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INTRODUCTION

The  interest of  consumers in  health and  their knowl-
edge on the  relationship between diet and well-being is on 
the rise. Brassicaceae family is one of  the most healthy rec-
ognized plant foods since their consumption has been linked 
to a reduction of  the risk of a number of cancers [Avato & 
Argentieri, 2015; Talalay & Fahey, 2001]. Among brassicas, 
broccoli (B. oleracea L. var. botrytis) takes an outstanding po-
sition and its consumption has increased sharply from 0.6 kg 
per capita in  the 80s to almost 3.5 kg per capita nowadays 
in the U.S. [USDA, 2015]. 

Broccoli is considered as an integral part of a healthy diet 
as a good source of biologically-active compounds [Jeffery 
& Araya, 2009]. In this sense, broccoli is an excellent source 
of nitrogen–sulphur derivatives (glucosinolates and  isothio-
cyanates), phenolics (chlorogenic and  sinapic acid deriva-
tives, and fl avonols), and essential micronutrients (vitamins 
and minerals) exhibiting antioxidant and  cancer chemopre-
ventive properties [Guerrero-Beltran et al., 2012; Talalay & 
Faley, 2001]. Broccoli also provides lutein and  zeaxanthin 
[Manzi et al., 2002] and is one of the greatest contributors to 
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folate, vitamin C and phenolic compounds intakes [Domín-
guez-Perles et  al., 2014; McKillop et  al., 2002]. Vitamin C 
and phenolic compounds play an important role as antioxi-
dants, inhibiting oxidative damage involved in coronary heart 
disease and  stroke [Moreno et al., 2006; Proteggente et al., 
2002]. 

The  productivity and  nutritional and  functional quality 
of broccoli can be enhanced by mineral treatment [Abou El-
Magd et al., 2010; Omirou et al., 2009] and the addition of N, 
P, K and S to the soil generally increases crop yield as well 
as phytochemical content [Michalska et al., 2016], however, 
excessive fertilizer concentration can result in decreases of vi-
tamin C, soluble sugars, soluble solids, Mg and Ca in some 
crops [Wang et al., 2008]. In Chinese cabbage, enrichment 
with N provided in rates > 180 Kg/ha resulted in lower con-
tent of vitamin C, nitrates, soluble solids, total solids and sug-
ars [Staugaitis et al., 2008]. In broccoli plants, the growth sta-
tus and glucosinolates concentration responded successfully 
to the N treatment at 200 kg/ha [Omirou et al., 2009].

Selenium (Se) plays an important physiological role 
in  the  integrity of  antioxidant enzymes in  plants involved 
in  protection against many types of  stress, environmental 
and induced ones [Harris, 1992]. For humans, Se is a key trace 
element with important implication in nutrition and health 
[Rayman, 2008]. This micronutrient is  usually defi cient 
in some European areas [Ducsay et al., 2009] and Se-fortifi -
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cation has been suggested as an effective strategy to improve 
Se intake [Pedrero et al., 2007; Peñas et al., 2012]. Broccoli 
has the ability to accumulate Se as Se-methyl selenocysteine 
(SeMSeC) [Lyi et  al., 2005], an amino acid derived com-
pound that has been linked with cancer prevention [Finley, 
2003]. However, the application of different Se salts differs 
in their bioavailability owed to their different sorption ability 
in  the  soil. Among inorganic Se forms, Se (IV) uptake was 
higher than Se (VI) by lupin sprouts and broccoli that exhib-
ited improved total antioxidant capacity [Mahn et al., 2012; 
Zielinska et  al., 2008a]. Additionally, the  application of Se 
(IV) in broccoli regulated plant water status under drought 
conditions [Germ et  al., 2007] and  increased glucosinolate 
content [Robbins et al., 2005]. Moreover, Se-enriched white 
clovers showed larger antioxidant ability to scavenge free rad-
icals with Se (VI) supply [Mora et al., 2008]. 

Although relevant information has been found on the im-
pact of mineral fortifi cation on the quality and content of some 
bioactive compounds, to our knowledge no data are available 
concerning the combined effects of different N supply and Se 
salts on vitamin C, total phenolics and antioxidant capacity 
of broccoli fl orets. Therefore, the aim of the present study was 
to evaluate the infl uence of various N inorganic forms appli-
cations [(NH4)2SO4, NaNO3, NH4NO3 and CO(NH2)2] com-
bined with Se (IV) and Se (VI) salts on the content of these 
health-promoting compounds. The  outcomes will guide to 
establish the source of N and Se to achieve broccoli fl orets 
with enhanced biologically-active properties.

MATERIAL AND METHODS

Chemicals
Azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) diam-

monium salt (ABTS), 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox), (+)-catechin, metaphosphoric 
acid, isoascorbic and ascorbic acid standards, DL-dithiotreitol 
and selenium IV and VI salts (Na2SeO3 and Na2SeO4, respective-
ly) were supplied by Sigma-Aldrich (Sigma-Aldrich, Steinheim, 
Germany). Photochemiluminescence analytical kit for measure-
ment of the antioxidant capacity (kit No. 400.801) was supplied 
by Analytik Jena AG (Jena, Germany). All nitrogen fertilizers, 
Folin-Ciocalteu reagent and sodium carbonate (Na2CO3) were 
purchased from POCh, Gliwice (Poland). Water was purifi ed 
using the Milli-Q-system (Millipore, Bedford, USA). 

Greenhouse experiments
Commercial soil “Pokon” was purchased in  enterprise 

Victus IT S.S Poznań (Poland). The soil was free from excess 
of N inorganic forms and it was composed by a mix of high 
sphagnum peat containing 6 kg CaCO3/m

3 and multicompo-
nent mineral fertilizer with micronutrients dose of 1 kg/m3. 
The  pH of  commercial soil ranged from 5.0  to 6.0. Seeds 
of broccoli (Brassica oleracea var. botrytis cv. Calabrese) were 
purchased in a seed market PPHU-Ogrodnik in Poznań, Po-
land. Broccoli seeds were disinfected with 1.5% sodium hy-
pochloride and the soil was autoclaved before sowing. Single 
broccoli seeds were sown in 5 dm3 ( 22 cm) pots fi lled with 
commercial soil. The  experiments were carried in  a  green-
house with the commercial soil and different solid nitrogen 

sources [(NH4)2SO4, NaNO3, NH4NO3, CO(NH2)2] at 160 kg 
N/ha. Se salts (Na2SeO3 and Na2SeO4) in aqueous solution at 
10 or 20 g Se/ha were administrated the fi rst day of the experi-
ment. Broccoli experiments are collected in Table 1. 

During broccoli growth, greenhouse air humidity was kept 
at 60–70% and natural light was used. The temperature was 
kept at 18–20oC in the fi rst month and at 22–24oC for the sub-
sequent 3 months. Compact, hard and properly formed fl orets 
with undeveloped fl ower buds were collected after 4 months. 
Immediately after harvest, broccoli fl orets were freeze-dried, 
ground and kept in vacuum-welded bags at -20ºC for further 
analysis. Every single plant experiment was performed in quin-
tuplicate.

Determination of vitamin C content
The quantifi cation of vitamin C in broccoli samples was 

carried out by micellar electrokinetic capillary electropho-
resis (MECC) [Frias et  al., 2005] following modifi cations: 
0.5  g of  freeze-dried broccoli sample were extracted with 
20 mL of 3% metaphosphoric acid, and after homogeniza-
tion for 2 min using a Ultraturrax homogenizer T25 Digital 
(Ika Werke GMBH & Co. KG, Staufen, Germany), the vol-
ume was adjusted to 25 mL. The resultant slurry was fi ltered 
through a Whatman No. 1 fi lter paper. 100 μL of isoascorbic 
acid (Sigma) as internal standard (600 μg/mL) were added 
to 1.5 mL of  the fi ltrate and made up to 2 mL with aque-
ous 0.2% DL-dithiotreitol, reagent used to reduce dehydro-
ascorbic acid to ascorbic acid, mixed thoroughly and fi ltered 
through a 0.45  μm membrane. Extractions were performed 
in triplicate. Total vitamin C was quantifi ed as ascorbic acid 
using a calibration curve built with pure ascorbic acid stan-
dard using the response factor relative to internal standard. 
Vitamin C content was expressed in mg/g dry matter (DM). 

Preparation of  extracts for determination of  total 
phenolic compounds content and antioxidant/reducing 
capacity of b roccoli fl orets 

The  extracts were prepared following the  protocol de-
scribed by Zielińska et  al. [2008a]. Approximately 100 mg 
of freeze-dried and pulverized broccoli fl orets were extracted 
with 1 mL of a mixture of methanol/water (4:1; v/v) by sonica-
tion (30 s). The mixture was vortexed for 30 s, then sonicated 
again and centrifuged for 5 min (5000×g, 4ºC) using a Beck-
man GS-15 R centrifuge (Beckman Instruments, Inc., Palo 
Alto, CL., U.S.A.). This step was repeated fi ve times (the resi-
due was each time re-suspended in 1 mL of 80% methanol). 
The  supernatants were combined and  collected in  a  5 mL 
volumetric fl ask. Three independent extractions were carried 
out on each broccoli fl orets sample. Finally, extracts were kept 
at -20ºC for 2–5 days for further determination of  the  total 
phenolic compounds (TPC), scavenging capacity against 
ABTS radical cations and by photochemiluminescence tech-
nique (PCL ACW), against superoxide anion radicals (O2

-•) 
and reducing capacity by cyclic voltammetry (CV) method. 

Determination of total phenolic compounds content (TPC)
TPC content in  the  broccoli fl orets extracts was deter-

mined according to Shahidi & Naczk [1995]. Briefl y, 0.25 mL 
of extract was mixed with 0.25 mL Folin-Ciocalteu reagent, 
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previously diluted with distilled water (1:1  v/v), 0.5  mL 
saturated sodium carbonate (Na2CO3) and  4 mL of water. 
The mixture was incubated at room temperature for 25 min 
and  centrifuged at 2000×g for 10 min. Supernatant absor-
bance was measured at 725 nm using a  spectrophotometer 
(UV-160 1PC, Shimadzu, Tokyo, Japan). TPC was stan-
dardized against (+)-catechin and expressed in terms of mg 
(+)-catechin equivalents/g DM. 

Determination of  the  antioxidant capacity of broccoli 
fl orets

ABTS•+ scavenging assay
The method described by Re et  al. [1999] was used to 

determine the  antioxidant capacity against ABTS•+ radi-
cal of  broccoli fl oret extracts. Briefl y, the ABTS•+ solution 
was diluted with a mixture of methanol/water (4:1; v/v), to 
the absorbance level of 0.70±0.02 at 734 nm. For the spec-

trophotometric assay, 1.48  mL of  the  ABTS•+ solution 
and  20  μL of  the  respective extract or the Trolox solution 
were mixed, and the absorbance was measured directly after 
6 min at 734 nm at 30°C. The  standard curve was plotted 
within the range of 0.1–2.5 mM of Trolox standard solutions 
in a mixture of methanol/water (4:1; v/v). Measurements were 
carried out using the  UV-160 1PC temperature-controlled 
spectrophotometer with a  CPS-Controller (Shimadzu, To-
kyo, Japan). The antioxidant capacity was expressed as μmol 
Trolox/g DM. 

Superoxide radical anion (O2
•-) scavenging capacity assay

The photo-induced chemiluminescence (PCL) assay, car-
ried out using the method proposed by Popov & Lewin [1999], 
was performed to measure the antioxidant activity of broccoli 
fl oret extracts against superoxide anion radicals (O2

•-) gen-
erated from luminol, a  photosensitizer, under exposure to 
UV light, as previously described by Zielińska et al. [2008b]. 

TABLE 1. Broccoli plant experiments using different sources of N in combination with Se salts. 

Treatment Nitrogen 
source

Nitrogen 
forms

Dose 
(g/pot)

Correspond 
dose (kg/ha) Se salts Se form Se dose 

(μg/pot)
Correspond 
dose (g/ha) 

Control Natural N2 - - - - -

2 Natural N2 - - Na2SeO3 Se (IV) 68.78 10

3 Natural N2 - - Na2SeO3 Se (IV) 137.56 20

4 Natural N2 - - Na2SeO4 Se (VI) 75.15 10

5 Natural N2 - - Na2SeO4 Se (VI) 150.31 20

6 (NH4)2SO4 NH4
+ 2.438 160 - - -

7 (NH4)2SO4 NH4
+ 2.438 160 Na2SeO3 Se (IV) 68.78 10

8 (NH4)2SO4 NH4
+ 2.438 160 Na2SeO3 Se (IV) 137.56 20

9 (NH4)2SO4 NH4
+ 2.438 160 Na2SeO4 Se (VI) 75.15 10

10 (NH4)2SO4 NH4
+ 2.438 160 Na2SeO4 Se (VI) 150.31 20

11 NaNO3 NO3
- 3.103 160 - - -

12 NaNO3 NO3
- 3.103 160 Na2SeO3 Se (IV) 68.78 10

13 NaNO3 NO3
- 3.103 160 Na2SeO3 Se (IV) 137.56 20

14 NaNO3 NO3
- 3.103 160 Na2SeO4 Se (VI) 75.15 10

15 NaNO3 NO3
- 3.103 160 Na2SeO4 Se (VI) 150.31 20

16 NH4NO3 NH4
+ + NO3

- 1.506 160 - - -

17 NH4NO3 NH4
+ + NO3

- 1.506 160 Na2SeO3 Se (IV) 68.78 10

18 NH4NO3 NH4
+ + NO3

- 1.506 160 Na2SeO3 Se (IV) 137.56 20

19 NH4NO3 NH4
+ + NO3

- 1.506 160 Na2SeO4 Se (VI) 75.15 10

20 NH4NO3 NH4
+ + NO3

- 1.506 160 Na2SeO4 Se (VI) 150.31 20

21 CO(NH2)2 −NH2 1.096 160 - - -

22 CO(NH2)2 −NH2 1.096 160 Na2SeO3 Se (IV) 68.78 10

23 CO(NH2)2 −NH2 1.096 160 Na2SeO3 Se (IV) 137.56 20

24 CO(NH2)2 −NH2 1.096 160 Na2SeO4 Se (VI) 75.15 10

25 CO(NH2)2 −NH2 1.096 160 Na2SeO4 Se (VI) 150.31 20
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The antioxidant capacity of broccoli fl oret extracts was deter-
mined using the ACW analytical kit for measuring the antioxi-
dant capacity of hydrophilic compounds and a Photochem® 
apparatus (Analytik Jena, Leipzig, Germany). Antioxidant 
capacity was expressed as μmol Trolox/g DM. 

The cyclic voltammetry (CV) method
Cyclic voltammetric experiments were performed on 

broccoli fl oret extracts previously prepared and mixed with 
0.1  M sodium acetate-acetic buffer (pH 5.5) at a  ratio 
of 1:1 (v/v), according to Zieliński et al. [2012]. The sodi-
um acetate-acetic buffer acted as a  supporting electrolyte 
of extracts for the voltammetric determinations. The mea-
surements were carried out using a conventional three elec-
trode system: (a) a 3 mm diameter glassy carbon working 
electrode (BAS MF-2012), (b) a Ag/AgCl electrode as refer-
ence one, and (c) a platinum electrode as counter electrode. 
In order to avoid the diminishing of sensitivity, the working 
electrode was carefully polished with 0.05 μm alumina paste 
purchased in BAS (Bioanalytical Systems Inc.) and ultra-
sonically rinsed in deionized water and methanol at the end 
of each cycle. The experiments were performed at room tem-
perature. Cyclic voltammograms were recorded by potentio-
stat/galvanostat (GAMRY, Warminster, PA, USA) within 
the range of +100 to +1100 mV scanning rate. This method 
is based on the correlation between the  total charge below 
anodic wave of cyclic voltammograms and  the antioxidant 
capacity of  the  sample and  reference substance. The  80% 
methanol solutions of Trolox within the concentration range 
of  0.05–1.25 mM were used. The  total charge under an-
odic wave of  the background signal (solvent + supporting 
electrode) was subtracted from total charge under anodic 
wave obtained for each standard and sample. Results were 
expressed as μmol Trolox/g DM. 

Statistical analyses 
Results of the chemical analyses are given as mean values 

and the standard deviation of fi ve independent broccoli fl orets 
determined in triplicates. The results were subjected to two-
-way analysis of variance (ANOVA) using Fisher’s Least Sig-
nifi cant Difference (LSD) test and the signifi cant differences 
(P0.05) were calculated. Correlation analysis was also per-
formed and the Pearson correlation coeffi cient was reported 
using the Statistica 7.1.30.0 software (Statsoft Inc., USA) for 
Windows.

RESULTS AND DISCUSSION

The infl uence of N treatment in combination with Se on 
vitamin C content in broccoli fl orets

Table 2 shows the content of vitamin C in broccoli fl orets 
cultivated in soil with different inorganic N forms combined 
with Se (IV) and Se (VI). No signifi cant (P>0.05) differences 
were found in vitamin C content between broccoli fl orets cul-
tivated in untreated soil and  those fortifi ed with the experi-
mental N-sources at 160 Kg N/ha. Vitamin C content in these 
broccoli fl orets ranged between 1.55  and  1.62  mg/g DM 
and minimal changes could be due to different bioavailability 
of N sources. Similar results were obtained by Elwan & Abd 
El Hamed [2011] who did not found any infl uence of nitro-
gen application on vitamin C in different broccoli varieties.

Broccoli cultivation in  soil only enriched with Se (IV) 
and Se (VI) at the level corresponding to 10 or 20 g Se/ha led 
to a signifi cant (P0.05) decrease in vitamin C (by average 
33%) when compared to cultivation in control soils. The in-
fl uence of  the  two doses of Se (IV) combined with the dif-
ferent N sources on vitamin C content was noted for those 
broccoli fl orets cultivated in  the  presence of  (NH4)2SO4, 
NaNO3 and NH4NO3, where the application of 20 g Se/ha led 
to a larger vitamin C decrease. However, no signifi cant differ-
ences (P>0.05) were observed between the two Se (VI) doses 
combined with inorganic N on vitamin C content of broccoli. 
To the best of our knowledge, no information about the ef-
fect of combining N and Se has been reported in literature so 
far. In general, this study shows that broccoli cultivation with 
Se-enriched soil led to a sharp vitamin C decrease in broccoli 
fl orets, irrespective of N enriched soils. 

The  infl uence of N treatment in  combination with Se 
on total phenolic compounds content in broccoli fl orets

Table 3 shows the content of  total phenolic compounds 
(TPC) in broccoli fl orets cultivated in different N inorganic 
sources in  combination with Se (IV) and  Se (VI). Florets 
produced under N at 160  Kg N/ha showed TPC content 
being signifi cantly (P0.05) higher (~ 45%) than those cul-
tivated in untreated soil, ranging between 9.22  to 10.46 mg 
(+)-catechin/g DM, and NH4NO3

 enriched soil was the larg-
est TPC producer. These results agree with those previously 
reported by Zaghdoud et al. [2016] where NH4+-fed broc-
coli had higher levels of  total phenolic compounds. When 

TABLE 2. Vitamin C content (mg/g DM) in broccoli fl orets cultivated with different sources of N in combination with Se salts. 

Treatment Commercial soil (CS) CS + (NH4)2SO4
160 Kg N/ha

CS + NaNO3
160 Kg N/ha

CS + NH4NO3
160 Kg N/ha

CS + CO(NH2)2
160 Kg N/ha

Control 1.62±0.05b
1 1.55±0.08c

1 1.62±0.03c
1 1.59±0.06c

1 1.59±0.06b
1

+ Se (IV) (10 g/ha) 1.12±0.03ª2 1.08±0.03b
1,2 1.17±0.03b

3 1.05±0.03b
1 1.08±0.04a

1,2

+ Se (IV) (20 g/ha) 1.07±0.02a
2 0.99±0.04a

1 1.05±0.04a
2 0.97±0.01a

1 1.06±0.05a
2

+ Se (VI) (10 g/ha) 1.11±0.04 a2 1.08±0.06b
1,2 1.04±0.04a

1 1.08±0.02b
1,2 1.10±0.03a

2

+ Se (VI) (20 g/ha) 1.11±0.03a
3 1.07±0.03b

2,3 1.02±0.03a
1 1.09±0.03b

2,3 1.05±0.05a
1,2

Data are the mean of fi ve independent replicates ± SD. Similar letter as superscripts in the same column indicates no signifi cant differences (P0.05). 
Similar number as subscripts in the same row indicates no signifi cant differences (P0.05). 
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Se (IV) was applied, no signifi cant (P>0.05) impact on TPC 
content was found, irrespective of Se concentration, in com-
parison with the unfortifi ed soil. In contrast, Se (VI) addition 
led to fl orets with signifi cantly (P0.05) higher TPC content 
(48 and 13% for 10 and 20 g Se/ha, respectively). When vari-
ous sources of N were applied in combination with Se (IV) 
and Se  (VI), a different effect on TPC content of broccoli 
fl orets was observed. A higher TPC content was found for 
10 and 20 g Se (IV)/ha with NaNO3 and 11 and 18%, respec-
tively, was obtained in comparison with TPC content in broc-
coli fl orets grown only in NaNO3 cultivated soil. The com-
bination of 10 g Se/ha with NH4NO3 caused an 8% increase 
in  TPC content compared with the  non-Se counterpart. 
Other combinations of Se (IV) with the remaining N sources 
and the Se (VI) with all N-forms did not improve the content 
of TPC in broccoli fl orets. In most experiments, TPC content 
was slightly lower than those observed in the corresponding 
fl orets without Se enrichment. These results suggest that Se 
uptake infl uences TPC content of broccoli fl orets depending 
on the salt/amount of Se and on N source, outcomes observed 
here for the fi rst time. Nevertheless, at the current stage of this 
study, it can be stated that the condition to provide the highest 
TPC content in broccoli fl orets was achieved combining NH-

4NO3 with the low Se (IV) dose (11.26 mg catechin/g DM). 

The  infl uence of N treatment in  combination with Se 
on the antioxidant and reducing capacities of broccoli 
fl orets provided by ABTS, PCL and CV assays 

In this study, the antioxidant capacity in fl orets of broccoli 
grown in soil enriched with different sources of N in combi-
nation with two concentrations of Se (IV) and Se (VI) was 
determined according to the different assays. Antioxidant ca-
pacity was determined: i) against stable, non-biological rel-
evant ABTS•+, ii) against the key oxygen reactive form, e.g. 
O2

-• by  photochemiluminescence (PCL ACW), and  iii) di-
rectly by cyclic voltammetry (CV) as reducing capacity. From 
the current point of view, this set of in vitro methods should 
be used as a tool for the determination of antioxidant activity 
of food to cover the most relevant aspects of antioxidant ef-
fi cacy [Zieliński et al., 2012]. The ABTS assay is a renowned 
method and used as Trolox Equivalent Antioxidant Capacity 
(TEAC). The photochemiluminescence assay (PLC), based 
on the photochemical generation of  free radicals combined 
with enhanced sensitivity of chemiluminescence, uses the pho-

to-induced autoxidation inhibition of luminol by antioxidants 
mediated by O2

•- and  is  suitable in measuring the  radical 
scavenging properties of single antioxidants as well as more 
complex food systems at the nanomolar range [Besco et al., 
2007]. The CV technique has shown to be a convenient assay 
for evaluating the reducing capacity of raw plant material as 
well as food products [Zielińska et al., 2008b; Zieliński et al., 
2012]. Cyclic voltammogram (CV tracing) provides direct in-
formation describing the  integral reducing capacity without 
the  specifi c determination of  individual components since 
the anodic current waveform obtained is a function of the re-
ducing potential of a mixture of components.

Figure 1 shows the antioxidant capacity of broccoli fl orets 
evaluated by ABTS assay. Broccoli fl orets cultivated in un-
treated soil reached levels of antioxidant capacity of 45 μmol 
Trolox/g DM while those grown in the presence of experimen-
tal N sources at 160 Kg N/ha exhibited a signifi cantly (P0.05) 
higher antioxidant capacity (~ 41% increase). The  great-
est antioxidant capacity was observed in the broccoli fl orets 
cultivated in  soil containing NH4NO3. A  positive infl uence 
of Se (IV) fortifi cation on the antioxidant capacity of broc-
coli fl orets was noted in most cases. Application of Se (VI) at 

TABLE 3. Content of total phenolic compounds (mg (+)-catechin/g DM) in broccoli fl orets cultivated with different sources of N in combination with 
Se salts. 

Treatment Commercial soil (CS) CS + (NH4)2SO4
160 Kg N/ha

CS + NaNO3
160 Kg N/ha

CS + NH4NO3
160 Kg N/ha

CS + CO(NH2)2
160 Kg N/ha

Control 6.36±0.52a
1 9.33±0.96c

3 7.77±0.18b
2 10.46±0.43cd

3 9.22±0.13c
3

+ Se (IV) (10 g/ha) 5.95±0.53 a1,2 5.43±0.36ª1 8.60±0.23c
3 11.26±0.06d

4 7.06±0.89b
2

+ Se (IV) (20 g/ha) 6.77±0.12ab
1 8.12±0.38bc

2 9.13±0.32c
3 7.52±0.58b

1,2 9.38±0.06c
3

+ Se (VI) (10 g/ha) 9.44±0.21c
2 7.17±0.26b

1 6.97±0.26ª1 9.71±0.08c
2 6.77±0.37ªb

1

+ Se (VI) (20 g/ha) 7.20±0.88b
2 9.37±0.16c

3 7.31±0.38ab
2 6.23±0.16ª1,2 5.84±0.23ª1

Data are the mean of fi ve independent replicates ± SD. Similar letter as superscripts in the same column indicates no signifi cant differences (P0.05). 
Similar number as subscripts in the same row indicates no signifi cant differences (P0.05).

FIGURE 1. Antioxidant capacity in broccoli fl orets cultivated with differ-
ent inorganic N sources in combination with Se salts determined by ABTS 
assay. Data are the mean of fi ve independent replicates ± SD. Similar 
letter as superscripts for the same N treatment indicates no signifi cant 
differences (P0.05). Similar number as subscripts for the same Se treat-
ment indicates no signifi cant differences (P0.05). 
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either 10 or 20 g Se/ha provided a higher antioxidant capac-
ity, i.e. increment of 43 and 32%, compared to control soil. 
When various N salts were combined with Se (IV) or Se (VI), 
a different effect on the antioxidant capacity was observed. 
Se (IV) increased antioxidant capacity evaluated by ABTS•+ 

assay in fl orets only in  combination with NaNO3, irrespec-
tive of Se concentration, and with CO(NH2)2 at 20 g Se/ha. 
In  turn, application of  20  g Se (VI)/ha with (NH4)2SO4 or 
NaNO3  and  10  g Se (VI)/ha with NH4NO3 provided broc-
coli fl orets with a slightly, but statistically signifi cant (P0.05) 
higher antioxidant capacity as compared to corresponding N 
soils without Se salt. 

Figure 2  shows the  antioxidant capacity of  hydrophilic 
compounds of broccoli fl orets evaluated by PCL ACW as-
say. The  application of N caused a  favourable effect in  all 
the experimental broccoli fl orets and enhanced their antioxi-
dant capacity, which ranged from 19 to 51 μmol Trolox/g DM, 
compared with those cultivated only in  untreated soil 
(16  μmol Trolox/g DM). The  highest antioxidant capac-
ity was achieved with NH4NO3  treatment, as previously ob-
served by  ABTS test. The  antioxidant capacity increased 
by 65, 103  and 58% in fl orets grown with 20  g Se (IV)/ha 
and with 10 and 20 g Se (VI)/ha, respectively, compared to 
these grown in unfertilized soil. Combination of Se salts with 
N inorganic sources brought about different effect on this an-
tioxidant capacity in broccoli fl orets. Se (IV) at 10 g/ha com-
bined with NaNO3 and NH4NO3 and at 20 g Se/ha added to 
(NH4)2SO4 and CO(NH2)2 soils caused a signifi cant (P0.05) 
increase in the antioxidant capacity of broccoli fl orets. Simi-
lar tendency was found for 10 g Se (VI)/ha combined with 
NH4NO3

 and  20  g Se (VI)/ha with NaNO3 soils. The  larg-
est antioxidant capacity against O2

•- radicals was provided 
by NH4NO3  combined with 10  g Se (IV)/ha supplemented 
soils (64 μmol Trolox/g DM). 

Figure 3 shows the  reducing capacity of broccoli fl orets 
evaluated by CV method. The obtained results were in the line 

with those found for ABTS and PCL ACW assays since inor-
ganic N application fostered the reducing capacity of fl orets 
(26–34 μmol Trolox/g DM against 23 μmol Trolox/g DM for 
the control ones). The highest reducing capacity was achieved 
in broccoli grown in CO(NH2)2 soil. Se-salts did not signifi -
cantly (P>0.05) improve the reducing capacity compared to 
the untreated soil. Combination of Se (IV) and Se (VI) at 
10 and 20 g/ha with the experimental N salts produced a dif-
ferent effect on reducing the capacity in broccoli fl orets. Se 
(IV) increased slightly the  reducing capacity at 20  g Se/ha 
mixed with NaNO3, as well as Se (VI) at 10 g/ha with NH4NO3 
and 20 g/ha with NaNO3. 

There is scarce information on the effect of  the applica-
tion of N and Se during broccoli growth. Mahn [2017] dem-
onstrated that the increase in Se dose from 10 to 100 μmol/L 
produced a signifi cant decrease in the antioxidant properties 
of broccoli fl orets.

The antioxidant capacity of broccoli fl orets evaluated against 
ABTS•+ was positively correlated with that resulting from PCL 
ACW assay (r=0.75) and from CV technique (r=0.60). Howev-
er, a lack of correlation was found between PCL ACW and CV 
assays (r=0.20). No correlations between vitamin C content 
and antioxidant capacity determined either by ABTS or PCL 
ACW assays or reducing capacity (CV) was found. In contrast, 
total phenolic content was positively correlated with antioxidant 
capacity determined by ABTS (r= 0.87), PCL ACW (r= 0.80) 
and CV (r= 0.48). These fi ndings indicate the  relevant role 
of phenolic compounds and the minor signifi cance of vitamin 
C in the overall antioxidant capacity of broccoli fl orets. More-
over, both ABTS and PCL ACW assays use scavenging of free 
radicals with different chemical properties as compared to cy-
clic voltammetry (CV) technique, which is especially useful for 
the evaluation of the reducing capacity formed by low molecular 
weight antioxidants.

Reducing capacity of broccoli fl orets cultivated with vari-
ous N treatments in  combination with Se provided by CV 

FIGURE 2. Antioxidant capacity formed by water-soluble antioxidants 
in  broccoli fl orets cultivated with inorganic N sources in  combination 
with Se salts determined by PCL ACW assay. Data are the mean of fi ve 
independent replicates ± SD. Similar letter as superscripts for the same 
N treatment indicates no signifi cant differences (P0.05). Similar number 
as subscripts for the same Se treatment indicates no signifi cant differ-
ences (P0.05). 

FIGURE 3. Reducing capacity of broccoli fl orets cultivated with differ-
ent inorganic N sources in combination with Se salts determined by cy-
clic voltammetry (CV) method. Data are the mean of fi ve independent 
replicates ± SD. Similar letter as superscripts for the same N treatment 
indicates no signifi cant differences (P0.05). Similar number as sub-
scripts for the  same Se treatment indicates no signifi cant differences 
(P0.05).
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assay (Figure 3) was comparable to the antioxidant capac-
ity values obtained by PCL ACW assay (Figure 2). Howev-
er, reducing capacity was 2-fold lower than values provided 
by ABTS method (Figure 1). These fi ndings confi rm the pre-
viously found rank of  antioxidant capacity assays applied 
for the  characterization of  new crispy type food products 
[Zieliński et  al., 2012] and  buckwheat and  lupine sprouts 
[Zielińska et al., 2008a,b]. The results may also indicate that 
broccoli fl orets grown under different N treatments in com-
bination with selected doses of Se (IV) and Se (VI) produce 
more free radical scavengers than electroactive substances. 
It was reported that treatments with N in excessive applica-
tion can result in undesirable changes such as increases in ni-
trate and  acid to sugar ratio, while decreasing the  concen-
tration of vitamin C, soluble sugar and Mg and Ca [Wang 
et al., 2008]. Research literature on this subject suggests that 
more information is required to produce broccoli fl orets with 
a higher content of phenolic compounds and antioxidant ca-
pacity.

CONCLUSIONS

The application of inorganic N sources combined with Se 
during the growth of broccoli fl orets has a different impact on 
vitamin C, total phenolic content, and antioxidant capacity. 
The treatment with N salts did not affect vitamin C content 
however provided a higher total phenolics content and an-
tioxidant capacity than the untreated soil. The combination 
with Se salts (IV or VI) decreased vitamin C content of broc-
coli fl orets, irrespective of N source, whilst phenolics content 
and  antioxidant capacities varied depending on N source 
and Se dose. Among all the experimental treatments, appli-
cation of NH4NO3 in combination with 10 g Se (IV)/ha was 
the elective strategy to produce broccoli fl orets with a higher 
total phenolic content providing, at the same time, high levels 
of antioxidant capacity and  relevant amounts of vitamin C. 
In addition, a pot of edible broccoli (100g fresh weight) grown 
in these conditions provided 40 μg Se [Gulewicz, unpublished 
data] that would contribute to Se requirements in adults, tak-
ing in mind that daily intake of about 1 μg Se/kg body weight 
has been recommended [WHO, 1996].
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