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Summary
Glucosinolates (GLS) are a serendipitous class of secondary meta- 
bolites found in pak choi, a Chinese cabbage (Brassica rapa subsp. 
chinensis (L.) Hanelt). GLS are hydrolyzed by the enzyme myrosi-
nase to obtain isothiocyanates (ITC), nitriles, and epithionitriles. 
GLS hydrolysis products (GLS-HP) are responsible for the typical 
flavor and odour of pak choi. Little is known about the influence of 
S and N interactions on pak choi GLS and their hydrolysis products 
(GLS-HP), especially nitriles. 
We investigated the effect of S and N concentrations on pak choi 
GLS, isothiocyanates, and nitriles content under varying nitrogen 
(0.75 and 1.5 g N pot–1) and sulfur (0, 0.06, and 0.3 g S pot–1) supply.  
Increasing the S supply but not N resulted in a reciprocal increase of 
the total GLS. The GLS concentration decreased under S deficiency. 
S supply delivered an optimized GLS pattern, and substantially 
enhanced the synthesis of aliphatic GLS and ITC in particular. In 
contrast, N-rich nutrition favored the synthesis of indolic GLS and 
nitriles, the latter are known to have less health beneficial potential 
and even showed harmful effects. The study indicates, for the first 
time, that the ITC/nitrile ratio increases under S supply.
GLS and their GLS degradation products in pak choi showed a strong 
response to sulfur supply. Moreover, the ITC/nitrile ratio might be 
used as a physiological trait to compare nutritional quality and health 
benefits of brassica species. 
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Introduction
Brassica rapa is a vegetable crop species with significant economic 
value. It is produced globally as an oil and vegetable crop (Sun, 
2015). Importantly, Asia possesses a main diversification area of 
vegetable B. rapa crops (Cartea and FranCiSCo, 2011). Brassica 
vegetables such as broccoli, cauliflower and cabbage are known 
for their important medicinal benefit and nutritional value, which 
have been mainly attributed to the presence of sulfur-containing 
secondary metabolites known as glucosinolates (abdalla and 
Mühling, 2019). These important metabolites are enzymatically 
degraded to deliver isothiocyanates, nitriles, and epithionitriles. 
Isothiocyanates might be responsible for the chemopreventive effect 
of cruciferous vegetables (thornalley, 2002; hanSChen and 
SChreiner, 2017), in addition to their antimicrobial (Saladino  
et al., 2016), and anti-inflammatory potential (Fahey et al., 1997; 
Vo et al., 2013; Mitsiogianniet et al., 2018). For example, cabbage 
or pak choi are known to contain alkenyl glucosinolates, which can 
be enzymatically degraded to obtain epithionitriles and, to a lesser 
degree, isothiocyanates (hanSChen et al., 2019).
More than 200 glucosinolates have been identified in nature 
(KopriVoVa and KopriVa, 2016). Their structures depend on the 
precursor amino acid and they are subsequently classified into three 

groups: aliphatic (alanine, leucine, isoleucine, methionine or valine), 
indolic (tryptophan) and phenylalkyl (phenylalanine or tyrosine) 
glucosinolates, as listed in Fig. 1 (laMbrix et al., 2001; hanSChen 
et al., 2014; KopriVa and gigolaShVili, 2016). 
Different glucosinolates induce the defense mechanism of plants, 
so that they can cope with various abiotic and biotic stresses 
(abdalla and Mühling, 2019). Moreover, they are known as 
defensive compounds in plants, which might induce their resistance 
to disease (bloeM et al., 2015). Importantly, they have demonstrated 
promising neuroprotective properties (Venditti and bianCo, 
2018), anti-inflammatory effects (Vo et al., 2013), and antimicrobial 
activities (Saladino et al., 2016). It is well-established that ITCs 
have been involved in the inhibition of carcinogenesis as indicated 
previously (Zhang and talalay, 1994; traKa and Mithen, 2009; 
palliyaguru et al., 2018; MitSiogianniet et al., 2018; Blažević 
et al., 2020), in addition to its antimicrobial, and anti-inflammatory 
effects (hanSChen et al., 2014; VeeranKi et al., 2015). In contrast to 
the above-mentioned beneficial effects of glucosinolates, it has been 
reported that some glucosinolates such as progoitrin and indolylic 
GLS converted to goitrin and thiocyanate, respectively, might cause 
minimal adverse risks on thyroid hormone production (FelKer et al.,  
2016). Additionally, ruminants are found to be more tolerant to 
glucosinolate-containing plants intake in addition to adults, which 
are more tolerant in comparison to young animals (MandiKi et al.,  
2002). However, it has been reported that long-term feeding on 
glucosinolate-containing diets caused hypothyroidism and goiter in 
addition to elevated plasma levels of thiocyanates (tripathi et al., 
2001).
A leafy Chinese cabbage, pak choi Brassica rapa subsp. chinensis 
(L.) Hanelt, Family: Brassicaceae) is known as the most important 
and popular vegetable in human nutrition in East, Northeast and 
Southeast Asia (Zhu et al., 2013). Interestingly, China is responsible 
for 30-40% of its production volume (Zhu et al., 2013). The 
consumption of pak choi in Europe and North America has increased 
owing to its relatively mild flavor (KiM et al., 2017). Moreover, 
Kaliabis-Rippel reported that it showed great marketability and 
acceptance among consumers especially in Germany (KallabiS-
rippel, 2000). Furthermore, pak choi is a rich source of secondary 
metabolites, especially glucosinolates, which have been reported to 
be present at concentrations of 19-63 μmol/g DW (WieSner et al., 
2014). Several glucosinolates such as gluconapin, glucobrassicanapin, 
progoitrin, glucobrassicin and neoglucobrassicin have been detected 
in pak choi (WieSner et al., 2014; Zang et al., 2015). Glucosinolates 
are well known for their significant role in plant defense (abdalla 
and Mühling, 2019). Various factors including insect damage, 
physical wounding, and abiotic stress (such as drought, UV light, and 
salt stress), can induce glucosinolate biosynthesis. The concentra- 
tion of glucosinolates and their hydrolysis products in Brassica 
vegetables can be regulated by sulfur and nitrogen fertilization 
(li et al., 2007; gerendáS et al., 2008a; 2008b; 2009; geilFuS  
et al., 2016). For instance, Gerendás et al. (2008b) indicated that an 
increase of N supply caused a decrease in indolic glucosinolates in 
cress (Lepidium sativum L.) plants. Additionally, gerendáS et al. 
(2008a) investigated the accumulation of isothiocyanate in Kohlrabi 



96 C.A.C. Meschede, M.A. Abdalla, K.H. Mühling

(Brassica oleracea L. Var. gongylodes) plants in response to S and 
N fertilization. The authors found that the concentration of all ITC 
including methylthiobutyl ITC, sulforaphane, phenylethyl ITC, 
and allyl ITC were substantially decreased with increasing N and 
decreasing S supply. 
Although pak choi has recently attracted significant interest, few 
studies have investigated the concentration of its glucosinolates and 
their hydrolysis products in response to nitrogen/sulfur nutrition 
to determine the optimum growth conditions and to enhance the 
nutritional quality and health benefits of pak choi. 
In this report we investigated the effect of increasing S supply on pak 
choi GLS and GLS-HP concentration under contrasting N supply. We 
followed the hypotheses: 1. S nutrition is necessary to a certain extent 
to increase the ITC concentration. 2. A higher N supply decreases the 
ITC/nitrile ratio. Furthermore, the study set out to determine the S 
level that is required to increase the ITC/nitrile ratio under varied N 
supply. The ITC/nitrile ratio might be used as a physiological trait to 
evaluate the nutritional value and medicinal significance of pak choi. 

Materials and methods
Plant material and growth conditions: The samples of Brassica 
rapa L. subsp. chinensis cv. Joi Choi obtained from Kiepenkerl 
(Germany) were pre-cultivated in nutrient-poor sand (retrieved from 
Oldenburg, Germany). After ten days, seedlings were transferred 
into Mitscherlich pots filled with 7.2 kg soil (2:1:1 Quartz sand 
1.2-1.4 mm:quartz sand 0.4-0.8 mm:Ostenfeld). The soil Ostenfeld 
contained 170 mg P2O5 kg-1, 120 mg K2O kg-1, 4.9 mg S kg-1, 0.13% 
Ntotal, and 23 g organic S kg-1. The compositions of the nutrient 
solution added to each pot (g pot-1) are listed in Tab. 1. 
Plants were cultivated during wintertime in a greenhouse with 14 h 
light at 20 °C and 10 h darkness at 16 °C in addition to supplementary 
lighting. Light intensity was 200 μmol s-1 m-2, on average (lamp, 
Professional Lighting, SON-K 400, Philips Deutschland GmbH, 
Hamburg, Germany; bulb, Philips SON-T Agro 400 watt, Philips 
Deutschland GmbH, Hamburg, Germany). Pack choi plants were 
treated with two N supply (N1=0.75 and N2=1.5 g pot-1) given as 
NH4NO3 in combination with three S concentrations (S0=0, S1=0.06, 
and S2=0.3 g pot-1) given as CaSO4. N and S treatments were 
applied 15 days from germination. Four biological replications per 
treatment were established to deliver a total of 24 pots. Plant shoots 
were harvested after 66 days and the fresh matter (FM) was directly 
recorded at the vegetative stage. Subsequently, plant material was 

immediately placed in a freeze-dryer at -53 °C for 72h (Gamma1-20, 
Christ, Osterode am Harz, Germany) to determine the dry matter 
(DM). Plant material was then ground to a fine powder for further 
analysis of N, S, GLS, and GLS breakdown products.

Determination of sulfur and nitrogen content: To determine the 
amount of sulfur and nitrogen in the plants, 5 ± 0.1 mg of freeze-dried 
plant material was used and combined with 5-10 mg Wolfram-VI-
oxide for optimal combustion. The concentrations of S and N were 
determined using an elemental analyzer, Flash EA1112 (Thermo 
Fisher Scientific, Milano, Italy) as described by Zörb et al. (2013).

Determination of sulfate and nitrate content: Ion chromatography 
(Dionex ICS 2500, Dionex Softron, Germering, Germany) was used 
to determine the sulfate and nitrate concentrations in the freeze-
dried plant materials. For this, 30 mg of plant material and 1.5 mL 
deionized water were incubated at 75 °C for 5 min. Samples were 
cooled to room temperature, centrifuged (5 min, 13 000 rpm) 
(Eppendorf Centrifuge 5415R, Hamburg, Germany), diluted 1:10 
with deionized water, and four to five drops of chloroform were 

 
Fig. 1:  The enzymatic hydrolysis products of glucosinolates modified from (laMbrix et al., 2001; hanSChen et al., 2014). The main glucosinolate side chain 

classifications (R) hanSChen et al., 2014; KopriVa and gigolaShVili, 2016). 

Tab. 1:  The compositions of the nutrient solution (g pot-1)

Nutrients g pot-1

Macronutrients 
Ca(H2PO4)2 0.3
CaCO3 1.5
KNO3  0.6
Mg(NO3)2  0.3
NH4NO3 0.75 and 1.5
CaSO4 0.06 and 0.3

Micronutrients 
FeCl2  0.05
MnCl2  0.03
CuCl2  0.01
ZnCl2  0.015
H3BO3  0.01
(NH4)6Mo7O24·H2O  0.002
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added. After centrifugation (13 000 rpm, 3 min) the upper phase was 
added to C-18 cartridges and measured by ion chromatography.

Glucosinolate (GLS) analysis: The concentration of glucosinolates 
was determined by using high-performance liquid chromatography 
(HPLC) (Agilent 1100 HPLC, Agilent Technologies, Waldbronn) as 
described by KruMbein et al. (2005). For this analysis, 0.5 g of the 
finely crushed plant material was incubated at 75 °C for 1 min to 
deactivate the myrosinase. Subsequently, a mixture of 4 mL methanol/
water (70:30 v/v) and 200 μL of sinigrin standard were added and the 
mixture was incubated at 75 °C for 10 min. Protein precipitation was 
performed by adding 1 mL of 0.4 M barium acetate, then the samples 
were centrifuged at 4 000 rpm at 10 °C for 10 min. The supernatant 
was recovered and extracted twice with 3 mL methanol/water 
mixture (70:30 v/v) and centrifuged. All combined supernatants were 
diluted to 10 mL with the methanol/water mixture. Five milliliters of 
the prepared sample was added to a 250 μl DEAE Sephadex A-25 
ion-exchange column and rinsed with 10 mL deionized water. Then, 
250 μL of purified arylsulfatase solution was applied to the column 
and incubated overnight. Subsequently, desulpho compounds were 
eluted using 5 mL distilled water. After passing through a 0.45 m 
filter, 10 μl of the purified extract was used for determination of the 
glucosinolates. The GLS analysis was carried out using an Agilent 
1100 series liquid chromatography system (Agilent Technologies, 
Waldbronn, Germany) with a diode array detector (DAD) and a 
Spherisorb ODS2 column (5 μm, 250 × 4 mm; Bischoff, Leonberg, 
Germany). The gradient started from 0% to 20% of acetonitrile/
water for 2-34 min, followed by 20% acetonitile/water for 6 min and 
finally, 100% acetonitrile was run isocratically for a further 10 min. 
The flow rate was 1.3 ml min-1 and the detection operated at 229 nm. 
The individual glucosinolates were characterized by comparisons 
of their retention time peaks with that of individual glucosinolates 
in reference material. The quantification of the GLS was performed 
using sinigrin as internal standard.

Glucosinolate breakdown products (GLS-HP) analysis: Freeze-
dried and finely crushed leaves (0.5 g) were added to 1 mL deionized 
water and 50 μL internal standard benzyl nitrile (100 ng/μL in 
methanol). After 30 min of incubation, 2 × 2 mL of dichloromethane 
were added. The sample was centrifuged at 3.000 rpm for 25 min 
at room temperature. The organic phase was collected in 5 mL 
test tubes and the extraction was repeated. The organic phase was 
then mixed with Na2SO4 to remove residual water, centrifuged, 
and concentrated under a nitrogen stream. For the identification of 
GLS-HP, the analysis was performed by gas chromatography (GC) 
with a flame ionization detector (FID), using an Agilent 6890 series 
gas chromatograph, with a HP5MS column (30 m × 0.25 mm × 
25 μm), and hydrogen was used as a carrier gas. Splitless injection 
was performed at 200 °C (injection volume was 1 μl), and the oven 
program started with 40 °C for 3 min and increased again to 250 °C 
at 10 °C min-1. Characterization of the products was confirmed by 
GC-MS by comparison with authentic standards and published MS 
spectra (SpenCer and daxenbiChler, 1980). The concentration of 
GLS-HP was calculated in μmol g-1 DM. GLS-HP were quantified 
using the molar FID-response factors calculated by using the ECN 
(Effective-Carbon-Number) method (SCanlon and WilliS, 1985): 
2PE-ITC (ECN 9.0, RF 0.70), 3But-ITC (ECN 4.9, RF 1.29), CETB 
(ECN 4.3, RF 1.47), 4Pent-ITC (ECN 5.9, RF 1.07), 4Pent-CN (ECN 
5.2, RF 1.21), CETPent (ECN 5.3, RF 1.19), 2OH3But-CN (ECN 3.8, 
RF 1.66), IACN (ECN 9.3, RF 0.68).

Statistical analysis: Statistical analysis was performed using the 
statistical software package R (R Development Core Team, 2013). 
For this, a generalized linear least squares-model was defined 

for all parameters (Carroll and ruppert, 1988). All measured 
variables were assumed to be normally distributed with homogenous 
variances, depending on the influence of factor S and N supply. 
For all parameters, a significance level of 0.05 was chosen. The 
significances were marked by capital letters for S effect and small 
letters for N effect within the figures. Heteroscedastic variables (N, 
S, N/S ratio, NO3, SO4, fresh matter (FM), dry matter (DM), GLS, 
aliphatic, phenylalkyl and indolic GLS), and homoscedastic variables 
(total concentration, GLS-HPs, ITCs, nitriles and epithionitriles 
(Epi), and ITC/nitrile ratio) were analyzed separately. Based on 
this information, a multivariate ANOVA (hartung et al., 2005) 
was applied, followed by a related multiple contrast test for multiple 
endpoints according to bretZ et al. (2010). Therefore, a pseudo one 
way model was provided (SChaarSChMidt and VaaS, 2009).

Results and discussion
Influence of N and S supply on growth and nutritional status
Pak choi Chinese cabbage (Brassica rapa subsp. chinensis (L.) cv. 
Joi Choi was cultivated in soil and exposed to N and S supply to 
evaluate the effects of varying N and S supply on the nutritional 
parameters (FM, DM, N, S, N/S ratio, nitrate, and sulfate) of the 
investigated plant. The concentration of N, S N/S ratio, nitrate, and 
sulfate in addition to the fresh and dry matter content in response to 
nitrogen and sulfur supply are listed in Tab. 2.
The nutritional status of the pak choi was affected in response to 
N and S supply. S deprivation (0 g S per pot-1) caused the typical 
S-deficiency symptoms including chlorosis of younger leaves and 
decreased the biomass, as shown in Fig. 2 and Tab. 2. Additionally, 
increasing the S supply (0.06 and 0.3 g S per pot) significantly 
increased the whole shoot biomass of pak choi. The highest fresh 
matter (FM) (589.8 g plant-1) and dry matter (DM) (48.0 g plant-1) 
were observed under conditions when the plants were subjected to 
higher N (1.5 g N per pot) and S (0.3 g S per pot) supply. Furthermore, 
increasing the S supply to 0.06 and 0.3 g S per pot resulted in a 
concomitant increase in S concentration in the plant tissue (Tab. 2). 
The N/S ratio increased if the amount of N fertilization increased 
from moderate to sufficient N levels (to 0.75 and 1.5 g N per pot). The 
nitrate concentration increased with higher N supply (1.5 g N pot-1) 
and was not affected by a lower S level. A higher S supply resulted 
in a decrease in the nitrate concentration owing to a stimulated 
nitrate assimilation. An increase in the sulfate concentration under 
the conditions of higher S supply was observed, which has also been 
reported in a previous study (gerendàS et al., 2008a). 

S fertilization enhanced GLS accumulation in pak choi
The total concentration of GLS was 0.44 μmol/g DM under the 
conditions of N and S deficiency, whereas the concentration was 
elevated to 2.45 and 7.05 μmol/g DM owing to increased S supply 
of 0.06 and 0.3 g S pot-1, respectively (Fig. 3). Moreover, below a N 
supply of 1.5 N per pot the total concentration of GLS was 0.29 and 
1.46 μmol/g if the S supply was 0.06 g S pot-1 but this increased to 
5.99 μmol/g if a higher supply of S was used (0.3 g S pot-1). 
The total concentration of aliphatic GLS under the conditions of 
lower N supply and S deficiency was close to zero (0.36 μmol g-1 
DM) which increased to 2.03 and 6.23 μmol g-1 DM with increased 
S supply to 0.06 and 0.3 respectively. Under a higher N supply the 
aliphatic GLS concentrations were 0.23, 1.15 and 5.05 μmol g-1 DM. 
A similar trend was observed for phenylalkyl GLS, but at lower 
concentrations (Fig. 3). The concentrations of indolic GLS were 
0.07, 0.22 and 0.40 μmol g-1 DM under low N supply and increased 
with higher N supply to 0.01, 0.20 and 0.60 μmol g-1 DM. The total 
concentration of GLSs, in addition to the concentration of aliphatic, 
phenylalkyl, and indolic GLS, is shown in Fig. 3.  
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Fig. 2:  Development of the biomass by means of varied nitrogen (N1 = 0.75 g N, N2 = 1.5 g N) and sulfur (S0 = 0 g S, S1 = 0.06 g S, S2 = 0.3 g S) fertilization 
in Pak Choi (A) side view (B) Top view. S deprivation (S0N1 and S0N2) caused the typical S-deficiency symptoms, and decreased biomass. Increasing 
the S supply (0.06 and 0.3 g S pot-1) significantly enhanced the whole shoot biomass

Tab. 2:  The concentration of N, S, N/S ratio, nitrate, and sulfate, fresh matter and dry matter in response to varied nitrogen and sulfur supply.

N S FM  DM N S N/S ratio nitrate sulfate

N1 S0 323.2 Aa 32.9 Aa 2.51 Aa 0.09 Aa 27.02 Aa   6.36 Aa 0.15 Aa
N1 S1 437.8 Ba 35.5 Aa 2.35 Aa 0.24 Ba   9.39 Ba   7.02 Aa 1.14 Ba
N1 S2 448.1 Ba 37.7 Aa 2.27 Aa 0.48 Ca   4.49 Ca   3.97 Aa 3.95 Ca
N2 S0 325.0 Aa 35.1 Aa 3.61 Ab 0.08 Aa 46.89 Ab 43.71 Ab 0.09 Aa
N2 S1 511.5 Ba 37.2 Ba 3.05 Bb 0.25 Ba 12.92 Bb 52.58 Ab 1.35 Ba
N2 S2 589.8 Bb 48.0 Cb 2.79 Bb 0.48Ca   6.47 Ca 22.18 Bb 3.84 Ca

ANOVA N 0.0120 0.0002 0.0001 0.1834 0.0001 0.0001 0.0001
 S 0.0001 0.0001 0.0053 0.0001 0.0001 0.0001 0.6041
 N × S 0.0561 0.0072 0.1430 0.5001 0.0079 0.0004 0.5789

Lower- and uppercase letters indicate significant difference (p<0.05) between means owing to the effect of N and S supply, S0 = 0 g S, S1 = 0.06 g S, S2 = 0.3 g  
S, N1 = 0.75 g N, N2 = 1.5 g N

In total, eleven different GLS compounds were determined quanti- 
tatively. These GLS were 3-methylsulfinylpropyl GLS (glucoiberin; 
GI), (2R)-2-hydroxybut-3-enyl GSL (progoitrin; PRO), (RS)-4-
(methylsulfinyl)butyl GSL (glucoraphanin; GRA), but-3-enyl GSL 
(gluconapin; GNP), 4-Hydroxyindol-3-ylmethyl GSL (4-hydroxy-
glucobrassicin; 4OH), pent-4-enyl GSL (glucobrassicanapin; GBC), 
indol-3-ylmethyl GSL (glucobrassicin; GB), 2-phenylethyl GSL  
(gluconasturtiin; GNI), (RS, 3E)-4-(methylsulfinyl)but-3-enyl GSL 
(glucoraphanin; GRE), 4-methoxyindol-3-ylmethyl GSL (4-methoxy- 
glucobrassicin; 4M) and 1-methoxyindol-3-ylmethyl GSL, (neoglu-
cobrassicin; NGB). GLS compounds were classified as six aliphatic 
(GI, PRO, GRA, GNP, GBC, GRE), one phenylalkyl (GNI) and four 
indolic (4OH, GB, 4M, NGB) GLS.
All detected aliphatic GLS (GI, PRO, GRA, GNP, GBC, GRE) were 
derived from the S-containing amino acid methionine. Therefore, 
increased S supply had a significant effect on the accumulation of 
these compounds (Fig. 4, F, H, I).

In particular, partly reduced concentrations of the alkenyl derivatives 
were observed with higher N supply (Fig. 4, B, C, D, H). The only 
phenylalkyl GLS compound found in the pak choi plant was GNI 
(Fig. 4, H) (Chen et al., 2006). This compound was clearly induced 
by S supply, which has also been reported by Vallejo et al., (2003).
Glucosinolates are derived from amino acids and constitute a core 
structure that has a β-d-glucopyranose residue connected to a (Z)-
N-hydroximino sulfate ester through a sulfur atom in addition to 
a variable side chain. As reviewed by the group of De Kok, it can 
be confirmed that the glucosinolate content can be affected by the 
sulfur nutritional status (aghajanZadeh et al., 2014). This was in 
agreement with the observed results, as S deficient plants had a low 
GLS concentration. Consequently, a high S supply enhanced the GLS 
concentration to 2.45 and 7.05 μmol g-1 DM (Fig. 3). During GLS 
synthesis, cysteine and gluthatione (GSH) are needed as S donors 
(geu-FloreS et al., 2011). Under conditions of S deficiency, these 
substances are insufficient and the GLS concentration is reduced; 
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if the S supply is increased, the GLS concentration is elevated 
(SChnug and haneKlauS, 1993; halKier and gerShenZon, 2006). 
On the other hand, under conditions of S deficiency, remobilization 
of S from GLS can occur owing to catabolic breakdown, resulting 
in high GLS hydrolysis product concentration and reduced GLS 
concentration (du and halKier, 1998; gerendàS et al., 2008b). 
This hypothesis could not be confirmed because it was clearly shown 
that the ITC concentration increases with S supply (gerendàS 
et al., 2008b; gerendáS et al., 2009). Under higher N supply, the 
GLS concentration increased in the presence of higher S supply 
(Fig. 3). Although several studies have reported that N increases the 
GLS concentration (Zhao et al., 1994; oMirou et al., 2009), other 
researchers have reported that N supply has a reducing effect (li  
et al., 2007). In this study, N had no effect on the GLS concentration 
(Fig. 3). 
The contradictory effect of N on the GLS concentration might 
be explained by the variable GLS patterns. GLS can be classified 
into aliphatic, indolic and phenylalkyl GLS, which can be affected 
differently by N and S supply. 
In this study, the concentration of aliphatic GLS increased with 
enhanced S supply, especially under high S and lower N fertilization 
(Fig. 3), whereas S deficiency and higher N supply decreased its 
concentration. Chen et al. (2006) reported that aliphatic GLS 
responds sensibly on a varied N and S supply, rather than indolic and 
phenylalkyl GLS. This can be attributed to the chemical structure 
of the aliphatic GLS, which are classified as alkenyl, alkyl, and 
thioalkyl of which the latter incorporates an additional S atom (Zhao 
et al., 1994). Therefore, this can explain how an individual aliphatic 
GLS can be affected by fertilization.
In contrast, a higher N supply and 60 mg S pot-1 led to a reduced 
concentration of GNI (Fig. 3 H), as also found previously (KiM et al.,  
2002; Vallejo et al., 2003). Our results showed that in addition to 
aliphatic or phenylalkyl GLS, indolic GLS were also synthesized 
under conditions of high S supply (Fig. 4, E, G, J, K). Under 
conditions of 0.06 g S and 0.75 g N pot-1, aliphatic GLS were de- 
tected at a concentration of 2.03 μmol g-1 DM, whereas only 0.22 
μmol g-1 DM indolic GLS were found at the same fertilization 
conditions. This result suggested that the aliphatic GLS dominate 
quantitatively over indolic and phenylalkyl GLS, which was in 

agreement with the findings of geilFuS et al. (2016). Therefore, the 
positive effect of the N and S supply on aliphatic GLS accumulation 
might affect the total GLS concentration.

Influence of N and S supply on isothiocyanates, nitriles and 
epithionitrile concentration
The formation of glucosinolate hydrolysis products decreased under 
conditions of lower N and S supply. Higher levels from 0.67 to 1.22 
μmol g-1 FM (Fig. 5, A) were detected in response to higher S supply 
(0.3 g S pot-1). On the other hand, higher N supply (1.5 g N pot-1) led  
to a concentration of 0.00, 0.41 and 1.14 μmol g-1 FM. The concen- 
tration of released ITC under lower N supply (0.75 g N pot-1) was 
0.00, 0.04 and 0.12 μmol g-1 FM and enhanced with higher N supply 
to 0.00, 0.01 and 0.07 μmol g-1 FM (Fig. 5, B). The concentrations of 
nitriles and epithionitriles are both shown in Fig. 3. 
In fresh plant material, eight individual glucosinolate hydrolysis 
products were determined quantitatively, alkenyl aliphatic ITCs 
(3-butenyl isothiocyanate, and 4-pentenyl isothiocyanate), aliphatic 
nitrile 3-hydroxypentenenitrile (2OH3But-CN), and 5-hexenenitrile  
(4-pent-CN), phenylalkyl ITC (2-phenylethyl-isothiocyanate), in-
dolic nitrile (indole-3-acetonitrile), and aliphatic epithionitrile (1-cy-
ano-3,4-epithiobutane a product of 3butenyl GLS, and 1-cyano-4,5-
epithiopentane or 5,6-epithiohexanenitrile (CETPent) a product of 
4-pentenyl GLS) are listed in Fig. 6, A-H. Under S deficient con-
ditions, no GLS-HP were detected owing to the lack of S resource 
(Fig. 5, A), as also reported earlier by (Wrigley et al. (1980). Conse-
quently, when the S supply was increased the GLS-HP concentration 
increased (Fig 4, A).
On the other hand, N did not have an effect on the GLS-HP 
concentration. Nevertheless, the concentration of the main groups of 
GLS-HP including ITC, nitriles and epithionitriles can be affected 
by S fertilization. 
With respect to N and S nutrition, the main degradation products 
formed were epithionitriles, as the epithionitrile concentration was 
10-fold higher as the ITC concentration.
The 1-cyano-3,4-epithiobutane (CETB) concentration gradually in-
creased with increasing S fertilization (0.28 and 0.46 μmol/g FM) 
(Fig. 6, F). Increased N fertilization resulted in higher concentrations 

 
Fig. 3:  The total concentration of glucosinolates (GLS) detected in pak choi (A) and the concentrations after classification into aliphatic (B), phenylalkyl (C), 

and indolic glucosinolates (D). Lower- and uppercase letters indicate significant difference (p<0.05) between means owing to the effect of N and S sup-
ply respectively, S0 = 0 g S, S1 = 0.06 g S, S2 = 0.3 g S, N1 = 0.75 g N, N2 = 1.5 g N.
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of 1-cyano-3,4-epithiobutane (0.44 μmol/g FM) with respect to the 
S slope with only the highest S fertilization level. Moreover, a sig-
nificant increase in the concentration of 1-cyano-4,5-epithiopentane 
(CETPent) to 0.54 μmol/g FM was observed only at the highest N 
and S concentration (Fig. 6, G). 
These results indicated that S nutrition induced the accumulation of 
not only GLS, but also the corresponding GLS-HP. Previous reports 
studied the control, recovery strategies and stability of glucosinolates 
and their hydrolysis products (angelino et al., 2015; hanSChen  
et al., 2015; galanaKiS, 2020). For instance, hanSChen et al. 
(2015) stated that analyzing glucosinolates content of plant materials 
before and after tissue homogenization and formation of the GLS-
HP showed that hydrolysis of glucosinolates to GLS-HP was more 
than 99%, additionally, the recovery of corresponding GLS-HP 
varied between 67 and 99%. Glucosinolates can be found either in 

free or bounded forms within biological sources (angelino et al., 
2015). Therefor, measurement systems can play a crucial role in the 
determination of GLS-HP such as both tissue-bound ITC and free 
ITC (angelino et al., 2015).
The ITC concentration was substantially reduced in response to 
increasing N and decreasing S supply, and subsequently enhanced 
with S supply. For example, there was no significant increase in the 
concentration of 2PE-ITC (0.010 μmol/g FM) under low S supply 
(0.06 g S pot-1) and both lower and higher N supply (0.75 and 1.5 g  
N pot-1). Only an increase in the S level had a significant effect 
on the concentration of 2PE-ITC; at higher N and lower S levels, 
the concentration was 0.003 μmol/g FM, which increased to 0.012 
μmol/g FM only at the higher S level. The same trend was observed 
for 3But-ITC, which was detected at a concentration of 0.013 μmol/g 
at a lower S level, which increased to 0.038 μmol/g FM at the highest 

 
 
 

Fig. 4:  Effect of S and N supply on the glucosinolate pattern: glucoiberin; GI (A), progoitrin; PRO (B), glucoraphanin; GRA (C), gluconapin; GNP (D), gluco-
brassicanapin; GBC (E), glucoraphanin; GRE (F), gluconasturtiin, GNI (G), glucobrassicin, GB (H), 4-hydroxyglucobrassicin; 4OH (I), 4-methoxyglu-
cobrassicin, 4M (J), neoglucobrassicin, NGB (K). Lower- and uppercase letters indicate significant diff,erence (p<0.05) between means owing to effect 
of N and S supply respectively, S0 = 0 g S, S1 = 0.06 g S, S2 = 0.3 g S, N1 = 0.75 g N, N2 = 1.5 g N
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Fig. 5:  Total concentration of glucosinolate hydrolysis products (A) as well as isothiocyanates (B), nitriles (C), and epithionitriles (D) in pak choi fertilized 

with a varied N and S supply. Lower- and uppercase letters indicate significant difference (p<0.05) between means owing to the effect of N and S supply 
respectively, S0 = 0 g S, S1 = 0.06 g S, S2 = 0.3 g S, N1 = 0.75 g N, N2 = 1.5 g N.

 

 
Fig. 6:  Individual glucosinolate hydrolysis products under different N and S fertilization conditions in pak choi plants: 2-phenylethyl-isothiocyanate (2PE-ITC) 

(A), 3-butenyl-isothiocyanate (3But-ITC) (B), 4-pentenyl-isothiocyanate (4Pent-ITC) (C), 3-hydroxypentenenitrile (2OH3But-CN) (D), 5-hexenenitrile 
(4-pent-CN) (E), 1-cyano-3,4-epithiobutane (CETB) (F), 5,6-epithiohexanenitrile (CETPent) (G), indolacetonitrile (IACN) (H). Lower- and uppercase 
letters indicate a significant difference (p<0.05) between means owing to the effect of N and S supply respectively, S0 = 0 g S, S1 = 0.06 g S, S2 = 0.3 
g S, N1 = 0.75 g N, N2 = 1.5 g N.
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S level (Fig. 6, B). These findings suggested that there was an obvious 
S effect but not N effect (Fig. 6, A). These results support the findings 
of gerendàS et al. (2008b). 
Regarding the total nitrile concentration, this study showed that N 
supply did not affect the nitrile concentration as strongly as S supply 
(Fig. 3, C). Considering individual nitriles, indolacetonitrile (IACN) 
exhibited a significant increase with higher N supply (Fig. 6, H). 
However, the other nitriles, 3-hydroxypentenenitrile (2OH3But-CN) 
and 5-hexenenitrile (4-pent-CN) (Fig. 6, D, E), which are known as 
nitriles found previously in pak choi (KlopSCh et al., 2018; Chen  
et al., 2019), were less affected by a higher N supply, as also reported 
by geilFuS et al. (2016). 

Moderate S under low N supply stimulates ITC synthesis and 
improves the ITC/nitrile 
Because nitriles and epithionitriles have been reported to have fewer 
health benefits than ITCs and even showed harmful effects in animal 
nutrition, it is of significant interest to produce food rich in ITCs 
(hanSChen et al., 2017; hanSChen and SChreiner, 2017). 
ITC/nitrile ratio quantifies the changes in the amount of ITC in 
relation to nitrile, when exposed to S and N supply. The current study 
demonstrated that under a lower N supply the ITC/nitrile ratio was 
0 and increased to 0.25 and 0.70 in response to a higher S supply. 
At a higher N supply, the ITC/nitrile ratio was 0.0, 0.09, and 0.38  
(Fig. 7). Therefore, a higher N supply decreased the ITCs, which was 
also reported by geilFuS et al. (2016). Additionally, at a higher N 
supply the ITC/epithionitrile ratio was 0.063 and increased to 0.127 
in response to higher S supply (Fig. 7).
Because ITCs can play a pivotal role in cancer prevention as chemo-
preventive agents, it would be desirable to induce the accumulation 
of these metabolites. In this study, an increase in the ITC/nitrile ratio 
was observed with increased S supply, leading to the highest ratio 
with 0.3 g S pot-1 (Fig. 7). A higher N supply reduced the ratio to  
approximately 50% (S2N1 = 0.7, S2N2 = 0.38). This is the first report 
to highlight the high ITC/nitrile ratio, which might support the anti-
carcinogenic effects of Brassica vegetables. For future investigation, 
we recommend further determination of the chemopreventive poten-
tial to indicate that ITC/nitrile ratio can be used as a physiological 
trait for chemopreventive capacity in pak choi.

Conclusions
GLS and their corresponding GLS-HP are clearly affected by 
increased S and N supply in pak choi. Owing to the well-known 
chemopreventive effects of isothiocyanates, the evaluation of the 
concentration of ITC in comparison with nitriles could be a useful 
approach to gain an understanding of the potential improvement in 
the health promoting effects in pak choi plants. To the best of our 
knowledge, this is the first study that has shown a strong positive 
relationship between S/N nutrition and ITC/nitrile ratio; low N 

and high S nutrition enhanced the concentration of ITC in Chinese 
cabbage pak choi and increased the ITC/nitrile ratio. Furthermore, 
fertilization with a high N supply should be avoided, and a S supply 
is required to optimize high breakdown to ITCs. Therefore, the ITC/
nitrile ratio might be used as a reference for the medicinal potential 
in pak choi and other Brassica vegetable species. Therefore, our 
study recommends further investigation of the anti-carcinogenic 
effect of ITC in pak choi plants grown under varied S and N supply.

Conflict of interest
No potential conflict of interest was reported by the authors.

Acknowledgments
The authors are grateful to Dr. Michael Reichert (Max-Planck-
Institute for Chemical Ecology) for his assistance in the identification 
of the GLS breakdown products. Mrs. Stephanie thor Straten is 
acknowledged for her technical assistance.

References
abdalla, M.a., Mühling, K.H., 2019: Plant-derived sulfur containing 

natural products produced as a response to biotic and abiotic stresses: 
A review of their structural diversity and medicinal importance. J. Appl. 
Bot. Food Qual. 92, 204-215. DOI: 10.5073/JABFQ.2019.092.029

aghajanZadeh, t., haWKeSFord, M.j., de KoK, L.J., 2014: The significance 
of glucosinolates for sulfur storage in Brassicaceae seedlings. Front. 
Plant Sci. 5, 704. DOI: 10.3389/fpls.2014.00704

angelino, d., doSZ, e.b., Sun, j., hoeFlinger, j.l., Van taSSell, M.l., 
Chen, p., harnly, j.M., Miller, M.j., jeFFery, E.H., 2015: Myrosinase-
dependent and -independent formation and control of isothiocyanate 
products of glucosinolate hydrolysis. Front. Plant Sci. 6, 831. 
DOI: 10.3389/fpls.2015.00831

Blažević, i., Montaut, S., Burčul, F., olSen, C.e., Burow, M., rollin, 
p., agerbirK, N., 2020: Glucosinolate structural diversity, identification, 
chemical synthesis and metabolism in plants. Phytochemistry 169, 
112100. DOI: 10.1016/j.phytochem.2019.112100

bloeM, e., haneKlauS, S., SChnug, E., 2015: Milestones in plant sulfur 
research on sulfur-induced resistance (SIR) in Europe. Front. Plant Sci. 
5, 779. DOI: 10.3389/fpls.2014.00779

Carroll, r.j., ruppert, D., 1988: Transformation and Weighting in Re-
gression. CRC Press.

Cartea, M.e., leMa, M., FranCiSCo, M., 2011: Basic information on 
vegetable Brassica crops. In: Sadowski, J., Kole, C. (eds.), Genetics, 
Genomics and Breeding of Vegetable Brassicas, 1-33. Enfield, NH 
Science Publishers.

Chen, x., hanSChen, F.S., neugart, S., SChreiner, M., VargaS, S.a., 
gutSChMann, b., balderMann, S., 2019: Boiling and steaming 
induced changes in secondary metabolites in three different cultivars of 
pak choi (Brassica rapa subsp. chinensis). J. Food Compost. Anal. 82, 

 Fig. 7:  ITC/nitrile ratio (A) and ITC/epithionitrile ratio (B) in pak choi plants fertilized with varied N and S supply. Lower- and uppercase letters indicate 
significant di ference (p<0.05) between means owing to the effect of N and S supply respectively, S0 = 0 g S, S1 = 0.06 g S, S2 = 0.3 g S, N1 = 0.75 g 
N, N2 = 1.5 g N.

http://dx.doi.org/10.5073/JABFQ.2019.092.029
http://dx.doi.org/10.3389/fpls.2014.00704
http://dx.doi.org/10.3389/fpls.2015.00831
http://dx.doi.org/10.1016/j.phytochem.2019.112100
http://dx.doi.org/10.3389/fpls.2014.00779


Sulfur increases the ITC/Nitrile ratio 103

103232. DOI: 10.1016/j.jfca.2019.06.004
Chen, x., Zhu, Z., ni, x., Qian, Q., 2006: Effect of nitrogen and sulfur 

supply on glucosinolates in Brassica campestris ssp. chinensis. Agr. Sci. 
China 5, 603-608. DOI: 10.1016/S1671-2927(06)60099-0

du, l., halKier, B.A., 1998: Biosynthesis of glucosinolates in the developing 
silique walls and seeds of Sinapis alba. Phytochemistry 48, 1145-1150. 
DOI: 10.1016/S0031-9422(97)00877-7

Fahey, j.W., Zhang, y., talalay, P., 1997: Broccoli sprouts: An 
exceptionally rich source of inducers of enzymes that protect against 
chemical carcinogens. Proc. Natl. Acad. Sci. USA, 94, 10367-10372. 
DOI: 10.1073/pnas.94.19.10367

FelKer, p., bunCh, r., leung, A.M., 2016: Concentrations of thiocyanate 
and goitrin in human plasma, their precursor concentrations in brassica 
vegetables, and associated potential risk for hypothyroidism. Nutr. Rev. 
74, 248-258. DOI: 10.1093/nutrit/nuv110

galanaKiS, C.M., 2020: Recovery techniques, stability, and applications of 
glucosinolates. In: Galanakis, C.M. (eds.), Glucosinolates: Properties, 
Recovery and Applications, 251-280. Elsevier Inc. 
DOI: 10.1016/B978-0-12-816493-8.00008-1

geilFuS, C.M., haSler, K., WitZel, K., gerendáS, j., Mühling, K.H., 
2016: Interactive effects of genotype and N/S-supply on glucosinolates 
and glucosinolate breakdown products in Chinese cabbage (Brassica 
rapa L. Ssp. pekinensis). J. Appl. Bot. Food Qual. 89, 279-286. 
DOI: 10.5073/JABFQ.2016.089.036

gerendáS, j., breuning, S., Stahl, t., MerSCh-SunderMann, V., 
Mühling, K.H., 2008a: Isothiocyanate concentration in kohlrabi 
(Brassica oleracea L. Var. gongylodes) plants as influenced by sulfur 
and nitrogen supply. J. Agric. Food Chem. 56, 8334-8342. 
DOI: 10.1021/jf800399x

gerendáS, j., Sailer, M., FendriCh, M.-l., Stahl, t., MerSCh-
SunderMann, V., Mühling, K.H., 2008b: Influence of sulfur and 
nitrogen supply on growth, nutrient status and concentration of benzyl-
isothiocyanate in cress (Lepidium sativum L.). J. Sci. Food Agric. 88, 
2576-2580. DOI: 10.1002/jsfa.3374

gerendáS, j.1., podeStát, j., Stahl, t., Kübler, K., brüCKner, h., 
MerSCh-SunderMann, V., Mühling, K.H., 2009: Interactive effects 
of sulfur and nitrogen supply on the concentration of sinigrin and allyl 
isothiocyanate in Indian mustard (Brassica juncea L.). J. Agric. Food 
Chem. 57, 3837-3844. DOI: 10.1021/jf803636h

geu-FloreS, F., Møldrup, M.e., böttCher, C., olSen, C.e., SCheel,
d., halKier, B.A., 2011: Cytosolic γ-Glutamyl Peptidases Process 
Glutathione Conjugates in the Biosynthesis of Glucosinolates and 
Camalexin in Arabidopsis. Plant Cell. 23, 2456-2469. 
DOI: 10.1105/tpc.111.083998

halKier, b.a., gerShenZon, J., 2006: Biology and biochemistry of 
glucosinolates. Annu. Rev. Plant Biol. 57, 303-333. 

 DOI: 10.1146/annurev.arplant.57.032905.105228
hanSChen F.S., SChreiner, M., 2017: Isothiocyanates, nitriles, and 

epithionitriles from glucosinolates are affected by genotype and 
developmental stage in Brassica oleracea varieties. Front. Plant Sci. 8, 
1095. DOI: 10.3389/fpls.2017.01095

hanSChen, F.S., balderMann, S., brobroWSKi, a., MaiKath, a., WieSner-
reinhold, M., rohn, S., SChreiner, M., 2019: Identification of 
N-acetyl-S-(3-cyano-2(methylsulfanyl)propyl-cysteine as a major human
urine metabolite from the epithionitrile 1-cyano-2,3-epithiopropane, the 
main glucosinolate hydrolysis product from Cabbage. Nutrients 11, 908.
DOI: 10.3390/nu11040908

hanSChen, F.S., brüggeMann, n., brodehl, a., MeWiS, i., SChreiner, 
M., rohn, S., Kroh, L.W., 2012: Characterization of products from 
the reaction of glucosinolate-derived isothiocyanates with cysteine and 
lysine derivatives formed in either model systems or broccoli sprouts. J. 
Agric Food Chem. 60, 7735-7745. DOI: 10.1021/jf301718g

hanSChen, F.S., KlopSCh, r., oliViero, t., SChreiner, M., VerKerK, 
r., deKKer, M., 2017: Optimizing isothiocyanate formation during 
enzymatic glucosinolate breakdown by adjusting pH value, temperature 

and dilution in Brassica vegetables and Arabidopsis thaliana. Sci. Rep. 
7, 40807. DOI: 10.1038/srep40807

hanSChen, F.S., laMy, e., SChreiner, M., rohn, S., 2014: Reactivity and 
stability of glucosinolates and their breakdown products in foods. Angew. 
Chem. Int. Ed. Engl. 53, 11430-11450. DOI: 10.1002/anie.201402639

hanSChen, F.S., yiM, b., WinKelMann, t., SMalla, K., SChreiner, M., 
2015: Degradation of biofumigant isothiocyanates and allyl glucosinolate 
in soil and their effects on the microbial community composition. 
PLoSONE 10, e0132931. DOI: 10.1371/journal.pone.0132931

hartung, j., elpelt, b., KlöSener, K.H., 2005: Statistik: Lehr- und 
Handbuch der angewandten Statistik; mit zahlreichen, vollständig 
durchgerechneten Beispielen. Oldenbourg Verlag.

KallabiS-rippel, K., 2000: Untersuchungen zu Pak Choi (Brassica rapa L. 
ssp. chinensis (L.) Hanelt): Anbau und Genußeigenschaften, München: 
Herbert Utz Verlag.

KiM, M.j., Chiu, y.-C., KiM, n.K., parK, h.M., lee, C.h., juViK, j.a., 
Ku, K.-M., 2017: Cultivar-specific changes in primary and secondary 
metabolites in Pak Choi (Brassica Rapa, Chinensis Group) by methyl 
jasmonate. Int. J. Mol. Sci. 18(5), 1004. DOI: 10.3390/ijms18051004

KiM, S.j., MatSuo, t., Watanabe, M., Watanabe, Y., 2002: Effect of 
nitrogen and sulphur application on the glucosinolate content in 
vegetable turnip rape (Brassica rapa L.). Soil Sci. Plant Nutr. 48, 43-49. 
DOI: 10.1080/00380768.2002.10409169

KlopSCh, r., WitZel, K., arteMyeVa, a., ruppel, S., hanSChen, F.S., 
2018: Genotypic variation of glucosinolates and their breakdown 
products in leaves of Brassica rapa. J. Agric. Food Chem. 66, 5481-5490. 
DOI: 10.1021/acs.jafc.8b01038

KopriVa, S., gigolaShVili, T., 2016: Chapter Five − Glucosinolate Synthesis 
in the Context of Plant Metabolism. Adv. Bot. Res. 80, 100-124. 

 DOI: 10.1016/bs.abr.2016.07.002
KopriVoVa, a., KopriVa, S., 2016: Sulfation pathways in plants. Chem. Biol. 

Interact. 259, 23-30. DOI: 10.1016/j.cbi.2016.05.021
KruMbein, a., SChonhoF, i., SChreiner, M., 2005: Composition and 

contents of phytochemicals (glucosinolates, carotenoids and chloro- 
phylls) and ascorbic acid in selected Brassica species (B. juncea, B. rapa 
subsp. nipposinica var. chinoleifera, B. rapa subsp. chinensis and B. rapa 
subsp. rapa). J. Appl. Bot. Food Qual. 79, 168-74.

laMbrix, V., reiChelt, M., MitChell-oldS, t., KliebenStein, d.j., 
gerShenZon, J., 2001: The Arabidopsis epithiospecifier protein 
promotes the hydrolysis of glucosinolates to nitriles and influences 
Trichoplusia ni herbivory. Plant Cell 13, 2793-2807. 
DOI: 10.1105/tpc.010261

li, S., SChonhoF, i., KruMbein, a., li, l., StütZel, h., SChreiner, M., 
2007: Glucosinolate concentration in turnip (Brassica rapa ssp. rapifera 
L.) roots as affected by nitrogen and sulfur supply. J. Agric. Food Chem. 
55, 8452-8457. DOI: 10.1021/jf070816k

MandiKi, S.n.M., deryCKe, g., biSter, j.-l., Mabon, n., Wathelet, j.p., 
Marlier, M., paQuay, R., 2002: Chemical changes and influence of 
rapeseed antinutritional factor on gestating and lactating ewes. Part 1. 
Animal performances and plasma hormones and glucose. Anim. Feed 
Sci. Tech. 98, 25e35. DOI: 10.1016/S0377-8401(01)00298-X

MitSiogianni, M., aMery, t., FranCo, r., ZouMpourliS, V., pappa, 
a., panayiotidiS, M.I., 2018: From chemo-prevention to epigenetic 
regulation: the role of isothiocyanates in skin cancer prevention. 
Pharmacol. Ther. 190, 187-201. DOI:10.1016/j.pharmthera.2018.06.001

oMirou, M.d., papadopoulou, K.K., papaStylianou, i., ConStantinou, 
M., KarpouZaS, d.g., aSiMaKopouloS, i., ehaliotiS, C., 2009: Impact 
of nitrogen and sulfur fertilization on the composition of glucosinolates 
in relation to sulfur assimilation in different plant organs of broccoli. J. 
Agric. Food Chem. 57, 9408-9417. DOI: 10.1021/jf901440n

palliyaguru, d.l., yuan, j.M., KenSler, t.W., Fahey, J.W., 2018: 
Isothiocyanates: Translating the power of plants to people. Mol. Nutr. 
Food Res. 62 (18), 1700965. DOI: 10.1002/mnfr.201700965

Saladino, F., bordin, K., luCiano, F.b., FranZón, M.F., MañeS, j., MeCa, 
G., 2016: Antimicrobial activity of the glucosinolates. In: Mérillon, J.M., 

http://dx.doi.org/10.1016/j.jfca.2019.06.004
http://dx.doi.org/10.1016/S1671-2927(06)60099-0
http://dx.doi.org/10.1016/S0031-9422(97)00877-7
http://dx.doi.org/10.1073/pnas.94.19.10367
http://dx.doi.org/10.1093/nutrit/nuv110
http://dx.doi.org/10.1016/B978-0-12-816493-8.00008-1
http://dx.doi.org/10.5073/JABFQ.2016.089.036
http://dx.doi.org/10.1021/jf800399x
http://dx.doi.org/10.1002/jsfa.3374
http://dx.doi.org/10.1021/jf803636h
http://dx.doi.org/10.1105/tpc.111.083998
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105228
http://dx.doi.org/10.3389/fpls.2017.01095
http://dx.doi.org/10.3390/nu11040908
http://dx.doi.org/10.1021/jf301718g
http://dx.doi.org/10.1038/srep40807
http://dx.doi.org/10.1002/anie.201402639
http://dx.doi.org/10.1371/journal.pone.0132931
http://dx.doi.org/10.3390/ijms18051004
http://dx.doi.org/10.1080/00380768.2002.10409169
http://dx.doi.org/10.1021/acs.jafc.8b01038
http://dx.doi.org/10.1016/bs.abr.2016.07.002
http://dx.doi.org/10.1016/j.cbi.2016.05.021
http://dx.doi.org/10.1105/tpc.010261
http://dx.doi.org/10.1021/jf070816k
http://dx.doi.org/10.1016/S0377-8401(01)00298-X
http://dx.doi.org/10.1016/j.pharmthera.2018.06.001
http://dx.doi.org/10.1021/jf901440n
http://dx.doi.org/10.1002/mnfr.201700965


104 C.A.C. Meschede, M.A. Abdalla, K.H. Mühling

Ramawat, K. (eds.), Glucosinolates. Reference Series in Phytochemistry. 
Springer, Cambridge. DOI: 10.1007/978-3-319-25462-3_18

SCanlon, j.t., WilliS, D.E., 1985: Calculation of flame ionization detector 
relative response factors using the effective carbon number concept. J. 
Chromatogr. Sci. 23, 333-340.

SChaarSChMidt, F., VaaS, L., 2009: Analysis of trials with complex 
treatment structure using multiple contrast Tests. HortSci. 44, 188-195. 

 DOI: 10.21273/HORTSCI.44.1.188
SChnug, e., haneKlauS, S., 1993: Regulation of glucosinolate biosynthesis 

in oilseed rape by nutritional factors, 72-78. GCIRC-Bulletin N°10 
(Deutschland).

SpenCer, g.F., daxenbiChler, M.E., 1980: Gas chromatography-mass 
spectrometry of nitriles, isothiocyanates and oxazolidinethiones derived 
from cruciferous glucosinolates. J. Sci. Food Agric. 31, 359-367. 

 DOI: 10.1002/jsfa.2740310406
Sun, R., 2015: Economic/academic importance of Brassica rapa. In: Wang, 

X., Kole, C. (eds.), The Brassica rapa Genome. Compendium of Plant 
Genomes, 1-15. Springer, Berlin, Heidelberg. 

 DOI: 10.1007/978-3-662-47901-8_1
thornalley, P.J., 2002: Isothiocyanates: mechanism of cancer chemo- 

preventive action. Anti-Cancer Drugs 13, 331-338. 
 DOI: 10.1097/00001813-200204000-00001
traKa, M., Mithen, R., 2009: Glucosinolates, isothiocyanates and human 

health. Phytochem. Rev. 8, 269-282. DOI: 10.1007/s11101-008-9103-7
tripathi, M.K., agraWal, i.S., SharMa, S.d., MiShra, D.P., 2001: Effect 

of untreated, HCl treated or copper and iodine supplemented high 
glucosinolate mustard (Brassica juncea) meal on nutrient utilisation, 
liver enzymes, thyroid hormones and growth of calves. Anim. Feed Sci. 
Tech. 92, 73e85. DOI: 10.1016/S0377-8401(01)00243-7

Vallejo, F., toMáS-barberán, F.a., benaVente-garCía, a.g., garCía-
Viguera, C., 2003: Total and individual glucosinolate contents in 
inflorescences of eight broccoli cultivars grown under various climatic 
and fertilisation conditions. J. Sci. Food Agric. 83, 307-313. 

 DOI: 10.1002/jsfa.1320
VeeranKi, o.l., bhattaCharya, a., tang, l., MarShall, j.r., Zhang, Y., 

2015: Cruciferous vegetables, isothiocyanates, and prevention of bladder 
cancer. Curr. Pharmacol. Rep. 1, 272-282. 

 DOI: 10.1007/s40495-015-0024-z
Venditti, a., bianCo, A., 2018: Sulfur-containing secondary metabolites as 

neuroprotective agents. Curr. Med. Chem. 2018. 
 DOI: 10.2174/0929867325666180912105036
Vo, Q.V., trenerry, C., roChFort, S., WadeSon, j., leyton, C., hugheS, 

A.B., 2013: Synthesis and anti-inflammatory activity of aromatic 
glucosinolates. Bioorg. Med. Chem. 21, 5945-5954. 

 DOI: 10.1016/j.bmc.2013.07.049
WieSner, M., SChreiner, M., glatt, H., 2014: High mutagenic activity 

of juice from pak choi (Brassica rapa ssp. chinensis) sprouts due 
to its content of 1-methoxy-3-indolylmethyl glucosinolate, and its 
enhancement by elicitation with methyl jasmonate. Food Chem. Toxicol. 
67, 10-16. DOI: 10.1016/j.fct.2014.02.008

Wrigley, C., CroS, d., arCher, M., doWnie, p., roxburgh, C., 1980: The 
Sulfur content of wheat endosperm proteins and its relevance to grain 
quality. Functional Plant Biol. 7, 755-766. DOI: 10.1071/PP9800755

Zang, yx., Zhang, h., huang, l.h., Wang, F., gao, F., lV, x.S., yang, 
j., Zhu, b., hong, S.b., Zhu,  Z.J., 2015: Glucosinolate enhancement 
in leaves and roots of pak choi (Brassica rapa ssp. chinensis) by methyl 
jasmonate. Hortic. Environ. Biotechnol. 56, 830-840. 

 DOI: 10.1007/s13580-015-0079-0
Zhang, y., talalay, P., 1994: Anticarcinogenic activities of organic 

isothiocyanates: chemistry and mechanisms. Cancer Res. 54, 1976-1981.
Zhao, F., eVanS, e.j., bilSborroW, p.e., SyerS, J.K., 1994: Influence of 

nitrogen and sulphur on the glucosinolate profile of rapeseed (brassica 
napus l). J. Sci. Food Agric. 64, 295-304. DOI: 10.1002/jsfa.2740640309

Zhu, b., yang, j., Zhu, Z.J., 2013: Variation in glucosinolates in pak choi 
cultivars and various organs at different stages of vegetative growth 
during the harvest period. J. Zhejiang Univ. Sci. B 14, 309-317. 

 DOI: 10.1631/jzus.B1200213
Zörb, C., Mühling, K.h., haSler, M., gödde, V., niehauS, K., beCKer, 

d., geilFuS, C.M., 2013: Metabolomic responses in grain, ear, and straw 
of winter wheat under increasing sulfur treatment. J. Plant. Nutri. Soil 
Sci. 176, 964-970. DOI: 10.1002/jpln.201300163

ORCID
Prof. Dr. Karl H. Mühling  https://orcid.org/0000-0002-9922-6581

Address of the corresponding author
Prof. Dr. Karl H. Mühling, Institute of Plant Nutrition and Soil Science, Kiel 
University, Hermann-Rodewald-Str. 2, 24118 Kiel, Germany
E-mail: khmuehling@plantnutrition.uni-kiel

© The Author(s) 2020.
 This is an Open Access article distributed under the terms of  
the Creative Commons Attribution 4.0 International License (https://creative-
commons.org/licenses/by/4.0/deed.en).

http://dx.doi.org/10.1007/978-3-319-25462-3_18
http://dx.doi.org/10.21273/HORTSCI.44.1.188
http://dx.doi.org/10.1002/jsfa.2740310406
http://dx.doi.org/10.1007/978-3-662-47901-8_1
http://dx.doi.org/10.1097/00001813-200204000-00001
http://dx.doi.org/10.1007/s11101-008-9103-7
http://dx.doi.org/10.1016/S0377-8401(01)00243-7
http://dx.doi.org/10.1002/jsfa.1320
http://dx.doi.org/10.1007/s40495-015-0024-z
http://dx.doi.org/10.2174/0929867325666180912105036
http://dx.doi.org/10.1016/j.bmc.2013.07.049
http://dx.doi.org/10.1016/j.fct.2014.02.008
http://dx.doi.org/10.1071/PP9800755
http://dx.doi.org/10.1007/s13580-015-0079-0
http://dx.doi.org/10.1002/jsfa.2740640309
http://dx.doi.org/10.1631/jzus.B1200213
http://dx.doi.org/10.1002/jpln.201300163



