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Abstract

:

To evaluate if the combined foliar application of nitrogen (N) and zinc (Zn) in broccoli improves the efficiency of the single Zn biofortification, five treatments were tested: (i) control; (ii) one Zn application at the beginning of flowering (0.5M1); (iii) combined 0.5M1 with N application (0.5M1N); (iv) two Zn applications, one at the beginning of the flowering and other after two weeks (0.25 + 0.25) and (v) combined 0.25 + 0.25 with N (0.25N + 0.25N). The Parthenon cultivar showed a good concentration of Ca, Fe, Mg, and Zn, with good bioavailability and glucosinolates, mainly in the florets, and high antioxidant activity and total phenols, mainly in the leaves, showing their potential not only as regards to human consumption, but also for the use of their by-products. All the studied treatments increased floret growth (19%), antioxidant capacity and total phenol content, not affecting Ca, Fe, and Mg concentrations. Glucosinolate content was mostly independent from the studied treatments, decreasing slightly in terms of glucoiberin and the Zn concentration in the florets increased in >50 mg Zn kg−1 in the split treatments and ~40 mg Zn kg−1 when the application was unique, with excellent bioavailability, measured as PA:Zn ratio. Therefore, 0.25 + 0.25 and 0.25N + 0.25N applications have been confirmed as the applications that improve more both growth and accumulation of Zn and biocompounds in broccoli.
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1. Introduction


In the last few years, species of the Brassica genus have become a key part of the human diet, owing to their richness in nutrients and bioactive compounds, and are among the ten most economically important vegetables [1]. Within the genus, broccoli (Brassica oleracea var. italica L.) has been shown to be an excellent dietary source of phytochemicals, such as glucosinolates, polyphenols, antioxidants, and essential dietary nutrients (Ca, Mg, Na, K, Fe, and Zn) [1,2,3]. Their intake is related to lower risks of developing certain types of cancer, degenerative and cardiovascular diseases, and immune dysfunction [4,5,6]. This richness, though, depends on numerous factors, such as variety, maturation, growing conditions, plant fraction, soil type, storage conditions after harvest, industrial processing, cooking, and the availability of plant nutrients [4].



Fertilization is another factor that can affect the crop’s growth and composition. Accordingly, in this study, agronomic biofortification with Zn, which involves increasing this nutrient through the use of Zn-rich fertilizers, is studied. Zinc is an essential mineral for plants and animals, including humans. In plants, Zn is used for DNA replication, protein synthesis, catalytic activity, energy transfer reactions, and chlorophyll formation [7,8]. In humans, its deficiency is associated with severe health complications, including hindered physical growth, and learning ability, neurological disorders, DNA damage, and cancer development, causing death in extreme cases [9,10]. Although Zn deficiency is considered a risk factor for disease or death around the world [11], its deficiency is estimated in at least one-third of the world’s population, and not only in developing countries but in developed ones too. One of the main causes of this is the intake of food crops grown in low-phytoavailability Zn areas, Zn-deficient soils being most widespread in agricultural lands around the world [12,13,14], such as in the southwestern Iberian Peninsula [15]. In fact, in Spain, many studies have found intakes below two thirds of 15 mg Zn kg−1 (the recommended dietary allowance (RDA)), mainly among people over 50 years old [9,16,17].



Previous studies have shown that agronomic biofortification through foliar application increases total Zn concentrations in the edible fractions of broccoli, in both deficient and adequate Zn-containing soils [2,3,18,19,20], finding increases in the yield, as well as the sulforaphane and glucosinolate contents, in broccoli following the foliar application of ZnSO4. However, information regarding the combined application of Zn with nitrogen (N), which is perhaps the major agricultural practice in crop production, has not been practically studied, despite Zn being needed to accomplish various essential processes including the metabolism of N [7,21]. Previous studies have shown the synergic effect of N on Zn biofortification efficiency in cereals [14], increasing not only plant growth but also Zn concentration, being therefore, interesting establish if the combined application could increase the Zn biofortification efficiency. However, the effects on other fodder crops, or on polyphenols, glucosinolates and antioxidant capacity, are not yet known. Therefore, the aim of the present study was to evaluate the effect of different combinations of Zn and N foliar applications on the yield and main phytochemicals in broccoli including mineral bioavailability, polyphenols, glucosinolates, and antioxidant capacity in the different broccoli fractions.




2. Materials and Methods


2.1. Soil Preparation for Pot Experiment


Zinc-deficient sandy soil was collected from the area of the Tierra de Barros region in western Spain (38°88′ N, 7°04′ W; 186 m above sea level). The soil was air-dried and sieved to < 5 mm. Four subsamples of the sieved soil were analyzed, showing pH 6.5 ± 0.1 (mean ± standard error) (10 g soil:25 mL deionized H2O), and the extractable Zn in the soil was 0.35 ± 0.03 mg kg−1, which was extracted with DTPA (diethylenetriamine penta acetic acid) [22] and determined by inductively coupled plasma mass spectrometry (ICP-MS) (Thermo Fisher Scientific iCAPQ, Bremen, Germany). A certified soil reference material for quality assurance, as well as blanks, were included in each batch of samples. All results are reported on a dry weight basis. To ensure Zn was the only nutrient limiting growth, the following basal nutrients (in mg kg−1) were added to the soil as solutions and mixed thoroughly: 767 KH2PO4; 1189 K2SO4; 341 MgSO4·7H2O; 809 NH4NO3; 1278 CaCl2·2H2O; 85 MnSO4·H2O; 17 CuSO4·5H2O; 4.3 CoSO4·7H2O; 1.7 Na2MoO4·2H2O; and 6.0 H3BO3. Extra quantities of 95.2 mg NH4NO3 kg−1 were applied every three weeks to avoid N deficiencies.




2.2. Experimental Setup


The experiment was arranged in a completely randomized design with four replications. The Zn treatments comprised the following: (i) the foliar application of distilled water spray (control); (ii) the foliar application at 0.5% (w/v) of ZnSO4·7H2O at the beginning of flowering (0.5M1); (iii) a combined 0.5 M1 treatment with 27% (w/v) N diluted in 0.4% calcium ammonium nitrate (CAN) at the beginning of flowering (0.5M1N); (iv) the foliar application of 0.25% (w/v) ZnSO4·7H2O both at the beginning of the flowering and after two weeks (0.25 + 0.25); and (v) the combined 0.25 + 0.25 treatment with 27% N diluted in 0.4% (w/v) CAN at the beginning of flowering and after two weeks (0.25N + 0.25N). The volume of sprayed solution was 15 mL, sufficient to wet the whole plant.



Seeds of broccoli (Brassica oleracea var. italica L.) cv. Parthenon were surface-sterilized and sown in a seedbed containing commercial substrate. After four weeks, the plants were transplanted into 30 cm high and 30 cm wide free-draining pots containing 8.5 kg soil (one plant per pot). During the experiment, soil moisture was maintained around 60% of the water holding capacity by watering the plants every two days with deionized water. The plants grew between 1December 2018 and 27 March 2019 in a naturally lit glasshouse located at the School of Agronomy Engineering, University of Extremadura, Badajoz, Spain (38°89′ N, 6°97′ W; 186 m above sea level).




2.3. Plant Analysis


The plants were harvested at maturity, 12 weeks after transplanting. The aerial fractions were cut just above the soil surface and were washed with deionized water, and their heights were measured. Florets, stems, and leaves were separated, and the height, maximum diameter (D) and minimum diameter (d) of each floret was measured. Finally, the florets were separated from the stems and leaves, weighted, and air-dried at 60 °C for 72 h in a forced-air cabinet until a constant weight was achieved. The total Zn, Ca, Fe, and Mg concentrations were determined in each fraction by ICP-MS (as described above) after the plant material was digested in a heated mixture of concentrated nitric and perchloric acids, following the methodology described by Gomez-Coronado et al. [14]. Two operational blanks and two samples of certified reference material (CRM; tomato leaf SRM 1573a NIST, Gaithersburg, MD, USA) were included in each digestion run. The digested was determined by ICP-MS being the Zn-specific recovery from CRMs of 95%. To estimate the bioavailability of Zn, Ca, Fe, and Mg, phytic acid (PA) was measured in the stems, leaves, and florets as described by Reason et al. [23] using a PA-total phosphorus assay kit (Megazyme, County Wicklow, Ireland). Molar ratios of phytic acid to Zn, Ca, Fe, and Mg were estimated using a 65% P conversion ratio, and by subsequently dividing by the respective Zn, Ca, Fe, and Mg concentrations.




2.4. Total Phenolic Compounds


Phenolic compounds were extracted as described by Casquete et al. [24]. Briefly, 10 g of each sample was homogenized with 60 mL of solvent (80% aqueous ethanol, containing 1% concentrated HCl), followed by mixing for 1 h in the absence of light at room temperature (25 °C) and filtering. This process was repeated twice. Excess ethanol was removed by heating at 37 °C in a rotary evaporator in a vacuum, and assessed for the final known volume. The total phenolic content was measured spectrophotometrically (λ 760 nm) using Folin–Ciocalteu reagent, and the results were expressed as equivalent of gallic acid (mg GAE 100 g−1 of dry plant material).




2.5. Determination of the Total Antioxidant Activity


Total antioxidant activity was determined by DPPH and ABTS assays. The ability to eliminate the free radical of 2,2-diphenyl-1-picrylhydrazil (DPPH) was assessed following the method of Teixeira et al. [25]. The absorbance was read spectrophotometrically at 515 nm after 30 minutes in the dark, using Trolox (6-hydroxy-2,5,7,8-tetramethylcromano-2-carboxylic acid) as the external standard. The ABTS radical scavenging test (2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)) was carried out as described by Cano et al. [26]. Briefly, 40 μL was taken from the extract to be determined and reacted with 2 mL of ABTS. Previously, a calibration line had been drawn up using Trolox as the standard. The initial absorbance value at λ 730 nm was then compared with the absorbance obtained after 20 min of reaction. The results were expressed as mg Trolox 100 g−1 D.M.




2.6. Glucosinolates


The samples (0.5 g) were boiled in 10 mL of distilled water for 5 min and then filtered through a 0.25 μm filter. The extracts were reconstituted to a final volume of 50 mL. The separations were carried out in an automated Agilent 7100 EC-DAD system (Agilent, Waldbronn, Germany). The used separation buffer was 50 mM SDS in 25 mM tetraborate, at pH 9, according to the method reported by Lee et al. [27]. Uncoated fused silica capillaries of 75 μm inner diameter and 57 cm total length (50 cm detector opening) were used (Supelco, Tecknocroma, Barcelona, Spain). The separation voltage was 263 V/cm (15 kV) at 25 °C and the wavelength was 230 nm. Samples were injected under pressure (0.5 psi) for 6 seconds. The glucosinolate spectra were monitored from 190 to 600 nm (λmax at 230 nm), and the peaks were identified using corrected migration times and spectra.




2.7. Statistical Analysis


While the plant determinations were subjected to one-way ANOVA for each of the Zn treatments (control, 0.5M1, 0.5M1N, 0.25 + 0.25, 0.25N + 0.25N), the mineral concentrations, the molar ratios of phytic acid and different minerals, the total antioxidant activity, the total phenol content, and the glucosinolates were subjected to two-way ANOVA, also examining the broccoli fractions (stem, leaves, and florets) for their interaction with Zn treatment in the model. When significant differences were found, the means were compared using Fisher’s protected least significant difference (LSD) test at p < 0.05. All analyses were performed using Statistix v. 8.10 for Windows 10 (Analytical Software, Tallahassee, USA).





3. Results and Discussion


3.1. Effect of Zn and N Treatments on Broccoli Growth


All the measured weights, i.e., plant, floret, and stem weight, were significantly affected by the applied treatment (Table 1). In fact, the floret (as well as the plant weight), the most important parameter from the farmers’ point of view, increased significantly under all the studied treatments. The application of 0.5% (w/v) ZnSO4·7H2O alone caused a significant increase of 19.2% in the florets compared to the control (11% increase in plant weight). This increase was higher than those found by Slosar et al. [10] following the foliar application of 750 g ha−1. The increases were even greater in 0.5M1N, 0.25 + 0.25, and 0.25N + 0.25N, with increases of 41.5%, 33.8%, and 29.2%, respectively, (25.6%, 20.6%, and 22.2%, respectively, for plant weight) compared with the non-fertilized ones, with a slightly higher, although not significant, floret heights and floret diameters (D and d) measured in those treatments. These major weights could be explained on the one hand, for a better plant utilization when ZnSO4 is split into two applications, because its high solubility [28], and on the other hand, because of the positive and synergistic effect of N with Zn already found by Gomez-Coronado [14]. Rivera-Martin et al. [19] reported less increase with applications like the 0.25 + 0.25 treatment, but the Green Top cultivar growth seems to be more independent of the low bioavailable Zn soil content. This increase is very interesting, as it will allow farmers to cover the extra costs involved in implementing a biofortification program.




3.2. Phytochemicals in the Different Broccoli Fractions


While the total Ca measured was significantly higher (more than twofold) in the leaves than in the stem and florets, the total Fe content in florets was 1.44- and 1.71-fold higher than in the leaves and stems, respectively. The total Mg was also significantly higher in the florets than in the stems (5.3%), and was significantly higher than in the leaves, by 45.0%. The total Zn was significantly higher in both florets and leaves (~80.7 mg kg−1) than stem (15.8 mg kg−1) (Table 2). Liu et al. [29] also detected higher concentrations of Fe, Mg, and Zn in the florets, and of Ca in the leaves. Kaluzewicz et al. [30] found ranges in the florets between 2.2 and 4.4 g Ca kg−1, 29 and 48.9 mg Fe kg−1, 1.87 and 2.95 g Mg kg−1, and 43.3 and 65.4 mg Zn kg−1 in ten broccoli cultivars. Recently, Rivera-Martin et al. [19] analyzed stems and leaves together, finding higher values of Ca (12.0 g Ca kg−1) but lower values of Fe (25.0 mg Fe kg−1), and in the florets, they found 2.4 g Ca kg−1 and 40 mg Fe kg−1. Regarding Mg, the values found were similar for stem but were lower in the florets (1.0 g Mg kg−1), and regarding Zn, the values in the stems and leaves were higher, at 47.6 mg Zn kg−1, but were lower in florets and leaves, at 39.3 mg Zn kg−1.



Nutrient bioavailability is directly related to the presence of the so-called phytate (myo-inositol-1,2,3,4,5,6-hexakis dihydrogen phosphate), which is a strong chelator of minerals such as Zn, Ca, Fe, and Mg, and its anti-nutritional effect is caused by human digestion’s inability to degrade it [31]. The nutrient bioavailability was generally greater in the florets, and they therefore had lower bioavailability, whereas the leaves had lower values (Table 2). Rivera-Martin et al. [19] found similar values for PA; in the florets, they found lower PA:Ca, PA:Fe, and PA:Mg ratios, but the phytate:Zn ratio was about two times higher. Once again, the strong effect of the cultivar can explain this, as Kaluzewicz et al. [30] pointed out. In any case, all the molar ratios, except for PA:Zn, were lower than their respective thresholds of 0.24 for PA:Ca [32], 10 for PA:Fe [33], and 0.2 for PA:Mg [34], and they therefore had very good bioavailability. In the case of PA:Zn, only the stem exceeded the threshold of 15 established by Gibson [35].



The antioxidant capacity measured by both ABTS and DPPH analysis displayed higher values in the leaves than in the stems and florets (with significant higher DPPH in the floret than in the stem). In agreement with Casquete et al. [24], the higher values found for ABTS by DPPH may indicate a relative difference in the ability of the antioxidant compounds in the extracts to quench aqueous peroxyl radicals [36]. The total phenols followed the sequence leaves > stem > floret, with respective reductions of 15.8 and 27.4% for the latter two compared to the leaves. Liu et al. [29] also found the highest antioxidant activities and total phenolic concentrations in the leaves—more than 45% and 2.3 %, respectively, higher than in stems and florets. However, the levels of glucosinolates were generally higher in florets; on average, they were more than four times more abundant than in the stem and leaves, while glucoiberin was about three times more abundant and the other found glucosides were 4.8 times more abundant (Table 2). Liu et al. [29] also found higher concentrations (~3.9-fold) in florets, glucoraphanin being the major glucosinolate in all the broccoli tissues, representing 32.5% of total glucosinolates in the florets, which was similar to that in the leaves (27.5%) but lower than that in the stems (48.9%). More recently, Li et al. [37] found a wide range when characterizing glucosinolates in 80 broccoli genotypes, and glucoraphanin represented 29% of the total glucosinolate content.



All these data highlight both the nutritional richness of all broccoli fractions, with a very high bioavailability, and the considerable quantity of health-promoting compounds, particularly in the florets. Regardless, the leaves and stems, which make up 40% of the total biomass, should be taken into account to increase the utility of broccoli by-products.




3.3. Effect of Zn and N Treatments on Broccoli Nutritional Composition


The studied treatments and fraction–treatment interaction only significantly affected the total Zn concentration and the PA:Zn molar ratio (Figure 1).



In the non-fertilized pots, the Zn concentrations (10.8, 12.3, and 39.1 mg Zn kg−1 in leaves, stem, and floret, respectively) were higher than those found by Slosar et al. [18] and Rivera-Martin et al. [19] but were lower than those obtained by Kaluzewicz et al. [30] and Liu et al. [29]. This pointed out the high influence of the cultivar on mineral accumulation. The described application over two instances promoted Zn accumulation in all the broccoli fractions, independently of whether this was combined with N or not. Thus, it is more efficient to divide the same amount of ZnSO4 split in two, from the floret appearance, than to apply once only. The average rise was 3.6-fold compared to the control, i.e., more than 50 mg Zn kg−1, representing an increase with a measurable biological impact on human health [10]; the increase was ~40 mg Zn kg−1 when the application was unique (i.e., 0.5M1 and 0.5M1N). These increases were higher than those measured by Rivera-Martin et al. [19] with two applications of 0.25 (w/v) ZnSO4, but in another cultivar maybe less efficient. The expected synergistic effect of the Zn and N combination on Zn accumulation was only found in florets following the 0.25N + 0.25N treatment, which reached a total concentration of 123.4 mg kg−1 (Figure 1A). Zhao et al. [38] and Erenoglu et al. [39] attributed an increased accumulation of Zn since the supply of enough amounts of N increases the grain protein contents, which are positively correlated with grain Zn contents. Regarding bioavailability, measured as PA:Zn, the stems showed the worst bioavailability, with ratios always above the threshold of 15. The leaves and florets exceeded the limit only in the control treatment, decreasing significantly in all the treatments, and more markedly in the leaves than in the florets, where both the 0.25 + 0.25 and 0.25N + 0.25N treatments produced the best bioavailabilities (Figure 1B). Therefore, the efficiency of Zn biofortification in broccoli is high, not only because of the good accumulation but also given the good Zn bioavailability. It should not be forgotten that the application of Zn did not cause a decrease in any of the minerals studied, or affect their availability.




3.4. Effect of Zn and N Treatments on Broccoli Antioxidant Capacity and Total Phenol Content


The antioxidant capacity in the non-fertilized pots, measured through ABTS and DPPH assays, were 87.1, 51.2, and 71.0 mg Trolox 100 g−1, respectively, in the leaves, stem, and florets, under ABTS, and were respectively 23.9, 11.3, and 9.9 mg Trolox 100 g−1 under DPPH (Figure 2A,B). The treatments with 0.5 M1N and 0.5 M1 under ABTS, and all the treatments, particularly 0.25 + 0.25 under DPPH, significantly increased the antioxidant activity compared to the control. Slosar et al. [18] found slight but significant decreases in the antioxidant activity in broccoli, of between 3.7 and 7.0%, because of the Zn foliar application. Regarding total phenol content, again, all the treatments increased it significantly, in the sequence 0.25N + 0.25N > 0.25 + 0.25 = 0.5M1 > 0.5M1N > control, with a maximum difference of 62.3%. The higher contents, because of the studied foliar Zn and/or N applications, contradict the results of Slosar et al. [10], who reported an average decrease between 11% and 35% due to the foliar Zn application, but agree with Salama et al. [40] for maize. The positive effect of both splitting the application and combining it with N is therefore confirmed.




3.5. Effect of Zn and N Treatments on Broccoli Glucosinolates


In the non-fertilized pots, the values in the florets of glucoraphanin, glucoiberin, other glucosides, and total glucosinolates were 10.85, 1.87, 14.7, and 27.42 mg kg−1, respectively. Only glucoiberin was statistically affected by Zn, with the average result achieved by the 0.25 + 0.25 treatment being 0.70 mg kg−1 (this being the treatment with the lowest content), and the 0.5 M1 treatment achieving 0.89 mg kg−1, this being the highest, but without significant differences from the other treatments. However, the interaction (Figure 3) stands out in florets, the decrease caused by all the studied treatments being in the leaves 0.5M1, the unique treatment giving statistically different results from the control. The rest of the fractions were not affected by any of the treatments, a result, contrary to that of Coolong and Randle [41], who found a direct correlation between Zn application and the content of glucoraphanin.





4. Conclusions


The present study showed that the Parthenon cultivar is a healthy food, with florets rich in Fe, Mg, and Zn, with high bioavailability due to their respective low phytate molar ratios and good total glucosinolate contents. It had a high efficiency for agronomic biofortification with Zn, with the 0.25 + 0.25 treatment, and especially the 0.25 N + 0.25 N treatment (giving rise to the synergistic effect of N on Zn) standing out in terms of both plant and floret growth, and both causing an accumulation of up to 50 mg Zn kg−1 in the floret, as well as a higher total phenol content and without impaired any of the glucosinolates, being therefore, the recommended treatments.
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Figure 1. Total Zn (mg kg−1) (A) and PA:Zn molar ratio (B) ± standard error of the mean. Vertical bars represent LSD (p < 0.05) for comparison. LSDF: same broccoli fraction; LSDZn: same Zn treatment. Different letters represent a significant difference at the p < 0.05 level for each broccoli fraction and Zn treatment. 
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[image: Agronomy 11 00548 g001]







[image: Agronomy 11 00548 g002 550] 





Figure 2. ABTS (A), DPPH (B), and total phenols (C) ± standard error of the mean. Vertical bars represent LSD (p < 0.05) for comparison. LSDF: same broccoli fraction; LSDZn: same Zn treatment. Different letters represent a significant difference at the p < 0.05 level for each broccoli fraction and Zn treatment. 






Figure 2. ABTS (A), DPPH (B), and total phenols (C) ± standard error of the mean. Vertical bars represent LSD (p < 0.05) for comparison. LSDF: same broccoli fraction; LSDZn: same Zn treatment. Different letters represent a significant difference at the p < 0.05 level for each broccoli fraction and Zn treatment.
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Figure 3. Glucoiberin ± standard error of the mean. Vertical bars represent LSD (p < 0.05) for comparison. LSDF: same broccoli fraction; LSDZn: same Zn treatment. Different letters represent a significant difference at the p < 0.05 level for each broccoli fraction and Zn treatment. 
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Table 1. Broccoli growth characteristics under different agronomic Zn biofortification treatments (plant and floret heights and weights, maximum (D), and minimum (d) diameters), and leaves and stem weights mean ± standard error of the mean; F-values are derived following a one-way analysis of variance for Zn treatments.






Table 1. Broccoli growth characteristics under different agronomic Zn biofortification treatments (plant and floret heights and weights, maximum (D), and minimum (d) diameters), and leaves and stem weights mean ± standard error of the mean; F-values are derived following a one-way analysis of variance for Zn treatments.





	Zn Treatment
	Plant Height (cm)
	Plant Weight

(g)
	Floret Height (cm)
	Floret Weight

(g)
	D (cm)
	d (cm)
	Leaves

Weight (g)
	Stem Weight

(g)





	Control
	28.4 ± 1.7
	70.2 ± 2.9c
	11.3 ± 0.7
	39.0 ± 1.4c
	7.5 ± 0.2
	6.7 ± 0.6
	19.0 ± 1.4
	12.2 ± 0.5bc



	0.5M1
	26.7 ± 0.7
	77.9 ± 4.1b
	11.9 ± 0.6
	46.5 ± 3.4b
	7.6 ± 0.2
	6.9 ± 0.4
	20.0 ± 0.9
	11.5 ± 0.7c



	0.5M1N
	29.8 ± 0.4
	88.2 ± 2.9a
	12.6 ± 0.4
	55.2 ± 3.5a
	7.9 ± 0.4
	6.8 ± 0.3
	19.6 ± 0.4
	13.6 ± 0.6ab



	0.25 + 0.25
	29.9 ± 1.5
	84.7 ± 1.4ab
	13.8 ± 1.2
	52.2 ± 0.9ab
	7.7 ± 0.3
	6.8 ± 0.3
	19.5 ± 0.6
	13.0 ± 0.1abc



	0.25N + 0.25N
	28.7 ± 1.5
	85.8 ± 2.8a
	12.5 ± 1.1
	50.4 ± 2.0ab
	8.0 ± 0.5
	7.3 ± 0.4
	21.2 ± 1.2
	14.2 ± 0.5a



	F-value
	1.5
	8.2 ***
	1.5
	8.5 ***
	0.5
	0.4
	0.59
	3.8 *







Means in a column with different letters were significantly different (* p < 0.05; *** p < 0.001) according to the Fischer’s protected LSD (least significant difference) test for the Zn treatment.
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Table 2. Total broccoli Ca, Fe, Mg, Zn, phytic acid (PA), PA:mineral molar ratios, ABTS, DPPH, total phenols, glucoraphanin, glucoiberin, other glucosides and total glucosinolates under the different broccoli fractions (mean ± standard error of the mean; F-values derived following a one-way analysis of variance for the broccoli fraction).






Table 2. Total broccoli Ca, Fe, Mg, Zn, phytic acid (PA), PA:mineral molar ratios, ABTS, DPPH, total phenols, glucoraphanin, glucoiberin, other glucosides and total glucosinolates under the different broccoli fractions (mean ± standard error of the mean; F-values derived following a one-way analysis of variance for the broccoli fraction).





	Parameter
	Leaves
	Stem
	Floret
	F-value (Part)





	Total Ca (g kg−1)
	9.5 ± 0.03a
	4.3 ± 0.01b
	3.8 ± 0.02b
	194.2 ***



	Total Fe (mg kg−1)
	41.6 ± 3.2b
	35.0 ± 2.7b
	60.0 ± 1.7a
	27.3 ***



	Total Mg (g kg−1)
	0.9 ± 0.02c
	1.9 ± 0.03b
	2.0 ± 0.07a
	199.9 ***



	Total Zn (mg kg−1)
	80.6 ± 8.7a
	15.8 ± 0.6b
	80.8 ± 7.6a
	392.2 ***



	PA (g kg−1)
	2.46 ± 0.02c
	4.05 ± 0.02b
	7.30 ± 0.01a
	23,353.9 ***



	PA:Ca
	0.016 ± 0.001c
	0.058 ± 0.001b
	0.125 ± 0.008a
	145.5 ***



	PA:Fe
	0.55 ± 0.03b
	1.07 ± 0.07a
	1.05 ± 0.03a
	43.5 ***



	PA:Mg
	0.103 ± 0.001b
	0.080 ± 0.001c
	0.133 ± 0.004a
	76.6 ***



	PA:Zn
	6.56 ± 1.92c
	26.07 ± 1.10a
	10.56 ± 1.06b
	641.2 ***



	ABTS (mg Trolox 100g−1)
	86.8 ± 2.7a
	67.2 ± 4.1b
	70.6 ± 4.8b
	45.1 ***



	DPPH (mg Trolox 100g−1)
	27.9 ± 3.9a
	13.2 ± 2.4c
	19.3 ± 3.2b
	69.3 ***



	Total phenols (mg GAE 100g−1)
	106.0 ± 5.1a
	89.3 ± 3.3b
	77.0 ± 4.7c
	29.5 ***



	Glucoraphanin (mg kg−1)
	2.58 ± 0.21b
	2.62 ± 0.11b
	11.36 ± 0.26a
	7385 ***



	Glucoiberin (mg kg−1)
	0.35 ± 0.03c
	0.63 ± 0.023b
	1.55 ± 0.09a
	56.5 ***



	Other (mg kg−1)
	3.45 ± 0.16b
	3.52 ± 0.25b
	16.68 ± 0.73a
	302.3 ***



	Total glucosinolates (mg kg−1)
	6.38 ± 0.25b
	6.78 ± 0.23b
	29.60 ± 0.23a
	685.1 ***







Means in a column with different letters were significantly different (*** p < 0.001) according to the Fischer’s protected LSD (least significant difference) test for the Zn treatment.
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