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Abstract: Selenium (Se) is an essential micronutrient for humans, but most foods are Se deficient,
mainly because of its low content in the soil. A Se-deficient diet results in increased susceptibility to
cardiovascular disease, cancer, and hyperthyroidism. Agronomic biofortification is a good alternative
to increase Se in food. This study investigated the effect of Se on the growth, yield, and biofortification
of the rocket. Plants were grown in a hydroponic system. Seven Se concentrations (0, 10, 20, 30, 40,
50, and 60 µM) were evaluated using sodium selenate. Growth, yield, lipid peroxidation, hydrogen
peroxide content, and the enzymatic activity of catalase and ascorbate peroxidase were influenced
by the Se concentration. Considering the evaluated parameters, 10–30 µM Se promoted the best
results, and with 20 µM, the higher yield. Rocket plants treated with Se in the nutrient solution were
biofortified, showing Se contents of 598.96 to 1437.56 mg kg−1 in the dry mass, higher than plants
cultivated in a nutrient solution without Se, which presented 167.84 mg kg−1 of Se. Se concentrations
of 10–30 µM in the nutrient solution were beneficial for rocket plants, while concentrations above
50 µM were toxic to the plants.

Keywords: Se deficiency; malnourishment; selenate; soilless cultivation; urban agriculture

1. Introduction

Selenium (Se) is an essential micronutrient for humans and animals. It is a constituent
of about 25 selenoproteins, which participate in several physiological and biochemical
processes [1]. A diet deficient in this micronutrient can lead to numerous health issues,
including Keshan disease, cardiovascular disease, cancer, hyperthyroidism, and male
infertility [2–5].

Estimates show that around 15% of the world’s population has Se deficiency [6]. This
situation is probably because Se must be incorporated into human and animal nutrition
through agricultural products, which present low levels of the nutrient as a result of
cultivation in Se-poor soils [7]. Contents of Se in the soil show great spatial variation
(usually from 0.01 to 2 mg kg−1), with a world average of 0.40 mg kg−1, although there are
seleniferous soils with up until 1200 mg kg−1 [8,9].

Given this situation of natural deficiency of Se in soils and aiming to increase its
concentration in food to benefit the health of the population, fertilization of crops with
the target element has been studied, a practice known as agronomic biofortification. This
technique is recognized to be effective for increasing the Se content in commercial products,
and has also been successful in vegetables [10–16]. Vegetables are promising strategies to
help solve hidden hunger [17], since vegetables have good prospects for Se biofortification
due to their inherent tendency to accumulate Se [18] and the possibility to cater to popula-
tion growth, rapid urbanization, and growing health concern [19]. In addition, vegetables
are an important source of nutrients for the growing vegetarian and vegan communities.
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Therefore, the choice reinforces the need for biofortified vegetables to cater to this part of
the population.

Several factors influence the success of Se biofortification, but two major consider-
ations are the crop species and the method of Se fertilization [20]. Species belonging
to the Brassicaceae family are typically good Se accumulators and, when biofortified
with Se, can produce metabolites functioning as cancer-preventing agents, such as Se-
methylselenocysteine (SeMetCys) and -glutamyl-Se-methylselenocysteine [18,21]. Among
species of this family, rocket is considered a good vegetable to be biofortified [11,15], be-
cause it is able to tolerate high Se concentrations in its tissues up to 1000 mg kg−1 dry
matter [15]. Rocket is a vegetable rich in sulfur [22], which contributes to the success of
biofortification due to the similar chemical and physical properties between Se and sulfur.
Hence, selenate is transported across the plasma membrane by high-affinity sulfate trans-
porters [1,10,18]. In addition, its short cycle and easy production are motivating factors
for rocket biofortification. Rocket has a pungent or bitter flavor and abundant nutrients
(potassium, sulfur, iron, and vitamins A and C) in the edible leaves [23] and glucosinolates
and antioxidant compounds, whose pharmaceutical and anticancer properties have been
proven [24,25]. Because of these characteristics, it has been a vegetable with increasing
demand by the population.

Regarding the fertilization method, some studies have compared soil and foliar supply
of Se as agronomic methods for biofortification, and the results showed that foliar supply
can be up to eight times more efficient than soil [26]. On the other hand, Sabatino et al. [27]
observed that hydroponic cultivation was more effective than the foliar method to bio-
fortify endive with selenium. With rocket species (Eruca sativa and Diplotaxis tenuifolia),
Dall’Aqua et al. [11] evaluated Se concentrations in the nutrient solution grown in pots
on the biofortification and S-compounds. The authors observed that leaf fresh and dry
weight and root dry weight were not affected by Se concentrations from 5 to 20 µM, which
provided maximum Se contents of 100 and 300 mg kg−1 for E. sativa and D. tenuifolia,
respectively. On the other hand, when grown with 40 µM Se, phytotoxicity and reduction
of biomass were observed in both species. Reductions of S-compounds, such as cysteine,
methionine, glucosinolates, and phenolic compounds, were observed in both species.

In the present study, we chose the nutrient film technique (NFT) as a vehicle to biofortify
the rocket. This growing system, widely used for the cultivation of leafy vegetables can
increase not only yield but also the quality and safety of fresh produce and thus meet the
demands of modern society [28]. It also allows greater efficiency in the use of water and
nutrients compared with soil cultivation, which has promoted its prominence among leafy
vegetable growing systems [29,30]. Biofortification of plants with selenium via hydroponic
cultivation may be more efficient than the soil biofortification method due to the absence
of interactions of the element with the physical, chemical, and biological attributes of the
soil [31–33]; safer; and more effective than the foliar method due to the absence of drift, rain,
and equipment calibration [28]; and perhaps more economical due to the lower dose required
for biofortification as the roots remain continuously in contact with the nutrient solution.

Parallel to the human health benefits of Se, research has shown that Se can also
act beneficially on plant growth and development by positively affecting the cellular
antioxidant system, photosynthetic rate, and tolerance to biotic and abiotic stresses [34,35],
which may favorably affect crop yield. However, excess Se increases the production of
reactive oxygen species, decreases the photosynthetic efficiency and the growth of the
plant, causes chlorosis, and can lead to the death of the plant [36,37]. The range between
beneficial and toxic levels is narrow [38] and needs to be known because species differ in
their ability to accumulate and tolerate Se [39]. Growing Eruca sativa in a hydroponic system,
Dall’Acqua et al. [11] observed that when the Se concentration in nutrient solution changed
from 20 to 40 µM, the Se foliar content caused phytotoxicity. Therefore, the development
of phytotechnologies for selenium biofortification requires a thorough understanding of
the uptake, translocation, and assimilation processes at the molecular, physiological, and
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agronomic levels [40], on which the cultivation method is an important factor modifying
the plant response.

Therefore, this work aimed to evaluate the effects of the supply of Se on the growth,
nutrition, yield, and biofortification of the rocket in hydroponics according to the nutrient
film technique.

2. Materials and Methods
2.1. Location and Characterization of the Area

The experiment was carried out in a greenhouse using the nutrient film technique
hydroponic system at UNESP, Brazil (21◦15′22′′ S, 48◦18′58′′ W, at an altitude of 575 m.a.s.l.).

During the experimental period, the average minimum, maximum, and overall tem-
peratures were 20, 39.3, and 34.8 ◦C, respectively. The average relative humidity was 46%,
and the minimum and maximum mean were 45% and 89%, respectively.

2.2. Treatments and Experimental Design

Seven Se concentrations (0, 10, 20, 30, 40, 50, and 60 µM) in the nutrient solution were
evaluated. The experimental design used was a complete randomized block with three
replicates. Sodium selenate was used as the source of Se. The experimental unit consisted
of a 1.3 m four-channel workbench and a 100 L tank with a submerged pump (Power Head
CX-300 model; flow rate of 1000 L h−1). The treatments were applied to the plants in the third
cultivation phase, when the seedlings were transplanted to the final cultivation channel.

2.3. Installation and Conduction of the Experiment

The rocket cultivar ‘Folha Larga’ (TopSeed®) was sown in a 2 × 2 × 2 cm block of
phenolic foam, previously washed in running water for 10 min (Phase 1). Seven days after
sowing, when the seedlings displayed expanded cotyledons, they were transferred to the
initial growth PVC channels (5 cm in diameter and 5% incline) in a nutrient film technique
hydroponic system (Phase 2). During this period, the supply of nutrient solution to the plants
was intermittent, alternating between 15 min with circulation and 15 min without circulation.

The transfer to the final channel (10 cm in diameter) was carried out at the two-leaf
stage (Phase 3). The spacing of plants adopted was 0.25 × 0.05 m. In this phase, as well
as in phase 2, the nutrient solution proposed by Furlani [41], which is recommended
to leafy vegetables, mainly lettuce and rocket in NFT system, was used. However, the
concentrations of macronutrients were reduced to 80% of those proposed by Furlani [41],
that is, 19.2 (N-NH4

+), 139.2 (N-NO3
−), 31.2 (P), 144.0 (K), 114.0 (Ca), 32.0 (Mg), and

41.6 (S) mg L−1. Micronutrients were applied at the concentrations recommended by the
author as follows: 0.3 (B), 0.02 (Cu), 2.0 (Fe), 0.4 (Mn), 0.06 (Mo), and 0.06 (Zn) mg L−1.
The activation of pumps used to recirculate the nutrient solution was controlled by using a
timer, starting at 06:00 h and ending at 19:00 h, without interruption.

The pH was maintained between 5.5 and 6.5 using NaOH and H2PO4 to raise and
lower the pH, respectively. The nutrient solution was renewed when the electrical con-
ductivity of the treatments reached 75% of the initial electrical conductivity (dS m−1).
Two renovations were performed during the experimental period. The treatments started
1 week after transferring the seedlings to the final channels.

2.4. Characteristics Evaluated
2.4.1. Biometric Analyses

Before harvest, the plant height (H; cm) of 15 randomly selected plants in each plot
was measured from the ground surface to the highest end of the last not yet fully extended
leaf using a metric ruler. After harvesting these 15 plants, the characteristics evaluated
were: number of leaves per plant (LN); leaf area (LA; cm2 per plant): obtained using a
LICOR 3100 electronic meter; shoot fresh mass (SFM; g per plant), obtained immediately
after harvest by weighing the plant shoots on an electronic scale; shoot dry mass (SDM;
g per plant): plant shoots were washed in running water, water plus detergent solution, and
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then deionized water. After that, shoots of the 15 plants were dried in a forced circulation
oven at 40 ◦C until constant weight, and the final weight was recorded; for root dry mass
(RDM; g per plant), 50 cm of the root system was collected from each channel, totaling
200 cm of root per plot. The roots were washed, dried, and weighed according to the
procedure described for the dry mass of shoot.

2.4.2. Nutrient and Se Content

Macronutrient (g kg−1) and micronutrient (mg kg−1) contents in the dry mass of shoots
from 15 plants evaluated in item 2.4.1 were determined as described by Miyazawa et al. [42].
The selenium content (µg kg−1) was analyzed by graphite furnace atomic absorption spec-
troscopy (using an Atomic Absorption Spectrometer with Zeeman background correction
and EDL lamp for Se; AAnalyst™ 800 AAS, PerkinElmer) in extracts obtained by acid
digestion using HNO3, according to the 3051a method of the United States Environmen-
tal Protection Agency [43]. For quality assurance and control of Se measurements in the
samples, in each batch of acid digestion, a standard reference material from the Institute
for Reference Materials and Measurements (white clover—BCR 402) and a blank sample
were included and then analyzed for Se. The mean recovery value obtained for the standard
material was close to 117% (the mean value detected was 7.84, and the certified value is
6.7 mg kg−1), which is considered satisfactory (less than 20% of the variation).

Before harvest, in the same 15 plants, which have had the height measured, the sample
of tissue was obtained to evaluate the characteristics described in items 2.4.3 to 2.4.9.

2.4.3. Carotenoids and Chlorophyll Content

Three leaf discs of the defined area from 15 plants were collected in the central region
of the newly developed leaf. The collected material was added to Eppendorf tubes (previ-
ously covered with aluminum foil to avoid contact with light) containing 80% acetone. The
obtained material was kept under stirring for 48 h at 4 ◦C. Then, the contents of carotenoids
(470 nm), chlorophyll a (662 nm), and chlorophyll b (645 nm) were determined spectrophoto-
metrically at the wavelengths indicated. Calculations for the determination of the contents
of each pigment were performed using the method proposed by Lichtenthaler [44].

2.4.4. Lipid Peroxidation

The lipid peroxidation was estimated based on the content of thiobarbituric-acid-
reactive substances, as described by Heath and Packer [45]. Malondialdehyde (MDA)
content was obtained through spectrophotometric readings at wavelengths between 535
and 600 nm.

2.4.5. Hydrogen Peroxide (H2O2)

H2O2 content was obtained by the assay proposed by Alexieva et al. [46]. A fresh plant
tissue was homogenized with thiobarbituric acid (0.1%); then this material was centrifuged
at 10,000 rpm for 10 min. The resultant supernatant was added to a medium containing
100 mM potassium phosphate buffer (pH 7.5) and 1 M potassium iodide. The obtained
solution remained in an ice container for 1 h. The reading was performed at 390 nm. H2O2
concentration was determined by a standard H2O2 curve.

2.4.6. Stress Signaling Enzymes

Before the determination of stress signaling enzymes, the leaves of the rocket, collected
at the end of the experiment and stored at −80 ◦C, were homogenized (2:1 volume of
extraction buffer to fresh tissue mass) with potassium phosphate buffer (100 mM, pH 7.5)
containing 1 mM ethylenediaminetetraacetic acid (EDTA), 3 mM dithiothreitol, and 5%
polyvinylpolypyrrolidone [47]. The homogenate was centrifuged at 10,000 rpm for 30 min,
and the supernatant was stored in aliquots at −80 ◦C for analyzing the antioxidant enzymes.
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2.4.7. Superoxide Dismutase (SOD, E.C. 1.15.1.1)

SOD activity (U mg−1 protein) was determined as proposed by Giannopolitis and
Ries [48]. The reaction occurred in a medium consisting of 50 mM potassium phosphate
buffer (pH 7.8), 10 mM EDTA, 50 mM methionine, 0.1 mM riboflavin, 1 mM nitrotetrazolium
blue chloride, and an aliquot of the enzyme extract.

2.4.8. Catalase (CAT, E.C. 1.11.1.6)

The reaction medium consisted of 50 mM potassium phosphate buffer (pH 7.0) and
12.5 mM H2O2 at a final volume of 3 mL, with the reaction initiated by the addition of
20 µL of extract. The CAT activity (µmol min−1 mg−1 protein) was determined by monitor-
ing the decomposition of H2O2 at 240 nm for 1 min [49].

2.4.9. Ascorbate Peroxidase (APX, E.C. 1.11.1.11)

APX activity was obtained by a reaction of the plant extract, 5 mM ascorbate, 80 mM
potassium phosphate buffer (pH 7.0), 1 mM EDTA, and 1 mM H2O2 [49]. The reading was
obtained by monitoring the oxidation rate of ascorbate at 290 nm at 30 ◦C for 1 min.

2.5. Statistical Analysis

Data were submitted to analysis of variance with an F-test at 5% of probability and
a regression study using the AgroEstat program [50]. Significant equations with a higher
coefficient of determination were adopted.

3. Results
3.1. Growth, Yield, and Nutrient and Se Contents

The H, LN, LA, SFM, SDM, RDM, and yield were all influenced by the Se concentration
in the nutrient solution. SFM and SDM presented quadratic adjustments in response to Se
concentrations (Figure 1A,B).

The maximum SFM (40.19 g per plant−1) and SDM (2.8 g per plant−1) were obtained
with 20 and 24 µM Se, respectively. Amounts of 40 and 49 µM Se, SFM, and SDM, respectively,
presented lower values than plants that did not receive Se, noting a toxic effect on plants.

Similar to SFM and SDM were the responses of H, LA, LN, and RDM, which presented
maximum values with Se concentrations between 22 and 24 µM (Figure 1C–F). Using a
nutrient solution with Se concentrations above 44 µM, Se caused toxicity in the rocket,
and the biometric values obtained were lower than those observed for plants that were
cultivated in the nutrient solution without Se.

The highest yield (3.78 kg m−2) was obtained with 20 µM Se in the nutrient solution
and with 941 mg kg−1 Se in the SDM (Figure 2). The leaf content of Se presented a quadratic
adjustment in response to the Se concentrations in the nutrient solution. The maximum
estimated content was 1.443 mg kg−1, obtained with 54 µM Se (Figure 2).

None of the micronutrients and, among the macronutrients, only K (y = 0.4679x + 72.726;
R2 = 0.65; F = 20.12; p < 0.01) and S (y = 0.0181x + 7.4549; R2 = 0.98; F = 20.99; p < 0.01) were
influenced by the Se concentrations. Table 1 shows the appropriate leaf nutrient contents [51]
and the observed contents. Although they were not influenced by the treatments, the foliar
contents of B and Cu were similar to the appropriate ranges, however, with some levels just
above and just below the appropriate range, respectively. Fe, Mn, and Zn leaf contents were
observed far above the appropriate range. Although these nutrients were not found within
the appropriate ranges for rocket, no symptoms of deficiency and toxicity were observed,
and according to the analysis of variance, these results are not due to the increase in the
concentration of Se in the nutrient solution (p > 0.05, test F).

3.2. Physiological and Enzymatic Characteristics

Chlorophyll a, chlorophyll b, and carotenoids were not influenced by the Se concentra-
tions in the nutrient solution.
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Figure 1. Shoot fresh mass (A), shoot dry mass (B), height (C), leaf area (D), number of leaves (E), and
root dry mass (F) of rocket plants in response to selenium concentrations. ** Significant at p ≤ 0.01.

Table 1. Adequate (Adeq.) and observed (Observ) values for leaf nutrient content in rocket plant.

N P K Ca Mg S
g kg−1

Observ. 42.9–46.0 4.5–5.0 77.0–111.0 24.6–26.7 6.2–6.8 7.4–8.5
Adeq. 40.0–50.0 3.0–8.0 30.0–60.0 20.0–40.0 4.0–7.0 4.0–9.0

B Cu Fe Mn Zn
mg kg−1

Observ. 74.4–88.7 3.7–5.0 400.0–466.7 166.7–216.7 300
Adeq. 25.0–60.0 5.0–20.0 100.0–300.0 50.0–160.0 45.0–80.0
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Figure 2. Rocket productivity and leaf selenium content in response to selenium concentrations in
the nutrient solution. ** Significant at p ≤ 0.01.

Lipid peroxidation, expressed by the MDA content, showed a significant difference
(p < 0.05) between the lowest and the highest applied concentrations, with 28.3% less
MDA when 10 µM Se was used (Figure 3A). The H2O2 contents at concentrations of 0 and
10 µM Se were 20.6% and 22.2%, respectively, lower than the content obtained with 60 µM
Se (Figure 3B). The SOD activity did not change significantly (p > 0.05) with increasing Se
concentration (Figure 3C). On the contrary, the CAT activity at concentrations of 20 and 30
µM Se was 41.1% and 40.1% lower, respectively, than the activity with 60 µM Se (Figure 3D).
APX activity was higher with 50 µM Se, presenting reductions of 41.9 and 41.5% at Se
concentrations of 20 and 30 µM Se, respectively (Figure 3C). Although not presenting a
significant difference (p > 0.05), the treatments with 10, 20, 30, and 40 µM Se presented
lower APX activity than plants that did not receive Se.
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Figure 3. Effect of selenium concentration on lipid peroxidation (MDA) in rocket leaves (A). Effect
of selenium concentration on the hydrogen peroxide content (H2O2) in rocket leaves (B). Effect
of selenium concentration on superoxide dismutase (SOD) in rocket leaves (C). Effect of selenium
concentration on catalase (CAT) in rocket leaves (D). Effect of selenium concentration on ascorbate
peroxidase (APX) in rocket leaves (E). The values represent the means of each treatment (n = 3).
Means followed by the same lowercase letter do not differ by Tukey’s test (p > 0.05). Vertical bars
designate standard error (±EP).

4. Discussion
4.1. Growth

All evaluated agronomic characteristics showed increases when the plant was cultivated
with low Se concentrations, more precisely between 10 and 30 µM Se. The beneficial effect
of low Se concentration on the biometric characteristics of rocket plants led to an increase in
yield that was maximized with 20 µM Se in the nutrient solution and 941 mg kg−1 Se in the
leaf dry mass. The results differ from those obtained by Dall’Acqua et al. [11], who did not
observe an increase in leaf dry mass of Eruca sativa and Diplotaxis tenuifolia when up to 20 µM
of Se was applied in a hydroponic system, deep water technique. With the same 20 µM Se in
the nutrient solution, these authors observed 100 and 300 mg kg−1 Se dry mass in the two
species, respectively. On the other hand, when Zafeiriou et al. [16] grew rocket in calcareous
soils, the authors observed that the best dry mass was obtained with 5 mg kg−1 as selenite
and 18.5 mg kg−1 dry mass.

At 10 to 30 µM Se in the nutrient solution, the lowest MDA, H2O2, APX, and CAT val-
ues were observed, which may be explained by the role of Se in stimulating the antioxidant
activity of the cells, positively reflecting on photosynthetic activity and, consequently, on
the rocket growth. The by-product of lipid peroxidation, namely, MDA, is used to measure
the damage caused by ROS to cell membranes [52]. High concentrations of H2O2 (ROS)
negatively affect plant growth and development. APX and CAT act to decompose H2O2
to H2O and O2, thereby reducing the production of the highly toxic hydroxyl radical [53].
In addition to increased antioxidant activity, other direct effects of Se on carbohydrate
content, stomatal conductance, photosynthetic pigments, and electron transport rate are
also cited [54,55].

At concentrations above 30 µM Se, the leaf Se contents, MDA, and H2O2 were in-
creased, as well as the activities of APX and CAT enzymes. Therefore, the higher the leaf Se
content, the greater the levels of stress indicators. Se toxicity in plants has been attributed
to its action promoting oxidative stress. The overproduction of ROS causes injuries to
different parts of the plant, such as the cell membrane, DNA, RNA, and proteins [56],
causing mutations and loss of structure and function, which irreversibly damages plant
growth and development, leading to a decline in crop production.

In the present study, APX and CAT showed high activity at the same concentrations
of Se in which the highest amounts of H2O2 were noted, characterizing enhanced action
of the cellular antioxidant system to prevent the formation of ROS. However, even with
the highest activity of the enzymes, ineffectiveness and cell damage were verified by
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lower growth and yield of the rocket under high Se concentrations in the nutrient solution
(>50 µM Se), characterized by both high levels of MDA and H2O2.

With 50 µM Se in the nutrient solution, the leaf content of Se reached 1.437 mg kg−1,
which caused rocket toxicity, with a 5% reduction in plant dry mass. The observed result
corroborates those of other authors, although differences were observed regarding the
critical values of Se in the nutrient solution and leaf tissue. Dall’Acqua et al. [11] observed
phytotoxicity of Se in Eruca sativa and Diplotaxis tenuifolia when Se contents in leaf dry
mass reached 200 and 300 mg kg−1, which caused reduction in leaf fresh and dry mass and
root dry mass for both species. Zafeiriou et al. [16] observed a reduction in leaf dry mass
when the Se content was higher than 50 mg kg−1. With only 5 and 10 mg kg−1 selenate in
calcareous soils, the Se contents reached 695.9 and 1070.5 mg kg−1, which caused a 6.5 and
84.5% reduction in leaf dry mass, respectively. Ríos et al. [57] and Ríos et al. [58] found an
approximate reduction of 5% and 4%, respectively, in lettuce dry matter when applying
80 µM Se to the nutrient solution and foliar contents of approximately 36 mg kg−1 Se in
both studies. In cucumber, Hawrylak-Nowak et al. [59] observed that low Se concentrations
(6–20 µM) promoted the growth of the shoot and root system, but when submitted to
80 µM, the plants presented 648 and 603.5 mg kg−1 Se, respectively, and had a reduction of
15% in the shoot and 21% in the root.

In general, the increase in Se supply did not cause major changes in the arugula’s
nutritional status, except for S and K. The high foliar levels of micronutrients in rocket,
which were not motivated by the concentrations of Se in the nutrient solution, may be due
to the high temperatures in the experimental period, which led us to preventively reduce
the concentration of macronutrients by 20%, justifying that such reduction also should have
been applied to micronutrients. Due to the chemical similarity between Se and S, Se relies
on sulfate carriers for absorption [60]. The linear growth of S observed with the increase
in Se concentrations can be explained by the synergistic relationship between these two
nutrients. Similar results are observed in the literature studies in which the supply of Se
increased the S content [61]. Rocket is a species of the Brassicaceae family, which is known
to have a high demand for S [62]. High levels of S promote plant development because this
nutrient is responsible for the formation of disulfide bonds in the essential amino acids
cysteine and methionine, which confers structural stability to proteins, favoring growth
and production [63]. In addition to its structural function, S also has important enzymatic
functions in photosynthesis and respiration [64].

The effect of Se on K increase may have contributed to the enhanced control of water
loss by this vegetable, favoring metabolism even under high-temperature conditions.
K presents itself as an important osmotic compound, so proper supply is paramount
for proper stomatal movement and cell elongation. Besides, K facilitates the diffusion
of CO2 from the atmosphere to chloroplast [65] and is involved in phloem mediation,
photoassimilate distribution, and sucrose transport [66].

Thus, the direct and indirect actions of Se collaborated to promote, in low concentra-
tions in the nutrient solution, rocket growth and productivity relative to plants that did not
receive Se in the nutrient solution.

4.2. Se biofortification in Hydroponic Systems

The nutrient solution containing 20 µM Se, which resulted in the highest yield, provided
an increase of 461% (168–941 mg kg−1) of Se in rocket leaves compared with plants that did
not receive Se. This fact shows that this species has a great affinity to accumulate Se.

According to the Australian and New Zealand Code of Dietary Standards [67], the
maximum allowable limit for Se in foods is 1 mg kg−1 dry mass. Thus, for the rocket to be
marketed, it must be cultivated in nutrient solution with a maximum of 22 µM Se. This
concentration allows for the maximum permitted in vegetable biofortification, and with an
estimated yield loss of only 0.06% to the maximum obtained. At 23 µM Se and above, the
Se content in food is higher than that established by the standards and is not recommended
for biofortification programs aimed at in natura consumption of the product.
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The German, Austrian, and Swiss nutrition societies have set benchmarks for daily
intake of Se as a function of age [68]. Considering the 999 mg kg−1 Se content in the dry
mass of rocket grown with 22 µM Se, and that the rocket plant contains 93% water, then the
fresh mass content of the rocket is equivalent to 70 mg kg−1 Se. Assuming the consumption
of 50–100 g of rocket in an adult meal, this biofortified vegetable will provide 4–7 mg Se,
which is 5%–10% of a man’s daily requirement and 5.9%–11.8% of a woman’s daily need.

5. Conclusions

Se concentrations of 10–30 µM Se in the nutrient solution favor the growth of the rocket,
characterized by lowered stress indicator levels and lowered antioxidant enzyme activities.

Se concentrations above 50 µM Se and a minimum content of 1437 mg kg−1 Se cause
toxicity in the rocket plants and reduce its dry mass by 5%.

At maximum yield with 20 µM Se supplementation of the nutrient solution, biofortifi-
cation of rocket plants is observed, attaining 461% enrichment in the Se content compared
with plants not cultivated in nutrient solution supplemented with Se (168–941 mg kg−1).

Author Contributions: Conceptualization, A.B.C.F. and G.C.; methodology, A.B.C.F.; formal analysis,
C.S.N. (Carolina Seno Nascimento) and C.S.N. (Camila Seno Nascimento); investigation, C.S.N.
(Carolina Seno Nascimento), C.S.N. (Camila Seno Nascimento), G.L., and P.L.G.; resources, A.B.C.F.
and G.L.; data curation, C.S.N. (Carolina Seno Nascimento), C.S.N. (Camila Seno Nascimento), G.L.,
P.L.G., and A.B.C.F.; writing—original draft preparation, C.S.N. (Carolina Seno Nascimento), C.S.N.
(Camila Seno Nascimento), P.L.G., and G.C.; writing—review and editing, A.B.C.F.; supervision,
A.B.C.F.; project administration, A.B.C.F. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: To CNPq and CAPES.

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

References
1. Schiavon, M.; Nardi, S.; Dalla Vecchia, F.; Ertani, A. Selenium biofortification in the 21st century: Status and challenges for healthy

human nutrition. Plant Soil 2020, 453, 245–270. [CrossRef] [PubMed]
2. Shi, Z.; Pan, P.; Feng, Y.; Kan, Z.; Li, Z.; Wei, F. Environmental water chemistry and possible correlation with Kaschin–Beck

Disease (KBD) in northwestern Sichuan, China. Environ. Int. 2017, 99, 282–292. [CrossRef] [PubMed]
3. Brigelius-Floré, R. Selenium in human health and disease: An overview. In Molecular and Integrative Toxicology; Michalke, B., Ed.;

Springer: Cham, Switzerland, 2018. [CrossRef]
4. Natasha, S.M.; Niazi, N.K.; Khalid, S.; Murtaza, B.; Bibi, I. A critical review of selenium biogeochemical behavior in soil-plant

system with an inference to human health. Environ. Pollut. 2018, 234, 915–934. [CrossRef] [PubMed]
5. Newman, R.; Waterland, N.; Moon, Y.; Tou, J.C. Selenium biofortification of agricultural crops and effects on plant nutrients and

bioactive compounds important for human health and disease prevention—A review. Plant Food Hum. Nutr. 2019, 74, 449–460.
[CrossRef] [PubMed]

6. Zhou, X.; Yang, J.; Kronzucker, H.J.; Shi, W. Selenium biofortification and interaction with other elements in plants: A review.
Front. Plant Sci. 2020, 11, 586421. [CrossRef] [PubMed]

7. Lima, L.W.; Pilon-Smits, E.A.; Schiavon, M. Mechanisms of selenium hyperaccumulation in plants: A survey of molecular,
biochemical and ecological cues. Biochim. Biophys. Acta Gen. Subj. 2018, 1862, 2343–2353. [CrossRef] [PubMed]

8. Fordyce, F.M. Selenium deficiency and toxicity in the environment. In Essentials of Medical Geology; Selinus, B., Alloway, J.A.,
Centeno, R.B., Finkelman, R., Fuge, U., Lindh, P., Smedley, Eds.; Springer: Dordrecht, The Netherlands, 2013. [CrossRef]

9. Jones, D.L.; Winkel, L.H.E. Global Predictions of Selenium Distributions in Soils. In Global Advances in Selenium Research from
Theory to Application; Banuelos, G.S., Lin, Z.Q., Moraes, M.F., Guilherme, L.R.G., Reis, A.R., Eds.; Taylor & Francis Group: London,
UK, 2016; pp. 13–14.

10. White, P.J.; Broadley, M.R. Biofortification of Crops with Seven Mineral Elements often Lacking Inhuman Diets—Iron, Zinc,
Copper, Calcium, Magnesium, Selenium and Iodine. New Phytol. 2009, 182, 49–84. [CrossRef]

11. Dall’Acqua, S.; Ertani, A.; Pilon-Smits, E.A.H.; Fabrega-Prats, M.; Schiavon, M. Selenium Biofortification Differentially Affects
Sulfur Metabolism and Accumulation of Phytochemicals in Two Rocket Species (Eruca sativa Mill. and Diplotaxis tenuifolia) Grown
in Hydroponics. Plants 2019, 16, 68. [CrossRef]

http://doi.org/10.1007/s11104-020-04635-9
http://www.ncbi.nlm.nih.gov/pubmed/32836404
http://doi.org/10.1016/j.envint.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/27993419
http://doi.org/10.1007/978-3-319-95390-8_1
http://doi.org/10.1016/j.envpol.2017.12.019
http://www.ncbi.nlm.nih.gov/pubmed/29253832
http://doi.org/10.1007/s11130-019-00769-z
http://www.ncbi.nlm.nih.gov/pubmed/31522406
http://doi.org/10.3389/fpls.2020.586421
http://www.ncbi.nlm.nih.gov/pubmed/33224171
http://doi.org/10.1016/j.bbagen.2018.03.028
http://www.ncbi.nlm.nih.gov/pubmed/29626605
http://doi.org/10.1007/978-94-007-4375-5_16
http://doi.org/10.1111/j.1469-8137.2008.02738.x
http://doi.org/10.3390/plants8030068


Horticulturae 2022, 8, 1088 11 of 12

12. Bañuelos, G.S.; Freeman, J.; Arroyo, I. Accumulation and Speciation of Selenium in Biofortified Vegetables Grown under High
Boron and Saline Field Conditions. Food Chem. 2020, 10, 100073. [CrossRef]

13. Foroughbakhch, R.; Rocio, C.C.; Benavides-Mendoza, A.; Rosaura, S.C.L.; Maginot, N.H. Agronomic Biofortification with
Selenium in Tomato Crops (Solanum lycopersicon L. Mill). Agriculture 2020, 10, 486. [CrossRef]

14. Almeida Junior, H.; Carmona, V.V.; Dutra, A.F.; Cecilio Filho, A.B. Growth and Physiological Responses of Cabbage Cultivars
Biofortified With Inorganic Selenium Fertilizers. Sci. Hortic. 2022, 302, 111154. [CrossRef]

15. Zafeiriou, I.; Gasparatos, D.; Ioannou, D.; Kalderis, D.; Massas, I. Selenium Biofortification of Lettuce Plants (Lactuca sativa L.) as
Affected by Se Species, Se Rate, and a Biochar Co-Application in a Calcareous Soil. Agronomy 2022, 12, 131. [CrossRef]

16. Zafeiriou, I.; Gasparatos, D.; Ioannou, D.; Massas, I. Selenium Uptake by Rocket Plants (Eruca sativa) Grown in a Calcareous Soil
as Affected by Se Species, Se Rate and a Seaweed Extract-based Biostimulant Application. Crop Pasture Sci. 2022, 73. [CrossRef]

17. Chatterjee, R.; Chowdhury, R.S.; Dukpa, P.; Thirumdasu, R.K. Iron Fortification in Leafy Vegetables: Present Status and Future
Possibilities. Innovare J. Agric. Sci. 2016, 4, 1–3.

18. Malagoli, M.; Schiavon, M.; Dall’Acqua, S.; Pilon-Smits, E.A.H. Effects of Selenium Biofortification on Crop Nutritional Quality.
Front. Plant. Sci. 2015, 6, 280. [CrossRef]

19. Sapkota, S.; Sapkota, S.; Liu, Z. Effects of Nutrient Composition and Lettuce Cultivar on Crop Production in Hydroponic Culture.
Horticulturae 2019, 5, 72. [CrossRef]

20. Hossain, A.; Skalicky, M.; Brestic, M.; Maitra, S.; Sarkar, S.; Ahmad, Z.; Vemuri, H.; Garai, S.; Mondal, M.; Bhatt, R.; et al. Selenium
Biofortification: Roles, Mechanisms, Responses and Prospects. Molecules 2021, 26, 881. [CrossRef]

21. Hatfield, D.L.; Tsuji, P.A.; Carlson, B.A.; Gladyshev, V.N. Selenium and Selenocysteine: Roles in Cancer, Health, and Development.
Trends Biochem. Sci. 2014, 39, 112–120. [CrossRef]

22. Zenda, T.; Liu, S.; Dong, A.; Duan, H. Revisiting Sulphur—The Once Neglected Nutrient: It’s Roles in Plant Growth, Metabolism,
Stress Tolerance and Crop Production. Agriculture 2021, 11, 626. [CrossRef]

23. Freitas, E.M.; Giovanelli, L.B.; Delazari, F.T.; Santos, M.L.; Pereira, S.B.; Silva, D.J.H. Arugula Production as a function of irrigation
depths and potassium fertilization. Rev. Bras. Eng. Agríc. Ambient. 2017, 21, 197–202. [CrossRef]

24. Traka, M.H. Health benefits of glucosinolates. Adv. Bot. Res. 2016, 80, 247–279.
25. Wilson, D.W.; Nash, P.; Buttar, H.S.; Griffiths, K.; Singh, R.; De Meester, F.; Horiuchi, R.; Takahashi, T. The Role of Food

Antioxidants, Benefits of Functional Foods, and Influence of Feeding Habits on the Health of the Older Person: An overview.
Antioxidants 2017, 6, 81. [CrossRef] [PubMed]

26. Ros, G.; van Rotterdam, A.; Bussink, D.; Bindraban, P. Selenium fertilization strategies for bio-fortification of food: An agro-
ecosystem approach. Plant Soil 2016, 404, 99–112. [CrossRef]

27. Sabatino, L.; Ntatsi, G.; Iapichino, G.; D’Anna, F.; De Pasquale, C. Effect of Selenium Enrichment and Type of Application on
Yield, Functional Quality and Mineral Composition of Curly Endive Grown in a Hydroponic System. Agronomy 2019, 9, 207.
[CrossRef]

28. Tzortzakis, N.; Nicola, S.; Savvas, D.; Voogt, W. Editorial: Soilless Cultivation Through an Intensive Crop Production Scheme.
Management Strategies, Challenges and Future Directions. Front. Plant Sci. 2020, 11, 363. [CrossRef]

29. Giordano, M.; El-Nakhel, C.; Pannico, A.; Kyriacou, M.C.; Stazi, S.R.; De Pascale, S.; Rouphael, Y. Iron Biofortification of Red
and Green Pigmented Lettuce in Closed Soilless Cultivation Impacts Crop Performance and Modulates Mineral and Bioactive
Composition. Agronomy 2019, 9, 290. [CrossRef]

30. Sambo, P.; Nicoletto, C.; Giro, A.; Pii, Y.; Valentinuzzi, F.; Mimmo, T.; Lugli, P.; Orzes, G.; Mazzetto, F.; Astolfi, S.; et al. Hydroponic
Solutions for Soilless Production Systems: Issues and Opportunities in a Smart Agriculture Perspective. Front. Plant Sci. 2019, 10, 923.
[CrossRef]

31. Frost, R.R.; Griffin, R.A. Effect of pH on Adsorption of Arsenic and Selenium from Landfill Leachate by Clay Minerals. Soil Sci.
Soc. Am. J. 1977, 41, 53–57. [CrossRef]

32. Eich-Greatorex, S.; Sogn, T.A.; Øgaard, A.F.; Aasen, I. Plant Availability of Inorganic and Organic Selenium Fertiliser as Influenced
by Soil Organic Matter Content and pH. Nutr. Cycl. Agroecosyst. 2007, 79, 221–231. [CrossRef]

33. Winkel, L.; Vriens, B.; Jones, G.; Schneider, L.; Pilon-Smits, E.; Bañuelos, G. Selenium Cycling across Soil-Plant-Atmosphere
Interfaces: A Critical Review. Nutrients 2015, 7, 4199. [CrossRef]

34. Alves, L.R.; Rossatto, D.R.; Rossi, M.L.; Martinelli, A.P.; Gratão, P.L. Selenium improves photosynthesis and induces ultrastructural
changes but does not alleviate cadmium-stress damages in tomato plants. Protoplasma 2020, 257, 597–605. [CrossRef] [PubMed]

35. Li, H.; Liu, X.; Wassie, M.; Chen, L. Selenium supplementation alleviates cadmiuminduced damages in tall fescue through
modulating antioxidant system, photosynthesis efficiency, and gene expression. Environ. Sci. Poll. Res. 2020, 1, 1–13. [CrossRef]

36. Eiche, E.; Bardelli, F.; Nothstein, A.K.; Charlet, L.; Göttlicher, J.; Steininger, R.; Dhillon, K.S.; Sadana, U.S. Selenium distribution
and speciation in plant parts of wheat (Triticum aestivum) and Indian mustard (Brassica juncea) from a seleniferous area of Punjab.
Sci. Total Environ. 2015, 505, 952–961. [CrossRef] [PubMed]

37. Hasanuzzaman, M.; Bhuyan, M.H.M.B.; Raza, A.; Hawrylak-Nowak, B.; Matraszek-Gawron, R.; Mahmud, J.A.; Nahar, K.; Fujita,
M. Selenium in plants: Boon or bane? Environ. Exp. Bot. 2020, 178, 104170. [CrossRef]

38. Supriatin, S.; Weng, L.; Comans, R.N. Selenium speciation and extractability in Dutch agricultural soils. Sci. Total Environ. 2015,
532, 368–382. [CrossRef]

http://doi.org/10.1016/j.fochx.2019.100073
http://doi.org/10.3390/agriculture10100486
http://doi.org/10.1016/j.scienta.2022.111154
http://doi.org/10.3390/agronomy12010131
http://doi.org/10.1071/CP21529
http://doi.org/10.3389/fpls.2015.00280
http://doi.org/10.3390/horticulturae5040072
http://doi.org/10.3390/molecules26040881
http://doi.org/10.1016/j.tibs.2013.12.007
http://doi.org/10.3390/agriculture11070626
http://doi.org/10.1590/1807-1929/agriambi.v21n3p197-202
http://doi.org/10.3390/antiox6040081
http://www.ncbi.nlm.nih.gov/pubmed/29143759
http://doi.org/10.1007/s11104-016-2830-4
http://doi.org/10.3390/agronomy9040207
http://doi.org/10.3389/fpls.2020.00363
http://doi.org/10.3390/agronomy9060290
http://doi.org/10.3389/fpls.2019.00923
http://doi.org/10.2136/sssaj1977.03615995004100010019x
http://doi.org/10.1007/s10705-007-9109-3
http://doi.org/10.3390/nu7064199
http://doi.org/10.1007/s00709-019-01469-w
http://www.ncbi.nlm.nih.gov/pubmed/31844994
http://doi.org/10.1007/s11356-019-06628-3
http://doi.org/10.1016/j.scitotenv.2014.10.080
http://www.ncbi.nlm.nih.gov/pubmed/25461096
http://doi.org/10.1016/j.envexpbot.2020.104170
http://doi.org/10.1016/j.scitotenv.2015.06.005


Horticulturae 2022, 8, 1088 12 of 12

39. Sarwar, N.; Akhtar, M.; Kamran, M.A.; Imran, M.; Riaz, M.A.; Kamran, K.; Hussain, S. Selenium biofortification in food crops:
Key mechanisms and future perspectives. J. Food Compos. Anal. 2020, 93, 103615. [CrossRef]

40. Versini, A.; Tullo, P.; Aubry, E.; Bueno, M.; Thiry, Y.; Pannier, F.; Castrec-Rouelle, M. Influence of Se Concentrations and Species in
Hydroponic Cultures on Se Uptake, Translocation and Assimilation in non-Accumulator Ryegrass. Plant Physiol. Biochem. 2016,
108, 372–380. [CrossRef]

41. Furlani, P.R. Instrução Para o Cultivo de Hortaliça de Folha Pela Técnica de Hidroponia—NFT; Instituto Agronômico: Campinas, Brazil, 1998.
42. Miyazawa, M.; Pavan, M.A.; Muraoka, T.; Carmo, C.A.F.S.; Melo, W.J. Análises químicas de tecido vegetal. In Manual de Análises

Químicas de Solos, Plantas e Fertilizantes; Silva, F.C., Ed.; EMBRAPA: Brasília, Brazil, 2009; pp. 191–233.
43. United States Environmental Protection Agency. Method 3051A. 1998. Available online: https://www.epa.gov/sites/production/

files/2015-12/documents/3051a.pdf (accessed on 20 January 2018).
44. Lichtenthaler, H.K. Chlorophylls and carotenoids: Pigments of photosynthetic biomembranes. Methods Enzymol. 1987, 148,

350–382. [CrossRef]
45. Heath, R.L.; Packer, L. Photoperoxidation in isolated chloroplasts: I. Kinetics and stoichiometry of fatty acid peroxidation. Arch.

Biochem. Biophys. 1968, 125, 189–198. [CrossRef]
46. Alexieva, V.; Sergiev, I.; Mapelli, S.; Karanov, E. The effect of drought and ultraviolet radiation on growth and stress markers in

pea and wheat. Plant Cell Environ. 2001, 24, 1337–1344. [CrossRef]
47. Azevedo, R.A.; Alas, R.M.; Smith, R.J.; Lea, P.J. Response of antioxidant enzymes to transfer from elevated carbon dioxide to

air and ozone fumigation, in leaves and roots of wild-type and a catalase-deficient mutant of barley. Physiol. Plant. 1998, 104,
280–292. [CrossRef]

48. Giannopolitis, C.N.; Ries, S.K. Superoxide dismutases: Occurrence in higher plants. Plant Physiol. 1977, 59, 309–314. [CrossRef]
[PubMed]

49. Gratão, P.L.; Monteiro, C.C.; Carvalho, R.F.; Tezotto, T.; Piotto, F.A.; Peres, L.E.P.; Azevedo, R.A. Biochemical dissection of
diageotropica and Never ripe tomato mutants to Cd-stressful conditions. Plant Physiol. Biochem. 2012, 56, 79–96. [CrossRef]

50. Barbosa, J.C.; Maldonado Júnior, W. Experimentação Agronômica & AgroEstat: Sistemas para Análises Estatísticas de Ensaios
Agronômicos; Gráfica Multipress: Jaboticabal, Brazil, 2015.

51. Trani, P.E.; Purquério, L.F.V.; Figueiredo, G.J.B.; Tivelli, S.W.; Blat, S.F. Calagem e Adubação da Alface, Almeirão, Agrião D’água,
Chicória, Coentro, Espinafre e Rúcula; Instituto Agronômico de Campinas: Campinas, Brazil, 2014.

52. Correia, B.; Hancock, R.; Amaral, J.; Gómez-Cadenas, A.; Valledor, L.; Pinto, G. Combined drought and heat activities protective
responses in Eucalyptus globulus that are not activated when subjected to drought and heat stress alone. Front. Plant Sci. 2018, 9,
1–14. [CrossRef]

53. Mitller, R. Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 2002, 7, 405–410. [CrossRef]
54. Owusu-Sekyere, A.; Kontturi, J.; Hajiboland, R.; Rahmat, S.; Aliasgharzad, N.; Hartikainen, H.; Seppanen, M.M. Influence of

selenium (Se) on carbohydrate metabolism, nodulation and growth in alfalfa (Medicago sativa L.). Plant Soil 2013, 373, 541–552.
[CrossRef]

55. Diao, M.; Ma, L.; Wang, J.; Cui, J.; Fu, A.; Liu, H. Selenium promotes the growth and photosynthesis of tomato seedlings under
salt stress by enhancing chloroplast antioxidant defense system. J. Plant Growth Regul. 2014, 33, 671–682. [CrossRef]

56. Mitller, R. ROS are good. Trends Plant Sci. 2017, 22, 11–19. [CrossRef] [PubMed]
57. Rios, J.J.; Blasco, B.; Cervilla, L.M.; Rosales, M.A.; Sanches-Rodriguez, E.; Romero, L.; Ruiz, J.M. Production and detoxification of

H2O2 in lettuce plants exposed to selenium. Ann. Appl. Biol. 2008, 154, 107–116. [CrossRef]
58. Ríos, J.J.; Blasco, B.; Leyva, R.; Sanchez-Rodrigues, E.; Rubio-Wilhelmi, M.M.; Romero, L.; Ruiz, J.M. Nutritional balance changes

in lettuce plant grown under different doses and forms of selenium. J. Plant Nutr. 2013, 36, 1344–1354. [CrossRef]
59. Hawrylak-Nowak, B.; Matraszek, R.; Pogorzelec, M. The dual effects of two inorganic selenium forms on the growth, selected

physiological parameters and macronutrients accumulation in cucumber plants. Acta Physiol. Plant. 2015, 37, 37–41. [CrossRef]
60. White, P.J. Selenium accumulation by plants (Review). Ann. Bot. 2016, 117, 213–235. [CrossRef]
61. Boldrin, P.F.; Faquin, V.; Ramos, S.J.; Guilherme, L.R.G.; Bastos, C.E.A.; Carvalho, G.S.; Costa, E.T.S. Selenato e selenito sobre

produção e biofortificação agronômica com selênio em arroz. Pesq. Agropec. Bras. 2012, 47, 831–837. [CrossRef]
62. Santos, N.; Teixeira, N.; Valim, J.; Almeida, E.; Oliveira, M.; Campos, W. Sulfur fertilization increases defense metabolites and

nitrogen but decreases plant resistance against a host-specific insect. Bull. Entomol. Res. 2017, 108, 479–486. [CrossRef]
63. Nelson, D.L.; Cox, M.M. Aminoácidos, Peptídeos e proteínas. In Princípios de Bioquímica de Lehninger; Dalmaz, C., Termignoni, C.,

Nelson, D.L., Cox, M.M., Eds.; Artmed: Porto Alegre, Brazil, 2022; pp. 75–114.
64. Soares, M.M.; Bardiviesso, D.M.; Barbosa, W.F.S.; Barcelos, M.N. Adubação de cobertura com enxofre na cultura da rúcula. Rev.

Agric. Neotrop. 2017, 4, 49–52. [CrossRef]
65. Jákli, B.; Tavakol, E.; Tränkner, M.; Senbayram, M.; Dittert, K. Quantitative limitations to photosynthesis in K deficient sunflower

and their implications on water-use efficiency. J. Plant. Physiol. 2017, 209, 20–30. [CrossRef]
66. Tränkner, M.; Tavakol, E.; Jákli, B. Functioning of potassium and magnesium in photosynthesis, photosynthate translocation and

photoprotection. Physiol. Plant. 2018, 163, 414–431. [CrossRef]
67. Reilly, C. Selenium in Food and Health; Blackie Academic and Professional: London, UK, 1996.
68. Kipp, A.P.; Strohm, D.; Brigelius-Flohé, R.; Schomburg, L.; Bechthold, A.; Leschik-Bonnet, E.; Heseker, H. Revised reference

values for selenium intake. J. Trace Elem. Med. Biol. 2015, 32, 195–199. [CrossRef]

http://doi.org/10.1016/j.jfca.2020.103615
http://doi.org/10.1016/j.plaphy.2016.07.029
https://www.epa.gov/sites/production/files/2015-12/documents/3051a.pdf
https://www.epa.gov/sites/production/files/2015-12/documents/3051a.pdf
http://doi.org/10.1016/0076-6879(87)48036-1
http://doi.org/10.1016/0003-9861(68)90654-1
http://doi.org/10.1046/j.1365-3040.2001.00778.x
http://doi.org/10.1034/j.1399-3054.1998.1040217.x
http://doi.org/10.1104/pp.59.2.309
http://www.ncbi.nlm.nih.gov/pubmed/16659839
http://doi.org/10.1016/j.plaphy.2012.04.009
http://doi.org/10.3389/fpls.2018.00819
http://doi.org/10.1016/S1360-1385(02)02312-9
http://doi.org/10.1007/s11104-013-1815-9
http://doi.org/10.1007/s00344-014-9416-2
http://doi.org/10.1016/j.tplants.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27666517
http://doi.org/10.1111/j.1744-7348.2008.00276.x
http://doi.org/10.1080/01904167.2013.790427
http://doi.org/10.1007/s11738-015-1788-9
http://doi.org/10.1093/aob/mcv180
http://doi.org/10.1590/S0100-204X2012000600014
http://doi.org/10.1017/S0007485317001018
http://doi.org/10.32404/rean.v4i1.1171
http://doi.org/10.1016/j.jplph.2016.11.010
http://doi.org/10.1111/ppl.12747
http://doi.org/10.1016/j.jtemb.2015.07.005

	Introduction 
	Materials and Methods 
	Location and Characterization of the Area 
	Treatments and Experimental Design 
	Installation and Conduction of the Experiment 
	Characteristics Evaluated 
	Biometric Analyses 
	Nutrient and Se Content 
	Carotenoids and Chlorophyll Content 
	Lipid Peroxidation 
	Hydrogen Peroxide (H2O2) 
	Stress Signaling Enzymes 
	Superoxide Dismutase (SOD, E.C. 1.15.1.1) 
	Catalase (CAT, E.C. 1.11.1.6) 
	Ascorbate Peroxidase (APX, E.C. 1.11.1.11) 

	Statistical Analysis 

	Results 
	Growth, Yield, and Nutrient and Se Contents 
	Physiological and Enzymatic Characteristics 

	Discussion 
	Growth 
	Se biofortification in Hydroponic Systems 

	Conclusions 
	References

