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Abstract: The human intake of selenium (Se), which is an essential element in animals and humans,
can be increased through the consumption of vegetables that have been biofortified during cultivation.
There is increasing interest in wild edible plants (WEPs) due to their positive effects on health. In fact,
many WEPs are rich in microelements, vitamins, dietary fibers, and several antioxidant compounds.
Among WEPs, sea beet (Beta vulgaris ssp. maritima) is the wild ancestor of Swiss chard (Beta vulgaris
var. cicla). The present study investigated the potential of fortifying Swiss chard and sea beet with
Se. The two subspecies were cultivated in a floating system with a nutrient solution enriched with
four concentrations of Se (0, 1, 3, and 5 mg L−1), and the production and quality of the baby leaves
were evaluated. The addition of Se to the nutrient solution resulted in a higher leaf concentration of
this microelement in both subspecies, with a positive effect on the yield (+20%) and leaf chlorophyll
concentration (+25%) at the Se concentration of 1 mg L−1. The leaf concentration of nitrates was
reduced by the Se treatment in sea beet regardless of the Se concentration (−24%, on average).
Selenium biofortification was more effective in sea beet plants than in Swiss chard due to the higher
ability of the wild species to acquire readily available minerals from the hydroponic nutrient solution.
In conclusion, both subspecies accumulated a significant amount of Se without negative effects on
yield or leaf quality, thus proving them to be suitable for the production of Se-enriched baby leaves.

Keywords: biofortification; floating system; leafy vegetables; nutraceuticals; sodium selenate; wild
edible plant

1. Introduction

Approximately 15% of the global population is affected by selenium (Se) deficiency [1].
Selenium is an essential element for animals and humans. It is present in seleno-amino
acids, selenoproteins, and glutathione peroxidase (GSH-Px; EC 1.11.1.9). It is also involved
in the metabolism of thyroid hormones, the antioxidant defense system, and immunological
processes [2]. The adequate daily intake (AI) of Se in adults is 70 µg [3,4].

Dietary supplements can be used to treat Se deficiency; however, the majority of these
supplements are synthetic, and it is unclear whether they are absorbed in the body as is
normally the case with natural foods such as fruits and vegetables. A viable option to
prevent Se deficiency is the biofortification of vegetables with the application of Se salts [5].
The consumption of vegetables that are biofortified during cultivation has been proven
to be effective in improving the human intake of trace elements [6]. Several studies have
been conducted on the Se biofortification of hydroponically grown plants [7]. Among the
hydroponic techniques, the floating system has been shown to be suitable for cultivating
leafy vegetables, including Swiss chard and sea beet [8]. Floating systems can facilitate
crop biofortification, as found in a previous work [9].
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Selenium can positively or negatively affect plant growth, depending on the plant
species and the amount of Se applied [10,11]. For instance, Se can reduce the leaf nitrate
concentration by increasing nitrate reductase and glutamate synthase activities [12]; how-
ever, evidence has also shown that the leaf nitrate concentration is not affected by Se
application [13,14]. Selenium can also protect plants from oxidative stress induced by biotic
or abiotic factors [15]; however, the leaf phenol concentration and the antioxidant capacity
can be both increased [16,17] or not affected [18] by Se treatment.

There is increasing interest in growing wild edible plants (WEPs) as new leafy veg-
etables. These species can be included in a diet due to their positive effects on health [19].
Indeed, many WEPs are rich in microelements, vitamins, dietary fibers, and several antiox-
idant compounds that have shown anticancer activities and can help to prevent chronic
neurodegenerative diseases and inflammatory processes. The high antioxidant capacity is
mainly due to the high concentration of phenols [20]. Among WEPs, sea beet (Beta vulgaris
ssp. maritima, SB), the wild ancestor of Swiss chard (Beta vulgaris ssp. vulgaris var. cicla,
SC), grows naturally in coastal and saline areas of the Mediterranean area, as well as in
northern Europe [21]. Its leaves are rich in phytochemicals and antioxidants [22]. Swiss
chard is frequently grown for the production of ready-to-eat baby leaves, which are tasty
and have positive effects on health [23]. However, both Swiss chard and sea beet have the
potential to accumulate toxic amounts of nitrate and oxalate, which could be harmful to
humans [24,25].

The goal of the present study was to investigate the potential of fortifying Swiss
chard and sea beet with Se. The effects of a nutrient solution enriched with four different
concentrations of Se (0, 1, 3, and 5 mg L−1) were evaluated on the leaf Se concentration
and the production and quality of baby leaves of Swiss chard and sea beet cultivated
hydroponically. Since, in the literature, biofortification with Se has shown conflicting effects
on leaf quality parameters, we also investigated the effect of Se enrichment on the leaf
concentrations of nitrates, oxalates, pigments, and antioxidant compounds.

2. Materials and Methods
2.1. Plant Material, Growth Conditions, Treatments, and Experimental Design

Two experiments were conducted in a glasshouse at the University of Pisa, Italy (lat.
42′42′′48 N, long. 10◦24′52′′92 E), in autumn 2021. A weather station inside the glasshouse
allowed for continuous monitoring of the climatic conditions, which are reported in Table 1
(second experiment) and Table S1 (first experiment).

Table 1. Basic information on the first experiment with plants of Swiss chard (Beta vulgaris subsp.
vulgaris var. cicla) and sea beet (Beta vulgaris subsp. maritima) grown hydroponically (floating raft
system) under greenhouse conditions.

Sowing Date 29 September 2021
Transplant date 22 October 2021

Start of treatment 25 October 2021
Harvest date 7 November 2021

Days of treatment 8 (11) *
Mean air temperature (◦C) 20.5 **

Mean daily solar radiation (MJ m−2 day−1) 7.6 **
Cumulative solar radiation (MJ m−2) 91.0 **

* The figure within brackets is the number of days after transplanting. ** The values were computed for the period
from transplanting to the first cut.

Seeds of sea beet (Beta vulgaris ssp. maritima, SB) and Swiss chard (Beta vulgaris ssp.
vulgaris var. cicla, SC) were provided by Gargini Sementi (Lucca, Italy) and Pennard Plants
(Shepton Mallet, UK), respectively, and sown in 180-cell trays with rockwool plugs. The
trays were placed in a growth chamber at 25 ◦C, and after five days they were moved to
the greenhouse. Twenty-one days after sowing, seedlings were placed in 50 L plastic tanks
containing a stagnant nutrient solution (the water depth was approximately 25 cm). The
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composition of the nutrient solution was as follows: N-NO3 (10 mM), NH4
+ (0.4 mM), P

(1.5 mM), K (9 mM), Ca (4.5 mM), Mg (2 mM), SO4
2− (2.3 mM), Fe (40 µM), B (40 µM), Cu

(3 µM), Zn (10 µM), Mn (10 µM), and Mo (1 µM). Each tank hosted 180 plants, and the crop
density was approximately 720 plants m−2 of ground area.

A full factorial experiment was conducted with two factors: plant subspecies and Se
concentration. Selenium was added to the nutrient solutions three days after transplanting.
Each treatment had three replicates, each consisting of a hydroponic tank. The experiment
was repeated twice.

Selenium was supplied as sodium selenate (Na2SeO4) at concentrations of 0 (control),
1, 3, and 5 mg Se L−1. These concentrations were selected in accordance with the findings
of earlier studies on lettuce and basil plants cultivated in floating systems [9,26], in order to
achieve an adequate biofortification of leaves without negative impacts on crop yield.

2.2. Determinations

Plants were harvested 14 and 15 days after transplanting in the 1st and 2nd experi-
ments, respectively. The plants were cut 1 cm above the collar. For each replicate, the fresh
weight (FW) of 20 plants was measured. The dry weight (DW) was measured after drying
the plant samples to a constant weight in a ventilated oven at 50 ◦C. The fresh and dry
biomass production values were expressed as kg FW m−2 and g DW m−2, respectively,
and the concentration of dry matter was expressed as the percent DW/FW ratio. The leaf
area (LA) was measured using a digital planimeter (DT Area Meter MK2, Delta T-Devices).
The leaf area index (LAI) was calculated as the leaf area of individual plants multiplied by
the crop density, and the leaf succulence (LS) was calculated as the FW/LAI ratio.

Dried leaf samples were analyzed for the contents of Se, nitrate, and oxalate as follows.
After microwave-assisted digestion of the samples with nitric acid and hydrogen

peroxide following EPA Method 3051A [27], the total Se concentration was determined via
inductively coupled plasma spectrometry (ICP OES 5900 Agilent, Santa Clara, CA, USA)
(limit of quantification = 0.0125 mg kg−1 DW). The bioaccumulation factor (BAF) was calcu-
lated as the ratio of the Se concentration in the leaves (mg kg−1 FW) to the Se concentration
in the nutrient solution (mg L−1).

Dried leaf samples were also extracted with distilled water (100 mg DW in 20 mL) at
room temperature for 2 h, and the nitrate concentration was measured spectrophotometri-
cally using the salicylic–sulfuric acid method [28].

The content of total oxalate in the leaves was extracted with 0.25 M HCl (50 mg in
6 mL) at 100 ◦C for 15 min. The mixture was allowed to cool down, and the total extract
volume was brought to 10 mL with 0.25 M HCl and then filtered through filter paper. The
extraction of soluble oxalate was performed according to the same protocol, except for the
use of water instead of 0.25 M HCl. The total and soluble oxalate contents were determined
in the liquid phase by adding 200 mL of the sample to 1 mL of 1 M H2SO4 and 400 mL of
0.003 M K2MnO4. After 10 min at room temperature, the absorbance of the solution was
read at 528 nm using a calibration curve obtained with oxalate solutions [29].

The leaf concentrations of total chlorophylls, carotenoids, flavonoids, and phenols
and the antioxidant capacity were determined in fresh samples, which were ultrasonically
extracted with 99% v/v MeOH (100 mg in 5 mL) for 60 min and then stored for 24 h at
−18 ◦C in the dark. The methanol extracts were used to measure the chlorophyll and
carotenoid concentrations using the equation reported by Welburn and Lichtenthaler [30].
The total chlorophyll content was calculated as the sum of chlorophyll a and chlorophyll b.
To 0.1 mL of the methanol extract, 0.06 mL of 5% NaNO2 and 0.04 mL of 10% AlCl3 were
added. After five minutes, 0.4 mL of 1 M NaOH and 0.2 mL of H2O were added. Then, the
content of flavonoids was measured spectrophotometrically (510 nm) using a calibration
curve obtained with catechin standard solutions [31].

The methanol extracts were also used for the determination of the total phenolic
content, using a calibration curve obtained with gallic acid standard solutions [32], and the
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total antioxidant capacity, which was measured via the ferric reducing ability of plasma
(FRAP) [33].

2.3. Estimated Dietary Intake and Health Risk Assessment

The estimated dietary intake (EDI100, µg day−1) of Se due to the daily consumption
of 100 g of Se-enriched leaves was calculated and expressed as the percentage (EDI%) of
the adequate intake (AI) of Se (70 µg day−1) for an adult [3].

To evaluate the possible health risk due to an excessive intake of Se associated with the
consumption of enriched SC or SB leaves, the health risk index (HRI) of Se was calculated
as the ratio of the EDI and the tolerable upper intake level (UL) of Se (300 µg day−1) [34].

The health risk index (HRI) due to an excessive intake of NO3
− or oxalate was calcu-

lated, for a 60 kg adult, as the ratio between the dietary intake of nitrate or oxalate due
to the daily consumption of 100 g of leaves and an acceptable daily intake of 222 mg of
NO3

− [35] or a lethal dose of 2 g day−1 of oxalate [36], respectively.

2.4. Statistical Analysis

The two experiments were conducted under almost identical environmental condi-
tions, and the results of the two experiments were very similar. Thus, for the sake of
simplicity, only the results of the second experiment are shown here, while those of the first
experiment are reported in the Supplementary Material (Tables S2 and S3). Data were tested
for the normality of the distribution using the Shapiro–Wilk test and for the homogeneity
of variances using Levene’s test and then subjected to a two−way ANOVA, and mean
values were separated using Tukey’s test (p < 0.05). To investigate whether there were
clusters of related qualitative characteristics and to identify clusters across subspecies and
Se concentrations, a PCA of SC and SB plants together was carried out after standardization
of the data. The statistical analysis was performed using JMP Statistical Software.

3. Results

Sea beet (SB) and Swiss chard (SC) accumulated Se in leaf tissues to an extent that
increased with the Se concentration in the root zone (Figure 1). The Se concentration
detected in control plants was always under the quantification limit (<0.0125 mg kg−1 DW).
Sea beet plants showed, on average, a higher leaf Se concentration (+31%; Figure 1) and a
higher bioaccumulation factor (+14%) than SC (Figure 1).
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Figure 1. Selenium concentration (A) and bioaccumulation factor (BAF, B) in leaves of Swiss chard
(Beta vulgaris subsp. vulgaris var. cicla; SC) and sea beet (Beta vulgaris subsp. maritima; SB) plants
grown hydroponically (floating system) with different selenium (Se) concentrations in the nutrient
solutions. The Se concentration in leaves of control plants was below the limit of quantification
(0.0125 mg Se kg−1 DW). Significance levels: *** p ≤ 0.001; ** p ≤ 0.01; ns = not significant.
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On average, plants treated with 1 mg Se L−1 (+20%) showed a higher yield compared
to controls, whereas no differences were detected at 3 and 5 mg Se L−1 compared to controls
and the 1 mg L−1 treatment (Table 2). Regardless of the concentration, the addition of Se
to the nutrient solution resulted in an increased LAI (+50%, on average) and reduced LS
(−28%, on average) compared to controls. The average dry matter content of leaves was
reduced by treatments with 1 (−23%) and 3 mg L−1 of Se (−24%) compared to controls
(Table 2). On average, SB leaves showed a lower yield (−23%), a lower LS (−25%), and a
higher dry matter content (+29%) compared to SC leaves (Table 2).

Table 2. Crop yield (total leaf fresh biomass), leaf dry biomass (DM), dry matter content (percent
DM/FM ratio), leaf area index (LAI), and succulence (LS) in plants of Swiss chard (Beta vulgaris subsp.
vulgaris var. cicla) and sea beet (Beta vulgaris subsp. maritima) grown hydroponically (floating system)
with different selenium (Se) concentrations in the nutrient solutions.

Beta Subsp. Se Concentration Yield Leaf DM DM/FM LAI LS

(mg L−1) kg m−2 g m−2 % kg m−2

Swiss chard

0 2.13 64.26 3.01 abc 2.80 0.761 a
1 2.68 50.57 1.89 c 5.48 0.489 b
3 2.44 51.37 2.09 bc 4.79 0.511 b
5 2.40 74.97 3.14 ab 4.75 0.504 b

Sea beet

0 1.81 67.75 3.76 a 3.65 0.495 b
1 2.05 66.61 3.29 a 4.95 0.413 c
3 1.66 51.87 3.06 abc 4.46 0.373 c
5 1.90 56.20 2.94 abc 4.62 0.411 c

Mean effect

Swiss chard 2.41 a 60.29 2.53 b 4.46 0.566 a
Sea beet 1.85 b 60.61 3.26 a 4.42 0.423 b

0 1.97 b 66.00 3.38 a 3.23 b 0.628 a
1 2.36 a 58.59 2.59 b 5.22 a 0.451 b
3 2.05 ab 51.62 2.58 b 4.62 a 0.442 b
5 2.15 ab 65.58 3.04 ab 4.69 a 0.457 b

ANOVA

Beta subsp. *** ns *** ns ***
Se concentration * ns * *** ***
Beta subsp. × Se ns ns * ns ***

Means (n = 3) flanked by the same letter are not statistically different at p = 0.05 after Tukey’s test. Significance
levels: *** p ≤ 0.001; * p ≤ 0.05; ns = not significant.

Treatments with Se reduced the nitrate concentration in SB leaves (−24%, on average),
whereas exposure to 3 (+51%) and 5 mg Se L−1 (+62%) increased the nitrate concentration
in SC leaves (Table 3).

The total oxalate concentration was not affected by the Se treatments, which slightly
affected the leaf concentration of soluble oxalate (Table 3).

On average, treatment with 1 mg Se L−1 increased the leaf chlorophyl concentration
by +25% and treatment with 5 mg Se L−1 increased the leaf carotenoid concentration by
+74% compared to controls (Table 3).

Se-biofortified leaves of SB exhibited a higher antioxidant capacity than controls
(Table 3).

On average, SB showed a higher antioxidant capacity (+56%) and higher concentra-
tions of nitrate (+92%), total oxalate (+25%), chlorophyll (+21%), and total phenols (+14%)
but a lower carotenoid (−56%) concentration compared to SC (Table 3). A positive linear
correlation was detected between the leaf flavonoid content and the antioxidant capacity
(Figure 2).
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Table 3. Leaf concentrations of nitrate (NO3
−); total and soluble oxalate; and total chlorophylls,

carotenoids, phenols, and flavonoids and antioxidant capacity (FRAP index), expressed on a fresh
weight basis, in plants of Swiss chard (Beta vulgaris subsp. vulgaris var. cicla) and sea beet (Beta vulgaris
subsp. maritima) grown hydroponically (floating system) with different selenium (Se) concentrations
in the nutrient solutions.

Beta
Subsp.

Se
Concentration Nitrate Total

Oxalate
Soluble
Oxalate Chlorophylls Carotenoids Phenols Flavonoids FRAP

Index

mg L−1 mg kg−1 mmol
Fe(II)kg−1

Swiss
chard

0 787.9 d 7329.4 5972.5 ab 748.0 114.9 1.200 0.584 7.70 c
1 915.5 cd 4950.6 3921.4 b 802.3 137.1 1.070 0.645 7.46 c
3 1189.4 c 4527.3 3991.5 ab 786.2 137.5 1.073 0.650 8.35 c
5 1275.1 c 7667.1 6615.3 ab 815.5 160.6 1.041 0.706 8.80 bc

Sea beet

0 2446.8 a 9043.6 6960.9 a 771.0 30.1 1.208 1.000 10.24 b
1 1900.4 b 8278.5 6503.5 ab 1101.7 44.1 1.106 1.261 13.20 a
3 1859.8 b 7157.1 5096.2 ab 963.0 76.7 1.185 1.000 13.26 a
5 1797.3 b 6126.3 4397.2 ab 988.0 91.4 1.486 0.990 13.72 a

Mean effect

Swiss chard 1042.0 b 6118.6 b 5125.2 788.0 b 137.5 a 1.096 b 0.646 8.08 b
Sea beet 2001.1 a 7651.4 a 5739.4 955.9 a 60.6 b 1.246 a 1.063 12.61 a

0 1617.3 8186.5 6466.7 a 759.5 b 72.5 b 1.204 0.792 9.0 b
1 1407.9 6614.6 5212.4 ab 952.0 a 90.6 ab 1.088 0.953 10.3 a
3 1524.6 5842.2 4543.9 b 874.6 ab 107.1 ab 1.129 0.825 10.8 a
5 1536.2 6896.7 5506.2 ab 901.7 ab 126.0 a 1.264 0.848 11.3 a

ANOVA

Beta subsp. *** * ns *** *** *** ns ***
Se concentration ns ns * * ** ns ns ***
Beta subsp. × Se *** ns ** ns ns ns ns **

Means (n = 3) flanked by the same letter are not statistically different at p = 0.05 after Tukey’s test. Significance
levels: *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05; ns = not significant.
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Figure 2. Linear regression between the antioxidant capacity (measured via FRAP assay) and
the total flavonoid concentration, expressed on a fresh weight (FW) basis, in the leaves of Swiss
chard (Beta vulgaris subsp. vulgaris var. cicla; SC) and sea beet (Beta vulgaris subsp. maritima; SB)
plants grown hydroponically (floating system) with different concentrations of selenium (Se) in the
nutrient solutions.
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Principal Component Analysis (PCA)

The first two principal components (PCs), explaining a cumulative variance of 78.9%,
were identified on the basis of a screen plot of eigenvalues. A total of 52.9% of the total
variance was explained by PC1, which correlated positively with the dry matter content
and the concentrations of nitrate and total chlorophylls, flavonoids, and oxalate and the
antioxidant capacity and correlated negatively with the concentration of carotenoids and
LS. PC2 explained 26.0% of the total variance. It correlated negatively with the dry matter
content and LS and correlated positively with the concentration of total chlorophylls and
the flavonoid content’s antioxidant capacity. The relationship between the parameters
measured in this study is illustrated by the loadings reported in Figure 3A. Parameters
located close to each other showed a strong co-variance. A greater contribution of the
parameters to the PCs is indicated by the position furthest away from the origin. On
the right half of the loading plot, a cluster with the flavonoid concentration and FRAP
index and a second cluster with oxalate and the dry matter content suggested a strong
co-variance between these variables as well as a strong contribution of these quantities,
together with the total chlorophyl concentration, to PC1. The carotenoid concentration
and LS also contributed to PC1; however, they were located on its negative side. The
most important variables contributing to PC2 were LS, the concentrations of soluble and
total oxalate, and the dry matter content. The relationship between the analyzed samples
is shown by the scores reported in Figure 3B. Two main groups were distinguished by
PC1 and PC2 according to the beta species. In fact, SB plants, which showed the highest
concentrations of flavonoids, chlorophylls, nitrate, oxalate, and dry matter content and the
highest antioxidant capacity, were positioned on the right half of the plot (positive side of
PC1). Conversely, SC plants, which were characterized by the highest leaf concentration of
carotenoids and LS, were located in the left half of the plot (negative side of PC1).
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Figure 3. Loading (A) and score plots (B) for PC1 and 2, describing variation in some qualitative
characteristics (concentration of chlorophyll, Chls; carotenoid, Car; flavonoid, Flav; nitrate, NO3;
dry matter, DW/FW; total oxalate, Tot Ox; soluble oxalate, Sol Ox; antioxidant capacity, FRAP; leaf
succulence, LS) of the leaves of Swiss chard (Beta vulgaris subsp. vulgaris var. cicla; SC) and sea
beet (Beta vulgaris subsp. maritima; SB) plants grown hydroponically (floating system) with different
selenium (Se) concentrations in the nutrient solutions.

4. Discussion

Selenium supplementation has been proven to significantly increase the leaf Se con-
centration in many leafy vegetables such as chard [13], basil [9,14,37], lettuce [26,38], lamb’s
lettuce, wild rocket, and spinach [38]. In our experiment, the addition of 1, 3, and 5 mg
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Se L−1, as Na2SeO4, produced Se-biofortified baby leaves of both subspecies, especially
in sea beet. As a wild plant, SB usually grows in low-nutrient habitats and has a high
capacity to acquire readily available minerals [39] such as those dissolved in a hydroponic
nutrient solution. This could explain the higher amount of Se accumulated in SB leaves
compared to SC. The Se accumulation rate depends on the plant species and variety and
the dose of Se used for treatments, as reported by Francini et al. [38]. In any case, the leaf
Se concentration was lower than the values reported by Castro et al. [13] in chard plants
treated with 12–20 mg Se L−1 via four foliar applications (about 3.06–4.64 mg kg−1 FW).
These differences were probably due to the higher concentration of Se and the different
method of Se application adopted by the authors.

The leaf Se concentration ranged between 0.080 and 0.827 mg Se kg−1 FW. Thus, 100 g
of fresh Se-biofortified leaves of SC or SB would satisfy from 12% to 112% (SC) and from
27% to 118% (SB) of the adequate intake (AI) of Se (Table S4). Considering the EDI of Se
due to the consumption of 100 g of fresh SC or SB leaves, the health risk index (HRI) of Se
was always below 1, meaning that the daily consumption of Se-biofortified leaves would
not have a long-term negative effect on human health [34] (Table S4). To avoid exceeding
the Se UL (300 ug day−1), the maximum amounts of fresh SC and SB leaves biofortified
with 5 mg L−1 of Se that can be consumed per day are 385 and 395 g, respectively.

Crop variety and species can affect the influence of Se on plant growth. Studies
conducted on spinach [40], lettuce [26], and basil [14] treated with similar concentrations
of Se showed reductions in plant biomass. In contrast, Brassica chinensis plants showed a
higher yield when exposed to 0.5 mg kg−1 Se, but no differences were detected in plants
treated with 1 mg Se kg−1 compared to the controls [41]. The beneficial or toxic effects of Se
on plant growth, depending on the Se dose, have also been observed in lettuce [11], cabbage,
and alfalfa [10]. In our experiment, plant growth was not negatively affected by the addition
of Se to the nutrient solution. The increase in fresh biomass that we observed in plants
treated with 1 mg L−1 of Se is consistent with the results by Hawrylak-Nowak et al. [42] and
could indicate that a small amount of Se (from 0.5 to 1 mg L−1) could increase antioxidant
metabolism and stimulate plant growth [12]. The higher leaf concentration of chlorophylls
induced by treatment with 1 mg L−1 of Se could have increased biomass production by
enhancing photosynthesis, as suggested by Wang et al. [43].

The increased biomass produced by SC may be a result of breeding; in fact, this
crop species has undergone genetic improvements aimed at increasing the yield [44].
However, in a previous study carried out in spring on older plants of SC and SB cultivated
hydroponically and subjected to repeated cuts, SB exhibited higher leaf biomass production
than SC [8]. Since the present study was conducted in the fall/autumn and plants were
cut only once, the different behaviors of the two subspecies could be ascribed to both the
different environmental conditions and the single cut.

The greater leaf area induced in our experiment by the Se treatment could be explained
by the growth-promoting effect of Se [12] and is in agreement with previous experiments
with cauliflower [45] and cucumber [46]. The potential effect of the Se treatment on
the leaf dry matter content is not clear, and the contrasting effects of the Se treatment
observed in this work are consistent with the results reported in curly endive plants by
Sabatino et al. [47]. These latter authors observed an increased dry matter content in curly
endive plants treated with 0.16 and 0.32 mg Se L−1 via fertigation, while no differences
were detected in plants treated with 0.08 and 0.63 mg Se L−1. The higher dry matter content
we found in SB leaves compared to SC could lead to an improvement in the shelf life of
the wild subspecies [48]. The lower LS induced by the increased leaf area may negatively
influence the leaf texture, which is an important organoleptic parameter.

The decrease in the leaf nitrate concentration observed in Se-enriched SB plants was
also detected in lettuce [12,26] and could be ascribed to the ability of Se to increase nitrate
reductase and glutamate synthase activities. In contrast, Hernández-Castro et al. [13]
and Puccinelli et al. [14] observed no impact of selenium treatment on the leaf nitrate
concentration, which was considerably lower than the maximum values established for
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spinach (3500 mg kg−1 FW) grown in the fall and winter [49]. As previously discovered
by Puccinelli et al. [8], besides the higher dry matter content, the characteristics of the
plant species affect nitrate build-up [50] and may partially explain the increased nitrate
concentration in SB leaves.

Evidence on the effect of Se on oxalate accumulation in plant tissues is scarce, except
for a study conducted by Golob et al. [51] on Tartary buckwheat plants. In this species, the
foliar application of Se significantly decreased the formation of calcium oxalate druses in
the leaves.

In our study, the exposure of plants of both subspecies to Se did not affect the leaf
concentration of total oxalate and decreased the concentration of soluble oxalate only in
plants treated with 3 mg L−1 of Se. In addition, the PCA highlighted a positive correlation
between the concentration of total and soluble oxalate and the leaf dry matter content
(Figure 3). Thus, the changes in the oxalate concentration could be ascribed to the variation
in the dry matter content. The Amaranthaceae family includes species, such as SC and SB,
which typically have high leaf oxalate concentrations (although even within this family
there is considerable variation in this), and this may explain the differences between the
two subspecies tested in our experiment. However, in SC and SB plants the concentration
and ratio (from 72.7% to 89.2%) of total and soluble oxalate were comparable to those
reported by Freidig et al. [52] in Beta vulgaris. The higher leaf total oxalate level detected in
SB was also linked to the higher dry matter content.

The higher concentrations of total chlorophylls and carotenoids observed in Se-
enriched plants in our study are consistent with results obtained by Golob et al. [51]
in Tartary buckwheat plants and Chang et al. [53] in Lycium chinense L. plants. As high-
lighted by the PCA results, the leaf concentrations of chlorophyll and carotenoids showed
an opposite trend in the two subspecies of Beta: SB leaves showed a higher chlorophyll
concentration but a lower carotenoid concentration than SC leaves. These differences may
be due to the unique traits of the two subspecies. In fact, the concentrations of pigments in
plant tissues depend on their genotypes [54].

In our experiment, an increment in the antioxidant capacity, compared with the control,
was only found in Se-enriched SB plants. The positive linear correlation between the leaf
flavonoid content and the antioxidant capacity, reported in Figure 2 and highlighted by
the PCA results (Figure 3), is in agreement with previous findings [55–58]. In addition, Se
has been found to be effective in increasing the leaf phenolic concentration in tomato [17]
and basil [16] grown hydroponically with the Se concentrations in the nutrient solutions
ranging from 2 to 44 mg Se L−1 and from 3 to 20 mg Se L−1, respectively. Conversely,
studies conducted on basil [59] and carrot [18] showed that Se biofortification affected
neither the leaf phenol concentration nor the antioxidant capacity. These contrasting results
suggest that the effects of Se on these parameters may depend on the plant species and
variety, the application dose, and the growing conditions.

5. Conclusions

Our study clearly indicates that, in both Swiss chard and sea beet, the addition of
sodium selenate to the nutrient solution increases the leaf concentration of selenium to levels
that are effective for the biofortification of the two subspecies. Selenium biofortification
was more effective in sea beet than in Swiss chard. A serving dose of 100 g of Se-biofortified
leaves of Swiss chard and sea beet would satisfy from 12% to 112% and from 27% to 118%
of the adequate intake of Se, respectively. Treatment with 1 mg Se L−1 also induced positive
effects on leaf production and quality.

In general, sea beet showed the highest concentrations of flavonoids, chlorophylls,
nitrate, oxalate, and dry content and the highest antioxidant capacity, whereas Swiss
chard plants were characterized by the highest leaf concentration of carotenoids and
leaf succulence.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/horticulturae9080909/s1, Table S1, Basic information on the
experiment with plants of Beta vulgaris subsp. vulgaris var. cicla and Beta vulgaris subsp. maritima
grown hydroponically (floating raft system) under greenhouse conditions; Table S2, Crop yield (total
leaf fresh biomass), leaf dry biomass (DM), dry matter content (percent DM/FM ratio), leaf area
index (LAI), leaf succulence (LS), and Se content, expressed on a dry matter basis, in plants of Swiss
chard (Beta vulgaris subsp. vulgaris var. cicla) and sea beet (Beta vulgaris subsp. maritima) grown
hydroponically (floating system) with different selenium (Se) concentrations in the nutrient solutions
(first experiment); Table S3, Leaf contents of Se; nitrate (NO3

−); total and soluble oxalate (OX); and
total chlorophylls, carotenoids, phenols, and flavonoids and antioxidant capacity (FRAP index),
expressed on a fresh weight basis, in plants of Swiss chard (Beta vulgaris subsp. vulgaris var. cicla;
SC) and sea beet (Beta vulgaris subsp. maritima; SB) grown hydroponically (floating system) with
different selenium (Se) concentrations in the nutrient solutions (first experiment); Table S4, Amount
of Se provided (Se EDI100), expressed as % of adequate intake (AI), and health risk index (HRI) for
Se, NO3

−, and oxalates due to the consumption of 100 g of fresh leaves of Swiss chard (Beta vulgaris
subsp. vulgaris var. cicla) and sea beet (Beta vulgaris subsp. maritima) plants grown hydroponically
(floating system) with different selenium (Se) concentrations in the nutrient solutions.
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