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Abstract

:

Plant biostimulants are of interest as they can stimulate plant growth and increase resource utilization. There is still no information on the use of plant growth-promoters under variable nutritional conditions in the nursery and the effects on tomato seedling growth and plant performance after transplant. This study aimed to evaluate the suitability of gibberellic acid (GA3) or bacterial biostimulant treatments to enhance the growth and quality of greenhouse-grown tomato (Solanum lycopersicum ‘Marmande’) seedlings, fertigated with increasing nutrient rates and to assess the efficacy of these treatments on the early growth of tomato plants. During autumn 2019, tomato seedlings were inoculated with 1.5 g L−1 of TNC BactorrS13 (a commercial biostimulant containing 1.3 × 108 CFU g−1 of Bacillus spp.) or sprayed with 10−5 M GA3 and fertigated with a nutrient solution containing 0, 1, 2 and 4 g L−1 of NPK fertilizer (20-20-20) when they reached the 11th BBCH growth stage for tomato. Subsequently, the seedlings were evaluated in greenhouse cultivation for 60 days until at least the 61st BBCH growth stage (January 2020). The growth of the tomato seedlings increased curvilinearly in relation to the fertigation rates. The GA3-treated seedlings showed similar or even higher growth parameters than the control seedlings fed with 4 g L−1 of fertilizer but with half of the nutrients. The inoculation of the substrate with Bacillus spp. had negative effects in the absence of fertigation but determined a greater growth at the highest fertigation rate. The bacterial inoculum of seedlings had longer-term effects than the GA3 treatment during the plant growth, but these effects were noticeable mainly when the bacterial biostimulant was associated with the highest fertigation rate.
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1. Introduction


Container-grown vegetables are an important agricultural commodity and the seedling nursery production is a sector in constant evolution mainly thanks to the introduction of new technologies, techniques, and cultivars. The primary objective of transplant producers is to obtain high-quality seedlings in a short time. Moreover, the growth and productivity of vegetable crops are closely linked to the cultivation techniques adopted in the nursery during the early stages of seedling growth [1,2,3,4,5]. Vegetable transplant production is intensive, usually involving daily applications of water and high concentrations of fertilizers (especially nitrogen) [6]. This affects economic, but also environmental aspects: the potential for nitrogen pollution from water runoff and leaching losses in nurseries is great because of the combined effects of the limited volume of the substrate in the containers and the need for frequent watering and fertilizing. Moreover, incorrect fertilization management can negatively influence seedling growth resulting in weaker transplants that underperform in the field [7]. These issues can be managed and partially solved by applying drainage systems (for the capture and reuse of runoff), by liquid feeding through drip irrigation or sub-irrigation systems (for reducing leaching), or by supplying encapsulated, controlled-release fertilizers [6]. On the other hand, it is possible to adopt other strategies that aim at improving the water and nutrient use efficiency of the seedlings to reduce the consumption of these resources in the production system, thus limiting environmental problems and increasing nursery industry sustainability. These goals might be reached by using growth-promoting microorganisms and plant growth regulators [8,9,10,11,12]. Plant growth regulators (PGRs), such as auxins, gibberellins, or cytokinins, could have beneficial effects on the growth, development, yield, and quality of vegetable crops [8]. Natural and synthetic PGRs are used in vegetable crops to modify plants by controlling plant developmental processes and increasing tolerance to abiotic stress [11,13,14]. Among these, gibberellins (GAs) are essential endogenous growth regulators found in plants and fungi and produced by plant growth-promoting rhizobacteria, which control plant development by regulating several physiological mechanisms [15]. The plant growth-promoting effects of gibberellins have been used in several crops and could offer advantages in improving vegetable transplant production by stimulating seed germination, root elongation, leaf expansion, biomass accumulation, and influencing overall plant growth [16,17,18,19,20]. The synthetic gibberellins like gibberellic acid (GA3) are cost-effective and easy to use, even if their effects can vary greatly depending on the growth regulator requirement, relative concentrations, and plant responses at different growth stages [9,10,21]. Nevertheless, the increasing environmental and ecological awareness has led to the search for sustainable and efficient cultivation systems with the limited use of synthetic products such as plant growth regulators and other chemicals [18]. In this regard, the use of plant biostimulants has been increasing in recent years [22,23]. Biostimulants can promote plant growth, improve the uptake of nutrients, and increase tolerance to abiotic stresses [24,25]. They are substances of natural origin or microorganisms which improve the condition of crops without causing adverse side effects [26]. Microorganisms include several strains of beneficial bacteria naturally occurring in the soil that colonize the rhizosphere and may grow in, on or around plant roots. They are also called plant growth-promoting rhizobacteria (PGPR) and are well known to synthesize plant growth regulators such as indole acetic acid, gibberellins, and cytokinins which promote plant growth at various stages [26,27]. The growth-promoting mechanisms also include the release of volatile organic compounds, the increase in nutrient availability, and the enhancement of tolerance to biotic and abiotic stresses [28,29]. Lots of studies have demonstrated that inoculation with Bacillus strains may promote seedling germination, growth, health, yield and nutrient uptake [30,31]. Some authors have also focused on their applications in transplant production [30,32,33], but there is still no information on the use of plant growth-promoters under variable nutritional conditions in the nursery and the effects on seedling growth and plant performance after transplant in the field.



Thus, the aim of this study was to evaluate the suitability of gibberellic acid (GA3) or bacterial biostimulant treatments to enhance the growth and quality of tomato seedlings fertigated with increasing nutrient rates and to assess the efficacy of these treatments on the establishment success and early growth and flowering stages of tomato plants.




2. Materials and Methods


The effects of fertilization levels and bacterial inoculum or gibberellic acid (GA3) treatments on transplant production were firstly evaluated in a nursery trial, then in a soilless cultivation trial. Both trials were carried out in a greenhouse situated at the Department of Agricultural, Food, and Forest Sciences (SAAF—University of Palermo, Italy) (38°6′28″ N 13°21′3″ E; altitude 49 m above sea level).



2.1. Plant Materials and Transplant Production


The nursery trial was carried out during autumn 2019 in a greenhouse equipped with fixed benches. Seeds of Solanum lycopersicum ‘Marmande’ (Vilmorin, La Ménitré, France) were sown into 24 polystyrene trays (104 cells each) filled with a commercial substrate (SER CA-V7 Special semine, Vigorplant Italia srl, Fombio, Italy, containing 800 g m−3 of a mineral fertilizer NPK 12-11-18) and into 12 similar trays filled with the same substrate inoculated with 1.5 g L−1 of TNC BactorrS13 (the nutrient company, Rochdale, UK), a commercial bacterial biostimulant with plant growth-promoting bacteria (1.3 × 108 CFU g−1 of Bacillus amyloliquefaciens, B. brevis, B.circulans, B. coagulans, B. firmus, B. halodenitrificans, B. laterosporus, B. licheniformis, B. megaterium, B. mycoides, B. pasteurii, B. subtilis, Paenibacillus polymyxa) and soluble humates, natural plant growth regulators, amino acids, vitamins and trace elements derived from Ascophylum nodosum. After sowing (14 October 2019), the trays were moved onto the benches in the greenhouse at a temperature ranging from 20 °C to 28 °C and the substrate was maintained at field capacity by watering every day until seed germination. Plantlet emergence occurred 6 days after sowing. Two days after emergence, the plantlets were thinned to one per cell. When the plantlets had fully expanded cotyledons and the first true leaf (11th BBCH growth stage for tomato [34]) (8 days after emergence), 12 trays filled with uninoculated substrate were treated by spraying plantlets with 10−5 M GA3 (Gibrelex, Biolchim, Bologna, Italy). The gibberellic acid concentration was chosen according to previous experiments based on the effects of GA3 levels on tomato plants [14,35,36,37,38].



Fertilizing treatments started 8 days after emergence (11 th BBCH growth stage [34]) and were done with an ebb and flow sub-fertigation system. Seedlings were fertigated once a week with four levels of nutrients in the nutrient solution: 0, 1, 2 and 4 g L−1 of a water-soluble NPK fertilizer (20-20-20). Moreover, the seedlings were also sub-irrigated according to their necessity until they were ready for transplant (twice a week on average, including fertigation). The trays were weighed one by one before each sub-irrigation and after the drainage of the exceeding water to calculate the amount of water consumed during the transplant production. From these data, the water use efficiency (WUE) and nitrogen use efficiency (NUE) were calculated as: WUE (g DW L−1 H2O) = plant dry weight (g)/H2O (L); NUE (g DW g−1 N) = plant dry weight (g)/supplied N (g) (supplied N = initial N content of the substrate + N supplied with sub fertigation) [39].



Leaf stomatal conductance was measured (21 days from sowing) using a diffusion porometer (AP4, Delta-T Devices Ltd., Cambridge, England) on two recently expanded unshaded leaves of 20 tomato seedlings for each replicate.



When the seedlings were sufficiently developed for planting (12–15th BBCH growth stage [34]) (28 days from sowing), four replicated samples of 30 seedlings randomly selected from each treatment were destructively analyzed to evaluate the following parameters: seedling height, stem diameter, leaf number, leaf color, and leaf area. Leaf color was measured soon after sampling on the upper part of 2 leaves, randomly selected for each seedling with a colorimeter (CR-400, Minolta corporation, Ltd., Osaka, Japan) that recorded components L* (lightness), a* (positive values for reddish colors and negative values for greenish colors) and b* (positive values for yellowish colors and negative values for bluish colors). These values were used to estimate Hue angle (h°) and Chroma (C*) as h° = 180° + arctan(b*/a*) [40] and C* = (a*2 + b*2)1/2. Then, the seedlings were separated into leaves, stem, and roots, weighed, and dried to a constant weight at 85 °C to determine the fresh and dry biomass and the shoot/root ratio for both fresh and dry weight. Before drying, the leaves were scanned at 350 dpi (Epson Perfection 4180 Photo, Seiko Epson Corp., Suwa, Japan) to obtain digital images that were analyzed with the ImageJ 1.52a software (National Institutes Health, Bethesda, MD, USA) to measure the leaf area. The specific leaf area (SLA cm2 g−1 DW) was estimated as the leaf area/leaf dry weight.




2.2. Transplanting and Tomato Plant Growth


The experiment was conducted under the same greenhouse of the nursery trial. Plastic pots (13.5 cm × 13.5 cm × 16 cm) were filled with 2.5 L of soil amended with peat moss (33% by volume). The soil was collected from the top 30 cm of a nearby field. Soil properties before mixing with peat moss were 17% sand, 45% silt, and 38% clay; 1.2% organic matter, pH 7.97 (soil:water, 1:1), electrical conductivity (ECe) 1.24 dS m−1, 112.14 N, 0.26 P, 23.1 K, in mmol kg−1 soil.



Thirty days after sowing (15 November 2020), fifteen seedlings for each combination of seedling treatments and fertigation rates were transplanted into pots (one seedling per pot) that were arranged randomly on fixed benches into the greenhouse (6.25 plants m−2) and were spatially rearranged after each irrigation. The plants were grown for 60 days after transplant (until all the plants had at least one open flower in the first flower truss; at least the 61st BBCH growth stage [34]). They were vertically supported and pruned to a single stem by removing all axillary shoots.



The plants were regularly fertigated (twice a week) with a nutrient solution with 2 g L−1 of a water-soluble NPK fertilizer (20-20-20). Each pot was weighed before fertigation and after drainage of the exceeding nutrient solution to calculate the amount of water consumed by the plants during the growth. From these data, the WUE and NUE were calculated as described above for the seedlings.



During the growth, the plant height and leaf number were recorded; the height and the number of nodes of the first flower truss were recorded for each plant when at least one flower was open (first flowering date). One week before the destructive analysis of the plants, the stomatal conductance was measured with a diffusion porometer (AP4, Delta-T Devices Ltd., Cambridge, UK) on two recently expanded unshaded leaves of each plant and leaf color was measured on the upper part of 4 leaves, randomly selected for each plant, as described for the seedlings.



After 60 days from the transplant (15 January 2020), all plants were destructively sampled. The aerial part of the plant was divided into stem, leaf, and trusses, while the roots were carefully removed from the pots and gently washed with running tap water to remove the substrate with minimal damage. All plant parts were immediately weighed and then dried to a constant weight at 85 °C to determine the fresh and dry biomass. Before drying, the leaf area of each plant was determined as described above for the seedlings.




2.3. Statistical Analysis


The experimental design consisted of four replicates for each combination of seedling treatments and fertigation rates, randomly assigned in four blocks. A two-way ANOVA was carried out to evaluate the effect of seedling treatments and fertigation rates on tomato seedlings (30 seedlings for each replicate) and plants (5 plants for each replicate). The least significant differences (LSD) test at p ≤ 5% was used to compare the mean values and to identify the significant differences among treatments and the significant interactions between factors. A regression analysis was performed to fit a linear or second-order polynomial equation to the data of the plant parameters examined. ANOVA was used to test the statistical significance of the terms in the regression equations for each response.





3. Results


3.1. Tomato Transplant Production


During the nursery experiment, outside the greenhouse, the average temperature ranged between 17.8 ± 0.4 °C (night) and 23.3 ± 0.6 °C (day), and the average net solar radiation at noon was 466 W·m−2. The day length during the cultivation period (from sunrise to sunset) ranged between 8 and 9 h. The mean air temperature inside the greenhouse was 24.2 ± 0.5 °C. The temperature ranged between 16.2 ± 0.3 °C (night) and 32.6 ± 0.6 °C (day); the relative humidity ranged between 68.8% and 98.2% (84.9% on average). The highest light intensity inside the greenhouse was 40,559 lux on average, ranging from 56989 to 4171 lux as a function of the cloudiness.



Tomato plantlets emerged 6 days after sowing with no differences between the inoculated and non-inoculated substrates. Seedlings were all ready for transplant (3–5 true leaves) after 28 d from sowing.



Plant height varied according to fertilization levels but with some differences due to plant treatments (Table 1, Figure 1). When the plants were not fertigated (0 g L−1), those inoculated with the bacterial biostimulant resulted significantly smaller (5.2 cm) than the others (7.5 cm on average).



The increase in fertilizer concentration determined an increase in the plant height of control plants up to 19.3 cm on average for 2 and 4 g L−1. The inoculated seedlings were significantly smaller with 2 g L−1 of fertilizer (17.9 cm) but resulted higher with the highest fertilizer level (20.8 cm). The seedlings that were sprayed with GA3 reached the highest height with 2 g L−1 of fertilizer (21.7 cm) and were comparable to the inoculated seedling with 4 g L−1 of fertilizer (20.3 cm).



The stem diameter was affected only by the fertigation doses; it increased as the fertilizer concentration increased from 2.0 mm (0 g L−1) to 2.6 mm (4 g L−1) (Table 1).



Seedlings fresh weight (FW) was affected by the interaction between the seedling treatments and the fertilizer level; it showed a quadratic trend in all seedling treatments (Figure 2) varying from 0.7 to 3.1 g FW seedling−1 in the control seedling (Table 1). The inoculation with the bacterial biostimulant significantly reduced the fresh weight of the non-fertigated seedlings (0.5 g FW seedling−1) but determined a greater fresh biomass accumulation when the seedlings were fertigated with 4 g L−1 (3.4 g FW seedling−1). The GA3-treated seedlings fertigated with 2 g L−1 of fertilizer had a similar fresh weight to the control seedlings fertigated with the highest fertilizer level (3.2 g FW seedling−1) and further increased their fresh biomass at this fertigation level (3.4 g seedling−1). The treatments also determined the changes in the biomass partitioning, especially in the case of GA3-treated seedlings fertigated with 2 g L−1 which increased the shoot/root ratio to a value similar to those recorded at 4 g L−1 in all the seedling treatments (Figure 3). The main differences in biomass partitioning were recorded at 0 g L−1, which determined a significant increase in root percentage in the inoculated seedlings, whereas those treated with GA3 increased the percentage of leaves and reduced the percentage of stem and roots (Table 1).



The total dry biomass of the seedlings showed quadratic trends like those found for fresh biomass Table 1, Figure 4). The bacterial biostimulant negatively affected the dry matter accumulation with no fertigation (−36.1% than the control). The increase in fertilizer concentration determined an increase in the dry weight (DW) of the seedlings, especially in those treated with GA3, which recorded the highest dry weight (201.5 mg DW seedling−1) at 2 and 4 g L−1. The shoot/root ratio of the dry biomass of the control seedlings ranged from 4.3 to 11.5 as increasing fertigation level and showed a significant difference only for the inoculated seedlings fertigated with 4 g L−1 (8.7) (Figure 5). The dry biomass partitioning among roots, stem, and leaves showed a positive effect of the bacterial biostimulant on root growth at the expense of leaves when the seedlings were only watered (0 g L−1); in this nutritional condition, GA3 stimulated a greater distribution of dry matter in leaves at the expense of the stem (Table 1).



Dry matter percentage was affected only by the fertigation doses with a decreasing trend from 0 g L−1 to 2 g L−1 (12.4% and 5.9%, respectively), with no further decrease with the highest fertilizer level (Table 1).



The water use efficiency (WUE) recorded small variations as a function of the seedling treatments. A significantly lower WUE (1.4 g DW L−1 H2O) was calculated for the seedlings inoculated with the bacterial biostimulant. GA3-treated seedlings reached the highest WUE levels with 2 and 4 g L−1 of fertilizer, whereas the control seedlings needed 4 g L−1 to reach the highest WUE (Figure 6a).



The nitrogen use efficiency (NUE) dropped as increasing fertigation doses in the control (from 30.7 to 12.4 g DW g−1 N) and GA3-treated seedlings (from 34.1 to 15.3 g DW g−1 N). Inoculated seedlings showed a low NUE with 0 and 4 g L−1 of fertilizer (11.3 g DW g−1 N on average) and a higher NUE with 1 and 2 g L−1 (21.7 g DW g−1 N on average) (Figure 6b).



The highest leaf number of the tomato seedlings was recorded in those treated with GA3 (4.6 leaves seedling−1), which had 15% more leaves than the control and inoculated seedlings (4.0 leaves seedling−1 on average) (Table 2). Seedling leafiness significantly increased by increasing the concentration of fertilizer from 0 to 2 g L−1 (from 2.2 to 5.1 leaves seedling−1), without further increase when the highest fertigation level was supplied. A similar effect of the treatments and the fertigation doses was found for the average leaf area (Table 2), whereas the total leaf area of the seedlings was affected in different ways by the fertilizer levels according to the treatments. The lowest doses of fertilizer (0 and 1 g L−1) did not determine the significant differences in the total leaf area between control seedlings (8.7 and 33.9 cm2 seedling−1, respectively) and inoculated or GA3-treated seedlings, even if the latter had a significantly greater leaf area than those inoculated with the bacterial biostimulant. Raising to 2 g L−1 the fertilizer concentration, the seedlings sprayed with GA3 had a total leaf area (63.4 cm2 seedling−1) higher than the others (49.3 cm2 seedling−1 on average) and not statistically different from the values of leaf area recorded for the control and inoculated seedlings with the highest fertilizer concentration (60.8 cm2 seedling−1 on average). At this fertilizer level, GA3-treated seedlings further increased their total leaf area up to 66.9 cm2 seedling−1 (Table 2, Figure 7).



The specific leaf area (SLA) is an index of leaf morphology (thickness) and dry biomass distribution in the leaves (Table 2). This parameter showed a slight but not significant increase in the treated seedlings against the control seedlings. The effect of fertilizer concentration on SLA was more evident and followed a quadratic trend (R2 = 0.9256 ***) raising from 301.1 cm2 g−1 DW (0 g L−1) up to 681.0 cm2 g−1 DW (2 g L−1).



Control seedlings recorded the lowest stomatal conductance when not fertigated (260.1 mmol m2 s−1) and the highest with 1 g L−1 of fertilizer (714.3 mmol m2 s−1); further increases in fertilizer concentration made the stomatal conductance drop down to 456.1 mmol m2 s−1. The seedlings inoculated with the bacterial biostimulant showed an increasing trend of stomatal conductance from 286.2 mmol m2 s−1 to 787.8 mmol m2 s−1 with 0 and 4 g L−1 of fertilizer respectively, whereas the GA3-treated seedlings recorded low values of stomatal conductance irrespective of fertilizer level (368.3 mmol m2 s−1 on average) (Table 2).



Leaf color can be considered an index of physiological and nutritional plant status. The experimental factors influenced leaf color characteristics in a complex way (Table 2). The supply of the highest fertilizer doses (2 and 4 g L−1) determined a reduction of color lightness (L*) to comparable values for all the treated and untreated seedlings. The treatments applied to the seedling differently affected L* with the lowest fertilizer levels (0 and 1 g L−1); L* was lower in the inoculated seedlings and higher in the GA3-treated seedlings than the control seedlings at 0 g L−1, whereas, with 1 g L−1, it was significantly lower compared to the control only in GA3-treated seedlings. The leaf color vividness (Chroma) of non-fertigated seedlings was lower in those inoculated with the bacterial biostimulant and decreased by increasing the fertilizer concentration but less strongly in the inoculated and in the GA3-treated seedlings supplied with 2 g L−1 of fertilizer. Moreover, the green component of color was less intense in the treated seedlings compared to the control seedlings as suggested by the reduction of the hue angle, whereas the leaves become greener as the fertilizer dose supplied to the seedlings increases.




3.2. Tomato Plants Soilless Cultivation


At the end of the nursery experiment, the seedlings were transplanted into pots and placed inside the same greenhouse to evaluate the effects of the experimental factors on the initial growth of the tomato plants in soilless cultivation (60 days since transplant). During this period, the temperature inside the greenhouse ranged between the minimum value of 4.7 °C and the maximum value of 36.2 °C. The average lower temperature was 11.0 ± 0.4 °C, whereas the average maximum temperature was 23.3 ± 0.6 °C. Relative humidity ranged between 45.5% and 99.9% (81.5% on average). The day length during the cultivation period (from sunrise to sunset) ranged between 8 and 9 h. The highest light intensity inside the greenhouse was 35,631 lux on average, ranging from 44,664 to 4251 lux as a function of the cloudiness.



All the seedlings overcame the transplant shock in a few days. The growth of tomato plants was significantly affected by the experimental factors applied to seedlings during nursery production. The plants that were not fertigated during nursery growth showed the lowest height throughout the soilless cultivation period, whereas those fertigated with 2 or 4 g L−1 of fertilizer were the tallest. Intermediate heights were recorded for the plants fertigated in the nursery with 1 g L−1 of fertilizer, however, among these, those treated with GA3 showed a higher growth rate than the others so that at the end of the trial, they became closer to the height of the plants fertigated in the nursery with the highest doses of fertilizers (Figure 8).



The height of the plants at the end of the trial were shown to be positively influenced by the nursery fertigation. The lowest plants were those not fertigated during nursery production (61.4 cm on average); the height significantly increased up to the 2 g L−1 treatment (86.9 cm on average) with no significant further increase for the 4 g L−1 treatment (85.3 cm on average) (Table 3).



Plant stem diameter recorded small variations that were only due to the fertigation level in nursery production (Table 3).



The treatments applied to the seedlings had a low impact on the plant fresh biomass accumulation, except for the fresh biomass of the stem and the trusses, whereas a marked effect on plant fresh biomass was determined by the fertigation rates supplied to the seedlings (Table 3, Figure 9). The plants that were not fertigated during nursery production had a total fresh weight of 171.1 g FW plant−1. The total fresh biomass accumulated by plants increased up to 254.2 g FW plant−1, on average, in those fertigated with 2 or 4 g L−1 in the nursery. The main part of the biomass was represented by the leaves that weighed 102.5 g FW plant−1 in non-fertigated seedlings and increased up to 144.0 g FW plant−1 on average in those fertigated in the nursery (Table 3, Figure 9).



The fresh biomass of the flower trusses included racemes, flowers, and small fruits at different development stages. This portion of the biomass showed differences in its fresh weight that were determined by the interaction between the experimental factors applied to the nursery trial. The lowest weight of the trusses was found when plants were not fertigated during nursery growth (5.3 g FW plant−1 on average for all seedling treatments). Control plants increased their trusses fresh weight up to 26.2 g FW plant−1 if fertigated in the nursery with 2 g L−1 and dropped down to 12.8 g FW plant−1 with 4 g L−1. The GA3-treated seedlings needed 4 g L−1 to accumulate a high amount of biomass in the trusses (25.4 g FW plant−1), whereas the seedlings inoculated with the bacterial biostimulant had a comparable truss weight if fertigated with 2 g L−1 (21.3 g FW plant−1) and increased it by 117% if fertigated with 4 g L−1 (46.3 g FW plant−1) (Table 3, Figure 10).



The accumulation of the dry biomass of tomato plants showed a trend comparable to fresh biomass (Table 3, Figure 11). The total plant dry weight (DW) was significantly lower in the tomato plants that were not fertigated during nursery growth (18.2 g DW plant−1). Significant increases in plant dry weight were determined by fertigating seedlings with 1 g L−1 (27.2 g DW plant−1) and 2 g L−1 (29.2 g DW plant−1). No further significant increase was determined by the highest fertigation level (29.5 g DW plant−1).



As regards the dry weight of the trusses, this was higher in the control plants fertigated in the nursery with 2 g L−1 (3.7 g DW plant−1), whereas the treated seedlings showed their higher truss dry biomass accumulation when fertigated with 4 g L−1 of fertilizer, especially those inoculated with the bacterial biostimulant, which recorded the highest truss dry weight (4.8 g DW plant−1) (Table 3). The percentage of dry matter in tomato plants resulted significantly higher in those fertigated during nursery growth (11.6% on average) than non-fertigated ones (10.6%) (Table 3).



The measure of the water and nutrients supplied to the tomato plants during greenhouse cultivation was used to calculate the water use efficiency (WUE) and nitrogen use efficiency (NUE), which were affected only by the concentration of nutrients supplied during the seedling growth (Figure 12a,b). The WUE was 3.1 g DW L−1 H2O on average without nursery fertigation and significantly increased with 1 g L−1 (+7.1%) and 2 or 4 g L−1 (+56.1%) up to 4.91 g DW L−1 H2O on average. A similar trend was found for NUE which recorded the lowest value in the plants not fertigated in the nursery (12.3 g DW g−1 N) and the highest value in the plants fertigated during nursery growth with 2 or 4 g L−1 (20.0 g DW g−1 N on average).



The height of the first flower truss was higher in the plants inoculated in the nursery with the bacterial biostimulant (39.8 cm) than those treated with GA3 (36.8 cm) and significantly increased in the plants fertigated with 2 or 4 d L−1 (42.5 cm on average; +28% compared to the control) (Table 4). These differences were mainly due to an increase in internode length, as the number of nodes below the first flower truss was not influenced by the experimental factors. As reported for flower truss biomass, even the flowering physiology of greenhouse-grown tomato plants was differently affected by the nursery fertigation levels according to the treatment applied to the seedlings. Non-fertigated control seedlings started flowering (at least one flower open) 41.4 days after transplant, whereas a significantly earlier flowering date was recorded with 2 g L−1 of fertilizer during the seedling growth (31.8 d after transplant) (Table 4, Figure 13). The inoculation of the seedling substrate with the bacterial biostimulant significantly delayed the flowering date (+9.4 d compared to the control) of the non-fertigated seedlings; these treatments determined an early flowering date if combined with 2 or 4 g L−1 fertigation (32.8 d after transplant, on average). All the fertigated seedlings that were treated with GA3 had an early flowering date as they flowered 31.7 d after transplant on average.



As reported above, the leaves of the tomato plants were the greater part of fresh biomass and were heavier in the nursery-fertigated plants. The same effect was recorded for the number of leaves per plant that increased from 16.7 leaves plant−1 to 19.4 leaves plant−1 on average in the plants that were fertigated in the nursery (Table 5). The experimental factor affected the average leaf area but to a greater extent in control plants, which showed a significant expansion of the leaf area as the concentration of nutrients applied by fertigation increased (Table 5). The total leaf area per plant was 3164.7 cm2 plant−1 on average in the control plants and dropped significantly only in the plants inoculated with the bacterial biostimulant (−10.4%) (Table 5). The increase in nutrient supply during the seedlings’ growth determined an increase in plant leaf area that followed a quadratic trend (R2 = 0.952***) ranging from 2426.7 cm2 plant−1 (0 g L−1) to 3993.0 cm2 plant−1 (4 g L−1) (Table 5). The specific leaf area (SLA) was almost constant as the nursery fertigation in the untreated plants varied as well as in those inoculated with the bacterial biostimulant. The plants treated with GA3 during seedling growth showed a significant decrease in SLA in all the fertigated treatments (Table 5).



No effect of the experimental factor was recorded on the stomatal conductance of tomato plants during the greenhouse growth (Table 5).



The color of the leaves was darker in the plants inoculated with the bacterial biostimulant and became significantly darker when increasing the fertigation concentration from 0 to 4 g L−1 (Table 5). The increase in fertigation level negatively affected the saturation of the untreated or GA3-treated plants, whereas the plants inoculated with bacteria showed a low saturation level at every fertigation rate (Table 5). The hue angle recorded a small but significant reduction in the nursery-treated plants. On the contrary, the raise of fertigation concentration supplied to the seedlings determined a significant increase from a lighter green to a more intense green (Table 5).





4. Discussion


Many factors may affect seedling quality, such as water and nutrient availability, substrate characteristics and volume, and the thermal and light conditions inside the nursery greenhouse [1,2,3,4,41,42]. Nutrient availability, nitrogen above all, can influence seedling growth, accelerate shoot growth at the expense of root growth, and reduce the percentage of shoot dry matter [41]. These parameters could be positively or negatively related to seedling establishment in the field and should be enhanced by carefully optimizing the nutrient supply, thus also achieving a reduction in the environmental pollution and leaching risks. In our work, we investigated the possibility to improve seedling quality and their establishment after the transplant in the field by combining different levels of nutrient supply with the application of a bacterial biostimulant or gibberellic acid. These experimental factors interacted and showed the chance to modify the seedling response to nutrient supply.



The growth of the tomato seedlings increased curvilinearly in relation to the fertigation rates. This trend confirmed that the increase in nutrient availability can be worth only up to a certain threshold, over which tomato or other vegetable seedlings cannot efficiently use nitrogen, and the excess of nutrients could even be harmful to seedling strength and quality [2,41,43,44]. Seedling development is a key characteristic of transplants. An excess of water and fertilizer application may determine taller but weaker and softer plants that are more susceptible to diseases, insects, and transplant shock [42]. Nevertheless, seedling development and the amount of biomass it accumulates are related to plant vigor and earliness [4]. The goal of transplant production is to produce short stocky seedlings with thick and strong stems with a deep green color [45]. Therefore, seedling height should not be too high to allow greater greenhouse space efficiency and to improve the ease in shipment and mechanical transplanting [46]. Nevertheless, the well-developed transplants with a higher leaf number can reduce the time from transplant to flowering in greenhouse-grown tomato, thus reducing the greenhouse unproductive stage.



The use of bacterial biostimulant or gibberellic acid modified the response of seedling growth to nutrient availability.



The inoculation of the substrate with Bacillus spp. increased the range between the lowest and the highest value found in the control seedlings as inoculated seedlings showed lower height, stem diameter, and biomass accumulation in the absence of fertigation, but had a greater growth at the highest fertigation rate. It is well known that many Bacillus species can exert a plant growth-promoting effect [32,47,48], nevertheless, the growth and metabolic activity of rhizobacteria are narrowed by nutrient availability that can also influence the number of bacteria in the rhizosphere [49,50]. In some soil conditions, most of the mineral N can be immobilized into the soil microbial biomass within few hours after supplementation [51], especially when a lack of organic C materials from active plant roots represent a limiting factor for rhizosphere microflora [52] as in the case of the sowing substrate. Thus, the nutrient competition between seedlings and the high bacteria population of the inoculated substrate probably limited plant growth and biomass accumulation [53,54]. On the contrary, the fertigation reduced this competition and increased root growth allowing the seedlings with the highest nutrient availability to benefit from the Bacillus growth-promoting activity [48].



The exogenous supplementation of gibberellic acid to tomato seedlings enhanced seedling growth at the two highest fertigation rates. The GA3-treated seedlings showed similar or even higher growth parameters (plant height, fresh and dry biomass accumulation, leaf number and leaf area) compared to the control seedlings fed with 4 g L−1 of fertilizer but with half of the nutrients. Spraying exogenous gibberellic acid at a very low concentration has been used to improve the morpho-physiological and yield characteristics of many vegetable crops [8,18,37,38]. Gibberellins can play an important role in plant growth and development and regulate plant height and organ size through the promotion of both cell elongation and cell division [55,56]. They also promote the biomass production [17,57] of vegetative parts by fostering DNA, RNA, and protein synthesis [58,59,60], ribose, and polyribosome multiplication [61] and improving enzyme activity [62] and membrane permeability [63]. The latter may have a role in the improvement of the uptake and use of mineral nutrients [64,65,66,67] and the transport of photosynthates [68,69], hence explaining the higher efficiency of GA3-treated seedlings against control seedlings. The accumulation of the assimilates in the leaves, but most of all their transport in the stems, was another effect that characterized the GA3-treated seedlings fed with the higher fertigation rates and that determined a higher shoot/root ratio with 2 g L−1 of fertilizer. Exogenous GA3 may markedly change the morphological traits of plants and promote biomass allocation to leaves and stem, increasing the shoot/root ratio [9,15]. Moreover, Sugiura et al. [70] found that GA3-mediated biomass accumulation in leaves and stem occurs only in seedlings grown under high nitrogen availability, as found in our work. The biomass partitioning can strongly affect tomato transplant quality as it has been shown that the increase in stem dry weight is an indicator of seedling vigor and promotes plant earliness [43].



Even if biomass production and translocation varied among seedling treatments with an increasing fertigation rate, the percentage of shoot dry matter decreased only as a function of increased fertigation rate, with the lowest percentages obtained at the two highest level of fertigation. This effect of N availability was already reported for celery, lettuce, broccoli, pepper and tomato [41,71]. The percentage of the shoot dry matter of tomato transplant higher than 10% results in improved cold resistance and seedling quality [72]. Moreover, an overfertilized transplant with increased succulence is more susceptible to be broken during transplanting [73].



The increase in fertigation rate raised the N available for transplants and increased the physiological age of the seedlings as evidenced by the leaf number. This positive relationship was found also by other authors that noticed an increase in seedling growth rate and a higher leaf area with higher N availability [4,74,75,76]. We also found a positive effect of fertigation rate on seedling leaf area, but this effect was more evident in GA3-treated seedlings. Gibberellic acid increased both the leaf number and the average leaf area resulting in a higher total leaf area compared to the control at 2 g L−1 of fertilizer. GA3 can influence nitrogen metabolism and nitrogen redistribution in plants, thus increasing nitrogen use efficiency (NUE) by improving N utilization in leaves and stems; the supply of exogenous GA3 may influence the transport of assimilates towards shoot apex and young leaves, helping in the utilization of nitrogen and thus resulting in the increased leaf number and physiological age [77]. In our work, we found the highest increase in NUE in GA3-treated seedlings (+19.1% and +23.2%, respectively, with 2 and 4 g L−1 of fertilizer), whereas the inoculated seedlings had the worst NUE at the lowest fertigation rates (0 and 1 g L−1) and did not differ from GA3-treated seedlings at the highest fertigation rates (2 and 4 g L−1), confirming that part of the nitrogen supplied was immobilized by bacteria determining the nutritional stress to tomato seedlings.



The increase in nutrient availability allowed seedlings to use the irrigation water more efficiently in the seedlings treated with GA3 or inoculated with the bacterial biostimulant and fertigated with 2 g L−1 of fertilizer. This goal was probably reached in different ways. GA3-treated plants may have reduced water consumption by reducing water transpiration thanks to the lower stomatal conductance. A decrease in the stomatal resistance and an increase in WUE in tomato plants due to the application of GA3 was reported also by Maggio et al. [35]. The bacterial inoculum had a different effect on stomatal conductance as this parameter increased by increasing the fertigation rate. Bacillus spp. can induce an increase in transpiration along with an increase in photosynthetic rate [78,79,80], thus increasing dry matter accumulation and WUE. Moreover, the increased photosynthetic activity caused by plant growth-promoting rhizobacteria can be a consequence of stimuli effect on chlorophyll formation [78]. This effect could be indirectly confirmed by color modifications recorded in seedling leaves, as those inoculated with the bacterial biostimulant showed a more intense green color than the others. An increase in chlorophyll formation could also be ascribed to the increase in nitrogen supply that increased the hue angle of the leaf color resulting in a darker green. The changes in leaf color were determined by changes in the pigment content (chlorophylls and carotenoids) that are highly related to the color components measured with a colorimeter [81,82,83]. They can be symptoms of nutrient deficiencies or excesses and are an indicator of the plant’s nutritional or stress status [11,84] as found in our work, by increasing nutrient supply to the control and GA3-treated seedlings.



Transplant characteristics are of paramount importance for seedling quality and their recovery after transplant. Moreover, the growing conditions that vegetable seedlings undergo during their first weeks of growth may affect the future yield of vegetable crops [41,43,85]. In our work, we confirmed that the nutritional condition during nursery growth has an important role in the recovery of young tomato plants after transplant and in their early growth and flowering, but we also noticed that seedling treatments can significantly interact with nutrient availability during nursery growth modifying tomato plant response after transplant. Plant growth and biomass accumulation were related to seedling biomass, but the growth rate after transplant and biomass partitioning were also affected by seedling treatments. Thus, the biomass accumulation in vegetable seedling can be an index of plant performance in the field [4,41] and can guide in choosing the optimal fertigation rate for vegetable transplants. The search for higher seedling age and development to obtain plants that grow faster and have an earlier flowering and production should also consider the field conditions where seedlings are transplanted. High nutrient levels in the nursery can increase seedling growth and influence plant growth and productivity, but in this condition, seedlings may be characterized by low structural strength and lack hardening [43]. These characteristics are related to good seedling establishment after transplant and field survival in sub-optimal environmental conditions. Thus, the growth environment should be considered for the fertigation management of tomato seedlings; higher nursery fertigation rate can increase plant growth and early flowering that could be favorable under controlled greenhouse conditions, whereas a lower nursery fertigation rate can increase the hardiness of tomato seedlings and ensure their ability to withstand the physical stress of handling and long-distance shipping, as well as their survival in adverse field environments [43,45].



The highest fertigation rates had a greater effect on tomato growth rate during early tomato growth, but at the end of the experiment, all the nursery-fertigated plants recorded no differences in the growth of vegetative parts (roots, stem, and leaves). The GA3 treatment or bacterial inoculation at the nursery stage showed long-term effects on tomato plants during soilless greenhouse cultivation but these effects were greater for the bacterial biostimulant. Even if they did not affect leaf biomass, some modification of leaf characteristics was recorded. GA3 determined a reduction of leaf thickness (lower SLA) that corresponded to a decrease in green color intensity. Moreover, the GA3 delayed plant flowering when the seedlings were not fertigated and reached the highest biomass accumulation in the inflorescences only with the highest fertigation rate compared to the control plants, which reached the highest inflorescence biomass with 2 g L−1. The effect of GA3 treatments on tomato plants during field growth has been investigated several times, recording a positive effect on the growth, biomass accumulation, yield, and yield attributes [37,86,87,88]. The positive effects of exogenous GA3 application on plant growth and yield under different growth conditions are well known and involve, among others, the modification of source/sink relationships [9,10,11,89] as reported above for tomato seedlings under different fertigation rates. These growth-promoting effects were not evident after the transplant of tomato seedlings, and plant modification due to GA3 treatments was limited to minor parameters. The studies on the application of exogenous gibberellic acid have shown that GA3-treated plants record an increase in bioactive gibberellins (GA1 and GA4) and a modification of internal hormone balance [86,90,91]. In our study, foliar GA3 spray positively affected seedling growth while the effect on plant growth was poor. This could suggest that the modifications of plant physiology and hormonal balance are not long term and depend on the physiological age of the plants sprayed with GA3.



The bacterial inoculum of seedlings had longer-term effects than GA3 treatment, but these effects were noticeable mainly when the bacterial biostimulant was associated with the highest fertigation rate. This could suggest that the bacterial biostimulant colonized the seedling rhizosphere that could be the vector for soil inoculation after transplant [48]. The highest tomato plants at the end of the experiment were obtained from seedlings inoculated with Bacillus spp. and fertigated with 4 g L−1. These plants showed also an early flowering but most of all, they had a higher biomass accumulation in the trusses due to an increase in fruit setting as compared to the highest control (+77.0%) and GA3-treated values (+82.0%). These effects may be linked with the nitrogen fixation, phosphorus solubilization, and siderophore production of some plant growth-promoting bacteria and their production of phytohormones such as auxins and gibberellins, which can be involved in fruit setting [92]. Moreover, growth-promoting bacteria can induce a higher chlorophyll and carotenoid content in the leaves, which have been reported as some of the mechanisms behind the plant growth promotion of Bacillus strains [92]. Likewise, our results showed that bacterial inoculum induced the modification of leaf color that can be linked to increased pigment content. These mechanisms can improve the nutritional status of tomato plants and stimulate fruit setting trough phytohormone translocation from the rhizosphere to the flowers [92]. This effect could be particularly relevant for the growth of tomatoes in cold greenhouses during winter, where low temperatures can limit flowering and fruit set. Bacillus spp. have been shown to exert their plant growth-promoting effect in good nutritional conditions, whereas under nutrient stress conditions in autumn they may have an adverse effect on yield due to nutritional imbalances in the system, as found in our work during nursery growth [93].




5. Conclusions


The optimal fertigation rate for producing good quality tomato transplants ranged between 2 and 4 g L−1 of a 20-20-20 NPK water-soluble fertilizer, but fertigation management should consider the field conditions where the seedlings are transplanted, choosing between well-developed but weaker seedlings that grow faster and have an earlier flowering, or compact, short stocky seedlings more suitable for shipment, mechanical transplanting and good field survival. Gibberellic acid treatment had a growth-promoting effect on the seedlings that showed a fast and good growth with half of the nutrients needed by control seedlings. The inoculation of the seedling substrate with the bacterial biostimulant containing Bacillus spp. had a negative effect on the seedling growth in limited nutrient availability, whereas it showed a growth-promoting effect under high nutrient conditions. The nutritional condition during nursery growth had an important role in the recovery of young tomato plants after transplant and in their early growth and flowering. All fertigation rates had a positive effect on tomato plant growth in soilless cultivation, but the highest rate improved the flowering earliness, especially in GA3-treated seedlings and inoculated seedlings. The bacterial inoculum of seedlings had longer-term effects than GA3 treatment but needed the highest fertigation rate during nursery growth to exert its positive effect on tomato plant growth and fruit setting.
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Figure 1. Quadratic predictions of the relationship between the fertigation rates (g L−1 of NPK 20-20-20) and the seedling height values of untreated (C, continuous line), bacterial inoculated (B, dotted line), and gibberellic acid (GA3)-treated (GA3, dashed line) Solanum lycopersicum ‘Marmande’ seedlings (*** significant at p < 0.001). 
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Figure 2. Quadratic predictions of the relationship between the fertigation rates (g L−1 of NPK 20-20-20) and the seedling fresh weight values of untreated (C, continuous line), bacterial inoculated (B, dotted line), and GA3-treated (GA3, dashed line) Solanum lycopersicum ‘Marmande’ seedlings (*** significant at p < 0.001). 
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Figure 3. Effect of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the fertigation rates (0, 1, 2 and 4 g L−1 of NPK 20-20-20) on the shoot/root fresh weight ratio of Solanum lycopersicum ‘Marmande’ seedlings (bars with different letters are significantly different at p < 0.05 according to the LSD test). 
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Figure 4. Quadratic predictions of the relationship between the fertigation rates (g L−1 of NPK 20-20-20) and the seedling dry weight values of untreated (C, continuous line), bacterial inoculated (B, dotted line), and GA3-treated (GA3, dashed line) Solanum lycopersicum ‘Marmande’ seedlings (*** significant at p < 0.001). 
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Figure 5. Effect of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (0, 1, 2 and 4 g L−1 of NPK 20-20-20) on the shoot/root fresh weight ratio of Solanum lycopersicum ‘Marmande’ seedlings (bars with different letters are significantly different at p < 0.05 according to the LSD test). 
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Figure 6. Effect of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (0, 1, 2 and 4 g L−1 of NPK 20-20-20) on (a) the water use efficiency (WUE) and (b) the nitrogen use efficiency (NUE) of Solanum lycopersicum ‘Marmande’ seedlings (bars with different letters are significantly different at p < 0.05 according to the LSD test). 
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Figure 7. Effect of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (0, 1, 2 and 4 g L−1 of NPK 20-20-20) on the leaf area of Solanum lycopersicum ‘Marmande’ seedlings (bars with different letters are significantly different at p < 0.05 according to the LSD test). 
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Figure 8. Effect of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (0, 1, 2, and 4 g L−1 of NPK 20-20-20) on Solanum lycopersicum ‘Marmande’ plant growth. 
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Figure 9. Effect of the nursery fertigation rates (g L−1 of NPK 20-20-20) on the total, root, stem, leaves, and trusses fresh biomass of Solanum lycopersicum ‘Marmande’ plants grown in soilless cultivation (bars of the same color with different letters are significantly different at p < 0.05 according to the LSD test). 
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Figure 10. Effect of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (0, 1, 2 and 4 g L−1 of NPK 20-20-20) on the fresh weight of Solanum lycopersicum ‘Marmande’ flower trusses (racemes, flowers, and small fruits) (bars with different letters are significantly different at p < 0.05 according to the LSD test). 






Figure 10. Effect of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (0, 1, 2 and 4 g L−1 of NPK 20-20-20) on the fresh weight of Solanum lycopersicum ‘Marmande’ flower trusses (racemes, flowers, and small fruits) (bars with different letters are significantly different at p < 0.05 according to the LSD test).
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Figure 11. Effect of the nursery fertigation rates (g L−1 of NPK 20-20-20) on the total, root, stem, leaves, and trusses dry biomass of Solanum lycopersicum ‘Marmande’ plants grown in soilless cultivation (bars of the same color with different letters are significantly different at p < 0.05 according to the LSD test). 
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Figure 12. Effect of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (g L−1 of NPK 20-20-20) on (a) the water use efficiency (WUE) and (b) the nitrogen use efficiency (NUE) of Solanum lycopersicum ‘Marmande’ plants grown in soilless cultivation (bars with different letters are significantly different at p < 0.05 according to the LSD test). 
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Figure 13. Effect of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (0, 1, 2 and 4 g L−1 of NPK 20-20-20) on the flowering date of Solanum lycopersicum ‘Marmande’ plants (bars with different letters are significantly different at p < 0.05 according to the LSD test). 
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Table 1. Effects of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (g L−1 of NPK 20-20-20) on the morphological parameters of Solanum lycopersicum ‘Marmande’ seedlings.






Table 1. Effects of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (g L−1 of NPK 20-20-20) on the morphological parameters of Solanum lycopersicum ‘Marmande’ seedlings.





	
Source of Variance

	
Seedling Height (cm)

	
Stem Diameter (mm)

	
Seedling Fresh Weight (g FW)

	
Seedling Dry Weight (mg DW)

	
Dry Matter (%)




	
Total

	
Roots

	
Stem

	
Leaves

	
Total

	
Roots

	
Stem

	
Leaves






	
Treatment

	

	

	

	

	

	

	

	

	

	

	




	
C

	
z 15.1

	
2.3

	
2.07

	
0.24

	
1.12

	
0.70b

	
137.3

	
19.0

	
57.3

	
61.0

	
7.8




	
B

	
14.4

	
2.3

	
2.06

	
0.25

	
1.11

	
0.69b

	
126.8

	
19.0

	
52.3

	
55.8

	
7.5




	
GA3

	
16.3

	
2.3

	
2.33

	
0.24

	
1.24

	
0.85a

	
160.0

	
19.5

	
66.0

	
74.5

	
7.8




	
NPK (g L−1)

	

	

	

	

	

	

	

	

	

	

	




	
0

	
6.7

	
2.0d

	
0.66

	
0.18

	
0.30

	
0.18d

	
75.7

	
16.7c

	
31.3

	
28.0

	
12.4a




	
1

	
14.6

	
2.1c

	
1.81

	
0.28

	
0.90

	
0.64c

	
128.7

	
22.3a

	
50.7

	
55.7

	
6.9b




	
2

	
19.6

	
2.4b

	
2.83

	
0.26

	
1.56

	
1.01b

	
171.7

	
20.0ab

	
71.7

	
80.0

	
5.9c




	
4

	
20.2

	
2.6a

	
3.30

	
0.25

	
1.88

	
1.17a

	
189.3

	
17.7bc

	
80.3

	
91.3

	
5.7c




	
Treatment × NPK




	
C

	
0

	
7.3g

	
2.0

	
0.70e

	
0.19bc

	
0.35e

	
0.17

	
83.0d

	
15.0

	
37.0ef

	
30.0de

	
12.9




	

	
1

	
14.7ef

	
2.2

	
1.79d

	
0.29a

	
0.89d

	
0.61

	
130.0c

	
21.0

	
51.0de

	
55.0c

	
7.0




	

	
2

	
19.1c

	
2.4

	
2.67c

	
0.25ab

	
1.51c

	
0.92

	
153.0bc

	
21.0

	
63.0dc

	
69.0bc

	
5.4




	

	
4

	
19.5c

	
2.7

	
3.10b

	
0.22b

	
1.76b

	
1.12

	
183.0ab

	
19.0

	
78.0b

	
90.0ab

	
5.9




	
B

	
0

	
5.2h

	
1.8

	
0.45f

	
0.15c

	
0.21f

	
0.09

	
53.0e

	
16.0

	
22.0g

	
17.0e

	
12.8




	

	
1

	
13.7f

	
2.1

	
1.73d

	
0.29a

	
0.86d

	
0.59

	
110.0cd

	
24.0

	
44.0e

	
45.0cd

	
6.2




	

	
2

	
17.9d

	
2.5

	
2.66c

	
0.28a

	
1.44c

	
0.94

	
163.0b

	
21.0

	
68.0c

	
74.0b

	
5.9




	

	
4

	
20.8b

	
2.6

	
3.39a

	
0.28ab

	
1.95a

	
1.16

	
181.0ab

	
15.0

	
75.0bc

	
87.0ab

	
5.2




	
GA3

	
0

	
7.7g

	
2.1

	
0.83e

	
0.20bc

	
0.35e

	
0.28

	
91.0d

	
19.0

	
35.0f

	
37.0d

	
11.6




	

	
1

	
15.4e

	
2.1

	
1.91d

	
0.25ab

	
0.95d

	
0.71

	
146.0bc

	
22.0

	
57.0d

	
67.0bc

	
7.4




	

	
2

	
21.7a

	
2.4

	
3.15b

	
0.25ab

	
1.75b

	
1.16

	
199.0a

	
18.0

	
84.0ab

	
97.0a

	
6.3




	

	
4

	
20.3bc

	
2.6

	
3.41a

	
0.26ab

	
1.92a

	
1.23

	
204.0a

	
19.0

	
88.0a

	
97.0a

	
6.0




	
Significance x

	

	

	

	

	

	

	

	

	

	

	




	
Treatment

	
***

	
ns

	
***

	
ns

	
***

	
***

	
***

	
ns

	
***

	
***

	
ns




	
NPK

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
**

	
***

	
***

	
***




	
Treatment × NPK

	
***

	
ns

	
***

	
*

	
***

	
ns

	
**

	
ns

	
***

	
*

	
ns








z Each value is the mean of 4 replicated samples of 30 seedlings each. For each factor, values in a column followed by the same letter are not significantly different, according to the least significant differences (LSD) test. x Significance: ns = not significant; * significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001.
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Table 2. Effects of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (g L−1 of NPK 20-20-20) on the leaf characteristics of Solanum lycopersicum ‘Marmande’ seedlings.
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Source of Variance

	
Number of Leaves

	
Leaf Area (cm2 Seedling−1)

	
Leaf Area

(cm2 Leaf−1)

	
SLA y

(cm2 g DW−1)

	
Stomatal Conductance (mmol m2 s−1)

	
L*

	
Chroma

	
Hue°






	
Treatment

	

	

	

	

	

	

	

	




	
C

	
z 4.0b

	
38.3

	
7.3b

	
485.6

	
507.6

	
47.9

	
34.3

	
136.8b




	
B

	
4.0b

	
35.7

	
7.8ab

	
573.1

	
569.3

	
48.2

	
33.6

	
139.1a




	
GA3

	
4.6a

	
45.1

	
9.1a

	
560.4

	
368.3

	
49.2

	
35.6

	
136.7b




	
NPK (g L−1)

	

	

	

	

	

	

	

	




	
0

	
2.2c

	
8.4

	
3.7c

	
301.1c

	
275.9

	
52.6

	
39.5

	
136.2d




	
1

	
4.3b

	
33.6

	
7.1b

	
552.0b

	
592.0

	
49.9

	
36.5

	
137.1c




	
2

	
5.1a

	
54.0

	
10.5a

	
681.0a

	
506.2

	
47.2

	
32.6

	
137.9b




	
4

	
5.2a

	
62.8

	
10.9a

	
624.6ab

	
552.8

	
44.0

	
29.4

	
138.9a




	
Treatment × NPK




	
C

	
0

	
2.1

	
8.7fg

	
4.2

	
297.4

	
260.1c

	
52.2b

	
40.4a

	
134.7c




	

	
1

	
4.2

	
33.9de

	
6.2

	
433.3

	
714.3a

	
48.7d

	
36.3b

	
135.9c




	

	
2

	
4.9

	
49.1c

	
10.0

	
718.1

	
600.0ab

	
47.0e

	
31.1d

	
137.8b




	

	
4

	
5.0

	
61.4b

	
9.0

	
493.6

	
456.1b

	
43.5f

	
29.4de

	
138.8ab




	
B

	
0

	
2.0

	
4.6g

	
2.3

	
278.3

	
286.2c

	
51.1c

	
36.1b

	
139.0ab




	

	
1

	
4.0

	
28.7e

	
7.2

	
648.7

	
595.9ab

	
50.0cd

	
36.2b

	
139.9a




	

	
2

	
4.9

	
49.5c

	
10.2

	
673.3

	
607.1ab

	
47.9de

	
33.4c

	
138.8ab




	

	
4

	
5.2

	
60.2b

	
11.6

	
692.0

	
787.8a

	
43.7f

	
28.7e

	
138.8ab




	
GA3

	
0

	
2.6

	
12.0f

	
4.6

	
327.5

	
281.4c

	
54.6a

	
42.0a

	
135.0c




	

	
1

	
4.8

	
38.1d

	
8.0

	
574.1

	
465.8b

	
51.0c

	
37.1b

	
135.5c




	

	
2

	
5.6

	
63.4ab

	
11.4

	
651.7

	
311.6c

	
46.6e

	
33.2c

	
137.1bc




	

	
4

	
5.5

	
66.9a

	
12.3

	
688.2

	
414.6bc

	
44.6f

	
30.1de

	
139.2ab




	
Significance x

	

	

	

	

	

	

	

	




	
Treatment

	
***

	
***

	
*

	
ns

	
**

	
***

	
***

	
***




	
NPK

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***




	
Treatment × NPK

	
ns

	
*

	
ns

	
ns

	
*

	
***

	
***

	
***








z Each value is the mean of 4 replicated samples of 30 seedlings each. For each factor, values in a column followed by the same letter are not significantly different, according to the LSD test. x Significance: ns = not significant; * significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001; y Specific leaf area.
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Table 3. Effects of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (g L−1 of NPK 20-20-20) on the morphological parameters of Solanum lycopersicum ‘Marmande’ plants grown in soilless cultivation.






Table 3. Effects of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (g L−1 of NPK 20-20-20) on the morphological parameters of Solanum lycopersicum ‘Marmande’ plants grown in soilless cultivation.





	
Source of Variance

	
Plant Height (cm)

	
Stem Diameter (mm)

	
Plant Fresh Weight (g FW)

	
Plant Dry Weight (g DW)

	
Dry Matter (%)




	
Total

	
Roots

	
Stem

	
Leaves

	
Trusses

	
Total

	
Roots

	
Stem

	
Leaves

	
Trusses






	
Treatment

	

	

	

	

	

	

	

	

	

	

	

	

	




	
C

	
z 77.6

	
9.7

	
229.1

	
20.0

	
60.1

	
134.9

	
14.1

	
26.1

	
2.0

	
7.7

	
14.6

	
1.9

	
11.3




	
B

	
76.1

	
9.7

	
230.4

	
18.8

	
58.5

	
131.8

	
21.2

	
26.3

	
2.0

	
7.5

	
14.5

	
2.3

	
11.4




	
GA3

	
78.8

	
9.7

	
225.9

	
18.5

	
60.0

	
134.2

	
13.1

	
25.6

	
1.8

	
7.7

	
14.6

	
1.5

	
11.3




	
NPK (g L−1)

	

	

	

	

	

	

	

	

	

	

	

	

	




	
0

	
61.4

	
9.3b

	
171.1c

	
14.1b

	
49.2b

	
102.5b

	
5.3c

	
18.2c

	
1.4b

	
5.3c

	
10.8b

	
0.6c

	
10.6b




	
1

	
76.3

	
9.9a

	
234.2b

	
20.7a

	
61.0a

	
140.4a

	
12.0bc

	
27.2b

	
2.2a

	
8.0b

	
15.6a

	
1.5bc

	
11.6a




	
2

	
86.9

	
9.6ab

	
250.4a

	
21.1a

	
65.5a

	
144.8a

	
19.0ab

	
29.2a

	
2.1a

	
8.7a

	
15.9a

	
2.4ab

	
11.6a




	
4

	
85.3

	
10.0a

	
258.0a

	
20.5a

	
62.5a

	
146.9a

	
28.2a

	
29.5a

	
2.1a

	
8.5a

	
15.9a

	
3.0a

	
11.4a




	
Treatment × NPK

	

	

	

	

	

	

	

	

	

	

	

	

	




	
C

	
0

	
65.4c

	
8.89

	
179.9

	
18.5

	
53.0

	
102.0

	
6.5d

	
19.0

	
1.7

	
5.8

	
10.7

	
0.8cd

	
10.6




	

	
1

	
73.4bc

	
10.2

	
236.1

	
20.5

	
60.3

	
144.1

	
11.1cd

	
26.8

	
2.3

	
7.7

	
15.3

	
1.5c

	
11.3




	

	
2

	
84.8ab

	
9.71

	
250.7

	
20.2

	
61.4

	
143.0

	
26.2b

	
30.0

	
2.1

	
8.4

	
15.9

	
3.7ab

	
12.0




	

	
4

	
86.8ab

	
9.92

	
249.6

	
20.7

	
65.8

	
150.4

	
12.8c

	
28.7

	
2.1

	
8.8

	
16.4

	
1.5c

	
11.5




	
B

	
0

	
56.0d

	
9.23

	
162.4

	
11.8

	
44.2

	
101.0

	
5.4d

	
18.2

	
1.3

	
4.9

	
11.4

	
0.6d

	
11.2




	

	
1

	
75.0b

	
9.80

	
235.2

	
20.8

	
61.1

	
141.3

	
11.9c

	
27.7

	
2.2

	
8.0

	
15.9

	
1.6c

	
11.8




	

	
2

	
89.4a

	
9.62

	
255.2

	
22.2

	
68.8

	
142.9

	
21.3b

	
28.9

	
2.2

	
8.9

	
15.4

	
2.3bc

	
11.3




	

	
4

	
83.8ab

	
10.2

	
268.8

	
20.4

	
60.1

	
142.0

	
46.3a

	
30.3

	
2.1

	
8.2

	
15.2

	
4.8a

	
11.3




	
GA3

	
0

	
62.8dc

	
9.70

	
170.9

	
12.0

	
50.3

	
104.4

	
4.2d

	
17.3

	
1.3

	
5.1

	
10.4

	
0.5d

	
10.1




	

	
1

	
80.4b

	
9.87

	
231.4

	
20.8

	
61.7

	
135.8

	
13.1c

	
27.2

	
2.0

	
8.2

	
15.4

	
1.5c

	
11.7




	

	
2

	
86.6ab

	
9.50

	
245.5

	
20.9

	
66.4

	
148.4

	
9.7cd

	
28.5

	
2.0

	
8.7

	
16.5

	
1.3c

	
11.6




	

	
4

	
85.2ab

	
9.91

	
255.7

	
20.3

	
61.6

	
148.3

	
25.4b

	
29.6

	
2.0

	
8.7

	
16.2

	
2.7b

	
11.6




	
Significance x

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Treatment

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns




	
NPK

	
***

	
*

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***




	
Treatment × NPK

	
*

	
ns

	
ns

	
ns

	
ns

	
ns

	
*

	
ns

	
ns

	
ns

	
ns

	
*

	
ns








z Each value is the mean of 4 replicated samples of 5 plants each. For each factor, values in a column followed by the same letter are not significantly different, according to the LSD test. x Significance: ns = not significant; * significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001.
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Table 4. Effects of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (g L−1 of NPK 20-20-20) on the flowering of Solanum lycopersicum ‘Marmande’ plants grown in soilless cultivation.
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Source of Variance

	
Flowering Date (d from Transplant)

	
Height of First Flower Truss (cm)

	
Nodes of First Flower Truss (n.)

	
Internode Length (cm)






	
Treatment

	

	

	

	




	
C

	
z 36.1

	
38.4ab

	
9.7

	
4.4




	
B

	
38.5

	
39.8a

	
10.2

	
4.4




	
GA3

	
35.6

	
36.8b

	
9.7

	
4.2




	
NPK (g L-1)

	

	

	

	




	
0

	
46.5

	
33.2b

	
10.1

	
3.7c




	
1

	
35.1

	
35.2b

	
9.5

	
4.2b




	
2

	
32.9

	
41.3a

	
9.6

	
4.8a




	
4

	
32.5

	
43.6a

	
10.2

	
4.8a




	
Treatment × NPK

	

	

	

	




	
C

	
0

	
41.4b

	
32.0

	
9.4

	
3.8




	

	
1

	
35.2cd

	
33.7

	
9.4

	
4.0




	

	
2

	
31.8de

	
40.6

	
9.2

	
5.0




	

	
4

	
36.0cd

	
47.2

	
10.8

	
4.9




	
B

	
0

	
50.8a

	
37.4

	
11.6

	
3.6




	

	
1

	
37.6c

	
35.9

	
9.4

	
4.3




	

	
2

	
33.8d

	
43.2

	
10.0

	
4.8




	

	
4

	
31.8de

	
42.8

	
9.6

	
5.0




	
GA3

	
0

	
47.2a

	
30.2

	
9.4

	
3.6




	

	
1

	
32.4de

	
36.0

	
9.6

	
4.2




	

	
2

	
33.0de

	
40.2

	
9.6

	
4.7




	

	
4

	
29.8e

	
40.9

	
10.2

	
4.5




	
Significance x

	

	

	

	




	
Treatment

	
*

	
*

	
ns

	
ns




	
NPK

	
***

	
***

	
ns

	
***




	
Treatment × NPK

	
**

	
ns

	
ns

	
ns








z Each value is the mean of 4 replicated samples of 5 plants each. For each factor, values in a column followed by the same letter are not significantly different, according to the LSD test. x Significance: ns = not significant; * significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001.
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Table 5. Effects of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (g L−1 of NPK 20-20-20) on the leaf characteristics of Solanum lycopersicum ‘Marmande’ plants grown in soilless cultivation.






Table 5. Effects of the seedling treatments (C, untreated control, B, bacterial biostimulant, GA3, gibberellic acid spray 10−5 M) and the nursery fertigation rates (g L−1 of NPK 20-20-20) on the leaf characteristics of Solanum lycopersicum ‘Marmande’ plants grown in soilless cultivation.





	
Source of Variance

	
Number of Leaves

	
Leaf Area (cm2 Plant−1)

	
Leaf Area (cm2 Leaf−1)

	
SLA y

(cm2 g DW−1)

	
Stomatal Conductance (mmol m2 s−1)

	
L*

	
Chroma

	
Hue°






	
Treatment

	

	

	

	

	

	

	

	




	
C

	
z 18.7

	
3164.7a

	
171.3

	
223.0a

	
319.5

	
38.0a

	
24.3

	
125.6a




	
B

	
18.5

	
2834.7b

	
149.9

	
197.8b

	
379.2

	
37.3b

	
21.1

	
124.8b




	
GA3

	
19.1

	
3103.8a

	
161.2

	
206.7b

	
406.2

	
38.3a

	
24.2

	
124.4b




	
NPK (g L−1)

	

	

	

	

	

	

	

	




	
0

	
16.7b

	
2426.7c

	
145.5

	
228.3a

	
417.8

	
38.3a

	
25.2

	
121.2d




	
1

	
19.2a

	
3105.2b

	
160.9

	
197.0b

	
380.0

	
38.1ab

	
23.7

	
124.0c




	
2

	
19.6a

	
3212.6ab

	
164.5

	
203.0b

	
308.0

	
37.7ab

	
22.6

	
126.4b




	
4

	
19.5a

	
3393.0a

	
172.4

	
208.4b

	
367.4

	
37.4b

	
21.2

	
128.3a




	
Treatment × NPK

	

	

	

	

	

	

	

	




	
C

	
0

	
16.6

	
2408.3

	
144.4c

	
241.5a

	
396.2

	
38.6

	
27.2a

	
122.2




	

	
1

	
19.8

	
3234.7

	
167.3b

	
221.1ab

	
245.2

	
37.9

	
25.4ab

	
124.6




	

	
2

	
19.2

	
3305.3

	
174.3b

	
204.9b

	
258.6

	
37.8

	
23.0bc

	
127.1




	

	
4

	
19.2

	
3710.3

	
199.0a

	
224.5ab

	
377.8

	
37.7

	
21.6bc

	
128.7




	
B

	
0

	
17.0

	
2247.7

	
134.9c

	
200.9b

	
467.4

	
37.5

	
21.5bc

	
121.2




	

	
1

	
18.0

	
2894.7

	
155.1bc

	
184.3b

	
395.4

	
37.3

	
20.1c

	
123.9




	

	
2

	
19.6

	
3151.7

	
157.4bc

	
214.3ab

	
251.6

	
37.1

	
21.4bc

	
125.8




	

	
4

	
19.2

	
3044.7

	
152.3bc

	
191.9b

	
402.4

	
37.3

	
21.5bc

	
128.5




	
GA3

	
0

	
16.4

	
2624.0

	
157.2bc

	
242.6a

	
389.8

	
38.8

	
27.0a

	
120.4




	

	
1

	
19.8

	
3186.3

	
160.3bc

	
185.5b

	
499.3

	
38.9

	
25.7ab

	
123.4




	

	
2

	
20.0

	
3180.7

	
161.7bc

	
189.9b

	
413.8

	
38.1

	
23.5b

	
126.2




	

	
4

	
20.2

	
3424.0

	
165.7bc

	
208.8b

	
322.0

	
37.2

	
20.63bc

	
127.6




	
Significance x

	

	

	

	

	

	

	

	




	
Treatment

	
ns

	
**

	
***

	
***

	
ns

	
***

	
***

	
***




	
NPK

	
***

	
***

	
***

	
***

	
ns

	
*

	
***

	
***




	
Treatment × NPK

	
ns

	
ns

	
**

	
**

	
ns

	
ns

	
***

	
ns








z Each value is the mean of 4 replicated samples of 5 plants each. For each factor, values in a column followed by the same letter are not significantly different, according to the LSD test. x Significance: ns = not significant; * significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001; y Specific leaf area.
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