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Abstract

:

Biostimulants are presented as a potential tool to achieve the main objectives of modern agriculture: increase crop yield and nutritional quality while reducing chemical fertilizer use. Here, we investigated the use of a HS-based product (BLACKJAK®, from Sofbey S.A., Mendrisio, Switzerland) as a biostimulant to enhance plant growth, nitrogen (N), phosphorus (P), and potassium (K) use efficiency, as well as antioxidant capacity. For this purpose, BLACKJAK® was applied to lettuce (Lactuca sativa L.) as radicular (‘R’) and foliar (‘F’) at doses: 0.20 mL/L (R1), 0.40 mL/L (R2), 0.60 mL/L (R3), and 0.80 mL/L (R4), 5.00 mL/L (F1), 7.50 mL/L (F2), 10.00 mL/L (F3), and 12.50 mL/L (F4), along with a control. Shoot fresh weight (FW) and dry weight (DW), leaf area, NPK use efficiency parameters, and antioxidant capacity were evaluated. Our results showed that R1, R2, R3, F2, and F3 enhanced shoot FW and leaf area, while only R3 increased shoot DW. Furthermore, in general, most of the doses employed enhanced NPK use efficiency parameters such as apparent crop recovery, nutrient export, physiological efficiency, and internal utilization of applied nutrients. Similarly, HS also increased ascorbate, glutathione, and phenol concentrations, showing an improvement in antioxidant capacity measured through FRAP (Ferric Reducing Antioxidant Power) and TEAC (Trolox Equivalent Antioxidant Capacity) assays. Overall, root-HS offered better results than foliar-HS, especially at R3. Hence, our results indicate that BLACKJAK® could be a good candidate to enhance crop productivity and nutritional quality while reducing the use of chemical NPK fertilizers.
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1. Introduction


Nitrogen (N), phosphorus (P), and potassium (K) are essential nutrients required by plants for crop yield and productivity [1]. Nitrogen is part of essential biomolecules such as amino acids, nucleic acids, chlorophyll, phytohormones, and ATP, playing a critical role in plant metabolism [2]. Phosphorus is a crucial component of plasma membranes as part of phospholipids, and it is also a constituent of nucleic acids and ATP, while inorganic P participates in signal transduction cascades. In addition, potassium, which is not incorporated into organic forms, plays an important role as a soluble ion (K+), mainly regulating cell turgor via osmoregulation as well as protein biosynthesis [3]. These nutrients are absorbed by plant roots and transported to the aerial part, where they perform their function. Thereby, the application of NPK to plants remains one of the most common strategies to increase crop productivity [1].



Chemical fertilizers continue to be the main form of NPK application by farmers. Nevertheless, because more than 60% of the fertilizers applied are lost into the environment, the overuse of NPK fertilizers leads to detrimental effects on human health and soil fertility [4]. In this way, soil degradation and acidification, depletion of soil organic matter, nutrient imbalance in soil solution, decrease in cation exchange capacity, and salt accumulation are some of the negative effects of excess NPK fertilizers at the soil level [5,6]. Furthermore, other environmental problems include an increase in greenhouse gas emissions, such as N2O, as well as groundwater contamination [1]. In this context, new environmentally friendly agrosolutions are needed to increase NPK use efficiency by plants and reduce inorganic fertilizer employment. Thus, biostimulants, which include different types such as humic substances, seaweed and botanical extracts, beneficial bacteria and fungi, chitosan, and protein hydrosilates, among others, are presented as a potential tool to provide nutrients to crops and increase nutrient use efficiency while decreasing chemical fertilizer use [4].



In addition, different research projects are focused on increasing the nutritional quality of agricultural products, which can be measured in terms of antioxidant concentrations that are beneficial for human health [7,8]. Thus, ascorbic acid (AsA) as well as glutathione (GSH) are some of the main non-enzymatic antioxidants present in plant tissues [9,10]. Other bioactive compounds are pigments such as lycopene, β-carotene, and anthocyanins [11]. The crucial function of these antioxidants is the scavenging of reactive oxygen species (ROS) such as superoxide (O2.−) and hydrogen peroxide (H2O2), which can cause lipid peroxidation, protein denaturalization, DNA damage, and, ultimately, severe illness [9,12]. Therefore, antioxidant biomolecules play an important role in animal and human health, preventing cancer, neurodegenerative diseases, obesity, diabetes, dyslipidemia, and other diseases [13]. The accumulation of antioxidant compounds in plant organs, which are subsequently consumed by humans, can be favored by biostimulant applications. In this way, Mannino et al. [14] found that the application of a biostimulant composed of seaweed and yeast extracts significantly enhanced antioxidant activity in tomato plants. Similar results were obtained by Velasco et al. [15] in three different Brassica species treated with Trichoderma hamatum and by Cristofano et al. [16] in lettuce plants subjected to foliar and root vegetal protein hydrosilate applications.



Among the main biostimulants that have been widely studied by the scientific community are humic substances (HS), which come from soil organic matter biodegradation and include three types: humic acids (HA), fulvic acids (FA), and humin. These HS are extracted from different sources, such as coal, peat, vermicompost, or lignites [17,18]. Different studies have demonstrated that root or foliar application of HA and FA, separately or combined, significantly enhances plant growth, biomass production, nutrient uptake, and assimilation, as well as abiotic stress tolerance in different plant species [18,19,20,21,22]. Regarding ionome, it is well known that HS can enhance root nutrients transporters activity and mineral element bioavailability, leading to an increase in nutrients (such as NPK) uptake and transport to leaves [23,24]. Furthermore, nutrient assimilation and utilization can also be improved by HS application through an enhancement in the activity of essential enzymes in these physiological processes [19,25]. In addition, it was found that HS may favor bioactive molecule accumulation, such as AsA or phenolic compounds, leading to an improvement in antioxidant capacity [26,27,28]. However, most studies about the beneficial effects of HS on nutrient use efficiency and antioxidant quality use only one mode of HS application (root/foliar).



Nutritional quality studies are focused on crops destined for human consumption, such as leafy vegetables. Lettuce (Lactuca sativa L.) is one of the most important economic leafy vegetables that is produced worldwide, especially in moderate climate conditions. Lettuce includes different types according to leaf morphology: iceberg, romaine, batavia, oilseed, and Latin, among others. It is mainly consumed in salads and provides benefits for human health, reducing cardiovascular disease and cancer risk. This is due to the high amounts of bioactive compounds in lettuce leaves: AsA, carotenoids, vitamins, and polyphenols, which prevent diseases through ROS scavenging [29,30].



In the present study, it was employed a purified leonardite-suspension concentrate (SC)-based product named BLACKJAK®, a biostimulant marketed by Sofbey S.A. (Mendrisio, Switzerland), which shows the capacity to improve soil fertility and crop yield. Nevertheless, there is limited information about which mode of application (root vs. foliar) is most appropriate, which dose (mL/L) is the best, and the beneficial effects of BLACKJAK® on the antioxidant quality of lettuce. For this reason, in this experiment, BLACKJAK® was applied to lettuce plants as root and foliar at different doses to assess its potential to enhance lettuce growth, NPK concentrations, and use efficiency, as well as antioxidant capacity, selecting which dose and mode of application could be most appropriate.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


For the present work, lettuce (L. sativa L. cv. Capitata) was used as plant material. Lettuce seeds were grown for 45 days in a tray with cells (3 cm × 3 cm × 10 cm). After that, seedlings were transferred to pots filled with a perlite/vermiculite mixture (1:3) and randomly distributed in a culture chamber under environmental-controlled conditions: relative humidity 60–80%, temperature 25 °C/15 °C (day/night), 16 h/8 h of photoperiod, and 350 μmol m−1 s−1 of photosynthetically active radiation (PAR). Throughout the trial, lettuce plants received a complete Hoagland nutritive solution with some modifications: 4 mM KNO3, 3 mM Ca(NO3)2·4H2O, 1 mM KH2PO4, 1 mM NaH2PO4·2H2O, 2 mM MgSO4·7H2O, 0.25 mM CuSO4·5H2O, 2 µM MnCl2·4H2O, 1 µM ZnSO4·7H2O, 5 µM Fe-chelate (Sequestrene; 138FeG100), 10 µM HBO3, and 0.1 µM Na2MoO4·2H2O. The pH of this nutritive solution was 5.5–6, and it was renewed every three days.




2.2. Experimental Design and Biostimulant Application


The HS application started seven days after transplantation. Lettuce plants were treated with BLACKJAK® three times with a periodicity of 10 days. Root (‘R’) HS application was conducted by the addition of BLACKJAK® to the nutritive solution previously described at four different doses: 0.20 mL/L (R1), 0.40 mL/L (R2), 0.60 mL/L (R3), and 0.80 mL/L (R4). In addition, foliar (‘F’) HS application was also carried out at four doses: 5.00 mL/L (F1), 7.50 mL/L (F2), 10.00 mL/L (F3), and 12.50 mL/L (F4). The foliar-HS application started 2 h after the onset of the growth chamber light period. In addition, a control was carried out by the addition of a nutritive solution without HS. A total of nine treatments, with eight plants per treatment and randomly distributed, were used for this experiment.




2.3. Lettuce Sampling


Lettuce plants were sampled 30 days after treatment started. The leaves of all plants from each treatment were weighed to determine the fresh weight (FW). Afterwards, half of the leaves were frozen at −45 °C for later biochemical analyses, while the other half was lyophilized to determine the dry weight (DW) and NPK concentration. Furthermore, leaf area was also quantified with a LI-COR optical reader, model LI-3000A (LI-COR Inc., Lincoln, NE, USA).




2.4. Determination of NPK Concentration and Use Efficiency


Dry leaves were employed to determine the NPK concentration. N determination was assayed by dry combustion using an elemental analyzer, TruSpec CN LECO® (St. Joseph, MI, USA) [31]. In addition, P and K concentrations were quantified by ICP-MS (Perkin Elmer, Waltham, MA, USA) after dry leaf digestion with an HNO3/HClO4 mixture (v/v) and 30% H2O2 at 300 °C [32]. From NPK concentration, different nutrient use efficiency parameters were calculated: RE (apparent crop recovery efficiency of applied nutrient); PE (physiological efficiency of applied nutrient); IE (internal utilization efficiency of applied nutrient); AE (agronomic efficiency of applied nutrient); PFP (partial factor productivity of applied nutrient); NE (nutrient export of a plant nutrient in shoot). These parameters were determined using the following equations [33]:


PE: (Y − Y0)/(U − U0)



(1)






IE: Y/U



(2)






AE: (Y − Y0)/F



(3)






PFP: Y/F



(4)






NE: Y × C



(5)




where U is total plant nutrient uptake in aboveground biomass at maturity (mg); Y is crop yield (g) (shoot DW, except for AE and PFP, where Y was shoot FW). Both U and Y can be measured for the control treatment and expressed as U0 and Y0. F is the amount of nutrient applied (g), while C is the nutrient concentration (mg g−1 DW).




2.5. Antioxidant Quality Analysis


Total AsA was determined following the method described by Buturi et al. [34], with some modifications. A total of 0.1 g of lettuce leaves were macerated with 600 µL of 5% (w/v) meta-phosphoric acid and then centrifugated at 16,700× g for 15 min. Then, 200 µL of supernatant was mixed with 500 µL of 150 mM Na-phosphate buffer (pH 7.5) and 60 µL of 10 mM dithiothreitol (DTT). After 10 min of incubation at room temperature, 60 µL of 0.5% N-ethylmaleimide, 240 µL of 10% trifluoroacetic acid, 240 µL of 44% orthophosphoric acid, 240 µL of 4% bipyridyl (dissolved in 70% ethanol), and 120 µL of 3% FeCl3 were added. After incubation at 40 °C for 40 min, the absorbance was measured at 525 nm against a standard curve of ascorbic acid.



Total GSH was assayed according to López-Moreno et al. [35]. A total number of 0.1 g of plant material was macerated in 600 µL of 0.2 M HCl and then centrifugated at 16,000× g for 10 min. Afterwards, 500 µL of supernatant was mixed with 500 µL of 0.5M Na-phosphate buffer (pH 7.5). Then, an aliquot of 40 µL was mixed with 305 µL of 0.5M Na-phosphate buffer (pH 7.5), 32 µL of 10 mM NADPH, 32 µL of 6 mM 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB), 110 µL of distilled H2O, and 32 µL of glutathione reductase (GR). After 10 min of incubation at room temperature, total GSH was determined at 412 nm against a curve of GSH.



For total phenol and flavonoid concentration, the method described by Rivero et al. [36] was followed. For the extraction, 0.1 g of lettuce leaves were macerated with 0.5 mL of methanol, 0.5 mL of chloroform, and 250 µL of 1% NaCl. After centrifugation at 5000 rpm for 10 min, the supernatant was used for the determination of total phenols and flavonoids. Thus, 90 µL of supernatant was mixed with 180 µL of H2O, 240 µL of 5% Na2CO3, and 90 µL of 50% Folin–Ciocâlteu reagent. After incubation for 40 minutes at room temperature, the absorption was measured at 725 nm against a curve of caffeic acid. For flavonoid concentration, 85 µL of supernatant was mixed with 340 µL of distilled water and 26 µL of 5% NaNO2. Samples were incubated at room temperature for 5 min. After that, 26 µL of 10% AlCl3 and 170 µL of 1 M NaOH were added. The absorption was measured at 415 nm against a curve of rutin after 5 min of incubation at room temperature.



The anthocyanin extraction was carried out through the addition of 1 mL of methanol acidified with 1% HCl to 0.1 g of lettuce leaves. Samples were centrifuged at 5000 rpm for 5 min. Afterwards, and separately, 250 µL of supernatant was added to two different buffers: 0.025 M K-HCl (pH 1.0) and 0.4 M sodium acetate (pH 4.5). The absorption of both solutions was measured at 640 and 710 nm, and the anthocyanin concentration was determined as: [(A640 − A710) pH 1.0] − [(A640 − A710) pH 4.5] [34].



Lycopene and β-carotene were extracted from 0.1 g of leaves mixed with 4:6 (v/v) acetone:n-hexane. After centrifuging at 5000 rpm for 5 min, the absorbance of the supernatant was measured at 453, 505, 645, and 663 nm. Lycopene concentration was calculated as: (−0.048 × A663) + (0.204 × A645) + (0.372 × A505) − (0.0806 × A453), while β-carotene was determined as: (0.216 × A663) − (1.22 × A645) − (0.304 × A505) + (0.452 × A453) [37].



The antioxidant capacity of plant material was determined by FRAP (Ferric Reducing Antioxidant Power) and TEAC (Trolox Equivalent Antioxidant Capacity) tests [34]. For both antioxidant assays, 0.1 g of leaves was mixed with 1 mL of methanol and centrifuged at 10,200 rpm for 2 min. For FRAP, 5 µL of supernatant was mixed with 195 µL of FRAP reagent composed of a mixture of 0.25 M sodium acetate (pH 3.6), 1 mM TPTZ (2,4,6-tris(2-pyridyl)-s-triazine), and 20 mM FeCl3. Then, the absorption was measured at 593 nm against a curve of ferrous sulphate. For the TEAC test, 5 µL of supernatant was mixed with 195 µL of TEAC reagent composed of a mixture of 7 mM ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) and 2.45 mM potassium persulfate. After that, the absorption was measured at 734 nm against a curve of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid).




2.6. Statistical Procedures


The collected data were subjected to a simple ANOVA at 95% confidence using the Statgraphics Centurion 16.1.03 software. Mean comparisons were carried out using Fisher’s least significant differences (LSD). The significance levels were expressed as * p < 0.05, ** p < 0.01, *** p < 0.001, or NS (not significant).





3. Results


3.1. Shoot Growth


In the present study, shoot biomass was significantly increased by leonardite-SC application in terms of FW at doses R1, R2, R3, F2, and F3, with an increase of 16%, 17%, 23%, 13%, and 13%, respectively, with respect to control plants. Furthermore, the same doses of HS also enhanced leaf area: R1 (11%), R2 (10%), R3 (11%), F2 (10%), and F3 (10%). On the other hand, although R2, F1, F2, and F3 increased shoot DW, there were no significant differences compared to the control treatment. Only root-HS applied at R3 significantly enhanced shoot DW, with an increase of 77% (Table 1).




3.2. NPK Use Efficiency


N concentration was significantly increased by R1, R2, R3, F1, and F4, while F2 and F3 doses decreased N with respect to control. The highest N concentration increase was found in R1 and R3 doses. Furthermore, R3 also enhanced IE, PFP, and NE, with the highest increase in IE and NE compared to all other treatments. A significant increase in PFP was also observed in plants treated with R1, R2, F2, and F3, while F1 enhanced NE. (Figure 1A, Table S1). In addition, compared to control plants, RE was decreased by R4 and F4 doses, while the rest of the HS doses significantly increased RE, with R3 showing the highest values (Figure 1B). Concerning PE, it was enhanced by all the HS doses compared to the control (Figure 1C). Similar to RE, a significant reduction in AE was observed in R4 and F4 compared to control plants, while the rest of the doses increased AE; R3 presented the highest increase and F1 the lowest (Figure 1D).



Regarding P, any HS dose used in the present study significantly enhanced the P concentration. In addition, a significant decrease was observed in plants treated with R2 and R4 in relation to P concentration compared to the control treatment. However, IE was enhanced by R2 and R4 doses, while R1, R2, F3, and F4 significantly increased PFP. Furthermore, the application of the HS at the R3 dose increased PFP and NE (Figure 2A, Table S2). In addition, RE was decreased by R1, R4, and F4 application, with R4 showing the lowest value, while the rest of HS doses increased RE compared to control, presenting R3 with the highest values (Figure 2B). PE was enhanced by all the treatments, showing plants treated with R2 the largest increase (Figure 2C). Although R4 and F4 doses decreased AE, the rest of the HS doses significantly increased this parameter with respect to control plants, showing R3 the highest and F1 the lowest increases (Figure 2D).



K concentration was significantly increased by R3, R4, and F1 doses, with the highest increase in plants treated with R3 and F1. Only F2 enhanced IE, while R3, R4, and F1 decreased it. PFP was also enhanced by R1, R2, R3, F2, and F3, while a significant increase in NE was observed by R3 and F1 applications (Figure 3A, Table S3). In addition, R1, R4, and F4 decreased RE compared to the control, while the rest of the HS doses enhanced it, and the highest increase was observed in R3 (Figure 3B). All treatments significantly enhanced PE with respect to control (Figure 3C). Furthermore, AE was decreased by the highest doses (R4 and F4), while the rest of the HS doses significantly enhanced it compared to the control treatment, and R3 showed the highest and F1 the lowest values (Figure 3D).




3.3. Antioxidant Capacity


AsA concentration was significantly enhanced by all HS doses at both root and foliar applications, with the largest values presented by F2 and F3 treatments. In addition, R1 and R4, as well as F2 and F3, increased GSH concentration, showing plants subjected to radicular-HS the highest values. Concerning phenolic compounds, leonardite-SC applied at R1, F1, F2, F3, and F4 increased total phenol and flavonol concentrations, while R4 also enhanced flavonoids. However, both total phenols and flavonoids were significantly decreased in lettuce plants treated with R2 and R3 doses. Lycopene concentration was increased only by root-HS at doses R1, R2, and R3, while β-carotene concentration was decreased by R1 and R2 and enhanced by F1 and F3. Finally, only foliar-HS significantly increased anthocyanin concentration, showing F2 and F3 the largest increase (Table 2).



The results obtained from the antioxidant capacity test showed a significant increase in FRAP and TEAC at all HS doses compared to control. Indeed, R1 and R4 offered the highest FRAP values, followed by R2, R3, and F2 (Figure 4A). Concerning the TEAC assay, R4 showed the largest value, followed by R3 (Figure 4B).





4. Discussion


Increased crop productivity is one of the main objectives of researchers and farmers to feed the world’s growing population. In this context, biostimulants or biofertilizers are presented as potential tools to enhance crop yield in a sustainable way while decreasing chemical fertilizer use [38,39]. A plant biostimulant can be defined as a product, organic or inorganic, that has the capacity to enhance different characteristics, such as the availability of nutrients in the rhizosphere, nutrient use efficiency, and quality traits [40]. HS, which has the potential to increase crop productivity, is included in this definition [18].



In the present study, the application of the leonardite-SC-based product BLACKJAK® enhanced lettuce growth at most of the doses employed, particularly at R1, R2, R3, F2, and F3 in terms of shoot FW and leaf area (Table 1). The highest increases in these growth parameters were found with root-HS doses, compared to foliar application, and especially at R3. In addition, leafy vegetables are consumed mainly fresh, so increases in crop fresh weight result in increased economic profitability [41]. BLACKJAK® is a HS-based product commercialized by Sofbey S.A. with the potential to increase crop yield in the field (https://www.sofbey.com/product/blackjak/, accessed on 4 September 2023). However, no studies have been carried out in environmentally controlled growth conditions to determine which dose and mode of application could be more appropriate. Therefore, the results obtained in our study suggest that BLACKJAK® could be employed to improve lettuce productivity, with root-HS application being more appropriate to enhance growth compared to foliar treatments, especially at R3.



Our results align with other studies that use different types of HS (HA and/or FA) at different rates and obtained from diverse natural sources such as lignite, including leonardite. Thus, Tahir et al. [42] showed that foliar lignite-derived HA application improved shoot FW of maize plants in two different soils (calcareous and non-calcareous). Similar results have subsequently been reported in lettuce plants subjected to foliar-HS derived from vermicompost [25] and in yarrow plants treated with different HA and FA rates applied as soil drench under field and greenhouse experimental conditions [43]. Likewise, shooting DW may also be enhanced by the HS application [43]. Nevertheless, although R2, R3, F1, F2, and F3 doses slightly increased shoot DW, only R3 showed a significant enhancement of this parameter compared to control plants (Table 1). Similarly, Tahir et al. [42] found that increases in shoot FW of plants treated with some HA doses did not result in shoot DW increases. Therefore, a positive correlation between FW and DW was not found in our study, except for the R3 dose.



The physiological mechanisms by which HS positively increases plant growth and productivity remain unclear and need further study. These mechanisms have been defined as indirect (changes in soil physicochemical properties) and direct (changes in primary and secondary metabolism) [44,45]. In the present experiment, we focused on nutrient concentration and use efficiency because there are limited studies about the physiological effects of BLACKJAK® on nutrient use efficiency parameters. particularly NPK, because they are the main components of chemical fertilizers applied in modern agriculture.



In our experiment, the application of a leonardite-SC-based product enhanced N concentration at all doses, except for R4, F2, and F3 (Figure 1A). The increase in N uptake and accumulation in plants treated with HS has been extensively studied and demonstrated. Thus, Haghighi et al. [46] found a significant increase in N concentration after HA application in lettuce plants, while Bayat et al. [43] showed similar results in yarrow plants subjected to HA and FA. Different explanations for the increase in N uptake and accumulation have been offered by researchers. HS may enhance the root plasma membrane (PM)-H+-ATPase activity, which subsequently stimulates N uptake by nitrate (NO3−) symport (2 H+: 1 NO3−) [22,47]. Furthermore, genes encoding NO3− transporters, such as NRT, may be induced by HS application, enhancing N uptake and transport to shoot [23]. Both considerations could explain that, in general, BLACKJAK® enhanced N concentration in lettuce leaves.



Inorganic P is the main source of P absorbed by plants. Nevertheless, most P in soil is adsorbed on soil particles, which complicates its uptake by plants. HS can enhance P bioavailability through a competition for adsorption sites, which results in P uptake, transport, and accumulation [48,49]. This indirect effect of HS is referred to as HA and FA applied to soil, although foliar HS can positively affect the plant P cycle [48]. However, the leonardite-SC used for this study did not enhance the P concentration in lettuce leaves at any of the doses employed. In addition, P accumulation was reduced by R2 and R4 doses compared to the control treatment (Figure 2A). These results could be due to HS physiological effects depending on different factors such as HS source and origin (lignite, peat, vermicompost, etc.), proportion of HA and FA, rate of application, plant species, etc. [22,44]. Nonetheless, our results agree with previous studies where HS application did not change or decrease P concentration, as it was found in wheat [42], lettuce [46], or tomato [50].



In addition, our data showed that HS enhanced K concentration at R3, R4, and F1 doses (Figure 3A). Like N, root K transporters can be induced by HS application, which is directly correlated with an increase in leaf K concentration. In this way, Khan et al. [51] found that the high-affinity K transporter (HKT) was enhanced in tomato seedlings treated with HA. Furthermore, an increase in foliar K was linked to the presence of this macronutrient in FA molecules [43]. This fact could explain the increases in K concentration observed in our study. These results agree with other research studies that found an increase in K after HS application in gerbera [52], pepper [53], or yarrow [43]. As mentioned above, different factors affect the physiological activity of the HS. Thus, our leonardite-SC applied by spraying at F2 dose decreased K concentration in lettuce leaves. Similarly, Suh et al. [50] also found that foliar-FA applied at 1.6 g/L decreased K concentration in tomato leaves, while lower doses (0.8 and 1.1 g/L) did not affect K.



Reducing the use of NPK fertilizers through the application of humic substances can be achieved by enhancing nutrient use efficiency [54]. For this reason, NPK use efficiency was analyzed through the estimation of different parameters such as IE, PFP, NE, RE, PE, and AE and comparing results with control plants. Overall, leonardite-SC improved NPK use efficiency parameters in most of the doses employed, especially at the R3 dose (Figure 1A–D, Figure 2A–D, and Figure 3A–D; Tables S1–S3). Apparent crop recovery efficiency of applied nutrient and nutrient export of a plant nutrient in shoot (RE and NE, respectively) indicate absorption efficiency of a nutrient by plant roots and its translocation to shoot [55,56]. Thus, our results indicate an increase in NPK uptake by lettuce plants treated with most of the HS doses, with R3 showing the highest values. These results suggest that BLACKJAK® applied at R3 could be appropriate for reducing NPK fertilizer use as well as growing plants in NPK-poor soils, which is more frequent due to climate change, although further studies are needed [54,57]. In addition, physiological efficiency and internal utilization efficiency of applied nutrients (PE and IE, respectively) are directly related to crop yield, which can be estimated from the agronomic efficiency and partial factor productivity of applied nutrients (AE and PFP, respectively) [55]. Thus, an increase in NPK utilization results in organic compound synthesis (i.e., proteins), which is correlated with enhanced agronomic efficiency in terms of plant growth [58]. In this way, application of R3 was the HS dose with the largest NPK utilization and agronomic efficiency (Figure 1A–D, Figure 2A–D, and Figure 3A–D; Tables S1–S3), which resulted in an increase in biomass production (Table 1).



Our data align with other studies where HS significantly enhanced NPK use efficiency. Thus, application of different HA formulations increased NPK use efficiency in potato [59], while Niaz et al. [60] found that HA also enhanced N PFP and AE in maize seedlings subjected to HA. Likewise, Kong et al. [61] showed that HA added to urea fertilizer reduced N loss and enhanced N use efficiency in maize and wheat. In addition, a significant increase in P use efficiency was found in maize, especially under low P conditions [62]. On the other hand, the highest doses of HS applied at both root and foliar (R4 and F4) caused a decrease in some NPK use efficiency parameters such as RE and AE, especially at R4. As previously reported, RE may be affected by some factors, such as the amount of biofertilizer applied, while AE directly depends on RE [33]. Our results showed that higher amounts of applied HS negatively affected these parameters, although it did not significantly influence biomass production.



In modern agriculture, increasing crop yields to feed the world’s growing population is the main objective. However, it is also crucial to improve the nutritional quality of crops with the associated benefits for human health [63,64]. Thus, the influence of leonardite-SC on the concentration of antioxidant compounds (such as phenols, AsA, GSH, anthocyanins, etc.) was evaluated. All HS doses applied as radicular or foliar enhanced AsA concentration, while GSH was also improved by both methods of application at doses R1, R4, F2, and F3. In addition, foliar application of HS increased total phenols, flavonoids, and anthocyanins at all doses employed, while R1 also improved total phenols and flavonoids (Table 2). Furthermore, antioxidant capacity of plant tissues can be estimated by different tests, such as FRAP and TEAC. These assays are based on the capacity of different antioxidants to reduce pro-oxidants, using as oxidants some radicals like ABTS or ions such as Fe2+ [35,65]. The application of HS to lettuce plants enhanced antioxidant capacity by both methods (root and foliar) at all doses (Figure 4A,B). The results obtained in our study in terms of antioxidant capacity are in line with those found by other authors in pepper plants [53]. In addition, HA and FA enhanced the phenolic compounds and antioxidant capacity of yarrow leaves [43], which was also reported by Zahedifar and Najafian [66]. The positive influence of HS on antioxidant quality could be attributed to the enhanced secondary metabolism, as was previously reported [67,68]. Our study revealed that the R4 dose showed the highest values of FRAP and TEAC. Therefore, although the highest dose of root-HS did not enhance biomass production and reduced some NPK use efficiency parameters, its application favoured the accumulation of beneficial bioactive compounds in lettuce leaves. In addition, finding the balance between biomass production, nutrient use efficiency, and antioxidant compound concentration would be ideal, and it was demonstrated in lettuce plants treated with R3.




5. Conclusions


In conclusion, our study provides evidence of the potential use of the leonardite-SC-based product employed in this experiment as a biostimulant to enhance lettuce biomass production, NPK use efficiency, and antioxidant capacity. Furthermore, HS application directly to a nutritive solution (radicular) offered better results than HS sprayed on leaves (foliar). Especially, radicular-HS applied at 0.60 mL/L (R3) could be the better dose to use in future studies since it offers an equilibrium between biomass production (shoot FW and DW), NPK use efficiency parameters (with subsequent reductions in NPK fertilizer use), and antioxidant quality. However, further research is still necessary to test the capacity of BLACKJAK® to improve NPK use efficiency, especially in NPK-poor soils.
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Figure 1. Effect of root and foliar humic substance application on nitrogen use efficiency parameters. (A) Heat map showing N concentration, IE, PFP, and NE These parameters are expressed as: mg g−1 DW (N), g g−1 (IE), g g−1 (PFP), and mg (NE). The color scale refers to the logarithmic transformation (log10) of measured values (higher values are shown in red, lower values in blue, and intermediate values in white), and it is compared to the control treatment. For the interpretation of the color code, refer to Supplementary Table S1. (B) RE, (C) PE, and (D) AE. Parameter values are expressed in relation to the control treatment. Values are expressed as means ± standard error (n = 6). Columns marked with the same letters were not significantly different based on the LSD test (p < 0.05). Abbreviations: N: nitrogen; IE: internal utilization efficiency of a nutrient; PFP: partial factor productivity of applied nutrient; NE: nutrient export of applied nutrient in shoot; RE: apparent crop recovery efficiency of applied nutrient; PE: physiological efficiency of applied nutrient; AE: agronomic efficiency of applied nutrient. R1 (0.20 mL/L), R2 (0.40 mL/L), R3 (0.60 mL/L), R4 (0.80 mL/L), F1 (5.00 mL/L), F2 (7.50 mL/L), F3 (10.00 mL/L), and F4 (12.50 mL/L). 
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Figure 2. Effect of root and foliar humic substance application on phosphorus use efficiency parameters. (A) Heat map showing P concentration, IE, PFP, and NE. These parameters are expressed as: mg g−1 DW (P), g g−1 (IE), g g−1 (PFP), and mg (NE). Color scale refers to the logarithmic transformation (log10) of measured values (higher values are shown in red, lower values in blue, and intermediate values in white colors), and it is compared to the control treatment. For the interpretation of the color code, refer to Supplementary Table S2. (B) RE, (C) PE, and (D) AE. Parameter values are expressed in relation to the control treatment. Values are expressed as means ± standard error (n = 6). Columns marked with the same letters were not significantly different based on the LSD test (p < 0.05). Abbreviations: P: phosphorus; IE: internal utilization efficiency of a nutrient; PFP: partial factor productivity of applied nutrient; NE: nutrient export of applied nutrient in shoot; RE: apparent crop recovery efficiency of applied nutrient; PE: physiological efficiency of applied nutrient; AE: agronomic efficiency of applied nutrient. R1 (0.20 mL/L), R2 (0.40 mL/L), R3 (0.60 mL/L), R4 (0.80 mL/L), F1 (5.00 mL/L), F2 (7.50 mL/L), F3 (10.00 mL/L), and F4 (12.50 mL/L). 
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Figure 3. Effect of root and foliar humic substance application on potassium use efficiency parameters. (A) Heat map showing K concentration, IE, PFP, and NE. These parameters are expressed as: mg g−1 DW (K), g g−1 (IE), g g−1 (PFP), and mg (NE). The color scale refers to the logarithmic transformation (log10) of measured values (higher values are shown in red, lower values in blue, and intermediate values in white), and it is compared to the control treatment. For the interpretation of the color code, refer to Supplementary Table S3. (B) RE, (C) PE, and (D) AE. Parameter values are expressed in relation to the control treatment. Values are expressed as means ± standard error (n = 6). Columns marked with the same letters were not significantly different based on the LSD test (p < 0.05). Abbreviations: K: potassium; IE: internal utilization efficiency of a nutrient; PFP: partial factor productivity of applied nutrient; NE: nutrient export of applied nutrient in shoot; RE: apparent crop recovery efficiency of applied nutrient; PE: physiological efficiency of applied nutrient; AE: agronomic efficiency of applied nutrient. R1 (0.20 mL/L), R2 (0.40 mL/L), R3 (0.60 mL/L), R4 (0.80 mL/L), F1 (5.00 mL/L), F2 (7.50 mL/L), F3 (10.00 mL/L), and F4 (12.50 mL/L). 






Figure 3. Effect of root and foliar humic substance application on potassium use efficiency parameters. (A) Heat map showing K concentration, IE, PFP, and NE. These parameters are expressed as: mg g−1 DW (K), g g−1 (IE), g g−1 (PFP), and mg (NE). The color scale refers to the logarithmic transformation (log10) of measured values (higher values are shown in red, lower values in blue, and intermediate values in white), and it is compared to the control treatment. For the interpretation of the color code, refer to Supplementary Table S3. (B) RE, (C) PE, and (D) AE. Parameter values are expressed in relation to the control treatment. Values are expressed as means ± standard error (n = 6). Columns marked with the same letters were not significantly different based on the LSD test (p < 0.05). Abbreviations: K: potassium; IE: internal utilization efficiency of a nutrient; PFP: partial factor productivity of applied nutrient; NE: nutrient export of applied nutrient in shoot; RE: apparent crop recovery efficiency of applied nutrient; PE: physiological efficiency of applied nutrient; AE: agronomic efficiency of applied nutrient. R1 (0.20 mL/L), R2 (0.40 mL/L), R3 (0.60 mL/L), R4 (0.80 mL/L), F1 (5.00 mL/L), F2 (7.50 mL/L), F3 (10.00 mL/L), and F4 (12.50 mL/L).
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Figure 4. Effect of root and foliar HS application on (A) FRAP (Ferric Reducing Antioxidant Power) and (B) TEAC (Trolox Equivalent Antioxidant Capacity) assays. Values are expressed as means ± standard error (n = 9). Columns marked with the same letters were not significantly different based on the LSD test (p < 0.05). R1 (0.20 mL/L), R2 (0.40 mL/L), R3 (0.60 mL/L), R4 (0.80 mL/L), F1 (5.00 mL/L), F2 (7.50 mL/L), F3 (10.00 mL/L), and F4 (12.50 mL/L). 






Figure 4. Effect of root and foliar HS application on (A) FRAP (Ferric Reducing Antioxidant Power) and (B) TEAC (Trolox Equivalent Antioxidant Capacity) assays. Values are expressed as means ± standard error (n = 9). Columns marked with the same letters were not significantly different based on the LSD test (p < 0.05). R1 (0.20 mL/L), R2 (0.40 mL/L), R3 (0.60 mL/L), R4 (0.80 mL/L), F1 (5.00 mL/L), F2 (7.50 mL/L), F3 (10.00 mL/L), and F4 (12.50 mL/L).
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Table 1. Effect of root and foliar humic substance application on shoot fresh weight, shoot dry weight, and foliar area.






Table 1. Effect of root and foliar humic substance application on shoot fresh weight, shoot dry weight, and foliar area.











	
	Shoot FW

(g−1 plant)
	Leaf Area

(cm2)
	Shoot DW

(g−1 plant)





	Control
	49.65 ± 1.30 c
	479.38 ± 13.67 b
	2.23 ± 0.22 bcd



	R1
	57.35 ± 2.76 a
	529.96 ± 15.81 a
	2.16 ± 0.14 bcd



	R2
	58.14 ± 2.07 a
	526.89 ± 13.41 a
	2.65 ± 0.01 bc



	R3
	61.17 ± 1.90 a
	532.05 ± 12.38 a
	3.95 ± 0.48 a



	R4
	45.90 ± 2.19 c
	477.38 ± 12.15 b
	1.99 ± 0.15 d



	F1
	50.83 ± 1.80 bc
	483.72 ± 9.49 b
	2.78 ± 0.04 b



	F2
	56.07 ± 0.66 ab
	528.17 ± 13.08 a
	2.55 ± 0.12 bcd



	F3
	55.91 ± 2.39 ab
	528.90 ± 14.17 a
	2.72 ± 0.22 bc



	F4
	48.36 ± 1.35 c
	498.98 ± 9.72 ab
	2.12 ± 0.11 cd



	p-value
	***
	*
	***



	LSD0.05
	5.43
	37.65
	0.63







R1 (0.20 mL/L), R2 (0.40 mL/L), R3 (0.60 mL/L), R4 (0.80 mL/L), F1 (5.00 mL/L), F2 (7.50 mL/L), F3 (10.00 mL/L), and F4 (12.50 mL/L). Values are means ± standard deviation (n = 8). The levels of significance were represented as * (p < 0.05), and *** (p < 0.001). Values with different letters indicate significant differences.













 





Table 2. Effect of root and foliar humic substance application on total AsA, total GSH, flavonoids, total phenols, lycopene, β-carotene, and anthocyanins.
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	Total AsA

(µg gFW−1)
	Total GSH

(µg gFW−1)
	Flavonoids

(µg gFW−1)
	Total Phenols

(µg gFW−1)
	Lycopene

(µg gFW−1)
	β-Carotene

(µg gFW−1)
	Anthocyanins

(mg gFW−1)





	Control
	8.51 ± 0.23 d
	69.33 ± 1.31 d
	353.85 ± 5.57 e
	693.18 ± 7.84 f
	1.37 ± 0.01 cd
	1.24 ± 0.05 cd
	1.67 ± 0.03 de



	R1
	16.83 ± 2.40 bc
	105.29 ± 3.73 a
	709.11 ± 8.30 c
	855.09 ± 4.94 c
	1.63 ± 0.01 a
	0.47 ± 0.03 f
	1.55 ± 0.05 e



	R2
	15.96 ± 1.80 bc
	67.45 ± 1.63 d
	260.31 ± 9.86 g
	599.98 ± 1.70 g
	1.46 ± 0.02 b
	0.94 ± 0.08 e
	1.70 ± 0.06 d



	R3
	15.36 ± 0.54 c
	73.04 ± 4.57 cd
	299.46 ± 20.07 f
	613.26 ± 4.25 g
	1.59 ± 0.03 a
	1.46 ± 0.17 bc
	1.63 ± 0.06 de



	R4
	19.75 ± 1.34 ab
	115.03 ± 3.44 a
	398.52 ± 7.75 d
	716.58 ± 4.51 ef
	1.44 ± 0.02 bc
	1.24 ± 0.02 cd
	1.56 ± 0.03 de



	F1
	16.14 ± 0.45 bc
	64.54 ± 2.76 d
	705.83 ± 10.10 c
	750.33 ± 1.90 de
	1.38 ± 0.03 cd
	1.70 ± 0.09 a
	1.92 ± 0.07 c



	F2
	21.25 ± 1.08 a
	84.33 ± 9.12 bc
	731.88 ± 14.15 bc
	759.60 ± 4.17 d
	1.36 ± 0.02 d
	1.37 ± 0.04 bcd
	2.33 ± 0.03 a



	F3
	23.24 ± 0.96 a
	86.05 ± 3.69 b
	761.15 ± 6.94 b
	1084.48 ± 39.50 a
	1.36 ± 0.03 d
	1.51 ± 0.08 ab
	2.24 ± 0.06 ab



	F4
	15.29 ± 1.97 c
	68.59 ± 4.24 d
	818.65 ± 19.25 a
	997.24 ± 8.24 b
	1.33 ± 0.02 d
	1.16 ± 0.03 de
	2.12 ± 0.05 b



	p-value
	***
	***
	***
	***
	***
	***
	***



	LSD0.05
	3.91
	12.37
	34.92
	39.61
	0.07
	0.23
	0.14







R1 (0.20 mL/L), R2 (0.40 mL/L), R3 (0.60 mL/L), R4 (0.80 mL/L), F1 (5.00 mL/L), F2 (7.50 mL/L), F3 (10.00 mL/L), and F4 (12.50 mL/L). Values are means ± standard deviation (n = 9). The levels of significance were represented as *** (p < 0.001). Values with different letters indicate significant differences.
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