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Abstract

:

Drought is one of the major challenges of global crop production, and its severity is increasing because of climate change. This abiotic stress is an important target for Brassica species, which are generally grown in arid and semi-arid climates. This study was conducted to investigate the effects of water deficit on a set of accessions belonging to the Brassica core collection of the EU H2020 BRESOV project, represented by Brassica oleracea L. crops and Brassica oleracea complex species (n = 9). In particular, the variation in the amount and profile of the glucosinolates (GLSs) compounds was analyzed on the root and the leaf tissues. The plant morphometric traits and GLSs amount and profile were detected for the plants grown in cold greenhouse in Catania (Sicily) during the autumn–winter season for ten weeks. The results showed a wide qualitative and quantitative variation among the Brassica accessions. The GLSs profile varied qualitatively and quantitively among both genotypes and portions of the plants (hypogenous-root and epigeous-leaf). Plants grown under drought stress, for the last two weeks of the growing cycle under consideration, showed a higher amount of GLS in their leaves (190.1 ± 8.9 µmol. g−1 d.w.) compared to their roots (17.3 ± 1.9 µmol. g−1 d.w.). Under water stress conditions, the highest increase in the glucosinolate amount was detected in broccoli (the accession BR1) with 85.4% and in cauliflower (the accession CV1) with 72.8% in the roots and leaves, respectively. Positive correlations were found between the major leaf and root GLSs identified. The selection of chemotypes allows for an important time reduction during the breeding programs after crossing accessions with the specific profiles of glucosinolates.
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1. Introduction


Owing to world population growth and the rise of food security risk, global concerns for endangered water and land resources are increasing. The availability of water is one of the most common environmental factors that has a great impact on plant growth and on vegetable crop productivity [1]. Therefore, it is critical to understand how crops respond to water stress and what steps are possible to adopt for improving their drought tolerance [2]. In fact, species can adapt themselves to environmental change through different strategies, varying from extinction to resilience. On the other hand, plants may mitigate ongoing climate change by modifying their morphological and physiological traits [3]. It is important to note that the Mediterranean basin is most sensitive and hence more vulnerable to climate change with longer and warmer summers, more frequent and severe heat waves, altered precipitation patterns, as well as less rainfall [4]. In addition, a complex of botanical species of agricultural and nutritional importance originated in the Mediterranean region due to the mild winter climate and to the fertility of its soils [5]. Sicily, due to its geographic isolation, is an important source of biodiversity for many Brassica oleracea L. crops for the genetic flux among them and for several populations of B. oleracea complex species (n = 9) which represent their wild relatives. In fact, B. oleracea crops are represented in Sicily by several varietal groups that are distinguished by various morphometric, biochemical, and genetic traits [6]. Nevertheless, before starting any plant breeding effort, each breeder must answer the crucial question: what are the detrimental consequences of abiotic stresses (i.e., drought, salinity, and water logging) on the crop that should be resolved?



B. oleracea crops, similar to other agricultural plants, are affected by both abiotic and biotic stressors which stimulate different organs to accumulate higher amounts of primary and secondary metabolites to boost their resistance [7]. Drought stress is an environmental stress that can cause physiological, biochemical, and agronomic damage to plants, such as less turgor, lower crop productivity, and reduced plant height and weight [8]. It can also affect the quality of the crops [9]. In addition, transpiration, the absorption of ions, carbohydrates, nutritional assimilation, and growth promoters are damaged as a result of arid conditions [10]. Water deficiency can produce an increase in reactive oxygen species (ROS) [11] and cause morphological and anatomical changes in the roots and leaves of many plant species [12]. In general, drought conditions can reduce the photosynthetic rate, accelerate the senescence of the leaves, but can also trigger an oxidative burst, accelerate the degradation of photosynthetic pigments, and damage the cell membrane by inducing the expression of antioxidant enzymes [13]. However, water deficiency causes the accumulation of proline, which is considered a compatible solute that protects cellular structures and maintains the pressure of turgor. Several studies have shown how the accumulation of proline increases the resistance of plants against numerous environmental conditions, activating antioxidant enzymes including superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) [14]. Water deficiency also affects the amount and profile of the metabolites present in the crops. Among the secondary metabolites that are affected by water, glucosinolates (GLSs) have received high attention as a bioactive compound mainly found in B. oleracea crops and in general of the species belonging to the Brassicaceae family, recognized for their distinctive benefits for human nutrition and plant defense.



Glucosinolates (GLSs) are commonly used as chemical markers in chemotaxonomy. Their distribution in B. oleracea crops is known to vary among crops and landraces and are very diversified for different populations of the B. oleracea complex species (n = 9) [15]. Many key roles in different physiological processes have been attributed to GLSs and their breakdown products (mainly isothiocyanates and nitriles), such as auxin signaling [16], flowering time [17], stomatal closure [18], water transport [19], environmental adaptations [20], plant stress alleviation, and growth–defense balance [21]. GLSs can be classified in three different groups depending on the amino acid from which their biosynthesis starts; aliphatic compounds are derived from one of the following amino acids: alanine, valine, leucine, isoleucine, and methionine, the indolic ones derive from tryptophan, and the aromatic ones derive from phenylalanine or tyrosine. The GLSs compounds are synthesized through a specific metabolic pathway that is influenced by different factors. The biosynthesis of glucosinolates involves three phases: chain elongation of selected precursor amino acids, formation of the glucosinolates structure, and secondary modifications of the amino acid side chain [22]. In the first step, for glucoraphanin (GRA), for example, aliphatic glucosinolates derived from methionine, the ELONG gene, regulates the elongation of the methionine chain. The pathway of methionine is regulated by the MYB28 transcription factor. CYP79F1, CYP83A1, and UGT74B1 genes regulate the formation of desulfo-glucosinolates which are further catalyzed into aliphatic glucosinolates by ST5b [23]. FMOGS-OX1 catalyzes glucoerucin into glucoraphanin, which is converted to gluconapin by AOP2 [24]. The biosynthesis of GLSs in plants has received much attention, and the accumulation and profile of GLSs in plants are largely determined by genetics, but environmental and developmental variables also play an important role [25]. The aliphatic GLSs content is highly heritable and varies among Brassica species and cultivars. Indolic GLSs, on the other hand, are present in great quantities in Brassica vegetables, although their levels are influenced not only by environmental factors but also by growing, harvesting, and processing conditions [26]. Actually, great diversity was detected in both the amount and profile of GLSs for Brassica oleracea L. crops in comparison to B. rapa ones, for which the genetic diversity of the GLSs profile is extremely narrow. Similarly, each crop is distinguishable by the detection of similar major and minor glucosinolates [27]. Sinigrin, glucobrassicin, and glucoiberin have been identified as the major GLSs in kales and cabbages, while in broccoli, common GLSs are aliphatic glucoraphanin, indolic glucobrassicin, and neoglucobrassicin [28]. Roots showed the highest diversity and content of individual GLSs due to the complicated and stressful rhizosphere [29].



The profile and amount of GLSs are affected by abiotic and biotic stress. Stressors such as drought or the salinity concentration affect the GLSs concentration, determining their increase in stressed plants [30]. The irrigation frequency and amount of water and salinity provided to the plants can affect the GLSs concentration in different tissues and organs, as reported by Chorol et al. (2021) [31,32]. High levels of temperature increased the GLSs concentration in the plants throughout the growing cycle, according to Velasco et al. (2007) [33], whereas low temperatures reduced the GLSs content. Moreover, Ciska et al. (2000) [34] confirmed that high temperatures significantly increased the glucosinolate content of various Brassica plants. The aliphatic glucosinolate gluconasturtiin content is influenced by the photoperiod [35]. The amount of gluconasturtiin increased by about 30–40% for the plants cultivated during photoperiodic conditions of long days rather than for plants grown during short days. Plants cultivated at temperatures between 10 and 15 °C increased the amount of gluconasturtiin by about 50% more than plants grown at the same day length at 20–25 °C [36].



The tolerance to water stress observed in the different varieties studied is associated with the content of specialized metabolites that can serve not only as a defense mechanism against environmental stressors but also as a source of nutritional compounds for human health. We hypothesize that the accumulation (quantity) and the profile (type) of the glu-cosinolate depends on the genotype and the organ studied. The aim of this study is to investigate the GLSs variations in the roots and leaves of seventeen accessions of Brassica oleracea landraces (LRs) and a composite cross population (CCP) in relation to water stress practices to identify differences due to genetic and environmental factors (abiotic stress).



The detection of the GLSs concentration and profile in different crops of Brassica oleracea L. and the correlation analysis between the individual GLSs in relation to water stress could highlight the impact of stress factors on GLSs biosynthesis. Moreover, a chemotaxonomy approach based on GLSs composition was developed by calculating the molar percent of the different glucosinolates composition for each accession, further comparing the profile with and without water stress. Thus, comparing genotypes in a specific environment for evaluating and identifying the variation in the plant morphometric and biochemical traits allows for the individuation of the elite breeding lines for further breeding programs.




2. Materials and Methods


2.1. Plant Material and Experimental Design


Brassica oleracea landraces (LRs) and one set of some B. oleracea composite cross populations (CCP, Brassica oleracea L. var. cross), established in the frame of the EU H2020 BRESOV project, are represented by the landraces of cauliflower (Brassica oleracea L. var. botrytis), broccoli (Brassica oleracea L. var. italica), and kale (Brassica oleracea L. var. acephala), and by the CCP F1 and F2 populations. The experimental design adopted was split by plot with two experimental factors: the first was the irrigation regime (IR), while the second was represented by the genotype (GE), and each thesis was replicated three times with ten plants for each elementary plot. The accession list included three accessions of kale (BH1-BH2-BH3), five of broccoli (BR1-BR2-BR3-BR4-BR5), five of cauliflower (CV1-CV2-CV3-CV4-CV5), and four composite cross populations (CCP1-CCP2-CCP3-CCP4) (Supplementary Data Table S1). All the tested accession belonged to the Brassica collection of the Department of Agriculture, Food and Environment (Di3A) of the University of Catania (UNICT). Seeds were sown in cellular trays using organic substrate (Terri Bio, “Agro-Chimica S.p.”, Bolzano, Italy) and placed under cold greenhouse conditions on the experimental farm of the University of Catania (Di3A) (south Italy 37°31′, 37°31′10′′ N 15°04′18′′ E; under natural light) at the beginning of the month of September. After one month, the plantlets were transplanted into 0.3 L pots filled with the same substrate utilized for the sowing. Four weeks after transplanting, we separated all the grown plants into two plots: the irrigated (IRR) as the control and the not irrigated (NIR). The IRR plants were irrigated until they reached the field capacity, whereas the NIR ones were not irrigated. After two weeks of drought stress, the plants were collected for registering the morphometric and biochemical traits. The leaves and roots samples were gently washed and dried and stored at −80 °C for one week before freeze-drying them for biochemical analysis. All the examined traits are listed in Table 1.




2.2. Morphometric Traits


The characterization of the plants was done using the International Descriptors IBPGR (International Board for Plant Genetic Resources) and UPOV (the International Union for the Protection of New Varieties of Plants) morphological descriptors. The plant weight (g) and height (cm), stem diameter (mm), number of leaves (n), root fresh/dry weight (g), and main root length (cm) were registered among the main morphometric traits. The Single Photon Avalanche Diode (SPAD) was utilized for detecting the nutritional status of the plant and the SPAD index was utilized for three fully developed leaves for all the plants of each replicate, using a portable chlorophyll meter SPAD-502 (Minolta Camera Co., Osaka, Japan).




2.3. Glucosinolates Extraction


In the leaves (L) and the roots (R) collected, we detected the GLSs total amount and their profile. The extraction method of the GLSs was based on the International Standard Method ISO 9167-1, 1992 [37], which the European Commission has formally adopted (European Commission, 1990), with several modifications [38]. An amount of 200 mg of the freeze-dried samples was boiled in 5 mL of methanol 70% for 10 min at 70 °C to inactivate myrosinase, thereby preventing the enzymatic hydrolysis of the GLSs. The supernatant was collected after centrifugation at 12.000 rpm for 20 min at 4 °C. A total of 2 mL of the samples was inserted into a 25 × 8 mm inner diameter column filled with 0.5 mL of an aqueous mixture DEAE-Sephadex A-25 resin 50% w/v, previously conditioned with a 0.02 M buffer of acetic acid and pyridine. The glucosinolates were hydrolyzed in the column to obtain their desulfoglucosinolates by adding 75 µL (5 U. ml−1) of sulfatase E.C.3.1.6.1 from Helix pomatia. After overnight incubation, the desulfoglucosinolates were eluted with 1.5 mL of ultrapure H2O and analyzed using high-performance liquid chromatography (HPLC, Agilent 1200 Series System) with a diode array detector.




2.4. High-Performance Liquid Chromatography (HPLC) Analysis


The GLSs content and profile were determined by the HPLC diode array detector technique, separating de-sulpho glucosinolates. Each of the ten intact glucosinolate standards at a 0.2 M concentration were dissolved in 2 mL of Milli-Q water to prepare the mixture of the stock standard solution. The mixture was further diluted to prepare calibration standard solutions of 0.1, 0.2, 0.4, and 1.0 µmoles ml−1, respectively. All standard solutions were stored at 4 °C until use. The desulphoglucosinolate extracts were injected into an HPLC-DAD equipped with a Kinetech C18 (250 × 4.6 mm, particle size 5 µm) column with a mobile phase of ultrapure water (solvent A) and acetonitrile: water 20:80 (v/v) (solvent B), with a flow rate of 1.1 mL min−1 and an injection volume of 20 µL, with a binary gradient: 100%A–0%B for 5 min, increased to 70%A–30%B from 5 to 17 min, and then at 30%A–70%B for 3 min; the entire run lasted for 40 min. All the reagents used in the analysis were of HPLC grade. The chromatograms were recorded at 229 nm; the quantification was based on the calibration curves of the external standards by comparing each compound through the retention time (RT) and UV spectra. The results were expressed in micromoles per gram of the dry weight. The data are presented with the means and standard deviation (SD) of triplicate experiments. The GLSs standards were (in order of elution) SIN: sinigrin; GRA: glucoraphanin; SIB: glucosinalbin; GNA: gluconapin; GAL: glucoalyssin; GER: glucoerucin; GBS: glucobrassicin; GBN: glucobrassicanapin; NGBS: neoglucobrassicin; and GST: gluconasturtiin (Figure S1). All standards were purchased from ChromaDex (Santa Ana, CA, USA).




2.5. Statistical Analysis


Data are presented in terms of the means ± standard deviation (SD) and the statistical analysis significance was calculated in triplicate, two-way ANOVA by CoStat software version 6.4, followed by Tukey’s multiple comparisons test, of which p-values < 0.05 were considered to be statistically significant. Data were transformed using the percentage rank of the analysed matrix. Statistical analysis was performed using the SPSS software version 27. Pearson’s correlation coefficient was used to determine the correlation among the individual glucosinolates. The variation index (VI) describes the variation percentage of the morphometric traits of the NIR plants compared to the IRR ones, using the following formula:


VI = −(100 − (Stress/Control × 100)).











We performed the principal component analysis (PCA) utilizing the relative data of the GLSs detected in order to make evident the contribution of each GLS detected in the percentage in relation to the total amount detected. The PCA was established to discriminate the different B. oleracea varietal groups and the main GLSs associated with them. The percentage calculated was normalized using the angular coefficient (DEGRES(ASIN(RACINE(x/100))). We elaborated the percentage of variation for leaves collected in the NIR plot in relation to those in the IRR plot. ((NIR/IRR) × 100).





3. Results


3.1. Agronomic Trait Analysis


During the growing cycle, the mean temperature registered was 22.4 ± 5.8 °C and the mean solar radiation was 5.9 MJ. m–2 d–1. The morphometric data results highlighted several differences between the conditions under which the plants were tested and the genotypes analyzed (Table 2). The plant weight (PW) showed a significant interaction between the two experimental factors and the values varied from 535.0 g to 112.0 g, for BR3 grown in the IRR main plot and for CV1 in NIR, respectively (Table 2). The genotypes which showed the positive variation index (VI) were CCP4 and CV3, varying from 33.1 to 8.9, and the lowest negative VI was observed for BH3, BH2, CV4, BR5, and BH1, fluctuating from −8.4 to −29.7; all the above-mentioned accessions showed a good resilience as the reduction in the PW was limited for the plants grown in the NIR plot compared to the IRR one (Table 2). Concerning the plant height (PH), we observed a significant interaction IRR × GE, and its value varied from 69.8 cm for BH2 in IRR to 13.7 cm for CV2 in NIR. With regard to the VI for the PH trait, it varied from −6.1 to −27.1, for BR2 and BR4, respectively (Table 2). The stem diameter (SD) exhibited a significant interaction between IRR and GE (IRR × GE) and the value ranged from 5.1 mm for BR1 grown in the normal irrigation system to 1.3 mm for BR1 and CCP4 both in the drought stress condition. The genotypes showed negative VI and the value varied from −20.7 to −29.4 for BH1 and BR5, respectively (Table 2). Regarding the number of leaves (NL), we observed a significant interaction IRR × GE, and its value varied from 15.0 leaves for CV3 in the IRR system to 4.0 leaves for BR2 and CCP2 grown by the NIR one. The VI value for the NL trait fluctuated from 0.0 for CV4, in which variation was not observed in comparison to the plants grown by drought stress application, to −28.6 for BR1 and CCP4 (Table 2).



The SPAD index displayed a significant interaction between the two experimental factors (IRR × GE); it varied from 62.8 to 35.1 for CV5 and BH2 grown by IRR and NIR protocols, respectively (Table 2). The VI value ranged from 0.0 to −28.5 for CCP2 and BH2, respectively (Table 2). Concerning the root weight (RW), the variation observed for IRR was not significant, but we noted a significant interaction between the two experimental factors studied (IRR × GE); the VI varied from 43.9 to 8.0 g for BR3 grown in the IRR plot and CV5 in the NIR system, respectively. The VI observed ranged from −0.7 to −28.2 for BH2 and BR1, respectively (Table 3). Regarding the main root length (MRL), we also observed a significant interaction between IRR and GE and its value varied from 21.0 to 2.8 cm for BH2 and BH3 in the IRR and NIR regime, respectively (Table 3). The VI value exceeded among all the genotypes was −30.0 and the variation among the genotypes was higher than the other traits analyzed (Table 3).




3.2. Comparison between the Total Amount of GLS between Roots and Leaves


The water stress affected the amount and the profile of GLSs in all the studied genotypes. With regard to the GLSs content of the roots, we observed a significant interaction between the two experimental factors (IR x GE) and its value ranged from 38.2 to 2.5 g−1 d.w. for BH2 grown in NIR plots and CCP1 grown in IRR ones (Table 4). The accessions that showed the highest concentration of GLSs in the roots were BR4, CCP3, CV1, and BH1, in decrescent order, respectively, varying from 38.2 to 11.8 g−1 d.w. for BH2 grown in NIR and IRR plots, respectively (Table 4). The total GLSs concentration detected was higher in the leaves than in the roots for all the accessions analyzed. The total GLSs amount was affected significantly by the interaction between IR and GE and its value varied from 578.9 to 35.8 µmol. g−1 d.w. for BR4 grown in the NIR plot and for CV3 grown in the IRR one (Table 4). In general, the accessions BR4, BR5, BR2, CCP3, and CV1 showed the highest GLSs content in the leaves, which varied from 578.9 to 111.8 µmol. g−1 d.w. for BR4 in the NIR plot and for CV1 grown in the IRR one, respectively (Table 4). The genotypes in both IR plots showing the lowest variation in the total GLSs content were BH1, CV2, and BR3, and their GLSs total amount fluctuated from 126.2 to 66.9 µmol. g−1 d.w. for BH1 grown in the NIR plot and CV2 grown in the IRR one, respectively (Table 4).




3.3. Variation in Individual Glucosinolate in Roots


In the GLSs profile in the roots, each compound was affected by the significant interaction between the two experimental factors studied (Tables S1 and S2).



3.3.1. Aliphatic Glucosinolates


The singrin (SIN) content was affected by the interaction IR x GE and it varied from 10.8 to 0.0 for BR4 grown in the NIR plot and for BR2, CCP4, CV1, and CV5 grown in the IRR one, respectively; for CCP3, we did not detect SIN in the NIR plot, and in the IRR plot, we observed 2.1 µmol. g−1 d.w. (Table S1). The highest values were detected in the cultivar Brassica oleracea var. italica BR4. SIN was not detected in CCP3 and CCP4 in both IR plots. The highest variation in the SIN content was observed for BR3, fluctuating between 5.5 and 1.0 µmol. G−1 d.w. grown in NIR and IRR plots, respectively (Table S1).



The glucoraphanin (GRA) ranged from 7.1 to 0.0 µmol. G−1 d.w. for CCP3 grown in the IRR plot and for BR4 and CCP2 grown in the NIR plot, respectively. For BR4, we have also not detected GRA in the NIR plot or in the IRR one (Table S1). For the genotypes BR3, CPP1, and CCP3, the GRA content increased by about 50% in the plants grown in the NIR and the IRR plots. The CCP4 roots increased the content of GRA by about 200%, from 0.3 to 1.0 µmol. g−1 d.w..



The gluconapin (GNA) varied from 1.6 to 0.0. g−1 d.w. for CCP2 grown in the NIR plots and for BR1 grown in the IRR plot, as well as for BH1, BR5, and CCP4 grown in the IRR plot, respectively. The GNA was not detected for BR2 and BR4 in both the IR studied (Table S1).



The glucoerucin (GER) content varied from 7.1 to 0.0 µmol. g−1 d.w. for BR5 grown in the NIR plot and for BR1, BR2, BR3, CCP3, CV2, CV3, CV4, and CV5 in the IRR plot, respectively; for BH3 and CV1, any GER in the roots of the plants grown in both IR plots was not detected (Table S1).



The glucobrassicanapin (GBN) ranged from 12.5 to 0.0 µmol. g−1 d.w. for BR4 grown in the NIR plot and for CV3, CV4, and CV5 in the IRR one, and for CCP2 grown in the NIR plot, respectively (Table S1).



The glucoalyssin (GAL) detected in the roots varied from 15.7 to 0.0 µmol. g−1 d.w. for BR3 grown in the NIR plot and for BR5 and CV1 grown in the IRR one, respectively. We did not detect GAL in the roots of CCP1 and CCP4 grown in the NIR plot (Table S1).




3.3.2. Indolic Glucosinolates


The glucobrassicin (GBS) content varied from 11.7 to 0.0 µmol. g−1 d.w. for CV3 grown in the NIR plot and for BR1 and CCP2 grown in the IRR plot, respectively. We did not detect GBS in BR2 in the plants grown in both IR plots studied, and in CV4 in the NIR plot (Table S2).



The neoglucobrassicin (NGBS) was detected in a lower concentration in all tested ac-cessions and its value fluctuated from 8.6 to 0.0 µmol. g−1 d.w. for CV5 grown in the NIR plot and for BR4, CCP2, CCP3, and CV4 grown in the IRR one. NGBS was not detected in BH1, BH2, BH3, BR1, BR2, and BR3 in the IRR and NIR plots, and in BR5 in plants grown in the NIR plot (Table S2).




3.3.3. Aromatic Glucosinolates


The sinalbin (SIB) content ranged from 13.5 to 0.0 µmol. g−1 d.w. for BR5 and for BR3, CCP1, and CV3 grown in the NIR plot, in decrescent order, respectively. For BR1, BR2, CCP2, CCP4, and CV1 we did not find SIB in the roots of the plants grown in both IR plots (Table S2).



The gluconasturtiin (GST) detected in the roots varied from 27.0 to 0.0 µmol. g−1 d.w. for CV1 grown in the IRR plot, and for BH2, BH3, BR2, CCP3, and CV4 also in the IRR condition, respectively. We did not find GST in CCP4 and CV3 in the NIR plot. The GST was not detected in BH1, CCP1, CCP2, CV2, and CV5 in the roots of the plants grown in IRR or NIR conditions (Table S2)





3.4. Variation of Individual Glucosinolate in Leaves


The GLSs profile detected in the leaves showed a highly significant interaction between the two experimental factors studied (IRR × GE) for all compounds registered (Tables S3–S5).



3.4.1. Aliphatic Glucosinolate


The sinigrin (SIN) ranged from 185.7 to 0.0 µmol. g−1 d.w. for BR4 grown in the NIR plot and for CCP1 and CV3 also in the NIR condition, in decrescent order, respectively (Table S3).



The glucoraphanin (GRA) varied from 36.4 to 0.0 µmol. g−1 d.w. for CV5 in the NIR plot and for BR2, BR4, CCP2, and CV2 grown in the IRR plot. We did not detect GRA in the leaves of BH2, CCP1, and CV4 collected in the NIR plot or for BH3 and CV3 collected in both IRs studied (Table S3).



For all the genotypes analyzed, we detected low amounts of gluconapin (GNA) in comparison to the other glucosinolates analyzed. The GNA ranged from 83.1 to 0.0 µmol. g−1 d.w. for BR3 grown in the NIR plot and for BR4, CCP2, CCP4, CV1, and CV2 grown in the IRR plot, in decrescent order, respectively. The GNA was not registered for CCP3 and CV3 grown in the NIR conditions and for BH1, BR1, BR2, BR5, CCP1, and CV4 grown in both IRs studied (Table S4).



The glucoerucin (GER) content in the leaves varied from 331.8 to 0.0 µmol. g−1 d.w. for BR2, BR3, BR5, CCP1, CCP2, and CV4 grown in the NIR condition, in decrescent order, respectively (Table S4). The GER was not detected for CV2 in plants grown in the IRR plot, whereas BR4 was not registered in either IR studied (Table S4).



The glucobrassicanapin (GBN) content fluctuated from 100.6 to 0.0 µmol. g−1 d.w. for CCP4 in the IRR plot and for BH2, BR3, CCP3, and CV3 in the NIR condition, in decrescent order, respectively (Table S4). The GBN also was not detected for CV1 in the plants grown in the IRR plot and for BR1 grown in both IRs studied (Table S4).



The glucoalyssin (GAL) ranged from 77.8 to 0.0 µmol. g−1 d.w. for CCP1, BR3, BR4, CCP3, and CV3 grown in the NIR condition, respectively. The GAL was not detected for BH1, BR1, and CV1 in both IRs studied (Table S4).




3.4.2. Indolic Glucosinolate


The glucobrassicin (GBS) detected varied from 125.3 to 0.0 µmol. g−1 d.w. for BR4 in the NIR condition and for BR2 and CV2 in the IRR plot (Table S5). The GBS was not detected for BR3, BR5, CCP1, CV1, and CV4 grown in the NIR plot. For BH1, BR1, and CCP4, the GBS was not registered for the leaves of the plants grown in both IRs studied (Table S5).



The neoglucobrassicin (NGBS) varied from 63.6 to 0.0 µmol. g−1 d.w. for CV2 in the NIR plot and for BH1, CCP1, CCP2, and CCP4 grown in the IRR plot, in decrescent order, respectively. The NGBS was not detected for BH2, BR1, BR3, and BR5 in both IRs studied (IRR and NIR). For BH3, BR2, and CCP3, we have not detected the NGBS in the leaves of the plants grown in the NIR plot (Table S5).




3.4.3. Aromatic Glucosinolates


The sinalbin (SIB) ranged from 20.1 to 0.0 µmol. g−1 d.w. for BR4 grown in the NIR plot and for BH1, BR1, CV2, and CV5 grown in the IRR condition, in decrescent order, respectively (Table S5). The SIB was not detected for BR3, CCP1, CCP3, CV3, and CV4 grown in the NIR plot, and BR2 was not found in either IR (Table S5).



The glucosnasturtiin (GST) content varied from 65.0 to 0.0 µmol. g−1 d.w. for CV1, BR1, BR3, and CCP2 grown in the NIR condition. The GST was not detected for BR4, CV2, and CV4 in either of the IRs studied (Table S5).





3.5. Chemotaxonomy of the Different Accessions


We noted that the aliphatic GLS were predominant in the roots of broccoli (Brassica oleracea var. italica) and kale (Brassica oleracea var. acephala) with 61.8% and 55.3%, respectively (Figure 1). Under water stress conditions, the percentage of aliphatic GLSs changed: an increase to 65.3% was observed, with a decrease in indolic from 16.3% to 10.9%, and the aromatic glucosinolates increased from 21.9% to 23.8%. While in kale, the aliphatic GLS decreased to 48.0%, an increase in the aromatic glucosinolates from 6.2% to 35.3% was noted, while the indolic GLSs decreased from 38.5% to 17.8%.



The indolic glucosinolate accounted for the major component in cauliflower (Brassica oleracea var. botrytis) with 66.0% of the total amount. Glucobrassicin represents 37.5% of the total glucosinolates; in relation to water stress, a decrease to 32.4% was observed while the neoglucobrassicin increased from 28.7% to 34.0%. In our study, the aliphatic glucosinolates represent 31.0% of the total GLSs in cauliflower, while the aromatic glucosinolates were found in a very low percentage.



The aromatic glucosinolates were predominant in the roots of CCP, Brassica oleracea var. cross with 50.0% in well-watered conditions and increased to 56.0% under water stress, while both aliphatic and indolic GLSs decreased from 31.0% to 28.6% and from 18.2% to 14.7%, respectively.



The aliphatic GLSs were found in a major percentage of the leaves of broccoli (Brassica oleracea var. italica) and kale (Brassica oleracea var. acephala), and, in particular, the glucoerucin and the sinigrin were the predominant glucosinolates with 39.6% and 37.4%, respectively, in broccoli (Brassica oleracea var. italica) and 17.3% and 39.4%, respectively, in kale (Brassica oleracea var. acephala) in well-watered conditions (Figure 1). The percentage of sinigrin under water stress conditions decreased in Broccoli (Brassica oleracea var. italica) (28.5%) and increased in kale (Brassica oleracea var. acephala) (24.2%). The glucoerucin under water stress conditions decreased both in broccoli (Brassica oleracea var. italica) and in kale (Brassica oleracea var. acephala) from 24.7% and 19.4%, respectively. The mean aliphatic GLSs found in Brassica oleracea var. cross was glucobrassicanapin with 42.6% of the total amount.



The indolic glucosinolates were predominant in Brassica oleracea var. botrytis; in particular, the percentage of neoglucobrassicin was 50.6% in normal conditions and 46.3% under water stress conditions. In other crops, the percentage of neoglucobrassicin was very low.



The glucobrassicin was the main indolic component found in Brassica oleracea var. italica, Brassica oleracea var. botrytis, and Brassica oleracea var. cross. The amount of glucobrassicin increased under water stress conditions from 14.1% to 24.5% in Brassica oleracea var. botrytis and Brassica oleracea var. cross, while in Brassica oleracea var. italica, the indolic GLSs decreased under drought stress from 18.9% to 13.6%.



The aromatic glucosinolates were found in low percentages in all crops.




3.6. Principal Component Analysis of Glucosinolate Profile in Leaves and Roots


We investigated the potential value of glucosinolate profiles as reference markers for the chemotaxonomic classification and distribution of the four varieties of Brassica oleracea (kale, broccoli, cauliflower, and composite cross population) analyzed. Principal component analysis (PCA) of the GLSs data was performed to better visualize the observed differences in the samples based on their differential GLSs profile (Figure 2). PC1 explained 25.6% of the total variation, clearly separating the crops according to the tissues (roots and leaves). The PC2, which explained 22.0% of the total variation, mostly corresponds to the different tissues of the leaves and roots. These differences between tissues and cultivars are due to the differences in specific GLSs, as is clear from the PCA-loading plots visualizing the distribution of the individual GLSs across the various cultivars. In the left cluster, all the control and stressed roots are grouped together and correlated with the majority of the glucosinolates, where we found them to be aliphatic, indolic, and aromatic. In the other part of this biplot, all the leaves are grouped together and correlated with the three aliphatic glucosinolate singrin, glucoerucin, and glucobrassicanapin, which are predominant in this part of the plant; except for the leaves of cauliflower in the control condition, it showed a positive correlation with the indolic glucosinolate neoglucobrassicin.




3.7. Variation of the Glucosinolates Compounds and Profile of the Leaves


The leaves represent the products of kale and sprouting broccoli landraces; as for the latter ones, their products are traditionally represented in the Southern most Italian regions by their small heads and small tender leaves present around the inflorescence, which are collected and utilized for preparing typical dishes. For this reason, we analyzed the data registered to bring to light the variation in the GLSs content and profile in relation to water stress and to individuate the set of genotypes which could increase the nutraceutical value of the products.



The correlation among the different GLSs detected in the leaves of the accessions of B. oleracea crops studied and their morphometric parameters was carried out to show the relation among the GLS profile and the GLS pathways variation in drought conditions (Table 4). The SIN showed a high negative correlation with the indolic glucosinolate NGBS (Table 5), as they had different metabolic pathways, so the biosynthesis of one affects the other. The aromatic glucosinolate SIB was positively correlated with the plant height (IH) and the GER showed a negative correlation with GAL and SIB. In addition, the GER showed a positive correlation with GST, and no other ones were observed with all the plant morphometric parameters detected (Table 5). A strong positive correlation was also observed between GBN and SIB and with the root weight (IRW) (Table 5). The GAL showed no correlation with all the glucosinolates detected, except for a significant positive correlation with the root weight (IRW) (Table 5). The positive correlation observed between GBS and the plant height (IW), and between GBS and the number of leaves (IL), could be of great interest for the health profile of the leaves, and also of the products of kale and broccoli crops (Table 5). No correlation was observed between GBS and the rest of the GLSs detected. Moreover, NGBS showed no relationship with all the GLSs, but a negative correlation with the plant height (IH) and number of leaves (IL) (Table 5). The NGB was correlated positively with the NGBS and root length (IRL), and the SIB was significantly highly positively correlated with the SPAD index. The plant weight (IW) showed a strong positive correlation with the root weight (IRW) and number of leaves (IL) (Table 5). The plant height (IH) showed a high positive correlation with the SPAD index; nevertheless, the root length (IRL) highlights a negative correlation with the number of leaves (IL) (Table 5).





4. Discussion


Plants affected by drought will modify their morphology and biochemical composition for mitigating the water stress conditions present [39]. Drought stress tolerance is a complex trait and according to several studies, plants under abiotic stress can change their phenotypes to adapt themselves to unfavorable growing conditions [40]. The plant response to drought stress can be mitigated by a strong root architecture, and mainly by big and long roots parameterized in our work by the root weight (RW) and root length (MRL). Under water stress conditions, the resilience genotypes can quickly reach deeper layers of the soil and accumulate the plant reserves, increasing their RL and RW. In this study, we found that the morphological traits are affected by water stress (Table 1 and Table 2), and that helped us to determine the genotypes which can much more readily mitigate drought conditions and to study the variation in the antioxidant status of the plant by the GLSs amount and profile. Our results showed a moderate to high decrease in the morphometric traits, with a difference among the accessions. These findings are in accordance with the study by Issarakraisila et al. (2007) [41], in which it was reported that water deficiency significantly reduced the leaf area, fresh area, and dry weight of Chinese kale by more than half. Similarly, Souza et al. (2018) [42] reported lower values for the plant height and leaf number in cauliflower cultivated under water stress at 40% ETc in comparison to higher irrigation levels. Meanwhile, the accession CV3 showed a plant weight higher in water stress conditions than in the control, indicating that the water deficit did not alter the biomass of this resilient accession.



The morphometric variation in the traits caused by drought stress allowed for the individuation of the accessions to be reduced on average by 30% of the data registered, such as BH1, BH2, and BH3 among the kale accessions, BR5 among the broccoli ones, CCP4 among the cross-composite populations, and CV3 and CV4 among the cauliflower accessions which were considered (Table 3). On the whole, this suggests that tolerance to water stress requires different morphological and biochemical characteristics and may reflect different underling stress tolerance mechanisms.



The GLSs amount and profile is influenced by the genotypes, environmental growth conditions, the growing methods, and the plant organs considered. The GLSs amount in plant organs depends on several environmental and developmental factors. The data registered in our study confirm the increment of the total GLSs amount in relation to drought stress, both in the leaves and in the roots analyzed, as reported by several authors [43,44,45]. In this study, ten glucosinolates were detected in the leaves and in the roots of the B. oleracea accessions considered, including six aliphatic, two indoles, and two aromatics GLSs. The set of plants analyzed showed a significant interaction of IR x GE both for the total amount and profile of GLSs (Tables S1–S5). The GLSs content was twice as high for the plants grown in the NIR plot than in the IRR plot (Tables S1–S5). We can say that drought stress increases the metabolism for GLSs biosynthesis and for its accumulation in different organs of the plant; this as a consequence of the plant’s response to drought conditions through the process of osmotic adjustment, as confirmed by Schreiner et al. (2009) [46]. However, in the study by Khan et al. (2010) [47], the waterlogged plants had the highest levels of GLSs, whereas the plants under drought stress had the lowest levels. The genotypes can influence the GLSs patterns, and the accessions of the same varietal group can show significant differences for both the GLSs total amount and profile in relation to the genotype and to the environmental conditions [48,49]. Individual GLSs detected in this study varied between water stress treatments. The variation between the aliphatic and indolyl GLSs concentrations in the well-watered and drought-stressed plants was significant (about two-fold). Therefore, the majority of indolic GLSs, particularly indol-3-yl-methyl glucosinolate (I3M), 4-methoxyindol-3-ylmethyl glucosinolate (4MOI3M), and 1-methoxyindol-3-ylmethyl (1MOI3M), accumulated in plants cultivated in waterlogged circumstances and experienced a considerable reduction in the drought stress treatment; Wiesner et al. (2013) [50]. López-Berenguer et al. (2008) [51] observed a significant increment in the GLSs in broccoli plants in response to salt stress.



The selected accessions showed a limited variation in the morphometric traits in relation to drought stress, evidenced by a high and significant increment in the amount of the indolic glucosinolate GBS (for BH1, BH2, BH3, CCP4, and CV3) and NGBS (for the accessions BR5 and CV4). As GBS is related to NGBS, the conversion between them seems evident [52]. Hornbacher 2022 [53] reported on the importance of glucobrassicin for mitigating water stress, and he suggested the glucobrassicin could represent a source of auxin for Arabidopsis thaliana grown in drought conditions. According to our study, in the kale accessions, the most abundant glucosinolates were sinigrin, glucobrassicanapin, and glucobrassicin (Figure 1). Similarly, Kushad et al. (1999) [54] reported a high sinigrin (10.4 µmol. g−1 d.w.) and a low glucobrassicin amount (1.2 µmol. g−1 d.w.), but only a very small amount of glucoraphanin. However, in the same study, the broccoli accessions showed significant differences in the indole glucosinolates content, and the glucobrassicin appeared to be the most abundant indole glucosinolate for broccoli cvs analyzed, which contradicts our study where the aliphatic glucosinolate are predominant. Based on our chemotypes detected, there is not a specific glucosinolate related to the resistance to water stress, but the accumulation of NGBS may have a link to the resistance to water stress. Thus, the differences in glucosinolates between accessions could mean that the glucosinolates pathway is regulated differently depending on the crop and the expression of the genes involved. The inhibition of one class of glucosinolates resulted in a compensatory increase in another class. Some GLSs showed strongly positive correlations with each other because all these GLSs are carbon aliphatic GLSs and follow quite similar biosynthetic pathways (Table 4). A positive correlation can be based on shared biosynthetic pathways or common regulation factors. A negative correlation, on the other hand, indicates chemical trade-offs, as shown in the correlation analysis [55]. Several authors [30,56] have studied the variation between the GLSs concentration in roots and leaves, indicating the lack of correlation between the above cited organs. According to our results, the total amount was much higher in the leaves compared to the roots.. Regarding the concentration of GLSs in roots, we found that the total amount in the control condition was similar to the values reported by Li et al. (2021) [57]. A significant increase (41.4%) was observed under water stress conditions. According to the recently published work of Huang et al. (2022) [58], the total glucosinolates content of roots showed a decreased trend initially and then increased during development, which reached the maximum in the pod-setting stage. However, the result in the leaves was opposite to that of the roots. In the leaves, the total glucosinolates content increased at first and then decreased in the mustard’ life cycle, which reached the maximum at the bolting stage.



To better visualize the relationship between plant organs and GLSs accumulation, a principal component analysis (PCA) of the GLSs data was performed (Figure 2). The results highlight the characteristics of glucosinolates in different organs, and it was concluded that the aliphatic glucosinolates were predominant in the leaves of Brassica, while the roots were correlated more with indolic and aromatic glucosinolate. Our result may be confirmed by the findings of Huseby et al. (2013) [59], in which the aliphatic and indolic MYB factors have been shown to be regulated differentially in Arabidopsis plants by the light cycling. This result was consistent with the correlation analysis of glucosinolates, providing a new insight into glucosinolate compounds in different organs and genotypes.



Based on the chemotypes detected, there is not a specific glucosinolate related to the resistance to water stress, but there is a wide range of glucosinolate levels and profiles that change depending on the genotype. The capacity to biosynthesize the glucosinolates has been used as a taxonomic indicator to support classification systems based on crop evolution [60].



Different breeding and selection procedures have been successfully performed for the GLSs content for different B. oleracea crops; for example, marrow stem kale was successfully improved by a low content in indole GLSs using a full-sib family selection program [61,62]. On the other hand, a divergent mass selection has been used as a useful tool in plant breeding to generate varietal groups within each of the B. oleracea crops that share the same genetic background but with very variable GLSs amounts and profiles in the different organs of the plant. The perception that the B. oleracea products represent healthy food has increased in recent decades. Greater requests for these products in local and national markets in all EU countries requires additional accurate information on the best cultivars to use as well as the establishment of new cultivars with a high yield, are stress tolerant, and have a high nutritional value.




5. Conclusions


The results obtained showed a great variation in the main plant morphometric traits and the amount and profile of the GLSs in relation to both the drought conditions and the genotypes utilized. For all the variations obtained, we observed a highly significant interaction among the two experimental factors studied, and for that we have identified elite genetic materials to use for the organic breeding of B. oleracea crops. Among the accessions analyzed, we have individuated the kales BH1, BH2, and BH3, broccoli BR5, the cauliflowers CV3 and CV4, and finally the CCPP4. The accessions showed a low variation index for several of the morphometric traits observed. The prevalent presence of high amounts of GLSs in the leaves in comparison to the roots is of great interest for all the B. oleracea crops providing leaves as products, such as kale and sprouting broccoli. The GLSs value increased significantly as a consequence of drought conditions in accordance with the findings of previous studies, highlighting the importance of GLSs to increase the antioxidant status of the plant for controlling water stress. These results could be used to identify different accessions which could be utilized for a future breeding program aimed at creating genetic diversity in the local Brassica germplasm with a high value of a specific glucosinolate. Further research using a genomic and transcriptomic approach targeting some candidate genes is needed to confirm this finding.
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Figure 1. Chemotaxonomy of different glucosinolates found in the tested accessions in relation to water stress, grouping them by varieties (roots and leaves). 
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Figure 2. Two-dimensional principal component analysis (2D-PCA) of glucosinolates profile in leaves and roots. The first two principal component (PC) axes are labelled as PC1 and PC2, with the corresponding proportion of total variance in parentheses. SL: stressed leaves; CL: control leaves; SR: stressed roots; CR: control roots; different colors indicate various collard tissues (leaves in green and roots in brown). Kale (BH1, BH2, BH3); broccoli (BR1, BR2, BR3, BR4, BR5); cauliflower (CV1, CV2, CV3, CV4, CV5); composite cross population (CCP1, CCP2, CCP3, CCP4). 
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Table 1. Morphological and biochemical descriptors and their corresponding units.
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	Code
	Descriptors





	PW
	Plant weight (g)



	PH
	Plant height (cm)



	SD
	Stem diameter (mm)



	NL
	Number of leaves (n)



	SPAD
	SPAD (0–99.9)



	RW
	Root weight (g)



	MRL
	Main root length (cm)



	SIN
	Singrin (µmol. g−1 d.w.)



	GRA
	Glucoraphanin (µmol. g−1 d.w.)



	GNA
	Gluconapin (µmol. g−1 d.w.)



	GER
	Glucoerucin (µmol. g−1 d.w.)



	GBN
	Glucobrassicanapin (µmol. g−1 d.w.)



	GAL
	Glucoalyssin (µmol. g−1 d.w.)



	GBS
	Glucobrassicin (µmol. g−1 d.w.)



	NGBS
	Neoglucobrassicin (µmol. g−1 d.w.)



	SIB
	Sinalbin (µmol. g−1 d.w.)



	GST
	Gluconastrutiin (µmol. g−1 d.w.)



	GLST
	Total GLSs amount (µmol. g−1 d.w.)
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Table 2. Variation in the plant weight (PW), height (PH), stem diameter (SD), number of leaves (NL), leaves SPAD index, and the variation index (VI) in relation to the experimental factors studied.
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Genotype

	
PW (g)

	
PH (cm)

	
SD (mm)

	
NL (n)

	
SPAD (0 to 99.9)




	

	
IRR

	
NIR

	
VI

	
Mean

	
IRR

	
NIR

	
VI

	
Mean

	
IRR

	
NIR

	
VI

	
Mean

	
IRR

	
NIR

	
VI

	
Mean

	
IRR

	
NIR

	
VI

	
Mean






	
BH 1

	
300.0 ± 2.0

	
211.0 ± 1.0

	
−29.7

	
255.5 ± 1.5

	
69.0 ± 1.0

	
26.8 ± 0.6

	
−61.2

	
47.9 ± 0.8

	
2.9 ± 0.0

	
2.3 ± 0.1

	
−20.7

	
2.6 ± 0.1

	
8.0 ± 1.0

	
7.0 ± 1.0

	
−12.5

	
7.5 ± 1.0

	
59.9 ± 0.3

	
48.4 ± 3.9

	
−19.2

	
54.2 ± 2.1




	
BH 2

	
165.0 ± 13.0

	
145.5 ± 3.5

	
−11.8

	
155.3 ± 8.3

	
69.8 ± 1.8

	
30.9 ± 0.7

	
−55.7

	
50.4 ± 1.3

	
3.8 ± 0.1

	
2.5 ± 0.2

	
−34.2

	
3.2 ± 0.2

	
9.0 ± 1.0

	
6.0 ± 1.0

	
−33.3

	
7.5 ± 1.0

	
49.1 ± 3.8

	
35.1 ± 3.4

	
−28.5

	
42.1 ± 3.6




	
BH 3

	
304.5 ± 55.5

	
279.0 ± 31.0

	
−8.4

	
291.8 ± 43.3

	
64.0 ± 1.0

	
35.6 ± 0.8

	
−44.4

	
49.8 ± 0.9

	
4.1 ± 0.0

	
2.4 ± 0.3

	
−41.5

	
3.3 ± 0.2

	
8.0 ± 1.0

	
8.0 ± 1.0

	
0.0

	
8.0 ± 1.0

	
60.1 ± 0.7

	
57.4 ± 2

	
−4.5

	
58.8 ± 1.4




	
BR 1

	
472.5 ± 38.5

	
192.0 ± 50.0

	
−59.4

	
332.3 ± 44.3

	
45.5 ± 6.5

	
31.1 ± 8.1

	
−31.6

	
38.3 ± 7.3

	
5.1 ± 0.3

	
1.3 ± 0.4

	
−74.5

	
3.2 ± 0.4

	
7.0 ± 1.0

	
5.0 ± 1.0

	
−28.6

	
6.0 ± 1.0

	
55.1 ± 0.1

	
45.7 ± 6.1

	
−17.1

	
50.4 ± 3.1




	
BR 2

	
369.0 ± 19.0

	
199.0 ± 23.0

	
−46.1

	
284.0 ± 21.0

	
42.5 ± 3.5

	
39.9 ± 1.7

	
−6.1

	
41.2 ± 2.6

	
4.2 ± 0.6

	
2.1 ± 1.1

	
−50.0

	
3.2 ± 0.9

	
10.0 ± 2.0

	
4.0 ± 1.0

	
−60.0

	
7.0 ± 1.5

	
57.6 ± 2

	
54.9 ± 2.3

	
−4.7

	
56.3 ± 2.2




	
BR 3

	
535.0 ± 15.0

	
212.0 ± 46.0

	
−60.4

	
373.5 ± 30.5

	
42.5 ± 1.5

	
33.6 ± 6.2

	
−20.9

	
38.1 ± 3.9

	
3.3 ± 0.2

	
2.4 ± 0.1

	
−27.3

	
2.9 ± 0.2

	
12.0 ± 0.0

	
8.0 ± 2.0

	
−33.3

	
10.0 ± 1.0

	
61.4 ± 0.4

	
46.4 ± 5

	
−24.4

	
53.9 ± 2.7




	
BR 4

	
508.0 ± 15.0

	
296.0 ± 16.0

	
−41.7

	
402.0 ± 15.5

	
49.1 ± 2.1

	
35.8 ± 4.4

	
−27.1

	
42.5 ± 3.3

	
4.7 ± 0.0

	
1.7 ± 0.3

	
−63.8

	
3.2 ± 0.2

	
13.0 ± 2.0

	
5.0 ± 1.0

	
−61.5

	
9.0 ± 1.5

	
56.4 ± 0.5

	
39.5 ± 0.6

	
−30.0

	
48.0 ± 0.6




	
BR 5

	
382.0 ± 42.0

	
288.0 ± 76.0

	
−24.6

	
335.0 ± 59.0

	
58.3 ± 3.3

	
45.8 ± 2.8

	
−21.4

	
52.1 ± 3.1

	
3.4 ± 0.0

	
2.4 ± 0.1

	
−29.4

	
2.9 ± 0.1

	
9.0 ± 1.0

	
7.0 ± 1.0

	
−22.2

	
8.0 ± 1.0

	
50.6 ± 9

	
47.4 ± 0.7

	
−6.3

	
49.0 ± 4.9




	
CCP 1

	
426.0 ± 76.0

	
170.0 ± 60.0

	
−60.1

	
298.0 ± 68.0

	
50.8 ± 1.8

	
35.5 ± 11.5

	
−30.1

	
43.2 ± 6.7

	
4.5 ± 0.6

	
1.9 ± 0.0

	
−57.8

	
3.2 ± 0.3

	
8.0 ± 1.0

	
5.0 ± 2.0

	
−37.5

	
6.5 ± 1.5

	
55.4 ± 5.5

	
48.2 ± 1.6

	
−13.0

	
51.8 ± 3.6




	
CCP 2

	
452.0 ± 48.0

	
138.0 ± 44.0

	
−69.5

	
295.0 ± 46.0

	
48.5 ± 7.5

	
24.2 ± 2.2

	
−50.1

	
36.4 ± 4.9

	
4.9 ± 0.1

	
2.8 ± 0.1

	
−42.9

	
3.9 ± 0.1

	
11.0 ± 0.0

	
4.0 ± 0.0

	
−63.6

	
7.5 ± 0.0

	
54.6 ± 0.9

	
54.6 ± 0.9

	
0.0

	
54.6 ± 0.9




	
CCP 3

	
300.0 ± 42.0

	
172.0 ± 8.0

	
−42.7

	
236.0 ± 25.0

	
36.5 ± 4.0

	
20.9 ± 1.5

	
−42.7

	
28.7 ± 2.8

	
4.8 ± 0.8

	
2.7 ± 0.5

	
−43.8

	
3.8 ± 0.7

	
10.0 ± 0.0

	
5.0 ± 1.0

	
−50.0

	
7.5 ± 0.5

	
62.1 ± 2.3

	
51.1 ± 2.7

	
−17.7

	
56.6 ± 2.5




	
CCP 4

	
192.0 ± 32.0

	
255.5 ± 1.5

	
33.1

	
223.8 ± 16.8

	
37.0 ± 1.0

	
34.6 ± 1.2

	
−6.5

	
35.8 ± 1.1

	
4.2 ± 0.5

	
1.3 ± 0.1

	
−69.0

	
2.8 ± 0.3

	
7.0 ± 1.0

	
5.0 ± 1.0

	
−28.6

	
6.0 ± 1.0

	
47.2 ± 1.6

	
46.8 ± 1.6

	
−0.8

	
47 ± 1.6




	
CV 1

	
413.0 ± 83.0

	
112.0 ± 4.0

	
−72.9

	
262.5 ± 43.5

	
47.5 ± 8.5

	
26.2 ± 4.0

	
−44.8

	
36.9 ± 6.3

	
3.5 ± 0.4

	
1.7 ± 0.1

	
−51.4

	
2.6 ± 0.3

	
10.0 ± 1.0

	
6.0 ± 1.0

	
−40.0

	
8.0 ± 1.0

	
56.9 ± 6.0

	
44.0 ± 0.5

	
−22.7

	
50.5 ± 3.3




	
CV 2

	
289.0 ± 48.0

	
177.0 ± 59.0

	
−38.8

	
233.0 ± 53.5

	
26.0 ± 3.0

	
13.7 ± 0.7

	
−47.3

	
19.9 ± 1.9

	
4.0 ± 0.8

	
2.2 ± 0.1

	
−45.0

	
3.1 ± 0.5

	
11.0 ± 3.0

	
5.0 ± 1.0

	
−54.5

	
8.0 ± 2.0

	
57.5 ± 1.9

	
44.8 ± 0.2

	
−22.1

	
51.2 ± 1.1




	
CV 3

	
333.0 ± 45.0

	
362.5 ± 17.5

	
8.9

	
347.8 ± 31.3

	
38.0 ± 6.0

	
16.8 ± 5.3

	
−55.8

	
27.4 ± 5.7

	
4.4 ± 0.4

	
1.7 ± 0.1

	
−61.4

	
3.1 ± 0.3

	
15.0 ± 3.0

	
5.0 ± 2.0

	
−66.7

	
10.0 ± 2.5

	
50.9 ± 3.8

	
41.7 ± 2.8

	
−18.1

	
46.3 ± 3.3




	
CV 4

	
401.0 ± 49.0

	
306.5 ± 18.2

	
−23.6

	
353.9 ± 33.6

	
44.5 ± 3.5

	
27.6 ± 9.6

	
−38.0

	
36.1 ± 6.6

	
4.5 ± 1.2

	
2.4 ± 0.5

	
−46.7

	
3.5 ± 0.9

	
6.0 ± 0.0

	
6.0 ± 2.0

	
0.0

	
6.0 ± 1.0

	
60.8 ± 3.9

	
51.7 ± 5.2

	
−15.0

	
56.3 ± 4.6




	
CV 5

	
525.5 ± 99.5

	
231.0 ± 45.0

	
−56.0

	
378.3 ± 72.3

	
34.0 ± 2.0

	
16.6 ± 1.4

	
−51.2

	
25.3 ± 1.7

	
4.2 ± 0.5

	
2.0 ± 0.4

	
−52.4

	
3.1 ± 0.5

	
13.0 ± 0.0

	
6.0 ± 2.0

	
−53.8

	
9.5 ± 1.0

	
62.8 ± 5.3

	
43.1 ± 4.6

	
−31.4

	
53.0 ± 5.0




	
Mean

	
380.0 ± 102.4

	
214.9 ± 64.5

	

	

	
47.3 ± 12.2

	
29.1 ± 8.8

	

	

	
4.1 ± 0.6

	
2.1 ± 0.4

	

	

	
9.8 ± 2.5

	
5.7 ± 1.2

	

	

	
56.4 ± 4.7

	
47.1 ± 5.7

	

	




	
Significancy of the differences by ANOVA Student–Newman–Keuls




	
IR

	
**

	
**

	
***

	
**

	
*




	
GE

	
***

	
***

	
**

	
***

	
***




	
IR × GE

	
***

	
***

	
***

	
***

	
***








*, **, and*** indicate respectively that the effect is not significant or significant at p < 0.05, p < 0.01, and p < 0.001, respectively.
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Table 3. Variation in root weight (RW), main root length (MRL), and the variation index (VI) in relation to the experimental factors studied.
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Genotype

	
RW (g)

	
MRL (cm)




	

	
IRR

	
NIR

	
VI

	
Mean

	
IRR

	
NIR

	
VI

	
Mean






	
BH 1

	
43.6 ± 7.4

	
25.1 ± 3.2

	
−42.4

	
34.3 ± 5.3

	
18.6 ± 1.9

	
6.0 ± 0.7

	
−67.7

	
12.3 ± 1.3




	
BH 2

	
14.2 ± 2.5

	
14.1 ± 4.1

	
−0.7

	
14.1 ± 3.3

	
21.0 ± 2.2

	
5.4 ± 1.1

	
−74.3

	
13.2 ± 1.7




	
BH 3

	
25.6 ± 7.1

	
15.0 ± 3.0

	
−41.4

	
20.3 ± 5.1

	
16.6 ± 2.5

	
2.8 ± 0.5

	
−83.1

	
9.7 ± 1.5




	
BR 1

	
39.0 ± 7.4

	
28.0 ± 2.0

	
−28.2

	
33.5 ± 4.7

	
13.6 ± 3.3

	
5.0 ± 0.0

	
−63.2

	
9.3 ± 1.7




	
BR 2

	
30.6 ± 3.5

	
29.0 ± 1.0

	
−5.2

	
29.8 ± 2.3

	
11.9 ± 1.2

	
7.6 ± 1.8

	
−36.1

	
9.8 ± 1.5




	
BR 3

	
43.9 ± 5.5

	
15.0 ± 5.0

	
−65.8

	
29.5 ± 5.3

	
12.6 ± 1.0

	
5.8 ± 0.5

	
−54.0

	
9.2 ± 0.8




	
BR 4

	
41.7 ± 5.2

	
13.5 ± 3.2

	
−67.6

	
27.6 ± 4.2

	
14.7 ± 1.2

	
3.4 ± 0.2

	
−76.9

	
9.1 ± 0.7




	
BR 5

	
31.6 ± 4.1

	
19.0 ± 1.0

	
−39.9

	
25.3 ± 2.6

	
17.5 ± 1.6

	
5.6 ± 0.4

	
−68.0

	
11.6 ± 1.0




	
CCP 1

	
35.0 ± 6.0

	
16.0 ± 2.0

	
−54.3

	
25.5 ± 4.0

	
15.2 ± 1.3

	
4.5 ± 0.3

	
−70.4

	
9.9 ± 0.8




	
CCP 2

	
37.4 ± 7.9

	
16.0 ± 8.0

	
−57.2

	
26.7 ± 8.0

	
14.5 ± 1.9

	
4.3 ± 0.3

	
−70.3

	
9.4 ± 1.1




	
CCP 3

	
24.9 ± 3.2

	
19.0 ± 1.0

	
−23.7

	
22.0 ± 2.1

	
10.8 ± 0.7

	
6.0 ± 0.4

	
−44.4

	
8.4 ± 0.6




	
CCP 4

	
16.5 ± 4.2

	
16.0 ± 4.0

	
−3.0

	
16.3 ± 4.1

	
10.9 ± 0.9

	
4.1 ± 1.1

	
−62.4

	
7.5 ± 1.0




	
CV 1

	
33.9 ± 6.4

	
28.0 ± 8.0

	
−17.4

	
31.0 ± 7.2

	
14.2 ± 4.0

	
5.0 ± 0.3

	
−64.8

	
9.6 ± 2.2




	
CV 2

	
24.5 ± 11.0

	
13.0 ± 3.0

	
−46.9

	
18.8 ± 7.0

	
7.6 ± 0.1

	
5.1 ± 1.3

	
−32.9

	
6.35 ± 0.7




	
CV 3

	
27.9 ± 6.5

	
24.0 ± 4.0

	
−14.0

	
26.0 ± 5.3

	
11.3 ± 1.2

	
5.5 ± 0.5

	
−51.3

	
8.4 ± 0.9




	
CV 4

	
33.3 ± 7.4

	
23.0 ± 13.0

	
−30.9

	
28.2 ± 10.2

	
13.3 ± 1.0

	
5.5 ± 0.3

	
−58.6

	
9.4 ± 0.7




	
CV 5

	
43.5 ± 12.4

	
8.0 ± 0.0

	
−81.6

	
25.8 ± 6.2

	
10.1 ± 0.6

	
4.3 ± 0.4

	
−57.4

	
7.2 ± 0.5




	
Mean

	
32.2 ± 9.1

	
18.9 ± 6.2

	

	

	
13.8 ± 3.4

	
5.0 ± 1.1

	

	




	
Significance of the differences by ANOVA Student–Newman–Keuls




	
IR

	
n.s.

	
*




	
GE

	
***

	
***




	
IR × GE

	
***

	
***








ns, * and *** indicate respectively that the effect is not significant or significant at p < 0.05, and p < 0.001, respectively.
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Table 4. Variation in the total amount of GLSs (µmol g−1 d.w.) in the roots and leaves in relation to the two experimental factors studied.
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Roots

	
Leaves




	
Genotypes

	
IRR

	
NIR

	
Mean

	
IRR

	
NIR

	
Mean






	
BH 1

	
5.1 ± 1.0

	
9.7 ± 0.3

	
9.7 ± 3.6

	
122.7 ± 3.0

	
126.0 ± 3.7

	
124.4 ± 2.3




	
BH 2

	
11.8 ± 0.6

	
38.2 ± 1.6

	
38.2 ± 18.7

	
39.1 ± 2.5

	
82.5 ± 2.4

	
60.8 ± 30.7




	
BH 3

	
3.5 ± 0.2

	
5.1 ± 0.2

	
5.1 ± 1.1

	
48.4 ± 5.0

	
76.9 ± 1.7

	
62.7 ± 20.2




	
BR 1

	
4.7 ± 0.6

	
32.2 ± 1.8

	
32.2 ± 19.4

	
39.8 ± 2.8

	
72.7 ± 3.6

	
56.3 ± 23.3




	
BR 2

	
4.2 ± 0.0

	
6.2 ± 0.0

	
6.2 ± 1.4

	
184.3 ± 14.9

	
264.9 ± 4.2

	
224.6 ± 56.9




	
BR 3

	
8.8 ± 1.6

	
10.7 ± 0.1

	
10.7 ± 1.3

	
81.6 ± 3.2

	
98.2 ± 0.0

	
89.9 ± 11.7




	
BR 4

	
28.9 ± 5.4

	
36.1 ± 6.0

	
36.1 ± 1

	
291.4 ± 91

	
578.9 ± 33.5

	
435.2 ± 203.3




	
BR 5

	
9.2 ± 1.9

	
20.1 ± 1.9

	
20.1 ± 7.7

	
222.2 ± 17.9

	
336.7 ± 51.5

	
279.5 ± 80.9




	
CCP 1

	
2.5 ± 0.1

	
2.7 ± 0.2

	
2.7 ± 0.1

	
45.5 ± 1.0

	
66.2 ± 2.6

	
55.9 ± 14.7




	
CCP 2

	
4.3 ± 0.1

	
6.6 ± 0.6

	
6.6 ± 1.6

	
103.9 ± 67.3

	
138.7 ± 16.8

	
121.3 ± 24.6




	
CCP 3

	
19.6 ± 7.5

	
23.6 ± 5.3

	
23.6 ± 2.8

	
115.3 ± 35.9

	
400.1 ± 10.5

	
257.7 ± 201.4




	
CCP 4

	
5.2 ± 0.7

	
8.3 ± 2.1

	
8.3 ± 2.2

	
48.9 ± 0.0

	
99.2 ± 4.6

	
74.1 ± 35.6




	
CV 1

	
29.0 ± 0.1

	
32.1 ± 3.2

	
32.1 ± 2.2

	
111.8 ± 23.7

	
411.6 ± 5.1

	
261.7 ± 211.9




	
CV 2

	
4.9 ± 1.1

	
18.2 ± 1.2

	
18.2 ± 9.4

	
66.9 ± 7.2

	
78.6 ± 2.9

	
72.8 ± 8.3




	
CV 3

	
6.1 ± 0.9

	
16.6 ± 2.3

	
16.6 ± 7.4

	
35.8 ± 0.0

	
88.1 ± 0.0

	
62.0 ± 36.9




	
CV 4

	
10.9 ± 0.4

	
12.8 ± 1.6

	
12.8 ± 1.3

	
39.02 ± 2.4

	
66.9 ± 7.3

	
53.0 ± 19.7




	
CV 5

	
14.8 ± 1.1

	
15.3 ± 4.4

	
15.3 ± 0.4

	
114.6 ± 0.0

	
245.7 ± 0.0

	
180.2 ± 92.7




	
Mean

	
10.2 ± 8.4

	
8.4 ± 11.4

	

	
100.6 ± 72.7

	
190.1 ± 156.0

	




	
Significancy of the differences by ANOVA Student–Newman–Keuls




	
IR

	
**

	
**




	
GE

	
**

	
**




	
IR × GE

	
**

	
***








** and *** indicate that the correlation is significant at p < 0.01 and p < 0.001, respectively.
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Table 5. Pearson’s correlation coefficients among the individual and total GLSs (detected in the leaves in NIR) and the index of morphometric traits identified in the studied crops.






Table 5. Pearson’s correlation coefficients among the individual and total GLSs (detected in the leaves in NIR) and the index of morphometric traits identified in the studied crops.





	
Correlations




	

	
SIN

	
GRA

	
GNA

	
GER

	
GBN

	
GAL

	
GBS

	
NGBS

	
SIB

	
GST

	
IW

	
IH

	
ISD

	
IRW

	
IRL

	
IL

	
ISPAD






	
SIN

	
1

	
0.064

	
−0.012

	
−0.246

	
0.071

	
−0.043

	
−0.043

	
−0.478 **

	
0.342 *

	
−0.225

	
−0.093

	
0.483 **

	
0.208

	
−0.151

	
−0.271

	
0.150

	
0.064




	
GRA

	

	
1

	
0.180

	
−0.157

	
−0.052

	
−0.149

	
−0.244

	
0.239

	
0.029

	
−0.210

	
−0.275

	
−0.068

	
−0.044

	
−0.311

	
0.283

	
−0.234

	
−0.152




	
GNA

	

	

	
1

	
−0.223

	
−0.151

	
−0.112

	
−0.125

	
−0.036

	
−0.089

	
−0.199

	
−0.197

	
−0.066

	
−0.307

	
−0.037

	
−0.062

	
−0.014

	
−0.051




	
GER

	

	

	

	
1

	
−0.214

	
−0.459 **

	
−0.202

	
−0.279

	
−0.353 *

	
0.503 **

	
−0.325

	
−0.240

	
0.228

	
−0.187

	
−0.208

	
−0.019

	
−0.200




	
GBN

	

	

	

	

	
1

	
0.302

	
−0.253

	
−0.223

	
0.394 *

	
0.134

	
0.204

	
0.128

	
−0.056

	
0.460 **

	
0.088

	
−0.006

	
0.215




	
GAL

	

	

	

	

	

	
1

	
0.083

	
−0.041

	
0.284

	
0.067

	
0.314

	
0.224

	
−0.289

	
0.362 *

	
−0.101

	
0.132

	
0.338




	
GBS

	

	

	

	

	

	

	
1

	
−0.127

	
0.335

	
−0.137

	
0.347 *

	
−0.090

	
0.075

	
0.144

	
−0.258

	
0.373 *

	
0.230




	
NGBS

	

	

	

	

	

	

	

	
1

	
−0.165

	
−0.293

	
0.089

	
−0.361 *

	
−0.128

	
−0.188

	
0.431*

	
−0.363 *

	
−0.239




	
SIB

	

	

	

	

	

	

	

	

	
1

	
−0.211

	
0.321

	
0.215

	
0.118

	
0.336

	
−0.151

	
0.259

	
0.449 **




	
GST

	

	

	

	

	

	

	

	

	

	
1

	
−0.252

	
−0.115

	
−0.118

	
−0.103

	
−0.170

	
−0.212

	
−0.122




	
IW

	

	

	

	

	

	

	

	

	

	

	
1

	
−0.146

	
0.142

	
0.415 *

	
−0.136

	
0.373 *

	
0.116




	
IH

	

	

	

	

	

	

	

	

	

	

	

	
1

	
−0.297

	
0.146

	
0.162

	
0.016

	
0.410 *




	
ISD

	

	

	

	

	

	

	

	

	

	

	

	

	
1

	
−0.170

	
−0.064

	
0.330

	
−0.050




	
IRW

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1

	
0.184

	
0.105

	
0.312




	
IRL

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1

	
−0.434 *

	
−0.064




	
IL

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1

	
0.204




	
ISPAD

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1








* and ** indicate that the correlation is significant at p < 0.05 and p < 0.01, respectively. SIN = sinigrin; GRA = glucoraphanin; GNA = gluconapin; GER = glucoerucin; GBN = glucobrassicanapin; GAL = glucoalyssin; GBS = glucobrassicin; NGBS = neoglucobrassicin; SIB = sinalbin; GST = gluconasturtiin; IW = weight index; IH = height index; ISD = index stem diameter; IRW = root weight index; IRL = root length index; IL = index number of leaves; ISPAD = SPAD index.
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