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Abstract: Broccoli is a source of bioactive compounds that provide an important nutritional value.
The content of these compounds can vary depending on agronomic and environmental conditions,
as well as on elicitation. In this study, three crop trials were carried out to evaluate the effects of the
cultivation season, the application of different dosages of methyl-jasmonate (MeJA) on the overall
quality and on the total content of bioactive compounds of ‘Parthenon’ broccoli cultivated under
the field conditions of southeastern Spain. Color parameters, chlorophyll content, total phenolic
compounds, total flavonoids and antioxidant activity were measured to evaluate the overall quality.
Moreover, individual carotenoids, phenolic compounds and glucosinolates were evaluated by high
performance liquid chromatography with diode array detection (HPLC-DAD) and high performance
liquid chromatography equipped with diode array detector coupled to mass spectrometer using
electro spray ionization (HPLC-DAD-ESI/MS™). The content of total carotenoids, phenolic compounds
and glucosinolates were higher in autumn compared with spring, showing increases of 2.8-fold, 2-fold
and 1.2-fold, respectively. Moreover, a double application of MeJA increased the contents of total
carotenoids, phenolic compounds and glucosinolates by 22%, 32% and 39%, respectively, relative
to the untreated samples. Considering our results, the controlled and timely application of 250 uM
Me]J A to the aerial parts of the plants four days before harvest, on two consecutive days, seems to be
a valid agronomic strategy to improve the health-promoting capacity of Parthenon broccoli, without
compromising its overall quality.
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1. Introduction

The Brassica family is a group of vegetables widely consumed around the world, including
cabbages, cauliflower, Brussels sprouts, radishes and broccoli (Brassica oleracea L. var. italica) among
others [1]. In the last few years, the consumption of cruciferous foods in Spain has increased. Specifically,
the consumption of broccoli has undergone a significant rise, with a positive effect on the agricultural
economy, particularly in the Murcia region (southeastern Spain), which is the region with the greatest
production of broccoli in Europe [2,3]. This rise in consumption is related to increased adherence
to healthier diets by European consumers, since this family of vegetables, and particularly broccoli,
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has high contents of fiber, minerals and vitamins, and is an important source of bioactive compounds
with high antioxidant activity (carotenoids, phenolic compounds and glucosinolates) [4].

Although a single serving of broccoli provides a wide range of phytochemicals with beneficial
effects for human health [1], the contents of these compounds vary depending on physiological,
genetic and agronomic factors (including the cultivar, soil composition, agronomic treatments,
climatic conditions and pre- and post-harvest treatments [5,6]). Carotenoids, one of the characteristic
groups of compounds in broccoli, are natural pigments derived from the isoprenoid pathway, and
are formed of a C40 backbone that differs according to the specific carotenoid being considered [7].
Carotenoid content can vary in broccoli plants as a result of environmental conditions—mainly
temperature and sunlight [8,9]—while genetic factors and treatment applications can also affect the
content [10]. Moreover, the content varies among the distinct parts of the plant, being higher in
florets than in stalks [11]. The major carotenoids found in broccoli are 3-carotene and lutein [12].
Phenolic compounds comprise one or more aromatic rings attached to hydroxyl groups [13]. Quercetin
and kaempferol are the main flavonol glycosides, whereas chlorogenic and sinapic derivatives are
the main hydroxycinnamic acid derivatives found in broccoli [14,15]. Glucosinolates (GLSs) are
constituted by a thioglucose group, a sulphonated oxime group and a side chain derived from
methionine, phenylalanine, tryptophan or a branched-chain amino acid [16]. Glucoraphanin (GRA),
glucoiberin (GIB) and glucobrassicin (GBS) are the major GLSs in broccoli [17,18], and their breakdown
products are important due to their health-promoting activity.

In vivo and in vitro studies have associated the consumption of broccoli and its phytochemicals
with a reduction in the risk of suffering metabolic syndrome (obesity, diabetes and dyslipidaemia)
and some types of cancer (lung, stomach, colon and rectal) [19-21]. For this reason, there is increased
industrial interest in the improvement of the synthesis and accumulation of these bioactive compounds
in plants, which naturally varies due to physiological, genetic and agronomic factors [6,22,23].
With regard to improving the quality of the vegetables or the content of bioactive compounds,
an increase in plant stress [6,24] can lead to a higher synthesis of these secondary metabolites.

The management of agronomic and environmental conditions is very important to the content of
phytochemicals. Broccoli shows little tolerance to cold and windy climates, preferring mild and bright
environments with neutral soil pH [5]. Low temperatures can change the color of the florets from green
to purple (anthocyanins), affecting the overall market acceptability. Elicitation is the main tool used to
increase the content of secondary metabolites in vegetables, as it induces stress responses in plants.
There are several types and classifications of elicitors; depending on their origin, we can differentiate
among biotic, abiotic (chemical or physical) and phytohormones [23]. Another important classification
is the time when the elicitor is applied; there are pre-harvest and post-harvest treatments, which can
sometimes be combined. Several studies have involved the application of elicitors to broccoli plants in
order to improve their nutritional properties (although this application is more common for seeds and
sprouts). For instance, methionine, glucose, sucrose and mannitol applied as biotic elicitors during
germination can increase the total contents of GLSs, anthocyanins and phenolics [25,26]. Ethanol and
UV-C radiation have been used as abiotic, chemical and physical elicitors, respectively, and post-harvest
treatments have led to an increase in GLSs and phenolic compounds [27,28]. Finally, for broccoli,
phytohormones are probably the most-studied elicitor, while jasmonic acid (JA), methyl-jasmonate
(MeJA) and salicylic acid are the most widely used, and have yielded increases in bioactive compounds
in broccoli sprouts and adult plants [26]. Most of these studies have been performed under controlled
conditions based on laboratory experiments or greenhouse control. However, as far as we know, in the
scientific literature very few studies can be found under field conditions.

Taking all this into consideration, the aim of this work was to determine the effects of the
application of MeJA as a pre-harvest elicitor. To achieve this goal, three consecutive crop trials were
carried out to evaluate the effects of the season of application and the dosage of MeJA on the overall
quality and the total content of bioactive compounds of ‘Parthenon’ broccoli cultivated under the real
crop production conditions of southeastern Spain.
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2. Materials and Methods

2.1. Plant Material and Growing Conditions

Plants of the broccoli cv. Parthenon (Sakata seeds, Uchaud, France) were cultivated by the
company Agricola San Luis (La Hoya, Murcia, Spain) during the production periods of 2018 and
2019, under real field conditions. A single experiment was carried out in a 1000 m? field with a plant
density of 3.7 plants/m?. The soil in the plots had a loamy-sand texture, with a slightly alkaline pH
(8.0 + 0.4) and normal values of electrical conductivity (EC; 1.15 + 0.24 dS/m) and organic matter
content (2.10 + 0.42%) for this type of agricultural soil in this region. The farm is located in Caniles,
in Mediterranean southeastern Spain (Granada, lat. 37°26’03” N, long. 2°43’28”” W). Parthenon is a
broccoli variety with 90 days between sowing and harvest. It is very well adapted to the growing
area and is one of the best-quality varieties for international trade. Weather parameters (temperature,
humidity, wind, rain and sunlight exposure) during the three growing seasons of the experiments were
also recorded and are presented in the Supplementary Materials (Supplementary Materials Table S1).

2.2. Experimental Design

Three consecutive field trials were carried out to determine the effects of the season and the dose
of application of the elicitor on Parthenon broccoli, as shown in Figure 1. ‘Border” effects were avoided
by applying treatments at least 2 m away from the border. Also, the plants of the different treatments
were separated by a distance of 10 m, to prevent crossing effects. Ten plants in the same development
stage (commercial maturity) were treated for each treatment, with a total of 120 plants/plot in both
seasonal assays and 100 in the dose of application assay.

Seasonal assay Dosage assay
I |
! '

Spring assay # Autumn assay

[ Control (C) —— Without treatment

L Excin ) 3 F excipi i \
Excipient 1 (E®)— 300 ml of excipient solution The Gaakibii Wi

, RE applied 4 days
Lo MeJA 1 (MD) ——» 300 ml of 500 uM MeJA [ [) before harvest in one
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2% The treatments
EK were applied 4 days|

s harvest 5 ml of excipient > Excipient 2 (EQ)— 300 ml of excipient solution
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|+ MeJA 2 (M @) 300 ml of 250 M MeJA /7 @) f@)  harvest intwo
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Figure 1. Experimental design of three assays.
2.2.1. Seasonal Assays

The first and second assays were carried out in the same field and under the same agronomic
conditions, using broccoli plants that were seeded and harvested in different seasons from two
consecutive sowings: the first set of plants was grown in spring (%) (March to early June 2018) and the
second in autumn (3¥) (mid-September to mid-December 2018). In both assays the same treatments
were used. MeJA (Sigma-Aldrich, St Louis, MO, USA) was applied as a pre-harvest treatment at
the same concentration. The treatments were applied to the broccoli plants four days before harvest.
The samples were classified in the following experimental groups: untreated control (C); excipient (E),
which was sprayed with approximately 5 mL of excipient solution (v:v:0) prepared with 0.5% pure
ethanol, 0.5% of 20%-polyglycol (Sigma-Aldrich, St Louis, MO, USA) and 99% distilled water; and the
MeJA (M) treatment, which was sprayed with approximately 5 mL of 250 uM MeJA dissolved in the
excipient solution. The applications were made, using a mechanical system, to the whole aerial part of
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each plant for 40 plants of each group, with a total of 120 plants per assay. This dose of MeJA was
selected according to the data reported previously by Ku et al. [29].

2.2.2. Dose of Application Assay

In a third assay, different doses of MeJA were tested, resulting in five experimental groups
according to the treatment: control (C), without any treatment; excipient 1 (E®), in which plants
received one application of 300 mL of the excipient (described above) on only one day; MeJA 1 (M®),
in which plants received one application of 300 mL of a solution of 500 uM MeJA; excipient 2 (E@),
in which plants received two applications of 300 mL of excipient (described above), applied on two
consecutive days; and MeJA 2 (M®), in which plants received two applications of 300 mL of a solution
of 250 uM MeJA, applied on two consecutive days. The broccoli plants were seeded in spring and
harvested in the first days of summer (mid-March to mid-June 2019). This assay was carried out in the
field, and the treatment solutions were sprayed manually on the whole aerial part of the plant in the
same stage of development for 20 plants of each group, with a total of 100 plants.

For each assay, at harvest, 10 broccoli florets from each treatment were collected and analyzed.
The quality parameters—including color parameters, chlorophyll content and the spectrometric
assays of TPCs, TFs and ORAC—were determined for fresh samples. The bioactive compounds
(carotenoids, phenolic compounds and GLS) were analyzed for freeze-dried samples, and the results
were transformed to a fresh weight basis using moisture content.

2.3. Color Parameters

Color parameters were determined in broccoli florets with a Konica Minolta portable CR-400
chromameter (Minolta Camera Co., Osaka, Japan) (8-mm-diameter aperture, d/0 illumination system,
D65 illuminant and a 2-standard observer angle), standardized using a white calibration plate.
Ten broccoli florets were analyzed on the day of the harvest, upon arrival at the laboratory, recording
the color parameters: lightness (L*), green-red chromaticity (a*), blue-yellow chromaticity (b*),
chroma (C*) and hue angle index (h*), according to the CIELab space. For the measurements a light
protection tube CR-A33e (Minolta Camera Co., Osaka, Japan) was used, taking the measures in the
middle of the broccoli florets.

2.4. Chlorophyll Determination

The total chlorophylls content was calculated as the sum of chlorophyll a, b and ¢, which were
measured spectrophotometrically. One gram of fresh broccoli florets was homogenized with 10 mL of
acetone/distilled water (9/1, v/v) in an homogenizer DI 25 basic (Ika, Germany) for 1 min at 13,500 rpm.
After that, the mixture was centrifuged at 4500x g for 5 min, then the precipitate was washed with 10 mL
of the extractant solution until the green color of the precipitate disappeared. Finally, the absorbance
was measured at 665, 645 and 630 nm with a spectrophotometer (Evolution 300, Thermo Scientific,
United Kingdom). The total chlorophyll content, expressed in mg/kg of fresh weight (f.w.), was obtained
using the following equations [30].

CthI‘OphyH a= (116 X A665) - (131 X A645) - (014 X A630) (1)
CthI‘OphyH b= (207 X A665) - (434 X A645) - (442 X A630) (2)
CthI‘Ophyll c= (55 X A665) - (464 X A645) - (163 X A630) (3)

2.5. Total Phenolics and Total Flavonoids Analysis

The total phenolics (TPCs) and total flavonoids (TFs) were analyzed using spectrophotometry
techniques. The broccoli samples were extracted as described by Periago et al. [31], with some
modifications. Briefly, 2 g of broccoli florets were extracted using a methanol/distilled water/HCI
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6 N (70/29/1, u/v) solution. The samples were shaken in a shaking incubator (VorTemp 1550,
LabNet Biotécnica, Spain) for 30 min at 37 °C, then centrifuged at 4500x g for 10 min. The supernatant
was taken and used for the analysis of the TPCs and TFs.

The TPCs were determined using the Folin—Ciocalteu colorimetric assay as described by Singleton
and Rossi [32], with some modifications. In brief, 100 uL of each extract were added to 300 uL of
Folin—Ciocalteu phenol reagent diluted 1:10 (Sigma, St. Louis, MO, USA) and 400 uL of Nay,COs.
The mixture was allowed to stand in darkness for 2 h, at room temperature. Gallic acid monohydrate
(Sigma-Aldrich, St Louis, MO, USA) was used as the standard and the absorbance at 750 nm was
measured in a spectrophotometer (Evolution 300, Thermo Scientific, Gloucester, UK). The TPC content
in the broccoli samples was expressed as mg of gallic acid equivalents/kg of fresh weight (mg GAE/kg
of f.w.).

The TF analysis was conducted with the colorimetric assay described by Dewanto et al. [33]. Briefly,
100 uL of each broccoli extract were mixed with 625 uL of distilled water and 375 uL of 5% NaNO,
solution (Merck, Darmstadt, Germany). After 6 min, 75 puL of 10% AlCl36H,0 (Probus, Barcelona,
Spain) solution was added. The samples were left for 5 min, then 250 uL of 1 M NaOH (Merck,
Darmstadt, Germany) were added. The absorbance was measured at 510 nm in a spectrophotometer
(Evolution 300, Thermo Scientific, UK), using (+)-catechin (Sigma-Aldrich, St Louis, MO, USA) as the
standard. TFs were expressed as mg of catechin equivalents/kg of fresh weight (mg CE/kg of f.w.).

2.6. Oxigen Radical Absorbance Capacity (ORAC)

The oxygen radical absorbance capacity (ORAC) method, described by Prior et al. [34], was used
to determine the antioxidant activity of the samples, using the extract of broccoli described above
for the TPC and TF analyses. This method is based on the inhibition of the oxidation induced by
a peroxy-radical, using a standard with antioxidant capacity as the substrate and a fluorescent
probe to measure the signal. Fluorescein was used as the indicator, Trolox as the standard and
2,2'-Azobis(2-amidino-propane) dihydrochloride (AAPH) (Sigma-Aldrich, St Louis, MO, USA) as the
peroxyl radical generator. The assay was performed in a 96-well black microplate equipped with
a fluorescence filter that had an excitation wavelength of 485 nm and an emission wavelength of
520 nm. For each calibration solution, the blank (0.075 M phosphate buffer, pH 7) and the samples
were added to the corresponding wells. The plate reader (Synergy 2 Multi-Mode Microplate Reader,
BioTek, Winooski, VT, USA) has an incubator and two injection pumps, which added the fluorescein
and the AAPH during the assay; the temperature of the incubator was set to 37 °C. The fluorescence of
each well was measured every 60 s for 90 min. The results are expressed as mmol of Trolox equivalents
(TEs) per kg of fresh broccoli (mmol TE/kg f.w.).

2.7. Analysis of Carotenoids by High Performance Liquid Chromatography with Diode Array Detection (HPLC-DAD)

The analysis of carotenoids in broccoli was performed using the method described by
Gonzalez-Barrio et al. [35], with some modifications. For the sample extraction, 100 mg of freeze-dried
broccoli florets were extracted with 5 mL of tetrahydrofuran (THF)/methanol (50/50, v/v) containing 0.1%
butylated hydroxytoluene (BHT), in an ultrasonic bath, for 5 min at room temperature. The extraction
process was repeated, after which the residual tissue was colorless. The supernatants obtained from
both extractions were mixed and dried under vacuum at 30 °C in a Laborota-4002 rotatory evaporator
(Heidolph, Schwabach, Germany). The residue was re-dissolved in 2 mL of methyl tert-butyl ether
(MTBE)/methanol (50/50, v/v) and finally centrifuged at 20,817 g for 5 min. This extract was analyzed by
HPLC-DAD in an Agilent 1100 machine (Agilent Technologies, Las Rozas de Madrid, Spain), according
to the method described by other authors [35-37]. A C30 column (250 x 4.6 mm, 5 pM i.d.) (Trentec,
Gerlingen, Germany) was used to perform the chromatographic separation at 17 °C. The mobile phases
used were MTBE (A) and methanol (B), at a flow rate of 1 mL/min. Chromatograms were recorded at
472 and 450 nm.
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Carotenoids were identified using HPLC-DAD according to their UV spectra and retention times
via chromatographic comparisons with authentic standards, as well as by their spectral characteristics,
based on data previously reported. Quantification was based on calibration curves constructed using 5
to 100 pg/mL lutein and p-carotene (Sigma-Aldrich, St Louis, MO, USA). The contents of total and
individual carotenoids are expressed as mg/kg f.w.

2.8. Analysis of Glucosinolates and Phenolic Compounds by HPLC-DAD

To analyze the GLS and phenolic compounds, the multipurpose LC method described by
Francisco et al. [38] was followed. Firstly, intact GLSs were identified by high performance Liquid
Cromatography equipped with diode array detector coupled to mass spectrometer using electro
spray ionization (HPLC-DAD-ESI-MS") following their MS and MS? [M-H]~ fragmentation ions,
UV-visible spectra and order of elution, as described previously for this method [38,39]. On the
other hand, phenolic compounds were tentatively identified by HPLC-DAD according to their
UV-visible characteristic spectra in three different groups: caffeic acid derivatives (maximum
absorption at 300 and ~330 nm), flavonols (max. absorption at 268, ~300 and ~349 nm) and
sinapic acid derivatives (max. absorption at 330 nm), previously described for similar LC acquisition
conditions [15,38]. Both glucosinolates and phenolic compounds were quantified by HPLC-DAD in
an Agilent 1200 HPLC system (Agilent Technologies, Waldbronn, Germany), using the conditions
described by Baenas et al. [26]. Chromatograms were recorded at 227 nm for GLSs, at 330 nm for sinapic
acids and chlorogenic acid derivatives and at 360 nm for flavonol glycosides. For the quantitative
analysis of GLSs, sinigrin and glucobrassicin (Phytoplan, Germany) were used as standards for aliphatic
and indole GLSs, respectively. For the phenolic compounds, chlorogenic acid, rutin and sinapic acid
(Sigma, St. Louis, MO, USA) were used as the standards for the quantification of chlorogenic acid
derivatives, flavonols and sinapic acids, respectively. For sample extraction, freeze-dried broccoli
samples (100 mg) were extracted with 1.5 mL of methanol/Milli-Q water (70/30, v/v), in an ultrasonic
bath, for 10 min. After that, the samples were heated at 70 °C for 30 min, shaking every 5 min,
then centrifuged at 12,000x g for 10 min. The supernatant was dried under vacuum in a Laborota-4002
rotatory evaporator (Heidolph, Schwabach, Germany), re-dissolved in 1 mL of Milli-Q water and
filtered through a 0.22-um polyvinylidene fluoride membrane (PVDF) filter to prepare the analytical
sample. The contents of total and individual GLS and phenolic compounds are expressed as mg/kg f.w.

2.9. Data Analysis

All analyses were performed in triplicate, with the exception of those of the color parameters,
TPCs and TFs (n = 10), chlorophyll content (n = 5) and antioxidant activity (n = 6), and the
results are expressed as the means and standard deviation (SD). An analysis of variance (ANOVA)
was performed, considering the different treatments, when the data were in accordance with the
assumptions of normality and homogeneity of variance. To determine differences among the mean
values, a post-hoc Tukey’s test was conducted. If the data were not in accordance with normality
assumptions, a Kruskal-Wallis test was selected and a Nemenyi’s test was used for post-hoc analyses.
Differences were considered significant for a p-value < 0.05. The statistical analyses were carried out
using R studio, version 3.4.3 (R Foundation for Statistical Computing, Vienna, Austria).

3. Results and Discussion

3.1. Seasonal Variation of the Quality Parameters

The same treatments were applied in both seasonal studies to florets of the Parthenon broccoli
cultivar—no treatment (C), 5 mL of excipient (E) and 5 mL of 250 uM MeJA (M)—with the only
differences between the two studies being the weather conditions, since they were carried out in
different seasons.
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3.1.1. Color Parameters and Chlorophyll Content

Chlorophyll content determines the intensity of the green color of broccoli, which is important
to overall quality and consumer acceptability, and hence likelihood of purchase. Table 1 shows the
color parameters (L¥, a*, b*, C* and h*) and the chlorophyll contents of the broccoli florets in both
seasons, according to the treatment. Season had a strong and significant impact on the main color
parameters and chlorophyll content, both of which affect the visual quality of broccoli. The lowest
values of a* and b* were registered in the autumn samples, indicating a stronger green color and a
reduced yellowing process in this season. The hue angle (h*) was significantly higher in the samples of
broccoli plants cultivated in autumn than in the spring samples, showing their greener color; however,
the L* value was higher in the samples harvested in spring, which could be due to the yellowing
process. The yellowness of broccoli florets is a defect of the overall quality that usually appears in late
spring and summer, due to the degradation of pigments at higher temperatures [40].

Table 1. Color parameters, chlorophyll content (mg/kg of f.w.), total phenolic compounds (TPCs)
(mg GAE/kg f.w.), total flavonoids (TFs) (mg CE/kg f.w.), and oxygen radical absorbance capacity
(ORAC) (mmol TE/kg f.w.) in broccoli cultivated during the spring (%) and autumn () season trials,
according to the control (C), excipient (E) and MeJA (M) experimental groups.

Total

Season Treatment L* a* b* C* h* Chlorophylls TPCs TF ORAC
Spring C* 43+22 -8+2 13x4 15+4 1227 149 + 17 1081 +147 207 £37 31+93
Ex* 42+23% 742  14+4 15 +4 116 + 7 152 + 38 932+£29  187+24 20+8P
M* 41+2b 5+4 15+3 16+3  108+12 128 +27 1102+136 180+13 44+0°2
Autumn C 38+2b -10+1 10+2 14+2P 135 + 3 264 + 252 828 + 86 74+7b 18+ 47
Es 41+22 -11+2 14+4 18+42 129+4 147 +32°¢ 912+113 92+152 22422
M 37+1>  -10+1 12+2 16+23 132+3 202 +29b 870 +108 26+8° 14x6P
ANOVA SEASON L Lt * ns L EE E Lt E L
TREATMENT o ns ns ns ns i ns i **
T X s *¥ * ns ns * Bt *% Bt Bt

Values followed by different letters (a—c) within each column, for each season, are significantly different according to
Tukey’s test (p < 0.05; ns: not significant; *, ** and *** significant at p < 0.05, 0.01 and 0.001, respectively). Mean values
+ SD (n = 10 for color, TPC (total phenolic compounds) and TF (total flavonoids) analyses, n = 5 for chlorophyll
content and 1 = 6 for ORAC (oxygen radical absorbance capacity) analysis).

In the autumn assay the chlorophyll content was higher compared with the spring assay,
with season having a strong effect on this parameter. These results reflect the close relationship
observed between chlorophyll production and climate parameters. Our results are in accordance
with those obtained by Wei et al. [40], who reported a correlation between some climate factors and
the chlorophyll content of Camellia sinensis leaves (a negative correlation with sunlight exposure and
precipitation and a positive one with daily lowest temperatures and relative humidity). For our study,
we can state that the content of chlorophyll was higher in broccoli plants cultivated in autumn than in
those cultivated in spring, due to the lower precipitation and shorter time of exposure to sunlight in
autumn (Supplementary Materials Table S1).

The treatment with MeJ A only affected the L* value and the chlorophyll content (Table 1). However,
this was only observed for broccoli cultivated in autumn, since in the spring assay there were no
differences among treatments in terms of total chlorophyll content, whereas in the autumn assay the
treatments had a significant effect on chlorophyll content. The content of chlorophyll was highest in
the control samples (C), decreasing significantly in those of groups E and M. Other authors have also
reported that JA and MeJA treatments decrease the chlorophyll content in plants of the Brassicaceae
family [41,42]. This occurs because JA and MeJA are involved in the senescence process, decreasing the
photosynthetic electron transport rate and the total chlorophyll content and inducing the expression of
several genes associated with senescence and chlorophyll catabolism [41,42]. Moreover, this effect was
observed in the broccoli plants subjected to treatment E, suggesting that the ethanol and polyglycols
present in the excipient produced a similar catabolic effect on chlorophyll that was more important
than that of the MeJA treatment.
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It is important to highlight the relationship between the color parameters and chlorophyll content.
In this sense, the yellowing process that reduces the quality of the broccoli was correlated with higher
values of parameter b* and lower values of h*, which also correlated with low values of chlorophyll.
These results are in agreement with the chlorophyll content, which was higher in the C samples. Hence,
the MeJA treatment promoted chlorophyll degradation and, consequently, the yellowing process,
with differences between treated and untreated samples; however, it was only observed a decrease in
L* parameter without significant change in b* and h* values. Although no changes were observed in
greenness in this study, different authors [41,43] have shown a de-greening process in broccoli florets
and apples when MeJA treatments are applied. The correlation between chlorophyll content and
color parameters was analyzed, as shown in the Supplementary Materials (Supplementary Materials
Table S2). The total chlorophyll content had a positive relationship with parameter h*, demonstrating
an r value of 0.67 (p-value < 0.01). On the other hand, it had a negative relationship with parameter
b* (r = —0.58, p-value < 0.05) in the autumn assay, a trend that was also observed in the spring,
but without significance.

3.1.2. Total Phenolic Compounds (TPCs), Total Flavonoids (TF) and Oxygen Radical Absorbance
Capacity (ORAC)

TPCs and TF are parameters related to the radical-scavenging capacity of the plant material
(i.e., the ORAC) [44]. The results obtained in these spectrophotometric assays are shown in Table 1.

There was a significant seasonal effect on these three parameters, the values of TPC, TF and
ORAC being significantly higher in the broccoli cultivated in spring than in the autumn-grown plants
(1.2-fold, 3.0-fold and 1.9-fold higher, respectively). These results are in agreement with those obtained
by Vallejo et al. [45], who reported that all cultivars analyzed had higher values of TPCs and TFs
(measured by HPLC-DAD) in spring than in winter, due to the greater sunlight exposure in spring.
Moreover, Shiva et al. [46] found that the average TF contents of florets for the broccoli variety ‘Nok]Jae’
were 3.2 mg CE/g in spring and 2.4 mg CE/g in autumn, showing the strong impact of the season.
Moreover, the TPC content was higher in spring than in autumn, with means of 6.7 mg GAE/g and
4.9 mg GAE/g of broccoli florets, respectively. This behavior could be due to sunlight exposure, since a
positive correlation has been described between this exposure and the biosynthesis of flavonoids and
phenolic compounds [47,48]. In our seasonal assays, the sunlight exposure of Parthenon broccoli was
greater in spring than in autumn.

The treatment with MeJA only had a significant effect on the content of TFs in the autumn broccoli.
In the samples from plants cultivated in spring, no differences were observed among the treatments
for TPCs and TFs, and no differences were found for ORAC between groups C and M; meanwhile,
the application of the excipient led to a significant decrease in ORAC. These results agree with those of
Kang and John [29], who did not observe differences in TPCs between untreated and MeJA-treated
broccoli samples, with values of 668 and 671 mg GAE/100 g of dry weight (d.w.), respectively. Similarly,
the TF content—measured as quercetin and kaempferol by HPLC—did not show differences, with the
sums of both compounds being 175 and 184 umol/100 g d.w. of broccoli in untreated and MeJA-treated
samples, respectively. Moreover, Natella et al. [49] reported that the antioxidant activity of Brotrytis
cymosa broccoli sprouts does not differ after the application of MeJA.

Broccoli florets cultivated in autumn showed differences in TFs and ORAC, with the samples of
plants treated with the excipient having higher values than those of the C and M groups. As pointed
out earlier for the spring assay, in the autumn assay the TPC also did not show differences between
untreated and MeJA-treated samples [29]. These results suggest that the synthesis of these secondary
metabolites is affected by season, and depends on other external factors that can modify the stress
metabolism of the plant more than the MeJA treatment [29].
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3.2. Effect of Elicitor Application Dosage on the Quality Parameters

3.2.1. Color Parameters and Chlorophyll Content

The color parameters and chlorophyll content in the samples of broccoli plants treated with
different concentrations of MeJA are shown in Table 2. The color parameters were not affected by any
of the treatments or the dose applied. By contrast, the chlorophyll content was significantly higher in C
samples compared with those of the treated plants, as was observed in the seasonal assay, ranging from
362 mg/kg f.w. in C samples to 202 mg/kg f.w. in E@ samples.

Table 2. Color parameters, chlorophyll content (mg/kg of f.w.), total phenolic compounds (TPCs) (mg
GAE/kg f.w.), total flavonoids (TFs) (mg CE/kg f.w.), and oxygen radical absorbance capacity (ORAC)
(mmol TE/kg f.w.) of broccoli samples in the dose of application assay for the five experimental groups:
control (C), excipient (E® and E®) and one application of MeJA (M®) or two applications of MeJA (M®).

Total
* * * % *

Sample L a b C h Chlorophylls TPCs TF ORAC
C 20+14 —-4+3 5x2 7+3 121+ 14 362 +322 2578 + 157 2 409 + 44 66+7P
E® 17+12 -2+3 6+3 6+4 102 + 20 276 +27° 2531 + 4 405 + 48 75 + 5ab
MO 16+6 -4+0 9=x0 100 1142 205 + 28 b 2038 + 179 2P 444 + 55 79+62
E@ 18+11 -2+2 8+4 8+4 103 + 11 202 +21P 2342 + 295 ab 477 +53 69+6P
M® 27+23 —-6+7 15+9 16+11 107+11 243 +30° 1994 + 261 P 446 + 52 83+32

TREATMENT ns ns ns ns ns ns *t ns R

DOSAGE ns ns ns ns ns ns ns ns ns

TxD ns ns ns ns ns ** ns ns *

Values followed by different letters (a—b) within each column are significantly different according to Tukey’s test (p < 0.05;
ns: not significant; *, ** and *** significant at p < 0.05, 0.01 and 0.001, respectively). Mean values + SD (n = 10 for
color, TPC (total phenolic compounds) and TF (total flavonoids) analyses, n = 5 for chlorophyll content and n = 6 for
antioxidant activity).

The excipient (ethanol and polyglycol solution) and MeJA had a catabolic effect on the total
chlorophyll content in this assay, as has been described by other authors [41,42]. It should be noted
that the application of neither the elicitor nor the excipient had any effect on the color parameters.
Only the chlorophyll content was affected, with a significant interaction between the treatment and
dosage, with the chlorophyll content decreasing at a higher dose. Moreover, this reduction did not lead
to a significant change in the color parameters, suggesting that the consumer would not appreciate the
chlorophyll degradation in the samples.

3.2.2. TPC, TF and ORAC

According to a two-way ANOVA, the treatments influenced the parameters under analysis,
with the exception of TFs (Table 2). After the application of the two consecutive doses of 250 uM Me]A
(M®), a reduction in TPCs occurred (to 1993 mg/kg of f.w.), compared with the C samples (2578 mg/kg
of f.w.). This agrees with the results obtained by Barrientos Carvacho et al. [50], which showed that an
application of MeJA at different concentrations caused a decrease in TPCs in broccoli sprouts, the lowest
concentration being obtained in the samples sprayed with 10 uM MeJA. In our study, similar results
were obtained, but a significant reduction was only observed after the application of two doses of
250 uM MeJA.

Furthermore, the ORAC values were affected by the MeJA treatment, with the samples of the
treated broccoli plants (M® and M®) showing the highest values. The inverse relationship observed
between the TPCs and the ORAC indicates that other antioxidant compounds such as vitamin C
(which was not analyzed in the present study) could contribute to the antioxidant properties of broccoli.

3.3. Changes in the Contents of Carotenoids

Carotenoids were identified via HPLC-DAD according to their ultraviolet (UV) spectra and
retention times, using chromatographic comparisons with authentic standards, as well as the carotenoids’
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spectral characteristics, based on data previously reported [51-53]. This information is shown in
Supplementary Materials Table S3.

The contents of carotenoids are shown in Figure 2. It can be seen that 3-carotene was the main
carotenoid of broccoli, representing 51% of the total carotenoids. This finding had previously been
reported [12] in a study where [3-carotene represented between 66% and 85% of the total carotenoids,
according to the sample. In our work, the profiles and proportions of the different carotenoids differed
depending on the season. In broccoli cultivated in spring, the order was 3-carotene > lutein > violaxanthin
> neoxanthin, while in autumn the order was f3-carotene > violaxanthin > lutein > neoxanthin.
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Figure 2. Content of individual carotenoids ([3-carotene, lutein, neoxanthin and violaxanthin) (mg/kg
f.w.) analyzed by HPLC-DAD, using samples of broccoli florets of the spring assay (a) (C*, E*, M%),
autumn assay (b) (Cs#, Es#, M%) and dosage assay (c) (C, E©, M®, E®@, M®@): C (control), E (excipient),
M (MeJA), * (spring), # (autumn), ® (one application MeJA) and @ (two applications MeJA). Values are
expressed as the mean + SD. Different letters (a—c) indicate significant differences (p < 0.05) among the
samples of each assay in terms of total carotenoids (n = 3).

In general, the content of carotenoids was higher in broccoli cultivated in autumn than in
spring-grown plants (Figure 2a,b), with season having a significant effect on the contents of individual
and total carotenoids, except for lutein (Table 3). The content of total carotenoids in broccoli cultivated
in autumn (26 mg/kg) represented a 2.8-fold increase compared to broccoli grown in spring (9 mg/kg).
Although the effect of sunlight on the biosynthesis of Brassica carotenoids is not clear [10], in florets of the
broccoli variety ‘Green’ the control group showed higher levels when compared with samples subjected
to light of different wavelengths [54,55]. Moreover, other authors have reported that temperatures
>15 °C could lead to a decrease in carotenoids [8]. Due to the higher temperature and the greater
sunlight exposure during spring compared to autumn, the samples of broccoli showed different
contents of total and individual carotenoids.

As can be seen in Table 3, treatments had an important effect in the season assays on all individual
carotenoids and total carotenoids, except for lutein and violaxanthin. However, the application of
different concentrations of MeJA did not produce a clear effect, probably due to the effect of season on
the response of the plants to this elicitor. Treatment with MeJA significantly reduced the total content
of carotenoids in broccoli cultivated in autumn (M3 group), whereas it did not show any effect on
plants cultivated in spring (M group and M® group), and in some cases even led to an increase in
carotenoid content (M®) (Figure 2b,c). It is notable that in the plants that received two applications of
250 pM MeJA (M®), the content of carotenoids (34 mg/kg f.w.) increased in comparison with the plants
without this treatment (group C) (28 mg/kg f.w.) as well as those receiving one application of 500 uM
MeJA (M®) (28 mg/kg f.w.). Regarding the effects of MeJA on carotenoid content, different results have
been reported for other crop plants. Wiestra et al. [56] observed a decrease of 50% in total carotenoids
content in broccoli sprouts, calculated as the sum of lutein and neoxanthin. Moreira et al. [9] described
a decrease of 60% in the total carotenoids of barley leaves after treatment with MeJA. Contrastingly,
Natella et al. [49] reported an increase in the 3-carotene content of broccoli sprouts when MeJA was
applied at a lower concentration (30 M), whereas the 3-carotene content decreased when 300-uM
MeJ A was applied, in comparison with untreated sprouts. These results suggest that the application
of lower concentrations of MeJA in consecutive applications may be more effective for increasing
carotenoid content, as we can also see in our results for Parthenon broccoli (Figure 2c).
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Table 3. Results of two-way ANOVA of carotenoids, phenolic compounds and glucosinolates (GIB: glucoiberin (3-methylsulfinylpropyl-gls), GRA: glucoraphanin
(4-Methylsulphinylbutyl-gls), HGB: hydroxyglucobrassicin (4-Hydroxy-3-indolylmethyl-gls), GBS: glucobrassicin (3-Indolylmethyl-gls), MGB: 4-Methoxyglucobrassicin
(4-Methoxy-3-indolylmethyl-gls), NGB: neoglucobrassicin (1-Methoxy-3-indolylmethyl-gls), Total GLS: total glucosinolates) from three seasonal and dosage assays.

Chlorogenic Sinapic

. . . . Total . K Total . . Total
ANOVA B-Carotene  Lutein  Neoxanthin Violaxanthin . Flavonols Acid Acid . GIB GRA HGB GBS MGB NGB Aliphatics Indoles
Carotenoids AN P Phenolics GLS
Derivatives  Derivatives
SEASON EEEd ns EEEd EEEd AN H*AK K Ak *% *% HAK i EEEd *% AN Ak e EEEd
TREATMENT EEEd ns *% ns AN KK * K EEEd ns * i *% ns * ns * ns
T x S EEEd ns EEEd * RN b *3% K * ns *% L ns * s ns *% ns
TREATMENT . . * . . . . . . ns . _ * . . . - .
DOSAGE *% * ns ns % *R% % * * ns *R% _ *% *k *Rk ns okt okt
TxD * ns ns ns * X% Ns 3k EeEy ns ok _ #k *%% *R% % kot *k

ns: not significant; *, ** and *** significant at 0.05, 0.01 and 0.001, respectively.
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It should be noted that chlorophyll content was directly related to the carotenoids content, with a
strong correlation in the autumn assay (r value of 0.81, p-value < 0.01); this trend was also observed in
the spring assay, but without significance (Supplementary Materials Table S2). The explanation for this
relationship is that the carotenoids are the main compounds, after the chlorophylls, that take part in
plant photosynthesis [57]. They absorb solar light in the spectral region not covered by chlorophylls
and pass light energy to chlorophyll a, protecting it from the harmful reactions that occur in conditions
of excessive light, in the presence of oxygen [57,58]. In this sense, when high temperatures reduce
the content of carotenoids, as observed here in the spring assay, a reduction in the content of total
chlorophylls is also observed, possibly due to the photo-oxidation process.

3.4. Changes in the Contents of Individual Phenolic Compounds

Figure 3 displays the individual phenolic compounds (flavonols, chlorogenics and sinapic acid
derivatives) of broccoli and the TPCs, determined as the sum of the individual compounds. There were
significant effects from season, treatments and dose of MeJA on all individual phenolics and TPCs
(Table 3). In general, the contents of flavonols and chlorogenic acids were higher in autumn than in
spring, whereas the content of sinapic derivatives was higher in spring (Figure 3a,b). In addition to
these small changes, significant differences in the content of TPCs were observed in the spring assay;,
with this content being higher in E% samples than in C%* and M* samples. In the autumn assay,
samples of the Es# and Ms¥ groups had increased contents of flavonols and TPCs when compared
with the C#% samples. The contents of individual phenolic compounds were different according to
the sample, due to the interaction of season, treatment and dosage (Table 3). After the application
of the different treatments, sinapic acid derivatives were more abundant than in control samples,
with this trend being in the plants cultivated in spring and in the assay carried out with different
dosages. By contrast, flavonols and chlorogenic acids showed a significant increase in the samples
from autumn-grown plants as well as in the third assay. While some authors have reported that these
three groups of phenolics are positively influenced by sunlight and UV-B exposure [45,59], others have
observed that UV-A at 365 nm causes a decrease in some flavonols (mainly, quercetin glycosides
and kaempferol glycosides) [60]. This influence of light on individual phenolic compounds could
explain the increase in flavonols and chlorogenic acid derivates in autumn, when there is less sunlight
exposure than in spring. In addition, in the third assay—also carried out in spring, with more sunlight
hours—the increase in sinapic derivatives was higher than for the other individual compounds.
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Figure 3. Contents of individual phenolic compounds (flavonols, chlorogenic acid derivates and
sinapic acid derivates) and the total contents of phenolic compounds determined as the sums of the
individual compounds (mg/kg f.w.), analyzed by HPLC-DAD for the samples of the spring assay (a)
(C%, E%*, M%), autumn assay (b) (C#, Es, M#) and dosage assay (c) (C, E©, M®, E®@, M®): C (control),
E (excipient), M (MeJA), % (spring), # (autumn), ® (one application MeJA) and @ (two applications
MeJA). Values are expressed as the mean + SD. Different letters (a-d) indicate significant differences
(p < 0.05) among the samples of each assay for the individual and total phenolic compounds (1 = 3).
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Although the application of MeJA altered the content of phenolic compounds, this effect was
not clearly associated solely with Me]A, since broccoli plants treated with the excipient also showed
a significant increase in these compounds. There was a significant effect on the content of phenolic
compounds after the application of a single dose of 500 uM MeJA or two consecutive doses of 250 M.
The single dose of 500-uM MeJ A caused a significant increase in TPCs, resulting in a total concentration
of 266 mg/kg f.w. and representing an increase of 58% over the control, mainly due to a 69% increase
in sinapic acids with respect to the C samples (Figure 3c). In the M® samples, the mean content of
TPCs was 220 mg/kg of f.w., representing an increase of 32% with respect to the control samples.
Different authors have shown a positive effect of the use of MeJA as a pre-harvest elicitor increasing the
content of phenolic compounds in broccoli sprouts and broccoli florets [61,62]. Pérez-Balibrea et al. [61]
observed that 10-uM MeJA, applied to broccoli sprouts, increased the contents of flavonoids and
total phenolics by 31% and 23%, respectively, compared with higher dosages (25, 50 and 100 pM).
Ku et al. [62] reported a greater accumulation of quercetin and kaempferol when 62.5- and 125-uM
MeJ A were applied to broccoli florets than when dosages of 250 and 500 uM were used. In the present
work, the increase in TPC in broccoli samples of groups M® and M® could explain the higher ORAC
values obtained, as shown in Table 2.

Moreover, we found a greater effect of the excipient and MeJA in autumn. This might be because of
the greater exposure to sunlight, as other authors have reported [45], since this enhances the production
of TPCs as secondary metabolites. This effect probably meant that when we added an extra stress
factor—namely, MeJA—the impact was not as great as in the autumn assay, when the agronomic
conditions did not stress the broccoli plants so much and thus plants were more responsive when
MeJ A was applied. For this reason, in the third assay, carried out in spring, the effect was observed
with the higher concentration of the stressing agent, MeJA.

3.5. Changes in the Glucosinolate Content

The contents of GLSs in the broccoli samples of the three experimental assays are shown in Table 4.
There was a clear seasonal variation, as shown in the two-way ANOVA (Table 3), with season having
had a significant effect on all individual GLSs as well as their total content. Thus, the total content
of GLSs was 2-fold higher in autumn than in spring. Previously, it has been reported that the total
contents of GLSs were higher in spring than in autumn for two different cultivars [22], since the
sunlight exposure and temperature were higher in spring. However, other authors have stated that
the synthesis of GLSs is not determined only by light and temperature, as agronomic factors such as
water stress can increase the GLS content [63,64]. Our results are in agreement with this, with the total
precipitation in the spring assay being 361 mm compared with 185 mm in the autumn assay. As such,
the water deficit in autumn could have contributed to the increase in the total GLS content. Similarly,
this effect was also observed in the samples of the third assay.

Regarding the individual GLSs, the main compound in the samples of the plants cultivated
in spring (in the first and third assays) was glucoiberin (GIB), followed by glucoraphanin (GRA).
By contrast, the order was reversed in the broccoli cultivated in autumn, with GRA being the main
compound, followed by GIB, for all treatments. Temperature is an important factor that may affect
the qualitative profile of GLSs in broccoli plants. Molman et al. [65] reported that, under controlled
conditions at a temperature of 18 °C, the GIB content was higher than that of GRA, while the opposite
occurred at 12 °C. This explains our results, as the mean temperatures in the first and third assays were
14.8 and 16.3 °C, respectively, whereas in the second it was around 13.9 °C.

Of the two classes of GLSs present in broccoli, aliphatic GLSs were predominant in our Parthenon
samples, representing on average 76%, 86% and 83%, of the total GLSs in the first, second and third
assays, respectively. Chiu et al. [18] have reported that aliphatic GLSs represent around 66% of the
total content of GLSs in ‘Green Magic’ broccoli.
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Table 4. Content of glucosinolates (mg/kg f.w.) in broccoli florets analyzed by HPLC-DAD for both seasonal assays (spring and autumn) and the dosage application
assay. Glucosinolates are presented as individual compounds (GIB: glucoiberin (3-Methylsulfinylpropyl-gls), GRA: glucoraphanin (4-Methylsulphinylbutyl-gls),
HGB: hydroxyglucobrassicin (4-Hydroxy-3-indolylmethyl-gls), GBS: glucobrassicin (3-Indolylmethyl-gls), MGB: 4-Methoxyglucobrassicin (4-Methoxy-3-indolylmethyl-gls),
NGB: neoglucobrassicin (1-Methoxy-3-indolylmethyl-gls)), grouped as aliphatic and indole glucosinolates, and as total glucosinolates, calculated as the sum of the

different individual compounds.

Glucosinolates
Assay Sample
GIB GRA HGB GBS MGB NGB Total Aliphatic  Total Indole Total
Cx 198 +92 48 +20b 3+1Pb 23+1 19+1 20+0Pb 245 + 16 65+ 2 310 + 15
Spring E% 127 £8P 124 +352 10+12 23+2 25+1 12+0b 251 + 27 70 + 4 322 +23
M¥% 150 £ 343> 106 £9ab 4+1P 16+5 19+5 57152 255 + 43 96 + 26 351 + 69
C 254 + 63 300+ 92 2+1 119 + 122b 39+ 10 53+13b 554 + 64 212 + 162 766 + 77
Autumn Esz 227 +3 300 + 182 1+1 132+12 27 +£2 71+12 527 + 20 232 +22 759 + 20
Mz 219+12 258 £19P 1+0 107 7P 27 +2 48 + 5b 477 + 32 183 £ 12b 661 + 43
C 153 £ 8 216+ 162 tr 8+1¢ trb 0x1¢ 369 + 242 8+£2¢ 377 +25b
E® 169 + 6 137 £ 3P tr 14+0Pb 1+0Pb 19+1Pb 306+9P 34+2b 340+ 11b
Dosage d d b b b
Apolicati M® 153 + 50 82 + 13 tr tr tr 25+8 236 £ 40°¢ 25+ 8 261 £32¢
pplication d d b b
E®@ 171+ 7 103 +4¢ tr 1+2 1+1 6+£3¢ 273 £ 11be 84c¢ 281 +14°¢
M®@ 186 + 8 106 +5¢ tr 21+42 37+22 175+ 62 291 + 13 be 233 £122 524 + 254

Values followed by different letters (a—d) within each column, for each assay, are significantly different according to Tukey’s test (p < 0.05). Mean values + SD (1 = 3). tr: traces. C (control),
E (excipient), M (MeJA), % (spring), # (autumn), @ (one application MeJA) and @ (two application MeJA).
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In relation to the effect of MeJA on the content of GLSs, Chiu et al. [18] have reported that
250 uM MeJA, as a pre-harvest treatment, only increases the content of neoglucobrassicin (NGB),
with an increase of 8.6-fold over the control in their study. In our study, the effect was also related to
season, since 250 tM MeJA provided similar results in the spring assay, with a significant increase
in NGB from 20 to 57 mg/kg f.w. Moreover, NGB was the only compound that showed a significant
increase after application of MeJA in the seasonal trials, since the other GLSs decreased or did not
differ with respect to the control group. The dose of MeJA applied in the third assay influenced the
content of the majority of the GLSs detected (Table 3), except for GIB. It stands out that NGB increased
significantly, from 0.3 mg/kg f.w., to 175 mg/kg f.w. in the broccoli treated with two consecutive doses
of 250 uM MeJ A, and the contents of GBSs, total indole GLSs and total GLSs also increased. In contrast,
the application of one single dose of 500 uM MeJA did not enhance the contents of these compounds.
Hence, the enhancement of the GLS content by MeJA applied as a pre-harvest treatment depends
on the dose. In this study, the application of two consecutive doses of 250 uM MeJA had a better
effect than a single dose of 500 uM MeJA, which is disagreement with the data reported by other
authors, who recommended a treatment with 500 uM MeJA [62]. This enhancement is linked to season,
since MeJA had no effect on the GLS content in the samples of broccoli plants cultivated in autumn.

4. Conclusions

Considering that broccoli is a rich source of bioactive compounds, our results are of great interest to
growers and food-trading industries, particularly in Murcia (Spain), the major broccoli-growing region
in Europe. New strategies need to be implemented in the field to seek out the best agronomic practices
and conditions by which to improve the health-promoting capacity of broccoli, without compromising
its overall quality, although the effects of MeJA could be modified by seasonal conditions and other
agronomic parameters. From this study we can conclude that the controlled and timely (four days
before harvest) application of 250 tM MeJA as an elicitor to the aerial parts of the plants, on two
consecutive days, yielded florets of Parthenon broccoli with higher contents of bioactive compounds,
without changing its overall quality.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/10/1371/s1,
Table S1: Temperature (°C), humidity (%), wind (km/h), rain (mm) and sunlight exposure (h/day) during the
three growing seasons; Table S2: Pearson’s correlation factor for the relationship between the chlorophyll content
and the color parameters (L*, a*, b*, C* amd h*) and the total carotenoids content in the three assays; Table S3:
Tentative identification of individual carotenoids of broccoli florets analysed by HPLC-DAD.

Author Contributions: Conceptualization, M.J.P-C. and ].G.-A.; methodology M.].P.-C. and D.A.M.; formal
analysis, LN.-G., VN.-G. and N.B; investigation, M.].P.-C., R.G.-B., LN.-G. and N.B.; data curation, M.].P-C.,
R.G.-B., V.N.-G. and N.B.; writing—original draft preparation, V.N.-G.; writing—review and editing, M.].P-C. and
R.G.-B,; visualization, D.A.M.; project administration, M.J.P.-C.; funding acquisition, M.].P.-C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by “Centro para el Desarrollo Tecnolégico e Industrial (CDTI)”, grant number-29604
(Ministry of Science, Innovation and Universities, Spanish Government) and the company Luis Jiménez Martinez
S.L. (La Hoya, Murcia, Spain).

Acknowledgments: V.N-G. has a predoctoral contract of the “Fundacion Séneca” (Agencia de Ciencia y Tecnologia
de la Region de Murcia, CARM) and N.B. is funded by a “Juan de la Cierva Formacién” postdoctoral contract
(FJCI-2017-33658) from the Ministry of Economy, Industry and Competitiveness of Spain.

Conflicts of Interest: The authors declare no conflict of interest.

References

. Fahey, J. Brassica: Characteristics and Properties. Encycl. Food Health 2016, 469—477. [CrossRef]
2. Food and Agriculture Organization Corporate Statistical Database (FAOSTAT). New Food Balances.
Available online: http://www.fao.org/faostat/en/#data/FBS (accessed on 2 December 2019).
3. Ministry of Agriculture, Fisheries and Food. Available online: https://www.mapa.gob.es/es/estadistica/temas/
publicaciones/anuario-de-estadistica/2019/default.aspx?parte=3&capitulo=07&grupo=6&seccion=32
(accessed on 18 September 2020).


http://www.mdpi.com/2304-8158/9/10/1371/s1
http://dx.doi.org/10.1016/b978-0-12-384947-2.00083-0
http://www.fao.org/faostat/en/#data/FBS
https://www.mapa.gob.es/es/estadistica/temas/publicaciones/anuario-de-estadistica/2019/default.aspx?parte=3&capitulo=07&grupo=6&seccion=32
https://www.mapa.gob.es/es/estadistica/temas/publicaciones/anuario-de-estadistica/2019/default.aspx?parte=3&capitulo=07&grupo=6&seccion=32

Foods 2020, 9, 1371 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Shi, J.; Gao, L.; Zuo, ].; Wang, Q.; Wang, Q.; Fan, L. Exogenous sodium nitroprusside treatment of broccoli
florets extends shelf life, enhances antioxidant enzyme activity, and inhibits chlorophyll-degradation.
Postharvest Boil. Technol. 2016, 116, 98-104. [CrossRef]

Branca, F. Cauliflower and Broccoli. In Handbook of Plant Breeding; Springer Science and Business Media LLC:
Berlin, Germany, 2007; Volume 1, pp. 151-186.

Ciancaleoni, S.; Onofri, A.; Torricelli, R.; Negri, V. Broccoli yield response to environmental factors in
sustainable agriculture. Eur. J. Agron. 2016, 72, 1-9. [CrossRef]

Mijts, B.N.; Lee, P.C.; Schmidt-Dannert, C. Engineering Carotenoid Biosynthetic Pathways. Enzyme Eng.
Evolut. Gen. Methods 2004, 388, 315-329. [CrossRef]

Schonhof, I; Klaring, H.-P.; Krumbein, A.; Clausen, W.; Schreiner, M. Effect of temperature increase under
low radiation conditions on phytochemicals and ascorbic acid in greenhouse grown broccoli. Agric. Ecosyst.
Environ. 2007, 119, 103-111. [CrossRef]

Moreira-Rodriguez, M.; Nair, V.; Benavides, J.; Cisneros-Zevallos, L.; Jacobo-Velazquez, D.A. UVA, UVB Light,
and Methyl Jasmonate, Alone or Combined, Redirect the Biosynthesis of Glucosinolates, Phenolics,
Carotenoids, and Chlorophylls in Broccoli Sprouts. Int. J. Mol. Sci. 2017, 18, 2330. [CrossRef]

Neugart, S.; Baldermann, S.; Hanschen, ES.; Klopsch, R.; Wiesner-Reinhold, M.; Schreiner, M. The intrinsic
quality of brassicaceous vegetables: How secondary plant metabolites are affected by genetic, environmental,
and agronomic factors. Sci. Hortic. 2018, 233, 460—478. [CrossRef]

Liu, M.; Zhang, L.; Ser, S.L.; Cumming, J.; Ku, K.-M. Comparative Phytonutrient Analysis of Broccoli
By-Products: The Potentials for Broccoli By-Product Utilization. Molecules 2018, 23, 900. [CrossRef]

Dos Reis, L.C.R.; De Oliveira, VR.; Hagenn, M.; Jablonski, A.; Flores, S.H.; Rios, A.D.O. Carotenoids,
flavonoids, chlorophylls, phenolic compounds and antioxidant activity in fresh and cooked broccoli (Brassica
oleracea var. Avenger) and cauliflower (Brassica oleracea var. Alphina F1). LWT 2015, 63, 177-183. [CrossRef]
Minatel, 1.O.; Borges, C.V.; Ferreira, M.I,; Gomez, H.A.; Chen, C.Y,; Lima, G.P. Phenolic Compounds:
Functional Properties, Impact of Processing and Bioavailability. Phenolic Compd. Biol. Act. 2017, 1-24.
[CrossRef]

Cartea, M.E.; Francisco, M.; Soengas, P.; Velasco, P. Phenolic Compounds in Brassica Vegetables. Molecules
2010, 16, 251-280. [CrossRef] [PubMed]

Vallejo, F.; Tomas-Barberan, F.A.; Garcia-Viguera, C. Phenolic compound contents in edible parts of broccoli
inflorescences after domestic cooking. J. Sci. Food Agric. 2003, 83, 1511-1516. [CrossRef]

Moreno, D.A,; Carvajal, M.; Lopez-Berenguer, C.; Garcia-Viguera, C. Chemical and biological characterisation
of nutraceutical compounds of broccoli. J. Pharm. Biomed. Anal. 2006, 41, 1508-1522. [CrossRef]

Jeffery, E.; E Stewart, K. Upregulation of Quinone Reductase by Glucosinolate Hydrolysis Products from
Dietary Broccoli. Enzyme Eng. Evolut. Gen. Methods 2004, 382, 457-469. [CrossRef]

Chiu, Y.-C.; Matak, K.; Ku, K.-M. Methyl jasmonate treated broccoli: Impact on the production of
glucosinolates and consumer preferences. Food Chem. 2019, 299, 125099. [CrossRef]

War, A.R,; Paulraj, M.G.; Ahmad, T.; Buhroo, A.A.; Hussain, B.; Ignacimuthu, S.; Sharma, H.C. Mechanisms of
plant defense against insect herbivores. Plant Signal. Behav. 2012, 7, 1306-1320. [CrossRef]

Raiola, A.; Errico, A.; Petruk, G.; Monti, D.M.; Barone, A.; Rigano, M.M. Bioactive Compounds in Brassicaceae
Vegetables with a Role in the Prevention of Chronic Diseases. Molecules 2017, 23, 15. [CrossRef]

Latté, K.P; Appel, K.-E.; Lampen, A. Health benefits and possible risks of broccoli—An overview. Food Chem.
Toxicol. 2011, 49, 3287-3309. [CrossRef]

Charron, C.S.; Saxton, A.M.; Sams, C.E. Relationship of climate and genotype to seasonal variation in the
glucosinolate-myrosinase system. I. Glucosinolate content in ten cultivars ofBrassica oleracea grown in fall
and spring seasons. J. Sci. Food Agric. 2005, 85, 671-681. [CrossRef]

Baenas, N.; Garcia-Viguera, C.; Moreno, D.A. Elicitation: A Tool for Enriching the Bioactive Composition of
Foods. Molecules 2014, 19, 13541-13563. [CrossRef] [PubMed]

Asensio, E.; Sanvicente, I.; Mallor, C.; Menal-Puey, S. Spanish traditional tomato. Effects of genotype, location
and agronomic conditions on the nutritional quality and evaluation of consumer preferences. Food Chem.
2019, 270, 452-458. [CrossRef] [PubMed]

Guo, R;; Yuan, G.; Wang, Q. Effect of sucrose and mannitol on the accumulation of health-promoting
compounds and the activity of metabolic enzymes in broccoli sprouts. Sci. Hortic. 2011, 128, 159-165.
[CrossRef]


http://dx.doi.org/10.1016/j.postharvbio.2016.01.007
http://dx.doi.org/10.1016/j.eja.2015.09.009
http://dx.doi.org/10.1016/s0076-6879(04)88025-x
http://dx.doi.org/10.1016/j.agee.2006.06.018
http://dx.doi.org/10.3390/ijms18112330
http://dx.doi.org/10.1016/j.scienta.2017.12.038
http://dx.doi.org/10.3390/molecules23040900
http://dx.doi.org/10.1016/j.lwt.2015.03.089
http://dx.doi.org/10.5772/66368
http://dx.doi.org/10.3390/molecules16010251
http://www.ncbi.nlm.nih.gov/pubmed/21193847
http://dx.doi.org/10.1002/jsfa.1585
http://dx.doi.org/10.1016/j.jpba.2006.04.003
http://dx.doi.org/10.1016/s0076-6879(04)82025-1
http://dx.doi.org/10.1016/j.foodchem.2019.125099
http://dx.doi.org/10.4161/psb.21663
http://dx.doi.org/10.3390/molecules23010015
http://dx.doi.org/10.1016/j.fct.2011.08.019
http://dx.doi.org/10.1002/jsfa.1880
http://dx.doi.org/10.3390/molecules190913541
http://www.ncbi.nlm.nih.gov/pubmed/25255755
http://dx.doi.org/10.1016/j.foodchem.2018.07.131
http://www.ncbi.nlm.nih.gov/pubmed/30174071
http://dx.doi.org/10.1016/j.scienta.2011.01.014

Foods 2020, 9, 1371 17 of 18

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Baenas, N.; Garcia-Viguera, C.; Moreno, D.A. Biotic Elicitors Effectively Increase the Glucosinolates Content
in Brassicaceae Sprouts. |. Agric. Food Chem. 2014, 62, 1881-1889. [CrossRef] [PubMed]

Xu, F; Chen, X.; Jin, P; Wang, X.; Wang, J.; Zheng, Y. Effect of ethanol treatment on quality and antioxidant
activity in postharvest broccoli florets. Eur. Food Res. Technol. 2012, 235, 793-800. [CrossRef]

Duarte-Sierra, A.; Nadeau, F.; Angers, P; Michaud, M.; Arul, ]. UV-C hormesis in broccoli florets: Preservation,
phyto-compounds and gene expression. Postharvest Boil. Technol. 2019, 157, 110965. [CrossRef]

Ku, KM.; Juvik, J. Environmental Stress and Methyl Jasmonate-mediated Changes in Flavonoid
Concentrations and Antioxidant Activity in Broccoli Florets and Kale Leaf Tissues. HortScience 2013,
48,996-1002. [CrossRef]

Parsons, T.R.; Strickland, J.D.H. Discussion of spectrophotometric determination of Marine-plant Pigments,
with Revised Equations far Ascertaining Chlorophylls and Carotenoids. J. Mar. Res. 1963, 21, 155-163.
Periago, M.J.; Garcia-Alonso, J.; Jacob, K.; Olivares, A.B.; Bernal, M.].; Iniesta, M.D.; Martinez, C.; Ros, G.
Bioactive compounds, folates and antioxidant properties of tomatoes (Lycopersicum esculentum) during
vine ripening. Int. J. Food Sci. Nutr. 2009, 60, 694-708. [CrossRef]

Wheeler, T.L. Organization Security Metrics: Can Organizations Protect Themselves? Inf. Secur. J. A Glob.
Perspect. 2008, 17,228-242. [CrossRef]

Dewanto, V.; Wu, X.; Adom, K.K,; Liu, R.H. Thermal Processing Enhances the Nutritional Value of Tomatoes
by Increasing Total Antioxidant Activity. J. Agric. Food Chem. 2002, 50, 3010-3014. [CrossRef] [PubMed]
Prior, R.L.; Hoang, H.; Gu, L.; Wu, X.; Bacchiocca, M.; Howard, L.; Hampsch-Woodill, M.; Huang, D.; Ou, A.B.;
Jacob, R. Assays for Hydrophilic and Lipophilic Antioxidant Capacity (oxygen radical absorbance capacity
(ORACFL)) of Plasma and Other Biological and Food Samples. J. Agric. Food Chem. 2003, 51, 3273-3279.
[CrossRef] [PubMed]

Gonzalez-Barrio, R.; Periago, M.].; Luna-Recio, C.; Garcia-Alonso, FJ.; Navarro-Gonzalez, I.; Javier, G.-A.F.
Chemical composition of the edible flowers, pansy (Viola wittrockiana) and snapdragon (Antirrhinum majus)
as new sources of bioactive compounds. Food Chem. 2018, 252, 373-380. [CrossRef] [PubMed]

Bravo, S.; Garcia-Alonso, J.; Martin-Pozuelo, G.; Gémez, V.; Santaella, M.; Navarro-Gonzalez, I.; Periago, M.].
The influence of post-harvest UV-C hormesis on lycopene, 3-carotene, and phenolic content and antioxidant
activity of breaker tomatoes. Food Res. Int. 2012, 49, 296-302. [CrossRef]

Bohm, V. Use of column temperature to optimize carotenoid isomer separation by C30 high performance
liquid chromatography. J. Sep. Sci. 2001, 24, 955-959. [CrossRef]

Francisco, M.; Moreno, D.A.; Cartea, M.E.; Ferreres, F.; Garcia-Viguera, C.; Velasco, P. Simultaneous identification
of glucosinolates and phenolic compounds in a representative collection of vegetable Brassica rapa. |. Chromatogr. A
2009, 1216, 6611-6619. [CrossRef]

Baenas, N.; Moreno, D.A.; Garcia-Viguera, C. Selecting Sprouts of Brassicaceae for Optimum Phytochemical
Composition. J. Agric. Food Chem. 2012, 60, 11409-11420. [CrossRef]

Wei, K.; Wang, L.; Zhou, J.; He, W.; Zeng, ].; Jiang, Y.; Cheng, H. Catechin contents in tea (Camellia sinensis)
as affected by cultivar and environment and their relation to chlorophyll contents. Food Chem. 2011, 125,
44-48. [CrossRef]

Fang, H.; Luo, F; Li, P; Zhou, Q.; Zhou, X.; Wei, B.; Cheng, S.; Zhou, H.; Ji, S.-]. Potential of jasmonic acid
(JA) in accelerating postharvest yellowing of broccoli by promoting its chlorophyll degradation. Food Chem.
2020, 309, 125737. [CrossRef]

Tan, X.-L.; Fan, Z.-Q.; Shan, W.; Yin, X.-R.; Kuang, J.-F.; Lu, W.-].; Chen, ].-Y. Association of BrERF72
with methyl jasmonate-induced leaf senescence of Chinese flowering cabbage through activating JA
biosynthesis-related genes. Hortic. Res. 2018, 5, 22. [CrossRef]

Fan, X.; Mattheis, J.P.; Fellman, ] K. A role for jasmonates in climacteric fruit ripening. Planta 1998, 204,
444-449. [CrossRef]

El Atki, Y.; Aouam, I; El Kamari, F; Taroq, A.; Lyoussi, B.; Taleb, M.; Abdellaoui, A. Total phenolic and
flavonoid contents and antioxidant activities of extracts from Teucrium polium growing wild in Morocco.
Mater. Today Proc. 2019, 13, 777-783. [CrossRef]

Vallejo, F.; Tomas-Barberdn, F.A.; Garcia-Viguera, C. Effect of climatic and sulphur fertilisation conditions,
on phenolic compounds and vitamin C, in the inflorescences of eight broccoli cultivars. Eur. Food Res. Technol.
2003, 216, 395-401. [CrossRef]


http://dx.doi.org/10.1021/jf404876z
http://www.ncbi.nlm.nih.gov/pubmed/24484436
http://dx.doi.org/10.1007/s00217-012-1808-6
http://dx.doi.org/10.1016/j.postharvbio.2019.110965
http://dx.doi.org/10.21273/HORTSCI.48.8.996
http://dx.doi.org/10.1080/09637480701833457
http://dx.doi.org/10.1080/19393550802541200
http://dx.doi.org/10.1021/jf0115589
http://www.ncbi.nlm.nih.gov/pubmed/11982434
http://dx.doi.org/10.1021/jf0262256
http://www.ncbi.nlm.nih.gov/pubmed/12744654
http://dx.doi.org/10.1016/j.foodchem.2018.01.102
http://www.ncbi.nlm.nih.gov/pubmed/29478556
http://dx.doi.org/10.1016/j.foodres.2012.07.018
http://dx.doi.org/10.1002/1615-9314(20011201)24:12&lt;955::AID-JSSC955&gt;3.0.CO;2-B
http://dx.doi.org/10.1016/j.chroma.2009.07.055
http://dx.doi.org/10.1021/jf302863c
http://dx.doi.org/10.1016/j.foodchem.2010.08.029
http://dx.doi.org/10.1016/j.foodchem.2019.125737
http://dx.doi.org/10.1038/s41438-018-0028-z
http://dx.doi.org/10.1007/s004250050278
http://dx.doi.org/10.1016/j.matpr.2019.04.040
http://dx.doi.org/10.1007/s00217-003-0664-9

Foods 2020, 9, 1371 18 of 18

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Shiva, R.B.; Jung-Ho, K. Seasonal variation in phytochemicals and antioxidant activities in different tissues
of various Broccoli cultivars. Afr. J. Biotechnol. 2014, 13, 604-615. [CrossRef]

Cohen, S.D.; Tarara, ].M.; A Kennedy, J. Assessing the impact of temperature on grape phenolic metabolism.
Anal. Chim. Acta 2008, 621, 57-67. [CrossRef]

Guidi, L.; Brunetti, C.; Fini, A.; Agati, G.; Ferrini, F; Gori, A.; Tattini, M. UV radiation promotes flavonoid
biosynthesis, while negatively affecting the biosynthesis and the de-epoxidation of xanthophylls: Consequence
for photoprotection? Environ. Exp. Bot. 2016, 127, 14-25. [CrossRef]

Natella, F.; Maldini, M.; Nardini, M.; Azzini, E.; Foddai, M.S.; Giusti, A.M.; Baima, S.; Morelli, G.; Scaccini, C.
Improvement of the nutraceutical quality of broccoli sprouts by elicitation. Food Cherm. 2016, 201, 101-109. [CrossRef]
Carvacho, H.B.; Pérez, C.; Zuiiiga, G.E.; Mahn, A. Effect of methyl jasmonate, sodium selenate and chitosan
as exogenous elicitors on the phenolic compounds profile of broccoli sprouts. J. Sci. Food Agric. 2014, 94,
2555-2561. [CrossRef]

Strati, LE,; Sinanoglou, VJ.; Kora, L.; Miniadis-Meimaroglou, S.; Oreopoulou, V. Carotenoids from Foods of
Plant, Animal and Marine Origin: An Efficient HPLC-DAD Separation Method. Foods 2012, 1, 52—65. [CrossRef]
Becerra-Moreno, A.; Alanis-Garza, P.A.; Mora-Nieves, ].L.; Mora-Mora, J.P.; Jacobo-Velazquez, D.A. Kale:
An excellent source of vitamin C, pro-vitamin A, lutein and glucosinolates. CyTA J. Food 2013, 12, 298-303.
[CrossRef]

Villarreal-Garcia, D.; Alanis-Garza, P.A.; Cuéllar-Villarreal, M.D.R.; Redondo-Gil, M.; Mora-Nieves, J.L.;
Jacobo-Velazquez, D.A. Effects of different defrosting methods on the stability of bioactive compounds and
consumer acceptability of frozen broccoli. CyTA J. Food 2014, 13, 312-320. [CrossRef]

Samuoliené, G.; Brazaityté, A ; Virsile, A; Miliauskiené, J.; Vastakaité-Kairiené, V.; Duchovskis, P. Nutrient Levels
in Brassicaceae Microgreens Increase Under Tailored Light-Emitting Diode Spectra. Front. Plant Sci. 2019, 10,
1-9. [CrossRef] [PubMed]

Thoma, F.; Somborn-Schulz, A.; Schlehuber, D.; Keuter, V.; Deerberg, G. Effects of Light on Secondary
Metabolites in Selected Leafy Greens: A Review. Front. Plant Sci. 2020, 11, 1-15. [CrossRef]

Wierstra, I. Differential Effects of Methyl Jasmonate on the Expression of the Early Light-Inducible Proteins
and Other Light-Regulated Genes in Barley. Plant Physiol. 2000, 124, 833-844. [CrossRef] [PubMed]
Collini, E. Carotenoids in Photosynthesis: The Revenge of the “Accessory” Pigments. Chem 2019, 5, 494-495.
[CrossRef]

Kirilovsky, D.; Kerfeld, C.A. The Orange Carotenoid Protein: A blue-green light photoactive protein.
Photochem. Photobiol. Sci. 2013, 12, 1135. [CrossRef] [PubMed]

Neugart, S.; Fiol, M.; Schreiner, M.; Rohn, S.; Zrenner, R.; Kroh, L.W.; Krumbein, A. Interaction of Moderate
UV-B Exposure and Temperature on the Formation of Structurally Different Flavonol Glycosides and
Hydroxycinnamic Acid Derivatives in Kale (Brassica oleracea var. sabellica). J. Agric. Food Chem. 2014, 62,
4054-4062. [CrossRef]

Rechner, O.; Neugart, S.; Schreiner, M.; Wu, S.; Poehling, H.-M. Different Narrow-Band Light Ranges Alter Plant
Secondary Metabolism and Plant Defense Response to Aphids. . Chem. Ecol. 2016, 42, 989-1003. [CrossRef]
Pérez-Balibrea, S.; Moreno, D.A.; Garcia-Viguera, C. Improving the phytochemical composition of broccoli
sprouts by elicitation. Food Chem. 2011, 129, 35-44. [CrossRef]

Ku, K.-M,; Jeffery, E.; Juvik, ]. Optimization of methyl jasmonate application to broccoli florets to enhance
health-promoting phytochemical content. J. Sci. Food Agric. 2014, 94, 2090-2096. [CrossRef]

Champolivier, L.; Merrien, A. Effects of water stress applied at different growth stages to Brassica napus L.
var. oleifera on yield, yield components and seed quality. Eur. J. Agron. 1996, 5, 153-160. [CrossRef]

Ku, K.-M,; Jeffery, E.; Juvik, J.A. Influence of Seasonal Variation and Methyl Jasmonate Mediated Induction
of Glucosinolate Biosynthesis on Quinone Reductase Activity in Broccoli Florets. . Agric. Food Chem. 2013,
61,9623-9631. [CrossRef] [PubMed]

Mpolmann, J.A.; Steindal, A.L.; Bengtsson, G.B.; Seljasen, R.; Lea, P.; Skaret, J.; Johansen, T.J. Effects of
temperature and photoperiod on sensory quality and contents of glucosinolates, flavonols and vitamin C in
broccoli florets. Food Chem. 2015, 172, 47-55. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.5897/AJB2013.13432
http://dx.doi.org/10.1016/j.aca.2007.11.029
http://dx.doi.org/10.1016/j.envexpbot.2016.03.002
http://dx.doi.org/10.1016/j.foodchem.2016.01.063
http://dx.doi.org/10.1002/jsfa.6596
http://dx.doi.org/10.3390/foods1010052
http://dx.doi.org/10.1080/19476337.2013.850743
http://dx.doi.org/10.1080/19476337.2014.971347
http://dx.doi.org/10.3389/fpls.2019.01475
http://www.ncbi.nlm.nih.gov/pubmed/31798616
http://dx.doi.org/10.3389/fpls.2020.00497
http://dx.doi.org/10.1104/pp.124.2.833
http://www.ncbi.nlm.nih.gov/pubmed/11027731
http://dx.doi.org/10.1016/j.chempr.2019.02.013
http://dx.doi.org/10.1039/c3pp25406b
http://www.ncbi.nlm.nih.gov/pubmed/23396391
http://dx.doi.org/10.1021/jf4054066
http://dx.doi.org/10.1007/s10886-016-0755-2
http://dx.doi.org/10.1016/j.foodchem.2011.03.049
http://dx.doi.org/10.1002/jsfa.6529
http://dx.doi.org/10.1016/S1161-0301(96)02004-7
http://dx.doi.org/10.1021/jf4027734
http://www.ncbi.nlm.nih.gov/pubmed/24032372
http://dx.doi.org/10.1016/j.foodchem.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25442522
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Material and Growing Conditions 
	Experimental Design 
	Seasonal Assays 
	Dose of Application Assay 

	Color Parameters 
	Chlorophyll Determination 
	Total Phenolics and Total Flavonoids Analysis 
	Oxigen Radical Absorbance Capacity (ORAC) 
	Analysis of Carotenoids by High Performance Liquid Chromatography with Diode Array Detection (HPLC-DAD) 
	Analysis of Glucosinolates and Phenolic Compounds by HPLC-DAD 
	Data Analysis 

	Results and Discussion 
	Seasonal Variation of the Quality Parameters 
	Color Parameters and Chlorophyll Content 
	Total Phenolic Compounds (TPCs), Total Flavonoids (TF) and Oxygen Radical Absorbance Capacity (ORAC) 

	Effect of Elicitor Application Dosage on the Quality Parameters 
	Color Parameters and Chlorophyll Content 
	TPC, TF and ORAC 

	Changes in the Contents of Carotenoids 
	Changes in the Contents of Individual Phenolic Compounds 
	Changes in the Glucosinolate Content 

	Conclusions 
	References

