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Abstract: Eco-friendly lighting systems, like LED lights, can reduce energy consumption in green-
house operations, have a long lifespan, and enable precise control over plant growth through
spectrum selection. On the other hand, Selenium (Se) is a micronutrient with a beneficial role in
plant metabolism and an essential element for human health. In this study, we aim to unravel the
effects of LED lighting combined with Se supplementation on the physiological behavior, yield, and
quality of arugula (Eruca sativa). Arugula plants were cultivated under controlled conditions using
two distinct LED lights: full white spectrum (W) and a mix of 80%/20% of red/blue light (R:B). These
plants were then supplemented with three levels of Se: 0 mg Se kg−1 soil [0], 0.3 mg Se kg−1 soil [0.3],
and 0.6 mg Se kg−1 soil [0.6]. The results showed that stomatal conductance remained unaffected
by the light script. However, the plants exposed to R:B displayed more pronounced signs of photo-
damage and reduced net photosynthetic rate. Supplementation with Se plays a significant role in
mitigating light-induced stress and in improving the antioxidant defense system; this was especially
notable in R:B plants. Finally, R:B light decreased the accumulation of aboveground biomass, while
no significant impact of Se was noticed on this outcome. Se accumulation exhibited a direct and
proportional relationship with the concentration of Se applied. The integration of LED technology
and Se supplementation not only enhances crop nutritional value but also aligns with the adoption of
more sustainable agricultural practices.

Keywords: rocket; antioxidant system; artificial lighting; arugula; biofortification; LED; photosynthesis

1. Introduction

Light is a crucial factor for the successful growth and development of crops. Specif-
ically, light intensity and quality are the primary determinants of the photosynthetic
transformation of atmospheric CO2 into carbohydrates [1]. The main source of light is the
sun, but its characteristics depend on various factors related to the latitude, longitude, and
altitude of the location and the season of the year. In cases where natural light is insufficient
to meet crop demands, which normally happens in closed greenhouses, artificial lighting
is mandatory. For decades, artificial lighting involved the use of inefficient and environ-
mentally unfriendly fluorescent or incandescent lamps. Nowadays, LED (light emitting
diode) lights have been preferred in the most diverse indoor environments, including
even strengthening the pitches of modern football stadiums [2]. They are a more cost-
effective and environmentally friendly alternative, have a longer lifespan, and allow the
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modulation of their radiation spectrum to optimize plant growth and development [3–5].
Photosynthetically active radiation (PAR, 400–700 nm) is needed for photosynthesis and
plant growth [6]. However, plants do not similarly absorb all wavelengths of visible light.
Photosynthetic pigments are more efficient in capturing red (R) and blue (B) radiation
compared to other spectral regions, while the absorption of green (G) light remains quite
minimal [3,4]. Light quality also elicits distinct responses in plant photomorphogenesis [4].
Within the light spectrum, the R region (600–700 nm) induced the highest quantum yield of
CO2 assimilation by plants, followed by the G (500–600 nm) and B (400–500 nm) regions [7].
Moreover, the photoreceptor systems are mostly activated by R and B lights, controlling
plant development and cellular metabolism [6]. Although R light alone can sustain plant
growth and photosynthesis, it is insufficient for optimal plant development [3]. Combining
both R and B lights, in the appropriate proportions, can be advantageous for enhancing
the plant morphogenesis and physiological responses [8–10]. Red light affects the balance
between inactive and active forms of phytochromes, influencing several light-induced
reactions, including seed germination, leaf expansion, and chloroplast development [11].
On the other hand, B light, perceived through cryptochromes, regulates various plant
processes, including gene activation, stomatal opening, phototropism, the inhibition of
stem elongation, pigment biosynthesis, and chloroplast movement within cells [12].

Selenium (Se) is a micronutrient generally found in soils in low concentrations, rang-
ing from 0.01 and 2 mg kg−1, within a global average of 0.4 mg kg−1 [13,14]. The main
source of Se intake is through the consumption of vegetable products, whose concentration
depends on soil Se levels [15]. Se is an essential micronutrient for humans. It is a structural
component of some important enzymes and proteins and plays important functions in hu-
man health; it has antioxidant and anticancer effects and contributes to immune responses
and the prevention of cardiovascular diseases [16]. The recommended dietary allowance
(RDA) for Se is set at 55µg day−1 for healthy adults [17]. However, it is estimated that
about one billion people have Se deficiency problems [16]. On the other hand, in excessive
amounts, Se can be toxic, with the tolerable upper intake level (UL) for adults being set at
400 µg day−1 (IM, 2000). For plants, although considered non-essential, low dosages can be
beneficial for growth and development, crop yield, and quality and can confer tolerance to
abiotic stresses [16,18]. It has been reported that the beneficial effect of low doses of Se on
plants is related to the induced enhancement of the antioxidant defense system (antioxidant
enzymes and secondary metabolites), protecting plants from the action of reactive oxygen
species (ROS) [18–21]. Improvements in protein and photosynthetic pigment synthesis,
the efficiency of photosynthesis, plant nutrition, plant biomass production, and yield have
been reported with low doses of Se in different species [22–26]. The most effective way
to compensate for the low Se intake in humans is through the production of Se-enriched
functional foods, i.e., biofortification [14]. Selenium biofortification primarily focuses on
enhancing crops by adding Se and antioxidants for human and animal nutrition and health
improvement. Secondly, it can also boost crop yields in challenging conditions, mitigating
the negative effects of such environments on plant physiology [14]. All plants are able to
take up, metabolize, and accumulate Se in their tissues. Based on their ability to absorb
Se, plant species can be classified as hyperaccumulators (>1000 mg kg−1

DW), secondary
accumulators (100–1000 mg kg−1

DW), and non-accumulators (<100 mg kg−1
DW) [18].

Arugula (Eruca sativa Mill.) is a leaf vegetable that is widely consumed, rich in various
nutrients and phytonutrients, including potassium, calcium, vitamins A, C, and E, folate,
as well as flavonoids and other antioxidants, and has great potential for functional food
production [27–29]. This species belongs to the Brassicaceae family and can be considered a
secondary accumulator of Se [30].

The central goal of this study is to provide valuable insights for enhancing arugula cul-
tivation techniques in vertical farming to achieve superior crop performance and improved
nutritional quality. To achieve this goal, this study has the following specific objectives:
(1) to assess the impact of two distinct LED light systems on the physiological behavior,
yield, and quality of arugula grown in controlled greenhouse conditions; (2) to inves-
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tigate the potential benefits of Se enrichment in enhancing the physiological responses,
yield, and quality of arugula plants; and (3) to explore and gain a deeper understanding
of the interactions between different illumination systems and Se enrichment and their
combined effects.

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

The experiments were conducted from March to April of 2023 at the University
of Trás-os-Montes and Alto Douro, Vila Real, Portugal. Arugula (Eruca sativa Mill),
(Lote 34649CINOCP-DGADR, Alípio Dias & Irmão, Lda., Porto, Portugal) plants were
grown under fully controlled environmental conditions in a growth chamber
(215 cm × 215 cm × 240 cm). A temperature of 21 ± 3/16 ± 3 ◦C day/night, relative air
humidity of 71 ± 7/83 ± 7% day/night, and a photoperiod of 14 h light/10 h dark were
maintained. The chamber was equipped with LED lamps (OSRAM, Premstaetten, Austria),
with each one placed on the top of separate cells (60 × 90 × 72 cm) in a fixed position,
ensuring the most homogenous light distribution on a horizontal surface.

The seeds were sown in alveolar trays filled with germination substrate
(Nutrofertil—136 Nutrição e Fertilizantes, Lda., Santiago de Besteiros, Portugal) with the
following characteristics: total N 100–150 mg L−1, total P (P2O5) 100–150 mg L−1, total
K (K2O) 120–170 mg L−1, organic matter > 80%, pH 5.5–6.5. They were watered to field
capacity and placed to germinate in the growth chamber.

After germination, arugula seedlings, with two true leaves, were transplanted into
pots (12 cm height × 12.5 cm diameter), with two seedlings per pot, filled with a mixture
(80/20, 270 g) of universal substrate (Nutrofertil—Nutrição e Fertilizantes, Lda., Santi-
ago de Besteiros, Portugal) with the following characteristics: total N 150–200 mg L−1,
total P (P2O5) 150–190 mg L−1, total K (K2O) 200–300 mg L−1, organic matter > 80%,
pH 5.5–6.5/perlite (Perligran Premium, Knauf Aquapanel GmbH, Dortmund, Germany)
with a density of 0.0173 g m−2. All pots were watered to field capacity. Subsequently,
throughout the experiment, all pots were maintained at 80 to 90% of field capacity. Five
irrigations were carried out (a total of 400 mL in treatment W and 375 mL in treatment R:B)
using a nutrient solution. The nutrient solution was prepared by diluting 3 mL of a stock
solution with the following characteristics: N 12%, P2O5 4%, K2O 6%, B 0.02%, Cu 0.01%,
Fe 0.02%, Mn 0.01%, Mo 0.005%, Zn 0.005%, in 1 L of water.

2.2. Experimental Design

In this experiment, two different lighting systems were studied, and within each of
them, the influence of three levels of selenium was evaluated.

2.2.1. Illumination

Two light treatments were applied from sowing to harvest: the W treatment, which
consisted of full spectra of cool white light (29% B, 47% G, and 24% R), and the R:B treatment,
with spectra composed of 80% R and 20% B (Figure 1). Both lighting treatments had a
fixed photosynthetic photon flux density (PPFD) of ~300 µmol m−2 s−1, as described for
arugula plants in Ying et al. [31]. The spectra of the resulting lamp systems were measured
with a spectrometer (StellarNet BLACK-Comet Model CXR-SR, StellarNet Inc., Tampa, FL,
USA). The software SpectraWiz Spectrometer OS v5.33 (StellarNet Inc., Tampa, FL, USA)
was used to acquire and process the data from the sensor. In each treatment, 18 pots were
cultivated, each with two plants, and their positions were periodically exchanged within
their respective treatment cells to ensure uniform incident radiation for all.
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Figure 1. The photosynthetic photon flux density (PPFD) as a function of the wavelength of the LED
treatments applied (W, 100% cool white; R:B, 80% red and 20% blue).

2.2.2. Selenium

Fifteen days after transplantation, when they were already established, an aqueous
solution of sodium selenate (Na2SeO4) was applied to soil in different concentrations. A
control group without selenium, 0 mg Se kg−1 soil [0], was implemented, and a solu-
tion of Na2SeO4 was applied to achieve concentrations of 0.3 mg Se kg−1 soil [0.3] and
0.6 mg Se kg−1 soil [0.6]. The Na2SeO4 solutions were applied twice in a four-day interval.
For each of the selenium treatments, six pots were cultivated, each with two plants.

2.2.3. Final Treatments

Then, the arugula plants were grown under the influence of six distinct treatments,
as follows: white light without selenium (W [0]); white light with 0.3 mg Se kg−1 soil
(W [0.3]); white light with 0.6 mg Se kg−1 soil (W [0.6]); red and blue light without sele-
nium (R:B [0]); red and blue light with 0.3 mg Se kg−1 soil (R:B [0.3]); and red and blue
light with 0.6 mg Se kg−1 soil (R:B [0.6]). Each individual treatment had six pots, each with
2 plants, for a total of 12 plants (Figure 2). All parameters were monitored 24 days after
transplantation. Six plants were used for the analysis of aboveground biomass accumula-
tion and selenium quantification, and additional six plants were used for physiological and
biochemical assays.
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2.3. Plant Measurements
2.3.1. Leaf Gas Exchange and Chlorophyll a Fluorescence

Leaf gas exchange measurements were performed using a portable IRGA (LCpro T,
ADC, Hoddesdon, UK), operating in the open mode. The measurements were taken
within the respective growth chambers, under the conditions to which the plants were
exposed during the experiment. Net photosynthetic rate (A, µmol CO2 g−1 s−1), stom-
atal conductance (gs, mmol H2O g−1 s−1), and the ratio of intercellular to atmospheric
CO2 concentration (Ci/Ca) were estimated using the equations developed by von Caem-
merer and Farquhar [32]. Intrinsic water use efficiency was calculated as the ratio of
A/gs (µmol mol−1).

Chlorophyll a fluorescence parameters were measured in the same leaves and environ-
mental conditions used for gas exchange measurements, with a pulse amplitude modu-
lation fluorometer (mini-PAM, photosynthesis yield analyzer; Walz, Effeltrich, Germany)
using two scripts. In the first script, measurements were performed on leaves that were
fully exposed to the light. For this procedure, after a 35-s exposure to actinic light
(1450 µmol m−2 s−1), light-adapted steady-state fluorescence yield (Fs) was averaged, fol-
lowed by exposure to a saturating light pulse (6000 µmol m−2 s−1) for 0.6 s to establish
F’m. The sample was then shaded for 5 s with a far-red light source to determine F’0. In the
second script, the same leaf portion used previously was dark-acclimated for 30–45 min by
a dark leaf clip (DLC-8). After this period, the minimal fluorescence (F0) was measured
when all photosystem II (PSII) reaction centers were open using a low-intensity pulsed
measuring light source. The maximal fluorescence (Fm) was measured when all PSII reac-
tion centers were closed during a pulse of saturating light (6000 µmol m−2 s−1). From this
protocol, several fluorescence attributes were calculated [33,34]: maximum photochemical
efficiency of PSII given by Fv/Fm = (Fm − F0)/Fm, the efficiency of electron transport as
a measure of the effective quantum efficiency of PSII (ΦPSII = ∆F/F’m = (F’m − Fs)/F’m),
photochemical efficiency of open reaction centers under natural irradiance (F’v/F’m), as a
measure of a decline in the efficiency of the excitation capture by open PSII reaction centers
due to an increase in NPQ, photochemical quenching (qP = (F’m − Fs)/(F’m − F’0)), non-
photochemical quenching (NPQ = (Fm − F’m)/F’m), and photosynthetic electron transport
rate (ETR) (µmol electrons m−2 s−1) = (∆F/F’m) × PPFD × 0.5 × 0.84, where PPFD is the
photosynthetic photon flux density incident on the leaf, 0.5 is the factor that assumes equal
distribution of energy between the two photosystems, and the leaf absorbance used was
0.84 since it is the most common value for C3 plants.

2.3.2. Biochemical Assays

After measuring gas exchange and chlorophyll a fluorescence, the aboveground parts
of the plants were cut and immediately frozen in liquid nitrogen. The leaves of each
plant were macerated with liquid nitrogen, and the obtained powder was used for the
biochemical analyses. The final results were expressed on a dry weight (DW) basis.

Chlorophylls and carotenoids were extracted with 80% (v/v) acetone. Chlorophyll a
(Chla), chlorophyll b (Chlb), and total chlorophyll (Chl(a+b)) were determined according to
Arnon [35] and Sesták et al. [36], and total carotenoids (Car) were determined according to
Lichtenthaler [37].

In order to determine the content of phenolic compounds, methanolic extracts were
prepared. A total of 1.5 mL of MeOH:H2O (70:30) was added to 40 mg of leaf powder.
After shaking 30 min at room temperature, the samples were centrifuged at 1000× g for
10 min. This step was repeated three times. The volume was adjusted to 5 mL with
MeOH:H2O (70:30). Total phenolic compounds (TPC) were quantified according to an
adaptation of the procedure described by Shahidi and Naczk [38], using gallic acid as a
standard. Flavonoids were determined according to an adaptation of procedure described
by Jia et al. [39], using catechin as a standard. The concentration of ortho-diphenols (O-D)
was determined according to the method described by Mateos et al. [40], using gallic acid
as a standard.
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The antioxidant activity was determined using the ABTS (2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)) method, following the adapted procedure from
Ozgen et al. [41]. To quantify the percentage of inhibition, the Trolox standard curve
was used with the following formula: % inhibition = (Abs 734ABTS − Abs 734sample/Abs
734ABTS) × 100.

The determination of anthocyanins (Anth) was carried out according to the pH differ-
ential method described by Lee [42].

Total soluble proteins (TSP) were quantified using the method of Bradford [43], using
bovine serum albumin as a standard.

Total soluble sugars (TSS) were extracted according to Irigoyen et al. [44] by heating
25 mg of leaf powder in 80% ethanol for 1 h at 80 ◦C. TSS were quantified by spectropho-
tometry reading absorbance at 625 nm after the reaction of the alcoholic extract with fresh
anthrone in a boiling water bath for 10 min. Glucose was used as a standard.

2.3.3. Growth and Selenium Quantification

The aboveground biomass (A-biomass) of each plant was weighed after the harvest
and then dried at 70 ◦C until constant weight.

The selenium content was determined in the dried A-biomass after being ground. For
digestion, 2 mL of HNO3 and 1 mL of 30% H2O2 were added to each digestion tube and
allowed to digest at room temperature. After 24 h, the digestion tubes were placed in a
reactor (Techne), protected with a glass sphere on top to prevent the evaporation of volatile
forms of Se. The samples were heated to 60 ◦C, gradually increasing the temperature up to
150 ◦C, at which point the samples were left to digest until all organic matter was released.
Once the sediment and the mixture turned colorless, the glass spheres were removed to
allow the solvent (nitric acid) to evaporate. After the bottles cooled down, 0.5 mL of 5 M
HCl solution was added, and then they were placed in the reactor and heated to 100 ◦C
for 30 min to reduce selenate to selenite. After cooling the tubes again, 10 mL of 0.01 M
EDTA and 2 mL of DAN were added. The tubes were closed with caps and kept at 60 ◦C
for 30 min. Finally, each tube was vortexed, and about 2 mL of the derivatized solution was
extracted into a cuvette for the fluorimeter (Cary Eclipse fluorescence spectrophotometer,
Varian, Palo Alto, CA, USA) to determine selenium content by measuring excitation at
375 nm and emission at 525 nm. For quantification, a calibration curve was used (adapted
from Reaner et al. [45] and Costa_Silva et al. [46]).

2.3.4. Statistical Analysis

Statistical analyses were conducted using the JMP statistical software v. Pro 14
(SAS Institute Inc., Cary, NC, USA). Before performing the analysis of variance (ANOVA),
the ANOVA assumptions were tested (homogeneity of variances with Levene’s mean test
and normality with the Kolmogorov–Smirnov test). Data was analyzed using a two-way
ANOVA considering the separate effects of Light, [Se], and Light × [Se] interaction. An
n = 18 per treatment was used for the Light regime, and an n = 6 was used for each [Se]
and each Light × [Se] interaction. Significance levels were denoted as follows: “ns” for
no significant difference, and *, **, *** denote significant differences at p < 0.05, p < 0.01,
p < 0.001, respectively. In the case of significant differences, means were then compared by
Tukey’s post-hoc test at 5% significance level.

3. Results

Light quality influenced significantly the leaf gas exchange of arugula plants (Table 1).
The net photosynthetic rate (A) decreased when exposed to R:B light compared to W
light. In turn, stomatal conductance (gs) remained unaffected by the light conditions.
Overall, the intercellular to atmospheric CO2 concentration (Ci/Ca) ratio was enhanced
under R:B light, while intrinsic water use efficiency (A/gs) showed a significant reduction
(38.6%). No significant effect of [Se] or Light × [Se] interaction was observed for leaf gas
exchange parameters.
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Table 1. Net photosynthetic rate (A, µmol m−2 s−1), stomatal conductance (gs, mmol m−2 s−1),
ratio of intercellular to atmospheric CO2 concentration (Ci/Ca) and intrinsic water use efficiency
(A/gs, µmol mol−1) of arugula plants grown under white (W) and red and blue (R:B) light and
supplemented with 0 [0], 0.3 [0.3], and 0.6 [0.6] mg Se Kg soil−1.

A gs Ci/Ca A/gs

Light
W 6.58 ± 1.06 a 155.3 ± 44.2 0.775 ± 0.051 b 45.2 ± 12.1 a
RB 4.41 ± 1.23 b 164.6 ± 41.2 0.852 ± 0.036 a 27.6 ± 7.8 b

[Se]
[0] 5.72 ± 1.87 174.4 ± 33.7 0.828 ± 0.048 33.2 ± 2.8
[0.3] 5.42 ± 1.14 138.1 ± 37.1 0.794 ± 0.048 41.1 ± 3.0
[0.6] 5.43 ± 1.71 163.7 ± 50.1 0.818 ± 0.075 35.3 ± 2.9

Light × [Se]
W [0] 6.95 ± 1.38 189.6 ± 34.8 0.807 ± 0.046 37.9 ± 10.4
W [0.3] 6.18 ± 0.54 128.2 ± 32.4 0.757 ± 0.037 50.0 ± 9.6
W [0.6] 6.55 ± 1.07 143.7 ± 43.6 0.760 ± 0.057 48.5 ± 13.8
RB [0] 4.48 ± 1.44 159.1 ± 27.1 0.849 ± 0.043 28.4 ± 9.0
RB [0.3] 4.65 ± 1.08 148.0 ± 42.5 0.832 ± 0.017 32.2 ± 4.3
RB [0.6] 4.09 ± 1.31 187.7 ± 50.9 0.875 ± 0.032 22.2 ± 6.6

Significance
Light *** ns *** ***
[Se] ns ns ns ns
Light × [Se] ns ns ns ns

Values are means ± S.D. Levels not connected by same letter are significantly different. ns, p ≥ 0.05; *** p < 0.001.

Chlorophyll a fluorescence parameters are shown in Table 2. The light quality also
strongly impacted these parameters. When compared to the W light, the R:B light de-
creased the maximum and the effective quantum efficiency of photosystem II (Fv/Fm and
ΦPSII, respectively), the photochemical efficiency of open reaction centers under natural
irradiance (Fv’/Fm’), and the apparent electron transport rate (ETR) while increasing the
non-photochemical quenching (NPQ). On the other side, no significant effect of [Se] was
observed for chlorophyll a fluorescence parameters. A significant Light × [Se] interaction
was observed in some parameters. When subjected to W illumination, Se concentration had
no discernible effect on ΦPSII, Fv’/Fm’, and ETR parameters; however, under R:B lighting,
Se concentration increased them.

Table 2. Maximum (Fv/Fm) and effective (ΦPSII) quantum efficiency of photosystem II, photochemical
quenching (qP), photochemical efficiency of open reaction centers under natural irradiance (Fv’/Fm’),
apparent electron transport rate (ETR, µmol e− m−2 s−1) and non-photochemical (NPQ) of arugula
plants grown under white (W) and red and blue (R:B) light and supplemented with 0 [0], 0.3 [0.3],
and 0.6 [0.6] mg Se Kg soil−1.

Fv/Fm ΦPSII qP Fv’/Fm’ ETR NPQ

Light
W 0.803 ± 0.031 a 0.290 ± 0.042 a 0.505 ± 0.086 0.581 ± 0.077 a 36.6 ± 5.3 a 1.74 ± 0.69 b
RB 0.738 ± 0.048 b 0.219 ± 0.069 b 0.561 ± 0.091 0.389 ± 0.105 b 27.6 ± 8.7 b 3.13 ± 0.99 a

[Se]
[0] 0.751 ± 0.053 0.225 ± 0.079 0.510 ± 0.079 0.456 ± 0.190 28.4 ± 10.1 2.60 ± 1.62
[0.3] 0.776 ± 0.059 0.263 ± 0.071 0.539 ± 0.113 0.492 ± 0.121 33.1 ± 9.1 2.51 ± 0.97
[0.6] 0.784 ± 0.040 0.276 ± 0.040 0.551 ± 0.083 0.506 ± 0.07 34.8 ± 5.1 2.20 ± 0.45
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Table 2. Cont.

Fv/Fm ΦPSII qP Fv’/Fm’ ETR NPQ

Light × [Se]
W [0] 0.789 ± 0.044 0.294 ± 0.030 a 0.483 ± 0.087 0.620 ± 0.102 a 37.0 ± 3.8 a 1.33 ± 0.93 c
W [0.3] 0.813 ± 0.030 0.302 ± 0.049 a 0.538 ± 0.101 0.567 ± 0.078 ab 38.0 ± 6.1 a 1.91 ± 0.60 bc
W [0.6] 0.807 ± 0.016 0.276 ± 0.051 a 0.495 ± 0.076 0.555 ± 0.039 ab 34.7 ± 6.4 a 1.99 ± 0.34 bc
R:B [0] 0.713 ± 0.029 0.157 ± 0.039 b 0.537 ± 0.069 0.291 ± 0.061 c 19.8 ± 4.9 b 3.87 ± 1.00 a
R:B [0.3] 0.739 ± 0.060 0.224 ± 0.072 ab 0.541 ± 0.136 0.417 ± 0.113 bc 28.2 ± 9.1 ab 3.10 ± 0.94 ab
R:B [0.6] 0.762 ± 0.046 0.276 ± 0.032 a 0.606 ± 0.044 0.457 ± 0.059 b 34.8 ± 4.1 a 2.41 ± 0.49 abc

Significance
Light *** *** ns *** *** ***
[Se] ns ns ns ns ns ns
Light × [Se] ns * ns *** * *

Values are means ± S.D. Levels not connected by same letter are significantly different. ns, p ≥ 0.05; * p < 0.05;
*** p < 0.001.

The variations in leaf pigment concentrations across the different treatments are
presented in Table 3. Light conditions also modulated these metabolites’ responses, the
exposure to R:B light led to a reduction in total chlorophylls (Chl(a+b)) and carotenoids (Car)
concentration and total chlorophylls/carotenoids (Chl(a+b)/Car) ratio. At the same time,
Se application promoted both Chl(a+b) and Car concentration.

A significant Light × [Se] interaction was found for Chl(a+b). A statistically sig-
nificant increase in these pigments under W light was observed by the application of
0.3 mg Se Kg soil−1, while under R:B light, the improvement was only accomplished with
[0.6]. Regarding the ratios Chla/b and Chl(a+b)/Car, no consistent effects were observed.

Table 3. Leaf concentration of total chlorophylls (Chl(a+b), mg g−1
DW) and total carotenoids (Car,

mg g−1
DW) and ratios of chlorophyll a/chlorophyll b (Chla/b) and total chlorophylls/carotenoids

(Chl(a+b)/Car) of arugula plants grown under white (W) and red and blue (R:B) light and supple-
mented with 0 [0], 0.3 [0.3] and 0.6 [0.6] mg Se Kg soil−1.

Chl(a+b) Chla/b Car Chl(a+b)/Car

Light
W 0.854 ± 0.126 a 3.60 ± 0.24 0.151 ± 0.023 a 5.74 ± 0.86 a
RB 0.629 ± 0.120 b 3.36 ± 0.61 0.124 ± 0.024 b 5.06 ± 0.42 b

[Se]
[0] 0.617 ± 0.138 b 3.50 ± 0.38 0.113 ± 0.019 b 5.40 ± 0.56
[0.3] 0.797 ± 0.196 a 3.31 ± 0.60 0.144 ± 0.024 a 5.55 ± 1.14
[0.6] 0.812 ± 0.089 a 3.64 ± 0.39 0.155 ± 0.018 a 5.24 ± 0.40

Light × [Se]
W [0] 0.733 ± 0.060 bc 3.19 ± 0.10 ab 0.128 ± 0.012 5.75 ± 0.23 ab
W [0.3] 0.975 ± 0.088 a 3.07 ± 0.85 b 0.160 ± 0.022 6.23 ± 1.34 a
W [0.6] 0.857 ± 0.095 ab 3.83 ± 0.49 a 0.164 ± 0.016 5.22 ± 0.57 ab
R:B [0] 0.502 ± 0.083 d 3.81 ± 0.29 ab 0.100 ± 0.014 5.05 ± 0.61 ab
R:B [0.3] 0.618 ± 0.031 cd 3.54 ± 0.17 ab 0.128 ± 0.015 4.87 ± 0.42 b
R:B [0.6] 0.767 ± 0.060 b 3.44 ± 0.08 ab 0.146 ± 0.014 5.26 ± 0.15 ab

Significance
Light *** ns *** **
[Se] *** ns *** ns
Light × [Se] ** * ns *

Values are means ± S.D. Levels not connected by same letter are significantly different. ns, p ≥ 0.05; * p < 0.05;
** p < 0.01; *** p < 0.001.
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The impact of lighting conditions and Se application on leaf phenolic compounds
and antioxidant capacity can be seen in Table 4. Light affected the concentration of some
of these compounds: total phenolic compounds (TPC), flavonoids, and anthocyanins
(Anth) concentration were significantly reduced when exposed to R:B light. The ap-
plied selenium concentration also modulated the accumulation of TPC, ortho-diphenols
(O-D), and the total antioxidant capacity (TAC), increasing them with the application of
0.6 mg Se Kg soil−1. The Anth concentration increased proportionally with the Se concen-
tration applied. A significant Light × [Se] interaction was found for Anth; the Se effect was
only observed when plants were subjected to R:B illumination, increasing proportionally
with the Se concentration.

Table 4. Leaf concentration of total phenolic compounds (TPC, µg g−1
DW), anthocyanins (Anth,

mg g−1
DW) flavonoids (µg g−1

DW), and ortho-diphenols (O-D, µg g−1
DW), and total antioxidant

capacity (TAC, µmol g−1
DW) of arugula plants grown under white (W) and red and blue (R:B) light

and supplemented with 0 [0], 0.3 [0.3] and 0.6 [0.6] mg Se Kg soil−1.

TPC Anth Flavonoids O-D TAC

Light
W 0.701 ± 0.277 a 78.6 ± 10.6 a 0.784 ± 0.148 a 4.35 ± 1.00 5.83 ± 1.10
RB 0.441 ± 0.243 b 52.5 ± 25.3 b 0.681 ± 0.085 b 4.16 ± 0.55 5.18 ± 1.00

[Se]
[0] 0.369 ± 0.226 b 46.6 ± 23.5 c 0.671 ± 0.083 3.54 ± 0.27 b 4.84 ± 0.62 b
[0.3] 0.503 ± 0.216 b 67.0 ± 19.7 b 0.712 ± 0.079 4.14 ± 0.47 b 5.33 ± 1.18 ab
[0.6] 0.841 ± 0.197 a 83.0 ± 88.7 a 0.817 ± 0.171 5.08 ± 0.62 a 6.34 ± 0.86 a

Light × [Se]
W [0] 0.480 ± 0.299 67.4 ± 5.1 ab 0.728 ± 0.038 3.36 ± 0.17 4.66 ± 0.81
W [0.3] 0.660 ± 0.190 81.0 ± 8.2 a 0.700 ± 0.120 4.26 ± 0.68 6.09 ± 0.63
W [0.6] 0.965 ± 0.051 87.2 ± 7.1 a 0.926 ± 0.164 5.42 ± 0.58 6.74 ± 0.59
R:B [0] 0.258 ± 0.040 25.8 ± 7.7 c 0.613 ± 0.077 3.73 ± 0.23 5.02 ± 0.47
R:B [0.3] 0.347 ± 0.090 53.1 ± 18.0 bc 0.724 ± 0.041 4.01 ± 0.21 4.58 ± 1.17
R:B [0.6] 0.717 ± 0.220 78.7 ± 9.5 ab 0.708 ± 0.103 4.74 ± 0.54 5.93 ± 1.00

Significance
Light ** *** * ns ns
Se ** *** ns *** *
Light × [Se] ns * ns ns ns

Values are means ± S.D. Levels not connected by same letter are significantly different. ns, p ≥ 0.05; * p < 0.05;
** p < 0.01; *** p < 0.001.

Table 5 provides insights into the effect of lighting conditions and Se application on the
accumulation of total soluble proteins (TSP) and total soluble sugars (TSS) in arugula leaves.
No influence of the light regime was observed in the accumulation of these metabolites.
On the other hand, Se increased their accumulation, TSP with both [0.3] and [0.6], and
TSS only with [0.6]. No significant effect of Light × [Se] interaction was observed on
these metabolites.

Table 5. Leaf concentration of total soluble proteins (TSP, mg g−1
DW) and total soluble sugars (TSS,

mg g−1
DW) of arugula plants grown under white (W) and red and blue (R:B) light and supplemented

with 0 [0], 0.3 [0.3], and 0.6 [0.6] mg Se Kg soil−1.

TSP TSS

Light
W 10.2 ± 0.76 7.10 ± 1.60
RB 9.91 ± 1.08 7.62 ± 1.14
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Table 5. Cont.

TSP TSS

[Se]
[0] 9.24 ± 0.82 b 6.23 ± 0.96 b
[0.3] 10.2 ± 0.65 a 7.23 ± 1.10 b
[0.6] 10.7 ± 0.69 a 8.62 ± 1.02 a

Light × [Se]
W [0] 9.75 ± 0.70 5.48 ± 0.47
W [0.3] 10.2 ± 0.48 7.12 ± 1.18
W [0.6] 10.8 ± 0.79 8.71 ± 1.06
R:B [0] 8.72 ± 0.60 6.98 ± 0.67
R:B [0.3] 10.2 ± 0.47 7.33 ± 1.12
R:B [0.6] 10.8 ± 0.79 8.54 ± 1.10

Significance
Light ns ns
[Se] ** **
Light × [Se] ns ns

Values are means ± S.D. Levels not connected by same letter are significantly different. ns, p ≥ 0.05; ** p < 0.01.

The lighting conditions also modulated the accumulation of aboveground biomass
(A-Biomass) (Table 6), with a decrease (~15%) noted under R:B light. However, neither
the [Se] nor Light × [Se] interaction had a significant impact on this variable. Table 6 also
illustrates the effects of the treatments on Se accumulation in aboveground biomass. While
light conditions had no discernible effect on its accumulation, Se accumulation displayed a
direct and proportional correlation with the applied Se concentration, whether measured
on a dry or fresh weight basis. A significant Light × [Se] interaction was observed in Se
accumulation, with plants receiving the highest Se dose (0.6 mg Se Kg soil−1) showing
significantly higher concentrations under R:B light.

Table 6. Total aboveground biomass (A-biomass, g plant−1
FW), and selenium concentration in

aboveground biomass on a dry (Se, mg kg−1
DW) and fresh (Se, µg 100 g−1

FW) weight basis of arugula
plants grown under white (W) and red:blue (R:B) light and supplemented with 0 [0], 0.3 [0.3] and
0.6 [0.6] mg Se Kg soil−1.

A-Biomass
(g Plant−1

FW)
Se

(mg kg−1
DW)

Se
(µg 100 g−1

FW)

Light
W 5.77 ± 0.28 a 2.45 ± 1.48 27.5 ± 23.6
RB 4.90 ± 0.27 b 2.80 ± 2.38 24.1 ± 15.3

[Se]
[0] 5.31 ± 0.33 0.367 ± 0.33 c 3.31 ± 3.06 c
[0.3] 5.70 ± 0.32 2.61 ± 0.82 b 25.0 ± 8.1 b
[0.6] 4.98 ± 0.34 4.64 ± 1.42 a 46.6 ± 13.6 a

Light × [Se]
W [0] 5.26 ± 0.76 0.572 ± 0.429 d 5.29 ± 3.97 d
W [0.3] 6.66 ± 1.30 2.419 ± 0.745 c 22.2 ± 6.84 c
W [0.6] 5.39 ± 1.59 3.897 ± 0.694 b 40.1 ± 7.15 ab
RB [0] 5.37 ± 0.50 0.213 ± 0.061 d 1.83 ± 0.52 d
RB [0.3] 4.74 ± 0.97 2.813 ± 0.314 bc 27.7 ± 8.8 bc
RB [0.6] 4.58 ± 1.00 5.390 ± 0.567 a 53.0 ± 15.8 a

Significance
Light * ns ns
[Se] ns *** ***
Light × [Se] ns * *

Values are means ± S.D. Levels not connected by same letter are significantly different. ns, p ≥ 0.05; * p < 0.05;
*** p < 0.001.
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4. Discussion
4.1. Light Spectrum Variations Elicit Differential Responses in Arugula Plants

Photosynthetic carbon assimilation provides carbon skeletons and energy required for
plant growth and development. Photosynthesis is regulated by several external and internal
factors but is primarily affected by light intensity, temperature, water, and CO2 supply [6].
In this study, all the plants were fully irrigated, and exposed to the same temperature and
atmospheric CO2 concentration. The uptake of CO2 is regulated by the opening of stomata,
which remained unaffected by the various treatments applied, as evidenced by the lack of
significant differences in gs. Still, the light quality influenced the A responses of arugula
plants, suggesting non-stomatal effects. When exposed to R:B light, as opposed to W light,
the A was reduced and the Ci/Ca ratio was improved, suggesting that CO2 fixation in the
Calvin cycle was impaired [47].

Light energy absorbed by chlorophylls associated with PSII can be used to drive
photochemistry or can be lost from PSII, as chlorophyll fluorescence or heat, processes
in direct competition with each other [48]. The analysis of chlorophyll a fluorescence
showed that plants under R:B light had lower photochemical efficiency, which can justify
the lower A recorded for them. The lower ΦPSII of plants under R:B light indicates that the
light absorbed by PSII is used for QA reduction less efficiently, a consequence of reduced
photochemical efficiency of the open reaction centers (Fv’/Fm’), since the proportion of
open PSII reaction centers (qP) remained unaffected [48]. In line, the ETR through the PSII
was also lower in R:B light regime. Moreover, the lower Fv/Fm ratio can indicate higher
photoinhibitory damages in the photosynthetic apparatus and the higher NPQ values
suggest a higher need for PSII to dissipate energy as heat instead of channeling it into
photochemical reactions [48].

The photosynthetic efficiency can also be reduced due to reduced chlorophyll biosyn-
thesis and/or higher degradation, usually occurring under stress conditions [49]. The
exposure to R:B light led to a reduction (~26%) in Chl(a+b). This response may have resulted
from the degradation of these pigments due to some phenomenon of photoinhibition in the
R:B treatment, in which oxygen radicals can be generated [49]. The reduction of these pig-
ments can also be seen as a photoprotective mechanism, reducing the excess absorption of
light and consequent ROS generation [50]. Despite the decrease in Car concentration from
W to R:B regime, this reduction (~18%) was coupled with a decrease in the Chl(a+b)/Car
ratio (W—5.74; R:B—5.06; (~12%), a sensitive indicator of photooxidative damage. This
suggests a faster breakdown of Chl(a+b) than Car, likely due to Car’s role in energy dis-
sipation [51]. Moreover, according to Trifunović-Momčilov et al. [51], the Chl(a+b)/Car
ratio typically falls between 4.2 and 5 in the leaves of sun-exposed plants and between
5.5 and 7.0 in the leaves of shade-exposed plants in their natural habitats. These results
also support the aforementioned thesis. The chlorophyll pigments reflect a significant
portion of green light and exhibit a stronger absorption of red radiation [52]. Although
the total radiation intensity was equal in both W and R:B light conditions, the R:B emits a
higher percentage of photons in the red spectrum, while the W is in the green spectrum.
As a result, compared to the W plants, those under R:B light may be experiencing some
photoinhibitory damage due to more energy absorption. Additionally, the spectrum of W
light may offer enhanced energy absorption efficiency. Despite the R light being known
to result in higher CO2 assimilation rates [7], and the R:B treatment having a substantial
percentage of it (80%), W light includes a significant percentage of green light (47%) that
penetrates deeper into the leaf tissues and is better distributed [52,53].The exposure to
R:B light also led to a reduction in Anth concentration (~33%). Blue light is assumed to
stimulate the synthesis of Anth, mediated via cryptochrome blue-light photoreceptors [54].
The integrated transcriptome and metabolome analysis, performed by Zhang et al. [55] in
blueberry leaves, suggested that blue light promoted Anth biosynthesis by inducing the
expression of key structural genes and accumulation of metabolites involved in the Anth
synthesis pathway. Moreover, Ying et al. [31] reported in their study that the total Anth
concentration of arugula plants increased proportionally with the percentage of supplied
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blue light, up to 30%. Notably, in the present study, the W light supplied 29% of blue
light, while R:B only supplied 20%. Anthocyanins play a proactive role in preventing
photoinhibition and photodamage by absorbing excess radiation when the plant’s existing
photoprotective mechanisms for dissipating excess energy are exhausted [56]. This may
explain why the R:B plants were also more vulnerable to excessive radiation.

Phenolic compounds serve as potent antioxidants and are essential in the defense
mechanisms of plants, with their accumulation representing an adaptive response to
stressful conditions [57]. Despite the plants under R:B light seemingly having a greater
need to invest in antioxidant defense, the opposite was observed. There was a lower
accumulation of total phenols (~37%) and flavonoids (~13%) and no discernible effect of
light on ortho-diphenols and antioxidant capacity. These results suggest that these plants
are unable to invest in the secondary metabolism, possibly due to lower photosynthetic
rates and, consequently, an overall reduced production of photoassimilates. This reduced
investment may have contributed to a low elimination of ROS and greater damage to the
photosynthetic apparatus, as discussed previously.

Even though the R:B plants showed impairment in their physiological processes, as
discussed, the concentration of soluble proteins remained unaffected, and the capacity to
sustain soluble protein levels demonstrates the resilience of their protein synthesis mecha-
nisms independently of light quality. On the other side, despite the reduced photosynthetic
rates of R:B plants, they maintain total soluble sugars comparable to those of W plants,
indicating a proportionally higher accumulation in R:B plants. This response may indicate
problems in sugar translocation to sink organs. In line with the diminished physiolog-
ical and metabolic performance of R:B plants, a reduction in the aboveground biomass
accumulation was observed from W to R:B light regimes.

4.2. Selenium Adjusts Arugula Plant Responses to the Light Conditions in Which They Are Grown

When applied in optimal doses, Se can have an important role in plant growth, yield,
and quality, and can confer tolerance to abiotic stresses [16]. According to the literature,
the application of low concentrations of Se enhances the photosynthetic performance in
various species [16,18,58]. Although the application of Se did not have any significant
impact on leaf gas exchange responses of arugula plants, chlorophyll a fluorescence analysis
indicated that Se generally improved the photochemical reactions of photosynthesis under
R:B light, with the concentration of 0.6 mg kg−1 standing out. Apparently, Se was effective
in alleviating photoinhibitory damage caused by the R:B light, showing an important role in
light stress mitigation. Similar results were obtained in potato plants exposed to high-light
conditions, attenuating the Fv/Fm decline [59]. To some extent, that response can be due
to the Se-induced increase of protectors of light capture, such as anthocyanins, in R:B
plants, contributing to the preservation of the chlorophylls, as the central photoreceptors
of photosynthesis [58]. As already discussed, Anth has an important role in preventing
photoinhibition and photodamage [56]. In line, the Se-induced increase and/or mitigation
of stress-induced decrease of chlorophylls and carotenoids have been described in the
literature [22,26,60,61]. Seppänen et al. [59] also observed that selenium alleviates oxidative
stress and chloroplast damage in potato plants exposed to strong light. Additionally, it was
noted that selenium plays a role in enhancing chlorophyll recovery after exposure to light
stress. The benefits of Se in photochemistry may also be related to its relationship with the
Fe–S cluster in chloroplasts, which have a vital role in the electron transport chain and in
the emergence and quenching of ROS, mainly in plants subjected to stress [62].

The beneficial effect of Se, at relatively low concentrations, is suggested to be due
to its ability to enhance plant defense mechanisms, boosting both enzymatic and non-
enzymatic antioxidants and osmolytes metabolism, thus aiding in the removal of ROS and
preventing oxidative stress [16,18–20,25]. Indeed, Se contributed to an increase in TPC,
O-D, TAC, TSS, and TSP in both light regimes evaluated, especially at the concentration of
0.6 mg Se Kg soil−1. In a study conducted on arugula plants by Santiago et al. [25], it was
demonstrated that supplementation with beneficial doses of Se resulted in a reduction
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in oxidative stress. The degree of this protective effect varied depending on the arugula
cultivars and the doses of selenium used. Despite the observed key role of Se in the arugula
plants’ metabolism, no influence on aboveground biomass accumulation was noticed. The
increase in leaf biomass production of arugula plants by Se application was observed by
Santiago et al. [25] but depended on arugula cultivars and the dose of Se applied.

4.3. Selenium Accumulation in Arugula Plants Increased with Increasing Se Doses Applied

Typically, plants contain low Se levels (0.01–0.02 mg kg−1
DW), except those from

seleniferous areas, and Portugal is considered a Se-deficient area [16]. Therefore, the
process of bioaccumulation in plants plays a critical role in supplementing selenium and
safeguarding human health [16].

In the present study, the results confirm that arugula plants are able to accumulate
Se when sodium selenate is supplied to the substrate after transplanting. The total Se
contents in arugula leaves increased with increasing Se doses, over 25 times more in R:B
regime and 7 times more under the W regime with the highest concentration applied
(0.6 mg Se kg soil−1). In general, the light regimes did not have a significant impact on the
uptake of Se from the soil. However, it is worth noting that R:B regime exhibited a tendency
to enhance Se uptake, particularly when applied at the highest dosage, possibly due to the
discussed role of Se in photoprotection. The highest values achieved (5.39 mg kg−1

DW) did
not meet the range of secondary accumulators (100–1000 mg kg−1

DW) where arugula plants
are included [18,25], but the evaluation was only performed on the aboveground part of the
plants. These results can also suggest that higher doses of Se can be added by fertigation to
arugula plants under these grown conditions. Indeed, Santiago et al. [25] achieved values
ranging from 100–500 mg kg−1

DW in the leaves of two different arugula cultivars.
In our study, a serving size of 100 g of Se-biofortified leaves contained, on average,

25 µg and 47 µg of Se with the application of 0.3 and 0.6 mg Se Kg soil−1, respectively. The
consumption of 100 g of arugula plants would provide 45% and 85% of the recommended
dietary allowance (RDA) for healthy adults (55µg day−1) [17].

5. Conclusions

Food security faces a number of challenges across both production and consumption.
The adoption of customized and optimized production technologies can overcome those
challenges and increase horticultural crop production, productivity, and nutritious quality
in a more sustainable manner.

This study’s findings indicate that at a light intensity of 300 µmol m−2 s−1, the full
W spectrum is more favorable for the growth of arugula plants compared to an 80%
red to 20% blue spectrum, as the latter has the potential to exacerbate photodamage
effects. Furthermore, supplementation with Se plays a significant role in mitigating light-
induced stress and in improving the antioxidant defense system. This impact is particularly
pronounced in plants subjected to the R:B spectrum, which exhibited more noticeable
signs of photodamage. Additionally, our biofortification approach successfully yielded
selenium-enriched arugula plants.

The plants supplemented with Se, especially with the higher dose, 0.6 mg Se kg−1

soil, demonstrated superior yield quality. These plants exhibited elevated concentrations of
chlorophylls, antioxidant compounds, soluble proteins, and 85% of the Se RDA for adults.

The integration of LED technology in vertical farming and selenium supplementa-
tion not only enhances crop nutritional value but also contributes to more sustainable
agricultural practices, as LED technology is more economically and environmentally
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