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Abstract: Cadmium is absorbed by plants rapidly and without control through the same channels as
other essential metals, interfering with their transport and utilization. Many studies have shown
that selenium could be utilized as a way to avoid this unwanted transport and other negative effects
of Cd. For this reason, the present research study was conducted with four treatments (—Cd/—Se,
+Cd/—Se, +Cd/+Sef, and +Cd/+SeR) to determine the type of application of Se that is best (foliarly
and/or via the root) as regards the reduction of the toxic effects of Cd on plants. Our results showed
that the Cd excess in the nutrient solution resulted in a decrease in the total dry biomass of the
plants grown under these conditions, and this decrease was due to the reduction of the growth of the
shoot (48% +Cd/—Se, 45% +Cd/+Seg, and 38% +Cd/+Seg, relative to —Cd/—Se). This reduction in
growth was due to: (i) the toxicity of Cd itself and (ii) the nutritional disequilibrium suffered by the
plants. It seems that under hydroponic conditions, the addition of Se to the nutrient solution, and
therefore its absorption through the roots (lower antioxidant activity, superoxide dismutase, HyO,
concentration and higher catalase activity), greatly delayed and reduced the toxic effects of Cd on the
pepper plants, as opposed to the foliar application of this element.

Keywords: cadmium toxicity; selenium; oxidative stress; plant nutrition; health

1. Introduction

Environmental contamination due to cadmium (Cd) has drastically increased in nature
due to the intensification of industrial activities at the end of the 20th century and the
beginning of the 21st century, which have progressively affected different ecosystems
including agriculture [1]. Cadmium is a heavy metal without a biological function, and in
humans, animals, and plants, it is toxic in low concentrations [2]. In humans, one of the
main sources of Cd toxicity is the consumption of products from contaminated agricultural
areas [3], and this toxicity is due to Cd being the only metal whose toxicity threshold is less
for humans than for plants. Thus, in many cases, plants without any apparent phytotoxic
symptoms are consumed, but whose Cd concentration can be damaging to humans [4].

Cd in the soil solution can be found dissolved in the water or absorbed in the organic
and mineral fractions, forming part of the chemical structure of minerals, precipitated with
other soil compounds, and/or as part of biological structures. In plants, its bioavailability
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depends on numerous physical, chemical, and biological factors, which include [5]: (i) pH;
in acidic soils, there is a greater liberation of Cd; (ii) potential redox; the oxidative state of
the soil facilitates the solubility and availability of Cd; (iii) the mineral substance content
of the soil; an excess of nitrates induces a greater activity of transporters in the root
that provokes a greater absorption of Cd; and (iv) organic matter; soils rich in organic
compounds makes Cd absorption by the plants difficult, as it is found as part of organic
complexes. For non-hyperacumulator plants, the threshold of toxicity has been established
at 5-10 uM Cd in the nutrient solution for hydroponics-grown crops, and 5.0 mg kg ! in
soil. In plants, this metal has a threshold of toxicity of 3-30 mg kg~ ! dry weight [6].

Different Cd entry mechanisms in plants have been previously described, such as:
(i) entry through the plasma membrane of root epidermal cells, through the rapid exchange
of Cd** with H* coming from plant metabolism, (ii) entry through plant cells through
specific transporters, such as LCT1 (Ca, Zn, and Fe), ZIP (Zn and Fe), and NRAMP (Fe, Mn,
and other metals) family transporters, and (iii) yellow-stripe 1-like (YSL) proteins, which
uptake Cd in its chelated form [7]. Once Cd is absorbed by the roots, it is transported to the
aerial part (shoot) of the plant through the xylem, following a symplastic and/or apoplastic
route, and driven by the transpiration stream [1]. The quantity of Cd that is transported to
the shoot will depend on a series of complex processes which involve different mechanisms,
as follows: the manner in which Cd encounters the xylem, the downloading of Cd into the
xylem by AtHMA2 and AtHMA4 Cd and Zn transporters, the cationic exchange capacity
of the cell walls of the xylem, Cd sequestration into plant vacuoles in different plant
tissues, extrusion of Cd out of the plant, synthesis of phytochelatines, glutathione, and
metallothioneins, as well as Cd transport and redistribution processes in the phloem, leaves,
and nodes by OsLCT1 transporter (Cd, Ca, Mg, and Mn) [7,8].

In plants, cadmium has some of the following negative effects: (i) it interferes with
the entry, transport, and use of the essential elements Ca, Mg, P, and K [5]; (ii) reduces the
activity of ATPgee of the plasma membrane, altering its biological functions [9]; (iii) reduces
the net assimilation rate of CO, due to the reduction in the concentration of chlorophylls
and carotenoids, the inactivation of the enzymes involved in the Calvin cycle, the damage
to photosystems I and II, and the alteration of the control of the stomatal opening [10];
(iv) it alters nitrogen metabolism, as the absorption and transport of nitrates is reduced,
and inhibits the nitrate reductase enzyme [11]; (v) it damages genes and alters the synthesis
of proteins [12]; (vi) it inhibits the response of the plants to oxidative stress [1], etc. All of
these alterations result in growth inhibition, loss of production, a low quality of the crop
harvest, and in the most severe cases, the death of the plant.

In agriculture, there are crops with different degrees of tolerance to Cd toxicity. Pepper
has medium tolerance to Cd, as it accumulates it in its tissues, with visual symptoms rapidly
observed [13]. This plant is a very important crop in agriculture. However, its cultivation in
agricultural areas with high Cd concentration in the soils can cause negative repercussions
on its growth, production, and fruit quality. One of the strategies utilized to decrease the
concentration of Cd in the edible part of the crops is the application of selenium (Se). This
metalloid has positive effects on plant growth at very low concentrations (0.1 mg kg~!)
and negative effects when present at higher concentrations (5 mg kg~!) [14]. Plant roots
uptake selenium as seletiate (Se6+) through sulfate transporters (SULTR1; 1, SULTRI; 2), as
selenite (Se**) through aquaporins (NIP2; 1) and phosphate transporters (PT2 and PT8),
while transporters of chelated-Se have not yet been described [15]. It has been reported
that exogenous Se application decreases Cd concentrations and increases the growth,
chlorophyll contents, and photosynthetic activity of Cd-stressed plants, as reported for the
presence of Se in the nutrient solution of hydroponically grown cucumber seedlings, soil
applications in pepper [14] (Rizwan et al., 2020), and foliar application in tomato [16].

Selenium can be applied using four different techniques, namely seed dressing, seed
soaking, soil, and foliar application. The last two techniques are the easiest to perform,
but no scientific studies have been conducted to compare foliar versus soil application in
identical conditions (plant varieties, growth condition, etc.), to understand which of them
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could be more beneficial and why. There are not enough comparative studies to clarify the
effect and accumulation of Se depending on the application method. Assays carried out on
rice plants showed that foliar applications increased the accumulation of inorganic Se, while
soil applications of Se improved the response of the plant in terms of the accumulation of
organic compounds of Se that are healthy for humans [17]. Therefore, the objective of the
present work is (i) to understand how the presence of Cd in the nutrient solution affects
pepper plants (Capsicum annum), with respect to growth parameters, the concentration
of Cd in the different parts of the plant, gas exchange processes, and oxidative stress
systems, and (ii) to determine if the foliar or root application of Se can palliate the negative
effects of Cd toxicity, elucidating which physiological and biochemical mechanisms could
be involved.

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

For the experiments, pepper (Capsicum annuum L.) seeds of the commercial variety
‘Cristal’, (acquired in Ramiro Arnedo Seeds, Murcia) were germinated in trays filled with
sterile vermiculite in a germination chamber. The seeds were previously sterilized with
a hydrogen peroxide solution (H,O;) at 2% for 5 min, and then they were washed with
abundant deionized water. Once germinated, they were moved to a growth chamber with
controlled environmental conditions: photoperiod of 16 h with a PAR =500 pmol m~2 s},
air temperature of 25 °C, and relative humidity of 60%. When seedlings reached a size of
approximately 10 cm in height, they were transplanted to containers of 9 L for acclimation
in the growth chamber. Thus, upon reaching adequate size, each one was transplanted to
1L containers. Each treatment had six plants in each container. Both for the acclimatization
period (9 L container) and once the plants were transferred to the 1 L containers, each
container contained complete nutrient solution, with macronutrients (mM): 20 N, 0.75 P,
4.2 K, and 6 Ca; and micronutrients (uM): 23 B, 2 Mn, 2 Zn, 0.5 Cu, 0.5 Mo, and 20 Fe. A
continuous airflow was passed through the solution to avoid hypoxia conditions during
the experiment. For each 1 L container, the nutrient solution was renewed weekly, and
the pH (5.5-6.0) and the electric conductivity (EC = 1.8-2.1 mS cm~!) were adjusted every
three days with NaOH (1 mM).

2.2. Treatment with Cadmium and Selenium

After the acclimatization phase (four weeks), pepper plants were moved from 9 L
containers to 1 L individual containers and grown for two weeks under two different
Cadmium treatments: a control without Cd or Se (—Cd/—Se) in the nutrient solution and
another under conditions of excess cadmium (+Cd), where the nutrient solution contained
a final concentration of Cd of 3 mg L~! (8.5 uM), applied as CdSO4-8H20. The plants
in the Cd treatment were divided into three subgroups: (i) plants not treated with Se
(+Cd/—Se), (ii) plants treated with foliar Se (+Cd/+SeF), and (iii) plants treated with Se
via the root (+Cd/+SeR). Foliar selenium was applied at the beginning and seven days
after starting Cd treatment, spraying the plants with a concentration of 10 pM Se in the
form of Na;SeOy. The selenium for the root treatment was applied by adding NaySeOy to
the nutrient solution for a final concentration of 10 M. For each treatment, 6 plants were
available, which were distributed randomly in the growth chamber. Plants were under
treatment for two weeks.

2.3. Parameters Analysed
2.3.1. Gas Exchange, Chlorophyll Fluorescence, and Chlorophyll Content Parameters

The net assimilation of CO, (ACO;) and leaf transpiration (Eleaf) were measured,
after two week starting the Cd treatment, using a portable photosynthesis system (model
CIRAS-2, PP-System, Amesbury, MA, USA). During the measurements, the machine
was set to maintain a constant light intensity in the chamber (PAR: 1000 pmol m~2 s~ 1),
and CO, concentration (400 mg kg~1). The chlorophyll fluorescence parameters were



Agronomy 2021, 11, 1905

40f16

also measured on leaves similar to those used for the gas exchange parameters, with
a pulse-modulated fluorometer (model FMS-2; Hansatech, King’s Lynn, Norfolk, UK).
The fluorescence chlorophyll parameters measured were the quantum efficiency of PSII,
®PSII = (Fm’ — Fs)/Fm/, the antennae efficiency of PSII, Fv'/Fm’ = (Fm’ — F0')/Fm/,
and the photochemical quenching coefficient, qP = (Fm’ — Fs)/(Fm’ — F0’), where Fs is
the steady-state fluorescence yield, Fm/, is the maximal value when all reaction centers
are closed after a pulse of saturating light (12,000 pmol m~2 s~ for 0.8 s) and F0’ is the
minimal fluorescence in the light-adapted state that is obtained by turning off the actinic
light temporarily and applying a pulse of far-red light (735 nm) to drain the electrons from
PSII. For the quantification of chlorophyll content (SPAD unit) in the same leaves, the
measurement was performed with the CL-01 portable measuring device (Hansatech).

2.3.2. Growth Parameters

The same day, after measuring the photosynthesis and fluorescence parameters of the
chlorophylls, the pepper plants were harvested, separately weighing the leaves, stems, and
roots (grams of fresh weight, g FW). Afterwards, these were lightly washed with deionized
water and dried in an oven at 60 °C for at least 48 h. The plant parts were weighed again
(grams of dry weight; g DW), after which they were ground to a fine powder for their
posterior analysis in the laboratory. The dry masses of the leaves, stem, and roots were
used to calculate the total plant dry mass.

2.3.3. Mineral Analysis in Leaves and Root

In 100 mg of dry and ground plant tissue of leaf, stem, and root, per plant, the con-
centration of mineral nutrients was measured (K, Mg, Ca, P, Mn, Zn, Fe, and Cd) utilizing
inductively coupled plasma mass spectrometry (ICP, Iris Intrepid II, Thermo Electron
Corporation, Franklin, MA, USA), after the samples’ digestion with HNO3:H,0O; (5:3 by
volume), in a microwave (CERM Mars Xpress, Matthews, NC, USA) with a temperature
ramp that reached 200 °C [18].

2.3.4. Determination of Proline in Leaves and Roots

At the end of the experiment, proline was extracted from dry leaf tissue with sul-
fosalicylic acid (3%) and quantified according to the protocol described by Bates et al.
(1973) [19].

2.3.5. Determination of Oxidative Damage in Leaves

At the end of the experiment, before the complete harvest of the plants, leaves were
frozen in liquid nitrogen for the oxidative stress study. The quantification of HyO, was
performed following the method described by Yang et al. (2007) [20]. Lipid peroxidation
was determined by measuring malondialdehyde (MDA) using the method of Hodges et al.
(1999) [21].

2.3.6. Determination of Antioxidant Activity

Briefly, two hundred fifty mg of frozen material were utilized for the extraction,
with this tissue homogenized in 2.5 mL ethanol (80%). Posteriorly, the samples were
centrifuged at 10,000 rpm for 15 min at 4 °C, and the supernatant was utilized to measure
the antioxidant activity with the DPPH method described by Koleva et al. [22].

2.3.7. Determination of Antioxidant Enzymes

Leaves were frozen in liquid nitrogen for the study of the enzymatic activity of the
enzymes catalase (CAT) through a direct spectrophotometric reading of this enzyme [23];
peroxidase (POD) through spectrophotometric measurements of the disappearance of
the hydrogen donor [24], ascorbate peroxidase (APX) through the use of a reaction mix-
ture containing 50 mM potassium phosphate, 0.1 mM hydrogen peroxide, and 0.5 mM
ascorbate [25], and superoxide dismutase (SOD) [26].
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2.4. Experimental Design and Statistical Analysis

The statistical analysis included a one-way ANOVA with the statistical package SPSS
version 24 (Chicago, IL, USA). The values shown for each treatment are the means of
6 repetitions (n = 6). When the variables were significant (p < 0.05), the treatment means
were separated using Tukey’s multiple range test [27].

3. Results
3.1. Growth Parameters

The pepper plants grown in +Cd conditions had a lower total dry biomass yield
as compared to the control plants (—Cd/—Se), independently of the treatment with Se,
while the treatment +Cd/+SeR did not any show significant effect if compared with the
control plants (Figure 1A). The plants with the greatest decrease in dry leaf biomass yield
were those from the +Cd/—Se treatment, with a 48% reduction, followed by the plants
treated with +Cd/SeF (with a 45% reduction) and those from the +Cd/+SeR treatment
(with a 38% reduction), and showed significant differences with the control plants (Figure
1B). The reduction in the total dry mass yield was only due to the reduction in the leaf
growth, as neither the stem nor the roots were affected by the excess of Cd in the nutrient
solution (Figure 1A-D).
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Figure 1. Total biomass (g DW; (A)), leaf (g DW; (B)), stem (g DW; (C)) and root (g DW; (D)) of
pepper plants under four treatments of cadmium and selenium (—Cd/—Se, +Cd/—Se; +Cd/+SeF
and +Cd/+SeR). In the ANOVA, * and *** indicate significant differences for p < 0.05 and 0.0001.
The different lowercase letters indicate significant differences between the treatments for p < 0.05
established by Tukey’s multiple range test. The vertical bar indicates the standard error of the mean.

3.2. Concentration of Cd and Se in the Different Tissues of the Plant

In the treatments with excess Cd, the pepper plants accumulated this metal mainly
in the roots, followed by the leaves and stems. Although differences were hardly found
between these two organs (Figure 2A-C). The application of Se to the plants significantly
reduced the concentration of Cd in the leaves and stems, and this reduction was similar
independently if the Se was applied via the leaves (foliar application) or via the roots.
Thus, at the end of the experiment, the +Cd/+SeF, +Cd/+SeR, and +Cd/—Se plants
had a concentration of Cd in the leaves of 17.5, 16.4, and 26.4 mg kg’l, respectively,
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indicating a reduction in the Cd concentration in the leaves of 30% (+Cd/+SeF) and 40%
(+Cd/+SeR), relative to +Cd/—Se treatment. In the roots, the application of Se decreased
the concentration of Cd only for the treatment in which Se was applied foliarly. The
reduction is significant and amounts to 60% relative to the other two Cd treatments. As for
the concentration of Se in the different parts of the plant (Figure 2D-F), it was observed that
the plants that were treated foliarly (+Cd/+SeF), accumulated less Se in the leaves than
those that had Se added to their nutrient solution (+Cd/+SeR). In both cases, the leaves
accumulated significantly more Se than in the other two combinations. Moreover, the
plants which uptake Se from the nutrient solution (+Cd/+SeR) accumulated significantly
more Se in the stems and the roots than those from the other three combinations. When Se
was applied to the leaves (+Cd/+SeF), its contents in the roots and stems was the same as
observed in the control plants or when Cd alone (+Cd/—Se) was applied.
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Figure 2. Concentration of cadmium (Cd; (A-C)) and selenium (Se; (D-F)) in the different tissues
of the plant (leaf, stem, and root) of pepper plants under four treatments of cadmium and sele-
nium (—Cd/—Se, +Cd/—Se; +Cd/+SeF and +Cd/+SeR). In the ANOVA, *** indicates significant
differences for p < 0.05. The different lowercase letters indicate significant differences between the
treatments for p < 0.001 established by Tukey’s multiple range test. The vertical bar indicates the
standard error of the mean.
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3.3. Parameters of Gas Exchange, Chlorophyll Fluorescence and Chlorophyll Content

For the parameters of gas exchange, at the end of the experiment, it was observed
that the +Cd/—Se and +Cd/+SeF treatments had a decreased net assimilation of CO,
(ACO,) and stomatal conductance (gs) (Figure 3A,B). This decrease was significant and
similar for both treatments, with the ACO, decreasing by 78% and gs by 65%, with respect
to the control plants (—Cd/—Se). These two parameters, however, were not affected by
the +Cd/+SeR treatment. The CO, substomatic (Figure 3C) tended to increase in all the
plants subjected to excess Cd relative to the control treatment, although this increase was
not significant in the treatments with Se as compared to the control plants. The water use
efficiency (WUE; Figure 3D) decreased significantly in the second week for the +Cd/—Se
and +Cd/+SeF treatments with respect to the control plants. The quantum efficiency of
PSII (Figure 3E) did not show significant differences between the different treatments.
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Figure 3. Net assimilation rate of CO, (ACO,, umol m~2 s71; (A)), stomatal conductance (gs,
mmol m~2s~1; (B)), Ci (substomatic CO,; (C)), water use efficiency (WUE, umol CO; mmol !
H,0; (D)) and PSII (photochemical quenching of PSII; (E)) of pepper plants under four treatments
of cadmium and selenium (—Cd/—Se, +Cd/—Se; +Cd/+SeF and +Cd/+SeR). In the ANOVA:
“ns” indicates non-significant differences for a confidence interval of 95%; Also, * and *** indicate
significant differences for p < 0.05 and 0.001, respectively. The different lowercase letters indicate
significant differences between the treatments for p < 0.001 established by Tukey’s multiple range
test. The standard error of the mean is also indicated.
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The Cd toxicity also affected the SPAD units of the plants (Table 1). In the case of the
apical leaves, only the use of Cd alone (+Cd/—Se) had a significant effect on this parameter
value. The toxicity of Cd affected the mature leaves of the plants, significantly lowering
the SPAD value in comparison to control plants, independently of the application or not of
Se (Table 1), and the weakest plant response to the toxicity of Cd was observed when Se
was foliar applied (+Cd/+SeF).

Table 1. Chlorophyll content in apical shoots (Apical) and fully expanded leaves (Medium), and
proline in leaves and roots in pepper plants under four treatments of cadmium and selenium
(—Cd/—Se, +Cd/—Se; +Cd/+SeF and +Cd/+SeR).

Treatm Product Apical Chl Medium Chl  Leaf Proline  Root Proline
) (SPAD) (SPAD) (mgg=1dw) (mgg-1dw)
—Cd —Se 28.8+29a 644+39a 154+014b 0.75+£0.05b
—Se 189+22b 292+40b 227+£0.09a 0.80+0.04b
+Cd +Sep 235+43ab 419+87b 158+0.09b 127+0.03a
+Ser 269+21ab 305+50b 1.70+012b 0.72+0.04b

ANOVA * %% *3% *%4%

In the ANOVA: *, ** and *** indicate significant differences for p < 0.05, 0.01, and 0.001, respectively. The different
lowercase letters indicate significant differences between the treatments for p < 0.05 established by Tukey’s
multiple range test.

3.4. Proline in Leaves and Roots

The results of this assay showed that the pepper plants had a greater concentration of
proline in the leaves as compared to the roots (Table 1). In the leaves, the excess of Cd in the
nutrient solution in the +Cd/ —Se treatment significantly increased the concentration of this
osmolyte by 48% relative to —Cd/—Se treatment. In the rest of Cd treatments, the proline
concentration was similar as in the control plants and maintained at an average value of
1.60 mg g~! DW. In the root tissue, the +Cd/+SeF treatment induced a significantly higher
proline concentration (1.27 mg g~! DW) as compared to the plants of other treatments
(containing on average 0.75 mg g~ ! DW).

3.5. Mineral Nutrition: Concentration of Macro and Micronutrients in Leaf and Roots

Table 2 shows the results of the analysis of macronutrient (g 100 g~! dw) and micronu-
trient (mg kg~!) contents analyzed in the leaves and roots at the end of the experiments.

In the leaves, the only elements that were affected by the excess of Cd in the nutrient
solution were P, Cu, and Fe. The content of P significantly increased in the plants from the
+Cd/ —Se treatment, as compared to the rest of the treatments. The significant difference
in the concentration of Fe was observed as an increased concentration of this element
in the +Cd/+SeF treatment (144.3 mg kg~!) as compared to the +Cd/+SeR treatment
(107.8 mg kg-1). As for foliar Cu, the concentration significantly decreased in the plants
from the +Cd/+SeF treatment as compared to the —Cd/—Se control. The excess of Cd
in the nutrient solution produced more alterations in the concentration of the mineral
nutrients (except for Mg and B) in the root tissue than in the leaves. With respect to the
control plants, the following significant changes were observed: Ca content decreased with
the +Cd/+SeR treatment and increased with +Cd/+SeF one; the content of K decreased
with the +Cd/+SeR treatment; Na decreased in +Cd/—Se and +Cd/+SeF treatments; P
increased in +Cd/+SeR treatment, and S increased in +Cd/—Se and +Cd/+SeF treatments.
As for the micronutrients, it was observed that Fe, Mn, and Zn significantly increased
in concentration while Cu decreased in the +Cd/+SeR treatment. Moreover, Fe and Zn
content significantly increased in the roots of the plant of +Cd/—Se treatment.
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Table 2. Concentration of macro and micronutrients in leaves and roots in pepper plants under four treatments of cadmium
and selenium (—Cd/—Se, +Cd/—Se; +Cd/+SeF and +Cd/+SeR).

Macronutrients Leaf (g 100 g—1 dw)

Cd Treat. Se Treat Ca K Mg Na P S
—Cd —Se 2.17 +£0.24 5.14 +0.57 042 £0.05  0.03+0.0001 0.504+0.08b 0.38 £ 0.05
—Se 2.67 +0.49 6.94 £ 0.57 0.584+0.10  0.04 £0.0002 0.98 £0.09a 0.67 +0.12
+Cd +SeFoliar 2.85+£0.18 594 £0.17 0.51 £0.04 0.03+0.0003 0.59+0.06Db 0.65 £0.13
+SeRroot 2.85 £0.10 5.80 £0.19 0.53£0.01  0.03+0.0004 0.53+0.08Db 0.81 £ 0.09
ANOVA ns ns ns ns ok ns
Macronutrients Root (g 100 g—! dw)
Cd Treat. Se Treat Ca K Mg Na P S
—Cd —Se 370+ 0.09b 449+0.17a 0474002 0.07+£0.002a 182+£0.13bc 037 £0.01c
~Se OO ymaoza oaszooz PPN 22040250 060+003a
+Cd +Seroliar 1.32+0.27c¢ 3'83;]:30'16 0.50 & 0.07 0.04 3:)0.002 113 £0.11c O'SO;EO'OZ
+SeRoot 5454+072a 352+£0.16b 0.46 £ 0.02 0.06 ;i:b0.002 3194+033a 0.46 £ 0.03bc
ANOVA A% 3% ns *%% *A% %%
Micronutrients Leaf (mg kg~ dw)
Cd Treat. Se Treat B Fe Mn Zn Cu
—cd —Se s7+26 OO FS s06k57 219429 26240282
—Se 335432 119'3;): 136 66.8 +10.5 151+1.7 2454+ 0.25ab
+Cd +SeFoliar 29.6 £33 1443 +£52a 60.4 + 3.4 179 +£2.7 1.65+022b
+SeRoot 279420 107'8: 146 535+21 212422 197 £0.13 ab
ANOVA ns * ns ns *
Micronutrients Roots (mg kg~ dw)
Cd Treat. Se Treat B Fe Mn Zn Cu
—Cd —Se 151£13 723'93: 526 134.8 £4.5b 120'8: 157 206+14a
—Se 17.3 £ 0.6 856.1 £785a 128’1: 12.2 193.8+7.8a 198+ 0.6a
+Cd +Sepofiar 137 407 667.1: 87.1 118.3]:: 20.6 120.6k:)|: 10.1 16.9 4+ 0.7 ab
+SeRoot 157 £13 8917+ 612a 2189+158a 2002+179a 157 £0.7b
ANOVA ns * %% *%% 3%

In the ANOVA: “ns” indicates non-significant differences for a confidence interval of 95%; Also, *, ** and *** indicate significant differences
for p < 0.05, 0.01, and 0.001, respectively. The different lowercase letters indicate significant differences between the treatments for p < 0.05
established by Tukey’s multiple range test.

3.6. Oxidative Damage and Antioxidant Activity

For the study of oxidative stress, the ACO2/¢$PSII ratio was calculated, as it is often
utilized to estimate if an excess of ROS is produced in situations of stress derived from the
overstimulation of the Mehler reaction. In plants grown with excess Cd, the ACO2/$PSII
was reduced (Figure 4A) up to 75% in the +Cd/—Se and +Cd/+SeF treatments, while in
+Cd/+SeR, this parameter was not inhibited, as shown by values that were similar to those
noted in the control plants (—Cd/—Se).

The increase in antioxidant activity was as follows (Figure 4B): —Cd/—Se < +Cd/+SeR
< +Cd/—Se < +Cd/+SeF. MDA was utilized to specifically estimate the level of lipid
peroxidation, and indirectly, the damage of cell membranes (Figure 4D). Its values showed
that the plants grown under +Cd/—Se had the highest MDA concentration (increase of
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67% relative to —Cd/ —Se), while significant differences were not found between the rest
of the treatments. The H,O, concentration increased significantly in the plants from the
+Cd/+SeF treatment relative to the rest of the treatments that had similar values among
them (Figure 4C). As for the antioxidant enzymes quantified (SOD, POD, APX, and CAT;
Figure 5A-D), at the end of the experiment, a generalized response was observed for the
enzymes POD and APX. In all the Cd treatments, activities of these enzymes increased, with
respect to the control treatment, without significant differences being observed between
them. For CAT, it was observed that the +Cd/+SeF treatment decreased its activity with
respect to the control. SOD activity decreased in +Cd/—Se plants relative to +CD/+SeF,
but no significant difference was observed between the control plants and the Cd treated
plants (+Cd/—Se, +Cd/+SeF, +Cd/+SeR).

25 60
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8 c 2
< 10 T g
§ b 20 F
s T £
10
0 0
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Figure 4. ACO,/®PSII ratio (A), antioxidant activity (%; (B)), oxidative damage (concentration
of HyO, and MDA; (C) and (D), respectively) measured in leaves from pepper plants under four
treatments of cadmium and selenium (—Cd/—Se, +Cd/—Se; +Cd/+SeF and +Cd/+SeR). In the
ANOVA: *** indicates significant differences for p < 0.001. The different lowercase letters indicate
significant differences between the treatments for p < 0.05 established by Tukey’s multiple range test.
The vertical bar indicates the standard error of the mean.

3.7. Visual Symptoms of Cd

The visual symptoms of Cd toxicity were evaluated every day during the experimental
period. The results observed for each of the treatments with Cd are described below
(Figure 6): (I) +Cd/—Se, the leaves began to show chlorosis about two days after the Cd
stress begun, and this chlorosis worsened as the experiment continued. At the end of the
assay, this chlorosis was very severe in old leaves as well as developed leaves and was
slight in the new shoots, while burns were also observed; (II) +Cd/+SeF, the leaves from
this treatment began to show chlorosis at the end of the first week of the experiment. At
the end of the experiment, the symptoms were more severe in the shoots, as opposed to
the rest of the treatments with Cd; and (III) +Cd/+SeR, the plants from this treatment
showed some chlorosis in the middle of the second week of the experiment. At the end of
the experimental period, the symptoms were more noticeable in basal or developed leaves.
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Figure 5. Antioxidant enzymes: superoxide dismutase (SOD, (A)), catalase (CAT, (B)), peroxidase
(POD, (C)) and ascorbate peroxidase (APX, (D)) quantified in leaves from pepper plants under four
treatments of cadmium and selenium (—Cd/—Se, +Cd/—Se; +Cd/+SeF and +Cd/+SeR). In the
ANOVA: * and *** indicates significant differences for p < 0.05 and 0.001, respectively. The different
lowercase letters indicate significant differences between the treatments for p < 0.05 established by
Tukey’s multiple range test. The vertical bar indicates the standard error of the mean.

+Cd (3 mglL?) +Cd (3mg L)
+Se, (10 uM) +5e, (10 M)

Figure 6. Image of the visual symptoms observed in the pepper leaves from the different treatments
applied at the end of the experiment.

4. Discussion

4.1. Response of the Cristal Variety Pepper Plants to the Excess of Cd in the Nutrient Solution
Cadmium is one of the most toxic heavy metals known to humans, as well as animals

or plants. Its toxicity produces a great variety of genetic, physiological, biochemical, and

metabolic alterations. In the present study, it was observed that an excess of Cd in the

nutrient solution (8.5 uM) produced a decrease in the total biomass of pepper plants by
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reducing aerial part rather than root growth. This decrease could be due in part to the fact
that Cd in the leaves, with so low a concentration of 28 ppm (Figure 2), caused a decrease
in ACO, and stomatal conductance, as well as oxidative damage quantified by high MDA
values (Figure 4). These data, therefore, showed that pepper leaves, but not roots, are
very sensitive to Cd toxicity and that pepper plants limit the accumulation of Cd in the
aerial part, accumulating it in the roots where it is not toxic. This distribution of Cd in the
different plant tissue seems to be generalized to the rest of pepper cultivars, not only the
Cristal variety. These plants accumulate a higher concentration of this metal in the root
than in the shoot. Its toxic effect, however, seems to be variety-dependent. So, some plants
do not show alterations in the growth of their roots, such as the varieties Jinfuzaohuangjiao,
Zhoupijiao, or Yeshengchaotianjiao, (assayed in hydroponics with a concentration of 2 and
10 uM Cd [28]), while in others, such as the variety Zhongjiao 105 (cultivated in the soil in
a greenhouse with 0.5 mM Cd [29]) or Demre (cultivated in hydroponics with 0.1, 0.2 and
0.4 mM Cd [30]), the growth of the root was also reduced.

In our experiment, oxidative damage caused by Cd toxicity in pepper leaves could be
due to an imbalance in the response to scavenging ROS since a reduction of the activities
of SOD and CAT was observed together with the increase in the activity of POD and
APX. A similar response was observed in pepper plants of the variety Zhongjiao 105 [29].
The increase in these two activities could be due to a reduction of the other two as a
mechanism to deactivate the oxidative power of H,O,, therefore impeding oxidative
damage. Nevertheless, other studies with pepper varieties that are tolerant or sensitive
to Cd toxicity have shown that the antioxidant response is not directly related with the
degree in tolerance of the pepper varieties [31].

4.2. The Application of Se Reduces the Negative Effects of Cd in Pepper Plants of the
Variety Cristal

The application of Se either through the leaves or the root had beneficial effects on
plants grown with an excess of Cd in the nutrient solution. One of the positive effects
was the reduction in the Cd concentration in the plants, although depending on how Se
was applied, there were changes in the distribution of Cd in the plants. The application
of Se through the leaves reduced the content of Cd in the leaves and the roots, while the
application through the roots only reduced it in the leaves. Some authors have indicated
that the application of Se through the leaves could have induced the synthesis of specific
organic compounds that form complexes/chelate the Cd in the form of metallothionein [32],
thus facilitating the movement of this metal in the phloem and its posterior extrusion from
the plant. However, this hypothesis needs to be tested in horticultural crops. In the case of
the application of Se through the root, the antagonism Se/Cd could have occurred by the
effect of Se on the transport of Cd from the root to the shoot, as it is known that Se has a
great capacity to combine with heavy metals, such as Cd, Hg, Ag, and TI [33]. Cadmium is
taken up, among others, by the transporters YSL, LCT1, ZIP-IRT1, or NRAMP. Furthermore,
selenate is absorbed by sulfate transporters (SULTR1; 1 SULTRI1 2) or aquaporins. As they
have different uptake pathways, there is no competition between Cd and Se uptake in
roots, and therefore Se does not block the Cd root uptake. However, in our experiment,
the Cd transport from root to shoot was possibly limited due to the fact that Se increases
the concentration of glutathione, proline, and phytochelatins in the plant, the latter being
a substance that complexes Cd and sequesters it into vacuoles [34]. This could explain
that the accumulation of Cd in the root in the +Cd/+SeR treatment was similar to the
+Cd/ —Se treatment while the leaf Cd concentration was lower in +Cd/+SeR than in
+Cd/ —Se treatment.

Another positive effect of the application of Se observed in this experiment was the
accumulation of Se into the different plant tissues. In our experiment, it was observed
that the distribution of Se in the plants was application-dependent. The foliar application
increased the concentration of Se only in the leaves, while the application via root increased
its concentration in the leaves, stems and roots. Moreover, the concentration of Se in the
leaves was significantly lower in the plants treated with Se via foliar application than via
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roots, thereby indicating that the application through the roots was the most efficient for
the accumulation of this metal in the plants. In the root cells of the plants, the sulfate and
phosphate transporters are able to take the selenate and selenite ions [35] and enhance
their absorption, while in the leaves, the absorption of Se seemed to be dependent on the
plant species, as observed by Drahonovsky et al. (2016) in different wild plant species [36].
Therefore, in the pepper plants of the variety Cristal, the application of Se through the
roots seemed to be more efficient in the accumulation of this element as compared to the
foliar application.

Cadmium is known to interfere in the plant’s absorption of nutrients, such as Zn, Fe,
Ca, Mn, Mg, Cu, Si, and K [37,38]. In our experiment, the presence of Cd in the nutrient
solution increased the concentration of P in the leaves and the concentrations of Zn and Fe
in the roots. However, these increases were not sufficiently important to result in some type
of toxicity to the plants that could have influenced their vegetative growth. The application
of Se through the leaves or roots also affected the concentration of other nutrients, e.g.,
the leaf Ca concentration was increased in plants that had Se applied through the roots,
or the increase of S in the root when Se was applied via foliar, but these differences were
not a limiting factor in the vegetative development of the plants. In our experiment, the
alteration found by Cd or Se application could have been due to specific synergies with
the nutrients rather than a dilution or compaction growth effect, as this effect was not
generalized in all nutrients, so this requires future research. Other authors have reported
that 0.1 and 1 uM Cd treatments increased Fe, Zn, and Cu concentrations of cotton plants,
and indicated a potential synergistic effect of Cd on Fe and Zn uptake [39]. Wu et al. (2005)
carried out a study on the effects of cadmium on microelement uptake and transport in
cotton plants and reported that 0, 0.1, and 1 uM Cd treatments did not change leaf Fe, Zn,
and Cu concentrations significantly, but 10 uM Cd treatment significantly increased leaf
microelement concentrations [40].

The high concentration of Se in the plants, and with special emphasis on the leaves of
plants where Se was applied through the root with respect to the foliar application marked
the differences found between these treatments regarding gas exchange processes. Despite
the fact that plants from both +Cd/+SeR and +Cd/+SeF had the same concentration of
Cd in the leaves, ACO, and gs were significantly higher in the plants from the +Cd/+SeR
treatment, and in fact, no significant difference was found between the control treatment
and this treatment. However, ACO; and gs from the +Cd/+SeF treatment plants were very
low, as compared to that reached for the Cd treatment without the application of Se. This
indicates that the application of Se through the roots provided a quantity of Se to the leaves
that was sufficient to mitigate Cd toxicity. Many studies have shown that the negative
effect due to the toxicity of heavy metals can be mitigated by Se when the oxidative stress
caused by these metals is reduced [7], and this could be due to selenium either inactivating
the toxicity of Cd or reducing oxidative stress. The reduction of oxidative stress could
either be due to the direct action of this metalloid on the antioxidant system of plants or to
the direct inhibition of the free oxygen radicals. In our experiment, the plants from every
Cd treatment, independently of whether Se was applied or not, showed the same response
for the enzymes SOD, CAT, and APX, and this indicates that the deactivation of the reactive
oxygen species was due to the direct action of Se. In the MDA and H;O; data in the leaves,
it could be observed that the only treatment where their levels were kept similar to those in
the control plants was +Cd/+5SeR, which provides further evidence of the potent action of
Se for deactivating reactive oxygen species in the leaves grown with Cd.

It is known that for mitigating the negative effects of Cd in plants, they can be treated
with Se. Many methods exist for the application of Se via the leaves or the soil, or by
seed pre-soaking. However, no experiments have been found where these are assayed
under the same conditions (plants, cultivation method, and concentration of Cd) to find
the best manner of application. In our experiment, it was observed that the best manner
was via the root. The plants treated in this manner had a low concentration of Cd and a
high concentration of Se in leaves, stems, and roots. Thus, the toxicity of this metal was
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avoided, impeding its negative effects on the gas exchange parameters, and averting a
reduction in the vegetative development, as observed in the present study, which shows
that the total dry biomass yield of the control plants was similar to those of plants treated
with +Cd/+SeR.

5. Conclusions

The data of this experiment reported that pepper plants of the ‘Cristal’ variety respond
to Cd excess in the nutrient solution, accumulating it in the root and limiting its concen-
tration in leaves. Its toxicity, however, follows a contrary pattern, with the Cd being more
toxic in leaves than in roots. The present experiment reveals the importance of applying
Se in pepper plants suffering Cd toxicity, so foliar or root application of Se had beneficial
effects on the plants grown. Root Se application provided better results than via foliar
since, in the first experiment, Se was accumulated in high concentrations in the root, stem,
and leaves. The presence of this high Se concentration could have deactivated Cd toxicity,
although the mechanisms responsible for this are still unknown. New experiments should
be conducted to test the hypothesis that Se inactivates Cd toxicity when forming Cd—Se
complexes, or that Se is able to act alone as an element that inhibits reactive oxygen species.
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