
Introduction

Soil salinisation is one of the major abiotic factors 
limiting agricultural productivity worldwide [1, 2]. Salt 
stress may occur in areas where soils are naturally high 
in salts and/or where irrigation with salty underground 
water brings salt to the surface soil that plants inhabit 

[3]. In glycophytic plants, salinity can induce nutritional 
disorders as a result of its osmotic effect, which is 
equivalent to a decrease in water activity through 
specific toxic effects of Na+ and Cl- ions [4, 5]; thus, 
reducing their growth [6]. In addition, it also manifested 
an oxidative stress [7]. However, the microelements 
are generally less affected by salt stress compared 
with macroelements because of the fact that they are 
required in much smaller quantities [8, 9], even though 
different ideas related to their tendency of variation are 
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Abstract

Here, changes in the leaf mineral composition of broccoli (Brassica oleracea L. var. italica Plenck) 
plants in response to single and interactive two-week salt (0, 30, 60 and 90 mM NaCl) exposure and 
cultivar (cvs. Parthenon and Naxos) factors were studied, as well as their correlations with individual 
glucosinolates (GSLs), vitamin C and total anthocyanins. Results showed significant differences 
in micro- (Fe2+, Cu2+, Zn2+, Mn2+ and B3+) and macroelements (S, N, C, NH4

+) contents regarding 
the studied factors and/or their interaction. Salinity effects on individual GSLs showed contradictor 
behaviours between both cultivars, being the increase in aliphatics in Parthenon negatively correlated 
with Mn2+ ions, while the decrease in indolics in Naxos related positively with N and N/S ratio and 
negatively with NH4

+ content (P<0.01). Interestingly, only in cv. Naxos all bioactive compounds 
displayed a strong relationship with Zn2+ ions, majorly negative. Stress intensity-dependant reductions 
in vitamin C and total anthocyanin levels in both cultivars were caused by differential endogenous 
NH4

+ ions accumulation, reflecting co-participation of these compounds in the leaf antioxidant capacity. 
Overall, in salt-affected lands, a clear genotypic dependence of broccoli plants regarding endogenous 
leaf minerals was recorded, influencing individual GSLs, vitamin C and total anthocyanin profiles.
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proposed. Thus, depending on plant species, the uptake 
of some microelements was promoted [10], inhibited  
[11] or unaffected [12] by salinity stress. This salt-
induced ionic stress caused in plants alterations in 
nitrogen (N) and carbon (C) metabolism, leading to 
adaptive changes in growth and physio-biochemical 
processes [13-15].

The first natural adaptation response to both ionic 
and osmotic stress under salinity is the accumulation 
of osmo-protectants in plant cells, with possible 
marked effect on secondary metabolites production 
[16]. In fact, macroelements such as sulfur (S), C and 
N have particular relevance for secondary metabolites 
biosynthesis, while microelements availability may 
impact production of bioactive compounds through 
effect(s) on biosynthetic pathways as activators of 
enzymes [17]. Among the bioactive compounds as 
adaptive component of salt tolerance, Glucosinolates 
(GSLs) are involved in osmotic adjustment under low 
water potential [18]. GSLs are a class of N and sulfur 
(S) containing compounds mainly found in Brassica 
crops, with health promoting properties [19, 20]. 
Although their specific functions are still not completely 
clarified, GSLs response to salt stress largely depended 
on the experimental conditions, the type of GSL and the 
plant genotype [21]. Another phytochemicals that plays 
an inductive role in attenuating the adverse effects of 
salinity on plant growth and metabolism are vitamin 
C (nutritional antioxidant including both reduced and 
oxidized forms, ascorbic acid (AA) and dehydroascorbic 
acid (DHAA), respectively) [22] and anthocyanins (non-
nutritional antioxidants) [23]. They are incorporated 
in the detoxification and neutralization of reactive 
free radicals, thereby protecting cells from oxidative 
damage [24, 25]. Under salinity, significant reduction  
in the vitamin C level was observed [26, 27], due to  
its implication in the enhancement of ascorbate 
peroxidase activity, thereby participating in H2O2 
reduction [28, 29]. In contrast, anthocyanin level was 
reported to increase in response to salt stress [30, 
31], but only in the salt-sensitive species when it was 
decreased [32].

Broccoli (Brassica oleracea L. var. italica Plenck) is 
a cruciferous vegetable rich in minerals and bioactive 
compounds [33]. Available studies in the literature 
describing effects of genotype-environment interaction 
(GEI) on the nutrient and phytochemical profiles in 
broccoli are focused in the inflorescences as edible  
parts. However, limited information is available 
regarding how changes in the mineral composition 
of broccoli leaves under GEI could affect their 
phytochemical profile. In fact, vegetable by-products are 
potentially used as a source of bioactive compounds [34, 
35]. Therefore, the aim of the study was to determine 
the micro- and macroelement composition of broccoli 
leaves under single and combined effects of salinity 
and cultivar factor, and to assess their correlations with 
individual GSLs, vitamin C and total anthocyanins 
concentrations.

Material and Methods

Plant Growth and Experimental Design

Seeds of broccoli (Brassica oleracea var. italica, 
cvs. Parthenon and Naxos, differing in their culture 
cycle) were pre-hydrated with de-ionised water and 
aerated continuously for 12 h. Then, the seeds were 
germinated in vermiculite, in the dark at 28ºC, for  
2 days. The seedlings obtained were transferred to a 
growth chamber at 25ºC/60% relative humidity (RH) 
during the light period and 20ºC/80% RH during the 
dark period, with a photoperiod of 16 h daily with a 
light irradiance of 400 μmol/m2/s at the plant canopy, 
provided by a combination of fluorescent tubes 
(TLD36W/83, Philips, Hamburg, Germany and F36W/
GRO, Sylvania, Danvers, MA, USA) and metal-halide 
lamps (HQI, T 400W; Osram, München, Germany). 
After three days, the seedlings were separated to 
groups of ten per 15-L container with continuously-
aerated nutrient solution [36], replaced weekly. After 
15 days of growth, plants were separated to five per 
container, and the salinity treatment (0, 30, 60 and  
90 mM NaCl) was supplemented to the nutrient solution 
for two weeks. Five independent set of experiments 
were used for the determinations. For each experiment, 
a Split-Plot design, with two factors (NaCl treatment, 
cultivar) and five replications, was used, to analyse each 
physiological variable. Plants were 32 days-old when 
they were harvested for analysis.

Mineral Elements and Ammonium 
Contents

The analyses of iron (Fe2+), copper (Cu2+), zinc 
(Zn2+), manganese (Mn2+), boron (B3+), sodium (Na+), 
potassium (K+) and sulfur (S) were carried out after 
HNO3-HClO4 (2:1) acid digestion of the oven-dried 
leaf samples (ca. 0.1 g of dry weight, DW). Each was 
determined by inductively coupled plasma spectrometry 
(OES Thermo ICAP 6000 Series®, Thermo Electron 
Corp., Franklin, MA, USA) in a dilution with  
LaCl3 + CsCl of the extract aliquot, as reported 
elsewhere [37]. A Thermo FlashEA 1112 autoanalyser 
(Thermo Fisher Scientific SA, Madrid, Spain) was used 
for the determination of total carbon (C) and nitrogen 
(N) in the samples.

The ammonium (NH4
+) was extracted from plant 

material at 4ºC with 0.3 mM H2SO4 and 0.5% (w/v) 
polyclar AT. The NH4

+ concentration was quantified 
according to the Berthelot reaction, as modified by 
Weatherburn [38]. The mineral elements and NH4

+ 
contents were expressed as mmol/Kg DW.

Intact Glucosinolates and Vitamin C 
Contents

Glucosinolates, AA and DHAA were analysed 
according to the procedures described by Zaghdoud 
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et al. [39]. The vitamin C content was calculated by 
adding together the AA and DHAA contents. Individual 
GSLs and vitamin C concentrations were expressed as 
mg/g DW.

Total Anthocyanin Content

Total anthocyanin content was measured according 
to the method described by Fuleki and Francis [40]. 
Lyophilised leaves (1 g) finely ground by mortar and 
pestle were extracted with acidified ethanol (85:15 
of 95% ethanol: 1.5 M HCl) and allowed to sit with 
occasional mixing for 72 h at 4ºC. The crude extracts 
were then centrifuged at 10,000 ×g for 15 min at 4ºC. 
Supernatant was collected, diluted 10 times, and its 
absorbance measured at 535 nm using UV-visible 
spectrophotometer. Cyaniding 3-galactoside was used 
as an external standard. Anthocyanin content was 
calculated using the following equation:

Total anthocyanins (mg/g DW) 
= (A535nm × 10) / 98.2

...where: 10 is the dilution factor, mL; 98.2 is the 
absorbance coefficient of cyaniding 3-galactoside.

Statistical Analysis

The data were analysed statistically using the SPSS 
18.0 software package (SPSS Inc., Chicago, IL, USA). 
Within each independent set of experiments used for 
the determinations, means of the five repetitions were 
considered as true one replication. Mean values for 

each studied physiological parameter, within each 
treatment, were calculated from the five independent 
experiments (n = 5). Analysis of variance (ANOVA) 
was used, and the mean values were compared by a 
one-way ANOVA/Tukey’s multiple comparison (at 
P<0.05). Two-way ANOVAs were used to estimate 
whether salinity or cultivar factors, applied individually 
or in combination, had a significant influence on the 
mean values (at P<0.05, P<0.01 and P<0.001). For each 
broccoli cultivar, Pearson correlation analysis was used 
to test the relationships between levels of individual 
glucosinolates, vitamin C and total anthocyanins 
against micro- and macronutrients contents.

Results

Trace Elements and Mineral Nutrients

Results of the analyses of essential trace elements 
(Fe, Cu, Zn, Mn and B) in leaves of cvs. Parthenon and 
Naxos are shown in Table 1. From the studied factors, 
the Fe level was influenced only by NaCl×Cultivar 
interaction (P<0.05), due to differential effects of low 
and high NaCl treatments in cv. Naxos. Regarding 
untreated plants, copper content increased at middle 
NaCl concentration (60 mM) in cv. Naxos and at high 
concentration (90 mM) in cv. Parthenon leading to 
significant (P<0.05) NaCl×Cultivar influence. The Zn 
and Mn contents were significantly affected by salt stress 
(P<0.001), cultivar factor (P<0.01) and their interaction 
(P<0.001). Thus, only in cv. Naxos, Zn content was 
gradually increased with increasing salinity, reaching 

Table 1. Trace elements (iron (Fe2+), copper (Cu2+), zinc (Zn2+), manganese (Mn2+) and boron (B3+)) contents (mmol/Kg DW) in the 
leaves of broccoli plants grown for two weeks under saline conditions (0, 30, 60 or 90 mM NaCl) differentiating between cultivars (cvs. 
Parthenon and Naxos). Data are means±SE (n = 5). Means within a column followed by a different lower-case letter are significantly 
different according to Tukey’s test at P<0.05. Individual and combined effects of the two factors (salinity, cultivar) are given according 
to ANOVA tests, with significance expressed as follows: * at P<0.05; ** at P<0.01; *** at P<0.001; n.s.: non significant.

Cultivar NaCl [mM]
Trace elements

Fe2+ Cu2+ Zn2+ Mn2+ B3+

Parthenon

0 1.22±0.03 ab 0.053±0.002 ab 1.79±0.11 b 1.40±0.10 cd 3.55±0.09 bc

30 1.20±0.04 ab 0.053±0.001 ab 1.72±0.08 ab 1.39±0.06 bcd 3.70±0.05 c

60 1.24±0.05 ab 0.054±0.001 ab 2.19±0.10 b 1.10±0.07 abc 3.70±0.08 c

90 1.25±0.05 ab 0.060±0.004 b 2.10±0.16 b 0.81±0.06 a 3.55±0.11 bc

Naxos

0 1.22±0.03 ab 0.050±0.001 a 1.16±0.03 a 1.02±0.05 a 3.06±0.10 a

30 1.29±0.02 b 0.050±0.000 a 1.92±0.09 b 1.52±0.09 de 3.18±0.09 ab

60 1.30±0.02 b 0.061±0.001 b 2.81±0.09 c 1.75±0.03 e 3.42±0.10 abc

90 1.13±0.04 a 0.054±0.002 ab 3.06±0.21 c 1.07±0.09 ab 3.13±0.08 a

Source of 
variance

NaCl n.s ** *** *** *

Cultivar n.s n.s ** ** ***

NaCl×Cultivar * * *** *** n.s
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2.64-fold the control values at 90 mM NaCl. Regarding 
Mn accumulation, contrasting results were found 
between the two cultivars under NaCl stress: the values 
were significantly decreased only in cv. Parthenon (by 
42.14% at 90 mM), while they increased in cv. Naxos 
at 30 and 60 mM (by 49.02% and 71.57%, respectively). 
Significant differences between the cultivars (P<0.001) 

were also observed for B content, depending with 
salinity treatment (P<0.05), being the levels lower in cv. 
Naxos than in cv. Parthenon (except for 60 mM NaCl).

Sulfur (S), nitrogen (N), carbon (C) and ammonium 
(NH4

+) contents, as well as the C/N, N/S and 
Na+/K+ ratios were determined in the leaves of broccoli 
cultivars (Table 2). The S content was significantly 

Fig. 1. Glucoiberin (GI) (A), glucoraphanin (GR) (B), glucoerucin (GE) (C), glucobrassicin (GB) (D), neoglucobrassicin (NGB) (E), 
4-hydroxy-glucobrassicin (HGB) (F) and 4-methoxy-glucobrassicin (MGB) (G) contents in the leaves of broccoli plants grown for 
two weeks under saline conditions (0, 30, 60 or 90 mM NaCl) differentiating between cultivars (cvs. Parthenon and Naxos). Bars are 
mean±standard error (n = 5). Mean values were calculated from five independent experiments. Means followed by a different lower-
case letter are significantly different according to Tukey’s test at P<0.05. Individual and combined effects of the two factors (salinity, 
cultivar) are given according to ANOVA tests, with significance expressed as follows: * at P<0.05; ** at P<0.01; *** at P<0.001. n.s: 
non significant.
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(P<0.001) affected by individually studied factors 
(NaCl treatment, cultivar), but not their interaction. 
Indeed, the same trend was presented by both NaCl-
treated cultivars compared with their respective 
controls: S content increased at 30 and 60 mM then 
significantly decreased at 90 mM. Nevertheless, cv. 
Parthenon showed the highest values for S content at 
all NaCl levels. Moreover, a continuous significant 
decrease in N content was obtained in both cultivars 
with stress accentuation where the more significant 
reduction was noted in cv. Naxos (41.65% at 90 mM 
NaCl, referring to controls), which highlights the 
significant (P<0.05) influences of cultivar factor and 
NaCl×Cultivar interaction. Yet, despite the changes 
in the S and N contents under the different factors 
and their combination, the N/S ratio was significantly 
affected only by NaCl treatment (P<0.001). Thus, 
within each cultivar, all salt concentrations significantly 
reduced the N/S ratio with similar extent (almost 14% 
and 28% in cvs. Parthenon and Naxos, respectively), as 
compared with the respective controls.

The C content was significantly (P<0.001) influenced 
by the cultivar factor but not salinity or NaCl×Cultivar 
interaction, being the values lower in cv. Naxos than in 
cv. Parthenon under all treatments. A similar pattern 
of variation for C/N ratio than that of C content was 

observed following salinity treatment. Significant effects 
of salinity (P<0.001) and cultivar (P<0.01) factors, 
but not their interaction, on the leaf NH4

+ content and 
Na+/K+ ratio of the two broccoli cultivars were also 
recorded. NH4

+ ions were significantly accumulated 
by NaCl stress from 60 mM in cv. Parthenon and 
from 30 mM in cv. Naxos. At 90 mM NaCl, the NH4

+ 
content increment was about 61.26% and 63.10% in cvs. 
Parthenon and Naxos, respectively, referring to controls. 
The Na+/K+ ratio increased with increasing salinity in 
both cultivars, reaching 3.49 and 3.92 mmol/Kg DW in 
Parthenon and Naxos, respectively.

Intact Glucosinolates

The effects of salt treatment, cultivar factor and 
their combination on the individual GSLs analysed in 
the leaves of cvs. Parthenon and Naxos are shown in 
Fig. 1. In both cultivars under non-saline conditions, 
three aliphatics (glucoiberin, GI; glucoraphanin, 
GR; glucoerucin, GE) (Figs 1a-c) and four indolics 
(glucobrassicin, GB; neoglucobrassicin, NGB; 4-OH-
glucobrassicin HGB; 4-MeO-glucobrassicin, MGB (only 
in cv. Naxos)) (Figs 1d-g) were detected and quantified.

Among aliphatic GSLs, the GI content was solely 
influenced (P<0.001) by NaCl treatment, being 
increased only at 90 mM concentration (2.60- and 

Fig. 3. Total anthocyanins content in the leaves of broccoli plants 
grown for two weeks under saline conditions (0, 30, 60 or 90 
mM NaCl) differentiating between cultivars (cvs. Parthenon, 
P, and Naxos, N). Bars are mean±standard error (n = 5). Mean 
values were calculated from five independent experiments. 
Means followed by a different lower-case letter are significantly 
different according to Tukey’s test at P<0.05. Individual and 
combined effects of the two factors (salinity, cultivar) are given 
according to ANOVA tests, with significance expressed as 
follows: * at P<0.05; ** at P<0.01; *** at P<0.001. n.s: non 
significant.

Fig. 2. Vitamin C content (the sum of ascorbic acid, AA, and 
dehydroascorbic acid, DHAA, levels) in the leaves of broccoli 
plants grown for two weeks under saline conditions (0, 30, 60 or 
90 mM NaCl) differentiating between cultivars (cvs. Parthenon 
and Naxos). Bars are mean±standard error (n = 5). Mean values 
were calculated from five independent experiments. Means 
followed by a different lower-case letter are significantly different 
according to Tukey’s test at P<0.05. Individual and combined 
effects of the two factors (salinity, cultivar) are given according 
to ANOVA tests, with significance expressed as follows: * at 
P<0.05; ** at P<0.01; *** at P<0.001. n.s: non significant.
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2.01-fold in cvs. Parthenon and Naxos, respectively, 
compared to controls) (Fig. 1a); whereas GR and GE 
were significantly affected (P<0.001) by both studied 
factors and their interaction (P<0.01 for cultivar 
factor and GR). The GR content showed contradictor 
behaviour under salt stress, being significantly 
increased and decreased, respectively, in cvs. Parthenon 
and Naxos. At 60 and 90 mM NaCl, the GR content was 
3.32-fold the controls values in cv. Parthenon, whereas 
no levels were detected in cv. Naxos (Fig. 1b). The GE 
levels were influenced by salinity only in Naxos plants, 
being the values 9.6-fold higher than controls at 90 mM 
NaCl (Fig. 1c).

Regarding indolic GSLs, both studied factors and 
their combination significantly (P<0.001) influenced GB 
(P<0.01 for NaCl factor and P<0.05 for NaCl×Cultivar 
interaction), NGB and MGB levels; however, HGB 
content was only affected by the cultivar factor 
(P<0.05) (Fig. 1). Interestingly, compared to control 
plants, the levels of all detected indolic GSLs were 
not affected by salinity in cv. Parthenon, whereas 
they were significantly decreased in cv. Naxos (except 
for MGB concentration at 60 and 90 mM NaCl which 
was increased by 2.04- and 1.55-fold, respectively)  
(Figs 1d-g). At 90 mM NaCl, the reduction in GB and 
NGB contents in leaves of Naxos plants reached 71.68% 
and 84.84%, respectively, referring to controls.

Total Vitamin C and Anthocyanins

The AA and DHAA contents, separately or summed 
(total vitamin C content) (Fig. 2), as well as total 
anthocyanins (Fig. 3) showed significant (P<0.001) 
variations in relation to individually applied salinity and 
cultivar factors, but not when combined. Comparing 
the cultivars, all applied NaCl treatments significantly 
reduced the total vitamin C and anthocyanins status in 
leaves of cv. Naxos (by 45.71% and 40.68%, respectively, 
at 90 mM), whereas in Parthenon a reduction was 
observed only at highest concentration by about 
36.27% and 30.16%, respectively, referring to controls  
(Figs 2 and 3).

Correlation Analysis of Phytochemicals 
with Micro- and Macroelements

Table 3 provides Pearson’s correlation coefficients 
and their associated P-values between levels of 
phytochemicals and mineral nutrient contents in 
leaves of Parthenon and Naxos plants. Regarding 
microelements, the marked significant correlations with 
the phytochemicals were observed for Zn2+ and Mn2+ 
ions contents. Thus, whereas in Parthenon a significant 
correlation for Zn2+ content was recorded only with 
GR and vitamin C (P<0.05), all bioactive compounds 
in Naxos leaves displayed strong relationship with 
this trace element, majorly negative. In contrast, Mn2+ 
levels were majorly correlated with aliphatic GSLs and 
anthocyanins in Parthenon plants.

In both cultivars, no significant correlations were 
observed for the studied phytochemicals with S and C 
contents, except for levels of C against GE (P<0.05) and 
total anthocyanins (P<0.01) in cv. Naxos. Also, only in 
the latter that significant correlations were found for 
N level against GI (P<0.05), GR, GE, GB, NGB and 
vitamin C (P<0.01). Interestingly, NH4

+ concentration 
showed negative correlation with the major indolics GB 
and NGB (P<0.01) in Naxos leaves, while in Parthenon 
it was positively correlated with aliphatics GI and 
GR (P<0.01). Vitamin C and anthocyanins were also 
negatively correlated with NH4

+ content, independently 
to the plant cultivar. The N/S ratio showed similar 
correlation than that of N content with all individual 
GSLs (except for GI, where no significant correlation 
was found), vitamin C and total anthocyanins (positive 
correlation in both cultivars). In contrast, among 
all studied bioactive compounds, C/N ratio was 
only significantly (P<0.01) correlated with GI in cv. 
Parthenon.

Discussion

In this work, changes in leaf micro- and 
macroelement contents in response to salinity stress, 
cultivar factor and their interaction were investigated 
in broccoli (Brassica oleracea L. var. italica Plenck, 
cvs. Parthenon and Naxos) plants, as well as their 
correlations with individual GSLs, vitamin C and total 
anthocyanins composition. Here, as generally found in 
glycophytes [41, 42], the influence of the stress imposed 
by increasing salinity in the nutrient solution clearly 
increased leaf Na+/K+ ratio in both cultivars from the 
lowest NaCl concentration (30 mM), more pronounced 
in Naxos. Sodium chloride salt entered the plant and 
caused an interference with internal balance of solutes 
and the uptake of other nutrients [43, 44]. High cytosolic 
concentrations of Na+ may disrupt K+ homeostasis, 
which is often considered to be the primary cause of 
its toxicity under saline conditions [45]. The significant 
differences in Zn2+, Mn2+ and B3+ ions accumulation 
regarding both studied factors and their interaction 
clearly shows that though genes responsible for ion 
uptake are present in both cultivars, but their expression 
in cv. Naxos is much greater than in cv. Parthenon, as 
reported in salt-treated wheat cultivars by Hussain et 
al. [46]. Similarly, Lekshmy et al. [47] and Song et al.  
[48] observed a variation in the genotypes of plant 
in relation to their response and ability to metabolize 
micronutrient efficiently under saline conditions.  
In cv. Parthenon, the decreased Mn2+ content at 
high salinity could be due to damage to carriers, 
pumps or transporters of this micronutrient [49]. This 
decrease could also be partly due to the implication 
of Mn2+ ions in the activity of methylthioalkylmalate 
(MAM) synthases catalyzing the key enzymatic step 
in determining the length of the chain methionine-
derived GSLs, the condensation of acetyl-coenzyme  
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A with a series of ω-methylthio-2-oxoalkanoic acids 
[50], which explain the observed strong negative 
correlation between this mineral and increased 
individual aliphatics in Parthenon. The uptake and 
accumulation of ions in plants is considered as an 
important indicator of salinity tolerance, because they 
are genetically regulated, though also affected by the 
environment [51, 52]. However, in this study, Cu2+, 
Zn2+ and Mn2+ ions accumulation under salinity was 
the highest in cv. Naxos, mainly at moderate salinity 
(60 mM NaCl), despite its greater biomass reduction 
without deficiency symptoms, compared to Parthenon 
[53]. It seems that, when reduced growth imposed by 
salinity became important, nutrient supply in leaves 
was adequate to support growth, as observed in tomato 
by Nouck et al. [54].

Also, the significant influence of individually 
applied salinity and cultivar factor on S contents in 
our broccoli leaves – being the values reduced only 
in cv. Naxos at high salinity (90 mM NaCl) – was 
probably due to the incorporation of this mineral 
into S-containing metabolites [55]. However, as no 
correlation was observed between endogenous levels 
of this mineral nutrient and any of individual GSLs 
in both broccoli cultivars, the reduced S levels in 
cv. Naxos could be caused by S participation in the 
synthesis of antioxidant molecules – such as ascorbate 
and glutathione – acting as cell redox regulator and 
as a reactive oxygen species (ROS) scavenger under 
salt stress, as observed by Rodríguez-Hernández et al. 
[56] with the same broccoli cultivar. Indeed, salinity 
induces the formation of ROS within plant cells, and 
its over accumulation results in oxidative damage of 
membrane lipids, proteins and nucleic acids [57, 58]. 
In contrast, in this work, the differential response of 
both broccoli cultivars regarding the salinity effects 
on endogenous leaf N results distinctive patterns for 
their GSLs composition, with a significant correlation 
observed only in cv. Naxos. In accordance with our 
results, He et al. [59] and Marino et al. [60] reported 
that GSLs synthesis was mainly affected by the tissue 
endogenous N, as an essential constituent of the GSLs 
amino acids precursors. However, GSLs composition 
in the different plant parts actually depends on both N 
and S levels, rather than their individual concentrations 
[61]. Therefore, the lack of correlation between total N 
and GSLs in Parthenon was probably due to the stable 
N/S ratio in this cultivar. In Naxos, this ratio showed 
a similar reduction tendency than that of N content – 
from 30 mM NaCl concentration – because of the 
predominant effect of salt stress, as it was unaffected 
by the cultivar factor alone or in combination with 
salinity. The more the N/S ratio decreases because of 
diminished N content, the stronger the synthesis of 
sulfurous cysteine as a precursor of methionine seems 
to be [62]. Moreover, cysteine and methionine act as 
effective sulfur donors in thiohydroximate formation 
in the synthesis of aliphatic and indole GSLs [63, 64]. 
However, in this work, GR in Naxos leaves was the 

only minor aliphatic GSL that decreased by increasing 
salinity, whereas of the indole GSLs, GB and NGB 
were reduced with decreased N content and N/S ratio, 
confirming that indole GSLs usually are more affected 
by environmental stress [65, 66]. We assume that, in 
cv. Naxos, the synthesis of tryptophan-derived indole 
GSLs is not so strongly sulfur-dependent as the 
synthesis of methionine-derived aliphatic GSLs,  
thereby explaining the positive correlation between 
individual major indole GSLs content (GB and 
NGB) and N/S ratio and N content, respectively. The 
decreases in individual indole GSLs contents in Naxos 
under salinity could be attributed to the break down of  
GSLs (hydrolysis) due to cellular damage caused by 
oxidative stress, as observed by Sarikamiş and Çakir 
[67]. In addition, the majorly negative significant 
correlations between Zn2+ ions and indole GSLs 
observed mainly in cv. Naxos confirmed the results 
of Tolrà et al. [68] in Thlaspi caerulescens shoots, 
and may result from Zn-induced changes in sulfur 
pools and/or responses related to defence, as high Zn 
concentrations have been shown to inhibit sulfation 
of desulfo-GSLs [69, 70]. In contrast, increased levels 
of GI and GE, as aliphatic GSLs, was probably to 
compensate the decline in indolics. In fact, indole 
GSLs were increased in the Arabidopsis thaliana 
(L.) Heynh. double mutant myb28myb29 completely 
lacking aliphatic GSLs [71]. In Parthenon, the NaCl-
induced increment in GI and GR aliphatics, and the no 
changes in individual indolics confer to this cultivar a 
greater nutritional value when cultivated under saline 
conditions. Indeed, the hydrolysis product of GR, 
sulforaphane (an isothiocyanate), possesses the capacity 
to reduce the risk of cancers through the cell cycle 
blockage and apoptosis activation [72]. In both broccoli 
cultivars, the observed increase in individual aliphatic 
GSLs may have a role in osmotic adjustment and might 
be an adaptive component of salt tolerance, as reported 
by Martínez-Ballesta et al. [73]. Moreover, the lack 
of correlation between the C/N ratio and individual 
indolic and aliphatic (except for GI in Parthenon) GSLs 
in both cultivars indicates that the C/N relationship 
could not be a bioindicator of the changes in GSLs 
seen under Salinity×Cultivar interaction. Therefore, 
GSLs composition in cultivars Parthenon and Naxos 
depends on the genetic and environmental factors and 
their interaction that influenced endogenous nutrients; 
Naxos, ideal for semi arid regions, being more sensitive 
to salinity.

In both cultivars, the total vitamin C content was 
differently reduced by salinity in a stress intensity-
dependent manner, but was unaffected when studied 
factors where combined. Interestingly, in both cultivars, 
an opposite pattern of variation than that of vitamin 
C was recorded for NH4

+ content, resulting significant 
negative correlations. It has been reported that NH4

+-
accumulating plants operate metabolic pathways that 
generate more oxygen radicals [74, 75]. Thus, the 
higher reduction in vitamin C in cv. Naxos compared 
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to Parthenon under salinity seems to be the result of 
AA participation in the reduction of H2O2, through 
the increased ascorbate peroxidase activity [28, 29]. 
Indeed, in salt-sensitive species, the AA content could 
decrease due to salinity stress [26, 27], as result of 
the drop in the level of its metabolic intermediate 
GDP-mannose [76]. Moreover, only in cv. Naxos that 
changes in vitamin C levels were highly correlated 
with endogenous N contents. Our results are in 
agreement with those obtained by Kováčik et al. [77] 
in barley plants (Hordeum vulgare L. cv. Bojos), where 
decreasing endogenous N contents reduces the amount 
of AA in the shoots due to enhanced symptoms of 
oxidative stress. Vitamin C was also inversely related 
to endogenous Zn2+ ions in both cultivars, probably as 
result of the catalytic action of these ions on ascorbate 
oxidation [78]. Therefore, the influence of the genetic 
background – as observed for individual GSLs – on 
the vitamin C concentration due to NaCl application 
highlights not only the importance of the biological 
factor (cultivar) but also the influence of environmental 
stress.

The total anthocyanin content showed a closely 
similar response to both studied factors and their 
combination than that of vitamin C, suggesting the main 
role of these two compounds in the antioxidant capacity 
of broccoli leaves under salinity. A reduction in the total 
anthocyanin content in response to salt stress was also 
reported by Chunthaburee et al. [79] in rice seedlings, 
and was attributed to the down-regulation of late 
biosynthetic genes dihydroflavonol-4-reductase (DFR) 
and anthocyanidin synthase (ANS). Anthocyanins  
are plant secondary metabolites synthesized by 
flavonoid biosynthesis pathway using phenylalanine 
as precursor [80]; the latter is a derivative of alanine 
with a phenyl substituent on the β carbon. Previously 
[39], we have reported significant reduction in the 
leaf alanine content of cv. Parthenon under 80 mM 
NaCl treatment, which could explain at least in part  
the decrease in total anthocyanins observed in this  
work. In both cultivars, as for vitamin C, the total 
concentration of anthocyanins was significantly inversely 
correlated with the NH4

+ content. Anthocyanins are 
very effective donors of hydrogen to highly reactive 
free radicals (such as superoxide (O2

-), singlet oxygen 
(1O2), peroxide (RCOO•), hydrogen peroxide (H2O2), 
hydroxyl radical (OH•) and reactive nitrogen species 
in a terminator reaction), thereby preventing further 
radical formation and protecting cells from oxidative 
damage [24, 25]. Interestingly, only in cv. Naxos that 
a strong negative correlation was observed between 
contents of Zn2+ ions and total anthocyanins, confirming 
the results of Zhang et al. [81] and Sai Kachout et al. 
[82] where excessive accumulation of trace metals 
limit anthocyanin biosynthesis by inhibiting activity of 
l-phenylalanine ammonia-lyase (PAL). These findings 
explain the anthocyanin reduction in cv. Naxos from 
the lowest NaCl concentration (30 mM), compared to 
Parthenon.

Conclusion

Significant differences in micro- (Fe2+, Cu2+, 
Zn2+, Mn2+ and B3+) and macroelements (S, N, C, 
NH4

+) contents regarding the studied factors and/
or their interaction were recorded in broccoli leaves. 
In Parthenon, salinity significantly increased leaf 
glucoiberin (GI) and glucoraphanin (GR), being the 
values correlated with Mn2+ ions (P<0.01), without 
affecting any of detected individual indolics. However, 
in Naxos, GR was decreased as well as the major indole 
GSLs, being the correlations (P<0.01) positive with 
N and N/S ratio and negative with NH4

+ content. In 
addition, whereas in Parthenon a significant correlation 
for Zn2+ content was recorded only with GR and 
vitamin C (P<0.05), all bioactive compounds in Naxos 
leaves displayed strong relationship with this mineral 
nutrient, majorly negative. The levels of vitamin C 
and total anthocyanins were more stable under salinity 
in cv. Parthenon (until 60 mM NaCl) than in Naxos 
(decreased from 30 mM NaCl), with an opposite pattern 
of variation than NH4

+ ions. In the light of these results, 
genotypic variation in the phytochemical load of GSLs, 
vitamin C and total anthocyanins in broccoli leaves 
under salinity were induced by changes in their mineral 
composition.
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