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Abstract

:

Plant growth-promoting rhizobacteria have been applied to different vegetable crops but there is still no information on the effect of bacterial biostimulant application under variable nutritional level on lettuce seedlings and their performance after transplanting in the field. This study aimed to evaluate the efficacy of a bacterial biostimulant to enhance growth and quality of lettuce seedlings fertigated with increasing nutrient rates and to assess the efficacy of these treatments on lettuce head production. Lettuce 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.) and fertigated with a nutrient solution containing 0, 1, 2, and 4 g L−1 of NPK fertilizer (20-20-20). At the end of transplant production, the plants were evaluated for greenhouse cultivation. The effect of fertigation rate on seedling height, dry biomass, dry matter percentage, and water use efficiency was evident up to 2 g L−1 of fertilizer in the non-inoculated seedlings, whereas fresh biomass and nitrogen use efficiency changed up to 4 g L−1 of fertilizer. The use of the bacterial biostimulant modified seedling growth and its response to nutrient availability. The inoculation of the substrate with Bacillus spp. promoted plant growth and allowed seedlings to reach the highest height and biomass accumulation. The physiological age of lettuce seedlings showed a strong influence on plant growth and production after transplanting. The bacterial treatment positively affected the yield and nitrate content of lettuce plants.
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1. Introduction


The use of vegetable transplants has become common, both for transplanting in open field and under protected cultivation, as it can ensure crop establishment of high-value vegetable crops [1]. Greenhouse, containerized, transplant production for vegetable crops is a standard procedure in many countries of the world [2]. It allows advantages such as reduced cost against direct seeding when using hybrid seeds or grafted plants, easier mulched cultivation, improved land use efficiency, reduction of field occupation time, improved early weed control, enhanced crop earliness, and concentration of crop maturity [3,4,5,6]. These advantages are linked to transplant characteristics that may be affected by water and nutrient availability, substrate characteristics and volume, and thermal and light conditions inside the nursery greenhouse [7,8,9,10,11,12,13]. The nutrient availability affects seedling growth in the nursery and can be used by transplant growers to control transplant quality (optimal size and age for shipment to the market or farmer and for field planting) [14,15]. Thus, the nutritional regime applied to transplants can be managed to modify the production scheduling and seedling characteristics, but also to influence their performance after transplanting [14]. There is a strong bond between the quality of vegetable seedlings and the performance that they will have after transplanting. High fertilization rates during lettuce transplant production positively influence seedling growth and results in higher yields and larger head weight in greenhouse cultivation [16]. So, to reach the goal of producing high-quality lettuce seedlings in a short time with high field performance during crop cultivation, transplant growers often adopt daily applications of water with high concentrations of fertilizers (especially nitrogen) that can run off from the limited substrate volume in the containers, resulting in costly leaching losses and environmental pollution [17]. Today there is a greater environmental and ecological awareness and the number of farmers who want to adopt sustainable and efficient cultivation systems is growing [18]. This awareness has also involved vegetable transplant producers who want to shift from fertilizer and pesticide-based conventional agriculture to natural and renewable resource-based sustainable agriculture, since the latter type is generally cheaper, environment friendly, and draws attention to the conservation of natural resources [19]. The problems of nitrogen pollution, waste runoff, and leaching losses can be partially solved by changing overhead irrigation systems with sub-irrigation systems like the ebb-and-flow system or by supplying encapsulated or controlled-release fertilizers [17]. A sustainable alternative could be represented by the use of biostimulants that can promote plant growth and improve plant quality [20,21,22]. Among biostimulants, plant growth-promoting rhizobacteria (PGPR) are bacteria naturally occurring in the soil that colonize the rhizosphere and may grow in, on, or around plant roots and benefit plants by increasing plant growth or reducing disease [23,24]. The growth-promoting mechanisms include phytohormone production or hormonal changes within plants, the release of volatile organic compounds, the enhancing of nutrient availability, and the increase of tolerance to biotic and abiotic stresses [24]. PGPR have been applied to different vegetable crops even for transplant production [25,26,27,28,29,30,31], but there is still no information on the effect of bacterial biostimulant application under variable nutritional level on lettuce seedlings and their performance after transplanting in the field.



Hence, this study aimed to evaluate the efficacy of a bacterial biostimulant to enhance growth, quality, and establishment success of lettuce seedlings fertigated with increasing nutrient rates and to assess the efficacy of these treatments on lettuce head production.




2. Materials and Methods


The effects of fertigation rates and bacterial inoculum of the substrate on transplant production were evaluated with nursery and field trials carried out in a greenhouse situated at the Department of Agricultural, Food, and Forest Sciences (SAAF-University of Palermo, Italy) (38°06′28″ N 13°21′3″ E; altitude 49 m) and in a greenhouse-tunnel located at the experimental farm of the Research Unit for Plant Protection and Certification of the Council for Agricultural Research and Economics (38°05′00.3″ N 13°25′24.2″ E; altitude 36 m).



2.1. Plant Materials and Nursery Production


The nursery production of lettuce seedlings was carried out during autumn 2019 into a greenhouse with fixed benches. Seeds of ”Meraviglia d’inverno” lettuce (Blumen, Piacenza, Italy) were sown into 24 polystyrene trays with 160 cells. Twelve trays were filled with a commercial substrate (SER CA-V7 Special semine, Vigorplant Italia srl, Fombio, Italy, fertilized with 800 g m−3 of a mineral fertilizer NPK 12-11-18) while the remaining trays were filled with the same substrate inoculated with 1.5 g L−1 of TNC BactorrS13 (The Nutrient Company, Rochdale, UK), a commercial biostimulant containing 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, and Paenibacillus polymyxa) as well as soluble humates, natural plant hormones, amino acids, vitamins, and trace elements derived from Ascophylum nodosum. After sowing (22 October 2019), all the trays were placed into the greenhouse on benches at a temperature ranging from 18 to 24 °C and were watered manually every day to maintain the substrate at field capacity. Plantlets emerged 4 days after sowing, and two days after emergence were thinned to one per cell.



Fertilizing treatments started when the plantlets had fully expanded cotyledons and the first true leaf visible (7 days after emergence), and were performed by sub-fertigating the trays 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). Plantlets were also sub-irrigated according to their necessity until they were ready for transplant (twice a week on average including fertigation). Each tray was weighed before each sub-irrigation and after drainage of the excess water to calculate the amount of water consumed during transplant production. This allowed calculation of the water use efficiency (WUE) as WUE (g DW L−1 H2O) = plant dry weight (g DW)/H2O (L), and nitrogen use efficiency (NUE) [32] as NUE (g DW g−1 N) = plant total dry weight (g DW)/supplied N (g) (supplied N = initial N content of the substrate + N supplied with sub-fertigation).



Stomatal conductance was measured (20 days after sowing) with a diffusion porometer (AP4, Delta-T Devices Ltd., Cambridge, England) on two recently expanded unshaded leaves of 20 seedlings for each replicate.



When lettuce seedlings reached the appropriate size for planting (27 days from sowing), four replicated samples of 30 seedlings randomly selected from each treatment were subjected to destructive measurements, where the following parameters were evaluated: plant height, stem diameter, leaf number, leaf color, seedling weight, and leaf area. Seedlings were separated into leaves, stems, and roots, weighed and then dried to constant weight at 85 °C to determine the fresh and dry biomass. Soon after sampling, leaf color and leaf area of each seedling were determined. Leaf color was measured 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 components were used to calculate hue angle (h°) and chroma (C*) as h° = 180° + arctan(b*/a*) [33] and C* = (a*2 + b*2)1/2. Leaves were then immediately scanned at 350 dpi (Epson Perfection 4180 Photo, Seiko Epson Corp., Suwa, Japan); the digital images were analyzed to measure leaf area with ImageJ 1.52a software (National Institutes of Health, Bethesda, MD, USA). Leaf area and leaf dry weight were used to calculate the specific leaf area (SLA cm2 g−1 DW) as leaf area/leaf dry weight.




2.2. Lettuce Plant Cultivation


Thirty days after sowing (21 November 2020) lettuce seedlings of each nursery treatment were transplanted, in bare soil (alfisols “Red Mediterranean soils”) (11.1 plants m−2) inside a greenhouse tunnel. The treatments were arranged in a randomized complete block design with four replicates (5.4 m2 each). Before transplanting, fertilizers were broadcast (40 kg ha−1 of N, 40 kg ha−1 of P2O5, and 40 kg ha−1 of K2O) and incorporated into the soil. Additional fertilizer was supplied as top dressing 40 days after transplant (40 kg ha−1 of N, 40 kg ha−1 of P2O5, and 40 kg ha−1 of K2O). During growth, plants were watered according to seasonal needs through a drip irrigation system. All cultural practices recommended for lettuce cultivation were adopted uniformly according to crop requirements.



Harvest started 62 days after transplant and ended within a week according to the effect of seedling treatments on plant growth. At harvest, plants were weighed, and marketable yield was calculated after eliminating the soiled and decayed external leaves. Then, stem diameter, leaf number, leaf color, and plant’s fresh and dry weight (drying to constant weight at 85 °C) were recorded on 20 randomly selected plants for each replicate. Leaf color was measured on the upper part of 4 leaves, randomly selected for each plant, as described for seedlings.



A representative sample (about 500 g) of lettuce leaves (inner, middle, and outer leaves) was collected from five plants for each replicate; leaves were minced and thoroughly mixed and then twenty grams of this sample were homogenized with H2O (1:2 w/v) and the homogenates were centrifuged at 3500 rpm for 15 min. The extracts were analyzed to determine the nitrate contents of the leaves (expressed as mg kg−1 of fresh weight) reflectometrically by a Merck RQflex10 reflectometer according to the company protocols (Merck, Darmstadt, Germany) [34,35,36].




2.3. Statistics and Principal Component Analysis


The experimental layout consisted of four replicates (30 seedlings or 20 plants each) for each combination of seedling treatments and fertilization levels randomly assigned in four blocks. To determine the effect of seedling treatments and fertilization levels on lettuce seedlings (30 seedlings for each replicate) and plants (20 plants for each replicate), a two-way ANOVA was carried out. Mean values were compared by the least significant differences (LSD) test at p ≤ 5% to identify significant differences among treatments and significant differences within the interaction between factors. To define the optimal fertigation rate for plant treatment, a regression analysis was used to fit a linear or second-order polynomial equation to the data of plant parameters evaluated. Statistical significance of the terms in the regression equations was examined by ANOVA for each response.



A principal component analysis was performed with SPSS version 13.0 (SPSS Inc., Chicago, IL, USA) on morphophysiological and yield parameters of seedlings and lettuce plants to study the main parameters that were most effective in discriminating between fertigation levels and bacterial inoculation. The input matrix for the analysis consisted of the main characteristics of seedlings (height, stem diameter, total, shoot and root fresh and dry weight, shoot/root ratio of fresh and dry weights, dry matter percentage, WUE, NUE, leaf number, total leaf area, SLA, stomatal conductance, L*, chroma, and hue angle) and plants (yield, head fresh and dry weight, dry matter percentage, stem diameter, leaf number, L*, chroma, hue angle, and nitrate content). The optimum number of principal components (PCs) was calculated by keeping the factors with eigenvalues higher than 1.0. Besides, the plot of the PCs allowed the study of the correlations between the variables of the input data set. Furthermore, the initial variables were projected into the subspace defined by the first and second PCs, and correlated variables were determined.





3. Results


3.1. Nursery Production of Lettuce Seedlings


The average temperature outside the greenhouse during the nursery production of lettuce seedlings ranged between 17.8 ± 0.4 (night) and 21.4 ± 0.6 °C (day), and the average net solar radiation at noon was 449 W·m−2. The day length during the seedling growth ranged between 7 and 9 h. The highest light intensity inside the greenhouse was 36,919 lux on average, ranging from 55,779 to 4171 lux depending on sky cloudiness. The air temperature inside the greenhouse was on average 24.2 ± 0.5 °C and ranged between 15.1 ± 0.4 (night) and 31.6 ± 1.2 °C (day); relative humidity was 80.8% on average and ranged between 58.6% and 98.2%.



Lettuce plantlets emerged 6 days after sowing with no differences between inoculated and not inoculated substrate. Seedlings were ready for transplanting (3–4 true leaves) after 27 d from sowing.



Seedling height was significantly affected by fertigation following a quadratic trend in both seedling treatments (Figure 1). The bacterial biostimulant increased lettuce seedling growth especially with 1 and 4 g L−1 of fertilizer (+11.8% and +12.6% than the control, respectively) (Table 1).



The diameter of the seedling stem did not record significant changes in control plants whereas it was significantly larger in fertigated seedlings than those unfertigated (Table 1).



Lettuce seedlings, both inoculated and not, showed a relationship between the fertigation rate and fresh weight (FW) that fitted a second-order polynomial equation (R2 = 0.9952 and 0.9643 for inoculated or uninoculated seedlings, respectively) (Table 1, Figure 2). The lowest accumulation of fresh biomass was recorded in non-fertigated seedlings (0.25 g FW seedling−1, on average). It increased in both seedling treatments but was significantly higher in the inoculated seedlings fertigated with 1 (+30.8% than the control) and 4 g L−1 (+10.6% than the control) (Table 1).



A similar trend was found for the shoot fresh weight of the seedlings, whereas the root fresh weight was mainly affected by fertigation rate. The lowest root fresh biomass was recorded in the unfertigated seedlings (0.06 g FW seedling−1) and the highest in those fertigated with 1 or 2 g L−1 of fertilizer (+108.6% on average); a further increase of fertigation rate reduced root development to 0.09 g FW seedling−1 (Table 1). Even if the root weight was higher in fertigated seedlings than the control, the fresh weight shoot/root ratio increased linearly (R2 = 0.968) from 3.2 up to 22.1.



The total dry weight (DW) of lettuce seedlings varied mainly due to the fertigation rate, following a second-order polynomial equation (R2 = 0.9269) with the highest predicted values corresponding to 3.6 g L−1 of fertilizer. Nevertheless, the dry biomass accumulated in shoot and roots was affected by both bacterial inoculum and fertigation rate but with an inverse trend in each seedling part (Table 1). The bacterial biostimulant determined an increase of shoot dry weight (+11.8% than the control) and a decrease of root dry weight (−25.7% than the control). Shoot dry weight determined the main trend found for the total dry weight as it increased according to a quadratic trend (R2 = 0.9344) as increasing fertigation rate, whereas the root dry weight slightly but significantly decreased. These effects of bacterial inoculum and fertigation rate resulted in a different modification of dry biomass partitioning between the shoot and roots of the inoculated and uninoculated seedlings as increasing the fertigation rate. This appears evident from the shoot/root ratio that significantly increased from 2.5 to 14.1 with 0 and 4 g L−1 of fertilizer in the inoculated seedlings whereas the control seedlings had smaller variations that resulted significantly only with the highest fertigation rates (Table 1). The percentage of dry matter was 11.8% in the unfertigated seedlings; the lowest fertigation rate (1 g L−1) almost halved this parameter (5.7%) and a further drop was determined with 2 g L−1 (4.6%) (Table 1).



The bacterial biostimulant did not affect the efficiency of the seedlings in using the water and the nitrogen supplied. These parameters varied significantly as a function of the fertigation rate. The WUE recorded the lowest values without fertigation (1.6 g DW L−1 H2O on average) and reached the highest value in the seedlings fertigated with 2 or 4 g L−1 of fertilizer (3.1 g DW L−1 H2O on average) showing a relationship that fitted a second-order polynomial equation (R2 = 0.8575). The unfertigated seedlings showed the highest NUE (20.2 g DW g−1 N, on average); a linear decrease of NUE was found in the fertigated seedlings that ranged from 8.6 to 3.7 g DW g−1 N with 1 and 4 g L−1, respectively.



The number of leaves of lettuce seedlings was influenced significantly by the fertigation rate. The unfertigated seedlings had the lowest leaf number and overcame 3 leaves seedling−1 after 27 days from sowing. On the same date, the seedlings fertigated with 1 g L−1 of fertilizer had 63.7% more leaves and those fertigated with 2 or 4 g L−1 had almost twice the number of leaves than the control (Table 2). The experimental factor also affected leaf expansion as resulted from the measure of leaf area. The average leaf area was slightly, but not significantly, higher in the inoculated seedlings. A remarkable increase was determined by supplying 1 or 2 g L−1 of fertilizer (+6.6 and +11.1 cm2 leaf−1 than the control, respectively), but no further increase was recorded with 4 g L−1. The small advantage in leaf area of the inoculated seedlings on the single leaf basis determined a significant effect on the total leaf area basis resulting in a greater leaf area (+10.2%) than the control seedlings (50.1 cm2 plant−1). The seedlings that were not fertigated during nursery growth had a total leaf area of only 6.6 cm2 plant−1. The remarkable effect of fertigation on leaf number and leaf area increased up to 44.5 cm2 plant−1 and 77.6 cm2 plant−1 for the total leaf area of lettuce seedlings fertigated with 1 or 2 g L−1 of fertilizer (Table 2). No further significant increase was recorded with the highest fertigation rate.



Another leaf characteristic that was affected by the fertigation rate was leaf thickness as shown by the increase of the specific leaf area that was 393.2 cm2 g−1 DW with 0 g L−1 and reached the highest value with 2 g L−1 (1068.6 cm2 g−1 DW).



The experimental factors had a role in modifying leaf physiology as showed by the modification of stomatal conductance. The bacterial biostimulant increased the stomatal conductance of seedling leaves by 25.3% on average as compared to the control seedling (275.5 mmol m2 s−1). An increasing trend of this parameter was also due to the fertigation rate but only the highest rate recorded a significant increase (+44.3%) compared to the control (253.0 mmol m2 s−1).



Leaf color varied only as a function of fertigation rates (Table 2). Lettuce leaves get darker as the fertigation level increased as shown by the L* parameter that dropped from 59.2 to 54.3 for 0 and 4 g L−1, respectively; a* values were lower than the control in all the fertigated seedlings, whereas b* values were higher than the control only with the lowest fertigation rate (1 g L−1). Thus, the leaves had more vivid (higher chroma) color than the control when the seedlings were fertigated with 1 or 2 g L−1 of fertilizer and resulted in all the fertigated seedlings being greener (higher hue angle).




3.2. Lettuce Plants Cultivation


Lettuce seedlings were transplanted inside a tunnel-greenhouse to evaluate the effects of the experimental factors applied during transplant production on growth and yield of lettuce plants. The temperature inside the greenhouse ranged between the minimum value of 6.7 and the maximum value of 30.8 °C. The average lower temperature was 12.3 ± 0.4 °C, whereas the average maximum temperature was 23.8 ± 0.5 °C. Relative humidity ranged between 42.6% and 95.9% (69.08% on average). The day length during the cultivation period (from sunrise to sunset) ranged between 7 and 8 h. The highest light intensity at noon inside the greenhouse was 33,366 lux on average, ranging from 55,251 to 3986 lux as a function of the cloudiness.



The plants fertigated in the nursery with 2 or 4 g L−1 of fertilizer were ready for harvesting 62 days after transplant, 7 days before the other plants.



Lettuce yield was affected by both experimental factors; the inoculated seedlings yielded 14.0% more than the control seedlings (3.2 kg m−2 on average). Yield also increased thanks to the increased fertigation rate during nursery growth and was significantly higher than the control (2.7 kg m−2 on average) by supplying 2 or 4 g L−1 (3.7 and 4.0 kg m−2 on average, respectively) (Table 3).



A similar effect was recorded for the average fresh weight of lettuce heads which increased by 13.0% due to bacterial inoculum (282.2 g FW plant−1 on average for uninoculated seedlings) and by 35.6% and 46.4% due to 2 and 4 g L−1 of fertilizer, respectively. The fresh weight of lettuce plants showed a relationship with the fertigation rate during transplant production that fitted a second-order polynomial equation (R2 = 0.8028) for the non-inoculated plants and a linear equation for the inoculated plants (R2 = 0.8624). The dry matter accumulated in lettuce heads grown from uninoculated seedlings was 11.0 g DW plant−1 on average, whereas it increased by 17.6% in those treated with the bacterial biostimulant in the nursery (13.0 g DW plant−1 on average) (Table 3). The dry biomass of lettuce heads increased from 10.5 to 13.3 g DW plant−1 on average as increasing the nursery fertigation rate from 0 to 4 g L−1 (Table 3). The dry weight showed a relationship with the fertigation rate that fitted a second-order polynomial equation for treated and untreated seedlings (R2 = 0.8339 and 0.8118, respectively). The effect of fertigation rate on fresh and dry weight influenced the water content of the lettuce head which increased significantly with the higher nursery fertigation rates (2 and 4 g L−1) as showed by the lower dry matter percentage recorded in these treatments (Table 3).



Other morphological traits of the lettuce plants such as stem diameter and leaf number showed the positive effect of increasing the fertigation rate during nursery growth (Table 3 and Table 4).



The nitrate content was 2093.6 mg kg−1 FW on average in the plants not fertigated during nursery growth. Fertigation determined a significant increase of nitrate content only in the plants that were fertigated in the nursery with 4 g L−1 (+19.3%). All the plants that were treated with the bacterial biostimulant in the nursery showed a lower nitrate content than the control plants (−27.9% on average) (Table 3).



The leaf color of lettuce plants at harvest was affected mainly by nursery fertigation. The highest fertigation rate (4 g L−1) determined significant changes in a* and b* values so that the leaves had a more vivid but less greenish color (Table 4).




3.3. Principal Components Analysis


The results of the principal components analysis showed five principal components (PCs) with eigenvalues higher than 1.00 (Table 5), accounting for 70.71%, 10.70%, 7.99%, 5.16%, and 3.59% of the total variance, respectively. This indicated that the initial thirty variables could be expressed as a combination of five PCs, explaining 98.15% of the total variance. PC1 was mainly related to height, stem diameter, total and shoot FW, S/R FW, total DW, shoot DW, root DW, S/R DW, dry matter, WUE, NUE, leaf number, leaf area, SLA, stomatal conductance, L* and hue angle of the seedlings and yield, fresh and dry weight, dry matter, stem diameter, leaf number, and hue angle of the plants; PC2 was related to the root FW and chroma of the seedling; PC3 was related to the nitrate content of the plants; PC4 was related to the lightness of plant leaf color; and finally, PC5 was mainly related to plant dry matter (Table 5). The projection of the original variables on the plane of the two PCs could demonstrate such a relationship, as shown in the plot of loadings (Figure 3a). The discrimination of the various fertigation rates supplied to lettuce seedlings inoculated or non-inoculated with a bacterial biostimulant can be seen in the plot of scores (Figure 3b), where four clusters could be visibly distinguished. The scores of each fertigation rate were located in a different quadrant of the plane; 0 g L−1 was in the third quadrant (–; –), 1 g L−1 was in the second quadrant (–; +), 2 g L−1 was in the first quadrant (+; +), and 4 g L−1 was in the fourth quadrant (+; –). The response of lettuce plants inoculated or non-inoculated with the bacterial biostimulant differed for each fertigation rate, as the scores of inoculated lettuce mainly increased their PC1 value by 0 and 4 g L−1, whereas it increased their PC2 value with 1 and 2 g L−1. Combining the data from the plot of loadings and scores, it can be concluded that fertigation rates influenced the lettuce plants in different ways according to the bacteria inoculum (Figure 3a,b). Fertigation rate was positively related to PC1, whereas the bacteria inoculum was also related to PC2 when combined with 1 or 2 g L−1 of fertilizer during transplant production.





4. Discussion


The goal of the nursery vegetable industry is to produce strong, vigorous compact plug plants with fast establishment and growth when transplanted in the field so that they can give optimum yield and high quality [25]. Many factors need to be well managed to reach this goal (water and nutrient availability, substrate characteristics and volume, and thermal and light conditions inside the nursery greenhouse) [7,8,9,10,11,12,13], but nitrogen availability, above all, may strongly affect seedling growth in the greenhouse and could have a long term effect on the growth in the field after transplanting [10,15]. Thus, the careful management of nutrient supply to seedlings can lead to improvements in seedling vigor and establishment in the field and reduction of leaching risks and environmental pollution. In our work, we combined the use of plant growth-promoting bacteria to different levels of seedling nutrition to achieve improved seedling quality and lettuce production after the transplant in the field. The experimental factors interacted and showed the opportunity of modifying the seedling response to nutrient supplementation and the growth and yield of lettuce plants after transplanting.



The results confirmed that the nutrient levels supplied to lettuce seedlings can influence their growth and vigor. The main growth parameters increased quadratically in response to nitrogen, phosphorus, and potassium increase, with the highest values predicted in the range between 3 and 4 g L−1 of fertilizer. Thus, overfertilization could be harmful to lettuce seedling quality and the environment [8,10,15,25,37]. The increase of water and fertilizer supply can influence seedling growth, but taller seedlings are often weaker and softer and more susceptible to diseases, insects, and transplant shock [13,37]. Some characteristics of the seedling are linked to their vigor and the subsequent success of the transplants in the field and can vary according to vegetable species. Many vegetable transplants should be short and stocky to allow greater greenhouse space efficiency and to improve the ease in shipment and mechanical transplanting [14]. Nevertheless, well-developed transplants with a higher biomass content and leaf number can shorten the time from transplanting to production and have a positive effect on yield and quality of lettuce [37].



The effect of fertigation rate on seedling height, dry biomass, dry matter percentage, and WUE was evident up to 2 g L−1 of fertilizer in the non-inoculated plug plants, whereas fresh biomass and NUE increased to 4 g L−1 of fertilizer. The use of bacterial biostimulant modified seedling growth and its response to nutrient availability. The inoculation of the substrate with Bacillus spp. promoted plant growth and allowed seedlings to reach the highest height and biomass accumulation. Many Bacillus species have been studied for their plant growth-promoting effect [38,39,40]. The multiplication and metabolic activity of these rhizobacteria can be affected by nutrient availability that can also influence the growth of roots and their interaction with bacteria [41,42,43]. In some soil conditions, as in the case of the sowing substrate, the lack of organic C materials from active plant roots represent a limiting factor for rhizosphere microflora [44] that can also be linked with vegetable species. Thus, the nutrients available to seedlings and high bacteria population of the inoculated substrate can interfere with plant growth and biomass accumulation and limit or enhance plant growth-promoting effect [45]. This interaction may have determined the different responses of seedlings to the Bacillus spp. at different levels of nutrients supplied by fertigation as highlighted by the principal component analysis. PCA showed a greater modification of some growth parameters with 1 and 2 g L−1 in the inoculated seedlings that shown to have a more efficient use of the highest nutrient supplementation with a higher increase of PC1 values.



The Bacillus inoculum improved root development in terms of fresh weight but these roots had a lower content of dry biomass. This explains the modifications of biomass partitioning that were due to the bacterial inoculum only on a dry matter basis, as showed by the shoot/root dry weight ratio. Increasing substrate fertility causes a reduction of root growth relative to shoot growth [37,46,47]. Root growth is very important to reduce field transplant loss as it is related to pulling success (transplants that are pulled from the trays with no stem breakage and intact root system) [37].



Plant growth promotion resulting from the bacterial biostimulant application could be due to different mechanisms. Some PGPR exert their positive effects on plants through their ability to produce phytohormones, while others are known to increase the availability of mineral nutrients for plants [40,48,49]. The content of endogenous hormones (auxins, and cytokinins) can increase in lettuce plants treated with Bacillus subtilis [48]. Plant hormones are involved in the control of plant growth and development, thus the increase of hormone content could explain the modifications recorded in the inoculated lettuce seedlings. The effect of PGPR on phytohormones content in plants can be direct, as a consequence of the production of phytohormones by bacteria, or indirect due to the increase of mineral nutrient availability caused by the microorganisms [50]. Arkhipova et al. [48] suggested that to have a measurable growth response in the plants, microorganisms must produce and accumulate some metabolites in the rhizosphere. These metabolites could be cytokinins, as found for Bacillus subtilis, or other phytohormones, as found for other Bacillus spp. and other PGPR [40,48,51]. Their production could be related to nutrient availability in the substrate that influences bacterial metabolism as well as plant growth. This could also explain the different response of seedlings to the Bacillus spp. inoculum at different fertigation rates.



The increased growth rate determined by the bacterial inoculum could allow producing well-developed transplants in less time or with less fertilizer than is needed without bacterial biostimulant [25]. Moreover, the increase of the vigor and shoot weight of plug plants determines a reduction of transplant shock, an increase of drought tolerance, and greater resistance to biotic stress [52].



We also found that bacterial inoculum increased the total leaf area of the seedlings and the stomatal conductance of their leaves. Thus, the higher biomass accumulation could be due to the greater photosynthetic area and to the increased CO2 availability through the open stomata. Plant growth-promoting bacteria can enhance transpiration along with an increase of photosynthetic rate [53,54,55,56], which could explain increases in dry matter accumulation and WUE. Moreover, the increased photosynthetic activity caused by plant growth-promoting rhizobacteria can be a consequence of stimuli effects on chlorophyll formation [54,57], but in our experiment, there was no significant modification of leaf color due to bacterial inoculum that can indicate changes in leaf pigment content [35,58,59] as the only modifications were due to the fertigation rate.



As already stated, transplant characteristics are important for their commercial quality and for a fast recovery after transplanting. The physiological age of the seedlings and the growth conditions that they undergo during their first weeks may affect the future yields of vegetable crops [10,15,60].



The physiological age of lettuce seedlings showed a strong influence on plant growth and production after transplanting. Plant fresh weight and yield were positively related to the stem diameter and leaf number of lettuce transplants. Thus, all the growth and quality parameters were influenced by the fertigation rate during seedling growth, whereas only biomass accumulation and nitrate content were influenced by the bacterial treatment of seedlings. This evidence might suggest that transplant substrate could be the vector for the bacterial inoculum of the soil in which seedlings are transplanted, extending the beneficial effect of PGPR from nursery to field. Nevertheless, further experiments should be performed to confirm this hypothesis. Pretransplanting fertilization with nitrogen, phosphorus, and potassium can positively influence lettuce growth in the field by hastening maturity and increasing yield, head weight, and head quality [37,46,47], as also found in our greenhouse cultivation experiment. Lettuce yield and quality were related to plug plant characteristics at transplanting. The head weight at harvest showed to be linearly related to fresh and dry biomass, leaf number, and total leaf area of the seedling transplanted in the field. The positive effects of the fertigation during transplant production were enhanced by the bacterial biostimulant applied to the seedlings which further increased yield and head weight and significantly reduced the nitrates accumulated in the leaves. The nitrate content of lettuce leaves did not exceed the maximum level imposed by the European Commission (EC Reg. No. 1258/2011) for protected-grown lettuce (5000 mg kg−1 FW) harvested from October 1st to March 31st [61], but a lower nitrate content, as found for inoculated lettuce, can be healthier for consumers. A reduction of the nitrate content was also found in baby leaf lettuce grown in a floating system where Bacillus velezensis was added in the nutrient solution [62] and in tomato and spinach grown in soil amended with strains of Bacillus subtilis and Bacillus mucilaginosus [63]. This effect of PGPR on nitrate accumulation is still not clear but it seems it can involve the process of nitrate assimilation initiated by nitrate reductase, as PGPR can significantly influence the nitrate reductase activity in field conditions [64]. The influence of PGPR could be mediated by their phytohormone production, especially regarding gibberellins. Gibberellins affect nitrogen metabolism and nitrogen translocation in plants by improving utilization of N through increased nitrate reductase activity [65,66], resulting in increased yield and lower nitrate accumulation [67,68,69,70]. Another response of plants to inoculation with PGPR is the increased accumulation of chlorophyll and carotenoids [48], but in our study, the only significant effect of the bacterial biostimulant was recorded in the a* values of lettuce leaves showing that there was no significant modification of leaf pigments as a function of bacterial inoculum, whereas leaves were affected by the highest fertigation rate during transplant production as they had a more vivid but less greenish color.




5. Conclusions


Fertigation influenced all the growth and quality characteristics of lettuce seedlings and showed its greatest effect in the range 2–4 g L−1 of a 20-20-20 NPK water-soluble fertilizer. The bacterial biostimulant enhanced transplant growth during nursery production and this could allow the production of the transplant in less time or reducing the fertigation rate of about 1 g L−1 without affecting plant growth compared to non-inoculated transplant. The improvements in seedling growth due to fertigation allowed lettuce plants grown in protected cultivation to increase yield and quality even if the highest fertigation rate increased the accumulation of nitrates in the leaves. The transplants inoculated with the bacterial biostimulant extended the beneficial effect of PGPR from nursery to field with increased crop yield and biomass accumulation and lower nitrate content.
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Figure 1. Quadratic predictions of the relationship between fertigation rate (g L−1 of NPK 20-20-20) and height values of lettuce seedlings not inoculated (-B, continuous line) or inoculated (+B, dotted line) with a bacterial biostimulant (*** significant at p < 0.001). 
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Figure 2. Quadratic predictions of the relationship between fertigation rate (g L−1 of NPK 20-20-20) and fresh weight values of lettuce seedlings not inoculated (-B, continuous line) or inoculated (+B, dotted line) with a bacterial biostimulant (*** significant at p < 0.001). 
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Figure 3. Plot of (a) loadings (morphophysiological and quality characteristics of lettuce seedlings and plants) and (b) scores (trials) formed by the two principal components from the PCA analysis. –B 0, -B 1, -B 2, and -B 4: uninoculated lettuce fertigated during nursery growth with 0, 1, 2, and 4 g L−1 of fertilizer, respectively; +B 0, +B 1, +B 2, and +B 4: inoculated lettuce fertigated during nursery growth with 0, 1, 2, and 4 g L−1 of fertilizer, respectively. 
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Table 1. Effects of the bacterial biostimulant (-B, not inoculated; +B, inoculated seedlings) and fertigation rate (g L−1 of NPK 20-20-20) on morphological and physiological parameters of lettuce seedlings.
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Source of Variance

	
Plant Height (cm)

	
Stem Diameter (mm)

	
Fresh Weight (g plant−1)

	
Dry Weight (mg plant−1)

	
Dry Matter (%)

	
WUE

(g DW L−1 H2O)

	
NUE

(g DW g−1 N)




	
Total

	
Shoot (S)

	
Root (R)

	
S/R

	
Total

	
Shoot (S)

	
Root (R)

	
S/R






	
Bacteria

	

	

	

	

	

	

	

	

	

	

	

	

	




	
+B

	
z 9.9

	
1.6a

	
1.35

	
1.24

	
0.11a

	
11.4

	
72.2

	
63.0a

	
9.2b

	
7.7

	
6.6

	
2.6

	
9.6




	
-B

	
9.3

	
1.5a

	
1.21

	
1.11

	
0.10b

	
11.4

	
68.7

	
56.4b

	
12.3a

	
5.4

	
6.7

	
2.5

	
9.9




	
Fertigation (g L−1)

	

	

	

	

	

	

	

	

	

	

	

	

	




	
0

	
3.1

	
1.1d

	
0.25

	
0.19

	
0.06c

	
3.2a

	
34.9c

	
21.9d

	
13.0a

	
2.0

	
11.8a

	
1.6c

	
20.2a




	
1

	
9.2

	
1.7c

	
1.04

	
0.91

	
0.13a

	
6.8b

	
63.4b

	
51.8c

	
11.7ab

	
4.9

	
5.7b

	
2.3b

	
8.6b




	
2

	
12.7

	
1.7b

	
1.81

	
1.68

	
0.13a

	
13.5c

	
86.4a

	
76.8b

	
9.7ab

	
8.2

	
4.6c

	
3.0a

	
6.6c




	
4

	
13.4

	
1.6a

	
2.02

	
1.93

	
0.09b

	
22.1d

	
97.1a

	
88.4a

	
8.7b

	
11.0

	
4.6c

	
3.2a

	
3.7d




	
Bacteria × Fertigation

	

	

	

	

	

	

	

	

	

	

	

	

	




	
+B

	
0

	
3.0e

	
1.0c

	
0.26f

	
0.20f

	
0.06

	
3.4

	
32.8

	
22.8

	
10.0

	
2.5c

	
11.7

	
1.6

	
19.0




	

	
1

	
9.7c

	
1.9a

	
1.18d

	
1.03d

	
0.15

	
6.8

	
65.3

	
55.3

	
10.0

	
6.0bc

	
5.4

	
2.5

	
9.1




	

	
2

	
12.9b

	
1.6ab

	
1.85bc

	
1.72bc

	
0.13

	
13.0

	
89.5

	
79.5

	
10.0

	
8.1b

	
4.6

	
3.2

	
7.0




	

	
4

	
14.2a

	
1.6ab

	
2.12a

	
2.03a

	
0.09

	
22.4

	
101.2

	
94.5

	
6.7

	
14.1a

	
4.7

	
3.0

	
3.6




	
-B

	
0

	
3.3e

	
1.1bc

	
0.24f

	
0.18f

	
0.06

	
3.0

	
37.0

	
21.0

	
16.0

	
1.5c

	
11.8

	
1.5

	
21.4




	

	
1

	
8.7d

	
1.5b

	
0.90e

	
0.79e

	
0.12

	
6.9

	
61.6

	
48.3

	
13.3

	
3.7c

	
6.1

	
2.1

	
8.2




	

	
2

	
12.5b

	
1.8ab

	
1.77c

	
1.65c

	
0.12

	
14.1

	
83.3

	
74.0

	
9.3

	
8.3b

	
4.5

	
2.9

	
6.3




	

	
4

	
12.6b

	
1.6ab

	
1.92b

	
1.84b

	
0.08

	
21.9

	
92.9

	
82.3

	
10.7

	
8.0b

	
4.5

	
3.4

	
3.8




	
Significance x

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Bacteria

	
***

	
ns

	
**

	
***

	
*

	
ns

	
ns

	
**

	
**

	
***

	
ns

	
ns

	
ns




	
Fertigation

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
*

	
***

	
***

	
***

	
***




	
Bacteria × Fertigation

	
***

	
*

	
**

	
*

	
ns

	
ns

	
ns

	
ns

	
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 different letters are 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 2. Effects of the bacterial biostimulant (-B, not inoculated; +B, inoculated) and fertigation rate (g L−1 of NPK 20-20-20) on leaf characteristics of lettuce seedlings.






Table 2. Effects of the bacterial biostimulant (-B, not inoculated; +B, inoculated) and fertigation rate (g L−1 of NPK 20-20-20) on leaf characteristics of lettuce seedlings.





	
Source of Variance

	
Number of Leaves

	
Leaf Area (cm2 Seedling−1)

	
Leaf Area (cm2 Leaf−1)

	
SLA (cm2 g DW−1)

	
Stomatal Conductance (mmol m2 s−1)

	
L*

	
a*

	
b*

	
Chroma

	
Hue°






	
Bacteria




	
+B

	
z 5.1

	
55.2a

	
9.7

	
848.7

	
345.3a

	
56.5

	
−20.9

	
38.1

	
43.5

	
118.8




	
-B

	
5.0

	
50.1b

	
9.1

	
849.2

	
275.5b

	
56.2

	
−21.1

	
37.5

	
43.0

	
119.3




	
Fertigation (g L−1)

	

	

	

	

	

	

	

	

	

	




	
0

	
3.1c

	
6.6c

	
2.2c

	
393.2c

	
253.0b

	
59.2a

	
−19.3a

	
37.3b

	
42.0c

	
117.3b




	
1

	
5.1b

	
44.5b

	
8.8b

	
930.1b

	
273.8b

	
56.5b

	
−21.8b

	
38.5a

	
44.2a

	
119.5a




	
2

	
5.8a

	
77.6a

	
13.3a

	
1068.6a

	
349.7ab

	
55.2bc

	
−21.4b

	
38.1ab

	
43.7ab

	
119.4a




	
4

	
6.2a

	
81.7a

	
13.2a

	
1003.8ab

	
365.2a

	
54.3c

	
−21.5b

	
37.2b

	
43.0bc

	
120.0a




	
Bacteria × Fertigation

	

	

	

	

	

	

	

	

	

	




	
+B

	
0

	
3.2

	
6.3

	
2.0

	
370.1

	
317.8

	
59.9

	
−18.9

	
37.7

	
42.2

	
116.7




	

	
1

	
5.3

	
49.9

	
9.5

	
980.3

	
285.2

	
56.6

	
−21.8

	
39.0

	
44.7

	
119.2




	

	
2

	
6.0

	
79.4

	
13.3

	
1051.0

	
388.4

	
55.6

	
−21.3

	
38.3

	
43.9

	
119.1




	

	
4

	
6.1

	
85.0

	
13.9

	
993.5

	
389.8

	
53.8

	
−21.7

	
37.2

	
43.0

	
120.3




	
-B

	
0

	
3.0

	
6.9

	
2.3

	
416.4

	
188.2

	
58.6

	
−19.6

	
37.0

	
41.9

	
118.0




	

	
1

	
4.9

	
39.0

	
8.0

	
880.0

	
262.3

	
56.4

	
−21.8

	
37.9

	
43.8

	
119.8




	

	
2

	
5.7

	
75.9

	
13.4

	
1086.1

	
310.9

	
54.9

	
−21.6

	
37.9

	
43.6

	
119.7




	

	
4

	
6.3

	
78.4

	
12.6

	
1014.2

	
340.6

	
54.7

	
−21.3

	
37.2

	
42.9

	
119.8




	
Significance x

	

	

	

	

	

	

	

	

	

	




	
Bacteria

	
ns

	
**

	
ns

	
ns

	
*

	
ns

	
ns

	
ns

	
ns

	
ns




	
Fertigation

	
***

	
***

	
***

	
***

	
*

	
***

	
***

	
*

	
***

	
***




	
Bacteria × Fertigation

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
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 different letters are 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 3. Effects of the bacterial biostimulant (-B, not inoculated; +B, inoculated) and fertigation rate (g L−1 of NPK 20-20-20) during transplant production on yield and yield components of lettuce plants grown in a tunnel-greenhouse.






Table 3. Effects of the bacterial biostimulant (-B, not inoculated; +B, inoculated) and fertigation rate (g L−1 of NPK 20-20-20) during transplant production on yield and yield components of lettuce plants grown in a tunnel-greenhouse.





	
Source of Variance

	
Yield (kg m−2)

	
Fresh Weight (g plant−1)

	
Dry Weight (g plant−1)

	
Dry Matter (%)

	
Stem Diameter (mm)

	
NO3− (mg kg−1 FW)






	
Bacteria




	
+B

	
z 3.6a

	
322.9a

	
13.0a

	
4.1

	
26.5

	
1853.0b




	
-B

	
3.2b

	
286.2b

	
11.0b

	
3.9

	
25.9

	
2571.7a




	
Fertigation (g L−1)

	

	

	

	

	

	




	
0

	
2.7c

	
243.2c

	
10.5c

	
4.3a

	
24.2b

	
2093.6b




	
1

	
3.1bc

	
286.9bc

	
11.7b

	
4.1ab

	
25.8ab

	
2102.0b




	
2

	
3.7ab

	
330.7ab

	
12.5ab

	
3.8b

	
27.4a

	
2155.9b




	
4

	
4.0a

	
357.3a

	
13.3a

	
3.7b

	
27.4a

	
2497.8a




	
Bacteria × Fertigation

	

	

	

	

	

	




	
+B

	
0

	
2.9

	
267.8

	
11.2

	
4.1

	
24.1

	
1819.9




	

	
1

	
3.1

	
281.6

	
12.8

	
4.6

	
25.9

	
1787.2




	

	
2

	
3.9

	
346.6

	
13.2

	
3.8

	
28.6

	
1733.9




	

	
4

	
4.4

	
395.5

	
14.7

	
3.7

	
27.4

	
2070.8




	
-B

	
0

	
2.4

	
218.5

	
9.9

	
4.5

	
24.4

	
2367.3




	

	
1

	
3.1

	
292.3

	
10.5

	
3.6

	
25.8

	
2416.8




	

	
2

	
3.5

	
314.7

	
11.8

	
3.8

	
26.2

	
2577.9




	

	
4

	
3.5

	
319.2

	
11.9

	
3.7

	
27.4

	
2924.7




	
Significance x

	

	

	

	

	

	




	
Bacteria

	
*

	
*

	
*

	
ns

	
ns

	
**




	
Fertigation

	
***

	
***

	
***

	
***

	
**

	
***




	
Bacteria × Fertigation

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns








z Each value is the mean of 4 replicated samples of 20 plants each. For each factor, values in a column followed by different letters are 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 bacterial biostimulant (-B, not inoculated; +B, inoculated) and nursery fertigation rate (g L−1 of NPK 20-20-20) during transplant production on leaf characteristics of lettuce plants grown in a tunnel-greenhouse.






Table 4. Effects of the bacterial biostimulant (-B, not inoculated; +B, inoculated) and nursery fertigation rate (g L−1 of NPK 20-20-20) during transplant production on leaf characteristics of lettuce plants grown in a tunnel-greenhouse.





	
Source of Variance

	
Leaf Number

	
L*

	
a*

	
b*

	
Chroma

	
Hue°






	
Bacteria

	

	

	

	

	

	




	
+B

	
z 48.1

	
47.6

	
−19.7a

	
29.3

	
35.4

	
124.0




	
-B

	
48.0

	
47.6

	
−20.0b

	
29.6

	
35.8

	
124.1




	
Fertigation

(g L−1)

	

	

	

	

	

	




	
0

	
43.0b

	
47.1

	
−19.8a

	
28.6b

	
34.8b

	
124.7a




	
1

	
47.8a

	
48.5

	
−19.5a

	
29.0b

	
35.0b

	
124.1a




	
2

	
49.0a

	
47.3

	
−19.7a

	
29.0b

	
35.1b

	
124.2a




	
4

	
52.4a

	
47.6

	
−20.5b

	
31.4a

	
37.5a

	
123.2b




	
Bacteria × Fertigation

	

	

	

	

	

	




	
+B

	
0

	
45.0

	
47.6

	
−19.8

	
28.7

	
34.9

	
124.7




	

	
1

	
46.2

	
47.9

	
−19.4

	
28.8

	
34.7

	
124.0




	

	
2

	
49.5

	
46.9

	
−19.3

	
28.1

	
34.1

	
124.5




	

	
4

	
51.8

	
48.2

	
−20.4

	
31.7

	
37.7

	
122.8




	
-B

	
0

	
41.0

	
46.6

	
−19.7

	
28.6

	
34.7

	
124.6




	

	
1

	
49.5

	
49.1

	
−19.7

	
29.1

	
35.2

	
124.2




	

	
2

	
48.5

	
47.7

	
−20.1

	
29.9

	
36.1

	
123.9




	

	
4

	
53.0

	
47.0

	
−20.6

	
31.0

	
37.2

	
123.6




	
Significance x

	

	

	

	

	

	




	
Bacteria

	
ns

	
ns

	
*

	
ns

	
ns

	
ns




	
Fertigation

	
***

	
ns

	
***

	
***

	
***

	
***




	
Bacteria × Fertigation

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns








z Each value is the mean of 4 replicated samples of 20 plants each. For each factor, values in a column followed by different letters are 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. Correlation of variables to the factors of the principal components analysis (PCA) based on factor loadings.






Table 5. Correlation of variables to the factors of the principal components analysis (PCA) based on factor loadings.













	Variable
	PC1
	PC2
	PC3
	PC4
	PC5





	Lettuce seedlings
	
	
	
	
	



	Height
	0.990
	0.078
	0.055
	0.079
	0.004



	Stem diameter
	0.771
	0.532
	0.198
	0.012
	0.249



	Total fresh weight
	0.986
	−0.041
	0.000
	0.150
	0.023



	Shoot fresh weight
	0.983
	−0.080
	0.001
	0.153
	0.022



	Root fresh weight
	0.476
	0.875
	0.039
	−0.057
	−0.012



	Shoot/Root FW
	0.901
	−0.407
	0.062
	0.095
	0.068



	Total dry weight
	0.987
	−0.060
	0.039
	0.125
	0.008



	Shoot dry weight
	0.992
	−0.065
	−0.017
	0.093
	0.019



	Root dry weight
	-0.724
	0.083
	0.538
	0.236
	−0.114



	Shoot/Root DW
	0.923
	−0.191
	−0.218
	−0.070
	0.205



	Dry matter %
	−0.942
	−0.280
	−0.175
	−0.017
	0.038



	WUE
	0.943
	0.003
	0.034
	0.298
	−0.053



	NUE
	−0.971
	−0.092
	−0.162
	0.086
	0.071



	Leaf number
	0.978
	0.119
	0.095
	0.095
	−0.040



	Leaf area
	0.984
	0.023
	0.026
	0.158
	−0.003



	SLA
	0.919
	0.332
	0.189
	0.066
	−0.011



	Stomatal conductance
	0.779
	−0.157
	−0.533
	0.026
	−0.248



	L*
	−0.960
	0.033
	−0.219
	−0.020
	−0.095



	Chroma
	0.517
	0.840
	0.040
	−0.114
	−0.007



	Hue°
	0.852
	0.111
	0.421
	−0.131
	0.109



	Lettuce plants
	
	
	
	
	



	Yield
	0.902
	−0.163
	−0.358
	−0.095
	−0.092



	Fresh weight
	0.916
	−0.155
	−0.299
	−0.146
	−0.114



	Dry weight
	0.791
	0.018
	−0.553
	−0.053
	0.233



	Dry matter %
	−0.623
	0.343
	−0.178
	0.227
	0.628



	Stem diameter
	0.888
	0.081
	−0.091
	0.320
	−0.212



	Leaf number
	0.897
	−0.172
	0.112
	−0.134
	−0.281



	L*
	0.205
	0.253
	0.149
	−0.922
	−0.141



	Chroma
	0.614
	−0.643
	0.222
	−0.264
	0.275



	Hue°
	−0.783
	0.318
	−0.079
	0.311
	−0.413



	Nitrate content
	0.163
	−0.437
	0.862
	0.101
	−0.007







Values in bold within the same factor indicate the variable with the largest correlation.
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