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Abstract

:

Selenium (Se) is a micronutrient which plays a beneficial role in plants. Its adsorption at low doses can stimulate plant growth and enhance the plant’s capacity to respond to abiotic stresses, such as salinity, drought, cold and hot temperature, probably due to its antioxidant properties. Here, the effect of selenium supplied in soil-drench treatments as sodium selenate (Na2SeO4) at the dose of 4 mg L−1 (21.17 µM) per plant was studied on tomato (Solanum lycopersicum L.; cv. Rio Grande) against Pseudomonas syringae pv. tomato (Pst), the causal agent of tomato bacterial speck. Sodium selenate treated tomato plants challenged with Pst showed a reduction in disease severity expressed as percentage of diseased area and number of lesions per leaf. Furthermore, Pst bacterial cells were unable to proliferate in treated tomato plants. The effect of sodium selenate against Pst was also assessed in vitro, demonstrating that the growth of the bacterium was affected in a dose-dependent manner (EC50 = 42 ppm). It is notable that in tomato plants treated with sodium selenate at the above reported dose, a marked callose deposition was observed as well as the expression of the salicylic-acid-responsive tomato ‘pathogenesis-related protein 1b1’ (PR1b1) but not of the jasmonate-mediated ‘proteinase inhibitor 2’ (PIN2) genes. Induced defence responses and direct antimicrobial activity protect treated tomato plants against Pst attacks, suggesting the potential of sodium selanate as an environmentally friendly and effective bacterial control means. Moreover, the increased Se content in treated tomatoes offers an effective approach to reduce Se deficiency problems in human diets.
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1. Introduction


Public concern over the widespread use of synthetic pesticides and the needs for alternative control strategies requires the development of new methods for pathogen control that are able to improve food safety and quality and are acceptable to the public. This is a very sensitive issue that underlies the EU Directive 2009/128/EC (https://ec.europa.eu/food/plants/pesticides/sustainable-use-pesticides) (accessed on 28 January 2022). Among the most promising alternatives to chemical pesticides is the use of biochemical pesticides (i.e., substances found in animals, microbes, minerals or plants) that can specifically target pathogens, reducing adverse impacts on food safety, non-target organisms and the environment.



For a long time considered toxic for living organisms, selenium (Se) has been known to be an essential element since 1957 [1], with a very narrow range between deficiency and toxicity [2,3]. Selenium deficiency occurs in several countries, especially where its concentration in soil and food crops is very low [4]. The World Health Organization (WHO) and the United States Department of Agriculture (USDA) recommend a human dietary intake of 50 µg/day of Se as it acts as a cofactor for antioxidant enzymes and regulates thyroid hormone metabolism and immune functions. Additionally, it helps prevent Keshan and Kashin-Beck diseases [5], cancer and male sterility [6,7,8,9,10] and weakening of the immune defence system [11,12]. Since plant foods are the major dietary sources of Se in most countries around the world, increasing the Se content in food crops offers an effective approach to reducing Se deficiency problems for humans and animals [13,14]. Furthermore, Se is used in biomedicine, biochemistry and environmental science [15,16,17,18,19,20]. It has been demonstrated that, in plants, Se is accumulated and transformed into bioactive molecules which have nutraceutical values [21,22]. Hence, Se is a beneficial non-essential element for plants which promotes plant growth [3], enhances the ability to resist abiotic stresses such as heavy metal contamination and improves drought tolerance [15,23]. In addition, it protects crops against ultraviolet B, salt, senescence, cold, high temperature, and desiccation [23]. Treatments with appropriate Se concentrations inhibit the growth and spread of many phytopathogenic fungi and bacteria [24,25,26,27,28]; therefore, Se represents a feasible alternative for plant disease control, especially for those caused by phytopathogenic bacteria for which preventive and curative control means are limited.



Tomato (Solanum lycopersicum L.) is one of the most important horticultural crops with a world production of 38.7 million tonnes in 2021 [29]. Tomato production in Europe, in particular in the Mediterranean countries, is increasing and it is second to China (https://www.atlasbig.com/) (accessed on 28 January 2022). Tomato cultivation is subject, in all environments, to numerous adversities with varying aetiologies, both biotic and abiotic. Concerning biotic adversities, tomato is susceptible to various viruses, bacteria and fungi which can cause very severe diseases and are limiting factors to tomato yield and quality. Bacterial speck disease, caused by Pseudomonas syringae pv. tomato (Pst) (Okabe) Young, Dye & Wilkie, is one of the most common and often serious diseases affecting tomatoes. Currently, effective methods for containing the pathogen and suppressing losses are prevention and the use of copper fungicides in conjunction with maneb. However, there is an urgent need to reduce the risks associated with chemical products of pollution in the environment and human health, and with the development of copper-resistant strains of Pst [30], it is necessary to develop alternative control strategies for disease management that are both effective and environmentally friendly.



In this study, the effect of sodium selenate on bacterial speck disease severity, Pst growth in vitro and in planta was tested. Furthermore, the induction of morphological (i.e., callose deposition) and biochemical defence responses (i.e., PR1b1 and PIN2 gene expression) in tomato plants was studied.




2. Materials and Methods


2.1. Plant Material and Treatments


Seeds of tomato plants (Solanum lycopersicum L.; cv. Rio Grande) were grown in a seedbed containing modular tray substrate (Klasmann-Deilmann, GmbH; Geeste, Germany) in a growth chamber programmed for a 12-h day at 25 °C and 12-h night at 18 °C with 70 ± 90% RH. Cool white fluorescent lamps provided 240 µE m−2 s−1 illumination. At the 2nd to 3rd true leaf stage, plants were transplanted into 9 × 9 × 12.5 cm pots (one plant per pot) containing the modular tray substrate (140 g per pot) indicated above. To evaluate the ability of sodium selenate (Na2SeO4) to protect tomato plants against Pst attacks, a solution of sodium selenate (4 ppm; 21.17 µM) or, for comparison, acibenzolar-S-methyl (ASM) (benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester) (50% water dispersible granule; 45 mg active ingredient L−1; 213.98 µM) were applied to the transplanted plants as soil drench (100 mL per pot). In a preliminary study, we have verified that this sodium selenate dose is non-phytotoxic (data not shown). According to [31,32,33], a water solution of ASM 2.1 × 104 mol L−1 was applied. One hundred ml of water were applied to the control plants. Starting from 2 days after the treatments, all plants were irrigated with 50 mL of water per pot every two days until the end of the experiment.




2.2. Pathogen, Inoculation and Disease Evaluation


The strain DAPP-PG 215 (race 0) of Pseudomonas syringae pv. tomato (Pst) from the phytopathogenic bacterial collection of the Plant Protection Section of the Department of Agricultural, Food and Environmental Sciences, University of Perugia (Italy) was used in the present study [34]. The strain was maintained at −80 °C in vials containing 15% glycerol.



To prepare the inoculum, Pst was grown on nutrient agar (NA, Thermo Fisher Scientific, Waltham, MA, USA) plates for 24 h at 27 °C in the dark and the bacterial culture suspended in sterile deionised water until reaching about 108 cells mL−1, corresponding to an optical density (OD) of 0.06 at 660 nm.



Fourteen days post treatment (dpt), all tomato plants were adaxially and abaxially spray-inoculated with a Pst suspension using an airbrush (Airstar 200/hp 1,5/24 lt). After inoculation, plants were covered with plastic bags for the first 2 days. Disease severity, expressed as percentage of diseased area, was determined on the 3rd, 4th and 5th leaves, 14 days post inoculation (dpi). For this purpose, inoculated leaves were detached and photographed with the Nikon digital camera D90. The diseased area was calculated on the images using the Assess software (Image Analysis Software for Plant Disease Quantification; APS Press, St. Paul, MN, USA; [35]).




2.3. Pathogen Growth in Planta


The growth of Pst in planta was determined at 6 dpi in treated and untreated tomato plants. Three leaf discs (1 cm in diameter) collected from the 3rd to the 5th leaves with a cork borer were homogenized in a mortar in 1 mL deionized sterile water; the homogenates were tenfold diluted in sterile deionized water and 0.1 mL of each dilution spread on the surface of NA plates (9 cm diameter) with a Drigalski spatula. Twenty-four hours after the incubation at 27 °C in the dark, the number of Pst colonies were determined using a digital colony counter (Galaxy 230, Rocker Scientific, New Taipei, Taiwan).




2.4. The Effect of Sodium Selenate on In Vitro Pst Growth


The effect of increasing concentrations of sodium selenate (0–84 ppm) on the growth of Pst in vitro was evaluated in microplates, measuring changes in OD630 every hour, from 0 to 24 h at 27 °C with the Thermo Scientific MultiSkan EX microplate reader (Thermo Fisher Scientific, Waltham, MA, USA), set with 5 sec shaking every min. Each well of the 96-well microplates was filled with 160 µL of King’s B (KB) medium [36], 20 µL of a Pst suspension (108 cells mL−1), prepared as reported in Section 2.2, and increasing concentrations of sodium selenate (0, 12, 24, 36, 48, 60, 72 and 84 ppm), reaching the final volume of 200 µL. The effective concentrations (EC) were calculated in the exponential phase of the bacterial growth (15 h), as reported in the statistical analysis (see Section 2.7).




2.5. Determination of Selenium in Tomato Leaves


Total Se concentrations in leaves (3rd, 4th and 5th) of untreated tomato plants (control) or plants treated with sodium selenate or ASM (see Section 2.1) were determined following the US-EPA Method 3052B at 28 dpt, corresponding to 14 dpi, i.e., the time of disease evaluation.



The leaf samples (0.25 g) were microwave-digested (ETHOS One high-performance microwave digestion system; Milestone Inc., Sorisole, Bergamo, Italy) with a mixture of HNO3 (Carlo Erba Reagents S.r.l., Milan, Italy) and H2O2 (9:1, v/v; Carlo Erba Reagents S.r.l., Milan, Italy) for 30 min at 1.000 W and 200 °C. After cooling, the samples were diluted up to 20 mL with Milli-Water (18.2 MΩ) and filtered with a 0.22 µm filter. The determination of the Se in the digested materials was accomplished by using an atomic absorption spectrophotometer, equipped with a graphite furnish and a deuterium lamp (Shimadzu AA-6800, GF-AAS, “Shimadzu Corp.”, Tokyo, Japan). The background correction was done using a matrix modifier [Pd(NO3)2, 0.5 mol M in HNO3]. The standard solutions of total Se were used by diluting the corresponding stock solutions (Selenium standard 1000 mg L−1 for AAS TraceCert Sigma Aldrich, St. Louis, MO, USA).



The difference between the mean concentrations in samples with and without Se application was tested by the Student t test for paired samples for each stage.



Each experiment was independently repeated three times with three replicates per treatment.




2.6. Plant Induced Resistance Markers


To verify whether the treatment of tomato plants with sodium selenate was able to induce plant resistance, callose deposition and the expression of the salicylic-acid-responsive tomato ‘pathogenesis-related protein 1b1’ (PR1b1) and of the jasmonate-mediated ‘proteinase inhibitor 2’ (PIN2) genes were assayed.



Callose depositions in leaf tissues were determined at 2 dpt as described by [37] with minor modifications. Briefly, leaves pieces (5 × 5 mm), cut from the first leaflet of the third true leaf of treated or untreated tomato plants, were cleared in 96% ethanol at 80 °C for 10 min, rinsed in phosphate buffer (0.07 M, pH 9), and stained for 1 h and 30 min in the same buffer with added 0.01% aniline-blue (Carlo Erba Reagents S.r.l., Milan, Italy). On the stained sample, callose was quantified using an epifluorescence microscope equipped with UV filters (excitation, BP 365–395; barrier, LP 420) and ImageJ software [38]. Each experiment was independently repeated three times with three plants per treatment and three pieces of leaf per plant. One photo was taken at random for each piece for a total of nine replicates (photos) per treatment.



For the determination of the PR1b1 and PIN2 gene expression, tomato leaves from treated and untreated plants were collected at 24, 48, 72 and 96 h post treatments (hpt) and snap-frozen in liquid nitrogen. Total RNA was extracted from the leaf samples using the PureLinkTM RNA Mini Kit (Ambion, Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s protocol. To digest possible contaminating genomic DNA, DNase treatment was performed using PureLink® DNase Set (Ambion, Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions. Five hundred ng of total RNA was retro-transcribed using iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratories Inc., Hercules, CA, USA) according to the manufacturer’s protocol. Leaf cDNA was diluted 1:20 in RNA-free water. RealTime Quantitative Reverse Transcription PCR (qRT-PCR) was carried out using SsoFastTM EvaGreen® Supermix (Bio-Rad Laboratories Inc., CA, USA) in 20 μL reactions. Primer sequences (Table S1) for PR1b1 and PIN2 genes were obtained from [39,40], respectively. The primers were used in 400 nM reaction concentration each. Amplification was performed for 40 cycles at the specific annealing temperature for each primer set (Table S1) in CFX-96 real-time PC detection system (Bio-Rad Laboratories Inc., CA, USA). A dissociation curve analysis was carried out at the end of each reaction to verify potential primer dimers and non-specific amplification products. Threshold cycles (Cq) were used to measure the relative gene expression ratio of target gene vs. reference gene(s) according to the method of [41] and modified by [42] to account for two reference genes. In detail, for target or reference genes, raw Cq values were transformed to relative quantities using the delta-Cq formula Q = EΔCq, where in our case, we adopted a static efficiency of 2, and ΔCq is the difference between the Cq of a control sample and the Cq value of the sample in question. The housekeeping genes actin and elongation factor-1α (EF1α) (Table S1) were used for normalization of qRT-PCR data. The normalised expression was log + 1 transformed before plotting and analysis. Each experiment was repeated independently twice, with three biological and technical replicates.




2.7. Statistical Analysis


All data analyses are reported as mean ± standard error (SE) of 3–10 replicates of three independent experiments (see figure legends for details). One way analysis of variance (ANOVA) was carried out using EXCEL macro DSAASTAT version 1.514 [43] to analyze separately the effects of selenate treatment on disease severity and bacterial growth in planta, callose deposition assay and gene expression.



The data related to the Pst in vitro growth were analyzed using a nonlinear regression dose–response model proposed by [44], according to Equation (1):


  Y = C +   D − C   1 + exp  { b   [  log  ( X )    − log  ( a )  ] }    



(1)




where




	-

	
Y is the bacterial growth reduction as a function of sodium selenate concentration,




	-

	
D is the upper asymptote (positive control response),




	-

	
C is the lower asymptote (response of the highest concentration tested),




	-

	
a is the sodium selenate concentration that gives the intermediate response between the upper and the lower asymptotes,




	-

	
b is the slope at the point of inflection.









The resulting dose–response curve was used to calculate the effective concentrations as EC10, EC50 and EC90, which indicate the concentrations of sodium selenate corresponding to bacterial growth reductions of 10%, 50% and 90%, respectively, with respect to the untreated control [45].





3. Results


3.1. Bacterial Speck Disease Severity and Pathogen Growth in Leaves of Sodium Selenate Treated Tomato Plants


Soil drench treatment with sodium selenate (4 ppm; 21.17 µM), systemically protected tomato leaves against Pst DAPP-PG 215 attack (Figure 1), significantly reducing the disease severity expressed both as percentage of diseased leaf area and number of lesions per leaf (Figure 2A,B). In particular, at 14 dpi (28 dpt), the reduction in the mean diseased area for sodium selenate treatments was 0.71% and it was not significantly different to that for the ASM treatments (0.81%) (Figure 2A). Furthermore, when compared to control plants, a significant reduction in the mean of number of lesions per leaf was detected both in sodium selenate- and ASM-treated plants; in the ASM treated plants the reduction was even more marked (3.22 lesions per leaf) than that observed in the sodium selenate treated plants (13.92 lesions per leaf) (Figure 2B).



At six dpi, in sodium selenate treated plants a significant reduction (6.7%) of in planta growth of Pst was observed compared to control plants (Figure 2C). A greater but not statistically different reduction (10.26%) was observed in ASM treated plants (Figure 2C).



The in vitro activity of different concentrations of sodium selenate on Pst growth was expressed as OD630 relative to the control (%) and fitted well with the log-logistic curve reported in Equation (2) (Figure 3):


  y =   100   { 1 +  exp    [ 6.62   ( log  ( x )  − log  (  42.0  )  ] }    



(2)







Based on this curve, the calculated effective concentrations for the sodium selenate treatments are 42.0 ± 0.64 ppm (EC50), 49.6 ± 1.52 ppm (EC75) and 58.5 ± 2.85 ppm (EC90).




3.2. Level of Selenium in Leaves of Sodium Selenate Treated Tomato Plants


In sodium selenate treated tomato plants, at 28 dpi (14 dpi), the selenium content was equal to 28 ppb leaf dry weight, whereas it was not detectable in the controls or ASM-treated plants (Figure 4).




3.3. Callose Deposition in Leaves of Sodium Selenate Treated Tomato Plants


At 48 hpt, callose deposition was significantly higher in leaves of sodium selenate treated tomato plants, compared with the control (Figure 5). In contrast, callose deposition was not significantly different among leaves of sodium selenate and ASM treated plants, used as positive control (Figure 5).




3.4. PR-1 and PIN2 Genes Expression in Leaves of Sodium Selenate Treated Tomato Plants


In sodium selenate and ASM treated tomato plants, significant expression of the salicylic-acid-responsive PR1b1 gene was observed at 24, 48 and 72 htp, with the maximum of expression at 48 htp (Figure 6A). At 96 hpt, PR1b1 induction by ASM was also significant. Conversely, a significant reduction was observed for the jasmonate-mediated PIN2 gene expression in sodium selenate treated tomato plants but not for ASM (Figure 6B).





4. Discussion


Tomato is an economically important crop for the world market that is threatened by several bacterial diseases. European Union policy is directed towards significant reductions in pesticide use as indiscriminate utilization of pesticides in crop protection leads to numerous side effects and environmental pollution. Therefore, it is crucial to develop effective crop health management strategies that are highly sustainable and environment-friendly. A great opportunity to defend plants against pathogens is offered by Se. Here, we demonstrated that Se-treated tomato plants are protected against Pst, and a significant reduction of in planta bacterial growth was observed. The in planta Pst growth reduction, similar to that observed in ASM-treated tomato plants, and the high level of Se (28 ppb leaf dry weight) in sodium selenate-treated plants, demonstrates the direct antimicrobial activity of this beneficial element. In many pathosystems, it has been demonstrated that the protective effect of Se is almost completely attributed to its toxicity since Se inhibited the growth of Alternaria brassicicola and Fusarium sp. [46,47], the spore germination and germ tube elongation of Botrytis cinerea [26], mycelial spread of Phanerochaete chrysosporium and Penicillium expansum in cultural medium [27,48], and it interfered with Sclerotinia sclerotiorum metabolism [24,49,50]. Se toxicity against Pst was verified in vitro using different concentrations of sodium selenate and an EC50 of 42 ppm was determined. It has been demonstrated that Se 0.5 mg L−1 damages mycelial structures and osmoregulation of S. sclerotiorum [49] and that addition of Se 24 mg L−1 to a medium caused destruction of B. cinerea conidia plasma membrane and loss of cytoplasmic materials from mycelia [26]. Furthermore, [51] demonstrated that addition of Se 0.05 mg L−1 impairs the viability of Fusarium cells. Selenium nanoparticles, applied against bacteria and fungi, exert their antimicrobial action at doses ranging from 5–25 µg L−1 (Staphylococcus aureus and Escherichia coli) up to 1000 mg L−1 (Sclerospora graminicola) [22]. The above reported results demonstrated that Se toxicity depends on the dose and the chemical form in which it is supplied.



In Se-treated tomato plants we also observed that the protective effect expressed as a percentage of the diseased area is comparable to that of ASM, but when expressed as the number of lesions per leaf, the protective effect of sodium selenate was less evident with respect to ASM, and therefore, in sodium selenate treated plants, the diameter of the lesions was lower than those for ASM treated tomato plants. ASM is a functional analogue of salicylic acid and its action is mediated by the activation of pathogenesis related proteins (PR-proteins). It also contains sulfur and it has been demonstrated that sulfur plays a key role in plant defence [52,53]. In the periodic table, Se is the element immediately below sulfur and they are very similar; hence, many organisms use Se instead of sulfur in several metabolic pathways [54]. Therefore, Se can also contribute to the activation of resistance. [25] reported that Se accumulation in oilseed rape plants leads to a decrease in sclerotinia stem rot disease incidence.



To significantly reduce bacterial speck disease severity, copper-based formulations can be used preventively [55]. However, the efficacy of these compounds is reduced by the frequent onset of copper-resistant Pst strains [56,57].



In our tomato plants, the induced resistance phenomenon also seems to be involved in the protective effect against Pst. In fact, the Se treatment of tomato plants at non-toxic concentrations strongly increased the cytological (i.e., callose accumulation in plant cell wall) and molecular (i.e., PR1b1 gene expression) markers of induced resistance. Similar results were obtained with zinc phosphate soil treatment [32]. Zinc phosphate inorganic salt protects tomato plants against Pst attack through the induction of morphological and biochemical plant defence responses and direct antimicrobial activity [32]. The antimicrobial activity of zinc phosphate is greater than that of sodium selenate, and in zinc phosphate treated plants, at the early treatment, a reduction of PIN2 gene expression was observed. In sodium selenate treated plants, the PIN2 gene was not expressed. [58] demonstrated that in Arabidopsis thaliana plants treated with selenate or selenite, production of a reactive oxygen species occurred, which triggered the expression of genes related to calcium signaling. Changes in cytosolic calcium concentrations determined the enhancement of NADPH oxidase activity that stimulated the production of ethylene, jasmonic acid and salycilic acid [58,59]. Recently, it has been demonstrated that Se applied in the soil significantly protects oilseed rape leaves against S. sclerotiorum attack by activating the salicylic acid, jasmonic acid and ethylene defence pathways [28]. Similar results were reported in tomato plants treated with Se nanoparticles, which showed a decrease in the severity of symptoms caused by Alternaria solani and an induction of the activity of enzymes related to multiple plant defence pathways that participate in the defence response of plant cells [60].



Our findings have demonstrated that sodium selenate treated tomato plants showed a significant accumulation of callose that serves as a cellular defence mechanism against pathogens attacks as well as an induced resistance marker. Thus, histochemical deposition and increased expression of the PR1b1 gene indicate the potential of Se to induce resistance. Similar results were reported by [61] in the tomato-Phytopohthora infestans pathosystem. The authors reported that Se nanoparticles induced resistance mechanisms at cellular, biochemical and gene expression levels and they suggest to use them as nano-biostimulant fungicide to protect tomato plants.



Although we have explored the efficacy of sodium selenate in protecting tomato plants in the worldwide cultivated cultivar RioGrande, which is very susceptible to the predominant race 0 of Pst, it would be interesting to extend our study to other tomato cultivars and Pst strains.



In conclusion, we have demonstrated that Se can be used in plant protection both as an antimicrobial agent and a resistance inducer, making it an alternative and ecofriendly tool for the treatment and control of bacterial plant diseases. Modern consumers are increasingly aware about the nutritional aspects of foods and look for products which guarantee a high intake of health-promoting components, such as vitamins, carotenoids and phenolic compounds. Several studies have highlighted the potential of Se treatments for biofortification (i.e., the increase in nutritional value) of vegetable commodities; therefore, its application could benefit the human diet [62]. Treatment with Se delays tomato fruit ripening, due to the repression of ethylene-synthetic genes [63]. Se foliar treatments on tomato plants before fruit development increased the level of antioxidant compounds, enhanced the maintenance of fruit quality during storage and controlled the development of grey mold rot caused by Botrytis cinerea, as a result of a general Se-mediated stimulation of the antioxidant defence system [64]. Furthermore, Se foliar treatments led to an increase in soluble sugars, amino acids and bioactive compounds such as flavonoids, glutathione, vitamins C and E in pink tomatoes [65,66].



Se fertilization can have health promoting effects on plants and humans, and has the additional advantage of producing Se-fortified food useful for preventing human health problems caused by a lack of Se intake.
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Figure 1. Protective effect of sodium selenate (4 ppm; 21.17 µM) on tomato leaves against Pseudomonas syringae pv. tomato 14 days after the inoculation. Tomato leaves of control sodium selenate- and acibenzolar-S-methyl- (ASM) treated plants. 
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Figure 2. Protective effect of sodium selenate (4 ppm; 21.17 µM), and acibenzolar-S-methyl (213.98 µM; ASM) for comparison, on disease severity of Pseudomonas syringae pv. tomato (Pst) on tomato plants, expressed as % of leaf diseased area (A), and number of lesions per leaf at 14 days post-inoculation (B), as well as Pst growth in planta at 6 days post-inoculation (C). Data for each column represent the means of 10 (A,B) and 4 (C) replicates ± SE. Data of each plot followed by the same letters are not significantly different according to the Duncan’s multiple range test at p = 0.01 (A,B) and p = 0.05 (C). 
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Figure 3. Sodium selenate activity on in vitro growth of Pseudomonas syringae pv tomato (Pst). Dose-response curve on Pst growth versus concentration of sodium selenate (0, 6, 12, 18, 24, 30, 36 and 42 ppm) applied. Bacterial growth data were obtained by spectrophotometer readings (OD630 nm) every hour for 24 h and expressed here as percent of the control. Closed circles represent the observed data (n = 8), and the line is the log-logistic curve with the equation y = 100/{1 + exp [6.62 (log(x) − log(42.0))]}. The standard error of the mean is 0.701. Eight replicates for each concentration were tested and three independent experiments were carried out. 
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Figure 4. Selenium content in tomato leaves treated with sodium selenite. Selenium content (mg kg−1 dry weigh) in tomato (cv. Rio Grande) leaves at 28 days post treatment (dpt) with water (control), sodium selenate (4 ppm; 21.17 µM) or acibenzolar-S-methyl (213.98 µM; ASM). Data are means of three independent experiments ± SE. Columns with different letters are significantly different (p ≤ 0.01; Duncan’s multiple range test). d.w., dry weight. 
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Figure 5. Callose accumulation in tomato leaves at 48 h post-treatment (hpt) with water (control), sodium selenate (4 ppm; 21.17 µM) and acibenzolar-S-methyl (213.98 µM; ASM). Callose was visualized by aniline blue staining and epifluorescence. Quantification was carried out by determining the percentage (%) of blue pixels on digitalized photos. Each experiment was independently repeated three times, with three plants per treatments, three pieces from the first leaflet of the 2nd true leaf of the tomato plants and one photograph taken at random for each piece. Data from the three experiments were submitted to one factor (treatment) analysis of variance (ANOVA). Each column represents the mean of 27 replicate photos per treatment ± SE. Different letters indicate significant differences (p ≤ 0.01, Duncan’s tests). Top: representative digitalized photograph areas at 10× magnification of blue pixels corresponding with each bar. 
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Figure 6. Effect of sodium selenite treatments on defence gene expression. Relative expression levels of the salicylic-acid-responsive tomato ‘pathogenesis-related protein 1b1’ (PR1b1) (A) and the jasmonate-mediated ‘proteinase inhibitor 2’ (PIN2) (B) genes in tomato (cv. Rio Grande) leaves at 24, 48, 72 and 96 h post treatment (hpt) with water (control), sodium selenate (4 ppm; 21.17 µM) and acibenzolar-S-methyl (213.98 µM; ASM). Data are means of three biological replicates (each consisting of the average value of three technical replications) ± SE. Columns with different letters are significantly different (p ≤ 0.05) according to ANOVA followed by Duncan’s multiple range tests. 
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