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Abstract 16 

Soilless cultivation systems (SCS) are increasingly used to produce high quality baby-leaf arugula, 17 

highly appreciated by consumers for its pungent taste, due to the content of glucosinolate (GLS). To 18 

evaluateGiven all of the health benefits attributed to GLSs, there is great interest in understanding 19 

whether and how soilless cultivation affectsgrowing systems may affect the GLS profile of these 20 

health-promoting compoundsarugula. For this purpose, a greenhouse experimentstudy was 21 

conducted to compare the GLS profile of Diplotaxis erucoides, D. tenuifolia, and Eruca sativa 22 

grown side-by-side under protected environment in a conventional soil-system (CSS) and in a 23 

soilless-system (SS).SCS. Genotype and growing-system showedresulted in a significant effect on 24 

GLS content, while the resulting qualitative GLS profile resultedwas species-specific. Despite the 25 
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growing-system, six different GLSs were identified infrom plants of D. tenuifolia and E. sativa, 26 

while only sinigrin, was detected in plants of D. erucoides. Total GLS content was on average 11.6, 27 

10.349.85, 8.23, and 9.67.96 mg g-1 of dry weight in D. erucoides, D. tenuifolia, and E. sativa, 28 

grown in CSS, respectively. The same three species grown in SSSCS synthesised 36%, 51%%, and 29 

41% more GLSs than plants grown in CSS, respectively. Soilless cultivation may be adopted to 30 

increase the GLS content and enhance the nutritional quality of Brassicas leafy vegetables. 31 

 32 
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 38 

1. INTRODUCTION  39 

Brassicaceae are among the oldest cultivated crops (Schimidt and Bancroft, 2011) with a 40 

production across Europe estimated at approximately 70 million tons/annum, and are considered a 41 

rich source of health -promoting phytochemicals (Avato and Argentieri, 2015). They are commonly 42 

namedreferred to as the “mustard” (from the Latin mustum ardens) plant family, due to the sharp, 43 

potent flavour attributable to their main sulphur metabolites, the glucosinolates (GLSs) (Bjӧrkman 44 

et al., 2011; Petropoulos et al., 2017). When plant tissues are crushed or powdered, they are 45 

hydrolysed releasing the typical hot, pungent mustard components that identifyare associated with 46 

the botanical family. While Brassicaceae contain several phytonutrients, GLSs are their most 47 

commonly studied constituents [(Argentieri et al., 2012; Argentieri et al., 2011; Bjӧrkman et al,., 48 

2011; D’Antuono et al., 2008). Although anti-nutritional effects causing, resulting in goitre and 49 

liver damage in animals have been reported for GLSs [(Cartea et al., 2008; Tripathi and Mishra, 50 

2007), several epidemiological studies have shown that in humans, high consumption of Brassica 51 
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vegetables is inversely linked to cancer risk (Fimognari and Hrelia, 2007).; Petropoulos et al., 52 

2017). Moreover, it has been shown that GLSs and their breakdown products may contribute to 53 

reduce the risk of myocardial infarction (Traka and Mithen, 2009). Brassicaceae include some of 54 

the most important food plants, but also minor species, such as those belonging to the genus Eruca 55 

and Diplotaxis, commonly referred as ‘rocket’ (also known as arugula, rughetta, rucola and 56 

roquette), and particularlyare appreciated by consumers for their strong pungent taste due to the 57 

presence of GLSs (D’Antuono et al,., 2009). Considered underutilisedunderutilized vegetables, 58 

traditionally used in the Mediterranean diet, either as raw or cooked leafy greens (Bianco et al,., 59 

2009), inover the last two decades Eruca sativa (Mill.) Thell. (“cultivated” rocket) and Diplotaxis 60 

tenuifolia (L.) DC. (“wild” rocket), becamehave become very popular as ‘baby leafleaf’ greens 61 

(Hall et al,., 2012, Ryder, 2002). Particularly appreciatedAppreciated by the fresh-cut industry for 62 

their long shelf-life and fast growing cycle (20-40 days), today they are successfully 63 

grownproduced worldwide, in open field and greenhouse settings, using both soil and soilless 64 

systems and are available onto the market all year round (Cavaiuolo and Ferrante, 2014; Nicola et 65 

al,., 2005). Other species of rocket likesuch as Diplotaxis erucoides (L.) DC. (“white wall” rocket), 66 

mostly known primarily as wild edible plants (WEPs), still remain still underutilised and are used as 67 

traditional food only in the Mediterranean areaunderutilized (Bianco et al,., 2009; D’Antuono et al,., 68 

2009). As consumers are becomingbecome more health -conscious and seek for healthy foodmore 69 

leafy greens, there is a renewed interest forin WEPs, which are considered to have a wealthy 70 

sourcewealth of antioxidants and health-promoting compounds (Boari et al,., 2013; Pereira et La,al., 71 

2011). There is in fact, increasing evidence that WEPs contain higher amountquantities of 72 

phytonutrients aswhen compared to commercial vegetable varieties selected for high productivity, 73 

aesthetic quality, and long shelf-life (Davis, 2009; Ebert, 2015). BesidesIn addition to the genotype 74 

(Pasini et al,., 2012), Brassicas GLS content is influenced by several factors can affect GLS content: 75 

plant maturity and time of harvest (Bell et al,., 2015), post-harvest handling and storage conditions 76 

(Cavaiuolo and Ferrante, 2014; Kim and Ishii, 2007), environment,environmental conditions and 77 
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agronomic practices (Bell and Wagstaff, 2014; Selma et al,., 2010; Steindal et al,., 2015)), and 78 

cultivation systems. (Bonasia et al., 2017; Kovacic et al., 2015). A few studies have compared the 79 

GLS profile of Brassicas grown under organic and conventional agricultural practisespractices 80 

(Robbins et al,., 2005), or grown with different soilless cultivation systems (Bonasia et al., 2017; 81 

Kovacic et al., 2015), while to the best of our knowledge no study havehas compared theirthe GLS 82 

profile of Brassicas grown in soil and soilless cultivationgrowing systems. Although rocket is 83 

mostly produced primarily in CSS, SSSCS are increasingly used to overcome issues with soil-borne 84 

diseases, weed control and soil fertility, or to improve crop productivity and product quality 85 

(NicolaBonasia et al, 2005; Santamaria., 2017; Pignata et al, 1998).., 2017; Tomasi et al., 2015). 86 

Despite the continuouscontinued growth of the hydroponic industry, many consumers maintain a 87 

negative bias towards SSSCS (Schnitzler and Gruda, 2002) and consider soilless products as 88 

artificial, less tasty, and of lower nutritional quality. InFrom this perspective, there is great interest 89 

in understanding whether and how SSSCS may affect the GLS profile of leafy Brassica species. 90 

Therefore, the aim of this study was to evaluate and compare the GLS profile and content of D. 91 

tenuifolia, E. sativa, and D. erucoides plants, grown under protected environment, side-by-side, in 92 

CSS and SS.SCS. Soil and soilless cultivations systems are characterized by different water and 93 

fertilization management, which may result in different water and nutrient availability for the 94 

plants. In this study, we hypothesise that besides the potential effects on the primary metabolism of 95 

the plant, and thus on the crop productivity, the growing system may directly or indirectly also 96 

affect the synthesis of organosulfur compounds, and thus the nutraceutical properties of Brassicas 97 

leafy vegetables. Previous studies suggested that an increase in sulphur availability may positively 98 

influence the synthesis of GLSs, especially of methionine-derived GLSs (Rangkadilok et al., 2004; 99 

Yang et al., 2015). Conversely, a higher availability of nitrogen, often associated with higher yields, 100 

seems to negatively affect the synthesis of GLSs (Petropoulos et al., 2017; Rosen et al., 2005). 101 

Therefore, an analysis of the relationship between crop yields, total GLS content, and leaf sulphur 102 
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concentration may provide a better understanding of the growing system effects on the GLS profile 103 

of leafy vegetables belonging to the Brassicaceae family.  104 

 105 

2. MATERIALS AND METHODS 106 

2.1 Chemicals and reagents  107 

Anhydrous sodium carbonate (99.95%), sodium bicarbonate (99.7%)%), and sodium sulphate 108 

(99.0%) were purchased from Sigma-Aldrich (St Louis, MO, USA). Ultra-pure water (resistivity, 109 

18.2 MΩ∙cm) was produced using a Milli-Q® Academic system (Merck Millipore, Billerica, MA, 110 

USA). All reagents and standards were of analytical grade. Reference GLSs (90-100% purity) were 111 

purchased from C2 Bioengineering Aps (Copenhagen, Denmark). HPLC-grade methanol, water, 112 

sinigrin, Type-1 sulfatase (EC. 3.1.6.1) from Helix pomatia, phopsphomolybdic acid hydrate, 113 

Sephadex DEAE A-25, and sodium acetate were obtained from Sigma–Aldrich (Milan, Italy). Poly-114 

Prep® chromatography columns were obtained from Bio-Rad Laboratories (Bari, Italy). Aluminium 115 

TLC silica gel 60 F254 plates were purchased from Merck KGaA (Milan, Italy). 116 

 117 

2.2 Plant material, treatments and growth conditions   118 

Plants of D. erucoides, D. tenuifolia, and E. sativa  were grown in CSS and a SSSCS. The 119 

experiment was conducted during fall 2013, in a 340 m2 unheated tunnel-greenhouse at the 120 

experimental farm ‘La Noria’ (Mola di Bari, Southern Italy, 41°03' N, 17°4' E; 24 m a.s.l.). Soil 121 

plots of 2.7 m2 (1.0 m wide, 2.7 m long), were alternated side-by-side, with 1% sloped aluminium 122 

benches of the same area. Treatments were arranged in a split plot design with three replicates. 123 

Growing systems were randomised inrandomized as the main plots (2.70 m2) and rocket species 124 

were randomised inrandomized as subplots (0.90 m2; 64 plants). Seeds of E. sativa and D. tenuifolia 125 

were purchased from Fuscello Tesoro Sementi (Andria, Italy). Seeds of D. erucoides seeds were 126 

collected from wild plants, dried out, selected by size, and stored in a sealed container at 5 °C, until 127 

sowing. Rocket species were sown in polystyrene plug trays with 160 cells filled with peat. In each 128 
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cell, 6-8 seeds were sown 6-8 seedsand covered with vermiculite. All trays were placed in a 129 

polymethacrylate greenhouse, under natural daylight conditions and after the emergence, seedlings 130 

were thinned to four per cell. Seedlings were irrigated daily and fertigated twice a week with half 131 

strength Hoagland nutrient solution. (Hoagland and Arnon, 1950). At the third-fourth true leaf 132 

stage, seedlings of all three species were transplanted at distances of 0.125 m between rows and 133 

0.10 m within the row, either in the soil or in 0.5 L polyethylene black pots containing a perlite–134 

peat substrate mix (2:1, v:v) and placed on aluminium benches  (density of 80 plants m-2 in both 135 

systems). Temperature and relative humidity were passively controlled through ventilation (average 136 

daily air temperature, 17.6 °C; 2.5 to 16.7 °C minimum and 16.1 to 37.7 °C, maximum; average 137 

relative humidity, 88.9%; daily light integral (DLI) from 16.73 to  1.10 mol m-2 day-1 , on average 138 

6.45 mol m-2 day-1). An integrated cropNo treatments were required for the management approach 139 

was used to control major pestsof insects and diseases. in either growing system. In soil plots, 140 

infesting weeds were controlled manually. 141 

 142 

2.3 Crop management in soil and soilless system  143 

Soil used for the CSS was a typical Mediterranean ‘Terra Rossa’ clay soil, classified as Alfisols 144 

according to the USDA soil taxonomy: 1.08% organic matter; pH 7.8; EC, 2.4 dS m-1. Plants were 145 

watered by drip irrigation, using rain water (0.05 dS m-1). 60Sixty kg ha-1 of nitrogen (N) were 146 

applied by fertigation as calcium nitrate (N 15.5%, CaO 26.5%) 15 and 30 days after transplanting 147 

(DAT).  Plants grown in SSSCS were fertigated by subirrigationsub-irrigation with a nutrient 148 

solution (NS) prepared with rain water and containing N (11.0 mM), phosphorus (1.0 mM), 149 

potassium (4.4 mM), magnesium (1.7 mM), calcium (3.2 mM), sulphur (2.1 mM), iron (20 μM), 150 

manganese (5 μM), zinc (2 μM), boron (25 μM), copper (0.5 μM), and molybdenum (0.1 μM), 151 

resulting in 1.7 dS m-1 EC and pH 6.8. Fertigation was scheduled with a timer to supply NS at the 152 

top end of every bench with a flow rate of approximately 3.0 L min-1.  153 

 154 
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2.4 Samples harvest and preparation  155 

BrassicaAll three species were harvested 42 DAT. Excluding border plants, leaves of 36 plants per 156 

plot were pooled to form a single sample. After determining the fresh weight of each sample, a sub-157 

sample of aboutapproximately 100 g was immediately frozen at -20 °C, lyophilized in a freeze-drier 158 

Lio 5P (CinquePascal, Trezzano sul Naviglio, Italy)), and stored in desiccators for GLS analyses. 159 

Another sub-sample, collected as above, was dried toin a forced-air oven at 65 °C until constant 160 

weight, finely ground and used to determine sulphate (SO4
2-) content. 161 

 162 

2.5 Sulphate contentconcentration  163 

Sulphate contentconcentration was determined onas described by Di Gioia et al. (2017) using 0.5 g 164 

dry matter samples by ion chromatography (Dionex DX120; Dionex Corporation, Sunnyvale, CA) 165 

with a conductivity detector, using an IonPack AG14 pre-column and an IonPack AS14 separation 166 

column [17].. The eluent consisted of 3.5 mmol L-1 of sodium-carbonate and 1.0 mmol L-1 of 167 

sodium-bicarbonate solution. 50Fifty mL of the same eluent were used to extract sulphate. Sulphate 168 

concentration was determined against a sodium sulphate (Na2SO4) standard and results were 169 

expressed in mg g-1 of DW.   170 

 171 

2.6 Extraction and desulphation of glucosinolates  172 

Glucosinolates were isolated from the plant leaves (200 mg) according to a standard procedure 173 

[(Argentieri et al,., 2011,; ISO-Method, 1992). Plant samples (three replicates for each species) 174 

were mechanically pulverized into a fine powder which was then extracted withusing boiling 175 

MeOH:H2O (70%). Extraction of each drugplant sample was carried out in duplicate. The crude 176 

extracts (2.5 mL) were then applied to a DEAE Sephadex A-25 anion-exchange column previously 177 

equilibrated with 0.5 M acetate buffer, pH 5.0 (1.6 g DEAE resin and 25 mL buffer) and pre-178 

washed with H2O. A preliminary purification of the extract was performed by elution with MeOH 179 

aq. 70% (2×2 mL), H2O (2×2 mL), and Na-acetate buffer 0.02 M, pH 5.0 (0.5 mL), in thethat order. 180 
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Desulfoglucosinolates (DGLSs) for each plant sample were obtained by overnight treatment of 181 

GLSs, retained by the DEAE column, with sulphatase (14400 units g-1) dissolved in water (0.025 g 182 

in 6 mL). DesulphationThe desulphation procedure was run in duplicate. All of the purification 183 

steps were monitored by TLC (isopropanol/ethyl acetate/H2O, 7:1:2 v:v) visualized alternatively 184 

under UV light or by spraying with phosphomolybdic acid reagent. The same procedure as above 185 

was applied to sinigrin and reference GLSs (glucoraphanin, glucoerucin and glucobrassicin) to 186 

obtain the corresponding DGLSs.  187 

 188 

2.7 HPLC of glucosinolates  189 

As described by Argentieri et al. (2011) DGLSs obtained for each plant sample were analysed with 190 

a Waters HPLC 600 Liquid Chromatograph equipped with a Photodiode-Array-Detector (Waters 191 

2998). Data were processed with Empower™ 2 Waters Software. DGLSs were separated with a 192 

Gemini C18 (Phenomenex; Milan, Italy) column (250×4 mm, 5 μm particle size) equipped with a 193 

Security Guard C18 Cartridge (4×3mm, Phenomenex, Milan, Italy) using the following elution 194 

system: solvent A, H2O; solvent B, MeOH. The elution gradient was: 1.5% B in A increasing up to 195 

60% of B at 48 min and 100% of B at 57 min. The flow rate was 1 mL min-1. UV spectra of each 196 

component in the extract was recorded at 229 nm. HPLC analysis of DGLSs were run in triplicate. 197 

Authentic compounds were also run in the same analytical conditions and Rt and UV spectra 198 

compared for identification.  199 

 200 

2.8 Quantification of glucosinolates  201 

A calibration curve was prepared with desulphosinigrin. Linearity was evaluated by preparing 202 

7seven standard dilutions inwithin the range of 2.5-1000 μg mL-1. Three consecutive HPLC runs 203 

were performed for each concentration. Average values for peak areas after the three runs were 204 

plotted against the used concentrations to obtain the calibration curve. Linearity was expressed by a 205 

correlation coefficient r2=0.9996 (y=6E+06x-52962).  206 
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 207 

2.9 Validation of HPLC method  208 

The limit of detection (LOD) and limit of quantification (LOQ) were evaluated on the basis of 209 

signal-to-noise ratios (S:N) of 3:1 and on 10:1, respectively. The calculated LOD for sinigrin was 210 

0.23 μg mL-1; LOQ was 0.5 μg mL-1. The inter- and intraday precisions were evaluated by analyses 211 

on three different days with standard solutions at different concentrations and three times on the 212 

same day, respectively. Efficiency of the extraction procedure was determined by the standard 213 

addition method. A measured amount of sinigrin (80, 100, and 120% of its content) was added to 214 

200 mg of plant material and then extracted and processed for HPLC analyses and quantification. 215 

The total recovery of sinigrin was calculated from the calibration curve. Analyses were run in 216 

triplicate. 217 

 218 

2.10 ESI-MS/MS 219 

Analyses of glucosinolates from D. erucoides, D. tenuifolia, and E. sativa were performed onusing 220 

a 1100 Series Agilent LC/MSD Trap-System VL. (Argentieri et al., 2011). An Agilent Chemstation 221 

(LC/MSD Trap-Software 4.1; Agilent, Santa Clara, CA, USA) was used for acquisition and 222 

processing of the data. All of the analyses were carried out using an ESI ion source type in the 223 

positive mode, with the following settings: gas (N2), 15 PSI; drying gas (N2) heated at 350 °C and 224 

introduced at a flow rate of 5 L min-1. Full scan spectra were acquired over a mass range of 100–225 

2200 m/z with a scan time of 13000m/z/s. Automated MS/MS was performed by isolating the base 226 

peaks (molecular ions) with the threshold set at 100 and the ion change control on, with the 227 

maximum acquisition time set at 300 ms. Samples were dissolved in MeOH/H2O (1:1) and injected 228 

by direct infusion at a flow rate of 10 μL min-1 with a syringe pump (KD Scientific, Holliston, MA, 229 

USA). 230 

 231 

2.11 Statistical analysis  232 
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Assessment and validation of quantifications limits, reproducibility, and calculation of averages and 233 

standard deviations for GLS analyses were performed using Microsoft Excel (Office 2010).; 234 

Microsoft, Redmond, WA, USA). Variance for the main effects (genotype and growing system) and 235 

their interaction was calculated with the GLM procedure in SAS Version 9.4 software (SAS 236 

Institute, Cary, NC, USA). All means were compared using Duncan’s multiple range test at P = 237 

0.05. Pearson correlation coefficients were calculated using the CORR procedure of SAS for 238 

correlations of total GLS, sulphate, and fresh biomass infor each species. Linear regression was 239 

calculatedconducted with the SAS REG procedure of SAS to estimate the correlations between total 240 

GLS and sulphate and between total GLS content and fresh biomass infor each species. 241 

 242 

3. RESULTS AND DISCUSSION 243 

3.1 Genotype and growing system effects on glucosinolate profile  244 

Chemical types and relative amountsquantities of GLSs found in leaves of D. erucoides, D. 245 

tenuifolia, and E. sativa grown in CSS and SSSCS were influenced by both genotype and growing 246 

system. A significant interaction was however observed only for some of the GLSs detected (Table 247 

1). HPLC-DAD and ESI-MS/MS analyses allowed to identifythe identification of six different 248 

GLSs in D. tenuifolia and E. sativa, which contained a mixture of aliphatic GLSs: 249 

pentylglucosinolate, glucoraphanin, glucoerucin, diglucothiobeinin and glucosativin (determined as 250 

dimeric-4-mercaptobutyl GLS [31]); Bennett et al., 2002) and only one indolic GLS, glucobrassicin 251 

(Fig. 1). In contrast, only the aliphatic sinigrin was detected in D. erucoides. GLSs were 252 

unequivocally identified by UV spectra, HPLC spiking with authentic reference compounds, and by 253 

ESI-MS/MS fragmentations of their DGLSs derivatives. Spectroscopic and spectrometric data of 254 

GLSs isolated in this study are summarized in Table 2. Aliphatic GLSs were characterized by UV 255 

spectra with absorption maxima in the range of 222-227 nm, while indole GLSs showed absorption 256 

maxima around 219 nm. (Kiddle et al 2001). ESI-MS/MS spectra were consistent with the expected 257 

fragmentations for the identified compounds (Table 2).; Fabre et al., 2007; Matthaus et al., 2000). In 258 
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agreement with previous studies [15, 21](Cavaiuolo and Ferrante, 2014; Pasini et al., 2012) D. 259 

tenuifolia and E. sativa showed a similar GLS profile. Aliphatic GLSs represented over 90% of 260 

total GLSs and glucoraphanin. Glucoraphanin, glucoerucin, and glucosativin were the predominant 261 

GLSs, accounting for over 76% of the total GLSs in D. tenuifolia and 69% in E. sativa, regardless 262 

the growing system. Comparing the quantity of the single GLSs infrom the three rocket species, a 263 

significant interaction was observed for pentyl-glucosinolate and glucoerucin, only detected in D. 264 

tenuifolia and E. sativa and sinigrin only found in D. erucoides. In D. tenuifolia the content of 265 

pentyl-glucosinolate was 83.5% higher in SSSCS than in CSS. Similarly, the glucoerucin content 266 

was higher in D. tenuifolia as compared to E. sativa, while in CSS -grown D. tenuifolia glucoerucin 267 

accounted for as much of the content as in SS SCS-grown E. sativa. ItsGlucoerucin content in SS 268 

SCS-grown D. tenuifolia and E. sativa was 96.5% and 50.8% higher, respectively, than in the CSS 269 

grown plants. Sinigrin was 35.6% higher  of the same species. The quantity of sinigrin in SS SCS-270 

grown D. erucoides was 35.6% higher than in CSS grown plants. The presence of sinigrin as the 271 

only GLS, found in this study for D. erucoides, was consistent with the findings of D’Antuono et al. 272 

[6](2008) who analysedanalyzed two morphologically different sub-species of D. erucoides falling 273 

into two different clusters according to GLSs composition. As in our study, the white flowered D. 274 

erucoides had sinigrin as a unique GLS constituent, while the yellow flowered sub-species had 275 

glucoraphanin as mainthe principal GLS., D.. Diplotaxis tenuifolia and E. sativa contained similar 276 

amounts of all the other GLSs but, with the exception of glucoraphanin thatwhich was 64.6% higher 277 

in D. tenuifolia than in E. sativa. Comparing the growing systems forFor the other GLS compounds, 278 

it was observed that the amount of glucoraphanin and glucobrassicin were not influenced by the 279 

growing system for botheither species. Instead, glucosativin and diglucothiobeinin were 114% and 280 

23% higher in D. tenuifolia and 63% and 76% higher in E. sativa SSwhen grown in SCS than when 281 

grown in CSS grown, respectively. 282 

 283 

3.2 Genotype and growing system effects on total glucosinolate content 284 
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Total GLS content was influenced only by the growing system, not by the plant genotype, and no 285 

significant interactions were observed between the two factors (Table 1). These results do not 286 

support the hypothesis that undomesticated genotypes are characterized by higher content of 287 

phytonutrients thancompared to domesticated species [19-20],(Davis, 2009; Ebert, 2015), while 288 

supportsupporting the findings of Bell et al.[22]. (2015) who observed no consistency when 289 

analysedanalysing GLS content of gene bank accessions and commercial varieties of rocket. Total 290 

GLSs content in our CSS -grown rockets was within the range of values reported by Bell et al.[22]. 291 

(2015) for D. tenuifolia (4.4 - 10.4 mg g-1 DW) and E. sativa (3.1 - 11.6 mg g-1 DW), and slightly 292 

higher than values reported by D’Antuono et al.[6]. (2008) for D. erucoides (3.9 - 8.4 mg g-1 DW). 293 

For D. tenuifolia and D. erucoides, total GLS content in SS SCS-grown plants was above the ranges 294 

reported by Bell et al.[22]. (2015) and D’Antuono et al. [6],(2008), respectively. Considering all 295 

three species, total GLS content was on average 43% higher (P = 0.01) in SSSCS than in CSS 296 

grown plants. In more detail, plants of D. erucoides, D. tenuifolia, and E. sativa grown in SSSCS 297 

synthesized 36%, 51%%, and 41% more GLSs than plants grown in CSS. SuchBased on these 298 

results suggest that SS, SCS leafy vegetables have equivalent or even higher GLS content than CSS 299 

grown vegetables, and that, SS. Thus, SCS may be used to enhance GLS content, and thus, improve 300 

the health properties of Brassica leafy plantsvegetables. The higher total GLS content, consistently 301 

observed in SSSCS grown plants as compared to CSS in all three species, may be explained by thea 302 

different availability of sulphur in the two growing systems. Moreover, the (Rangkadilok et al., 303 

2004; Yang et al., 2015). The yield obtained in the two growing systems for each species could also 304 

have played an indirect role in determining the total GLSs content.  305 

 306 

3.3 Genotype and growing system effects on the leaf sulphate contentconcentration and fresh yield  307 

Being that sulphur is a part of the GLSs structure and considering that its availability can affect the 308 

GLSs content, total sulphate concentration of each rocket species in CSS and SSSCS was 309 

determined in order to assess possible differences of sulphate accumulation between genotypes and 310 
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growing systems, and to examine the effect of these factors on the GLS-sulphate relationship. The 311 

analysis of variance revealed that both, growing system and genotype, had a significant effect on 312 

leaf sulphate concentration, and no significant interaction was observed between the two factors 313 

(Table 1). Leaf sulphate concentration was 30% higher (P = 0.001) in SSSCS than in CSS grown 314 

plants. This could be explained by athe lower availability of sulphur in CSS compared to SS. SCS. 315 

In SCS all of the nutrients including sulphur are applied continuously and usually in slight excess 316 

through the nutrient solution (Sonneveld and Voogt, 2009). In this specific case, plants grown in 317 

SCS were fertigated with a nutrient solution containing 2.1 mM of sulphur, corresponding to 67.3 318 

mg L-1 of sulphur. Conversely, in the CSS, no sulphur fertilizer was applied during the crop cycle 319 

considering that an adequate amount of sulphur (11.8 mg kg-1 of extractable SO4-S) was available in 320 

the soil at transplanting (Supplementary data, Table A).  321 

Sulphate concentration was 34.5% lower in D. erucoides (P = 0.0001) than in D. tenuifolia and E. 322 

sativa, suggesting that rocket genotype plays a major role on thein sulphur uptake and 323 

accumulation. These results were well correlated to the GLSs composition of the three rocket 324 

genotypes. While D. erucoides contained only sinigrin, D. tenuifolia and E. sativa contained 325 

glucoraphanin and glucoerucin, methionine-derived GLSs that have in their side chain an additional 326 

sulphur atom in their side chain at different statestates of oxidation. Moreover, correlation between 327 

content of the major GLSs (glucoraphanin, glucoerucin, and glucosativin) and the increased amount 328 

of sulphate in D. tenuifolia and E. sativa cultivated in SSSCS indicates that their higher ability to 329 

accumulate sulphate drives the biosynthetic pathway to produce higher amountquantities of 330 

glucoerucin, the precursor of glucoraphanin (by S-oxidation) and glucosativin (by S-331 

demethylation).   332 

At harvest (42 DAT), fresh yield was influenced by both growing system and species (Table 1). 333 

However, a significant interaction was observed between the two factors, suggesting that the effect 334 

of the growing system was influenced by the species. Eruca sativa provided a higher fresh yield 335 

compared to the other two species in both seasons, while no significant differences were observed 336 
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between D. erucoides and D. tenuifolia. Comparing the two growing systems, fresh yield was 337 

19.6%, 31.0%, and 34.8% lower in SCS than in the CSS for D. erucoides, D. tenuifolia, and E. 338 

sativa, respectively. The lower yield obtained with the SCS compared to the CSS could be 339 

explained by lower availability of water in the SCS as compared to the CSS.  This hypothesis is 340 

supported by the lower average leaf dry matter content of plants grown in the CSS (7.32%) 341 

compared to that of plants grown in the SCS (8.64%). As expected, the clay soil used in this 342 

experiment assured a higher water retention compared to the perlite–peat substrate mix (2:1, v:v) 343 

used in the SCS, characterized by a higher porosity and lower water holding capacity. Nevertheless, 344 

fresh yield levels were similar to those reported by Bonasia et al. (2017) for D. tenuifolia grown 345 

during the fall-winter season, and by Nicola et al. (2005) for E. sativa grown in a SCS, while where 346 

much higher than those reported for the same species grown in a CSS. 347 

3.4 Correlation between glucosinolates, sulphate content, and fresh biomass 348 

A positive and significant correlation was in fact observed between total GLS content and leaf 349 

sulphate concentration for D. erucoides (r = 0.93), D. tenuifolia (r = 0.87)), and E. sativa (r = 0.93) 350 

suggesting that the supplemental sulphur fertilization of leafy Brassicas may represent an effective 351 

way to manipulate the GLS profile and total content in both CSS and SSSCS. A significant negative 352 

correlation was instead observed between total GLS content and leaf fresh biomass for D. erucoides 353 

(r = -0.85) and E. sativa, (r = -0.98), while the correlation was not significant in D. tenuifolia. 354 

The regression analysis revealed that the total GLS – leaf sulphate relationship followed a linear 355 

model in all three species (Table 3; Fig. 2A). None of the intercepts were significantly different 356 

from zero, while slopes were significantly different from zero and ranged from 0.30 in E. sativa to 357 

0.65 in D. erucoides. Adjusted R2 values ranged from 0.84 in D. erucoides to 0.69 in D. tenuifolia.  358 

Also theThe relationship between total GLS and fresh biomass was linear (Fig. 2B). All intercepts 359 

were significantly different from zero and ranged between 17.33 for E. sativa and 25.61 for D. 360 

erucoides. Slopes were negative and significantly different from zero, except for D. tenuifolia, and 361 

ranged from -9.23 in D. erucoides to -3.65 for E. sativa. Adjusted R2 values ranged from 0.36 in D. 362 
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tenuifolia to 0.82 in E. sativa. These results suggest that despite the growing system, there is a sort 363 

of “dilution effect”, and high fresh yield may be associated towith lower GLS concentration. 364 

Therefore, differences of total GLS concentration observed between rocket species could be also be 365 

associated to thewith different crop productivity. The positive linear relationship between leaf 366 

sulphate concentration and total GLS content and the influence of sulphur availability on the GLS 367 

profile suggest also that the supplemental sulphur fertilization of leafy Brassicas may represent an 368 

effective way to manipulate the GLS profile and total content in both CSS and SSSCS. 369 

 370 

4. CONCLUSIONS 371 

Results of this study suggest that bothBoth growing system and rocket genotype have to some 372 

extent an effect on the GLS concentration, while the types of GLS profile is mainlysynthesized 373 

were determined by the genotype. D.Diplotaxis tenuifolia and E. sativa showedhad a GLS profile 374 

that was completely different from that of D. erucoides. Regardless the growing system, six 375 

different GLSs (5 aliphatic, 1 indole) were identified in D. tenuifolia and E. sativa, while only the 376 

aliphatic sinigrin was detected in D. erucoides. Nevertheless, all three species, showed similar total 377 

GLS concentration. Leaf GLS content was positively correlated with leaf sulphate concentration in 378 

all three species, while it was negatively correlated with the quantity of fresh biomass only in D. 379 

erucoides and E. sativa. Such results indicate that agronomic techniques and different growing 380 

systems can indirectly affect GLS content. The growing system had no influence on the chemical 381 

type of GLSs, however, it significantly affected the quantitative content of four out of seven GLSs 382 

detected. In all three species, total GLS content was significantly higher in SSSCS than in CSS 383 

grown plants, highlightingsuggesting that SSSCS can provide plants with similar, or even higher, 384 

nutritional quality than CSS. It might be concluded that SS may be adopted to increase the 385 

concentration of GLSs and enhance the nutritional quality of Brassica vegetables.  386 
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Table 2. DGLS (in HPLC elution order) identified by ESI-MS/MS and UV in leaves of D. erucoides, D. 

tenuifolia, and E. sativa grown in soil and soilless systems.  

DGLS N-OH

R

S-Glucose

C

 
ESI-MS/MS 

  

R MS1 MS2 λ (nm) 
Pentylglucosinolate CH3(CH2)4- 

332 m/z  
[M+Na]+ - 227 

Glucoraphanin CH3SO(CH2)4- 
380 m/z  
[M+Na]+ 

316(24) [(M+Na+H)-CH3SO]+ 

225.5 218(100) [(M+Na+H)-RCNOH]+ 

185(13) [(M+Na+H)-RCNOH-H2S]+ 

Diglucothiobeinin C6H11O5-S-S-(CH2)4- 
544 m/z 382(100) [(M+Na+H)-C6H11O5]+ 

226 
[M+Na]+ 348(37) [(M+Na+H)-C6H11O5-H2S]+ 

Glucoerucin CH3S(CH2)4- 
364 m/z  
[M+Na]+ 

218(100) [(M+Na+H)-RCNOH]+ 

221.6 202(41) [(M+Na+H)-Glu]+ 

185(92) [(M+Na+H)-RCNOH-H2S]+ 

Glucobrassicin 
NH

CH2 -

 

391 m/z  
[M+Na]+ 

229(100) [(M+Na+H)-Glu]+ 

219.2, 260 219 (39) [(M+Na+H)-RCNOH]+ 

185(56) [(M+Na+H)-RCNOH-H2S]+ 

Dimeric form of 
Glucosativin 

  
S(CH2)4-

S(CH2)4- 

675 m/z  
[M+Na]+ 

513(72) [M+Na+H)-Glu]+ 

495(39) [(M+Na+H)-Glu-H2O]+ 

479(100) [(M+Na+H)-Glu-H2S]+ 
407(3) [(M+Na+H)-CH3CH2C(S-Glu)NOH]+ 
333(9) [(M+Na+H)-SHS(CH2)4C(S-Glu)NOH]+ 
219(5) [(M+Na+H)-RCNOH-S-Glu]+ 

225 

 

Sinigrin CH2=CHCH- 302 m/z  
[M+Na]+ 

218(100) [(M+Na+H)-RCNOH]+ 
227 

185(56) [(M+Na+H)-RCNOH-H2S]+ 

 
 
 

 

 

 

 

 

 

 

 

 



Table 3. Parameter estimates, their significance, R2, adjusted R2 and equation of linear response of total 

glucosinolate concentration measured by HPLC to SO4
2- concentration determined by IC and to fresh 

biomass in three species of rocket.  

Species 
Intercept a Slope a 

R2 Adj-R2 
Estimate p-value Estimate p-value 

Linear relationship between total GLSs and SO4
2- 

D. erucoides -1.45 0.59 0.65 0.006 0.87 0.84 

D. tenuifolia -9.95 0.17 0.63 0.026 0.75 0.69 

E. sativa 0.62 0.75 0.30 0.007 0.86 0.83 

Linear relationship between total GLSs and fresh biomass 

D. erucoides 25.61 0.004 -9.23 0.03 0.73 0.66 

D. tenuifolia 19.80 0.016 -6.55 0.12 0.49 0.36 

E. sativa 17.33 0.001 -3.65 0.009 0.85 0.82 

 

a Intercepts and slopes in bold are significantly different from zero at P ≤ 0.05. 

 



 

Figure 1. HPLC trace of glucosinolates isolated from the leaves of D. erucoides, D. tenuifolia and 

E. sativa grown in soil system: 1) pentylglucosinolate; 2) glucoraphanin; 3) diglucothiobeinin; 4) 

glucoerucin; 5) glucobrassicin; 6) dimeric glucosativin; 7) sinigrin. 
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Figure 2. Relationship between total glucosinolate and SO4
2- leaf concentration (A) and between 

total glucosinolate concentration and leaf fresh biomass (B) of three species of rocket. 

 



Table A. Soil physical and chemical properties. 

Examined parameters z Mean value 

Soil texture  Clay 

Clay (%) 43.8 

Silt (%) 31.9 

Sand (%) 24.3 

Organic matter  (g 100 g-1) 1.08 

Total N  (g kg-1) 1.06 

Organic carbon (g 100 g-1) 0.99 

C/N 9.36 

Total limestone (%) 1.32 

P2O5 (mg kg-1) 98.73 

K2O (mg kg-1) 264.1 

SO4
2- (mg kg-1) 35.5 

Cation exchange capacity (meq 100 g-1) 34.48 

pH 7.76 

Electrical conductivity (dS m-1) 2.37 
 

z Soil samples collected in pre-transplanting were air-dried, sieved to 2 mm, and used for the soil 

physical and chemical characterization. Soil texture was determined by the Bouyoucos' densimeter 

method. Organic matter and carbon were determined by the Walkey-Black method. Total N was 

determined by Kjeldahl method (2300 Kjeltec Auto Analyzer). Assimilable phosphorus was 

determined by using the Olsen method and a spectrophotometer. Cation exchange capacity and 

exchangeable potassium were determined by atomic absorption spectroscopy after extraction with 

barium chloride and triethanolamine solution. Extractable sulphate was determined by ion 

chromatography after extraction with 0.025 M KCl.  
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Fig. 1S. HPLC chromatogram of D. tenuifolia extracts and UV spectra of detected GLS with 
retention time as specified. 

 

 

 



Fig. 2S. HPLC chromatogram of D.erucoides extract and UV spectra of detected GLS with 
retention time as specified. 

 

Fig. 3S. HPLC chromatogram of D. tenuifolia grown in Soil (A) and Soilless (B) system. 1) 
pentylglucosinolate; 2) glucoraphanin; 3) diglucothiobeinin; 4) glucoerucin; 5) glucobrassicin; 6) dimeric 
glucosativin. 

 

Fig 4S. HPLC chromatogram of D. erucoides grown in Soil (A) and Soilless (B) system. 1) sinigrin 



 

 

 

Fig. 5S. HPLC chromatogram of E. sativa grown in Soil (A) and Soilless (B) system. 1) pentylglucosinolate; 
2) glucoraphanin; 3) diglucothiobeinin; 4) glucoerucin; 5) glucobrassicin; 6) dimeric glucosativin 



 



Figure 6S. HPLC trace (229 nm) of glucosinolates isolated from the leaves of D. erucoides (A and B), D. 
tenuifolia (C and D), and E. sativa (E and F) grown in soil (A, C, E) and soilless (B, D, F) system, 
respectively. 1) sinigrin; 2) pentylglucosinolate; 3) glucoraphanin; 4) diglucothiobeinin; 5) glucoerucin; 6) 
glucobrassicin; 7) dimeric glucosativin. 



Highlights 

• Glucosinolates (GLS) of soil- and soilless-grown rocket species have been studied. 

• Seven glucosinolates were identified and quantified using HPLC. 

• Genotype and growing-system influenced to some extent GLS content 

• Qualitative GLS profile was determined by the species. 

• Soilless-grown rockets showed higher total glucosinolate content than soil-rocket. 

 

*Highlights


