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Abstract

:

Cruciferous vegetables (Brassicaceae family) are a rich source of phytochemicals, in particular glucosinolates (GLS) and their hydrolysis products, isothiocyanates and nitriles. These phytochemicals may act as chemosensors, attracting insects, such as Pieris rapae, and stimulating oviposition. There is a lack of information on the concentrations of isothiocyanates and nitriles when an insect affects a Brassicaceae plant. In the current study, some GLS hydrolysis products were determined in healthy and Pieris rapae-infected organic cultivated broccoli plants, as well as the infesting insects’ larvae, using gas chromatography-mass spectrometry (GC-MS). This study investigated the following phytochemicals: phenethyl isothiocyanate (PEITC), erucin (ER), 3-(methylthio)propyl isothiocyanate (3MIC), and 1-cyano-4-(methylthio)butane (5MITN). All these components were quantified in the aerial and underground parts of the plants and were found in high concentrations in the roots. Among the phytochemicals studied, 5MITN presented the highest concentration in all the broccoli samples but was especially high in the stalks of the infected plants. Moreover, the analysis of a sample of Pieris rapae larvae, fed from the hosted broccoli, revealed the presence of PEITC and ER. These findings indicate that the infestation of broccoli with Pieris rapae may affect the distribution of PEITC, ER, 3MIC, and 5MITN throughout the plant. An extension of our study to conventional cultivated broccoli showed that the roots are indeed rich in GLS hydrolysis products.
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1. Introduction


Broccoli (Brassica oleracea var. italica) is an economically important vegetable that is widely grown in many countries [1]. It belongs to the Brassicaceae family and is a relative of cauliflower, cabbage, Brussels sprouts, and kale. Nowadays, broccoli can be considered functional food due to the presence of phytochemicals in it, such as glucosinolates (GLS) [2], which have the potential to protect and promote human health beyond basic nutrition [3].



GLS are sulfur β-glycosides, which can be hydrolyzed via the action of the enzyme myrosinase (EC 3.2.3.1) to produce aglycon products. Depending on the pH, temperature, and concentration of Fe2+, the majority of these aglycon products are isothiocyanates (ITCs) and nitriles [4,5]. GLS are not bioactive compounds by themselves, but their hydrolysis products have been demonstrated to exhibit human and plant chemo-preventive activities [6,7,8]. Ιsothiocyanate sulforaphane (SFN, 1-isothiocyanato-4-(methylsulfinyl)-butane] (Figure 1) has attracted considerable attention in research for its bioactivities [9]. It originates from glucoraphanin and exhibits anticarcinogenic properties by inducing phase II detoxification enzymes in humans; it is also considered as a histone deacetylase inhibitor. SFN exhibits strong inhibitory effects against plant pathogenic bacteria, and antifungal activity. However, several other isothiocyanates, such as phenylethyl isothiocyanate (PEITC), erucin (ER, 4-methylthiobutyl isothiocyanate), and iberverin (3-methylthiopropyl isothiocyanate (3MIC)) are also present in broccoli [3]. ER, which is derived from GLS glucoerucin, exhibits antioxidant activity in experimental models [10], participates in the Nrf2 detoxification pathway [11], and shows protective activity against prostate cancer [12]. In addition, ER has been shown to suppress the activity of some fungi [13]. PEITC, the GLS gluconasturtiin hydrolysis product, is an inhibitor of cytochrome P450 2E1 [14] and exhibits antiobesity and antihepatosteatosis activities [15]. PEITC also suppresses the microsclerotia of Verticillium dahliae [16] and presents antifungal activity [17]. 3MIC, a homolog of ER, is the hydrolysis product of glucoiberverin, showing strong antibacterial activity against Klebsiella pneumoniae [18].



Contrarily, the nitriles generated from GLS hydrolysis may be harmful to human health. They could cause kidney, thyroid, and liver dysfunctions, as well as behavioral and neurological disorders. Indole-3-acetonitrile (I3CN) (Figure 1) originates from glucobrassicin, which may also produce indole-3-carbinol (I3C) (Figure 1). I3C is one of the major anticancer substances found in Brassica vegetables with chemo-preventive potential in hormone-dependent tumors [19]. Erucin nitrile (5MITN, 1-cyano-4-(methylthio)butane) may also be generated from glucoerucin, and it is responsible for the characteristic aroma observed in all specimens and especially in the roots of broccoli [20]. It also has potential activity as phytoalexin. The structures of these main GLS hydrolysis products mentioned above are shown in Figure 1.



Great attention has been paid to the detection and quantification of ITCs and nitriles in the florets of Brassica plants [21,22,23] and broccoli sprouts [24,25]. The levels of sulforaphane, PEITC, and ER have been recently quantified in raw and microwaved broccoli [26]. Also, GLS and GLS hydrolysis products in radish roots have been determined in parallel with a targeted gene expression analysis of their biosynthesis [27]. However, the majority of the research on the analysis of ITCs and nitriles has mainly referred to florets and sprouts, while data on the composition of such components in roots and stalks are limited.



Insect pests may have destructive consequences for broccoli production [28]. One such pest is the cabbage white butterfly (Pieris rapae.) The insect larvae attach to the underside of the leaves, chewing on the leaves and damaging the broccoli heads. In the Brassicaceae family, GLS act as chemosensors, adopting the roles of food stimulants and mediators of oviposition for Pieris rapae and Pieris brassicae larvae [29,30]. The activity of several GLS in the stimulation of oviposition has been studied [31], and later on, a series of chemosensory ablations showed that the feeding stimulation of Pieris rapae by gluconastrutiin was mediated by one set of taste sensilla, the sensilla styloconica [32]. Furthermore, the indole and aromatic types of GLS, such as gluconasturtiin and glucobrassicin, function as spawning markers for adult females [33,34]. Currently, there is a lack of information on the concentration levels of GLS hydrolysis products, generated as a result of an insect infecting a Brassicaceae plant. Quantifying these secondary metabolites may promote a clearer understanding of the chemical strategies adopted by Brassicaceae to attract and repel insects. A study of the distribution of GLS hydrolysis products in aerial and underground parts of insect-infected broccoli plants would therefore be valuable and could shed light on the fascinating defense mechanisms of these plants.



The aim of the present study was the determination of the contents of PEITC, ER, 3MIC, and 5MITN in the aerial (florets, stalks, leaves) and underground (roots) parts of healthy and Pieris rapae-infected organic cultivated broccoli plants, using gas chromatography-mass spectrometry (GC-MS), in an effort to understand how such a pest infection may modify the metabolism of GLS. In addition, a sample of Pieris rapae larvae, fed from the hosted organic cultivated broccoli, was analyzed to understand if PEITC, ER, 3MIC, and 5MITN were present in the larvae’s body. Finally, roots collected from conventional broccoli fields were evaluated using GC-MS for their contents of PEITC, ER, 3MIC and 5MITN.




2. Materials and Methods


2.1. Reagents and Materials


ER, 5MITN, 3MIC, and PEITC were purchased from Cayman Chemical (Ann Arbor, MI, USA), Biosynth AG (Staad SG, Switzerland), Alfa Aesar (Ward Hill, MA, USA), and Acros Organics (Geel, Belgium), respectively. Dichloromethane was of analytical grade and purchased from Sigma–Aldrich Chemical Co. (St. Louis, MO, USA). A Heidolph 2 rotary evaporator (Heidolph Instruments GmbH & Co.KG, Schwabach, Germany) and Whatman filter paper grade 1 (Whatman Ltd., Maidstone, UK) were used for the preparation of extracts.




2.2. Standard Solutions


Stock solutions of PEITC, ER, 3MIC, and 5MITN (1000 mg/L) were prepared in dichloromethane and stored in dark glass containers at −20 °C.




2.3. Sampling


Organic cultivated broccoli plants, Brassica oleracea L. var. italica Plenck (Monrello), were grown in the Agricultural University of Athens field (37°59′2″ N 23°42′19″ E) until florets were ready for human consumption. Roots (R1 and R2), stalks (S1 and S2), leaves (L1 and L2), and florets (F1 and F2) from Pieris rapae-infected and healthy plants, respectively, were harvested. Roots (R3 and R5) from conventional cultivated nonfertilized plants were collected from Agrinio (38°37′47″ N 21°24′42″ E) and Vassilika (38°58′2″ N 23°21′23″ E), respectively. Roots (R4) from conventional cultivated, fertilized with nitrogen–sulfur plants were collected from a local producer field in Argos (37°39′38″ N 22°42′19″ E). All the samples were lyophilized and, after grounding to a fine homogenous powder, were stored at −20 °C until they were analyzed.




2.4. GLS Hydrolysis and Extraction Conditions


Hydrolysis of GLS was conducted according to the method previously described by Kokotou et al. [35] with some modifications. A total of 20 mL of McIIvaine buffer (0.2 M Na2HPO4 (16.47 mL), 0.1 M citric acid (3.53 mL)] (pH 7.0) was added into 1 g of dry tissue and the mixture was incubated in a water bath for 3 h at 45 ± 3 °C. After addition of 30 mL dichloromethane, the mixture was stirred for 15 min and then filtered using a Buchner funnel equipped with Whatman filter paper grade 1. The solid residue was extracted twice with 40 mL dichloromethane. The filtrates were combined into a separation funnel for the removal of the excess water and were dried with 1 g of anhydrous sodium sulfate. The solvent was then evaporated to dryness at 35 °C under vacuum, on a rotary evaporator, and dissolved in 1 mL dichloromethane for GC-MS analysis. The determination was performed in triplicates.



Pieris rapae larva was lyophilized and was then treated as described for broccoli tissues to prepare the sample for analysis.




2.5. Analysis of Glucosinolate Hydrolysis Products


2.5.1. GC-MS Method


PΕITC, ER, 3MIC, and 5MITN were analyzed using a DSQ II mass selective detector coupled with a THERMO GC ULTRA gas chromatograph (Thermo Scientific Inc., Waltham, MA, USA), without autoinjector. The samples (1 μL) were injected in splitless mode. A capillary column, Restek Rtx-5MS (30 m × 0.25 mm × 0.25 μm) (Restek, Bellefonte, PA, USA), was used. The program used was according to Ciska et al. [36]. Oven temperature was initially set at 35 °C for 5 min, then increased to 210 °C (8 °C/min) and maintained for 10 min. Injector and transfer line temperatures were 210 °C and 240 °C, respectively. Mass spectra were obtained via electron ionization (EI) over the range of 35–550 m/z. Ion source temperature was 230 °C, and electronic impact energy was 70 eV. The identification of compounds was based on their retention time and the EI fragmentation pattern, using standard solutions and comparison of their mass spectra, existing in libraries (Adams 07, Nist 98, Wiley 275). The data were analyzed using the program Thermo Xcalibur 2.2.44 (Thermo Scientific Inc., Waltham, MA, USA).




2.5.2. Validation, Linearity, and Detection Limits


For quantitation, the standard solutions were prepared for ER and PEITC at concentrations of 0.1–12 mg/mL (3 replicates; 10 levels (0.1, 0.3, 0.5, 0.8, 1, 2, 3, 5, 8, 12 mg/L); n = 3 × 10), for 3MIC at concentrations of 0.1–5 mg/mL (3 replicates; 8 levels (0.1, 0.3, 0.5, 0.8, 1, 2, 3, 5 mg/L); n = 3 × 8), and for 5MITN at concentrations of 10–120 mg/mL (3 replicates; 8 levels (5, 10, 20, 40, 60, 80, 100, 120 mg/L); n = 3 × 8) in dichloromethane. A reference curve for each compound was constructed The limits of detection (LOD) and quantification (LOQ) in the reference curves were calculated based on the following equations: LOD = 3.3 × Sa/b and LOQ = 10 × Sa/b, where Sa is the standard deviation, and b is the slope. Excellent linearity between the peak area of the analytes (y) and the corresponding concentration (x) was obtained. The correlation coefficient (R2), LOD, and LOQ were 0.991, 0.18 mg/L, and 0.53 mg/L for PEITC; 0.999, 0.07 mg/L, and 0.20 mg/L for ER; 0.993, 0.09 mg/L, and 0.27 mg/L for 3MIC; 0.995, 2.29 mg/L, and 6.93 mg/L for 5MITN, respectively.






3. Results


3.1. Broccoli Plants


The botanical parts of the broccoli used in the present study were the florets, stalks, leaves (aerial part), as well as roots (underground part). The broccoli plants grew 60–90 cm tall, forming upright and branching, thick green stalks carrying leathery, oblong, gray-blue to green rosette basal leaves. Florets are the dense green edible clusters of flower buds, located at the end of the central axis and the branches (stems). The parts of the plant commonly consumed by humans are the florets and the upper stem, which form the head of the broccoli. Broccoli leaves and large stalks are not usually commercially utilized, and they are considered agro-industrial by-products.




3.2. Extraction of Isothiocyanates PEITC, ER, 3MIC, and Nitrile 5MITN from Broccoli Samples, and Determination via GC-MS


Among the various solvents (methanol, methyl tert-butyl ether, dichloromethane, chloroform, and ethanol) that have been used for the extraction of ITCs and nitriles from the Brassicaceae family plants [37], dichloromethane was chosen and used, since it is a common, nonpolar solvent.



GC-MS was used for the analysis of PEITC, ER, 3MIC, and 5MITN in broccoli tissues. To date, for the vast majority of methods used for the analysis of ITCs, high-performance liquid chromatography (HPLC) has been employed. An ITC with an alkyl chain, such as ER, is a volatile organic compound and can be degraded during GC-MS analysis [38]. The majority of the researchers applying GC-MS analysis have used the split injection mode and an initial temperature exceeding 35 °C. Higher initial temperatures lead to the conversion of ITCs to thiazoles and isothiazoles [39]. For this reason, an initial temperature of 35 °C and splitless injection mode were chosen for the GC-MS program in the present study.



The concentrations of four GLS hydrolysis products were determined using GC-MS analysis. The contents of the isothiocyanates PEITC, ER, and 3MIC, and nitrile 5MITN in the broccoli florets, roots, stalks, and leaves of an infected (F1, R1, S1, and L1) and a noninfected (F2, R2, S2, and L2) plant are shown in Table 1.



In our work, higher concentrations of the isothiocyanates PEITC, ER, and 3MIC were detected and quantified in the roots of infected (R1) and noninfected (R2) plants than in the florets, stalks, and leaves. However, 5MITN was found in much higher concentrations in the stalks (S1) of the infected plants than in the stalks (S2) of the noninfected plants and in the florets, roots, and leaves. PEITC was found in considerably higher concentrations in the roots than in the other parts of the plants. The measured concentration of ER was much higher in the roots, followed by the stalks, but it was not detected in the leaves. 3MIC was detected and quantified only in the roots of either infected (S1) or noninfected (S2) plants and not in the florets, stalks, or leaves.



Figure 2 shows a direct comparison of the concentration of isothiocyanates PEITC, ER, 3MIC, and nitrile 5MITN in the aerial and underground parts of Pieris rapae-infected and noninfected broccoli samples. The concentration of PEITC (Figure 2A) is clearly higher in the roots and stalks of the noninfected plants than in the corresponding parts of the infected plant. Similarly, higher concentrations of ER (Figure 2B) were found in noninfected roots and stalks. As mentioned above, 3MIC was found only in the roots, and its concentration (Figure 2C) followed the same trend. However, although the concentration of 5MITN was higher in the noninfected roots, its content in the stalks was clearly higher in the infected tissue in comparison to the noninfected tissues.



The high values of ITC contents observed in the roots prompted us to extend our work to studying three additional root broccoli samples (noninfected conventional cultivated plants) grown for human consumption in different fields. Roots R3 and R5 came from nonfertilized plants, whereas root R4 originated from a nitrogen–sulfur-fertilized plant. The results are summarized in Figure 3 and Table 2.



The concentrations of all ITCs and nitrile showed high variations among the four root samples. The contents of PEITC, ER, 3MIC, and 5MITN ranged from 367.6 to 86.5 μg g DW−1, 576.3 to 54.7 μg g DW−1, 34.6 to 3.9 μg g DW−1, and 1795.1 to 371.3 μg g DW−1, respectively. It should be noted that the lowest concentrations of ER, 3MIC, and 5MITN were observed in the roots of the nitrogen–sulfur-fertilized plants.



Furthermore, in an effort to gain insight into the outcome of the Pieris rapae infection, we analyzed a sample of the insect fed from the hosted broccoli to explore if GLS hydrolysis products were present in the insect. As shown in Figure 4 and Table 3, both isothiocyanates PEITC and ER were detected and quantified in Pieris rapae (triplicates). The contents of ER (1.4 ± 0.002 µg/g DW) were three times higher than those of PEITC (0.5 ±0.00 µg/g DW). However, the isothiocyanate 3MIC and nitrile 5MITN were absent.





4. Discussion


Broccoli is an annual crop, native to the countries of the eastern Mediterranean, but cultivated worldwide. According to a FAOSTAT report, it is estimated that in 1999, approximately 15.00 million tons of broccoli and cauliflower were produced worldwide, while their total production had increased to approximately 26.92 million tons in 2019 [40]. They are gaining increasing popularity in the human diet due to their rich nutritional value, as well as the presence of anticancer glucosinolates–isothiocyanates in its florets. In recent years, broccoli farming has made tremendous progress globally, with, for example, about 80,000 ha of cultivated area in China in 2019 [1].



Pieris rapae belongs to the cabbage butterflies, which may attack various plants, including broccoli and cabbage, destructively affecting crops [28]. The young larvae, which are gregarious, may skeletonize the leaves of plant or even bore into their heads. A female moth is able to lay more than one cluster of eggs on the under-surface of broccoli leaves. It has been known since the 1990s that the chemical compounds present in the leaves of broccoli or cabbage stimulate oviposition by Pieris rapae and Pieris brassicae [29,30]. GLS act as chemosensors and play the role of a “food stimulant” for Pieris rapae larvae [31,33,41]. In particular, indole- and aromatic-type GLS, such as gluconasturtiin and glucobrassicin, are spawning markers for adult females. The distribution of GLS hydrolysis products in the aerial and underground parts of insect-infected broccoli plants has attracted our attention because the measurement of such secondary metabolites may help us to better understand how Brassica adopts chemical strategies for attracting or repelling insects.



In our study, a notable variation in the content of each GLS hydrolysis product was observed in the different tissues (aerial and underground) of the healthy and Pieris rapae-infected plants. A comparison of the distribution of ITCs and nitrile studied in the different parts of the infected plants with that in the healthy plants unraveled a significant reduction in PEITC, ER, 3MIC, and 5MITN in the roots of the infected plants. There was also a significant decline in the ER content in the stalks of the infected plants. Conversely, the content of 5MITN was determined as almost seven times higher than that in the unaffected stalks. This increase in concentration of 5MITN in the stalks, accompanied by a decrease in the roots, indicated that the plant’s physiological metabolism was modified. This redistribution of contents les us to conclude that 5MITN could play the role of a phytoalexin, produced in high quantities after the activation of the glucosinolate–myrosinase defense system of the plant. Phytoalexins are generally derivatives of metabolites produced in unstressed plants, indicating that these compounds are produced by the modification of the physiological metabolism of plants [42]. Overall, the insect’s attack affects broccoli metabolism and induces a redistribution of metabolites in the tissues of the plant. In a Pieris rapae-infected broccoli plant, the concentration of 5MITN nitrile is increased, which may have deleterious effects on consumption and human health. Until now, there have been insufficient data to help us fully understand the mechanism behind the alteration in the concentrations of GLS hydrolysis products in broccoli roots after infection by Pieris rapae.



An examination of the contents of ITCs and nitrile found in Pieris rapae larvae fed infected broccoli plants was also informative. To the best of our knowledge, for the first time, ITCs were quantified in the larvae of Pieris rapae fed with organic cultivated broccoli. For female butterflies, the color, surface, and tissue of the leaves are important factors for egg-laying capacity on the host plant [43,44]. Moreover, GLS, which possess an aromatic group, can be used as spawning sites for adult females [45]. In our case, gluconasturtiin, the precursor glucosinolate of PEITC, served as the spawning site, attracting the adult female. In the present study, we show the presence of isothiocyanates PEITC and ER, in the larvae’s bodies. However, 5MITN nitrile was not detected in the larvae’s bodies.



The high values of ITCs observed in roots from organic cultivated broccoli, either infected or not, prompted us to examine the levels of these ITCs in three additional root broccoli samples from noninfected, conventional cultivated plants grown for human consumption in different fields. Isothiocyanates PEITC, ER, and 3MIC were estimated at mean concentrations of 215 ± 90.21 μg/g DW, 280.75 ± 120.54 μg/g DW, and 21.75 ± 8.76 μg/g DW, respectively. In addition, nitrile 5MITN was found at a mean concentration of 1125.75 ± 540.11 μg/g DW. These data indicate that GLS hydrolysis products are present in broccoli roots in high concentrations. Of interest is also our finding that the root (R4) of the nitrogen–sulfur-fertilized broccoli showed the lowest contents of ER, 3MIC, and 5MITN. These data are in accordance with the observations of Aires et al. [25] and Rodríguez-Hernández et al. [46] that fertilization influences the levels of ITCs. Therefore, fertilization should be a carefully considered factor when using broccoli by-products as sources of bioactive ITCs.



GLS hydrolysis products, in particular ITCs, have broad biocidal activity, including fungicidal effects [47,48,49]. Most recently, Eugui et al. demonstrated that GLS extracts from the residues of conventional and organic cultivated broccoli leaves (Brassica oleracea var. italica) may find use as potential industrially scalable biopesticides against fungi, oomycetes, and plant parasitic nematodes [50].



Broccoli may also find applications in the food industry, such as in the encapsulation of bioactive compounds and food formulation. It has been used as a carrier for the water-soluble vitamin thiamine (vitamin B1) [51], while broccoli leaves and stalks were used for the delivery of epigallocatechin gallate [52]. Thus, agro-industrial broccoli residues may find use as renewable and low-cost resources for the production of encapsulated bioactive compounds.



Applications of broccoli in the formulation of snacks and beverages to promote their nutraceutical potential have also been reported. Broccoli leaf powders have been used to make gluten-free sponge cakes to improve their nutraceutical potential [53] and in gluten-free bread [54]. Certainly, in vivo studies of the formulated snacks are needed to prove the health benefits of such products. The formulation of snacks might be extended to include various broccoli botanical parts, such as roots and seeds.



Future studies are needed to understand the mechanism of damage that may be caused by Pieris rapae infestation and the redistribution of GLS hydrolysis products in the various tissues of broccoli plants. To this end, detailed analytical studies for the levels of GLS hydrolysis products should be performed in all the aerial and underground parts of the broccoli plant.



Special attention should also be paid to the various underutilized broccoli by-products, such as leaves, stalks, and, in particular, the roots, which contain considerable amounts of bioactive phytochemicals, which may find applications in areas of economic interest.
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Figure 1. Structures of main products of glucosinolates’ hydrolysis. 
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Figure 2. Distribution of isothiocyanates PEITC (A), ER (B), and 3MIC (C), and nitrile 5MITN (D) in Pieris rapae-infected and noninfected broccoli cultivar in aerial and underground parts of the plants. Graphs were created using GraphPad Prism 9.2.0 (Dotmatics, CA, USA). One-way ANOVA statistical analysis was performed for each separate set comparing to control. ns (not significant): p > 0.05. * p < 0.05, ** p < 0.01. 
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Figure 3. Comparison of isothiocyanates PEITC (A), ER (B), 3MIC (C), and nitrile 5MITN (D) contents in roots of broccoli cultivar. Graphs were created using GraphPad Prism 9.2.0. 
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Figure 4. Contents of isothiocyanates PEITC, ER, 3MIC, and nitrile 5MITN in Pieris rapae. Graphs were created using GraphPad Prism 9.2.0. 






Figure 4. Contents of isothiocyanates PEITC, ER, 3MIC, and nitrile 5MITN in Pieris rapae. Graphs were created using GraphPad Prism 9.2.0.



[image: Chemosensors 12 00016 g004]







 





Table 1. Contents of isothiocyanates PEITC, ER, 3MIC, and nitrile 5MITN in Pieris rapae-infected and noninfected broccoli samples (μg g DW−1).
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Mean Value ± SD μg/g DW




	
Broccoli Tissue

	
PEITC

	
ER

	
3MIC

	
5MITN






	
F1

	
5.3 ± 0.06

	
5.1 ± 1.86

	
n.d

	
137.2 ± 5.73




	
F2

	
5.6 ± 0.14

	
5.0 ± 0.49

	
n.d.

	
72.6 ± 9.92




	
R1

	
126.7 ± 4.83

	
230.5 ± 10.14

	
18.5 ± 1.07

	
208.3 ± 27.98




	
R2

	
367.6 ± 23.43

	
576.3 ± 148.51

	
34.6 ± 3.74

	
1491.1 ± 331.55




	
S1

	
5.1 ± 0.02

	
18.0 ± 1.37

	
n.d.

	
4534.7 ± 578.98




	
S2

	
8.7 ± 0.73

	
47.4 ± 7.62

	
n.d.

	
604.1 ± 99.25




	
L1

	
5.0 ± 0.01

	
n.d.

	
n.d.

	
75.5 ± 3.94




	
L2

	
5.2 ± 0.03

	
n.d.

	
n.d.

	
56.8 ± 1.17








n.d.: not detected.













 





Table 2. Contents of isothiocyanates PEITC, ER, 3MIC, and nitrile 5MITN in broccoli roots (μg g DW−1).
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Mean Value ± SD µg/g DW




	
Broccoli Root

	
PEITC

	
ER

	
3MIC

	
5MITN






	
R2

	
367.6 ± 23.43

	
576.3 ± 148.51

	
34.6 ± 3.74

	
1491.1 ± 331.55




	
R3

	
272.8 ± 112.53

	
284.0 ± 108.71

	
33.1 ± 0.66

	
1795.1 ± 65.60




	
R4

	
134.3 ± 46.40

	
54.7 ± 1.67

	
3.9 ± 0.08

	
371.3 ± 21.03




	
R5

	
86.5 ± 2.43

	
209.0 ± 71.68

	
15.4 ± 2.52

	
846.2 ± 270.02




	
Mean ± SD

	
215 ± 90.21

	
280.75 ± 120.54

	
21.75 ± 8.76

	
1125.75 ± 540.11











 





Table 3. Contents of isothiocyanates PEITC, ER, 3MIC, and nitrile 5MITN in Pieris rapae (μg g DW−1) (triplicates).
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Mean Value ± SD μg/g DW




	

	
PEITC

	
ER

	
3MIC

	
5MITN






	
Pieris rapae

	
0.5 ± 0.00

	
1.4 ± 0.02

	
n.d.

	
n.d.








n.d.: not detected.
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