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Abstract

:

Nitrogen is a major plant macronutrient and its supply affects the entire metabolism of plants. This study evaluated the effect of different nitrogen concentrations in the nutrient solution: 0, 4.2, 8.4, and 12.6 mg L−1 Mexican marigold (Tagetes erecta L.) var. Inca plants in an open soilless culture system under greenhouse conditions on the concentration of chlorophylls, carotenoids, phenolics, and flavonoids derived from the secondary metabolism, as well as on the antioxidant activity in different tissues. With the 12.6 mg N L−1 dose, chlorophylls a, b, and total chlorophyll concentrations increased by 98.8, 11.9, and 56.6%, respectively. The highest concentrations of total carotenoids in flowers, 28–30%, were recorded in plants with doses of 8.4 mg N L−1. With doses of 12.6 mg N L−1, phenolic compounds and total flavonoids increased in leaves, but decreased in flowers. The low and medium N concentrations increased the antioxidant activity with respect to the control without N by 53% and 50.2%, respectively. We conclude that the applications of N in Tagetes erecta differentially affected the concentrations of photosynthetic pigments and biomolecules with antioxidant capacity, and that such effects were dependent on the doses of N tested and the plant organ evaluated.
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1. Introduction


Plants are capable of synthesizing various compounds with antioxidant properties [1]. These compounds include ascorbic acid, glutathione, proline, phenolic acids, flavonoids, chlorophylls, and carotenoids, among others [1,2], which can be found in practically all cell compartments [3].



In non-photosynthetic organs such as fruits, seeds, roots, and flowers, carotenoids act as photoprotectors, antioxidants, and attractants. For example, in Japanese pit-tosporum (Pittosporum tobira (Thunb.) W. T. Aiton), the red dry-carotenoids called tobiraxanthin A, B, C, and D attract birds that disperse its seeds and are precursors of plant hormones, stimulate flower growth, and trigger stress responses [4].



On the other hand, the structures of phenolic compounds (phenolic acids and polyphenols) with attached hydroxyl groups give them antioxidant capacity [5]. Polyphenols include flavonoids, phenolic acids, and tannins, among others.



Within the Asteraceae family, the largest within the angiosperms, there are species that are a source of natural antioxidants with therapeutic, edible, and ornamental uses [6]. In ornamental species within this family (i.e., Asteraceae), the chemical composition of plant tissues has been little investigated. Such composition may potentially include secondary metabolites with important biological activity both for plants and humans [1,7].



Among the species of the Asteraceae family, special attention has been paid to the Mexican marigold (Tagetes erecta L.), which is native to Mexico and is used for ornamental, medicinal, and food purposes [8]. The main pigments present in this species are flavonoids and carotenoids [9]. In the petals of its inflorescences, 20 times more carotenoids are synthesized and accumulated than in leaves [8]. Importantly, different factors affect the synthesis and accumulation of such compounds in plant tissues [6]. Among such factors, nutrient supply has been demonstrated to significantly influence the synthesis of bioactive molecules in plants [10].



Nitrogen (N) is the major macronutrient for plants, being a key component of nucleic acids, amino acids, proteins, some hormones, and chlorophylls, among others. This essential element modulates the biosynthesis of secondary metabolites such as flavonoids, glucosinolates, and carotenoids, among others [11], as well as chlorophylls [12], although differential results have been observed between species. In kale (Brassica oleraea L. var. acephala DC), increasing N supply stimulated the concentration of lutein and β- [13]. Likewise, N supply stimulated the synthesis of lutein, zeaxanthin, and β-carotene in parsley (Petroselinum crispum Nym.) [14].



Nevertheless, N can also decrease the biosynthesis and accumulation of active substances in different plant species [15]. In Kacip Fatimah (Labisia pumila), the highest total production of phenolic compounds was in the absence of N [11]. In lavender (Lavandula angustifolia Mill.) flowers, the polyphenol content decreased when applying high nitrogen fertilization [16]. In mustard (Brassica juncea Coss), when increasing the nitrogen dose from 0 to 25 mM in the nutrient solution, the concentrations of total phenolic compounds decreased [17]. Furthermore, the application of 120 to 160 kg N ha−1 caused a significant decrease in the content of flavonoids in pot marigold (Calendula officinalis L. ‘Tokaj’) flowers [18].



In different Tagetes species, N may improve vegetative growth and stimulate flower blooming after the application of 110 kg N ha−1, increasing the number of flowers per plant and floral yield [19]. Moreover, through optimal N nutrition, it is possible to improve the longevity and quality of Tagetes flowers [20]. Nevertheless, few studies have addressed the importance of N in the secondary metabolism of Tagetes erecta L. The objective of this study was to analyze the effect of different concentrations of N on the biosynthesis of photosynthetic pigments and biomolecules with antioxidant capacity in this species, established in hydroponics under greenhouse conditions.




2. Materials and Methods


2.1. Experimental Conditions and Plant Material


The study was carried out in hydroponics under greenhouse conditions, with mean day and night temperature of 27 and 13.5 °C, and relative humidity of 37 and 85%, respectively. The photoperiod had a duration of 11.5 h and an average photosynthetic photon flux (PPF) of 720 µmol m−2 s−1. When Mexican marigold (Tagetes erecta L.) var. Inca seedlings reached 21 days old, they were transplanted into 1 L capacity black plastic pots containing an inert mixture of tezontle:perlite (60:40, v:v) as substrate. The tezontle had an average particle size of 3 mm. The experimental area was 140 m2.



In soilless systems, the N doses normally range from 180 to 230 mg/L in nutrient solutions with closed irrigation systems, in which the nutrient solution is reused for several days. In our study, a soilless culture with an open irrigation system was used. Furthermore, five irrigations per day of 50 mL were applied in each pot. This experimental management required the use of diluted nutrient solutions, with the aim of not increasing the electrical conductivity in the substrate.




2.2. Experiment Management


After transplantation, seedlings were irrigated with water for 4 d. Water used for the initial irrigation was taken from a deep water well and had the following chemical composition (molc m−3): 0.294 NO3−, 0.062 H2PO4−, 0.186 SO42−, 0.1 K+, 1.356 Ca2+, and 2.527 Mg2+. Subsequently, irrigation was performed using Steiner’s nutrient solution [21] at 5% of its original strength, which was prepared with reagent grade salts (J. T. Baker, Phillipsburg, NJ, USA) and supplemented with micronutrients from the Tradecorp AZ™ commercial product, at the concentrations described by Trejo-Téllez et al. [22]. The pH of the nutrient solution was adjusted to 5.5 with H2SO4 1 N. Once adjusted, the nutrient solution was supplied through a drip irrigation system. Five irrigations per day of 50 mL were carried out in each pot. Irrigation was programmed using a timer and supplied with ½ HP pumps. In order to avoid any influence from environmental and agronomic conditions prior to the start of treatments, all flower buds were removed from the plants 30 days after transplantation.




2.3. Evaluated Treatments


The application of treatments began 30 days after transplantation (dat), at the beginning of flowering. Treatments evaluated consisted of applying different nitrogen concentrations in the nutrient solution: 0, 4.2, 8.4, and 12.6 mg L−1. In order to guarantee the absence of N in the first dose to be applied, we used distilled water in the formulation of the nutrient solutions with the different doses of N. Chemicals used were reagent grade salts provided by J. T. Baker (USA). Table 1 shows the compounds and their amounts used in the preparation of the nutrient solutions.




2.4. Experimental Design


The experimental design used was completely randomized, with 140 replicates per treatment. The experimental unit consisted of a pot with a single plant.




2.5. Study Variables


2.5.1. Chlorophylls a, b, Total Chlorophylls, and Chlorophyll a/Chlorophyll b Ratio


Leaf chlorophyll concentration was determined 30 days after the start of treatments (dast), in extracts obtained from a triple ethanolic extraction as described by Harbone [23]. The phase separation was conducted through centrifugation (14,000 rpm, 5 min, 4 °C), and a 65 μL aliquot was taken from the obtained extract and 170 μL of 98% ethanol was added in the same reaction tube. The reaction sample was vortexed and read on a spectrophotometer (Thermo Scientific Multiskan GO, Walthan, MA, USA), at wavelengths of 645 and 665 nm. With the chlorophyll a and b concentration values, their ratio of such molecules was estimated.




2.5.2. Total Carotenoids


The inflorescences were harvested by hand when all the buds reached their highest anthesis (36 dast). Harvested inflorescences were dried in a forced air oven (Felisa FE291AD; Guadalajara, Mexico) at 40 °C for 48 h. Subsequently, the samples were weighed on an analytical scale (Ohaus Adventurer Pro; Parsippany, NJ, USA), finely ground, and stored in plastic containers with a lid at 4 °C, for later analysis.



The extraction technique of total carotenoids in flowers was carried out with the method described by Nagata et al. [24]. The extract absorbances were measured in a spectrophotometer (Thermo Scientific, Multiskan GO; Walthan, MA, USA) at 453, 503, 645, and 663 nm wavelengths. To estimate total carotenoids, the following formula was used: Total carotenoids (mg 100 mL−1) = (0.216 × A663) − (1.220 × A645) − (0.304 × A505) + (0.452 × A453).




2.5.3. Total Phenolic Compounds


Total phenolic compounds were determined in leaves and inflorescences. The extraction was conducted according to the Folin and Ciocalteu method described by Waterman and Mole [25], using the methodology for solid plant material. A mass of 100 mg of plant material was taken, to which 500 µL of 80% methanol was added at 4 °C and centrifuged for 20 min at 15,000 rpm. After centrifugation, a volume of 50 µL of the supernatant was taken, adding 50 µL of deionized water and 100 µL of the Folin reagent; the preparation was vortexed, and after 1 min, a volume of 200 µL 20% Na2CO3 was added. The reaction mixture was left at rest for 2 h in the darkness. The determination was carried out in the spectrophotometer (Thermo Fisher Scientific Genesys 10 UV, Madison, WI, USA) at 760 nm using gallic acid as standard. Gallic acid is an antioxidant compound commonly found in extracts of T. erecta, along with gallicin, quercetagetin, 6-hydroxykaempferol-O-hexoside, and patuletin-O-hexoside [26].




2.5.4. Total Flavonoids


Total flavonoid concentrations were evaluated in leaves and inflorescences, following the methodologies described by Ghasemki et al., Ebrahimzadeh et al., and Nanyonga et al. [27,28,29], with some modifications. A mass of 75 mg dry plant material was taken, adding 1.5 mL of 80% methanol, and incubated for 1 h at 70 °C. After incubation, the mixture was centrifuged for 20 min at 15,000 rpm. From the supernatant, a volume of 200 µL was taken, adding 600 µL of 80% methanol, 40 µL of 10% aluminum chloride, 40 µL of 1 M potassium acetate, and 1120 µL of distilled water. The reaction mixture was left to rest for 40 min at room temperature in the darkness. The samples obtained were analyzed in the aforementioned Genesys 10 UV spectrophotometer, at 415 nm using quercetin as standard.




2.5.5. Antioxidant Activity


The determination of the antioxidant activity in leaves and inflorescences was carried out following the methodologies described by Castañeda et al., Chizzola et al., Ibarra et al., and Kuskoski et al. [30,31,32,33], with some modifications. We took 100 mg of fresh plant material, and after adding 1.5 mL of 60% ethanol, the mixture was left to rest for 24 h at 4 °C. Subsequently, the mixture was centrifuged for 20 min at 15,000 rpm, and from the supernatant, 400 µL was taken, adding 600 µL 80% methanol. A volume of 1 mL of 2,2-diphenyl-1-picrylhydracil free radical (DPPH) was added to the mixture, which was then incubated for 60 min at room temperature in the darkness. Once the incubation ended, samples were read in the Genesys 10 UV spectrophotometer at a wavelength of 517 nm. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) was used as standard.





2.6. Statistical Analysis of the Results


The data obtained were statistically analyzed according to the established experimental design. An analysis of variance (ANOVA) was performed using the SAS statistical package [34]. Means were compared with the Tukey test (p ≤ 0.05).





3. Results


Different N doses applied through the nutrient solution to Mexican marigold plants 30 dast triggered different growth and reproductive responses (Figure 1). Control plants (without receiving N) were shorter, and developed fewer flowers, as compared to the rest of the treatments tested. In the treatments that included N supply, the size and number of flowers were proportional to the amount of macronutrient applied.



Our results demonstrate that the concentration of N can be adjusted to 12.6 mg L−1 instead of 168 mg N L−1 recommended in the original formulation of Steiner’s nutrient solution at 100% of its strength [21]. Furthermore, the experimental conditions tested here show that we can apply five irrigations per day in an open hydroponic system to produce high quality marigold flowers under greenhouse conditions.



3.1. Concentration of Chlorophylls in Leaves


In this study, the 12.6 mg N L−1 dose significantly increased the concentrations of chlorophylls a, b, and total chlorophylls by 99.8, 11.9, and 56.6%, respectively, compared to the control (Figure 2A–C). This same trend was observed in the chlorophyll a/b ratios (Figure 2D).




3.2. Concentrations of Total Carotenoids in Flowers


In this study, the highest concentrations of total carotenoids in flowers were recorded in plants treated with 8.4 mg N L−1 in the nutrient solution, with values 28.3% higher than the control (Figure 3).




3.3. Concentration of Total Phenols in Leaves and Flowers


In leaves, in general, there is no evidence of an effect of N on the concentration of total phenolic compounds. The highest mean was obtained in the control treatment, and this is not statistically different from the results obtained with the intermediate and high N doses evaluated (8.4 and 12.6 mg L−1) (Figure 4A). Interestingly, the lowest concentration was observed in leaves of plants treated with 4.2 mg N L−1.



In flowers, the highest concentration of total phenolic compounds was recorded with the lowest N dose applied, which significantly exceeded the control, by 36% (Figure 4B). In this study, leaves and flowers showed a marked difference regarding the concentration of total phenolic compounds, being higher in flowers, regardless of the N dose applied (Figure 4).




3.4. Concentration of Total Flavonoids in Leaves and Flowers


In leaves, the treatment with the highest N dose surpassed the concentration of flavonoids compared to those with the lowest and medium doses by 19.6% and 14.1%, respectively (Figure 5A).



In flowers, the lowest N dose supplied (4.2 mg L−1) increased the concentration of total flavonoids by 60% compared to the control, whereas the medium (8.4 N L−1) and highest doses (12.6 mg N L−1) increased it by 128.9 and 79.9%, respectively (Figure 5B).




3.5. Antioxidant Activity in Flowers


The low and medium N concentrations (i.e., 4.2 and 8.4 mg L−1) increased the antioxidant activity compared to the control without N by 53 and 50.2%, respectively (Table 2).





4. Discussion


4.1. Concentration of Chlorophylls


One of the biochemical parameters most related to the nitrogen status in plants is the chlorophyll content, since most of N is a structural constituent of this molecule [12]. Increasing concentrations of chlorophylls coincide with the increase in the N supply in Tagetes erecta L. [26,35,36], Tagetes spp. [20]. Likewise, in other species such as pinto peanut (Arachis pintoi Krapov. & W. C. Greg.) [37], sugarcane (Saccharum spp. Hybrids) [12], Chinese wingnut (Cyclocarya paliurus [Batalin] Iljinsk.) [15], and maize (Zea mays L.) [38], increases in the concentration of chlorophylls have been observed due to N applications. Furthermore, N has an important role in the formation of chloroplasts [39] and promotes the absorption of Mg, a structural element of chlorophyll [40]. Thus, high N levels in leaf tissue may influence chlorophyll concentrations, as 50–70% of the N present in the leaves is a constituent of chlorophylls a and b, and carotenoids bound to chloroplasts, providing raw material for the Calvin cycle [41]. Photosynthesis requires a large quantity of proteins, such as Rubisco and the light-capturing complex, which represents 69–75% of N in leaves. Furthermore, 25–31% of N constitutes non-photosynthetic components such as cell wall, mitochondria, peroxisomes, and cytosol [42]. Chlorophylls a and b are essential for the primary reaction of photosynthesis. Therefore, the total chlorophyll concentration and the chlorophyll a/b ratio directly influence the photosynthetic capacity of the plant [43]. Under our experimental conditions, the highest level of N applied resulted in the highest concentration of chlorophylls, as compared to the control. This finding may explain, at least in part, the stimulated growth and flower yield observed in plants exposed to the highest N concentration in the nutrient solution (i.e., 12.6 mg N L−1) compared to the control.




4.2. Concentration of Total Carotenoids in Flowers


Carotenoids are responsible for the yellow to red coloring in flowers [44]. Contrary to what is observed in our study, in lavender flowers, high N doses caused significant increases in carotenoids [16]. In Tagetes erecta L. [35] and kale leaves, increasing N doses increased the concentration of carotenoids [13]. In parsley, increases in lutein, zeaxanthin, and β-carotene were reported when increasing the nitrogen dose [14]. Likewise, in tomato fruits, a positive relationship has been observed between the N dose and the content of total carotenoids [45] and lutein [46].



Carotenoids show qualitative differences according to organs and plant species. More than 90% of the carotenoids in Tagetes petals are lutein and its derivatives [44]. Its inflorescences are commercially valuable as a natural source of lutein pigments (yellow-orange) where they are found forming esters with different fatty acids [47]. Lutein is a natural antioxidant and main pigment present in Tagetes erecta L. [9], and this species may contain approximately 80–90% of lutein in its flowers [8].



The relative amount of nitrogen as ammonium to nitrate as a total nitrogen concentration has been stated to have a distinctive effect on carotenoid production [48]. As previously mentioned, N is the most important macronutrient in the biosynthesis of chlorophyll and carotenoids, but the application of N can produce differential effects. The inverse correlation between N concentration and carotenoids observed in this study may be due to the optimal availability of N, which plays a vital role in cell division and formation of active photosynthetic pigments [49].




4.3. Concentration of Total Phenolic Compounds in Leaves and Flowers


In this study, the difference in phenolic compounds between plant organs analyzed can be attributed to the fact that N deficiency induces photosynthesis inhibition, growth retardation, loss of chlorophyll, and leaf senescence; therefore, N deficiency stimulates the phenylpropanoid metabolism and particularly induces the accumulation of phenylalanine ammonium lyase (PAL) [50], the first enzyme that participates in this metabolic pathway and that degrades phenylalanine into ammonium and transcinnamic acid.



The flowers of Tagetes erecta are rich in phenolic compounds [7], although fertilization with N and P may reduce the ability of the plant to synthetize such molecules. Phenylalanine is a key amino acid for the synthesis of phenolic compounds, although under normal conditions, it participates preferentially in protein synthesis [51,52]. The inverse relationship between nitrogen nutrition and phenolic compounds can be explained with the protein competition model, which establishes that when biomass increases in response to high N nutrition, phenolic concentrations decrease due to increased demand of proteins for growth, and reduces the partition of carbon skeletons to phenolic compounds [53]. On the other hand, the accumulation of polyphenols might be induced by the carbon/nitrogen ratio in the plant. That is, nitrogen-based metabolites change to carbon metabolites under nitrogen-deficient conditions [54]. In Tagetes erecta plants without N supply, 22.9% increases in gallic acid concentration were recorded, compared to plants fertilized with N [7]. In lavender leaves, high doses of nitrogen fertilization produced a higher concentration of polyphenols, although in flowers, low N doses were those which stimulated the biosynthesis of said polyphenols [16], which is similar to our study in Mexican marigold flowers. Likewise, similar results were observed in wheat (Triticum aestivum L. ssp. aestivum) [55] and Kacip Fatimah [11] in response to different N supply.



However, in blueberry (Vaccinium corybosum L.), when increasing the nitrogen dose, the concentration of phenolic compounds in leaves decreased by 49% [56]. Similar reductions due to the effect of N have also been observed in sesame (Sesanum indicum L.) seeds [50]. In grape (Vitis vinifera L.), the low availability of nitrogen during flowering improved the biosynthesis of phenolic compounds, mainly flavonol glycosides [57].



Although numerous studies have investigated the influence of nitrogen fertilization on the content of phenolic compounds, the results are not conclusive due to the diversity of responses observed [58].



The higher concentration of these compounds found in flowers of some species may be due to a higher content of specialized metabolites derived from aromatic amino acids that originate particularly from phenylalanine and include benzenoids and phenylpropanoids [59].




4.4. Concentrations of Total Flavonoids in Leaves and Flowers


In Kacip Fatimah leaves a negative relationship between the applied nitrogen concentration and the total flavonoid concentration was observed. When increasing the N dose from 0 to 90 kg ha−1, the concentration of flavonoids decreased by 41.8%, while it increased by 43.8% and 57.8% when the N dose increased from 0 to 180 and from 0 to 270 kg ha−1, respectively [10,11]. In artichoke (Cynara scolymus L.), increasing levels of N stimulate growth, but reduce the concentration of total flavonoids [52], and therefore, for medicinal use, it is recommended to apply low N doses. In amaranth (Amaranthus hypochondriacus L.) stems and leaves of the Abukussa 7 variety, there was an increase in the content of total flavonoids (30.6 mg g−1 GAE) in control plants without N supply [60].



In calendula, the flowers of plants receiving the highest nitrogen doses (120 and 160 kg ha−1) had lower contents of phenolic compounds [18]. In sesame seeds, as the N dose increases, the content of total flavonoids decreases [50].



There is an inverse relationship between the concentration of flavonoids and the supply of N in plants. Under N deficiency conditions, the phenylalanine concentration increases as a result of restriction in protein synthesis [52]. The shikimate pathway provides phenylalanine not only for protein synthesis, but also for the synthesis of secondary metabolites such as flavonoids [61]. Thus, N can regulate flavonoid biosynthesis by controlling the allocation of C flux between the primary and secondary metabolism [15]. According to the hypothesis of the carbon/nitrogen balance (CNB), the concentrations of carbon-based secondary metabolites (i.e., terpenes, phenolic compounds, etc.) that only have C, H, and O in their structure are inversely correlated with the availability of N [57]. The accumulation of polyphenolic compounds could be due to the induction of defense mechanisms in plants to cope with the nutritional stress caused by N deficiency [60]. In fact, flavonoid content increases in response to N and P depletion in plants, and manipulation of these macroelements can be used to control the levels of desirable compounds and improve plant quality [61].




4.5. Antioxidant Activity in Flowers


In lavender flowers, the highest antioxidant activity was obtained with the low N dose [16]. In Indian mustard (Brassica juncea Coss) leaves, increasing the applications of N decreases the activity of the DPPH radical [17], which has also been observed in Kacip Fatimah [10], artichoke [52], and wheat [62]. In sesame seeds, the total antioxidant activity was reduced by the high level of N applied [51]. In tomato, a reduction of the inhibition of the DPPH radical from 65.40% to 40.64% was reported when increasing the levels of applied N [45].





5. Conclusions


Under our experimental conditions, N supply differentially affected the concentrations of the molecules measured and the antioxidant activity according to the concentration tested (i.e., 0.0, 4.2, 8.4, and 12.6 mg N L−1), and the organ measures (i.e., leaves or flowers). Increasing doses of nitrogen raised the concentration of the photosynthetic pigments, such as chlorophylls a, b, and total, which confirms the relationship that exists between N and the structural part of chlorophyll molecules. The concentration of carotenoids was highest with the dose of 8.4 mg N L−1 in flowers. Total phenolic compounds and flavonoids increased in leaves with doses of 12.6 mg N L−1, but decreased in flowers. The concentration of phenolic compounds and flavonoids in flowers increased with a low N dose (4.2 mg L−1). Likewise, the antioxidant activity in flowers increased with the low and intermediate level of N. In general, the concentrations of antioxidant compounds analyzed showed an inverse correlation with the nitrogen doses applied.
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Figure 1. Mexican marigold (Tagetes erecta L.) var. Inca plants treated for 30 d with different levels of N during the flowering phase. 
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Figure 2. Leaf concentrations of chlorophyll a (A), b (B), total (C) and the chlorophyll a/chlorophyll b ratio (D) in Mexican marigold (Tagetes erecta L.) var. Inca plants treated for 30 d with different levels of N in the nutrient solution during the flowering phase. Means ± SD with different letters in each variable indicate significant differences (Tukey, p ≤ 0.05) among treatments. FW = fresh weight; n = 4. 






Figure 2. Leaf concentrations of chlorophyll a (A), b (B), total (C) and the chlorophyll a/chlorophyll b ratio (D) in Mexican marigold (Tagetes erecta L.) var. Inca plants treated for 30 d with different levels of N in the nutrient solution during the flowering phase. Means ± SD with different letters in each variable indicate significant differences (Tukey, p ≤ 0.05) among treatments. FW = fresh weight; n = 4.
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Figure 3. Total carotenoids in flowers of Mexican marigold (Tagetes erecta L.) var. Inca plants treated for 30 days with different levels of N in the nutrient solution during the flowering phase. Means ± SD with different letters indicate significant differences (Tukey, p ≤ 0.05) among treatments. DW = dry weight; n = 10. 
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Figure 4. Total phenolic compounds in leaves (A) and flowers (B) of Mexican marigold (Tagetes erecta L.) var. Inca plants treated for 30 days with different levels of N in the nutrient solution during the flowering phase. Means ± SD with different letters indicate significant differences (Tukey, p ≤ 0.05) among treatments. FW = fresh weight; n = 4. 
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Figure 5. Total flavonoids in leaves (A) and flowers (B) of Mexican marigold (Tagetes erecta L.) var. Inca plants treated for 30 days with different levels of N in the nutrient solution in the flowering phase. Means ± SD with different letters indicate significant differences (Tukey, p ≤ 0.05) among treatments. DW = dry weight; n = 4. 
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Table 1. Reagent grade salts and their amounts used in the formulation of the nutrient solutions applied to Mexican marigold (Tagetes erecta L.) var. Inca seedlings in hydroponics.
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Reagent Grade Salts

	
Nitrogen in the Nutrient Solution (g L−1)




	
0

	
4.2

	
8.4

	
12.6




	
(mg L−1)






	
KH2PO4

	
6.8045

	
6.8045

	
6.8045

	
6.8045




	
Ca(OH)2

	
16.6709

	
–

	
–

	
–




	
Ca(NO3)2 4H2O

	
–

	
35.4225

	
53.1338

	
53.1338




	
MgSO4 7H2O

	
24.6470

	
24.6470

	
24.6470

	
24.6470




	
K2SO4

	
13.0688

	
13.0688

	
13.0688

	
13.0688




	
KOH

	
8.4158

	
8.4158

	
–

	
–




	
KNO3

	
–

	
–

	
15.1650

	
15.1650




	
CH4N2O

	
–

	
–

	
–

	
7.7220
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Table 2. Antioxidant activity in Mexican marigold (Tagetes erecta L.) var. Inca flowers after 30 days of treatment with different nitrogen levels.
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	Nitrogen in the Nutrient Solution (mg L−1)
	Antioxidant Activity

(μM eq. Trolox g−1 Fresh Matter)





	0
	1125.62 ± 79.4 b



	4.2
	1722.60 ± 2.8 a



	8.4
	1690.21 ± 4.2 a



	12.6
	1495.45 ± 180.8 ab







Means ± SD with different letters in each column indicate significant differences (Tukey, p ≤ 0.05) among treatments. n = 4.
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