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Abstract

:

The potential impact of increased levels of potassium (K+) in hydroponic solution on the production of bioactive compounds, which provide added value to products, is relevant for local economy and human health. This research pursues assessing different levels of K+ on the nutrition of basil, an important aromatic crop in the arid region of La Laguna, northern México, where water scarcity demands the conversion from open-field agriculture to hydroponics. A randomized complete block design with a factorial arrangement (3 × 4) was used to determine the content of nutraceutical components, including polyphenolic compounds, flavonoids, anthocyanins, vitamin C, chlorophylls, and the antioxidant capacity of three varieties of hydroponic basil, with four doses of K+ in the nutrient solution, 7, 9, 11 and 13 mmol L−1. The analysis of variance showed significant differences (p ≤ 0.001) in most of the response variables, caused by the genotype and doses of K+. The antioxidant capacity of assessed cultivars was improved when doses of K+ were increased in the nutrient solution. Furthermore, the antioxidant capacity was positively correlated to the content of flavonoids (r = 0.621), anthocyanins (r = 0.655) and total phenolic compounds (r = 0.549). In conclusion, the nutraceutical content was increased in basil when controlling K+ in the nutrient solution.
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1. Introduction


The need to increase nutrients in crops to avoid deficiencies, which may affect yield, must motivate to ensure the development of feasible strategies for sustainable production [1]. On the other hand, current human lifestyle, characterized by nutrition disorders and stress, have increased the number of chronic diseases such as obesity, diabetes, cancer, cardiovascular diseases and neurological disorders, among others [2]. Therefore, it is necessary to join in a global effortm in matter of feed, health and environment, to produce safe foods, including high-quality nutritional supplements that promote health and reduce the risk of chronic diseases [3]. In regard to plant matrices, it is important to propose protocols based in biological systems to increase the content of nutrients in plants, specifying the proper use of resources and external inputs to reduce as far as possible the effects caused to the environment. In this sense, some authors have suggested that hydroponics system have practical applications, especially in conditions of low water availability, and its goal is to take advantage of production from the viewpoint of quality [4].



The hydroponic system allows control of the environmental conditions and eliminates the problem of soil disinfection, without the common imbalance of nutrients found in soil due to its heterogeneous distribution [5]. In addition, hydroponic systems production conditions provide reproducibility by uniform growth patterns and better homogeneity in the supply of nutrients to plants [6]. Potassium (K+) is one of the abundant macronutrient in plants, with important effects on production and quality [7]. K+ is present in plant tissues mostly in its water-soluble form, with physiological implications in cell maintenance and stomatal opening [8]. In addition, K+ promotes rapid accumulation and translocation of carbohydrates and activates processes that are necessary for the conservation of plant water status and turgor pressure of cells [9].



Some studies report that K+, in addition to promoting the synthesis of amides and proteins, is also an enzyme activator [10]. Its function as enzymatic activator has been linked to the production of phytonutrients and thus, it has implications in the biochemical synthesis of secondary metabolism products of plants [9]. K+ favors the increase of phenolic acids, flavonoids, anthocyanins, chlorophyll, carotenoids, lycopene and vitamins [11]. Those studies have been carried out with different plants under hydroponic conditions; nevertheless, studies of production of medicinal plants in hydroponic systems are scarce.



Therefore, this work was focused on basil (Ocimum basilicum L.), which it is an ornamental, culinary and medicinal spice belonging to the Lamiaceae family, cultivated worldwide and produced under a variety of growing conditions [12]. Basil is a plant widely studied for its wide variety of medicinal applications and, similar to other spices of this family, with a high antioxidant capacity and other important biological functions [13]. There is available information about the content of phytonutrients in different genotypes of basil; however, nutraceutical compounds and antioxidant capacity in hydroponic basil under control of potassium has been scarcely reported previously. Among the phytochemicals that have been studied in basil, Javanmardi et al. [14] reported phenolic compounds, flavonoids, vitamins and pigments. Moreover, this type of research is interesting because some disciplines of life sciences, such as resource management, environment, food and health, and others, should work jointly to find solutions and improvements in food production systems, as for example the generation of efficient sources of nutraceuticals by means of environmentally safe protocols, aimed to improving human welfare and health. The aim of this study was to determine a potential increase of the contents of nutraceutical compounds and antioxidant capacity of the basil cultivars “Sweet Lemon”, “Red Rubin” and “Cinnamon”, produced under hydroponic system with increased doses of K+.




2. Materials and Methods


2.1. Study Area


This work was carried out in the region known as “Comarca Lagunera”, located within the geographical coordinates 24°30′ and 27° N, and 102°00′ and 104°40′ W, on the border line between the states of Coahuila and Durango, Mexico. The Comarca Lagunera is a semi-arid area located in the north central part of Mexico, at an average altitude of 1100 m, with an average rainfall of 250 mm, and annual average temperature of 26.9 °C [15].




2.2. Experimental Site


This work was carried out during the 2014 spring at “El Quemado”, which is a cooperative community located in the California Farm, which belongs the Municipality of Gómez Palacio, Durango State, México. The experiment was performed in a greenhouse covered with a UV stabilized plastic film, and with an anti-insect mesh on lateral sides, with semi-automatic temperature regulator based on sidewall vents, from which, when open, cool replacement air enters and drops to the floor level. Temperature and humidity values were registered from 25 to 30 °C and from 70 to 80%, respectively; total annual precipitation is 265.9 mm and September is the rainiest month, with 53.1 mm (Figure 1); solar daily radiation for the experimental period, March, April and May, was 6.18, 6.61, and 6.88 kWhm−2 day−1, and the monthly averaged daylight hours were 12.0, 12.7 and 13.3 h, respectively [16,17].




2.3. Plant Materials and Treatments


Three cultivars of basil (Ocimum basilicum L.), “Sweet Lemon”, “Cinnamon” and “Red Rubin”, were selected for representing a wide range of morphological and genetic characteristics [18]. Basil seeds were obtained as a donation from the Juárez Durango State University (UJED). Planting took place in polystyrene germination trays with 250 cavities (three seeds per cavity) filled with perlite (Environment®), on 15 March 2014. Trays were watered twice a day with tap water. Seedlings developed 3–4 true leaves and a height of 0.10–0.15 m 21 Days After Sowing (DAS) (8 April 2014), then were transferred to black plastic pots (3.78 L capacity) containing 0.28 L of previously washed gross sand to allow drainage and 3.5 L of a mixture of sand:perlite (80:20). Sand was obtained from the bed of the Nazas River. A solarization process was applied to disinfect the sand, which is a method of using solar heat for controlling soil-borne plant pathogens including fungi, bacteria, nematodes, and insect, as well as mite pests along with weed seed and seedlings by mulching the substrate and covering with a transparent polyethylene cover, to retain solar energy.



Seedlings were placed in a randomized complete block design with six replicates per dose of K+ applied to each genotype, with n = 72 plants (Table 1); each treatment consisted of a pot with one plant (one pot per replicate), with 24 experimental units per genotype. Treatments were designed modifying the nutrient solution of Steiner [19], increasing the level of K+ to 7, 9, 11 and 13 mmol L−1 (or meq L−1). A treatment with no increase of K+ (0 mmol L−1) was not included, as K+ has an important role in providing the correct ionic environment for metabolic processes and is not replaceable in its cytoplasmic functions. In this sense, K+ content in plain water (Table 2) was not considered as the baseline, as plants would face deficiency.



The experimental nutrient solution contained (in mg·L−1) 8 Fe, 0.865 B, 1.6 Mn, 0.023 Zn, 0.11 Cu and 0.5 Mo (Table 2), and its pH and osmotic potential were adjusted to 5.5 and −0.073 MPa, respectively. The nutrient solution was formulated using commercial fertilizers of high solubility, available in the local market; its application was initiated at transplanting date and was repeated twice a day (9:00 and 18:00) at a rate of 0.5 L per pot. In addition to these applications, plants were also irrigated twice a day (12:00 and 15:00) based on the water needs of the plant, to reach field capacity. Harvest was carried out 40 DAS (18 May 2014). Then, plants were taken to the Biochemistry Lab at Gómez Palacio Politechnic University for their preparation and analysis.




2.4. Sample Preparation for Nutraceutical Compounds and Antioxidant Capacity Analyses


Fresh basil was washed with water, placed in brown paper and dried at room temperature (20 ± 2 °C) for 15 days. Samples were ground in a blender (Hamilton Beach, Glen Alan, VA, USA) and stored at 5 °C to obtain extracts; extraction was carried out by adding 2 g of sample in 100 mL of ethanol. A “Stuart” type stirrer was used to keep mixture under agitation for 24 h at 30 °C, then the ethanol was evaporated with rotavapor (Buchi, Model-210, Beijing, China) in a water bath at 35–40 °C. The extracts obtained were stored in refrigerator until analysis.




2.5. Chemicals


Reagents for analyses (Sigma-Aldrich Corp., St. Louis MO, 63178 USA). were Folin–Ciocalteu reactive, gallic acid, NaCO3, quercetin reactive (3,3′,4′5,7-Pentahydroxy-flavone), NaNO2 5%, AlCl·H2O 10%, NaOH 1 M, kuromanin chloride, HCl, phosphate-citrate buffer, 2,6 dichloroindophenol, ascorbic acid, Trolox, 2,2-Diphenil-1-pycril hydrazyl hydrate (DPPH, 95% purity), ethanol and methanol. All chemicals were purchased from




2.6. Determination of Total Phenolic Compounds


Total phenolic content was measured using a modification of Folin–Ciocalteu method [20]. For this purpose, 30 μL of extract were mixed with 270 μL of distilled water in a test tube. Next, a volume of 1.5 mL of Folin–Ciocalteu reagent (Sigma-Aldrich, St. Louis, MO, USA) diluted (1:15) was added to mixture, with stirring vortexed for 10 s. After 5 min, 1.2 mL of sodium carbonate (7.5% w/v) was added and stirred for 10 s. The solution was placed in water bath at 45 °C for 15 min, and then allowed to cool to room temperature. Absorbance of the solution was read at 765 nm on a Genesys 10UV spectrophotometer (Madison, WI, USA). Phenolic content was calculated using a calibration curve using gallic acid as standard, and the results were reported in mg of gallic acid equivalent per g of extract (mg GAE/g extract). Analyses were performed in triplicate, and the obtained mean value was used in the G × KD interaction study.




2.7. Total Flavonoids Test


The total flavonoid content was determined using a colorimetric method proposed by Zhishen et al. [21]. For this purpose, 250 µL of the ethanolic extract was mixed with 1.25 mL distillated water in a test tube followed by addition of 75 µL of 5% NaNO2 solution. After 5 min, 150 µL of 10% AlCl3·H2O solution were added and allowed to stand for another 6 min before a volume of 500 μL of 1 M NaOH was added, as well as an additional 275 µL distillated water. All components were mixed by vortexing. The absorbance was measured immediately at 510 nm using a spectrophotometer (Genesys 10UV). The obtained results were expressed as mg of quercetin equivalents per g of extract (mg QE/g extract). Analyses were performed in triplicate, and the obtained mean value was used in the consequent G × KD interaction study.




2.8. Anthocyanins Content


For anthocyanin analysis, dried samples were extracted into 0.2 M hydrochloric acid in methanol by a periodic shaking method; acidified methanol (0.5 mL) was added to the dried basil. Mixture was shaken for 40 min at room temperature and centrifuged at 13,200 rpm for 30 min, and then the supernatant was removed. This procedure was repeated two additional times; all supernatants were combined and stored at −80 °C. Total anthocyanin concentrations were determined in each cultivar using a spectrometric method developed by Abdel-Aal and Hucl [22]. The absorbance of the methanolic extract was measured at 535 nm versus an acidified methanol (15% hydrochloric acid, v/v) blank. Measures were compared to a calibration curve prepared with kuromanin chloride, ranging from 2.5 to 25 mg L−1. Final observations were reported in mg of anthocyanin equivalents per g of extract (AE mg/g extract). Analyses were carried out in triplicate; the obtained mean was considered in the G × KD interaction study.




2.9. Chlorophyll


The chlorophyll relative content (SPAD value) was determined by means of SPAD 501 chlorophyll meter (Konica Minolta, Tokyo, Japan). Seven representative leaves were used with 2–3 displays of measurement each and the mean value was calculated. This method was intended to overcome the influence of a non-uniform distribution of chlorophyll in the leaf, and hence producing more representative data [23]. Analyses were performed in triplicate, and the obtained mean value was used in the G × KD interaction study.




2.10. Vitamin C


The ascorbic acid content was measured using a modified method of Davis and Masten [24]; accordingly, fresh leaf samples (1 g) were extracted in 1% of phosphate-citrate buffer (2 mL, pH 3.5) using a chilled pestle and mortar, and then the homogenate was filtered. The filtrate was added to the 1 mL of 1.7 mM 2,6-dichloroindophenol (2,6-DCPIP) in a 3 mL cuvette. The absorbance at 520 nm was read within 10 min of mixing the reagents; the extraction buffer was a blank l-ascorbic acid, as a standard. Vitamin C was recorded as mg Ascorbic Acid per g of Dry Weight (mg AA/g DW). Analyses were performed in triplicate, and the mean value was used in the G × KD interaction study.




2.11. Total Antioxidant Capacity


The total antioxidant capacity of samples was determined according to the method of Brand-Williams et al. [25], with slight modifications. The solution of free radical 1,1-diphenyl-2-picryl-hidrazilo (DPPH+) (Aldrich, St. Louis, MO, USA) was prepared in a foil-covered flask with DPPH+ 5 mg/100 mL of ethanol analytical grade. Mixture was vigorously stirred and the flask covered and kept to prevent rapid degradation. A 300 μL sample of the diluted extract and 1200 μL of distilled water were stirred at 3000 rpm for 10 s, in triplicate. One milliliter of DPPH+ was added and again vortexed at 3000 rpm for 10 s. Readings were made at 517 nm after 90 min. The total antioxidant capacity was calculated using a standard curve with the reference antioxidant Trolox and results were expressed in µM Trolox per g of extract (µM Trolox/g extract). Analyses were performed in triplicate, and the mean value was used in the G × KD interaction study; statistical analyses were carried out using the software SAS version 9.2 (Statistical Analysis System, North Carolina State University, Raleigh, NC, USA) [26].





3. Results


3.1. Total Phenolic Compounds and Flavonoids Content


The total phenolic compounds (TPC) showed highly significant differences (p ≤ 0.001), caused by genotype (G) and doses of K+ (DK). Table 3 shows the TPC determined in the samples (mean values obtained for each factor and doses). “Sweet Lemon” genotype showed the highest phenolic content (13.53 mg GAE/g extract), significantly different to “Cinnamon” and “Red Rubin” cultivars (12.51 and 12.30 mg GAE/g extract, respectively). In relation to the DK factor, it was observed that the higher was the DK value, the higher was the content of phenolic compounds. In this sense, the highest TPC (14.80 mg GAE/g extract) was obtained with 13 mmol·L−1. According to the gained results, G and DK affected the flavonoid content with highly significant statistical differences (p ≤ 0.001) (Table 2). For G, the greatest values of total flavonoids were observed for “Cinnamon” and “Red Rubin” cultivars (6.15 and 6.09 mg QE/g extract, respectively), which were significantly different to the lowest value obtained for “Sweet Lemon” (5.85 mg QE/g extract). For the DK factor, the values obtained for total flavonoids varied from 5.38 to 6.64 mg QE/g extract, within the interval 7 to 13 mmol·L−1, respectively, with a similar response to that observed with phenolic compounds, i.e., a linear increase of the flavonoid content with the DK increase, as demonstrated by the R2 values for the three cultivars (Table 3).




3.2. Anthocyanins Content


The obtained results suggest that G and DK exerted highly significant effect (p ≤ 0.001) on the anthocyanins content in the analyzed plants (Table 3). “Cinnamon” and “Red Rubin” showed the highest values of anthocyanins with 0.74 and 0.72 mg of anthocyanin equivalent per g of extract (mg AE/g extract), respectively. “Sweet Lemon” showed the lowest content, 0.69 mg AE/g extract.




3.3. Chlorophylls


A highly significant effect was found for G (p ≤ 0.001) but not for DK (Table 2). “Cinnamon” and “Sweet Lemon” showed 40.00 and 38.16 SPAD units, respectively, followed by “Red Rubin” with 32.50 units.




3.4. Vitamin C


The content of vitamin C showed highly significant differences with respect to the doses of K+ but not to G (p ≤ 0.001) (Table 3). The highest content of vitamin C was obtained with a K+ dose of 9 mmol·L−1, followed by 11 and 13 mmol·L−1 (0.18 mg AA/g DW), and the lowest value was obtained with 7 mmol·L−1 (0.17 mg AA/g DW).



The interaction G × DK was significant, suggesting that DK affects the content of vitamin C in the studied cultivars. Figure 2 shows that the dose 7 mmol·L−1 caused significant differences in the vitamin C content of each cultivar, with the highest content evidenced by the “Red Rubin” cultivar. In this context, an increase in the content of vitamin C in the three cultivars using K+ doses from 9 to 13 mmol·L−1 was observed, although “Sweet Lemon” showed a slight increase with 9 mmol·L−1, below “Cinnamon” and “Red Rubin” cultivars.




3.5. Correlation Analysis


To elucidate the effects caused by cultivars (G), we carried out principal components analysis (PCA), which results indicate that the Principal Component 1 (PC1) assumed most of the variance, estimated at 97.6%, while PC2 only reflected 2.4% of the difference. PC1 is expressed as:


PC1 = 0.0742TPC − 0.0043TF + 0.0007A + 0.9972Ch − 6.244 × 10−33VC



(1)







As PC1 accounted for most of the data variability, we infer that its factor loadings (component loadings in PCA or the correlation coefficients between the variables and factors) are adequate indicators of correlation [26]. For factor “Cultivars” (G), Ch (SPAD Chlorophyll Units) showed the highest correlation (0.9972, with R2 = 0.994), followed by TPC, the second variable in importance for the PCA. On the contrary, A and TF reflected low loadings, and VC evidenced a negligible weight.



The observed tendency between DK and TPC for genotypes shows a significant positive linear correlation (p ≤ 0.05) (Table 4). Evidence suggests that the interaction between the genotype and the doses of K+ (G × DK) (Figure 2) was highly significant (p ≤ 0.001) for the content of TPC. Genotypes showed a lineal increase in the phenolic content by increasing the doses of K+. To correlate the content of nutraceutical compounds and the antioxidant capacity, a regression analysis was carried out. The TPC had significant positive correlation with flavonoids (r = 0.822) and anthocyanins (r = 0.757) (Table 5), since an increased production of them contribute to the increase of the TPC concentration. There was also a significant positive correlation (r = 0.979) among the content of flavonoids and anthocyanins, since anthocyanins are classified as a class of flavonoids derived ultimately from phenylalanine [27], indicating that the increase of flavonoids is influenced by the increase of anthocyanins. Vitamin C also showed a significant positive correlation with total flavonoids (r = 0.708) and anthocyanins (r = 0.682), which could be explained in terms of the synthesis of vitamin C, produced from nonstructural carbohydrates compounds and phenylpropanoids precursors [11]. The antioxidant capacity had a positive correlation with flavonoids (r = 0.621), and anthocyanins (r = 0.655), but a low correlation with TPC (r = 0.549). As mentioned above, other methods of analysis, such as ABTS, FRAP and ORAC, are necessary to establish a conclusive correlation between the antioxidant activity and the content of bioactive compounds produced by additional K+.




3.6. Antioxidant Capacity


The antioxidant capacity (AC) showed no significant differences in relation to G but significant differences for DK (p ≤ 0.05) (Figure 3).




3.7. Interaction Analysis


The interaction G × DK was highly significant (p ≤ 0.001) (Figure 4), indicating that one or more doses of K+ used affects the assessed cultivars. Figure 4 shows that AC obtained for “Red Rubin” presented a linear increase for increased doses of K+ in the interval studied.





4. Discussion


4.1. Total Phenolic Compounds, Flavonoids and Anthocyanins Content


Several authors report differences in the phenolic content of cultivars given by their genetic characteristics. In this sense, Ibrahim et al. [11] reported an increase of 1.22 to 1.82 mg GAE/g extract when applying 0 to 270 kg of K+/ha in Labisia pumila Benth, and also obtained similar results for flavonoids, reporting values from 0.68 to 0.94 mg g−1 of rutin in leaves of this plant by increasing K+. Flanigan and Niemeyer [13] found values from 13.1 to 26.9 mg GAE/g DW for ten basil cultivars. Javanmardi et al. [14] studied the total phenolic compounds in 23 different cultivars of basil, cultivated in different places, and reported values from 22.9 to 65.5 mg GAE/g dry weight (DW). Moreover, Kwee and Niemeyer [28] in a study of 15 cultivars of basil in greenhouse, reported an interval from 3.47 to 17.58 mg GAE/g DW. The obtained results are in agreement with the data reported by Nguyen et al. [29], who evaluated K+ concentrations from 1 to 5 mM and reported values of phenolic compounds from 7 to 16 mg GAE/g DW. For anthocyanins, the results obtained in this work are similar to those reported by Lee and Scagel [18], who found an average of 0.65 mg/g DW in basil, and are also concordant to some studies that suggest that anthocyanins in red leaf cultivars are higher when compared to green leaf cultivars. In this sense, significant differences in total anthocyanin concentration have been observed between purple basil varieties, from 16.63 to 18.78 mg/100 g of fresh tissue [30].



On the other hand, K+ as enzymatic activator stimulates the synthesis of pigments, including anthocyanins [31]. Accordingly, the gained results suggest that the highest content of anthocyanins was observed in the K+ concentration of 13 mmol·L−1 (0.79 mg AE/g extract), followed by 11, 9 and 7 mmol·L−1 (0.745, 0.696 and 0.645 mg AE/g extract, respectively). Therefore, our results were similar to the trend observed for total phenolic and flavonoid compounds, as can be inferred by the linear regression and determination coefficients, R2 > 0.97 (Table 2).



In the same way as the total content of phenolic compounds, the increased of flavonoid and anthocyanins content might be due to an increase in total nonstructural carbohydrates. The response of K+ to these compounds might be due to a maximum accumulation of nonstructural carbohydrates given by translocation of the ion K+ to formation of phenyl-propanoids [11]. Once in the cytosol, K+ can cross the tonoplast through conveyors or channels which are responsible for its influx into vacuoles, while channels mainly mediate its outflow to the cytosol by antiporters which catalyze the electroneutral exchange of K+ and H+ using an electrochemical gradient produced by H+ -ATPase present in the plasma membrane of cell organelles [32,33]. This could explain that ion K+ was redirected to its various functions, and due to the intense mobility in phloem and xylem was possible to regulate the internal balance for absorption and translocation of carbohydrates, affecting indirectly the formation of the basic structures of phenyl-propanoids. However, despite a linear increase of TPC with DK was observed, this tendency should decline when reaching certain K+ doses, and, thus, could be interesting to extend the range of DK to find a non-linear response to relate the doses of K+ with the production of total phenolic compounds.




4.2. Chlorophyll


The gained results about chlorophyll responses may be explained by the genetic variability evidenced by the studied cultivars. San Miguel-Chavez et al. [34] studied the effect of K+ on the chlorophyll content of three varieties of Amarantnhus hypochondriacus L. They found increases of chlorophyll in two cultivars under increase of K+, while one of the cultivars did not show significant differences with treatments, which were set from 0 to 6 mmol·L−1. These authors concluded that the apparent lack of availability of K+ in the substrate possibly produced marginal chlorosis of leaves; in this context, there were differences in chlorophyll content when the availability of K+ was increased. We suggest that the different assayed doses of K+ did not affect the photosynthetic process of the plant, and therefore all of them were sufficient for normal development, allowing not only the maintenance of the osmotic potential in cells, but also the stomata opening and closing. K+ is transported through the membranes of guard cells, opening it when increasing its concentration, which is influenced the enzymatic activation and therefore a greater concentration of this nutraceutical compound [35].




4.3. Vitamin C


Several possible routes for the synthesis of vitamin C has been described for plants, such as the route of Smirnoff–Wheeler (conducted by various glucidic routes), the route of d-galacturonic acid (derived from pectins), the route of mio-inositol (in Arabidopsis) and the route of d-glucose (via l-sorbosona), which is a reaction dependent of power reducing (NADP+) [36,37]. All these routes require large amounts of energy and power, reducing the possibility of taking place. K+ may be involved in these routes, because it is the most abundant cation present in the phloem sap (almost 80% of the totals cations) and plays a role directly in the process of loading/transport of non-structural carbohydrates through the phloem to sink organs [38]. Yurtseven et al. [39] reported the effect of different K+ doses on the growth and quality of tomato, concluding that increased K+ doses in the nutrient solution produce increased contents of vitamin C. Therefore, K+ plays a key role in the metabolism of carbohydrates and photosynthesis, and consequently, an optimal supply of K+ could determine higher sugar content in sink organs and therefore higher contents of vitamin C, improving the quality of the product.



Then, it can be inferred that the synthesis of vitamin C in the studied basil genotypes was mostly favored when applying higher K+ doses. These results are supported by the estimated R2 values obtained in the linear correlation between DK and vitamin C content (Table 3). Ali et al. [40] arrived to the same conclusion, reporting that the content of vitamin C in berries and kiwis was improved substantially by applying high concentrations of K+.




4.4. Antioxidant Capacity


The antioxidant capacity of basil has been reported in several studies [12,28,41], showing that, regardless of cultivar, basil is a species with high potential as a source of bioactive compounds with antioxidant capacity. This conclusion can also be derived, as a significant positive correlation between DK and AC for all cultivars was obtained (Table 3). Therefore, manipulation of K+ in the nutrient solution can be a viable option for improving nutraceutical qualities of basil. Under this premise, results suggest that, with doses 7, 9 and 11 mmol·L−1, a similar response was obtained, implying a significant increase similar to that with the highest dose. “Cinnamon” and “Sweet Lemon” evidenced such linear increase for the 9–11 mmol·L−1 interval (R2 = 0.988 and 0.867, respectively), while AC decreased from 7 to 9 mmol·L−1. In this sense, a different response of cultivars was observed when DK was increased from 7 to 9 mmol·L−1.



Nevertheless, these results could depend on the method of analysis used to determine the antioxidant capacity. Thus, to compare results and determine the correlation among bioactive compounds by an induced control of K+, we strongly recommend in future studies to use other methods for the analysis of antioxidant capacity, such as ABTS, FRAP and ORAC.





5. Conclusions


A hydroponic system was designed for the production of nutraceuticals, as an alternative option for suitable use of resources, to create value-added, which is particularly important in semiarid regions. It was demonstrated that the content of the analyzed nutraceutical components could be improved by cultivar selection and by increasing the content of K+ during plant growth. Significant linear correlation was obtained between the doses of K+ applied and the total content of phenolic compounds, flavonoids, anthocyanins, chlorophylls and vitamin C, for the three basil genotypes investigated. In this context, further studies should be approached to determine the K+ doses that maximize the synthesis of these bioactive compounds.



In relation to the antioxidant capacity of hydroponic basil, the DPPH test suggests a positive linear tendency for increased doses of K+. Nevertheless, due to the influence of the method applied to measure the antioxidant activity, other antioxidant tests (ABTS, FRAP, and ORAC) should be selected in future studies to determine a certain correlation between the effect of K+ and the antioxidant activity of basil cultivars.
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Figure 1. Monthly values of rainfall and temperature in Gómez Palacio, Durango State, Mexico. 
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Figure 2. (a) Effects caused by the interaction of genotype and doses of K+ (G × DK) for the Total Phenolic Compounds (TPC) of hydroponic basil; (b) Effects caused by the interaction of genotype and doses of K+ (G × DK) for the content of Vitamin C of hydroponic basil; CN: “Cinnamon”; SL: “Sweet Lemon”; RR: “Red Rubin”. GAE: Gallic Acid Equivalent. Interval bars are standard error. 
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Figure 3. Effects caused by Genotype (G) and K+ dose (DK) on the Antioxidant Capacity (AC) of hydroponic basil. Different letter between column and factor indicated significant differences according to Tukey test (p ≤ 0.05). SL: “Sweet Lemon”; RR: “Red Rubin”; CN: “Cinnamon”; *: mmol·L−1. Interval bars are the standard error. 
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Figure 4. Effects caused by interaction of Genotype and doses of K+ (G × DK) for Antioxidant Capacity (AC) of hydroponic basil. CN: “Cinnamon”; SL: “Sweet Lemon”; RR: “Red Rubin”. Interval bars are the standard error. 
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Table 1. Factorial experiment in a randomized blocks design (n = 72).
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K+ Dose

	
Genotypes Replicates Distribution




	
G1,2,3






	
D1

	
G1

	
G3

	
G2

	
G3

	
G1

	
G2

	
G2

	
G3

	
G1

	
G2

	
G3

	
G1

	
G3

	
G1

	
G2

	
G1

	
G2

	
G3




	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1

	
D1




	
D3

	
G1

	
G3

	
G2

	
G3

	
G1

	
G2

	
G2

	
G3

	
G1

	
G2

	
G3

	
G1

	
G3

	
G1

	
G2

	
G1

	
G2

	
G3




	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3

	
D3




	
D2

	
G1

	
G3

	
G2

	
G3

	
G1

	
G2

	
G2

	
G3

	
G1

	
G2

	
G3

	
G1

	
G3

	
G1

	
G2

	
G1

	
G2

	
G3




	
D2

	
D2

	
D2

	
D2

	
D2

	
D2

	
D2

	
D2

	
D2

	
D2

	
D2

	
D2

	
D2

	
D2

	
D2

	
D2

	
D2
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D4

	
G1

	
G3

	
G2

	
G3

	
G1

	
G2

	
G2

	
G3

	
G1

	
G2

	
G3

	
G1

	
G3

	
G1

	
G2

	
G1

	
G2

	
G3




	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4

	
D4








G1,2,3: genotypes under study; K+ Dose: applied experimental doses.
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Table 2. Chemical composition of the experimental solution and used water for solution.
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Solution

	
N

	
P

	
K+

	
Ca++

	
Mg++

	
Mn

	
Cu

	
Mo

	
Fe

	
B

	
Zn




	
mg L−1






	
Water

	
7.67

	
nd

	
0.22

	
23

	
0.95

	
na

	
na

	
na

	
na

	
na

	
na




	
ENS

	
190.6

	
34

	
w, x, y, z

	
125

	
27

	
1.6

	
0.11

	
0.5

	
8

	
0.865

	
0.023








ENS: Experimental nutrient solution; w, x, y, z. are experimental doses of 273, 351, 429, and 507 mg L−1 or 7, 9, 11, and 13 mmol L−1, respectively; na = non-available
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Table 3. Effect of genotype (G), doses of K+ (DK), and interaction (G × DK) on nutraceutical components of hydroponic basil.
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Factor

	
Cultivar

	
TPC

	
TF

	
A

	
Ch

	
VC




	
mg GAE/g Extract

	
mg QE/g Extract

	
mg AE/g Extract

	
Units SPAD

	
mg AA/g DW






	
G

	
SL

	
13.53 a

	
5.85 b

	
0.69 b

	
38.16 a

	
0.18 a




	

	
RR

	
12.30 b

	
6.09 a

	
0.72 a

	
32.50 b

	
0.18 a




	

	
CN

	
12.51 b

	
6.15 a

	
0.74 a

	
40.00 a

	
0.18 a




	

	
Dose, mmol L−1

	

	

	

	

	




	
DK

	
7

	
10.81 d

	
5.38 d

	
0.64 d

	
35.88 a

	
0.17 b




	
(mmol·L−1)

	
9

	
12.14 c

	
5.83 c

	
0.69 c

	
34.18 a

	
0.18 a




	

	
11

	
13.38 b

	
6.25 b

	
0.74 b

	
36.02 a

	
0.18 a




	

	
13

	
14.80 a

	
6.64 a

	
0.79 a

	
35.82 a

	
0.18 a




	
G × DK

	

	
**

	
ns

	
ns

	
ns

	
**








G: Genotypes - SL: “Sweet Lemon”; RR: “Red Rubin”; CN: “Cinnamon”; DK: doses of added K+; TPC: Total Phenolic compounds; GAE: Gallic Acid Equivalent; TF: Total Flavonoids; QE: Quercetin; A: Anthocyanins; AE: Anthocyanin Equivalent; Ch: SPAD chlorophyll units (SPAD Value obtained by MinoltaR SPAD 501 Chlorophyll meter); VC: Vitamin C; AA: Ascorbic Acid; DW: dry weight; G × DK: factors interaction. Different letter in the same column denotes significant differences according to Tukey (p ≤ 0.05); ns: non-significant; **: highly significant p ≤ 0.001.
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Table 4. Determination coefficients (R2) between doses of K+ (DK) and nutraceutical contents in cultivars of hydroponic basil.
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Nutraceutical Contents

	
Cultivars




	

	
CN

	
SL

	
RR






	
DK-TPC

	
0.970 **

	
0.950 **

	
0.998 **




	
DK-TF

	
0.993 **

	
0.993 **

	
0.998 **




	
DK-A

	
0.982 **

	
0.973 **

	
0.983 **




	
DK-Ch

	
0.109 ns

	
0.198 ns

	
0.107 ns




	
DK-VC

	
0.723 *

	
0.847 **

	
0.847 **




	
DK-AC

	
0.988 **

	
0.867 **

	
0.923 **








*: p ≤ 0.05; **: p ≤ 0.01; ns: non-significant; CN: “Cinnamon”; SL: “Sweet Lemon”; RR: “Red Rubin”; TPC: Total phenolic compounds; TF: Total flavonoids; A: Anthocyanins; Ch: SPAD chlorophyll units; VC: Vitamin C; AC: Antioxidant capacity; ns: non-significant.
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Table 5. Pearson correlation coefficient (r) estimated among nutraceutical compounds and antioxidant capacity of hydroponic basil.
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	Parameters
	TPC
	TF
	A
	Ch
	VC
	AC





	TPC
	1
	
	
	
	
	



	TF
	0.822 *
	1
	
	
	
	



	A
	0.757 *
	0.979 *
	1
	
	
	



	Ch
	0.344
	0.288
	0.144
	1
	
	



	VC
	0.523
	0.708 *
	0.682 *
	0.291
	1
	



	AC
	0.549
	0.621 *
	0.655 *
	−0.206
	0.304
	1







* Significant at p ≤ 0.05; TPC: Total phenolic compounds; TF: Total flavonoids; A: Anthocyanins; Ch: SPAD chlorophyll units; VC: Vitamin C; AC: Antioxidant capacity.
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