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Abstract: The Mediterranean basin is abundant in wild edible species with numerous health beneficial
effects due to the presence of various bioactive phytochemicals. In the present work, the effect of
nitrogen fertilization rates (0 ppm, (N0), 200 ppm (N1), 400 ppm (N2), and 600 ppm (N3) of total N)
and growth substrate composition (soil or peat/perlite (2/1; v/v)) on the chemical composition and
bioactive properties of Centaurea raphanina ssp. mixta plants was evaluated. The results of the study
showed that both the tested factors affected nutritional value of the edible leaves, with the soil ×N1
treatment being the most beneficial for fat, protein, and carbohydrate content and energetic value. On
the other hand, the peat/perlite-grown plants that received 200 ppm of N had the highest content in α-,
γ-, and total tocopherols, while the control treatment of soil-grown plants was the richest in individual
and total sugars. Oxalic, citric, and total organic acids were the highest in the N2 × soil treatment,
while malic acid was the highest in control treatment of the same substrate. The main fatty acids were
palmitic, α-linolenic, and linoleic acids, with the highest contents being observed in the N0 × soil,
N3 × soil, and N3 × peat/perlite treatments, respectively. The major phenolic compounds were
pinocembrim neohesperidoside and pinocembrim acetyl neohesperidoside isomer II, with the highest
content being observed in the N1× soil treatment. The highest antihemolytic activity was observed in
the N3 × peat/perlite treatment, while the most effective treatments against lipid peroxidation were
N0 (in both soil and peat/perlite combinations) and N1 × peat/perlite. Lastly, all the tested extracts
(except for N1 × soil) showed promising cytotoxic effects against HeLa (cervical carcinoma), HepG2
(hepatocellular carcinoma), MCF-7 (breast carcinoma), and NCI-H460 (non-small-cell lung cancer), while
all the tested extracts exhibited better antifungal activities (lower minimal inhibition concentration (MIC)
values) against Trichoderma viride than the positive controls. Overall, the present results suggest that
the application of cost-effective practices such as the nitrogen application and the selection of growth
substrate may regulate the chemical composition and the bioactive properties of C. raphanina ssp. mixta
species and increase its added value under commercial cultivation conditions.

Keywords: phenolic compounds; antioxidant activity; pinocembrin derivatives; antimicrobial prop-
erties; γ-tocopherol; nitrogen fertilization

1. Introduction

The Mediterranean basin is thriving in wild edible plants that contain numerous
health beneficial compounds and are considered the pillar of agroecosystems and the
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agrobiodiversity of the region [1]. Until recently, it was common in rural areas to gather
wild edible plants for food purposes, a practice that was handed down from generation to
generation along with a general approach of sustainability and respect for the environment
and its genetic resources [2–7]. However, despite the transition to diets adapted to the
Western and less healthy lifestyles, there is an increasing consumer demand for healthy
food products. In addition, the building evidence of the beneficial effects of adherence
to the Mediterranean diet has rekindled the interest for wild edible plants [1,8,9]. Under
these circumstances, a necessity of sustainable management of plant genetic resources
has aroused in order to cover current market needs without putting at risk the valuable
genetic resources of the regions [10–14]. Therefore, the commercial cultivation of wild
edible species is in the research focus aiming to substitute gathering edible plants from the
wild with widely available food products that meet the quality and safety standards and
cater to consumer and market needs [1,15,16].

Centaurea raphanina spp. mixta (DC.) Runemark belongs to the Asteraceae family
and is endemic to Greece [17–19]. Recent reports highlighted the promising bioactive
properties of the species, as well as the effect that cultural practices may have on its
phytochemical profile and bioactivities [17,19–21]. Centaurea raphanina spp. mixta is a rich
source of various bioactive compounds, including polyphenols and tocopherols with high
antioxidant potency and cytotoxic effects [17,19]. Since it is expected to observe variations
in the chemical profile of domesticated wild species [22–25], it is very important to define
those agronomic conditions that offer the highest yields without compromising the quality
of the final product [26–28]. Recent research studies have suggested that cultural practices
such as the harvesting and or developmental stage affected the chemical composition
of domesticated Cichorium spinosum or Portulaca oleracea plants [26,29,30], while fertilizer
application rates or the composition of the growth substrate also had an impact on quality
parameters of various wild species [27,31,32]. Moreover, the fact that most of these wild
edible species survive under arduous conditions in natural habitats makes them promising
candidates as alternative/complementary crops in sustainable farming systems, especially
those of small scale that are very common in the broader Mediterranean region [10].
However, before introducing wild edible species in farming systems, it is essential to define
the required quality and safety standards and the means that allow the production of
food products that meet these standards. For example, previous reports indicated the high
content of cultivated C. raphanina spp. mixta plants in oxalic acid, which is an antinutritional
factor, and high intake (>5 g per day) may result in health complications [8,33,34]. Therefore,
agronomic practices that may reduce the oxalic acid content of leaves would increase the
quality of the final product in a cost-effective manner.

Considering the current research regarding the effect of various agronomic practices
on the quality of C. raphanina ssp. mixta [2,20,31], the aim of the present study was to
further examine the effect of growth substrate and nitrogen application rate on the chemical
composition and bioactive properties of the species. The application of such cost-effective
cultural practices would allow the improvement of quality parameters in commercially
cultivated wild species and further increase their beneficial effects to human health.

2. Materials and Methods
2.1. Plant Material and Experimental Conditions

Collection of Centaurea raphanina spp. mixta whole plants took place in the wild in
2017, as previously described by the authors [17]. Selected plants were removed carefully
from the soil with a pick mattock, trying not to destroy the large tap root. Immediately after
the harvest, all leaves were removed except for the apex in order to reduce water losses
due to transpiration, then wrapped in wetted absorbent paper, and put in an insulated
food bag before being transferred to the laboratory of vegetable production. Then, plants
were immediately transplanted in 10 L pots (one plant per pot) filled with soil or peat
(Klassman–Deilmann KTS2)/perlite (2:1; v/v), irrigated with tap water, and transferred
to the experimental farm of the university of Thessaly, Velestino, Greece. Forty plants
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were used for each substrate (80 plants in total). Physicochemical properties of peat were
as follows: bulk density 0.12 g/cm3, water holding capacity 218.5%, pH 6.0, electrical
conductivity (EC) 0.35 dS/m, organic matter 47.5%, carbon 27.5%, nitrogen 0.14%, C/N
196.8, P 160 mg/L, and K (cmol/kg) 46.03 [32]. Physicochemical properties of soil were
as follows: bulk density 1.07 g/cm3, water holding capacity 49.9%, pH 7.5, electrical
conductivity (EC) 0.14 dS/m, organic matter 2.7%, carbon 1.6%, nitrogen 0.08%, C/N
19.9, P (Olsen) 122 mg/kg, and K (cmol/kg) 0.91 [32]. When regrowth of transplanted
plants took place (approximately 10 days after transplanting), irrigation was implemented
once or twice a week depending on the environmental conditions. Plants remained in the
pots and received only irrigation (no fertilizers) throughout the following growing season
(October 2017–June 2018) and completed their growth cycle (inflorescence formation, seed
production, and senescence) with no harvests taking place. Pots were regularly irrigated
during the summer season and after senescence to induce the regrowth of plants and
to prevent growth substrates from drying out. The next growing season started when
regrowth of established plants took place (at the end of August 2018). After regrowth, plants
were regularly irrigated twice a week, while fertilization started 30 days after regrowth (end
of September 2018) through fertigation. The fertilization treatments and the application
regime, as well as the growing conditions, were described previously by the authors [21].
Briefly, four treatments were applied in each growth substrate (10 pots per treatment):
the control treatment (N0, tap water), 200 ppm (N1), 400 ppm (N2), and 600 ppm (N3) of
total N. Plants were harvested when the rosette of leaves was fully expanded at the end of
November 2018, and batch samples of fresh leaves from each treatment were put in plastic
food bags and stored in freezing conditions immediately after harvest. Then, frozen leaves
were lyophilized, ground to powder, and stored in deep-freezing conditions until further
analysis [20]. Dry weight was determined after oven-drying samples of fresh leaves at
72 ◦C until constant weight (approximately after 48 h) [35].

2.2. Standards and Reagents

HPLC-grade acetonitrile was obtained from Merck KgaA (Darmstadt, Germany).
Formic and acetic acids were purchased from Prolabo (VWR International, Fontenay-
sous-Bois, France). Standards of melezitose, fatty acid methyl esters (FAMEs, reference
standard mixture 3747885-U), Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid), and 2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA); the tocol standard (50 mg/mL) was
acquired from Matreya, Pleasant Gap (State College, PA, USA), and the phenolic compound
standards were from Extrasynthese (Genay, France). Fetal bovine serum (FBS), L-glutamine,
Hank’s balanced salt solution (HBSS), trypsin-EDTA (ethylenediaminetetraacetic acid),
penicillin/streptomycin solution (100 U/mL and 100 mg/mL, respectively), Roswell Park
Memorial Institute RPMI-1640, and Dulbecco’s Modified Eagle Medium (DMEM) media
were from Hyclone (Logan, Utah, USA). Mueller–Hinton agar (MH) and malt agar (MA)
were obtained from the Institute of Immunology and Virology, Torlak (Belgrade, Serbia).
Dimethyl sulfoxide (DMSO) was purchased from Merck KGaA (Darmstadt, Germany).
Phosphate-buffered saline (PBS), acetic acid, ellipticine, sulforhodamine B (SRB), trypan
blue, trichloroacetic acid (TCA), and Tris were from Sigma Chemical Co. (St. Louis, MO,
USA). Ethanol and all other chemicals and solvents were of analytical grade and purchased
from common sources. Water was treated in a Milli-Q water purification system (TGI Pure
Water Systems, Greenville, SC, USA)

2.3. Nutritional Value and Hydrophilic Compounds

The nutritional and energetic values of the lyophilized samples were analyzed for
moisture, protein, fat, and ash contents following the Association of Official Analytical
Chemists (AOAC) procedures [36]. Briefly, the crude protein content (N × 6.25) was
estimated by the macro-Kjeldahl method, the crude fat content was determined by Soxhlet
extraction with petroleum ether, and the ash content was determined by incineration in
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a muffle furnace at 550 ± 15 ◦C. Total carbohydrates were calculated by difference, i.e.,
100 − (g moisture + g protein + g fat + g ash), and the results were expressed as g per 100 g
of fresh weight (fw). The energy value was calculated according to the equation, 4 × (g
protein + g carbohydrates) + 9 × (g fat), and the results were given as kcal per 100 g of fw.

The free sugar profile was characterized in a high-performance liquid chromatography
(HPLC) system coupled to a refraction index (RI) detector, using the internal standard (IS,
melezitose) method as previously described [37]. The identification was made by relating
the retention times of the authentic standards to those of the samples, while quantification
was made by the IS method, with calibration curves constructed with standards. The free
sugar content was expressed in g per 100 g of fw.

The organic acid profile was characterized by ultra-fast liquid chromatography (UFLC)
following a procedure earlier described and optimized by the authors [38]. Detection was
performed in a photodiode array detector (PDA), using 215 nm and 280 nm as preferable
wavelengths. Quantification was performed by comparing the peak area of the samples
with calibration curves constructed using commercial standards. Calibration curves con-
structed using standard compounds were used for quantification. The organic acid content
was expressed in mg per 100 g of fw.

2.4. Lipophilic Compounds

The profile in fatty acid methyl esters (FAMEs) was characterized after trans-esterification
of the lipid fraction obtained by Soxhlet extraction [37] by gas chromatography (GC) with
flame ionization detection (FID), using a YOUNG IN Crhomass 6500 GC System apparatus
equipped with a split/splitless injector, a flame ionization detector (FID), and a Zebron-
Fame column. Identification and quantification were done by comparing the relative
retention times of the FAME peaks of the samples with those of the standard. The Clarity
DataApex 4.0 Software was used for data processing. The results were expressed in relative
percentage of each fatty acid.

The tocopherol profile was characterized following an analytical procedure previously
reported by the authors [37]. A high-performance liquid chromatography (HPLC) system
coupled to a fluorescence detector (FP) programed for excitation at 290 nm and emission at
330 nm was used. The isoform identification was achieved by chromatographic comparison
with authentic standards, and the quantification was based on the fluorescence signal
response of each standard, using the internal standard (tocol) method and calibration
curves constructed using commercial standards. The results were expressed in mg per
100 g of fw.

2.5. Polyphenolic Profile Characterization
2.5.1. Preparation of Hydroethanolic Extracts

The lyophilized plant material was used to prepare hydroethanolic extracts, which
were obtained by stirring the powder (~2.5 g) with 30 mL of ethanol/water (80:20, v/v) at
25 ◦C for 1 h and filtered through Whatman No. 4 paper. The residue was then re-extracted
with an additional 30 mL of the hydroalcoholic mixture. The combined extracts were
concentrated at 40 ◦C under reduced pressure and further lyophilized [37].

2.5.2. Analysis of Phenolic Compounds

Phenolic compounds were analyzed in the hydroethanolic extracts, which were re-
dissolved in ethanol/water (80:20, v/v) to a final concentration of 10 mg/mL, and filtered
thought 0.22 µm disposable filter discs. The analysis was performed in a HPLC system cou-
pled with a diode array detector (DAD, using 280 nm and 370 nm as preferred wavelengths)
and a linear ion trap (LTQ XL) mass spectrometer (MS) equipped with an electrospray
ionization (ESI) source. The separation was made in a Waters Spherisorb S3 ODS-2 C18 col-
umn (3 µm, 4.6 mm × 150 mm). The equipment and operating conditions were previously
described by Bessada et al. [39], as well as the identification and quantification procedures.
The results were expressed as mg per g of plant fw.
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2.6. Bioactivities
2.6.1. Antioxidant and Cytotoxic Activity

The lyophilized extracts prepared above were redissolved in water and subjected
to dilutions. The lipid peroxidation inhibition in porcine brain cell homogenates was
evaluated by the decrease in thiobarbituric acid reactive substances (TBARS) assay; the
color intensity of malondialdehyde–thiobarbituric acid (MDA–TBA) was measured at
532 nm [37]. The results were expressed in EC50 values (µg/mL, sample concentration
providing 50% of antioxidant activity). Trolox was used as a positive control.

The antihemolytic activity of the lyophilized extracts was evaluated by the oxidative
hemolysis inhibition assay (OxHLIA) using red blood cells (RBC) isolated from the blood
of healthy sheep, as described and optimized by the authors [40]. The ∆t values (min)
resulting from the half hemolysis time (Ht50 values) obtained from the hemolytic curves of
each extract sample concentration minus the Ht50 value of the PBS control were correlated to
the respective extract concentration to obtained IC50 values (µg/mL, extract concentration
required to protect 50% of the erythrocyte population from the hemolytic action of AAPH
for 60 min). Trolox was used as a positive control.

A hepatic cell line, designated as PLP2, was used to evaluate the cytotoxicity. The
cytotoxic properties were evaluated in four human tumor cell lines, namely, HeLa (cervical
carcinoma), HepG2 (hepatocellular carcinoma), MCF-7 (breast carcinoma), and NCI-H460
(non-small-cell lung cancer), and a sulforhodamine B colorimetric (SRB) assay was followed.
The positive control was ellipticine. All results were expressed in GI50 values (µg/mL,
sample concentration that inhibited 50% of the net cell growth) [41].

2.6.2. Antimicrobial Activity

The following bacteria strains were used for antimicrobial testing: Staphylococcus aureus
(American Type Culture Collection (ATCC) 11632), Bacillus cereus (food isolate), Escherichia
coli (ATCC 25922), S. typhimurium (ATCC 13311), and Enterobacter cloacae (ATCC 35030); the
following micromycetes were used: Aspergillus fumigatus (ATCC 9197), Aspergillus niger
(ATCC 6275), Aspergillus versicolor (ATCC 11730), Penicillium funiculosum (ATCC 36839),
Trichoderma viride (IAM 5061), and Penicillium verrucosum var. cyclopium (food isolate).

The microdilution method was performed to assess the antimicrobial activity, and the
minimum extract concentrations that completely inhibited bacterial growth (MIC values)
were determined by a colorimetric microbial viability assay, while minimum bactericidal
concentration (MBC values) and minimum fungicidal concentration (MFC) were also
calculated. Streptomycin, ampicillin, ketoconazole, and bifonazole were used as positive
controls, whereas 5% DMSO was used as a negative control [42].

2.7. Statistical Analysis

The experiment was carried out according to a completely randomized design (RCD)
with 10 replications (n = 10) for each treatment. All the chemical composition assays were
performed in three samples, while the assay for each assay was performed in triplicate.
The analysis of the data was carried out with the use of Statgraphics 5.1. plus (Statpoint
Technologies, Inc., Virginia, USA). All the data were treated with two-way ANOVA to
evaluate the effect of growth substrate and nitrogen fertilization regime, and all means
were compared according to Tukey’s honest significance test (HSD) test (p = 0.05).

3. Results and Discussion

The statistical analysis of the data showed a significant interaction between the tested
factors (growth substrate and fertilization regime); therefore, all the means were compared
with each other at the same time.

Table 1 presents the results of nutritional value, where growing plants in peat/perlite
at the rate of 0 and 400 ppm of nitrogen resulted in the highest moisture content in leaves.
On the other hand, growing plants in soil under medium nitrogen fertilization rates
(400 ppm of total N) had a beneficial effect for most nutritional value parameters, e.g.,
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fat (0.53 g/100 g fw), protein (5.28 g/100 fw), and carbohydrate content (8.9 g/100 g fw)
and energetic value (61.4 Kcal/100 g fw), whereas the low fertilization rate (200 ppm
of total N) resulted in the highest ash content (3.92 g/100 g fw) in plants grown in the
same substrate. These increasing trends in fat, protein, and carbohydrate content and
energetic value with increasing nitrogen fertilization rate were also reported in the study
of Petropoulos et al. [21], although they also suggested a significant impact of harvesting
stage. Moreover, similarly to that study, the present results indicate that plants grown in
peat-based substrates are positively affected by increasing nitrogen rates when considering
fat and protein content and energetic value, whereas, in plants grown in soil, the highest
contents were recorded in medium nitrogen rates (400 ppm of N). Karkanis et al. [31] also
indicated the important role of growth substrate composition in proximate composition and
nutritional value of Sanguisorba minor, and they pointed out that commercial cultivation
practices could be practically used as cost-effective means for the improvement of the
quality of the final product.

Table 1 also presents the results related to sugar composition with four individual
compounds identified, including two monosaccharides (glucose and fructose) and two
polysaccharides (sucrose and trehalose), while sucrose was the main detected sugar in
most cases (0.18 to 0.40 g/100 g fw, in the case of the control treatment in peat/perlite-
and soil-grown plants, respectively). Similar compounds were also identified in previous
studies of C. raphanina ssp. mixta plants, although different free sugar profiles were sug-
gested [17,21,43]. In particular, the composition of free sugars in the leaves of the present
study varied depending on the growth substrate and the fertilization rate, although the
control treatment of plants grown in soil was the most abundant in all the individual
sugars (except for trehalose which was the highest in the case of N1 and N2 × soil, and
N0 × peat:perlite treatments) and eventually in total sugars (1.05 g/100 g fw). Petropou-
los et al. [21], who studied the effect of successive harvesting and nitrogen fertilization rate
on the chemical composition of C. raphanina ssp. mixta plants, suggested trehalose as the
main sugar in the leaves of the first harvest, regardless of the nitrogen rate, whereas, in the
second harvest, increased nitrogen rates resulted in increased fructose content, which was
also the case in most of the treatments in our study. Moreover, Kołota et al. [44] suggested
that increasing nitrogen fertilization rates resulted in a decrease in sugar content in Swiss
chard leaf blades, which was also observed in the soil-grown plants of our study. These
findings are in the same line with previous reports which highlight the importance of
harvesting time and/or developmental stage, as well as of the growing medium for sugar
composition in wild or commercially cultivated leafy vegetables [20,29,31,45]. Moreover,
nitrogen source may also affect sugar composition in leafy vegetables [27,43,46], which
could be related to the fact that the fertilization treatments in our study differed not only in
total nitrogen rates but also in the ammonium and nitrate nitrogen ratio.
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Table 1. Nutritional value and hydrophilic compounds of Centaurea raphanina spp. mixta plants in relation to nitrogen fertilization and growth substrate (mean ± SD).

Treatments

N0 Soil N1 Soil N2 Soil N3 Soil N0
Peat/Perlite

N1
Peat/Perlite

N2
Peat/Perlite

N3
Peat/Perlite

Nutritional value (g/100 g fw)
Moisture 84.9 ± 0.6 c 82.4 ± 0.7 e 82.4 ± 0.8 e 83.4 ± 0.5 d 86.4 ± 0.1 a 85.8 ± 0.7 b 86.3 ± 0.4 a 85.6 ± 0.2 b

Fat 0.35 ± 0.01 d 0.37 ± 0.01 c 0.53 ± 0.01 a 0.47 ± 0.01 b 0.31 ± 0.01 e 0.32 ± 0.01 e 0.275 ± 0.003 g 0.293 ± 0.001 f
Proteins 4.08 ± 0.01 e 4.82 ± 0.01 c 5.28 ± 0.01 a 4.92 ± 0.04 b 3.07 ± 0.01 h 4.15 ± 0.01 d 3.19 ± 0.01 g 3.89 ± 0.01 f

Ash 2.53 ± 0.01 c 3.92 ± 0.01 a 2.88 ± 0.05 b 2.93 ± 0.05 b 2.37 ± 0.08 d 2.00 ± 0.02 e 2.05 ± 0.04 e 1.99 ± 0.01 f
Carbohydrates 8.1 ± 0.1 d 8.5 ± 0.1 b 8.9 ± 0.1 a 8.3 ± 0.1 c 7.8 ± 0.1 e 7.7 ± 0.1 e 8.1 ± 0.1 d 8.2 ± 0.1 cd

Energy (kcal/100 g fw) 51.9 ± 0.1 d 56.5 ± 0.1 c 61.4 ± 0.1 a 57.0 ± 0.1 b 46.3 ± 0.2 h 50.4 ± 0.1 f 47.8 ± 0.1 g 51.0 ± 0.1 e

Free sugars (g/100 g fw)
Fructose 0.40 ± 0.02 a 0.238 ± 0.005 d 0.16 ± 0.01 e 0.37 ± 0.01 b 0.18 ± 0.02 e 0.22 ± 0.02 d 0.318 ± 0.001 c 0.212 ± 0.006 d
Glucose 0.292 ± 0.005 a 0.211 ± 0.008 b 0.201 ± 0.005 b 0.159 ± 0.007 c 0.158 ± 0.005 c 0.146 ± 0.003 c 0.198 ± 0.001 b 0.140 ± 0.008 c
Sucrose 0.192 ± 0.006 a 0.049 ± 0.004 f 0.066 ± 0.003 e 0.099 ± 0.001 c 0.079 ± 0.002 d 0.044 ± 0.003 f 0.116 ± 0.002 b 0.128 ± 0.007 b

Trehalose 0.168 ± 0.005 cd 0.199 ± 0.005 a 0.188 ± 0.008 ab 0.168 ± 0.008 cd 0.189 ± 0.009 ab 0.163 ± 0.005 cd 0.152 ± 0.009 d 0.172 ± 0.008 bc
Sum 1.05 ± 0.01 a 0.700 ± 0.005 c 0.62 ± 0.03 d 0.79 ± 0.01 b 0.61 ± 0.03 de 0.58 ± 0.03 e 0.78 ± 0.01 b 0.65 ± 0.03 d

Organic acids (mg/100 g fw)
Oxalic acid 1131 ± 4 d 1265 ± 3 b 1373 ± 3 a 1254 ± 3 c 910 ± 7 h 998 ± 2 f 1007 ± 5 e 932 ± 4 g
Malic acid 925 ± 5 a 272 ± 4 h 816 ± 1 b 554 ± 4 c 318 ± 3 f 295 ± 5 g 375 ± 4 e 480 ± 3 d

Ascorbic acid 0.090 ± 0.004 d 0.230 ± 0.008 a 0.020 ± 0.005 e 0.18 ± 0.01 b 0.100 ± 0.008 d 0.14 ± 0.02 c 0.13 ± 0.01 c 0.20 ± 0.01 b
Citric acid 878 ± 3 c 814 ± 7 d 1045 ± 4 a 756 ± 3 e 597 ± 5 g 578 ± 4 h 665 ± 2 f 1029 ± 1 b

Fumaric acid tr 0.020 ± 0.001 tr tr tr tr tr tr
Sum 2934 ± 6 b 2352 ± 8 e 3234 ± 7 a 2565 ± 4 c 1825 ± 10 h 1871 ± 1 g 2047 ± 4 f 2442 ± 1 d

Tr: traces; N0: control (0 ppm N); N1: 200 ppm N; N2: 400 ppm N; N3: 600 ppm N. Means in the same row followed by different letters are significantly different according to Tukey’s honest significance test HSD
test (p = 0.05).
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Organic acid composition is presented in Table 1. The main detected compound was
oxalic acid, followed by citric and/or malic depending on the treatment, while low amounts
of ascorbic acid were detected. Fumaric acid was only detected in the plants that were
grown in soil and received the low fertilization rate (200 ppm of total N). Moreover, a varied
response to nitrogen application rate and growth substrate was recorded. In particular, the
highest amounts of oxalic and citric acid, as well as of total organic acids, were recorded for
the soil-grown plants that received 400 ppm of N (1373 mg/100 g fw, 1045 mg/100 g fw, and
3234 mg/100 g fw, respectively), while malic acid was the highest for the control treatment
and the same growth substrate (925 mg/100 g fw). When compared to the control, all the
treatment where plants received increased nitrogen rates had higher contents of oxalic acid,
regardless of the growth substrate, which was also reported in the literature, since oxalic
acid is formed by plants during nitrogen assimilation to balance cytoplasm pH [21,31,47].
For the remaining organic acids, no specific trends were observed indicating a complex
effect of nitrogen application rate and growth substrate on organic acids biosynthesis. The
overall organic acid and oxalic acid contents were higher than those reported in studies
carried out by Petropoulos et al. with the same species [17,20,21]. This contradiction could
be explained by the differences in the experimental conditions, since several other factors
could be involved in the biosynthesis of organic acids, such as the developmental stage, the
nutrient solution composition, the harvesting stage, or abiotic stressors, which hinder the
direct comparison with the observed recordings [17,20,48,49]. In any case, special attention
is needed regarding the oxalic acid content, which is considered an antinutritional factor,
and high daily intake could have negative health effects [14,15,50]. Therefore, despite the
beneficial health effects that wild edible species may have, commercial cultivation could
allow the production of final products with known composition and according to health
safety regulations [1].

The analysis of fatty acid composition revealed 18 individual compounds in total,
with palmitic (26.60–47.66%), α-linolenic (14.4%0–32.67%), and linoleic (13.8–24.8%) acids
being the most abundant ones. A similar profile was reported in previous studies regarding
the lipidic fraction of C. raphanina spp. mixta plants, although with different contents
for the individual compounds due to differences in experimental conditions [17,20,21].
Regarding the effect of growth substrate and fertilization regime on fatty acid profile, a
varied response was observed, while the major compound content was the highest in
soil-grown plants and the control or the high nitrogen rate in the case of palmitic and
α-linolenic acids, respectively, or the peat/perlite-grown plants and the high nitrogen
rate in the case of linolenic acid (Table 2). The main fatty acid classes were either the
monounsaturated fatty acids (only in the N0 × soil treatment due to the high palmitic
acid content) or the polyunsaturated ones (in the rest of the treatments), indicating the
significant impact of both growth substrate and fertilization regime, as already reported
in previous studies [21,31]. However, the study of Petropoulos et al. [21] also highlighted
the importance of harvesting stage on the fatty acid composition of C. raphanina spp. mixta
plants that were cultivated under different nitrogen fertilization rates. On the other hand,
the highest ratio of polyunsaturated fatty acids/saturated fatty acids was recorded for
the N3 × peat:perlite treatment due to the high content of α-linolenic acid, while, in all
the tested treatments (except for the N0 × soil), the ratio values were higher than 0.45,
indicating an improvement of nutritional value as the result of nitrogen fertilization [17,51].
Similarly, the ratio values of omega-6 (n6)/omega-3(n3) fatty acids were lower than 4.0 in all
the tested treatments, suggesting a beneficial effect for the healthy fat composition [17,51].



Agronomy 2021, 11, 576 9 of 18

Table 2. Chemical composition with regard to lipophilic compounds of the studied Centaurea raphanina (%) (mean ± SD).

Treatments

N0 Soil N1 Soil N2 Soil N3 Soil N0 Peat/Perlite N1 Peat/Perlite N2 Peat/Perlite N3 Peat:/Perlite

Fatty acids (%)
C8:0 1.52 ± 0.03 e 0.125 ± 0.001 f 0.21 ± 0.02 b 0.173 ± 0.006 c 0.15 ± 0.01 e 0.26 ± 0.02 a 0.089 ± 0.001 g 0.16 ± 0.01 d
C10:0 0.781 ± 0.008 a 0.227 ± 0.009 d 0.220 ± 0.004 e 0.246 ± 0.008 c 0.28 ± 0.02 b 0.22 ± 0.01 e 0.108 ± 0.005 g 0.173 ± 0.007 f
C11:0 1.90 ± 0.02 a 0.38 ± 0.02 f 0.27 ± 0.03 h 0.73 ± 0.07 d 0.85 ± 0.03 c 1.01 ± 0.09 b 0.30 ± 0.01 g 0.63 ± 0.04 e
C12:0 0.396 ± 0.006 b 0.314 ± 0.001 e 0.328 ± 0.008 d 0.35 ± 0.03 c 0.43 ± 0.01 a 0.27 ± 0.02 f 0.111 ± 0.003 h 0.18 ± 0.01 g
C14:0 4.25 ± 0.04 b 4.47 ± 0.03 a 1.33 ± 0.06 d 1.17 ± 0.06 e 2.84 ± 0.04 c 1.36 ± 0.05 d 0.874 ± 0.009 f 0.58 ± 0.01 g
C14:1 nd 0.58 ± 0.01 a 0.269 ± 0.004 b 0.212 ± 0.008 c 0.185 ± 0.001 d 0.19 ± 0.01 d 0.077 ± 0.003 e 0.083 ± 0.004 e
C15:0 0.91 ± 0.02 a 0.42 ± 0.02 d 0.53 ± 0.02 b 0.47 ± 0.02 c 0.470 ± 0.001 c 0.53 ± 0.01 b 0.411 ± 0.004 d 0.418 ± 0.005 d
C16:0 47.66 ± 0.09 a 26.6 ± 0.7 g 31.33 ± 0.03 c 29.7 ± 0.2 f 32.3 ± 0.4 b 30.8 ± 0.3 d 30.19 ± 0.01 e 30.0 ± 0.3 f
C17:0 0.95 ± 0.04 a 0.54 ± 0.01 de 0.59 ± 0.02 b 0.566 ± 0.007 bc 0.55 ± 0.03 cd 0.534 ± 0.001 e 0.324 ± 0.004 g 0.490 ± 0.004 f
C18:0 6.28 ± 0.08 a 3.78 ± 0.07 e 3.84 ± 0.06 e 4.35 ± 0.06 c 4.44 ± 0.01 c 4.68 ± 0.07 b 4.05 ± 0.01 d 3.20 ± 0.03 f

C18:1 n9 c 1.85 ± 0.05 f 3.91 ± 0.03 b 2.32 ± 0.02 d 2.26 ± 0.02 d 2.09 ± 0.01 e 4.02 ± 0.01 a 3.52 ± 0.01 c 2.26 ± 0.02 d
C18:2 n6 c 13.8 ± 0.4 e 23.5 ± 0.2 c 23.5 ± 0.2 c 22.46 ± 0.02 d 23.7 ± 0.1 c 24.0 ± 0.5 c 26.8 ± 0.2 b 28.0 ± 0.4 a
C18:3 n3 14.4 ± 0.1 f 30.2 ± 0.3 c 30.68 ± 0.05 b 32.67 ± 0.05 a 27.4 ± 0.2 e 27.79 ± 0.03 e 29.3 ± 0.3 d 29.48 ± 0.09 d

C20:0 1.13 ± 0.01 a 0.87 ± 0.03 b 0.74 ± 0.03 c 0.72 ± 0.01 c 0.68 ± 0.03 d 0.732 ± 0.008 c 0.435 ± 0.004 e 0.74 ± 0.02 c
C21:0 0.274 ± 0.001 c 0.28 ± 0.02 c 0.27 ± 0.02 c 0.31 ± 0.01 b 0.394 ± 0.005 a 0.21 ± 0.02 d 0.171 ± 0.009 e 0.27 ± 0.01 c
C22:0 1.71 ± 0.02 a 1.54 ± 0.02 b 1.19 ± 0.08 e 1.43 ± 0.01 c 1.1 ± 0.1 f 1.24 ± 0.01 d 1.24 ± 0.02 d 1.51 ± 0.07 b
C23:0 0.90 ± 0.01 a 0.48 ± 0.02 c 0.52 ± 0.02 b 0.52 ± 0.01 b 0.47 ± 0.01 c 0.506 ± 0.003 b 0.385 ± 0.002 e 0.45 ± 0.01 d
C24:0 1.34 ± 0.03 e 1.77 ± 0.08 b 1.83 ± 0.01 a 1.7 ± 0.2 c 1.70 ± 0.02 c 1.7 ± 0.1 c 1.61 ± 0.01 d 1.38 ± 0.01 e

SFA 70.0 ± 0.2 a 41.8 ± 0.5 f 43.2 ± 0.2 d 42.40 ± 0.07 e 46.6 ± 0.3 b 44.0 ± 0.5 c 40.30 ± 0.04 g 40.2 ± 0.2 g
MUFA 1.85 ± 0.05 g 4.48 ± 0.02 a 2.59 ± 0.02 d 2.47 ± 0.01 e 2.27 ± 0.01 f 4.21 ± 0.02 b 3.60 ± 0.01 c 2.3 ± 0.02 f
PUFA 28.2 ± 0.3 h 53.7 ± 0.5 e 54.2 ± 0.2 d 55.13 ± 0.08 c 51.1 ± 0.3 g 51.8 ± 0.5 f 56.10 ± 0.05 b 57.5 ± 0.3 a

PUFA/SFA 0.40 ± 0.01 h 1.28 ± 0.05 de 1.25 ± 0.02 e 1.30 ± 0.07 cd 1.09 ± 0.3 g 1.18 ± 0.05 f 1.39 ± 0.04 b 1.43 ± 0.03 a
n6/n3 0.96 ± 0.25 a 0.78 ± 0.15 d 0.77 ± 0.15 d 0.69 ± 0.03 e 0.86 ± 0.01 c 0.86 ± 0.04 c 0.91 ± 0.15 b 0.95 ± 0.18 a

Tocopherols (mg/100 g fw)
α-Tocopherol 0.046 ± 0.003 e 0.056 ± 0.001 d 0.063 ± 0.002 d 0.056 ± 0.003 d 0.036 ± 0.002 f 0.121 ± 0.004 a 0.078 ± 0.001 c 0.110 ± 0.002 b
γ-Tocopherol 0.151 ± 0.006 c 0.17 ± 0.01 b 0.086 ± 0.001 e 0.143 ± 0.001 d 0.069 ± 0.002 e 0.199 ± 0.001 a 0.042 ± 0.002 f 0.069 ± 0.008 e

Sum 0.200 ± 0.007 c 0.23 ± 0.01 b 0.150 ± 0.001 e 0.200 ± 0.001 c 0.100 ± 0.001 g 0.320 ± 0.001 a 0.120 ± 0.001 f 0.18 ± 0.01 d

N0: control (0 ppm N); N1: 200 ppm N; N2: 400 ppm N; N3: 600 ppm N; nd: not determined. Means in the same row followed by different letters are significantly different according to Tukey’s HSD test
(p = 0.05). Caprylic acid (C8:0); capric acid (C10:0); undecylic acid (C11:0); lauric acid (C12:0); myristic acid (C14:0); pentadecylic acid (C15:0); palmitic acid (C16:0); margaric acid (C17:0); stearic acid (C18:0); oleic
acid (C18:1n9); linoleic acid (C18:2n6c); α-linolenic acid (C18:3n3); arachidic acid (C20:0); heneicosylic acid (C21:0); behenic acid (C22:0); tricosylic acid (C23:0); lignoceric acid (C24:0); SFA: saturated fatty acids;
MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; n6/n3: omega-6/omega-3 fatty acids.
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Tocopherol composition is presented in Table 2, with only two vitamin E isoforms (α-
and γ-tocopherol) being identified in the studied samples. Interestingly, γ-tocopherol was
the most abundant compound in all samples (0.042 to 0.199 mg/100 g fw), especially in
peat/perlite-grown plants that received the low nitrogen rate (200 ppm; 0.199 mg/100 g fw).
The same treatment was also the richest in α-tocopherol (0.121 mg/100 g fw) and apparently
in total tocopherol content (0.32 mg/100 g fw). Similarly to our study, several other reports
suggested α- and γ-tocopherols as the main vitamin E isomers in the species [17,20,21],
although they indicated α-tocopherol as the main compound instead of γ-tocopherol,
and they also recorded significantly higher amounts of individual and total tocopherols
compared to the present study. This contradiction should be associated partly with the
developmental stage of plants at harvesting time, as well as with the fact that plant material
was received from wild plants which were transplanted and cultivated under the tested
conditions. According to the literature, α-tocopherols are involved in the antioxidant
mechanisms of plants [52]; therefore, it seems that wild C. raphanina ssp. mixta plants
that have already formed large taproots before transplantation are less prone to stressful
conditions than seedlings, and the antioxidant mechanisms were not induced under the
tested conditions [17]. Moreover, the recent study of Cruz et al. [53] suggested that the
increased nitrogen inputs resulted in a decrease in tocopherol content in green and red
basil leaves, and that the availability of nitrogen, whether in excess or in deficit, may
regulate tocopherol biosynthesis. The connecting link between nitrogen fertilization and
tocopherol content seems to be amino-acid and purine biosynthesis which are the main
precursors of vitamins [54]. However, apart from the varied response of tocopherol content
to fertilization rate, the importance of growth substrate for the chemical composition
of leaves also needs to be pointed out, since, according to the literature, it may affect
tocopherol composition [31].

The data related to the phenolic compound identification and quantification are pre-
sented in Tables 3 and 4, respectively. Twelve O-glycosylated phenolic compounds were
identified in all the tested samples including five flavonols, five flavanones, and two
flavones (Table 3). These findings are in agreement with previous works on the same
species which suggested a similar phenolic compound profile [17,20,31], while an exten-
sive description of the specific compounds has been suggested in other species of the
genus [55,56]. The major detected compounds were peaks 9 and 12, namely, pinocembrim
neohesperidoside and pinocembrim acetyl neohesperidoside isomer II, a finding which
agrees with the results of Petropoulos et al. [17,20,21], who studied the effect of nitrogen
application rate and saline conditions, as well as the chemical composition of wild and
transplanted C. raphanina ssp. mixta plants. It is interesting to mention that, in the study of
Petropoulos et al. [17], wild plants showed a different profile, with pinocembrim neohes-
peridoside and pinocembrim acetyl neohesperidoside isomer I being the major compounds,
indicating a significant effect of agronomic practices on phenolic compound composition.
Regarding the effect of nitrogen application rates and growth substrates tested in our
study, the highest content of the major compounds (peaks 9 and 12) was recorded for
the soil-grown plants that received 200 ppm of nitrogen, while the same combination of
treatments resulted in an increase in compounds 4, 5, 6, 7, and 11. On the other hand,
compounds 1, 2, and 3 were the most abundant for the N2 × peat/perlite treatment and
compounds 8 and 10 for the N1 × peat/perlite treatment. Flavanones were the most
abundant class of phenolic compounds, accounting for 83.6% to 94.7% of total phenolic
compounds in the N2 × peat/perlite and N0 × petta/perlite treatments, respectively.
Moreover, the highest content of total flavanones (Tflav), total flavones (Tflavones), and
total phenolic compounds (TPC) was recorded for the N1 × soil treatment, while total
flavonol content was the highest for the N2 × peat/perlite treatment. Similarly to our
study, Petropoulos et al. [17,20,21] also suggested flavanones as the major polyphenols in C.
raphanina ssp. mixta plants grown in various agronomic conditions, while they suggested
that successive harvesting and abiotic stress (saline conditions) may affect the total phenolic
compound content, as well as the individual compound composition, resulting in varied
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profiles of polyphenols. Considering the bioactive properties of polyphenols, the use of
cost-effective cultivation practices that may regulate their composition could be a helpful
means toward an increase in the quality and the beneficial health effects of the species.

Table 3. Retention time (Rt), wavelengths of maximum absorption in the visible region (λmax), mass spectral data, and
tentative identification of the phenolic compounds present in the extracts of Centaurea raphanina spp. mixta plants.

Peak Rt (min) λmax (nm) [M − H]− (m/z) MS2 (m/z) Tentative Identification

1 14.16 349 493 317 (100) Myricetin-O-hexoside
2 18.1 344 477 301 (100) Quercetin-3-O-glucoside
3 18.63 334 461 285 (100) Kaempherol-O-glucuronide
4 20.4 334 579 285 (100) Kaempherol-O-hexosyl-pentoside
5 22.14 334 563 269 (100) Apigenin-O-hexosyl-pentoside
6 22.9 334 445 269 (100) Apigenin-O-glucuronide
7 25.44 332 665 621 (100), 285 (45) Kaempherol-O-malonyl-pentoside

8 28.28 286/326 549 429 (12), 297 (14),
279 (5), 255 (41) Pinocembrim arabirosyl glucoside

9 29.47 286/326 563 443 (12), 401 (5),
297 (21), 255 (58) Pinocembrim neohesperidoside

10 31.39 288/328 591
549 (30), 429 (20),
297 (15), 279 (5),

255 (32)

Pinocembrim acetylarabirosyl
glucoside

11 31.79 285/326 605
563 (12), 545 (5),
443 (30), 401 (10),

255 (40)

Pinocembrim acetyl
neohesperidoside isomer I

12 32.14 286/328 605
563 (10), 545 (5),
443 (28), 401 (9),

255 (39)

Pinocembrim acetyl
neohesperidoside isomer II

The antioxidant activity of leaf extracts was determined using two different assays,
namely, TBARS and OxHLIA, and the results are presented in Table 5. The use of cell-
based assays was selected since they can provide more useful information regarding target
compounds that may have antioxidant effects at a subcellular level, compared to traditional
spectrophotometric in vitro assays [57]. A varied response was observed, and the highest
activity was recorded for the plants grown in peat/perlite substrate and the high nitrogen
rate (600 ppm of N) in the case of OxHLIA assay or the control and the low nitrogen rate
(0 and 200 ppm of N) in the case of TBARS assay. Contrasting results were reported in
a previous study by Petropoulos et al. [21], where C. raphanina ssp. mixta plants were
grown in the same peat/perlite substrate and received the same nitrogen treatments as
in the present study. In particular, in that study, the plant of the second harvest showed
the highest activity in the OxHLIA assay, especially the treatment that did not receive
nitrogen fertilization, while the highest activity in the TBARS assay was recorded for plants
that received 600 ppm of N at the same harvest. Therefore, despite the similar treatments
for both studies, the observed differences could be attributed to the plant material used
(plants started from seeds vs. transplanted wild plants), as well as to the fact that plants
in our study were harvested only once and in different seasons compared to the previous
study. According to Petropoulos et al. [30], successive harvesting and harvesting season
may affect the antioxidant activity of plant matrices, while the developmental stage or the
propagational material (seeds or transplanted wild plants) may also affect the response of
plant extracts to various assays that determine antioxidant activity [17,29].
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Table 4. Quantification (mg/g of plant fresh weight (fw)) of the phenolic compounds present in the extracts of Centaurea raphanina spp. mixta plants in relation to nitrogen fertilization and
growth substrate (mean ± SD).

Peaks

Treatments 1 2 3 4 5 6 7 8 9 10 11 12 Tfols Tflavones Tflav TPC

N0 soil 0.088 ±
0.002 f

0.019 ±
0.001 g

0.041 ±
0.003 e

0.027 ±
0.004 d

0.03 ±
0.004 d

0.03 ±
0.01 c

0.018 ±
0.001 d tr 0.9 ± 0.1

cd
0.04 ±
0.002 f

0.052 ±
0.004 d

0.43 ±
0.02 d

0.192 ±
0.001 g

0.057 ±
0.001 e

1.5 ± 0.1
e

1.7 ± 0.1
e

N1 soil 0.113 ±
0.002 b

0.025 ±
0.001 c

0.057 ±
0.001 b

0.034 ±
0.004 a

0.04 ±
0.001 a

0.035 ±
0.003 a

0.027 ±
0.004 a

0.067 ±
0.001 b

1.4 ± 0.1
a

0.127 ±
0.001 c

0.13 ±
0.01 a

1.4 ± 0.1
a

0.255 ±
0.001 b

0.075 ±
0.001 a

3.0 ± 0.1
a

3.4 ± 0.1
a

N2 soil 0.104 ±
0.003 d

0.021 ±
0.001 f

0.042 ±
0.001 e

0.028 ±
0.003 c

0.04 ±
0.002 a

0.033 ±
0.001 b

0.021 ±
0.001 b tr 1.06 ±

0.02 c
0.034 ±
0.003 g

0.058 ±
0.002 c

0.43 ±
0.02 d

0.216 ±
0.001 f

0.073 ±
0.002 a

1.6 ± 0.1
e

1.9 ± 0.1
de

N3 soil 0.103 ±
0.001 d

0.022 ±
0.003 e

0.047 ±
0.003 d

0.029 ±
0.001 b

0.035 ±
0.002 b

0.03 ±
0.001 c

0.021 ±
0.001 b tr 1.2 ± 0.1

bc
0.031 ±
0.002 g

0.062 ±
0.004 c

0.7 ± 0.1
c

0.223 ±
0.001 e

0.065 ±
0.001 c

1.9 ± 0.2
bc

2.2 ± 0.2
bc

N0
peat/perlite

0.095 ±
0.004 e

0.021 ±
0.003 f

0.045 ±
0.001 d

0.027 ±
0.001 d

0.03 ±
0.002 d

0.029 ±
0.002 c

0.019 ±
0.001 c

0.036 ±
0.004 c

1.1 ± 0.1
bc

0.102 ±
0.003 d

0.084 ±
0.01 b

0.39 ±
0.01 d

0.232 ±
0.001 d

0.061 ±
0.001 d

1.8 ± 0.1
cd

1.9 ± 0.1
de

N1
peat/perlite

0.108 ±
0.004 c

0.023 ±
0.002 d

0.047 ±
0.001 d

0.026 ±
0.004 d

0.029 ±
0.001 d

0.028 ±
0.001 d

0.021 ±
0.002 b

0.096 ±
0.002 a

0.85 ±
0.03 d

0.344 ±
0.001 a nd 0.299 ±

0.003 e
0.226 ±
0.001 e

0.057 ±
0.001 e

1.59 ±
0.03 e

1.87 ±
0.03 de

N2
peat/perlite

0.114 ±
0.001 a

0.027 ±
0.004 a

0.069 ±
0.002 a

0.027 ±
0.001 d

0.036 ±
0.002 b

0.033 ±
0.001 b

0.021 ±
0.001 b

0.06 ±
0.01 b

1.1 ± 0.1
bc

0.196 ±
0.002 b nd 0.31 ±

0.004 e
0.258 ±
0.001 a

0.069 ±
0.001 b

1.69 ±
0.02 de

2.02 ±
0.02 cd

N3
peat/perlite

0.108 ±
0.001 c

0.026 ±
0.002 b

0.053 ±
0.002 c

0.03 ±
0.001 b

0.032 ±
0.001 c

0.026 ±
0.003 e

0.021 ±
0.002 b

0.001 ±
0.0001 d

1.3 ± 0.2
ab

0.073 ±
0.003 e nd 0.8 ± 0.1

b
0.238 ±
0.003 c

0.058 ±
0.001 e

2.1 ± 0.3
b

2.4 ± 0.3
b

Tr—traces; nd—not detected; N0: control (0 ppm N); N1: 200 ppm N; N2: 400 ppm N; N3: 600 ppm N. Tfols: total flavonols; Tflav: total flavanones; Tflavone: total flavones. Means in the same column
followed by different letters are significantly different according to Tukey’s HSD test (p = 0.05). Standard calibration curves used for quantification: apigenin-7-O-glucoside (y = 10,683x − 45,794, R2 = 0.996,
limit of detection (LOD) = 0.10 µg/mL and limit of quantification (LOQ) = 0.53 µg/mL, peaks 5 and 6); myrcetin (y = 23,287x − 581,708, R2 = 0.9988, LOD = 0.23 µg/mL and LOQ = 0.78 µg/mL, peak 1);
naringenin (y = 18,433x + 78,903, R2 = 0.9998, LOD = 0.17 µg/mL and LOQ = 0.81 µg/mL, peaks 8, 9, 10, 11, and 12); and quercetin-3-O-glucoside (y = 34,843x − 160,173, R2 = 0.9998, LOD = 0.21 µg/mL and
LOQ = 0.71 µg/mL, peaks 2, 3, 4, and 7).
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Table 5. Antioxidant activity, cytotoxicity and antitumor activity of Centaurea raphanina spp. mixta plants in relation to
nitrogen fertilization and growth substrate (mean ± SD).

Treatments

N0 Soil N1 Soil N2 Soil N3 Soil N0
Peat/Perlite

N1
Peat/Perlite

N2
Peat/Perlite

N3
Peat/Perlite

Antioxidant activity
OxHLIA (IC50; µg/mL);

∆t = 60 min 280 ± 8 b 327 ± 9 a 108 ± 8 f 159 ± 11 c 163 ± 8 c 136 ± 6 d 116 ± 7 e 43 ± 3 g

TBARS (EC50, µg/mL) 87 ± 2 a 41 ± 1 d 64 ± 4 b 58 ± 2 c 18.4 ± 0.7 f 19.2 ± 0.8 f 57 ± 3 c 38 ± 1 e

Cytotoxicity to non-tumor cell lines (GI50 values µg/mL)
PLP2 350 ± 10 >400 >400 >400 >400 >400 >400 >400

Cytotoxicity to tumor cell lines (GI50 values µg/mL)
HeLa 211 ± 4 g >400 249 ± 15 d 237 ± 10 e 259 ± 25 c 223 ± 11 f 266 ± 24 b 288 ± 13 a

HepG2 325 ± 22 a >400 >400 253 ± 12 c 301 ± 3 b 330 ± 12 a 247 ± 14 c 333 ± 13 a
MCF-7 296 ± 20 b >400 >400 331 ± 16 a 278 ± 11 c >400 >400 274.8 ± 0.4 d

NCI-H460 316 ± 26 a >400 >400 283 ± 22 b 266 ± 10 c 255 ± 10 d 249 ± 10 e >400

EC50: extract concentration corresponding to a 50% of antioxidant activity. Trolox EC50 values: 23 µg/mL (thiobarbituric acid reactive
substances (TBARS) inhibition) and 19.6 µg/mL (oxidative hemolysis inhibition assay (OxHLIA) ∆t = 60 min). GI50 values correspond to
the sample concentration responsible for 50% inhibition of growth in tumor cells or in a primary culture of liver cells-PLP2. GI50 values
for ellipticine (positive control): 1.2 µg/mL (MCF-7), 1.0 µg/mL (NCI-H460), 0.91 µg/mL (HeLa), 1.1 µg/mL (HepG2), and 2.3 µg/mL
(PLP2). N0: control (0 ppm N); N1: 200 ppm N; N2: 400 ppm N; N3: 600 ppm N. Means in the same row followed by different letters are
significantly different according to Tukey’s HSD test (p = 0.05).

Cytotoxic effects are presented in Table 5, where only the control treatment of soil
grown plants showed a mild toxicity against porcine liver primary culture cell lines
(350 µg/mL). Moreover, the same treatment was the most efficient against cervical car-
cinoma cell lines (211 µg/mL), while the N3 soil and N2 peat/perlite treatments were
the most effective against HepG2 cell lines (253 and 247 µg/mL, respectively). Lastly, the
N3 and N2 treatments of peat/perlite-grown plants had the lowest GI50 values against
breast carcinoma and non-small-cell lung cancer cell lines (274.8 µg/mL and 249 µg/mL,
respectively). Contrasting results were reported in previous studies where C. raphanina
ssp. mixta plants were tested under different agronomic practices [17,19–21]. In particular,
wild plants (transplanted or collected in the wild) showed similar mild toxic effects against
PLP2 cell lines, whereas plants grown from seeds that were subjected to different nitrogen
application rates or saline conditions did not show such effects. Similarly, the same studies
also showed a varied response against tumor cell lines, depending on the propagational
material and the agronomic practices tested. These findings indicate that cytotoxic effects
should be attributed to various compounds whose biosynthesis is up- or downregulated
depending on the growing conditions and agronomic practices. Lastly, the extraction
protocol may also affect the phytochemical composition of the obtained extracts and result
in variable cytotoxic effects against tumor and non-tumor cell lines [55,58,59].

The antimicrobial properties of the tested extracts are presented in Table 6. None
of the studied extracts exhibited higher antibacterial activity than the positive controls
used (streptomycin, ampicillin), a finding that is in agreement with previous reports for
the species [17,20,21], which further justifies its mild effectiveness against specific bacteria
(Table 6). Moreover, the comparison of the treatments showed significant differences and a
varied effectiveness depending on the bacteria and the growth substrate × nitrogen rate
treatment. In particular, the soil-grown plants that received 0 or 400 ppm of N were the most
effective against Staphylococcus aureus and Listeria monocytogenes, while the same treatments
and the control treatment of peat/perlite-grown plants were the most effective against
Enterobacter cloacae. Lastly, most of the growth substrate × nitrogen combinations showed
similar effectiveness against Bacillus cereus, Escherichia coli, and Salmonella typhimurium.
This variability in the antibacterial activity of C. raphanina ssp. mixta leaf extracts was also
reported in other studies, where the effect of nitrogen rate [17] or growing conditions [20,21]
was clearly indicated. Moreover, Karkanis et al. [31] highlighted the impact that growth
substrate may have on the antibacterial effects of Sanguisorba minor extracts, suggesting
that changes in phytochemical content and composition could be the main reason for
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these findings. The studies of Ćirić et al. [60] and Tekeli et al. [61] identified sesquiterpene
lactones as the compounds responsible for the antibacterial activities of the Centaurea genus,
while Mikropoulou et al. [19] indicated pinocembrin as the major phytochemical with
significant bioactive properties.

Table 6. Antibacterial activity (MIC and MBC mg/mL) and antifungal activity (MIC and MFC mg/mL) of Centaurea
raphanina spp. mixta plants in relation to nitrogen fertilization and growth substrate (mean ± SD).

Treatments Antibacterial
Activity S. aureus B. cereus L. monocyto-

genes E. coli S.
typhimurium E. cloacae

N0 soil
MIC 0.5 0.5 1 0.5 1 1
MBC 1 1 2 1 2 2

N1 soil
MIC 1 1 2 0.5 2 2
MBC 2 2 4 1 4 4

N2 soil
MIC 0.5 0.5 1 1 1 1
MBC 1 1 2 2 2 2

N3 soil
MIC 1 0.5 2 0.5 2 2
MBC 2 1 4 1 4 4

N0 peat/perlite MIC 1 0.5 2 1 1 1
MBC 2 1 4 2 2 2

N1 peat/perlite MIC 1 0.5 2 0.5 2 2
MBC 2 1 4 1 4 4

N2 peat/perlite MIC 1 0.5 2 0.5 1 2
MBC 2 1 4 1 2 4

N3 peat/perlite MIC 1 0.5 2 0.5 1 2
MBC 2 1 4 1 2 4

Streptomycin MIC 0.1 0.025 0.15 0.1 0.1 0.025
MBC 0.2 0.05 0.3 0.2 0.2 0.05

Ampicillin MIC 0.1 0.1 0.15 0.15 0.1 0.1
MBC 0.15 0.15 0.3 0.2 0.2 0.15

Antifungal
Activity

Aspergillus
fumigatus

Aspergillus
niger

Aspergillus
versicolor

Penicillium
funiculosum

Trichoderma
viride

Penicillium
verrucosum

var.
cyclopium

N0 soil MIC 0.5 0.5 0.5 0.12 0.12 0.12
MFC 1 1 1 0.25 0.25 0.25

N2 soil MIC 0.5 0.5 0.5 0.5 0.25 0.25
MFC 1 1 1 1 0.5 0.5

N3 soil MIC 0.5 0.5 0.5 0.5 0.25 0.25
MFC 1 1 1 1 0.5 0.5

N0 peat/perlite MIC 0.5 0.5 0.5 0.25 0.12 0.25
MFC 1 1 1 0.5 0.25 0.5

N1 peat/perlite MIC 0.25 0.5 0.5 0.5 0.25 0.25
MFC 0.5 1 1 1 0.5 0.5

N2 peat/perlite MIC 0.5 0.5 0.5 0.25 0.12 0.12
MFC 1 1 1 0.5 0.25 0.25

N3 peat/perlite MIC 0.25 0.5 0.5 0.5 0.12 0.12
MFC 0.5 1 1 1 0.25 0.25

Streptomycin MIC 0.15 0.15 0.1 0.2 0.15 0.1
MFC 0.2 0.2 0.2 0.25 0.2 0.2

Ampicillin MIC 0.2 0.2 0.2 0.2 1 0.2
MFC 0.5 0.5 0.5 0.5 1.5 0.3

MIC—minimal inhibition concentration; MBC—minimal bactericidal concentration; MFC—minimal fungicidal concentration; N0: control
(0 ppm N); N1: 200 ppm N; N2: 400 ppm N; N3: 600 ppm N.

On the other hand, the results of the antifungal properties were more promising than
the antibacterial ones since specific treatments were equally effective to or more effective
than the tested controls (bifonazole, ketoconazole; Table 6). In particular, the N0 × soil
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treatment exhibited the highest minimal inhibition concentration (MIC) values when
compared to the remaining treatments or the positive controls, while the values of minimal
fungicidal concentration for the same treatment were equal to bifonazole. Similarly, the
MIC values of the N0 × soil, and N0, N1, and N3 × peat/perlite treatments against
Trichoderma viride were higher than the positive controls and the remaining treatments.
For the remaining tested fungi (Aspergilus fumigatus, A. niger, A. versicolor, and Penicillium
verrucosum var. cyclopium), the MIC and MFC values or the treatments were lower than the
positive controls indicating mild antifungal activity. When comparing the tested treatments
with each other, the N1 and N3× peat/perlite treatments were the most effective against A.
fumigatus, while the N0 × soil and N2, N3 × peat:perlite treatments were the most effective
combinations against Penicillium verrucosum var. cyclopium. Lastly, no significant differences
were observed among the tested treatments with regard to their efficiency against A. niger
and A. versicolor. The effectiveness of C. raphanina ssp. mixta extracts against T. viride has
also been confirmed in the literature in several studies [17,18,20,21], while Panagouleas
et al. [18] suggested the effectiveness of wild C. raphanina ssp. mixta plants against many
other fungi due to the high content of extracts in cnicin and flavonoids [18].

4. Conclusions

In conclusion, the present results suggest that the application of cost-effective practices
such as the nitrogen application and the selection of growth substrate may regulate the
chemical composition and the bioactive properties of C. raphanina ssp. mixta species and
increase its added value under commercial cultivation conditions. For most parameters,
the application of up to 400 ppm of total nitrogen in soil- and/or peat/perlite-grown plants
was beneficial to specific compounds, whereas the highest nitrogen rate was beneficial for
α-linolenic and linoleic acid content and the antioxidant (OxHLIA) and cytotoxic activity
against breast carcinoma cell lines. Therefore, this variable response observed for the tested
parameters indicates that the proper selection of nitrogen application rates and growing
medium may regulate targeted compounds such as tocopherols, polyphenols, organic acids,
and free sugars and improve the bioactive properties of the species. Moreover, considering
the work already published in the literature in wild and cultivated plants, the research
with various ecotypes of C. raphanina ssp. mixta could allow the selection of elite genotypes
with high potential for the commercial exploitation of this valuable species. Another aspect
to be considered for future research is the effect of nutrient solution composition and the
ratio of ammonium to nitrate nitrogen in the nutrient solution, focusing on reducing the
high oxalic acid content of the domesticated species.

Author Contributions: Conceptualization, S.A.P.; methodology, Â.F., M.I.D., C.P., R.C.C., and M.I.;
software, Â.F., M.I.D., C.P., R.C.C., and M.I.; validation, Â.F., M.I.D., C.P., R.C.C., and M.I.; formal
analysis, Â.F., M.I.D., C.P., R.C.C., and M.I.; investigation, Â.F., M.I.D., C.P., R.C.C., and M.I.; resources,
S.A.P., L.B., and M.D.S.; data curation, Â.F., M.I.D., C.P., R.C.C., and M.I.; writing—original draft
preparation, S.A.P., Â.F., and M.I.D.; writing—review and editing, S.A.P., L.B., I.C.F.R.F., and M.D.S.;
visualization, S.A.P.; supervision, S.A.P., L.B., and M.D.S.; project administration, S.A.P., L.B., and
M.D.S. All authors have read and agreed to the published version of the manuscript.

Funding: The authors are grateful to the Foundation for Science and Technology (FCT, Portugal)
for financial support by national funds FCT/MCTES to CIMO (UIDB/00690/2020) and national
funding by FCT, P.I., through the institutional scientific employment program—contract for L. Barros,
A. Fernandes, M.I. Dias, C. Pereira, and R.C. Calhelha, and to the European Regional Development
Fund (ERDF) through the Regional Operational Program North 2020, within the scope of Project
GreenHealth: Norte-01-0145-FEDER-000042.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available upon request.

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



Agronomy 2021, 11, 576 16 of 18

References
1. Chatzopoulou, E.; Carocho, M.; Di Gioia, F.; Petropoulos, S.A. The beneficial health effects of vegetables and wild edible greens:

The case of the mediterranean diet and its sustainability. Appl. Sci. 2020, 10, 9144. [CrossRef]
2. Food and Agriculture Organization. Plant Genetic Resources, Use Them or Lose Them; FAO: Rome, Italy, 2005.
3. Gollin, D. Conserving genetic resources for agriculture: Economic implications of emerging science. Food Secur. 2020, 12, 919–927.

[CrossRef]
4. Bharucha, Z.; Pretty, J. The roles and values of wild foods in agricultural systems. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2010, 365,

2913–2926. [CrossRef] [PubMed]
5. Petrillo, P.L. Sustainable diets and biodiversity. In Sustainable Diets and Biodiversity. Directions and Solutions for Policy, Research and

Action; Burlingame, B., Dernini, S., Eds.; FAO: Rome, Italy, 2012; p. 309. ISBN 978-92-5-107288-2.
6. Costa, R.; Albergamo, A.; Pellizzeri, V.; Dugo, G. Phytochemical screening by LC-MS and LC-PDA of ethanolic extracts from the

fruits of Kigelia africana (Lam.) Benth. Nat. Prod. Res. 2017, 31, 1397–1402. [CrossRef] [PubMed]
7. Costa, R.; Salvo, A.; Rotondo, A.; Bartolomeo, G.; Pellizzeri, V.; Saija, E.; Arrigo, S.; Interdonato, M.; Trozzi, A.; Dugo, G.

Combination of separation and spectroscopic analytical techniques: Application to compositional analysis of a minor citrus
species. Nat. Prod. Res. 2018, 32, 2596–2602. [CrossRef] [PubMed]

8. Pinela, J.; Carvalho, A.M.; Ferreira, I.C.F.R. Wild edible plants: Nutritional and toxicological characteristics, retrieval strategies
and importance for today’s society. Food Chem. Toxicol. 2017, 110, 165–188. [CrossRef] [PubMed]

9. Petropoulos, S.A.; Karkanis, A.; Martins, N.; Ferreira, I.C.F.R. Halophytic herbs of the Mediterranean basin: An alternative
approach to health. Food Chem. Toxicol. 2018, 114, 155–169. [CrossRef] [PubMed]

10. Correa, R.C.G.; Di Gioia, F.; Ferreira, I.; Petropoulos, S.A. Halophytes for Future Horticulture: The Case of Small-Scale Farming in
the Mediterranean Basin. In Halophytes for Future Horticulture: From Molecules to Ecosystems towards Biosaline Agriculture; Grigore,
M.-N., Ed.; Springer Nature: Cham, Switzerland, 2020; pp. 1–28. ISBN 9783030178543.

11. Corrêa, R.C.G.; Di Gioia, F.; Ferreira, I.C.F.R.; Petropoulos, S.A. Wild greens used in the Mediterranean diet. In The Mediter-
ranean Diet: An Evidence-Based Approach; Preedy, V., Watson, R., Eds.; Academic Press: London, UK, 2020; pp. 209–228.
ISBN 9788578110796.

12. Petropoulos, S.A.; Karkanis, A.; Martins, N.; Ferreira, I.C.F.R. Edible halophytes of the Mediterranean basin: Potential candidates
for novel food products. Trends Food Sci. Technol. 2018, 74, 69–84. [CrossRef]

13. Conversa, G.; Lazzizera, C.; Bonasia, A.; Cifarelli, S.; Losavio, F.; Sonnante, G.; Elia, A. Exploring on-farm agro-biodiversity: A
study case of vegetable landraces from Puglia region (Italy). Biodivers. Conserv. 2020, 29, 747–770. [CrossRef]

14. Petropoulos, S.A.; Fernandes, Â.; Tzortzakis, N.; Sokovic, M.; Ciric, A.; Barros, L.; Ferreira, I.C. Bioactive compounds content and
antimicrobial activities of wild edible Asteraceae species of the Mediterranean flora under commercial cultivation conditions.
Food Res. Int. 2019, 119, 859–868. [CrossRef]

15. Ceccanti, C.; Landi, M.; Benvenuti, S.; Pardossi, A.; Guidi, L. Mediterranean wild edible plants: Weeds or “new functional crops”?
Molecules 2018, 23, 2299. [CrossRef]

16. Dogan, Y. Traditionally used wild edible greens in the Aegean Region of Turkey. Acta Soc. Bot. Pol. 2012, 81, 329–342. [CrossRef]
17. Petropoulos, S.A.; Fernandes, Â.; Dias, M.I.; Pereira, C.; Calhelha, R.; Di Gioia, F.; Tzortzakis, N.; Ivanov, M.; Sokovic, M.; Barros,

L.; et al. Wild and cultivated Centaurea raphanina subsp. mixta: A valuable source of bioactive compounds. Antioxidants 2020, 9,
1–23.

18. Panagouleas, C.; Skaltsa, H.; Lazari, D.; Skaltsounis, A.L.; Sokovic, M. Antifungal activity of secondary metabolites of Centaurea
raphanina ssp. mixta, growing wild in Greece. Pharm. Biol. 2003, 41, 266–270.

19. Mikropoulou, E.V.; Vougogiannopoulou, K.; Kalpoutzakis, E.; Sklirou, A.D.; Skaperda, Z.; Houriet, J.; Wolfender, J.L.; Trougakos,
I.P.; Kouretas, D.; Halabalaki, M.; et al. Phytochemical composition of the decoctions of Greek edible greens (chórta) and
evaluation of antioxidant and cytotoxic properties. Molecules 2018, 23, 1541. [CrossRef] [PubMed]

20. Petropoulos, S.A.; Fernandes, Â.; Dias, M.I.; Pereira, C.; Calhelha, R.C.; Chrysargyris, A.; Tzortzakis, N.; Ivanov, M.; Sokovic,
M.D.; Barros, L.; et al. Chemical composition and plant growth of Centaurea raphanina subsp. mixta plants cultivated under saline
conditions. Molecules 2020, 25, 1–26.

21. Petropoulos, S.A.; Fernandes, Â.; Dias, M.I.; Pereira, C.; Calhelha, R.C.; Ivanov, M.; Sokovic, M.D.; Ferreira, I.C.F.R.; Barros, L. The
Effect of Nitrogen Fertigation and Harvesting Time on Plant Growth and Chemical Composition of Centaurea raphanina subsp.
mixta (DC.) Runemark. Molecules 2020, 25, 3175. [CrossRef]

22. Fernández-Marín, B.; Milla, R.; Martín-Robles, N.; Arc, E.; Kranner, I.; Becerril, J.M.; García-Plazaola, J.I. Side-effects of domestica-
tion: Cultivated legume seeds contain similar tocopherols and fatty acids but less carotenoids than their wild counterparts. BMC
Plant. Biol. 2014, 14, 1–11. [CrossRef]

23. Nemzer, B.; Al-Taher, F.; Abshiru, N. Phytochemical composition and nutritional value of different plant parts in two cultivated
and wild purslane (Portulaca oleracea L.) genotypes. Food Chem. 2020, 320, 126621. [CrossRef] [PubMed]

24. Alu’datt, M.H.; Rababah, T.; Alhamad, M.N.; Al-Tawaha, A.; Al-Tawaha, A.R.; Gammoh, S.; Ereifej, K.I.; Al-Karaki, G.; Hamasha,
H.R.; Tranchant, C.C.; et al. Herbal yield, nutritive composition, phenolic contents and antioxidant activity of purslane (Portulaca
oleracea L.) grown in different soilless media in a closed system. Ind. Crops Prod. 2019, 141, 111746. [CrossRef]

25. Disciglio, G.; Tarantino, A.; Frabboni, L.; Gagliardi, A.; Giuliani, M.M.; Tarantino, E.; Gatta, G. Qualitative characterisation of
cultivated and wild edible plants: Mineral elements, phenols content and antioxidant capacity. Ital. J. Agron. 2017, 12, 383–394.

http://doi.org/10.3390/app10249144
http://doi.org/10.1007/s12571-020-01035-w
http://doi.org/10.1098/rstb.2010.0123
http://www.ncbi.nlm.nih.gov/pubmed/20713393
http://doi.org/10.1080/14786419.2016.1253080
http://www.ncbi.nlm.nih.gov/pubmed/27809597
http://doi.org/10.1080/14786419.2018.1428597
http://www.ncbi.nlm.nih.gov/pubmed/29355043
http://doi.org/10.1016/j.fct.2017.10.020
http://www.ncbi.nlm.nih.gov/pubmed/29042290
http://doi.org/10.1016/j.fct.2018.02.031
http://www.ncbi.nlm.nih.gov/pubmed/29454868
http://doi.org/10.1016/j.tifs.2018.02.006
http://doi.org/10.1007/s10531-019-01908-3
http://doi.org/10.1016/j.foodres.2018.10.069
http://doi.org/10.3390/molecules23092299
http://doi.org/10.5586/asbp.2012.037
http://doi.org/10.3390/molecules23071541
http://www.ncbi.nlm.nih.gov/pubmed/29949914
http://doi.org/10.3390/molecules25143175
http://doi.org/10.1186/s12870-014-0385-1
http://doi.org/10.1016/j.foodchem.2020.126621
http://www.ncbi.nlm.nih.gov/pubmed/32203838
http://doi.org/10.1016/j.indcrop.2019.111746


Agronomy 2021, 11, 576 17 of 18

26. Petropoulos, S.A.; Fernandes, Â.; Dias, M.I.; Vasilakoglou, I.B.; Petrotos, K.; Barros, L.; Ferreira, I.C.F.R. Nutritional value,
chemical composition and cytotoxic properties of common purslane (Portulaca oleracea L.) in relation to harvesting stage and
plant part. Antioxidants 2019, 8, 293. [CrossRef]

27. Petropoulos, S.A.; Fernandes, Â.; Calhelha, R.C.; Di Gioia, F.; Kolovou, P.; Barros, L.; Ferreira, I.C.F.R. Chemical composition
and bioactive properties of Cichorium spinosum L. in relation to nitrate/ammonium nitrogen ratio. J. Sci. Food Agric. 2019, 99,
6741–6750. [CrossRef]

28. Petropoulos, S.; Levizou, E.; Ntatsi, G.; Fernandes, Â.; Petrotos, K.; Akoumianakis, K.; Barros, L.; Ferreira, I. Salinity effect on
nutritional value, chemical composition and bioactive compounds content of Cichorium spinosum L. Food Chem. 2017, 214, 129–136.
[CrossRef]

29. Petropoulos, S.; Fernandes, Â.; Vasileios, A.; Ntatsi, G.; Barros, L.; Ferreira, I. Chemical composition and antioxidant activity of
Cichorium spinosum L. leaves in relation to developmental stage. Food Chem. 2018, 239, 946–952. [CrossRef]

30. Petropoulos, S.; Fernandes, Â.; Karkanis, A.; Ntatsi, G.; Barros, L.; Ferreira, I. Successive harvesting affects yield, chemical
composition and antioxidant activity of Cichorium spinosum L. Food Chem. 2017, 237, 83–90. [CrossRef] [PubMed]

31. Karkanis, A.C.; Fernandes, A.; Vaz, J.; Petropoulos, S.; Georgiou, E.; Ciric, A.; Sokovic, M.; Oludemi, T.; Barros, L.; Ferreira, I.
Chemical composition and bioactive properties of Sanguisorba minor Scop. under Mediterranean growing conditions. Food Funct.
2019, 10, 1340–1351. [CrossRef] [PubMed]
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