stressed control plants, which could be explained through the activation of osmotic stress tolerance mechanisms (Table 5). As recently calculated by Munns et al. (2020) [72], energy-efficient osmotic adjustment mechanisms in plants growing in saline environments would require accumulation of Na+ and Cl- in vacuoles and of organic osmolytes and K+ in the cytoplasm. Therefore, the upregulation of SOS1 and NHX1 in stressed plants treated with PSI-475 at T1 could not only help avoid ion toxicity but also enable high Na+ concentrations in the extracellular and/or vacuolar spaces that can serve as osmolyte, contributing to the measured higher leaf RWC. A significant increase in the content of proline and sucrose in salinity stressed tomato plants after the second foliar application of PSI-475 (T2 sample point) could have also contributed to the maintenance of a favourable water uptake with positive effects on leaf cell turgor. These metabolic changes on proline and sucrose agreed with the results obtained after applying plant-derived PHBs to salinity stressed lettuce and bean plants [34,36].



Both experimental plant models used to test PSI-475 performance showed the significant negative impact of salinity stress applied for short or long periods on photosynthetic pigments content. Likewise, the positive effect of PSI-475 on these metabolic markers was also observed in both Arabidopsis and tomato plants growing under unstressed and stressed conditions, confirming the trend observed in the stimulation of primary root growth and suggesting the broad scope of benefits provided by PSI-475 in different plant species and growth conditions (Table 1 and Table 6). These positive results obtained after the application of PSI-475 on total chlorophyll and carotenoids content are comparable with the effect provided by other commercial PHBs and ANEs in stressed plants [32,33,36,37], which are linked to improved photosynthetic efficiency and/or a role in detoxifying plant cells from reactive oxygen species (ROS) generated under salinity stress conditions [7,9,58].



Under unstressed conditions, PSI-475 was able to enhance leaf K+ at T1 and T2 sample points, which was strongly positively correlated to fruit yield variables in the PCA model (Figure 3). The accumulation of this essential macronutrient for plant physiology and metabolism at reproductive stages has been previously associated with improved tomato fruit productivity [73]. This effect, along with the higher content of leaf soluble protein and soluble sugars, could be a result of a stimulating action on C and N metabolism pathways, which may enhance plant growth and fruit production. Similar results have been observed in different crops after applying commercial PHBs and ANEs, with the effect being attributed to a coordinated upregulation of the activity of enzymes and expression of genes encoding nutrient transporters and enzymes involved in primary C and N metabolism [29,57,61,74,75].



The ability of specific biomolecules within PSI-475 to induce plant growth and abiotic stress defence responses represents the most probable mechanism of action. As observed recently by Alfosea-Simón et al. (2020) [76], foliar application of amino acids (glutamic acid, proline, arginine, methionine, and tryptophane) displayed positive and negative interactions on salinity stressed tomato plants depending on the type of amino acid or amino acid mixture. Some experimental evidence has also suggested the role of oligopeptides and low molecular weight peptide fractions to function as growth and development signalling molecules, metabolic reprogramming, and plant defence [77]. Additionally, the ability of seaweed carbohydrates to work as elicitors is well-known, stimulating efficient plant growth and abiotic stress tolerance mechanisms in several crop species [78]. The targeted formulation of specific molecular entities derived from these component materials is likely to increase the efficacy and robustness of the induction of crop salinity tolerance. The data presented here for PSI-475 suggests that this is possible.





5. Conclusions


The induction of stress tolerance by the biostimulant PSI-475 was characterised by the activation of general and specific responses in Arabidopsis thaliana and tomato plants under unstressed and salinity stressed conditions. The salinity stress-induced root growth repression and fruit yield gap were significantly reduced by the application of PSI-475. PSI-475 was able to maintain a better ion homeostasis modulated by the upregulation of genes encoding Na+ transporters and enhanced osmotic stress tolerance in tomato plants. These specific tolerance responses to salinity stress were complemented with additional benefits at the biochemical level (e.g., photosynthetic pigments and soluble protein content), which was also observed in unstressed plants treated with PSI-475, leading to higher crop performance. The data generated indicates that the precision-engineered biostimulant PSI-475 can be a tool for farmers to alleviate the damage of irrigation salinity stress, leading to enhanced crop productivity and quality. However, further experimental work is necessary to get a better understanding of the molecular networks through which PSI-475 acts in plants, supporting the development of more efficient products for sustainable agriculture in stressful environments.
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Figure 1. Molecular weight determination of plant protein hydrolysate from PSI-475. (A) SEC analysis. Dashed arrows represent the retention time values of three standards (BSA (66 kDa, cytochrome C (12.4 kDa), and aprotinin (6.5 kDa)). (B) Tricine SDS-PAGE profile focused on the 1–26 kDa range. Lanes 1 and 2 represent the Colour Marker Ultra-low Range marker (C6210) and the sample, respectively. 
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Figure 2. Effect of salinity stress and PSI-475 on sodium transporters gene expression levels in tomato leaf tissue. (A) SOS1; (B) NHX1; (C) HKT1;2 at the T1 sample point. (D) SOS1; (E) NHX1; (F) HKT1;2 at the T2 sample point. The results were expressed as the relative log2 fold-change with respect to the EF1α gene expression level and using the unstressed control as the calibrator sample. Because the interactions S × P were significant, data were subjected to one-way ANOVA with Tukey’s HSD test, comparing all means with each other. Different letters indicate statistical differences between means with p ≤ 0.05 within the same gene and sample point. Number of biological replicates (n ≥ 3). ns, *, **, and *** means non-significant or significant at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. 
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Figure 3. PCA scatter plot based on the first two principal components (PC1 and PC2) generated from the analysed phenotypical, physiological, biochemical, and molecular parameters in tomato plants. Observations corresponding to the four samples were included in the PCA scatter plot: unstressed control (UC); unstressed treated with PSI-475 (UPSI-475), stressed control (SC), and stressed treated with PSI-475 (SPSI-475). Fruit yield variable label was highlighted in the figure for easier localisation. 
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Table 1. Compositional analysis of PSI-475.
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	Component
	
	Concentration





	Ash % (w v−1)
	
	3.00 ± 0.15



	Uronics acids % (w v−1)
	
	0.85 ± 0.07



	Fucose % (w v−1)
	
	0.81 ± 0.05



	Laminarin % (w v−1)
	
	0.29 ± 0.02



	Free mannitol % (w v−1)
	
	0.56 ± 0.06



	Polyphenol % (w v−1)
	
	1.22 ± 0.08



	Total free amino acids % (w v−1)
	
	1.90 ± 0.03



	Soluble peptides % (w v−1)
	
	1.55 ± 0.02



	Elements % (w v−1)
	N
	1.03 ± 0.04



	
	P
	0.13 ± 0.01



	
	K
	1.65 ± 0.05



	
	S
	0.26 ± 0.02



	Microelements (ppm)
	Mg
	561.60 ± 6.34



	
	B
	443.15 ± 5.87



	
	Zn
	236.40 ± 7.75



	
	Fe
	117.61 ± 4.30



	
	Ca
	68.80 ± 1.45







Data are the means ± SE and expressed with respect to PSI-475 liquid content. Number of biological replicates (n ≥ 3).
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Table 2. Effect of salinity stress and PSI-475 on Arabidopsis thaliana root and photosynthetic pigments.
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	Source of Variance
	Root Length (mm)
	Root Network (mm)
	Chl (a + b) (mg g−1 FW)
	Carotenoids (mg g−1 FW)





	Salinity (S)
	***
	***
	***
	***



	PSI-475 (P)
	***
	ns
	***
	***



	S × P
	**
	ns
	***
	***



	Salinity (S)
	
	
	
	



	Unstressed
	11.03 b
	32.03 b
	0.14 b
	0.05 b



	Stressed
	9.77 a
	26.93 a
	0.06 a
	0.02 a



	PSI-475 (mg L−1) (P)
	
	
	
	



	0
	9.72 a
	28.96
	0.09 a
	0.03 a



	2.5
	10.21 b
	28.27
	0.10 b
	0.03 a



	5
	10.47 b
	30.44
	0.11 b
	0.04 b



	10
	11.03 c
	29.63
	0.10 b
	0.03 a



	25
	10.57 b
	30.09
	0.11 b
	0.04 b



	S × P
	
	
	
	



	Unstressed × 0
	10.4 bc
	31.57
	0.12 d
	0.04 d



	Unstressed × 2.5
	10.84 bcd
	31.25
	0.14 de
	0.04 d



	Unstressed × 5
	11.75 d
	32.61
	0.14 de
	0.05 d



	Unstressed × 10
	11.21 bcd
	32.91
	0.15 e
	0.05 d



	Unstressed × 25
	10.97 cd
	31.81
	0.17 f
	0.06 e



	Stressed × 0
	9.04 a
	26.35
	0.05 a
	0.02 a



	Stressed × 2.5
	9.58 ab
	25.29
	0.07 bc
	0.03 bc



	Stressed × 5
	9.19 a
	28.27
	0.08 c
	0.03 c



	Stressed × 10
	10.86 bcd
	26.34
	0.05 ab
	0.02 ab



	Stressed × 25
	10.17 abc
	28.37
	0.05 a
	0.02 ab







All data are expressed as the average per sample collected. ns, **, and *** means non-significant or significant at p ≤ 0.01, and p ≤ 0.001, respectively. Different letters indicate statistical differences with p ≤ 0.05 based on t-test (S) or Tukey’s HSD test (P and S × P). Number of biological replicates (root phenotype: n = 32; biochemical: n ≥ 3).
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Table 3. Effect of salinity stress and PSI-475 on tomato phenotypic, fruit yield, and fruit quality parameters at harvest (154-day-old plants).
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	Source of Variance
	Plant Height (cm)
	Plant Biomass (g)
	Root Length (cm)
	Root Biomass (mg)
	Fruit Number
	Fruit Yield (g)
	Sugar Cont. (°Brix)
	TTA

(% w v−1)





	Salinity (S)
	***
	ns
	***
	***
	ns
	***
	***
	*



	PSI-475 (P)
	ns
	ns
	*
	ns
	***
	*
	*
	ns



	S × P
	ns
	ns
	ns
	ns
	ns
	ns
	ns
	ns



	Salinity (S)
	
	
	
	
	
	
	
	



	Unstressed
	29.21 b
	14.34
	20.45 b
	65 b
	13.57
	28.76 b
	5.44 a
	0.61 a



	Stressed
	25.38 a
	14.24
	18.62 a
	49 a
	12.22
	17.98 a
	6.65 b
	0.73 b



	PSI-475 (P)
	
	
	
	
	
	
	
	



	Untreated
	27.24
	14.33
	19.01 a
	55
	10.91 a
	21.01 a
	5.76 a
	0.63



	PSI-475
	27.36
	14.25
	20.05 b
	59
	14.88 b
	25.73 b
	6.33 b
	0.59



	S × P
	
	
	
	
	
	
	
	



	Unstressed × Untreated
	28.77
	14.46
	20.02
	64
	12.01
	26.51
	4.97
	0.63



	Unstressed × PSI-475
	29.66
	14.22
	20.87
	65
	15.13
	31.01
	5.92
	0.59



	Stressed × Untreated
	25.70
	14.21
	18.01
	46
	9.81
	15.51
	6.55
	0.73



	Stressed × PSI-475
	25.06
	14.28
	19.23
	53
	14.62
	20.45
	6.75
	0.72







All data are expressed as the average per plant. ns, *, and *** means non-significant or significant at p ≤ 0.05, and p ≤ 0.001, respectively. Different letters indicate statistical differences with p ≤ 0.05 based on t-test (S, P). Number of biological replicates (plant phenotypic and fruit yield markers: n ≥ 22; fruit quality markers: n ≥ 3).
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Table 4. Effect of salinity stress and PSI-475 on tomato leaf potassium and sodium content.
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Source of Variance

	
T1 (87-Day-Old Plants)

	
T2 (101-Day-Old Plants)




	
K+

	
Na+

	
K+/Na+

	
K+

	
Na+

	
K+/Na+




	
(mg g−1 DW)

	

	
(mg g−1 DW)

	






	
Salinity (S)

	
ns

	
***

	
***

	
**

	
***

	
***




	
PSI-475 (P)

	
ns

	
***

	
ns

	
*

	
ns

	
ns




	
S × P

	
ns

	
***

	
ns

	
ns

	
ns

	
ns




	
Salinity (S)

	

	

	

	

	

	




	
Unstressed

	
53.74

	
1.45 a

	
39.69 b

	
44.72 b

	
1.12 a

	
40.62 b




	
Stressed

	
51.31

	
16.36 b

	
3.06 a

	
38.95 a

	
30.23 b

	
1.31 a




	
PSI-475 (P)

	

	

	

	

	

	




	
Untreated

	
50.14

	
9.69 b

	
21.67

	
39.54 a

	
14.65

	
18.50




	
PSI-475

	
54.91

	
8.12 a

	
21.08

	
44.47 b

	
17.01

	
23.43




	
S × P

	

	

	

	

	

	




	
Unstressed × Untreated

	
51.13

	
1.26 a

	
40.71

	
42.03

	
1.02

	
35.67




	
Unstressed × PSI-475

	
56.36

	
1.64 a

	
38.68

	
47.41

	
1.22

	
45.57




	
Stressed × Untreated

	
49.16

	
18.12 c

	
2.63

	
37.05

	
28.29

	
1.33




	
Stressed × PSI-475

	
53.46

	
14.60 b

	
3.48

	
41.12

	
32.81

	
1.29








All data are expressed as the average per sample collected at T1 or T2 sample points. ns, *, **, and *** means non-significant or significant at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. Different letters indicate statistical differences with p ≤ 0.05 based on t-test (S, P) or Tukey’s HSD test (S × P). Number of biological replicates (n ≥ 3).
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Table 5. Effect of salinity stress and PSI-475 on tomato leaf RWC, proline, and soluble sugars content.
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Source of Variance

	
T1 (87-Day-Old Plants)

	
T2 (101-Day-Old Plants)




	
RWC

	
Proline

	
Fructose

	
Glucose

	
Sucrose

	
RWC

	
Proline

	
Fructose

	
Glucose

	
Sucrose




	
%

	
(mg g−1 DW)

	
%

	
(mg g−1 DW)






	
Salinity (S)

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***




	
PSI-475 (P)

	
***

	
ns

	
ns

	
***

	
ns

	
***

	
***

	
*

	
*

	
***




	
S × P

	
*

	
ns

	
*

	
ns

	
ns

	
*

	
ns

	
***

	
***

	
***




	
Salinity (S)

	

	

	

	

	

	

	

	

	

	




	
Unstressed

	
78.14 b

	
1.67 a

	
1.80 a

	
2.20 a

	
1.16 a

	
76.97 b

	
1.35 a

	
2.33 b

	
1.50 a

	
1.51 a




	
Stressed

	
74.32 a

	
6.20 b

	
3.41 b

	
2.64 b

	
2.68 b

	
71.39 a

	
5.57 b

	
1.97 a

	
1.82 b

	
3.84 b




	
PSI-475 (P)

	

	

	

	

	

	

	

	

	

	




	
Untreated

	
75.36 a

	
3.96

	
2.56

	
2.00 a

	
1.87

	
72.60 a

	
3.08 a

	
2.06 a

	
1.73 b

	
2.51 a




	
PSI-475

	
77.10 b

	
3.91

	
2.65

	
2.84 b

	
1.98

	
75.75 b

	
3.85 b

	
2.24 b

	
1.58 a

	
2.84 b




	
S × P

	

	

	

	

	

	

	

	

	

	




	
Unstressed × Untreated

	
77.02 c

	
1.51

	
1.98 a

	
1.69

	
1.23

	
75.82 c

	
1.01

	
2.10 a

	
1.40 a

	
1.50 a




	
Unstressed × PSI-475

	
79.26 d

	
1.83

	
1.62 a

	
2.71

	
1.09

	
78.11 d

	
1.70

	
2.57 b

	
1.59 a

	
1.51 a




	
Stressed × Untreated

	
73.70 a

	
6.41

	
3.15 b

	
2.31

	
2.50

	
69.37 a

	
5.15

	
2.03 a

	
2.06 b

	
3.52 b




	
Stressed × PSI-475

	
74.94 b

	
5.99

	
3.67 b

	
2.96

	
2.86

	
73.40 b

	
5.99

	
1.92 a

	
1.57 a

	
4.16 c








All data are expressed as the average per sample collected at T1 or T2 sample points. ns, *, and *** means non-significant or significant at p ≤ 0.05, and p ≤ 0.001, respectively. Different letters indicate statistical differences with p ≤ 0.05 based on t-test (S, P) or Tukey’s HSD test (S × P). Number of biological replicates (n ≥ 3).
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Table 6. Effect of salinity stress and PSI-475 on tomato leaf soluble protein and photosynthetic pigments content.
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Source of Variance

	
T1 (87-Day-Old Plants)

	
T2 (101-Day-Old Plants)




	
Protein

	
Chl (a + b)

	
Carot.

	
Protein

	
Chl (a + b)

	
Carot.




	
(mg g−1 DW)

	
(mg g−1 DW)






	
Salinity (S)

	
*

	
ns

	
*

	
*

	
***

	
***




	
PSI-475 (P)

	
*

	
**

	
*

	
ns

	
*

	
ns




	
S × P

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns




	
Salinity (S)

	

	

	

	

	

	




	
Unstressed

	
82.25 b

	
15.88

	
1.90 b

	
81.31 b

	
16.15 b

	
2.09 b




	
Stressed

	
65.12 a

	
14.86

	
1.69 a

	
62.52 a

	
12.66 a

	
1.67 a




	
PSI-475 (P)

	

	

	

	

	

	




	
Untreated

	
65.46 a

	
14.30 a

	
1.72 a

	
68.37

	
13.74 a

	
1.83




	
PSI-475

	
81.91 b

	
16.44 b

	
1.87 b

	
75.46

	
15.08 b

	
1.93




	
S × P

	

	

	

	

	

	




	
Unstressed × Untreated

	
69.88

	
14.97

	
15.76

	
80.56

	
1.87

	
2.06




	
Unstressed × PSI-475

	
94.61

	
16.78

	
16.55

	
82.05

	
1.93

	
2.12




	
Stressed × Untreated

	
61.03

	
13.63

	
11.72

	
56.17

	
1.58

	
1.59




	
Stressed × PSI-475

	
69.21

	
16.09

	
13.61

	
68.86

	
1.81

	
1.74








All data are expressed as the average per sample collected at T1 or T2 sample points. ns, *, **, and *** means non-significant or significant at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. Different letters indicate statistical differences with p ≤ 0.05 based on t-test (S, P). Number of biological replicates (n ≥ 3).
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