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Epidemiological studies show an inverse association between Brassica consumption and chronic diseases.
Phytochemicals are thought to be beneficial for human health and therefore responsible for this
protective effect. Increasing their levels into Brassica food is considered an expedient nutritional strategy
that can be achieved through the manipulation of growth conditions by elicitors. In this work we
systematically evaluated the influence of treatment with different elicitors (sucrose, mannitol, NaCl,
1-aminocyclopropane-I-carboxylic acid, salicylic acid and methyl jasmonate) on the phytochemical
composition of broccoli sprouts. The content of total and single glucosinolates, total phenolic compounds,
total flavonoids, total anthocyanins, vitamin C and E and B-carotene was assessed.

The exposure to different elicitors produced concentration- and elicitor-dependent specific changes in
the content of all the phytochemicals considered. Sucrose, identified as the most effective elicitor by prin-
cipal component analysis, induced a significant increase of total and specific glucosinolates, vitamin C,
total anthocyanins and polyphenols. Sucrose is likely to represent an effective tool to increase the nutri-
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tional value of broccoli sprouts.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Epidemiological evidence suggests that there is an inverse asso-
ciation between consumption of cruciferous vegetables (such as
broccoli, brussel sprouts and cauliflower) and the risk of many
types of cancer (Liu & Lv, 2013) and cardiovascular disease
(Cornelis, EI-Sohemy, & Campos, 2007). These vegetables contain
numerous bioactive compounds (such as vitamins, minerals, glu-

Abbreviations: ANOVA, one-way analysis of variance; ACC, 1-
aminocyclopropane-l-carboxylic acid; ESI-MS, electrospray ionization source-
mass spectrometry; FRAP, ferric reducing antioxidant power; GAE, gallic acid
equivalents; GL, glucosinolate; HPLC, high performance liquid chromatography;
ITC, isothiocyanates; MeJa, methyl jasmonate; PCA, principal component analysis;
SA, salicylic acid; THF, tetrahydrofuran; TEAC, trolox equivalent antioxidant
capacity.
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cosinolates and phenolic compounds) that are considered to be
responsible for their health-promoting properties.

In particular, glucosinolates (GL), and their hydrolysis products
isothiocyanates (ITC), are considered to have an important role in
cancer chemoprevention. These compounds, in fact, are reported
to have a chemo-preventative activity in a variety of cell and ani-
mal models, probably due to their capacity to induce phase 2
detoxification enzymes (Plumb et al., 1996). In addition, crucifer-
ous vegetables are an excellent dietary source of other health pro-
moting phytochemicals, such as vitamins (C and E), carotenoids
and phenolic compounds (among them anthocyanins), having an
established role in the prevention of several chronic diseases
(Bjorkman et al., 2011).

According to these evidences, many studies have focused on
strategies aimed to increase the content of bioactive compounds
in cruciferous vegetables. Recently, young seedlings (sprouts) have
attracted an increasing interest by nutritionists, as they possess a
higher nutritional value than adult plants. Broccoli sprouts, in fact,
have higher level of GLs (Pérez-Balibrea, Moreno, & Garcia-Viguera,
2011), and phenolic compounds (Singh, Upadhyay, Prasad,
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Bahadur, & Rai, 2007), and a higher phase 2 inducing activity
(Fahey, Zhang, & Talalay, 1997) than adult plants. Sprouts can be
easily grown at home and, irrespective of the season, they only
need water and light for growth. Sprouts can be consumed raw,
thus avoiding the unavoidable loss of bioactive molecules during
cooking and/or processing. Therefore, sprouts could be used as a
natural functional food.

Obviously, environmental growth conditions affect the synthe-
sis and therefore the content of many of the health promoting
bioactive molecules present in plants. Abiotic (temperature, light,
radiation, water, exposure to salt or metals) and biotic (herbivory,
fungal, bacterial and/or viral infection) stresses can affect both the
content and profile of these phytochemicals (Bjorkman et al.,
2011). Also, broccoli sprout composition is affected by environ-
mental conditions and it has been demonstrated that light or
sucrose treatment increase phytochemical composition in terms
of vitamins, GLs and phenolic compounds (Guo, Yuan, & Wang,
2011b; Pérez-Balibrea et al., 2011).

To our knowledge, however, data currently available are scarce
and fragmented. In fact, previous studies evaluated the effect of a
limited number of inducers on few bioactive molecules, not con-
sidering the overall range of phytochemicals. Moreover, these
studies are hardly comparable due to the wide different growth
conditions taken in consideration (e.g. seedling age, treatment
period).

The aim of this study was to systematically evaluate, in broccoli
sprouts, the influence of different concentrations of many different
elicitors (sucrose, mannitol, NaCl, 1-aminocyclopropane-I-
carboxylic acid (ACC), salicylic acid (SA) and methyl jasmonate
(Me]Ja)) on the content of many different bioactive molecules (total
and individual glucosinolates, total phenolic compounds, total fla-
vonoids, total anthocyanins, vitamin C and E and B-carotene).
Moreover, taking into account the complexity of the interaction
among these phytochemicals, we utilized principal component
analysis (PCA) to assess the conditions (type of elicitor and dose)
able to provide the most significant overall effect on phytochemi-
cal composition of broccoli sprouts.

2. Materials and methods
2.1. Materials

Solvents and HPLC grade methanol used for extraction were of
high purity (Carlo Erba, Milano, Italy). Acetonitrile and formic acid
were from Sigma-Aldrich Chemical Company (St Louis, MO). HPLC
grade water (18 mQ) was prepared using a Millipore (Bedford, MA,
USA) Milli-Q purification system. Glucobrassicin potassium salt,
glucoraphanin potassium salt, glucoiberin potassium salt, glu-
coerucin potassium salt, progoitrin potassium salt, gluconapin
potassium salt, sinigrin potassium salt and glucocheirolin potas-
sium salt were purchased from PhytoLab GmbH & Co. KG (Vesten-
bergsgreuth, Germany). Folin & Ciocalteau’s phenol reagent, gallic
acid, (+) catechin, aluminium chloride, sodium nitrite were from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Growth condition of broccoli sprouts

Broccoli seeds (Brassica oleracea L. var. botrytis subvar. cymosa)
were purchased from SUBA&UNICO (Longiano, FC, Italy). Seeds
were surface sterilized by incubating for 15 min in 40% bleach
(2% sodium hypochlorite) with shaking, than drained and rinsed
10 times with distilled water. After soaking, in distilled water, for
16-18 h (overnight) at 21 °C, seeds were rinsed in distilled water
and transferred in the germination cylinder, Vitaseed sprouter
(SUBA&UNICO, Longiano, FC, Italy). Sprouts were grown at 21 °C

in a plant growth chamber (Weiss Gallenkamp, Loughborough,
United Kingdom) equipped with PHILIPS Master TL-D 36W/840
cool-white fluorescent tubes providing a photosynthetic photon
flux density of 110 mmol m~2s~!, with a 16 h light/8 h dark pho-
toperiod and subjected to different stressors.

Mannitol, sucrose, NaCl, ACC, SA and Me]a were selected as elic-
itors, for their known activity as stress inductors or signal mole-
cules: mannitol is an inductor of osmotic stress, NaCl is an
inductor of salt stress, SA is a plant hormone regulating resistance
to fungal, bacteria and viral pathogen, ACC is a precursor of ethy-
lene and a signal molecule, MeJa is a plant hormone regulating
resistance against insect, and sucrose is a carbon source, an induc-
tor of osmotic stress and a modulator of developmental and meta-
bolic process (Baenas, Garcia-Viguera, & Moreno, 2014a). Each
elicitor was used at different concentrations that were selected
according to previous studies. Mannitol and sucrose were dis-
solved in water at 88 and 176 mM concentrations. NaCl was dis-
solved in water at 10, 50 and 100 mM concentrations. SA was
dissolved in water at 250 and 750 pM concentrations. ACC was dis-
solved in ethanol and added at 50 and 500 puM final concentrations.
Me]Ja was dissolved in ethanol and added at 30 and 300 uM final
concentrations. All solutions were freshly prepared before applica-
tion and used to replace water in the sprouter 3 days after sowing.
The sprouts were grown in the presence of the elicitors for 2 more
days, for a total of 5-day germination. This time point was selected
as five day-old sprouts still possess both a suitable biomass and a
high phytochemical content; it is in fact known that, in the course
of the germination, there is a steady decline of the major bioactive
molecules (Maldini, Baima, Morelli, Scaccini, & Natella, 2012).
Treated and control 5-day-old sprouts samples were rapidly and
gently collected from the surface of the germination cylinder at
midday, weighed (fresh mass) and immediately frozen in liquid
nitrogen and stored at —80 °C for further analysis. Frozen sprouts
were ground to a fine powder in a Waring blender, cooled with lig-
uid nitrogen and aliquots of sprouts powder were used for humid-
ity content determination and further analysis.

2.3. GLs determination

For GLs measure, each sample of broccoli sprouts was extracted
with methanol:water (70:30 v/v; sample to solvent ratio 1:25 w/v)
at 70 °C for 30 min under vortex mixing to facilitate the extraction.
The samples were successively centrifuged (4000 rpm, 30 min,
4 °C), the supernatants were collected and the solvent was com-
pletely removed, using a rotary evaporato, under vacuum at
40 °C. The dried samples were dissolved in ultrapure water with
the same volume of extraction and filtered through 0.20 mm syr-
inge PVDF filters (Whatmann International Ltd., UK).

GLs analyses were performed as previously described (Maldini
et al., 2012), using an HPLC system (Perkin-Elmer, USA) interfaced
to an Applied Biosystems (Foster City, CA, USA) API3200 Q-Trap
spectrometer and GLs were analyzed. Briefly, quantitative on-line
HPLC-ESI-MS/MS analyses were performed using the mass spec-
trometer in MRM mode. Samples were injected (10 pl) into a Luna
Cyg column (Phenomenex, USA) (150 x 2.1 mm i.d., 5 um d) and
eluted at flow rate of 0.3 ml min~!. Mobile phase A was H,0 con-
taining 0.1% formic acid while mobile phase B was acetonitrile con-
taining 0.1% formic acid. Elution gradient was: 0’ 6% B, 0.1-
15 min —» 12% B, 15.1-21 min —» 25% B, 21.1-30 min — 60%B,
30.1-31 min —» 100% B, 31.1-38 min 100% B and finally for re-
equilibration: 38.1-39 min — 6% B, 39.1-45 min 6% B. The column
was kept at 25 °C, using a Peltier Column Oven Series 200 (Perkin
Elmer). The source temperature was held at 450 °C, and MS param-
eters were those optimised for the ESI-MS and ESI-MS/MS analyses
with ion spray voltage at —4300 V. For all compounds, dwell time
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was 60 ms and the voltage applied was —4500 V. Data acquisition
and processing were performed using Analyst software 1.5.1.

2.4. Total ascorbic acid determination

For ascorbic acid measurements, each sample of broccoli
sprouts was extracted following the method described by Margolis
et al. (Margolis, Paule, & Ziegler, 1990). The quantitative analyses
were performed by an HPLC system equipped with a coulometric
detector (ESA model 580, Chemsford, MA, USA). The setting poten-
tial was 0, 100, 200, 300 and 400 mV (v. Palladium reference
electrode).

The chromatographic separation was obtained using a
250 x 4.6 mm Capcell Pak NH 2 column (Shiseido, Tokyo, Japan).
The column was equilibrated at 40 °C at a flow-rate of 0.8 ml/
min with a solvent composed of 0.680 g monobasic potassium
phosphate, 200 ml water, 800 ml acetonitrile and 7.5 ml concen-
trated phosphoric acid.

2.5. a-Tocopherol and p-carotene determination

Vitamin E and B-carotene were extracted following the method
described by Sharpless et al. (Sharpless, Arce-Usuna, Thomas, &
Gill, 1999). The sample was saponified in methanol/tetrahydrofu-
ran (THF), then the reaction mixture was extracted with hexane/
diethylether, the extract was evaporated and the residue was dis-
solved in hexane. The extract in hexane was evaporated and recon-
stituted in a mobile phase of methanol/acetonitrile/THF 50:45:5,
then analysed by HPLC according to Maiani et al. (Maiani et al.,
1995). The chromatographic separation was obtained using a
Waters Nova Pak C18, 3.9 mm x 150 mm column (Waters Corpora-
tion, Milford, Massachusetts, USA).

2.6. Total anthocyanins determination

Anthocyanins were determined by spectrophotometric method
according to Abdel-Aal and Huel, (Abdel-Aal & Hucl, 1999). A
ground broccoli sprouts sample (1 g) was weighed in a 50 ml cen-
trifuge tube, and 8 ml of acidified ethanol (ethanol and HCI 1.0 N,
85:15, v/v) was added. The solution was mixed and adjusted to
pH=1 with 4N HCL The resulting solution was shaken for
30 min in the dark. The tube was centrifuged at 4000 rpm for
30 min at 5°C and the supernatant was collected, placed into a
50-ml volumetric flask and brought to volume (16,67 ml) with
acidified ethanol. Absorbance was measured at 535 nm against a
blank. Cyanidin 3-glucoside or kuromanin (Sigma) was used as
standard.

Total anthocyanin content per sample (mg/kg) was calculated
as cyaniding 3-glucoside following formula:

C = (A/e) x (vol/1000) x MW x (1/sample wt) x 10°

where C is concentration of total anthocyanins (mg/kg), A is the
absorbance reading, ¢ is molar absorptivity (cyaniding
3-glucoside = 25,965 cm~' M~!), vol is total volume of antho-
cyanins extract, and MW is molecular weight of cyanidin
3-glucoside = 484,82.

2.7. Total polyphenol and total flavonoid determination

For polyphenols and flavonoid measure, frozen sprouts
(200 mg) were extracted with 2 ml absolute methanol for 15 min
at room temperature. The supernatant was collected after centrifu-
gation (2000g for 5 min). The procedure was repeated twice. For
each sample, supernatants were combined, stored at —20 °C and
used for analyses within 72 h.

The total polyphenols content of extracts was determined by
the Folin-Ciocalteu’s method (Kapasakalidis, Rastall, & Gordon,
2006; Singleton, Orthofer, & Lamuela-Raventoés, 1999). Gallic acid
was used as a reference compound for the calibration curve in
the range of 1-20 pg. All measurements were performed in tripli-
cate. Absorbance values of samples were converted to gallic acid
equivalents (GAE).

The total flavonoids content of extracts was determined by
using a colorimetric method described previously (Dewanto, Wu,
Adom, & Liu, 2002). (+) Catechin was used as reference compound
for the calibration curve in the range of 2.5-50 pg. All measure-
ments were performed in triplicate. Absorbance values of samples
were converted to catechin equivalents.

We tested both sucrose and mannitol for possible interferences
on the FC and flavonoid assays and observed no interferences at all
at least up to 10 mg/ml, which was the highest concentration
tested.

2.8. Total antioxidant capacity

Total antioxidant capacity was measured using two different
assays: ferric reducing antioxidant power (FRAP) (Benzie &
Strain, 1996) and Trolox equivalent antioxidant capacity (TEAC)
method (Pellegrini et al., 2003).

2.9. Data analysis and statistics

Data were expressed as mean +SD and analysed by one way
ANOVA followed by Tukey’s test. Differences versus control were
considered significant at a value of p < 0.05.

For principal component analysis (PCA) data were normalised
by centering and autoscaling; the results of the analysis are pre-
sented in term of score and loading plots.

Data analysis and statistics were performed using XLSTAT soft-
ware (Addinsoft, 2010).

3. Results
3.1. Glucosinolates

Total GLs and individual GLs were quantitatively determined
in broccoli sprouts. Fourteen GLs were detected, namely: 4 aliphatic
(gluconapin,  progoitrin/epiprogoitrin,  sinigrin and  glu-
conapoleiferin), 6 aliphatic with an additional sulphur atom (gluco-
raphanin, glucoiberin, glucoerucin glucocheirolin, glucoiberverin
and glucoalysin) and 4 indolic (4-methoxyglucobrassicin, neoglu-
cobrassicin, 4-hydroxyglucobrassicin and glucobrassicin).

The amount of total GLs was strongly and differently affected by
the different treatments. Compared to the control, mannitol
176 mM and sucrose both 176 and 88 mM induced a significant
increase of total GLs concentration (Fig. 1), with an increase of
81%, 82% and 73% compared to control, respectively. The other
treatments were not associated to any statistically significant
changes of total GLs content with respect to the control, even
though the exposure to the lowest NaCl concentrations seems to
induce a —23% decrease.

Distinct effects have been observed when focusing on indolic
GLs (Fig. 1). Compared to the control indolic GLs were significantly
affected only by sucrose 176 mM (+190%). The treatment with
Me]Ja also induced an increase in indolic GLs but, in this case, the
increase did not reach statistical significance (p = 0.136).

The expression of single GLs responded differently to the differ-
ent stressors (Fig. 2). In comparison with the control, sucrose, man-
nitol and ACC seem to induce indifferently almost all the GLs,
whereas SA appears to be selective for the induction of
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gluconapoleiferin, glucoalysin and 4-methoxyglucobrassicin, and
Me]Ja for neoclucobrassicin and glucobrassicin.

3.2. Polyphenols

Total polyphenols, total flavonoids and total anthocyanins in
broccoli sprouts, grown in different conditions, are shown in
Fig. 3(A, B, C).

In comparison with the control, total polyphenols levels were
significantly increased by mannitol (both 88 and 176 mM), sucrose
both 88 and 176 mM, NaCl 100 mM, ACC 500 uM and SA 750 uM
(Fig. 3A). The percentage of increase ranged from +12% to +63%,
after the treatment with NaCl 100 mM and sucrose 176 mM,
respectively.

Similarly, the total flavonoid concentration was significantly
increased by mannitol, both 88 and 176 mM, sucrose, both 88
and 176 mM, ACC, both 250 and 500 pM, and SA, both 250 and
750 uM (Fig. 3B). In this case, however, the greatest increase was
observed after the treatment with mannitol (+40 and +37% for 88
and 176 mM mannitol, respectively).

Conversely, only sucrose, both 88 and 176 mM, and MeJa 30 M
significantly affected total anthocyanin levels (Fig. 3C), with an
increase of 102%, 136% and 55%, respectively.

3.3. Vitamin C and E and p-carotene

As shown in Fig. 4A, vitamin C concentration was significantly
increased only by sucrose, both 88 and 176 mM (+77% and 86%,
respectively). Other treatments did not result in any statistically
significant change of concentration. However, even if not statisti-
cally significant, mannitol increased vitamin C level, while ACC,
SA and MeJa induced a decrease in concentration in broccoli
sprouts.

All treatments, with the exception of sucrose 88 mM (+43%) and
MeJa 300 uM (—35%), did not induce any significant changes in
vitamin E concentration respective to the control (Fig. 4B).

mannitol 176mm =
mannitol 88mm i
sucrose 176mm
sucrose 88mm =i
Nacl 100mm -
NaCl 50mm -
NaCl 10mMm 1
ACC 500um B
ACC 50um ol
SA 750 pMm B
SA250pM | A : .
Meja 300uM
Meja 30pM 4 —
control | A

0 100 200

—

Finally, the effects of different treatments on p-carotene expres-
sion were markedly specific: ACC 500 uM, SA, both 250 and
750 uM, and MeJa 30 uM induced a significant increase in B-
carotene levels respect to control (+69%, +36%, +45% and +53%,
respectively) (Fig. 4C). On the contrary, treatments with mannitol
88 mM and sucrose 176 mM were associated with a significant
reduction in B-carotene concentration (—30% and -61%,
respectively).

3.4. Total antioxidant capacity

When measured as TEAC (Fig. 5A), only mannitol 176 mM treat-
ment was able to induce a significant increase in antioxidant
capacity of broccoli sprouts respective to the control. Differently
when the antioxidant capacity was measured as FRAP (Fig. 5B),
mannitol and SA (both concentrations) were able to induce a sig-
nificant increase, while NaCl (10 and 50 mM) and MeJa (30 pM)
induced a significant decrease.

3.5. Principal component analysis (PCA)

In order to obtain a comprehensive view, of the effect of the dif-
ferent treatments, on the phytochemical composition of broccoli
sprouts, we utilized a PCA approach.

The computed model captured the 72% of the total observed
variance with the first 2 principal components (PCs). Score and
loading plots on PC2 vs. PC1 are shown in Fig. 6.

Through PCA, we could discriminate 3 groups: group 1 con-
tained control broccoli sprouts and ACC, NaCl and MeJa treated
broccoli sprouts, with a phytochemical composition similar or
‘worse’ than that of control; the second group clustered SA and
mannitol treated samples and was characterized by a high antiox-
idant capacity; finally, group 3 was embodied sucrose treated broc-
coli sprouts that were characterized by an high content of GLs,
anthocyanins, polyphenols and vitamin C.

i kok

e IR L L

Indolic GLs
Total GLs

300 400 500 600

mg/100g FW

Fig. 1. Effect of elicitors on total and indolic GLs content of broccoli sprouts.
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Fig. 2. Individual GLs profile of broccoli sprouts treated with different elicitors is shown through a heatmap. Mean data were normalized by z-score and displayed in colour
scale.
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Fig. 3. Effect of elicitors on total polyphenols (A), total flavonoids (B) and total anthocyanins (C) content of broccoli sprouts.

adapt to their surrounding environmental changes and act as
molecules involved in the plant defence system (protection from

Secondary plant metabolites (including glucosinolates and phe- pathogens, insect, UV). In human nutrition, the same molecules
nolic compounds) contribute to confer to plants the capacity to represent an added value to plant-based foods, according to their

4. Discussion
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Fig. 5. Effect of elicitors on total antioxidant capacity measured as FRAP (A), and TEAC (B) content of broccoli sprouts.

health protective properties. In an attempt to improve the health-
promoting quality of vegetable foods, the administration of biotic
or abiotic elicitors, that stimulate defence or stress-response in
plants and the synthesis of secondary plant metabolites, is consid-
ered an expedient strategy. Elicitor nature and dose strongly
affects the classes and the concentration of these secondary plant
metabolites (Baenas et al., 2014a). In this study, we systematically
evaluated the influence of a set of different elicitors (at different
concentrations) on different classes of bioactive molecules (total
and individual glucosinolates, total phenolic compounds, total fla-
vonoids, total anthocyanins, vitamin C and E and B-carotene) in
broccoli sprouts.

In a previous work (Maldini et al., 2012), we identified 14 different
GL molecules in broccoli sprouts, including 10 aliphatic GLS (glu-
conapin, progoitrin/epiprogoitrin, sinigrin, gluconapoleiferin, gluco-
raphanin, glucoiberin, glucoerucin glucocheirolin, glucoiberverin
and glucoalysin) and 4 indolic GLs (4-methoxyglucobrassicin, neoglu-
cobrassicin, 4-hydroxyglucobrassicin and glucobrassicin). The pre-
dominant GL molecule was glucoraphanin and the total levels of GLs
strongly decreased after seed germination (Maldini et al., 2012). In
the present work, on the basis of the reported differential effect of dif-
ferent stressors on GLs expression pattern, we evaluated the effect of
different elicitors on the total and individual GLs.

Previous studies showed that exogenous application of SA and
Me]Ja could induce the accumulation of GLs in Arabidopsis (through
the up-regulation of GLs biosynthetic genes) (Mikkelsen et al.,
2003). Similar results were also obtained in broccoli sprouts, but
only after 5 days of treatment (Baenas, Garcia-Viguera, & Moreno,
2014b; Pérez-Balibrea et al., 2011). In our study, SA and Me]Ja treat-
ments were able to induce a slight increase of total GLs, but this
increase was not statistically significant. However, by analysing
single GLs we could evidence that the highest concentration of
MeJa selectively induced the expression of neoglucobrassicin and
glucobrassicin, two indolic GLs (p < 0.001 respective to the control)
(data not shown). Selective and dose-dependent accumulation of
indolic GLs in response to MeJa has been already reported in oil-
seed rape (Bodnaryk, 1994) and in broccoli florets (Ku, Jeffery, &
Juvik, 2014).

Several studies demonstrated that salt stress strongly affects GL
content in different brassicaceae (Lopez-Berenguer, Martinez-
Ballesta, Garcia-Viguera, & Carvajal, 2008; Yuan, Wang, Guo, &
Wang, 2010). In radish (Yuan et al., 2010) and broccoli sprouts
(Guo, Yang, Wang, Guo, & Gu, 2014) NaCl affects GLs content in a
concentration, time and cultivars dependent mode. In broccoli
sprouts, an increase in glucoraphanin was observed only in some
cultivar and after the application of a high NaCl concentration
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(Guo et al., 2014). In our study, even if a concentration dependent
trend was observed, at all tested concentrations, NaCl did not sig-
nificantly affect both glucoraphanin (data not shown) and total GL
levels (Fig. 1).

In our study, 2-days treatment with both sucrose and mannitol
enhanced total GLs level in broccoli sprouts in a concentration
dependent way. Mannitol 176 mM increased total GLs especially
affecting the expression of aliphatic ones; this treatment, in fact,
significantly increased glucoraphanin, glucoiberin and glucoerucin
(data not shown). Conversely, the highest sucrose concentration
induced both aliphatic and indolic GLs. In fact, 9 out 14 GLs
(neoglucobrassicin, 4-methotyglucobrassicin, 4-
hydroxyglucobrassicin, glucobrassicin, glucoraphanin, glucoiberin,
glucoeuricin, glucoiberverin and gluconapoleiferin) significantly
increased after sucrose treatment (data not shown), indicating that
sucrose-induction is less selective (Fig. 2). An increase, of total and
individual GLs, has already been observed using different sugars
(sucrose, mannitol and glucose) and longer treatment periods
(Baenas et al., 2014b; Guo, Yuan, & Wang, 2011a; Guo et al,
2011b). In agreement with our study, the most active GLs inducer
among the tested sugars was sucrose (Guo et al., 2011a).

In the present study, total phenolic and total flavonoid contents
were significantly affected in a concentration dependent fashion by
mannitol, sucrose, NaCl, ACC and SA treatment. These observations
are in agreement with the increase in phenolics observed in broc-
coli (Guo, Yuan, & Wang, 2013), buckwheat (Lim, Park, Kim, Jeong,
& Kim, 2012) and radish sprouts (Yuan et al., 2010) after high-
concentration NaCl treatment. In agreement with our observation,
Perez-Balibrea et al. demonstrated an increase of phenolic com-
pounds in broccoli sprouts treated with SA (Pérez-Balibrea et al.,
2011) and a similar increase was also observed after low MeJa con-
centration (10 and 25 uM) treatment (Pérez-Balibrea et al., 2011).
On the other hand, the total phenolic compound concentration has
been reported to be insensitive to MeJa treatment in broccoli flo-
rets (Ku, Choi, Kushad, Jeffery, & Juvik, 2013). Finally, an increase
in total phenolic content in Brassica sprouts after sugars (glucose
and sucrose) treatment has been reported (Guo et al., 2011a).

We detected a statistically significant increase of total antho-
cyanins only after sucrose (both concentration) and MeJa
(30 uM) treatments. Previous studies showed that exogenous

application of MeJa, SA, glucose and sucrose could induce a total
anthocyanin increase in radish sprouts (Baenas, Ferreres, Garcia-
Viguera, & Moreno, 2015) at longer treatment periods (5 days of
treatment) and at different elicitor concentrations. NaCl treatment
has been shown to induce different responses in broccoli sprouts,
depending on cultivars and applied concentration (Guo et al.,
2013). Finally, it is well established that sugars are strong inducers
of anthocyanin biosynthesis in a wide set of plant species
(Solfanelli, Poggi, Loreti, Alpi, & Perata, 2006) and in broccoli
sprouts (Guo et al., 2011a,b). Among sugars, sucrose has been
shown to be the most effective inducer (Guo et al., 2011a) by a
mechanism that has been elucidated in Arabidopsis seedlings
(Solfanelli et al., 2006).

In our study, the content of ascorbic acid was significantly
increased only by sucrose (both concentrations); while, mannitol
induced an increase that did not reach statistical significance.
Our data are in agreement with those of Guo (Guo et al., 2011b)
that observed an increase of ascorbic acid content in broccoli
sprouts after sucrose and mannitol treatment and with those of
Nishikawa who observed a sucrose-induced ascorbic acid increase
in broccoli florets (Nishikawa et al., 2005).

SA treatment has been shown to cause an increase of vitamin C
levels in broccoli sprouts, after 5 to 7 days of treatment (Pérez-
Balibrea et al, 2011). In agreement with our results, Pérez-
Balibrea and coworkers reported that MeJa treatment did not affect
ascorbic acid concentration in 5 day old broccoli sprouts (Pérez-
Balibrea et al., 2011). On the contrary, NaCl treatment has been
reported to decrease ascorbic acid level in a concentration depen-
dent way (Guo et al, 2013). Even though a similar trend was
observed in our study, changes did not reach a statistical threshold.

Usually, biofortification of carotenoids and tocopherols in
plants is obtained through genetic modification approaches. How-
ever, biotic and abiotic stresses can also affect the level of these
compounds in vegetables, and constitute a promising approach.
It has been observed, for example, that ozone fumigation increases
B-carotene concentrations in Brassica pekinesis and a-tocopherol in
B. oleracea var italica (Rozpadek et al., 2015). To our knowledge,
this is the first paper reporting on the effect of different elicitors
on o-tocopherol and B-carotene levels in broccoli sprouts. We
observed that the optimum concentration of ACC, SA and MeJa
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could induce a significant increase of B-carotene levels, while
sucrose and mannitol treatments were associated with a decrease
of its content. Previous studies reported that post-harvest exoge-
nous treatment with MeJa stimulates B-carotene synthesis in
tomatoes (Saniewski & Czapski, 1983) and apples (Pérez, Sanz,
Richardson, & Olias, 1993) and similar results have been obtained
using ethylene or SA in citrus (Huang, Liu, Lu, & Xia, 2008). While,
NaCl treatment has been reported to induce an increase of carote-
noid levels in buckwheat sprouts, but at least 5 days of application
were required (Lim et al., 2012).

To the best of our knowledge, only one study investigated the
effect of elicitor treatments on o-tocopherol levels in plants
(Saini, Harish Prashanth, Shetty, & Giridhar, 2014). In this study a
concentration-dependent increase of a-tocopherol was observed
in Moringa oleifera leaves treated with SA and MeJa. In our study,
SA treatment induced a concentration-dependent increase (even
if this change was not statistically significant), whereas MeJa and
sucrose induced a significant reduction (only at the highest con-
centration) and a significant induction (only at the lowest concen-
tration), respectively.

The ferric reduction power assay (FRAP) and Trolox equivalent
antioxidant capacity (TEAC) were used to evaluate the total antiox-
idant capacity of broccoli sprouts. We observed that mannitol and
mannitol/SA were able to induce a significant increase in TEAC and
FRAP of broccoli sprouts, respectively. Differently from our results,
Guo et al. (2011a,b) observed an increase in FRAP values after
sucrose and mannitol treatments: this difference could be due to
the older age of broccoli sprouts used in their study (7 day-old vs
5 day-old seedlings), as, with ageing the antioxidant capacity of
broccoli sprouts drastically decreased (from 3 to 5days there
was a —40% and —45% reduction for FRAP and TEAC activity,
respectively) (data not shown). The same group observed an
increase of antioxidant capacity of broccoli sprouts grown in pres-
ence of high NaCl concentrations (160 mM), but low concentra-
tions (up to 80 mM) had the opposite effect (Guo et al., 2013).
Similar results have been also obtained in radish sprouts (Yuan
et al., 2010). According to these results we observed that 10 and
50 mM NacCl induced a significant decrease in the antioxidant
capacity measured as FRAP. Similarly, we observed a significant
decrease in FRAP values after 30 M Me]Ja treatment; these results
are consistent with those of Barrientos Carvacho et al. (Barrientos
Carvacho, Pérez, Zaiiga, & Mahn, 2014), who observed a Meja-
induced decrease of antioxidant capacity (measured using DPPH)
in broccoli sprouts. FRAP and TEAC results were highly correlated
with each other (r = 0.958) and rather correlated to total flavonoids
(r=0.678 and 0.649, respectively) (data not shown). Similar results
have already been obtained using different B. oleracea varieties of
sprouts (Vale, Cidade, Pinto, & Oliveira, 2014).

PCA identifies sucrose as the most effective eliciting factor to
improve the phytochemical composition of broccoli sprouts. In
fact, sucrose treatment induced the increase of GLs, total polyphe-
nols, total flavonoids, anthocyanins and vitamin C content, while
its effect on vitamin E was neutral or inductive, according to its
concentration. Only, B-carotene was negatively affected by sucrose
treatment; however, the elicitors able to induce B-carotene level
(ACC, SA and MeJa) were not so effective in inducing the expression
of other bioactive molecules.

5. Conclusion

Our results show that sucrose elicitation is an effective elicita-
tion way to enrich broccoli sprouts of health-promoting bioactive
molecules and, then, to possibly enhance their nutritional quality.
Further studies are needed to evaluate: (1) if bioactive molecule
accumulation really determines an improvement of the

functional/biological properties of these bioactive molecule
enriched-sprouts and (2) if the induced metabolic changes can
affect consumer choices and acceptability.
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