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Abstract

:

Climate change accentuates abiotic stress conditions putting at risk several commercial cultivars particularly vulnerable to salinity in the early stages of development, which makes adopting new technologies in tune with the environment necessary to mitigate its impact. In this study, we tested the possible effects of a commercial biostimulant (BALOX®) on enhancing salt stress tolerance in salt-treated tomato plants, analysing plant growth and several stress biochemical markers: photosynthetic pigments, ion contents in roots and leaves, leaf concentrations of different osmolytes, oxidative stress markers, non-enzymatic antioxidants, and the specific activities of major antioxidant enzymes. The experimental design consisted of three soil salinity levels (non-saline, saline, and very saline), two biostimulant doses (0.4 mL and 0.8 mL of the BALOX® stock per litre of irrigation water), and the non-treated control (without biostimulant), evaluated at 30 and 60 days of treatment. The biostimulant favoured plant growth, especially at the root level and in saline soils. In addition, it helped reduce Na+ and Cl− uptake by the roots and seemed to stimulate, to some extent, K+ and Ca2+ transport to the aerial part of the plant. The BALOX® application significantly reduced the level of stress affecting the plants in saline soils, as shown by the decrease in the contents of proline and oxidative stress biomarkers and the activity of salt-induced antioxidant enzymes. Some of the biostimulant effects were also observed under low salinity conditions; therefore, in addition to enhancing salt stress responses, BALOX® appears to stimulate the growth of tomato plants through a general improvement of photosynthesis and primary metabolism.
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1. Introduction


Environmental abiotic stresses, stimulated by accelerated climate change, have become the main threat to plant growth, development, and survival. Factors, such as drought, extreme temperatures, and salinity, hinder many crops’ growth, biomass accumulation, and yield [1]. In specific cases, anthropogenic activities, such as irrigation with low-quality water, cause cropland salinisation due to an excessive accumulation of soluble salts in groundwater and soils [2].



Salinity affects more than 109 ha of land worldwide, including about 77 × 106 ha of agricultural land, of which up to 1.5 million are abandoned yearly because of salinisation [3,4]. It is estimated that 50% of all arable lands will be significantly affected by salinity by 2050 [5]. Consequently, the accumulation of soluble salts in the rhizosphere is one of the main reasons for low crop productivity [2]. Furthermore, plant physiology is very susceptible to soil salinity, which negatively affects seed germination, vegetative growth, reproductive development, and crop yield [6].



Salinity negatively affects plant growth and yield through three main mechanisms: generating osmotic stress, toxicity of Na+ and Cl− ions, and inducing oxidative stress as a secondary effect [7]. Osmotic stress, caused by high concentrations of salts in the soil and/or irrigation water, produces an imbalance of the water potential at the root surface, limiting water absorption, which causes cellular dehydration in the plants [8]. In addition to its osmotic component, salinity’s most acute deleterious effects are due to the accumulation of toxic sodium and chloride ions in plant tissues [9]. These negative effects include, amongst others, a reduction of the availability of mineral nutrients by competition during absorption, translocation or distribution within the plant, inhibition of photosynthesis by degradation of photosynthetic pigments, or damage of cell membranes and organelles, all contributing to salt-induced growth inhibition [10,11]. In addition, salt stress increases the production of reactive oxygen species (ROS), causing oxidative stress [12], which can be estimated by the accumulation of several biochemical markers, such as malondialdehyde (MDA) or hydrogen peroxide (H2O2) [13,14]. Oxidative stress negatively affects vital processes, such as transpiration, chlorophyll biosynthesis, and water and nutrient uptake dynamics [15,16,17,18]. Under high salinity and other abiotic stress conditions, plants activate a series of conserved responses, including the control of ion transport and ion homeostasis [19,20], synthesis and accumulation of compatible solutes for cellular osmotic adjustment [21,22], and ROS detoxification through the activation of antioxidant enzymes and the synthesis of antioxidant compounds [23,24].



Developing new crop varieties with enhanced abiotic stress tolerance through both traditional breeding and genetic engineering or genome editing appears to be the most sensible approach to address the challenge of global food security in the present climate change scenario [25]. However, other strategies can contribute to improving the tolerance of our present crop cultivars and mitigate climate change effects, for example, by using biostimulants. Agricultural biostimulants are a diverse collection of substances and micro-organisms that can be applied to plants to improve nutritional efficiency, tolerance to abiotic stress, and crop quality traits, regardless of their nutrient content [26,27]. They are increasingly integrated into production systems to modify plant physiological processes and optimise productivity, thus reducing crop losses [28]. Biostimulants are not nutrients themselves but facilitate nutrient uptake or contribute beneficially to growth promotion or stress resistance [29]. The main advantages of biostimulants are the absence of negative or detrimental impact on plants, people, animals, or the environment; increasing the biodiversity of beneficial microorganisms; and improving soil properties [30]. Under high salinity conditions, biostimulants have been suggested to act on plants directly, improving seed germination and plant growth and enhancing salt tolerance, and also indirectly, improving physical, chemical, and biological soil properties [31].



Tomato (Solanum lycopersicum) is one of the horticultural crops of greatest importance to the economy and consumption of humankind. The leading producers are countries in subtropical and temperate zones, such as China, India, Turkey, the United States, Egypt, Iran, Italy, Spain, Mexico, Brazil, Indonesia, Nigeria, Algeria, and Tunisia. According to FAO [32], approximately 182 million tonnes of tomatoes were produced worldwide in 2017, grown on 4.8 × 106 ha. Spain is the second European producer, with about 5 million tonnes of tomato, grown on 61,000 ha [32].



The present study was designed to evaluate the possible effects of a commercial biostimulant (BALOX®) on tomato plants grown under salt stress conditions. BALOX® contains polyphenols and glycine betaine as bioactive ingredients, but its mechanism of action is unknown. Tomato plants in the vegetative developmental stage were grown in the greenhouse, in substrates of different salinities, and applying the biostimulant at different doses for 30 and 60 days. After the treatments, plants were harvested, and the effects of salinity, the biostimulant, and their combination on plant growth were assessed by measuring several growth parameters. In addition, different biochemical stress markers were also determined to establish how the biostimulant can affect the plants’ responses to salinity. The performed measurements included the levels of photosynthetic pigments (chlorophyll a, chlorophyll b, and carotenoids), ion (Na+, K+, Ca2+, and Cl−) contents in roots and leaves, and foliar concentrations of common plant osmolytes (proline (Pro), glycine betaine (GB), and total soluble sugars (TSS)). In addition, the degree of salt-induced oxidative stress was estimated by quantifying reliable oxidative stress biomarkers (malondialdehyde (MDA) and hydrogen peroxide (H2O2)). Finally, the activation of antioxidant systems was studied by measuring the leaf levels of representative antioxidant compounds (total phenolic compounds (TPCs) and total flavonoids (TFs)) and the specific activities of major antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), and glutathione reductase (GR). The aim of these experiments was 2-fold: first, to confirm the beneficial effect of the biostimulant on plant growth and second, to gain insights into its mechanisms of action. The work was based on the hypothesis that BALOX® acts primarily by enhancing the natural responses to salt stress of tomato plants, although additional effects could not be excluded a priori.




2. Materials and Methods


2.1. Plant Growth, Stress Treatments, and Biostimulant Application in the Greenhouse


Tomato seeds (Solanum lycopersicum L. var. DIEZMIL97 F1) were purchased from Intersemillas S.A. (Valencia, Spain). Seed germination was carried out in trays containing commercial peat mixed with vermiculite (1:1) in a greenhouse at Universitat Politècnica de València (UPV) (Valencia, Spain). One month after sowing, young plants (with three true leaves) were transferred to individual pots (14 cm diameter) containing 2 kg of soil with different salinities, prepared as described below.



The soil was obtained from the Albufera area, Valencia province; the original material was quaternary alluvial sedimentary, with a clay loam texture, an exchange capacity of 14.94 meq/100 g soil, and 1.02% organic matter. The soil, originally ‘non-saline’ (NS, 2.77 dS/m), was salinised using a 35 mM NaCl solution, until reaching 7.99 dS/m (‘saline’, S) and 12.44 dS/m (‘very saline’, VS). The salinised soils were dried and sieved at 2 mm (Table 1).



The biostimulant used in this study was BALOX®, formulated by Innovak Global, SA de CV (Chihuahua, Mexico). Its main active components are polyphenols at 1.4% (w/w) and glycine betaine at 3.0% (w/w). Two doses of the biostimulant were applied to the plants: 0.4 mL and 0.8 mL of the BALOX® stock per litre of irrigation water, roughly equivalent to the range recommended by the manufacturer for treatments in the field, 2 L per ha (D2) and 4 L per ha (D4), respectively.



Treatments were initiated when the plants were transplanted into individual pots, on 30 March 2021, one month after sowing the seeds. The plants were grown in the greenhouse, under long-day conditions (14 h light/10 h darkness) provided by natural light supplemented with 315 W, 3100 K Philips lamps (LEC Sun System lighting kit, Growlet, Vigo, Spain). The relative humidity ranged from 50% to 80%, and the temperature ranged from 17 °C to 23 °C; heating and cooling systems were automatically switched on to maintain the temperature within the indicated values throughout the treatments. Temperature and relative humidity were monitored with a HOBO U23 Pro v2 Data Logger (Onset Computer Corporation, Bourne, MA, USA). The experiments were arranged in a multivariate design consisting of three salinity conditions (non-saline: NS, saline: S, and very saline: VS soils), two doses of the biostimulant BALOX® (D2 and D4), and two evaluation periods (30 and 60 days after transplanting). Control plants (D0, without biostimulant) were grown in parallel, maintaining the same experimental design. In general, six plants per treatment were used. Irrigation was carried out twice a week, pouring into each pot 175 mL of tap water (EC = 0.9 dS m−1) (D0) or 175 mL water containing BALOX® at 0.4 mL L−1 (D2) or 0.8 mL L−1 (D4), according to the described dosage. Half of the plants received two biostimulant applications together with irrigation. The first application was made at transplanting and the second 15 days later. All plants of this group were harvested after 30 days, still at the vegetative growth stage. The other half received four biostimulant applications also together with irrigation. The first application was made at the time of transplanting, and the following applications at 15, 30, and 45 days after transplanting. The plants were harvested after 60 days, at the onset of reproductive development.



In all plants, the roots and the aerial part were collected separately. The roots were cleaned with a brush; clean roots, the stems, and the detached leaves of each plant were weighed on a precision balance to register their fresh weight (FW). A fraction of each plant sample was frozen in liquid N2 and stored at −75 °C until further use; the remaining material was weighed (FW), dried at 65 °C for about 72 h until a constant weight was reached, and weighed again to determine the corresponding dry weight (DW). The water content percentage of each sample was then calculated according to the following formula:


WC% = [(FW − DW)/FW] × 100.



(1)








2.2. Quantification of Photosynthetic Pigments


The concentrations of chlorophyll a (Chl a), chlorophyll b (Chl b), and total carotenoids (Caros) in leaf tissue of the tomato plants were determined according to a previously published method [33] using spectrophotometric techniques. First, pigments were extracted from fresh, ground plant material (50 mg) with 1 mL of 80% (v/v) ice-cold acetone. The samples were then mixed for 12 h on a shaker in the absence of light, and after centrifugation at 13,300× g for 10 min at 4 °C, the supernatant was collected, and its absorbance was measured at 663, 646, and 470 nm. Chl a, Chl b, and Caro concentrations in the extract were calculated using the equations described in [33], and pigment contents were finally expressed as mg g−1 DW.




2.3. Ion Quantification


Concentrations of mono (Na+, Cl−, and K+) and divalent (Ca2+) ions were determined in plant water extracts, separately for roots and leaves [34], from 100 mg of ground dried plant material, mixed in a shaker with 2 mL Milli-Q water for 24 h. Samples were incubated at 95 °C in a water bath for 30 min, cooled on ice, and filtered through a 0.45 μm nylon filter. Na+, K+, and Ca2+ concentrations were quantified with a PFP7 flame photometer (Jenway Inc., Burlington, VT, USA) and Cl− with a chlorimeter (Sherwood, model 926, Cambridge, UK).




2.4. Osmolyte Determination


Three common plant osmolytes were analysed in the leaves of tomato plants: proline (Pro), glycine betaine (GB), and total soluble sugars (TSSs). Pro content was determined following the protocol of Bates et al. [35]. Fresh leaf material (50 mg) was extracted in 3% (w/v) aqueous sulphosalicylic acid and subsequently mixed with acid ninhydrin, then incubated for 1 h at 95 °C, cooled on ice, and extracted with two volumes of toluene. Finally, the absorbance of the organic phase was measured with a spectrophotometer at 520 nm, using toluene as a blank. Samples with known Pro concentrations were assayed in parallel to obtain a calibration curve. The concentration of Pro was expressed as µmol g−1 DW.



GB extraction and quantification were performed according to a published procedure [36], with some modifications [37]. First, fresh leaf material (150 mg) was extracted with 1.5 mL of Milli Q water; after shaking for 24 h at 4 °C, the sample was centrifuged at 13,300× g for 10 min. The supernatant was combined with a 2 N H2SO4 solution (1:1) and kept on ice for 60 min. Next, 125 µL of the above sample was mixed with 50 µL of cold KI-I2 solution to induce GB precipitation in the form of golden crystals. All subsequent steps were performed in the dark. The samples were stored for 16 h at 4 °C and centrifuged at 13,300× g for 45 min at 0 °C. After carefully removing the supernatant, the GB crystals were dissolved in 1.4 mL cold 1,2-dichloroethane. The samples were then kept for 2.5 h under cold and dark conditions. Finally, the absorbance was measured at 365 nm. The glycine betaine concentration was calculated from a standard calibration curve, and the GB content was expressed as µmol g−1 DW.



TSSs were extracted and quantified according to the method described by Dubois et al. [38]. Fresh leaf material (50 mg) was ground in liquid N2 and extracted with 2 mL of 80% (v/v) methanol. After mixing in a shaker for 24 h, the samples were centrifuged at 13,300× g for 10 min; then, the supernatants were diluted conveniently with water and mixed with sulphuric acid and phenol (95% and 5%, respectively). After 20 min incubation at room temperature, the absorbance was measured at 490 nm. TSS concentration was expressed in glucose equivalents, used as standard (mg eq. glucose g−1 DW).




2.5. Determination of Oxidative Stress Markers and Non-Enzymatic Antioxidants


Malondialdehyde (MDA) and hydrogen peroxide (H2O2) contents were measured in tomato leaf extracts to evaluate the level of oxidative stress affecting the plants subjected to the different experimental treatments. Total phenolic compound (TPC) and total flavonoid (TF) concentrations were measured as representative non-enzymatic antioxidants.



MDA, TPCs, and TFs were determined in the same 80% (v/v) methanol extracts used for TSS determination. A previously described method [39], with some modifications [40], was used for MDA quantification. Methanol extracts were mixed with 0.5% (w/v) thiobarbituric acid (TBA) prepared in 20% (w/v) trichloroacetic acid (TCA)—or with 20% TCA without TBA for the controls—and then incubated for 20 min at 95 °C, cooled on ice, and centrifuged at 13,300× g for 10 min at 4 °C. The absorbance of the supernatants was measured at 532 nm. The non-specific absorbance at 600 and 400 nm was subtracted, and the MDA concentration was calculated using the equations in [40]. MDA contents were expressed as nmol g−1 DW.



H2O2 content was quantified according to the method described by Loreto and Velikova [41] after extraction from fresh plant material (50 mg) with a 0.1% (w/v) solution of trichloroacetic acid (TCA) in water. The extract was centrifuged, and the supernatant was thoroughly mixed with one volume of 10 mM potassium phosphate buffer (pH 7.0) and two volumes of 1 M KI. The absorbance of the samples was determined at 390 nm. H2O2 concentrations were expressed as μmol g−1 DW.



TPCs were measured by reaction with the Folin–Ciocalteu reagent [42]. Methanol extracts were mixed with the reagent and Na2CO3, and after 90 min incubation in the dark at room temperature, absorbance was recorded at 765 nm. TPC concentrations were expressed as gallic acid (GA) equivalents used as standard (mg eq. GA g−1 DW).



TFs were determined by nitration with NaNO2 of aromatic rings bearing a catechol group, followed by reaction with AlCl3 under alkaline conditions [43]. The absorbance of the sample was measured at 510 nm, and the total flavonoid content in the leaves was expressed in equivalents of the standard catechin (mg eq C. g−1 DW).




2.6. Antioxidant Enzyme Activities


The specific activity of three major antioxidant enzymes, namely superoxide dismutase (SOD), catalase (CAT), and glutathione reductase (GR), was determined at room temperature (25 °C) in crude protein extracts prepared from tomato leaves and stored frozen at −75 °C, as previously described [44]. Protein quantification in the extracts was determined according to Bradford [45], using the commercial Bio-Rad reagent and bovine serum albumin (BSA) as the standard. The specific activities in protein extracts of the selected antioxidant enzymes were determined by spectrophotometric assays and expressed in units per mg protein.



SOD activity in protein extracts was determined spectrophotometrically at 560 nm, measuring the inhibition of nitroblue tetrazolium (NBT) photoreduction in reaction mixtures containing riboflavin as the source of superoxide radicals [46]. One unit of SOD was defined as the amount of enzyme causing 50% inhibition of NBT photoreduction under the assay conditions.



CAT activity was assessed from the consumption of H2O2 added to the extract, following the decrease in absorbance at 240 nm [47]. One unit of CAT was defined as the amount of enzyme that decomposes one mmol H2O2 per minute at 25 °C.



GR activity was quantified as previously described [48] by the decrease in absorbance at 340 nm, due to the oxidation of NADPH during the GR-catalysed reduction of oxidised glutathione (GSSG) to its reduced form (GSH). One unit of GR was defined as the amount of enzyme required to oxidise one mmol of NADPH per minute at 25 °C. The minor modifications introduced to the initially published SOD, CAT, and GR assays have been described previously [44].




2.7. Statistical Analyses


Statistical analysis was performed using a one-way analysis of variance (ANOVA) to evaluate separately biostimulant treatments, soil salinity conditions, and treatment times, with a 95% confidence level. In addition, for all measured traits, the significance of differences among biostimulant doses for each soil salinity level, the soil salinity level for each biostimulant dose, and their interactions were assessed by two-way ANOVAs, independently for each treatment period (30 and 60 days). Post hoc comparisons were then performed using Tukey’s honestly significant difference (HSD) test with the statistical package Stagraphics Centurion, v. XVIII (Statpoint Technologies, Warrenton, VA, USA). The values indicated in figures and tables represent the means and standard errors (SE) of the different parameters. Relationships among the 27 traits measured for each biostimulant dose (D2, D4) and the control (D0) were obtained calculating pairwise Spearman’s rank correlation coefficients and then testing their significance with α = 0.05 [49]. Subsequently, a principal component analysis (PCA) was performed on all data using R 6.3.6 statistical software with the FactoMineR package [50]; the R packages ggplot2 [51] and corrr [52] were used to extract and visualise the results.





3. Results


3.1. Electrical Conductivity of the Substrate


Electrical conductivity in 1:5 (soil: water) extracts (EC1:5) was measured in substrate samples from all pots at the beginning (0 days) and the end of the treatments (30 and 60 days). As expected, this value increased as a function of the degree of soil salinity, showing slight variations among periods (Table 2).




3.2. Effect of Salt Treatments on Plant Growth


The effects of salt stress and biostimulant application on the growth of the tomato plants were assessed by measuring some relevant growth parameters, such as the fresh weight (FW) and water content (WC%) of roots, stems, and leaves (Figure 1).



The soil salinity levels tested in the experiments apparently did not affect plant growth in the absence of the biostimulant, as no significant differences with the control, non-saline soil were observed in the FW of roots, stems, or leaves, neither after 30 days of treatment nor after 60 days; logically, since the plants grew for an additional month, the average values were higher at day 60 than at day 30, especially regarding root FW (Figure 1a,c,e).



A general trend of growth stimulation was observed in plants treated with BALOX®, considering that mean FW values were in most cases higher in the presence than in the absence of the biostimulant (Figure 1a,c,e); however, in non-saline soils, the differences were not statistically significant, except for leaf FW after 30 days of treatment (Figure 1e). The biostimulant’s growth-inducing effect was more clearly observed in the saline soils, particularly in the roots, where FW increased significantly under all tested conditions, saline and very saline soil, 30 and 60 days of treatment, and both BALOX® doses; for example, in saline soil and at the highest dose (D4), the biostimulant increased root FW about 4-fold at 30 days, and 2.4-fold at 60 days, over the corresponding control values (Figure 1a). Figure 2 shows representative photos of the plant roots from all treatments, where a somewhat larger root system can be visually observed in plants treated with the biostimulant, as compared to the controls (D0), in agreement with the data in Figure 1. Regarding stem and leaf FW, the increases were significant only for some combinations of soil salinity, biostimulant dose, and treatment period, namely S/D2/30 and S/D2/60 days and VS/D4/60 days for stem FW (Figure 1c) and S/D2/30 and S/D4/30 days for leaf FW (Figure 1e).



The tomato plants appeared to be highly resistant to stress-induced dehydration under all tested conditions, not showing any significant reduction in the WC of roots, stems, or leaves by growing them in S or VS soil for 30 or 60 days (Figure 1b,d,f). Biostimulant application, in general, also did not affect the hydration level, except for a significant increase in root WC of plants cultivated in saline soil for 30 days (Figure 1b).




3.3. Photosynthetic Pigments Contents


An assessment of the effects of biostimulant treatments on photosynthesis pigment concentrations under different soil salinity conditions provided a general picture roughly similar to that obtained for growth parameters. Chlorophylls a and b and carotenoid contents did not vary significantly in tomato plants cultivated without biostimulant in non-saline, saline, and very saline soils for 30 or 60 days (Figure 3). On the other hand, the BALOX® application significantly increased the average levels of the three pigments after 30 days of treatment. However, statistically significant differences with the control without biostimulant (D0) were detected only for some treatments, namely BALOX® applied at D2 dose in saline soil for Chl a (1.6-fold higher than the D0 control, Figure 3a) and Caro (1.6-fold higher than the D0 control, Figure 3c) and BALOX® applied at D4 dose in saline soil and for Chl b (2.2-fold higher than the D0 control, Figure 3b).



After 60 days of treatment, when plants were at the onset of reproductive development, the biostimulant effect disappeared; very small, non-significant differences in pigment contents were observed among all treatments (Figure 3).




3.4. Ion Accumulation in Roots and Leaves


Ion (Na+, Cl−, K+, and Ca2+) contents were determined in the roots and leaves of all plants at the end of the treatments (Figure 4).



A general trend of increasing Na+ contents in the plants, as salinity conditions increased in soils, was observed in the experiments (Figure 4a,b). In the absence of biostimulant (D0), soil salinity increased the mean Na+ values in roots and leaves at 30 and 60 days of treatment, although not all differences were statistically significant. For example, significant differences were found between the mean Na+ concentrations in roots (1.6-fold higher in VS than in NS soil, Figure 4a) and leaves (1.8-fold higher in VS than in NS soil, Figure 4b) at 30 and 60 days.



In plants treated with BALOX®, lower Na+ levels were found in general, in both roots and leaves, at 30 and 60 days, as compared to the tomato plants grown in the absence of the biostimulant. These differences were statistically significant for some combinations of soil salinity, biostimulant dose, and treatment time, namely NS/D2/30, S/D2/30, NS/D2/60, S/D2/60, NS/D4/60, S/D4/60, and VS/D4/60 for Na+ in roots (Figure 4a) and S/D2/60, VS/D2/60, NS/D4/60, S/D4/60, and VS/D4/60 for Na+ in leaves (Figure 4b). A similar pattern was observed for the Cl− concentration in roots and leaves at 30 and 60 days of treatment (Figure 4c,d). Therefore, it appears that the biostimulant application reduced the uptake of toxic ions by the plants. It is also important to note that both Na+ and Cl− concentrations were similar in roots and leaves in all tested treatments.



Regarding mean K+ values, in the absence of the biostimulant, the results show an increase in salinity in roots and leaves at 30 and 60 days, although the effect was relatively weaker after 60 days of treatment (Figure 4e,f). In the roots of plants grown in non-saline soil, K+ concentrations increased significantly in response to the application of BALOX® at the highest dose (D4), whereas small, generally non-significant differences were found in saline soils (Figure 4e). The pattern of K+ content variation was similar in leaves than in roots but without significant differences observed with the corresponding controls for each treatment (Figure 4f). However, it should be noted that, under the same experimental conditions, the K+ concentration in leaves was much higher than in roots; for example, the maximum mean value reached in roots was 553 μmol g−1 DW, whereas that in leaves was 1435 μmol g−1 DW (Figure 4f,e).



The increase in soil salinity did not affect Ca2+ contents in the absence of the biostimulant after 30 or 60 days of growth, neither in roots nor in leaves—except for a significant increase in Ca2+ in leaves in VS soil (Figure 4h). Plants treated with BALOX® showed a tendency to increase Ca2+ content at 30 days, in roots and leaves and under non-saline and saline conditions although differences with the D0 control were significant only for NS soil, whereas at 60 days, there was no significant effect. As for K+ contents, Ca2+ concentrations measured in leaves were much higher than in roots; for example, for the NS/D2/30 treatment, leaf Ca2+ levels were about 9-fold higher than in roots (Figure 4h,g).




3.5. Osmolyte Quantification


Pro contents in leaves of the tomato plants increased significantly in all treatments, in parallel with increased soil salinity, after 30 and 60 days of growth (Figure 5a). For example, at 30 days of treatment, the concentration of Pro increased about 7-fold in S soil and 11-fold in VS soil, as compared to the NS control soil, reaching maximum absolute values close to 200 µmol g−1 DW. The effect of the BALOX® application on the plants was a significant and dose-dependent reduction of Pro accumulation under all tested experimental conditions. Thus, in plants treated for 30 days in the presence of the highest biostimulant dose (D4), relative reductions of Pro concentration of 40% and 36% were determined in S and VS soils, respectively, when compared with the corresponding D0 controls; after 60 days of growth, the differences were relatively smaller but still significant (Figure 5a).



Mean TSS levels decreased with increasing soil salinity, although significant differences with NS soil were only observed after 30 days of treatment (Figure 5b). The application of the biostimulant resulted, for each type of soil, in the dose-dependent increase in TSS contents after 30 and 60 days of treatment; differences with the D0 controls were statistically significant in the presence of BALOX® at the highest dose (D4) but also, in most cases, for the D2 dose (Figure 5b).



Average GB leaf contents increased slightly in response to increasing salinity, but no significant differences with the NS soil were found, neither after 30 days nor at 60 days of growth (Figure 5c). The biostimulant application increased further mean GB concentrations, in a dose-dependent manner and under all experimental conditions. Statistically significant differences with the D0 control were found for both biostimulant doses, D2 and D4, in VS soil after 30 and 60 days of treatment, and also in S soil, but only for D4 at 60 days (Figure 5c).




3.6. Oxidative Stress Markers and Non-Enzymatic Antioxidants


Soil salinity generated oxidative stress in the tomato plants, as shown by an increase in the mean leaf levels of the oxidative stress markers malondialdehyde (MDA) and hydrogen peroxide (H2O2) when comparing plants grown in S or VS soils with the non-saline controls (Figure 6). Regarding MDA contents, absolute values were lower at 60 days than at 30 days of treatment for each soil type, whereas, on the contrary, H2O2 accumulated to much higher levels after 60 days (Figure 6).



The general effect of the biostimulant application was a relative reduction of mean MDA contents with respect to the corresponding D0 controls in both non-saline and, especially, saline soils. This reduction was observed under all tested conditions already at the BALOX® low dose (D2) and was statistically significant in most cases (Figure 6a). A similar pattern of variation was observed for leaf H2O2 concentrations in biostimulant-treated plants (Figure 6b).



The leaf contents of total phenolic compounds (TPCs) and total flavonoids (TFs), as representative antioxidant compounds, were determined in the tomato plants after the treatments (Figure 7). In general, no significant effects of salinity or biostimulant application were observed, except for the reduction of TPC levels in S soil at the D2 dose of biostimulant after 60 days of treatment (Figure 7a) and the reduction of TF contents in the VS soil/D2 dose/30 days treatment (Figure 7b), when compared to the corresponding D0 controls.




3.7. Antioxidant Enzyme Activities


The specific activities of the three analysed antioxidant enzymes—superoxide dismutase (SOD), catalase (CAT), and glutathione reductase (GR)—increased significantly in response to increasing soil salinity, both at 30 and 60 days of treatment (Figure 8). For example, SOD activity increased 3.4-fold in S soil and 7.4-fold in VS soil at 30 days, with respect to NS soil (Figure 8a). For the three enzymes and each soil type, specific activities were higher after 60 days compared to the values calculated after 30 days. This is shown, for instance, by the mean value of CAT activity in S soil, at 30 days (54 U. mg−1 protein) and 60 days (90 U. mg−1 protein) of treatment (Figure 8b).



The application of the biostimulant caused a dose-dependent reduction of the specific activity of the three enzymes under all tested conditions: both in saline (S and VS) and non-saline (NS) soils and for the 30 days and 60 days samplings. The differences with the corresponding controls (plants grown without biostimulant) were statistically significant in all cases, except for SOD activity in NS soil after 60 days of growth (Figure 8a). The specific activity reductions varied for each enzyme and experimental condition and could reach more than 50% of the D0 control. For example, GR activity was reduced in the presence of BALOX® at the high dose (D4) by 51%, 55%, and 47% in NS, S, and VS soils, respectively (Figure 8c).




3.8. Correlation and Principal Component Analyses


Pairwise Spearman’s correlation coefficients were calculated for all 27 traits and measured separately for plants grown in the absence of the biostimulant (control, dose 0) and those treated with the biostimulant at the two doses (D2, D4) (Figure 9). First, in the control plants (D0), the increase in Na+ and Cl− concentrations in leaves (Na+(l), Cl−(l)) and roots (Na+(r), Cl−(r)) observed in saline soils showed positive and statistically significant correlations with the increased antioxidant enzyme activities (SOD, CAT, and GR) and proline (Pro), malondialdehyde (MDA), and peroxide (H2O2) contents (Figure 9). Concerning these ion contents, correlation coefficients (ρ) higher than +0.81 were observed for SOD and GR activities or higher than +0.74 for CAT; these values oscillated between +0.65 and +0.88 for Pro contents, and they were around +0.57 for H2O2. It was also observed that these correlation coefficients decreased with biostimulant treatments, D2 and D4, indicating a reduction of the salt stress effects in the plants due to the action of the biostimulant. In the case of the D2 dose, the corresponding ρ values were below +0.81 for SOD and GR activities, with minimum values of +0.71 and +0.65, respectively, and +0.58 for CAT activity. Likewise, correlations between ion contents and Pro levels showed ρ values ranging from +0.57 to +0.87, and ρ values below +0.44 were found in the case of H2O2. Plant responses to both biostimulant doses were very similar.



On the other hand, in control plants (D0), the MDA concentration showed a significant negative correlation with TFs (ρ = −0.72), TSSs (ρ = −0.67), Ca (l) (ρ = −0.62), and RFW (ρ = −0.55). Similarly, Pro contents were negatively correlated with TSSs (−0.83). However, these correlation coefficients decreased significantly in the presence of the biostimulant, indicating that the BALOX® application reduced the level of oxidative stress affecting the plants. For example, for the D4 dose, the following ρ values were calculated when comparing MDA contents with those of TFs (ρ = −0.18), TSSs (ρ = −0.25), Ca2+ (l) (ρ = −0.09), and RFW (ρ = −0.49). Again, a similar behaviour was observed in D2- and D4-treated plants.



Next, we performed a Principal Component Analysis (PCA) to explore the associations among the 27 growth and biochemical traits measured in the control (D0) and biostimulant-treated (D2, D4) plants, under three salinity conditions (NS, S, and VS) and in two evaluation periods (30 and 60 days). The correlation circle and PCA biplot of the variables are presented in Figure 10. The first two components covered 60.3% of the total variability (Figure 10a), with the first one (PC1) explaining 33.2% of the total variability and correlating significantly mainly with the activity of antioxidant enzymes (GR, SOD, and CAT) and Pro concentration and Na+ and Cl− contents in the roots (r) and leaves (l). These data are consistent with the association of all these variables (Pro, ion, and enzyme activities) near the barycentre of the very saline (VS) soil (Figure 10b), where the control treatment (D0) is also located. The second component explained an additional 27.1% of the total variability and was mainly correlated with parameters linked to oxidative stress, non-enzymatic antioxidants (TPCs, TFs), and GB, being located near the barycentre of the saline soil (S). Biostimulant treatments (D2 and D4) are positioned near the barycentre of the non-saline soil (NS), which would indicate that biostimulant-treated plants behave similarly to unstressed or less stressed plants when compared to D0 control plants. Likewise, the biostimulant seemed to favour higher levels of photosynthetic pigments, the concentration of Ca2+ and K+ in roots and leaves, and the water content in the plants, mainly in the roots, inducing a protection effect against saline conditions in the plants.





4. Discussion


4.1. Salinity Effects on Plant Growth and Biochemical Stress Markers


In general, growth inhibition is the first and most common response of plants to the application of different stress conditions, including salt stress [6]. However, we did not observe any significant reduction of root, stem, or leaf fresh weight in saline soils with respect to the values measured in non-saline soil, neither after 30 days nor after 60 days of growth. Although an ECe higher than 4 dS m−1 defines a soil as ‘saline’ [53], in our experiments, we did not use extremely high salinities, even in the VS soil, since we did not intend to apply ‘shock’ salt treatments but sought to simulate conditions that can occur in the field when the plants are irrigated with low-quality water. Therefore, the stress conditions were not strong enough to cause a detectable inhibition of growth in a crop, such as tomato, which is moderately resistant to salt stress [54]. In addition, in our experimental conditions, the plants showed a remarkable resistance to salt-induced dehydration, as no reduction of water content was observed in roots, stems, or leaves. A reduction of the fresh weight and water content of different plant organs is probably the most appropriate criterion to assess the negative effects of stress on plant growth. However, we cannot rule out completely the possibility that the salt treatments did affect the growth of the tomato plants in a more subtle way, reducing other growth parameters that were not quantified in our experiments, such as stem length or diameter or the number or area of the leaves. Salinity affects all phases of plant growth, but the severity of its effects depends on the developmental stage, salinity level, and cultivar [55]. It has been reported that, in general, salinity resistance increases with plant age, and cultivars are usually more resistant at the fruit ripening stage [56]. Furthermore, other reports [57] suggest that at low salinity levels (below 5 dS m−1), vegetative growth is limited by nutritional imbalance, whereas at higher salinities (ECe > 6 dS m−1), the osmotic and toxicity effects of salt stress also contribute to growth reduction.



The degradation of photosynthetic pigments is another general response of plants to high salinity and other abiotic stresses, as it has been observed in different crops [58,59,60], even though increases in chlorophyll content under high salinity conditions have also been reported in some cases [61]. In fact, salt-induced photosynthesis inhibition is one of the causes of growth reduction. In the present study, no significant changes in Chl a, Chl b, or Caros were observed when comparing the plants grown in S and VS soils with the controls, in agreement with the measurements of growth parameters.



On the contrary, soil salinity did affect ion homeostasis and transport in the tomato plants. As expected, Na+ and Cl− contents increased significantly in parallel with the increasing salt concentration in the soil, both in roots and leaves and after the 30- and 60-day treatment periods. Interestingly, the concentrations of both ions in roots were relatively high (500–600 µmol g−1 DW) even under low salinity conditions (NS soil), suggesting the presence of mechanisms of active uptake of these ions by the roots. On the other hand, ion contents were similar in roots and leaves for each type of soil and treatment period. Therefore, mechanisms of salt tolerance based on blocking the transport of toxic ions to the aerial part of the plants do not appear to operate in tomato, contrary to what has been described in other crops; for example, in some common bean cultivars [62].



Despite the known deleterious effects of toxic ion accumulation [11,12,14], as mentioned above, growth inhibition was not observed in our experiments, suggesting the activation of counteracting mechanisms. One of these defence mechanisms may be based on the uptake of K+ ions from saline soils. Generally, upon an increase in Na+ contents in the tissues of salt-treated plants, K+ levels decrease because both ions compete for the same ion transporters, as reported in different species, including tomato [63,64,65]. In the present work, however, a significant increase in root K+ contents was observed in saline soils compared to the NS soil. Furthermore, for the same type of soil and treatment time, K+ concentrations were substantially higher (more than 2-fold) in leaves than in roots, pointing to the presence of active transport of this ion to the aerial part of the plants. This can explain, at least in part, why no degradation of photosynthetic pigments was observed in saline soils; Na+ accumulation and K+ deficit alter several fundamental physiological processes in plants, including photosynthesis [66], but in this case, the increase in leaf K+ contents helped maintain the Na+/K+ ratio. According to the classification of Flynn [67], K+ concentration in the soils used in this study can be considered very high, exceeding values of 7 meq/L already in the NS soil, which clearly should facilitate uptake of this cation by the roots.



Similarly, Ca2+ levels were much higher, about 10-fold, in leaves than in roots, particularly in very saline soils. As for K+, the active transport of Ca2+ from roots to the aerial plant parts and its accumulation in the leaves can contribute to salt tolerance since it is well known that calcium can partly counteract the adverse effects of sodium in the plant [23]. The observed accumulation of the two cations, K+ and Ca2+, is weaker at 60 days than at 30 days, especially in leaves. This is possibly due to the age of the plant [56] since plants tend to be more tolerant when they are older, so that relatively weaker responses could be sufficient to cope with the applied stress effects.



Plants accumulate compatible solutes, or osmolytes, to maintain osmotic balance under different abiotic stress conditions. Osmolytes are chemically diverse compounds, including, for example, proline (Pro), glycine betaine (GB), and different sugars and sugar alcohols [68]. In tomato, Pro is the most common osmoregulatory compound synthesised in response to abiotic stresses [69] and is accumulated under salt stress in both leaf and root tissues [70]. In fact, this amino acid has been shown to play an active role in the response to salt-induced osmotic stress in different plant species [71,72]. In many cases, a strong positive correlation between the salinity level and the increase in Pro content in the plants has been found [73,74], as was also observed in the present work. Therefore, Pro accumulation can be considered a reliable marker of the salt stress level affecting tomato plants. In addition, its role in osmotic adjustment, Pro has other relevant functions in the mechanisms of abiotic stress tolerance, including scavenging ROS [75]. This is reflected in the correlation and PCA analyses, where Pro is highly correlated with the salinity level and therefore shows a positive and significant correlation with Na and Cl concentrations in roots and leaves and also with MDA contents and antioxidant enzyme activities (SOD, CAT, and GR).



Soluble sugars have been shown to act as functional osmolytes in many plant species, accumulating to high levels in response to high salinity and other abiotic stress treatments [76,77,78,79]. In the present experiments, however, sugar contents actually decreased with increasing soil salinity, suggesting that these compounds do not play any significant role in osmotic adjustment under stress. Nevertheless, considering the multiple biological functions of sugars unrelated to stress responses, as energy sources, components of primary metabolism, or signalling molecules, changes in sugar levels should be interpreted with caution [80,81]. Glycine betaine (GB) is also a common plant osmolyte, with different protective functions in plants subjected to abiotic stress, such as maintaining osmotic balance and membrane stability, protein structure protection, or ROS reduction under stress conditions [82,83,84]. We observed a slight increase in average GB levels in saline soils with respect to the NS soil, but the differences were not significant; in any case, the reached GB concentrations were too low to have any significant osmotic effect. Therefore, at least under our experimental conditions and contrary to Pro, neither TSSs nor GB seemed to be directly involved in the mechanisms of salt tolerance in the tomato plants.



Although not reflected in significant growth inhibition, plants in the S and VS soils were affected by salt-induced oxidative stress. This was revealed by the observed increase in the mean average contents of two reliable oxidative stress markers, MDA and H2O2. The differences with the control, non-saline soil were statistically significant under all tested experimental conditions, except for changes in H2O2 levels at 30 days of treatment. The generation of oxidative stress, estimated by the increase in the levels of these biochemical markers, is a general secondary effect of abiotic stresses and has been described in many plants subjected to high salinity and other stressful conditions (e.g., [13,85,86,87]).



Plants respond to oxidative stress by activating antioxidant systems, both enzymatic and non-enzymatic [23,24]. In the present study, growing the plants in saline soils did not cause any significant accumulation of total phenolic compounds or the subgroup of flavonoids, typical examples of metabolites with high antioxidant activity. However, the specific activity of some of the most relevant antioxidant enzymes, SOD, CAT, and GR, did increase significantly in parallel to increasing salinity in the soil, both after 30 and 60 days of growth. These results agree with many reports in the literature indicating that the activation of antioxidant enzymes is the first line of defence of plants against oxidative stress. Only under extreme stress conditions, when the enzymatic machinery is not efficient enough to cope with cellular redox unbalance, is the synthesis of low molecular weight antioxidant compounds activated [88,89,90,91]. In our experiments, it seems clear that the activation of SOD, CAT, and GR enzymes was sufficient to counteract the salt-induced oxidative stress, and TPC and TF accumulation was not required.




4.2. Biostimulant Effects on Plant Growth and Stress Responses


The biostimulant application had a general positive effect on the growth of treated plants. This stimulatory effect was more clearly observed in roots, where FW increased significantly by applying BALOX® at both doses—D2 and D4—and in the 30- and 60-day treatments, but only in saline soils (S and VS); in NS soil, no significant change of FW was detected. Furthermore, BALOX® promoted increased root water content in plants grown in S soil. However, growth stimulation was not—at least not exclusively—mediated by counteracting the effects of salt stress on the plants, as leaf FW also increased significantly in biostimulant-treated plants grown in non-saline soil. Similarly, BALOX® induced an increase in chlorophyll a and b mean contents in plants after 30 days of treatment in all types of soil, although significant differences with the corresponding controls (D0 dose) were only observed in saline soil.



More specific effects of biostimulant application were observed when analysing ion contents in roots and their transport to the leaves. BALOX® reduced the mean values of Na+ and Cl− concentrations in roots under all experimental conditions and the three types of soil, NS, S, and VS. In many cases, the differences with the D0 controls were statistically significant. This means that the biostimulant can partly inhibit the uptake of toxic ions by the roots under all tested salinity conditions. The patterns of variation of ion contents were roughly similar in roots and leaves, as were their absolute concentration values. As mentioned above, there does not seem to be any restriction of ion transport to the aerial part of the plant, which could contribute to salt tolerance, and this is not altered by the biostimulant treatments. On the other hand, the proposed stress response mechanisms based on the accumulation of K+ and Ca2+ in saline soils—with respect to NS soil—and their active transport to the leaves were maintained or even enhanced by using the biostimulant. Mean K+ and Ca2+ concentrations in roots and leaves were generally higher in the presence (D2 and D4) than in the absence (D0) of the biostimulant in the three soil types and two treatment times, although the differences were statistically significant only in some cases.



As already mentioned, there is a positive and strong correlation between Pro contents and the level of stress affecting the plants. The BALOX® application led to a significant, dose-dependent reduction of Pro concentration under all tested experimental conditions, indicating that tomato plants are less stressed in the presence of the biostimulant. Other authors have reported similar results studying the effects of microbial biostimulants in salt-stressed plants, for example, in Vicia faba [92] or Lotus glaber [93].



In the present study, the BALOX® application also induced a dose-dependent increase in TSS contents, in all plants, in NS, S, and VS soils. Since soluble sugars do not seem directly involved in salt tolerance mechanisms, the biostimulant effect is likely also unrelated to stress responses. The increase in sugar contents could be explained instead by the general stimulation of photosynthesis observed in the presence of the biostimulant. On the other hand, mean GB values also increased upon biostimulant application. This was to be expected since BALOX® contains GB as one of its active components. An exogenous GB application has been reported to reduce the effects of abiotic stresses in different plant species, for example, in cereals [94] or strawberries [95]. However, other authors [96] found that a foliar application of GB to tomato plants had a negative effect. This last report does not disagree with our results since BALOX® is applied to the substrate, not directly to the leaves. In any case, even in the presence of the biostimulant, GB concentrations are too low to have any significant osmotic effect.



The analysis of the effects of the BALOX® application on oxidative stress biomarkers confirmed the positive effect of the biostimulant in reducing the relative level of oxidative stress affecting the plants in all tested treatments. Indeed, a statistically significant reduction (in most cases) of MDA and H2O2 contents was detected in biostimulant-treated plants (D2 and D4) compared with the untreated (D0) controls. As expected, this lower degree of oxidative stress was accompanied by a parallel, significant, and dose-dependent reduction of the activities of antioxidant enzymes.





5. Conclusions


Under the conditions used in the present experiments, the salt stress level affecting the tomato plants grown in saline (S and VS) soils was not high enough to be reflected in significant inhibition of growth or reduction of photosynthetic pigments, two general responses of plants to abiotic stress. Nevertheless, the determination of several stress biochemical markers revealed the activation of specific stress tolerance mechanisms. These were based on the active transport and accumulation in leaves of K+ and Ca2+ cations to partly counteract the deleterious effects of toxic Na+ and Cl− ions and the synthesis and accumulation of high Pro concentrations, for osmotic balance and osmoprotection. Growth in saline soils induced oxidative stress in the tomato plants, as indicated by the increase in leaf contents of MDA and H2O2, two reliable oxidative stress markers. Consequently, major antioxidant enzymes, such as SOD, CAT, and GR, were activated as a defence mechanism against oxidative stress.



The application of the BALOX® biostimulant had a general positive effect on plant growth, especially at the root level and in saline soils. Average contents of photosynthetic pigments (chlorophylls a and b and carotenoids) also increased, suggesting an improvement in photosynthesis. Furthermore, BALOX® appeared to partially inhibit the uptake by the roots of toxic ions, Na+ and Cl−, and to enhance to some extent the accumulation of K+ and Ca2+. The results presented here provide evidence that biostimulant-treated tomato plants are less stressed than the non-treated plants, as shown by a significant, dose-dependent reduction of leaf Pro contents; more specifically, oxidative stress is reduced, as indicated by the decrease in MDA and H2O2 concentrations and antioxidant enzyme-specific activities. BALOX® stimulatory effects can be attributed, in part, to enhancing the plant’s responses to salt stress. However, some of these effects have also been observed under low salinity conditions (NS soil), suggesting that growth stimulation is also mediated by a general improvement of photosynthesis and primary metabolism.
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Figure 1. Fresh weight and water content of roots ((a,b), respectively), stems (c,d), and leaves (e,f) of biostimulant-treated tomato plants at three salinity levels. Control treatments without biostimulant (D0, dark colour columns); biostimulant treatments at dosages D2 (0.4 mL L−1 irrigation water, intermediate colour columns); and D4 (0.8 mL L−1, light colour columns). Salinity conditions: non-saline soil (NS), saline soil (S), and very saline soil (VS). Evaluation periods: 30 days and 60 days of treatments. Values are means ± SE (n = 3). Different lowercase letters above the bars indicate significant differences among biostimulant doses for each soil salinity, and different uppercase letters show significant differences among different soil salinity conditions for each biostimulant dose, according to the ANOVA test (p < 0.05). Statistical analyses were performed independently for the two treatment periods. 
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Figure 2. Roots of tomato plants evaluated after 30 days (vegetative development stage) and 60 days (beginning of reproductive development) of treatments in non-saline (NS), saline (S), and very saline (VS) soil, without (control, D0) and with two doses (D2: 0.4 mL L−1 and D4: 0.8 mL L−1) of the BALOX® biostimulant. After 60 days, the amount of root debris collected during root cleaning was higher than at 30 days. 
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Figure 3. Chlorophyll a (a), chlorophyll b (b), and total carotenoid (c) leaf contents of biostimulant-treated tomato plants at three salinity levels. Control treatments without biostimulant (D0: dark colour columns); biostimulant treatments at dosages D2 (0.4 mL L−1 irrigation water, intermediate colour columns); and D4 (0.8 mL L−1, light colour columns). Salinity conditions: non-saline soil (NS), saline soil (S), and very saline soil (VS). Evaluation periods: 30 days and 60 days of treatments. Values are means ± SE (n = 3). Different lowercase letters above the bars indicate significant differences among biostimulant doses for each soil salinity, and different uppercase letters show significant differences among different soil salinity conditions for each biostimulant dose, according to the ANOVA test (p < 0.05). Statistical analyses were performed independently for the two treatment periods. 
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Figure 4. Ion concentration in roots and leaves (in μmol g−1 DW): (a,b) sodium (Na+), (c,d) chloride (Cl−), (e,f) potassium (K+), and (g,h) calcium (Ca2+) of biostimulant-treated tomato plants at three salinity levels. Control treatments without biostimulant (D0: dark colour columns); biostimulant treatments at dosages D2 (0.4 mL L−1 irrigation water, intermediate colour columns); and D4 (0.8 mL L−1, light colour columns). Salinity conditions: non-saline soil (NS), saline soil (S), and very saline soil (VS). Evaluation periods: 30 days and 60 days of treatments. Values are means ± SE (n = 3). Different lowercase letters above the bars indicate significant differences among biostimulant doses for each soil salinity, and different uppercase letters show significant differences among different soil salinity conditions for each biostimulant dose, according to the ANOVA test (p < 0.05). Statistical analyses were performed independently for the two treatment periods. 
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Figure 5. Proline (Pro, (a)); total soluble sugar (TSS, (b)); and glycine betaine (GB, (c)) leaf contents of biostimulant-treated tomato plants at three salinity levels. Control treatments without biostimulant (D0: dark colour columns); biostimulant treatments at dosages D2 (0.4 mL L−1 irrigation water, intermediate colour columns); and D4 (0.8 mL L−1, light colour columns). Salinity conditions: non-saline soil (NS), saline soil (S), and very saline soil (VS). Evaluation periods: 30 days and 60 days of treatments. Values are means ± SE (n = 3). Different lowercase letters above the bars indicate significant differences among biostimulant doses for each soil salinity, and different uppercase letters show significant differences among different soil salinity conditions for each biostimulant dose, according to the ANOVA test (p < 0.05). Statistical analyses were performed independently for the two treatment periods. 
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Figure 6. Malondialdehyde (MDA, (a)) and hydrogen peroxide (H2O2, (b)) leaf contents of biostimulant-treated tomato plants at three salinity levels. Control treatments without biostimulant (D0: dark colour columns); biostimulant treatments at dosages D2 (0.4 mL L−1 irrigation water, intermediate colour columns); and D4 (0.8 mL L−1, light colour columns). Salinity conditions: non-saline soil (NS), saline soil (S), and very saline soil (VS). Evaluation periods: 30 days and 60 days of treatments. Values are means ± SE (n = 3). Different lowercase letters above the bars indicate significant differences among biostimulant doses for each soil salinity, and different uppercase letters show significant differences among different soil salinity conditions for each biostimulant dose, according to the ANOVA test (p < 0.05). Statistical analyses were performed independently for the two treatment periods. 
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Figure 7. Total phenolic compound (TPC, (a)) and total flavonoid (TF, (b)) leaf content of biostimulant-treated tomato plants at three salinity levels. Control treatments without biostimulant (D0: dark colour columns); biostimulant treatments at dosages D2 (0.4 mL L−1 irrigation water, intermediate colour columns); and D4 (0.8 mL L−1, light colour columns). Salinity conditions: non-saline soil (NS), saline soil (S), and very saline soil (VS). Evaluation periods: 30 days and 60 days of treatments. Values are means ± SE (n = 3). Different lowercase letters above the bars indicate significant differences among biostimulant doses for each soil salinity, and different uppercase letters show significant differences among different soil salinity conditions for each biostimulant dose, according to the ANOVA test (p < 0.05). Statistical analyses were performed independently for the two treatment periods. 






Figure 7. Total phenolic compound (TPC, (a)) and total flavonoid (TF, (b)) leaf content of biostimulant-treated tomato plants at three salinity levels. Control treatments without biostimulant (D0: dark colour columns); biostimulant treatments at dosages D2 (0.4 mL L−1 irrigation water, intermediate colour columns); and D4 (0.8 mL L−1, light colour columns). Salinity conditions: non-saline soil (NS), saline soil (S), and very saline soil (VS). Evaluation periods: 30 days and 60 days of treatments. Values are means ± SE (n = 3). Different lowercase letters above the bars indicate significant differences among biostimulant doses for each soil salinity, and different uppercase letters show significant differences among different soil salinity conditions for each biostimulant dose, according to the ANOVA test (p < 0.05). Statistical analyses were performed independently for the two treatment periods.



[image: Agronomy 12 02142 g007]







[image: Agronomy 12 02142 g008 550] 





Figure 8. Specific activities of superoxide dismutase (SOD, (a)); catalase (CAT, (b)); and glutathione reductase (GR, (c)) in leaf extracts of biostimulant-treated tomato plants at three salinity levels. Control treatments without biostimulant (D0: dark colour columns); biostimulant treatments at dosages D2 (0.4 mL L−1 irrigation water, intermediate colour columns); and D4 (0.8 mL L−1, light colour columns). Salinity conditions: non-saline soil (NS), saline soil (S), and very saline soil (VS). Evaluation periods: 30 days and 60 days of treatment. Values are means ± SE (n = 3). Different lowercase letters above the bars indicate significant differences among biostimulant doses for each soil salinity, and different uppercase letters show significant differences among different soil salinity conditions for each biostimulant dose, according to the ANOVA test (p < 0.05). Statistical analyses were performed independently for the two treatment periods. 
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Figure 9. Graph of the pairwise Spearman’s correlation coefficients calculated for the 27 traits, measured for each dose of the applied biostimulant (D2 and D4) and the control (D0). The circle size and transparency of the circles represented above the diagonal indicate the correlation’s strength, so the larger the circle and the more intense the colour, the stronger the correlation. The blue colour represents a positive correlation (from 0 to 1), and the orange colour represents a negative correlation (0 to −1). The asterisks (*, **, and ***) express significant correlations at p < 0.05, 0.01, and 0.001, respectively. Below the diagonal, the correlation coefficients’ numerical values are shown. Abbreviations: Root fresh weight (RFW), stem fresh weight (SFW), leaf fresh weight (SFW), root water content (RWC), stem water content (RWC), leaf water content (LWC), chlorophyll a (Chl_a), chlorophyll b (Chl_b), total carotenoids (Caros), Na+ concentration in roots and leaves (Na+(r); Na+(l)), Cl− concentration in roots and leaves (Cl−(r); Cl−(l)), K+ concentration in roots and leaves (K+(r); K+(l)), Ca2+ concentration in roots and leaves (Ca2+(r); Ca2+(l)), proline (Pro), total soluble sugars (TSSs), glycine betaine (GB), malondialdehyde (MDA), hydrogen peroxide (H2O2), total phenolic compounds (TPCs), total flavonoids (TFs), superoxide dismutase (SOD), catalase (CAT), and glutathione reductase (GR). 
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Figure 10. Correlation circle of the principal component analysis (PCA) of growth and biochemical parameters in tomato plants (a). The increasing length of the arrow and the intensity of the colour shades, from light green to blue, indicate the increasing contribution of the variables to the definition of the first two principal components. Biplot PCA (b) of the variables of the 27 measured parameters in the plants of the control treatment (D0: without biostimulant) and the biostimulant-treated plants (D2: 0.4 mL L−1 irrigation water, D4: 0.8 mL L−1) in three salinity conditions: non-saline soil (NS), saline soil (S), and very saline soil (VS) and two evaluation periods: vegetative development 30 days and beginning of reproductive development 60 days. The percentages of total variability explained by the first two components are shown (in parentheses) on the X and Y axes, respectively. Abbreviations: Root fresh weight (RFW), stem fresh weight (SFW), leaf fresh weight (SFW), root water content (RWC), stem water content (RWC), leaf water content (LWC), chlorophyll a (Chl_a), chlorophyll b (Chl_b), total carotenoids (Caros), Na+ concentration in roots and leaves (Na+(r); Na+(l)), Cl− concentration in roots and leaves (Cl−(r); Cl−(l)), K+ concentration in roots and leaves (K+(r); K+(l)), Ca2+ concentration in roots and leaves (Ca2+(r); Ca2+(l)), proline (Pro), total soluble sugars (TSSs), glycine betaine (GB), malondialdehyde (MDA), hydrogen peroxide (H2O2), total phenolic compounds (TPCs), total flavonoids (TFs), superoxide dismutase (SOD), catalase (CAT), and glutathione reductase (GR). 
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Table 1. Physicochemical characterisation of the soil before starting the treatments.






Table 1. Physicochemical characterisation of the soil before starting the treatments.





	Soil Characteristics
	Non-Saline (NS)
	Saline (S)
	Very Saline (VS)





	pH
	7.67
	7.71
	7.88



	ECe (dS m−1)
	2.77
	7.99
	12.44



	EC1:5 (dS m−1)
	0.43
	1.32
	1.74



	Na+ (meq L−1)
	1.20
	2.63
	5.20



	K+ (meq L−1)
	7.83
	12.67
	18.22



	Ca2+ (meq L−1)
	0.92
	1.57
	1.75



	Mg2+ (meq L−1)
	15.30
	38.53
	42.31



	Sand (%)
	27.00
	22.50
	28.10



	Clay (%)
	35.20
	36.50
	35.90



	Silt (%)
	37.8
	41.0
	36.0







ECe: electrical conductivity of the saturated paste extract; EC1:5 electrical conductivity at a ratio of 1:5 (soil: water).
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Table 2. Electrical conductivity (EC1:5) of pot soils at transplanting (0 days) and after 30 days (vegetative development) and 60 days (beginning of reproductive development) of treatment, under three soil salinity conditions: NS, non-saline soil; S, saline soil; VS, very saline soil. The values shown are means ± SE (n = 9).






Table 2. Electrical conductivity (EC1:5) of pot soils at transplanting (0 days) and after 30 days (vegetative development) and 60 days (beginning of reproductive development) of treatment, under three soil salinity conditions: NS, non-saline soil; S, saline soil; VS, very saline soil. The values shown are means ± SE (n = 9).





	EC1:5 (dS m−1)
	NS
	S
	VS





	0 days (start of treatment)
	0.51 ± 0.00
	1.50 ± 0.01
	1.71 ± 0.01



	30 days (end of period 1 *)
	0.46 ± 0.02
	1.49 ± 0.08
	1.59 ± 0.07



	60 days (end of period 2 **)
	0.56 ± 0.06
	1.52 ± 0.01
	1.98 ± 0.03







* Vegetative development; ** Onset of reproductive development.
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