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General abstract

Selenium and sulfur present a strict relationship in plants and soils, affecting their
uptake and accumulation. Thus, addressing this interaction is important to understand
selenium nutrition and toxicity in plants, which could influence crop nutrition and production.
Here, we aimed to evaluate the impact of selenate exposure on rice plants grown under
different sulfate supplies at tillering and grain ripening phases. We studied the effects of
varying selenate and sulfate doses on rice plants grown hydroponically or in soils with
varying contents of clay. We also performed selenate sorption assays to evaluate the influence
of clay content and sulfur doses on selenate adsorption and desorption in soils. Sulfate supply
alleviated selenate toxicity in both short-term and long-term experiments. Selenate treatment
up-regulated the expression of sulfate transporters, leading to increased sulfur contents in rice
seedlings, which enhanced the antioxidant system and alleviated selenate toxicity. However,
this enhanced mechanism is absent in seedlings grown under a low sulfur supply. Moreover,
soil clay contents strongly influenced selenate availability. A high clay content promoted a
higher selenate adsorption capacity, resulting in lower selenium contents in shoots and grains
and the absence of toxicity symptoms. In contrast, a low clay content increased the
availability of selenate added, which can favor the biofortification of crops. However, high
selenate doses caused growth and yield impairment in rice cultivated in low-clay-content soil,
with higher selenium concentrations in shoots and grains, potentially increasing the risk of
selenate toxicity for humans and animals. In addition, we studied the influence of selenium
treatment on sulfur and selenium metabolisms and plant growth of Arabidopsis and broccoli
with different concentrations of glutathione, a key molecule of sulfur metabolism and plant
detoxification. The selenate treatment decreased the glutathione contents in plant tissues. The
pad2-1 plants (a glutathione-deficient Arabidopsis mutant) exhibited lower selenate tolerance
and higher sulfate transporters (AtSULTR1;1 and AtSULTR1;2) gene expression on roots
compared to Arabidopsis wild-type (WT), even exhibiting similar selenium and sulfur
concentrations on shoots and roots. However, the reduced glutathione (GSH) supply
alleviated the selenate toxicity and partially inhibited the sulfate transporters expression,
indicating that both selenate effects are directly linked to glutathione metabolism. Conversely,
the selenite did not present clear relation with glutathione or BoSULTR1;1 and BoSULTR1;2
in broccoli plants, while selenate decreased the glutathione contents and inhibited the growth
of broccoli with lower glutathione concentrations severely.

Keywords: Antioxidant enzymes. Arabidopsis thaliana. Brassica oleracea. Broccoli.
Glutathione. Oryza sativa. Oxidative stress. pad2-1. Rice. Selenate. Selenite. Selenium.
Sulfate. Sulfate transporters. Sulfur.



General introduction

Selenium (Se) is a micronutrient for humans and animals, playing essential roles in the
immune and antioxidant system, protecting against various diseases such as hypothyroidism,
heart disease, and many types of cancer. The primary means of supplying selenium to humans
is by ingesting plant foods rich in this micronutrient. Despite its importance for human health,
selenium deficiency is frequent, especially in underdeveloped countries or where the
availability of the element in the soil is low.

Selenium is not a nutrient for plants; however, it can be absorbed, increasing the
resistance of plants to different types of stress, being considered a beneficial element.
However, the high availability of selenium can cause severe phytotoxicity, mainly due to
oxidative stress caused by reactive oxygen species. The ability of plants to absorb selenium
makes it possible to biofortify foods by providing this element in the soil or by foliar
application. Thus, the biofortification of foods with selenium is a strategy to improve their
nutritional quality and prevent deficiency. However, selenium uptake and accumulation also
increase the risk of toxicity to plants and animals.

Selenium is uptake by plants in selenate and selenite forms. However, it has been
observed that selenate is the preferentially absorbed form in several species, probably due to
its higher solubility. Selenate is probably uptake by sulfate transporters on roots and
assimilated by sulfur metabolic pathways. Thus, selenium and sulfur metabolisms and
concentrations are closely related in plants, affecting the uptake and accumulation of these
elements. In addition, some studies indicate that sulfate influences selenium sorption in soils
and affects its availability for plants, indicating that selenium and sulfur present a relation in
soils.

Thus, studies about selenium and sulfur supplies are important to understand the
uptake and accumulation of these elements in plants, aiming to improve the biofortification or
toxicity resistance. Therefore, the present research project aims to evaluate the effects of

selenium treatment in plants with different sulfur and sulfur-compounds contents.
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CHAPTER |

Sulfate availability and soil selenate adsorption alleviate selenium toxicity in rice plants

Highlights

1. Sulfate protects rice seedlings from selenate toxicity by competitive uptake inhibition

2. Selenate induces sulfate transporter activity and sulfur accumulation in rice plants

3. Selenate and sulfate interaction shifts from competition in roots to synergism in shoots

4. Selenate-induced sulfur accumulation enhances the antioxidant system, alleviating selenate
toxicity

5. Oxisols with high clay content retain selenate in the soil, reducing selenate availability to
plants

6. Higher selenate adsorption by Oxisols decreases its availability, uptake, and transport to

rice grains

Abstract

Selenate and sulfate present a strict relationship in plants and soils, affecting their
uptake and accumulations. Thus, addressing selenite-sulfate interaction is important to
understand selenium nutrition and toxicity in plants, which could influence crop nutrition and
production. Here, we aimed to evaluate the impact of selenate exposure on rice plants grown
under different sulfate supplies at tillering and grain ripening phases. We studied the effects of
varying selenate and sulfate doses on rice plants grown hydroponically or in soils with
varying contents of clay. We also performed selenate sorption assays to evaluate the influence
of clay content and sulfur doses on selenate adsorption and desorption in soils. Sulfate supply
alleviated selenate toxicity in both short-term and long-term experiments. Selenate treatment
up-regulated the expression of sulfate transporters, leading to increased sulfur contents in rice
seedlings, which enhanced the antioxidant system and alleviated selenate toxicity. However,
this enhanced mechanism is absent in seedlings grown under a low sulfur supply. Moreover,
soil clay contents strongly influenced selenate availability. A high clay content promoted a
higher selenate adsorption capacity, resulting in lower selenium contents in shoots and grains
and the absence of toxicity symptoms. In contrast, a low clay content increased the
availability of selenate added, which can favor the biofortification of crops. However, high
selenate doses caused growth and yield impairment in rice cultivated in the low-clay-content
soil, with higher selenium concentrations in shoots and grains, potentially increasing the risk

of selenate toxicity for humans and animals.
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1. Introduction

Selenium (Se) is an essential micronutrient for humans and other animals due to its
structural function in selenoproteins necessary for the immune and anticarcinogenic systems
(Wiesner-Reinhold et al., 2017; Winkel et al., 2012). Thus, Se must be present adequately in
diets for the proper functioning of human beings (FAO and WHO, 2004). However, it is
estimated that Se deficiency affects about 800 million people worldwide (Malagoli et al.,
2015), which increases the risk of several diseases, such as hypothyroidism, cardiovascular
disease, and several types of cancer (Alfthan et al., 2015; Wiesner-Reinhold et al., 2017).

Se is not an essential element for plants but a beneficial element for plant growth and
crop production (Jing et al., 2017; Kaur et al., 2017). Se uptake capacity varies among plants,
with Se concentrations correlated with the bioavailability in the soil for most species
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(Puccinelli et al., 2017). In addition, Se availability is also affected by soil types. For instance,
soils with higher clay contents with positive charge predominance have a more robust binding
capacity for Se anions and thus lower Se availability (Santos et al., 2021), resulting in a low
Se concentration in crops and foods.

Although plants absorb both selenite (SeOs%) and selenate (SeOs%), selenate is the
ionic form preferentially taken up by many species (Peng et al., 2017). In addition, higher
sulfate (SO4+%) uptake capacity is associated with higher selenate uptake (Wiesner-Reinhold et
al., 2017), suggesting that sulfate transporters co-transport selenate and sulfate in plants (Toler
et al., 2007; Zhang et al., 2003). Thus, adequate selenate and sulfate supply for crops is
necessary, considering sulfur is a macronutrient for plants, and sufficient sulfur supplies are
required for adequate crop production.

Although Se is considered a beneficial element, high Se concentrations can cause
severe toxicity in plants and animals (Garousi et al., 2016; Sharma et al., 2017). High Se
concentrations in the cells induce the production of reactive oxygen species (ROS), such as
peroxide and superoxide (Schiavon et al., 2012), which causes lipid peroxidation in cell
membranes and oxidative stress, a primary degenerative process responsible for phytotoxicity
(Labanowska et al., 2012; Tian et al., 2017). Since S can favor the antioxidant system (Dixit
et al., 2016; Terzi and Yildiz, 2015), S supply can mitigate selenium toxicity and enhance
plants’ tolerance. This effect is especially vital to the Se non-accumulator crops like rice
(Oryza sativa L.), which have high nutritional importance but present low Se uptake and low
Se concentrations in plant tissues (Gupta and Gupta, 2017).

Interestingly, a low dosage of Se supply can stimulate sulfur uptake, probably by
inducing the expression of sulfate transporters (Boldrin et al., 2016; Tian et al., 2017), which
in turn enhances the antioxidant enzyme activities and the overall antioxidant system of the
plant (Akbulut e Cakir 2010; Schiavon et al. 2012). Conversely, sulfate can increase soil
selenium desorption, increasing its availability and toxicity risk (Santos et al., 2021). Thus,
we aimed to evaluate the effects of selenate and sulfate doses on rice plants at the tillering
stage in nutrient solutions and grain ripening stage in soils with different Se sorptions. Our
results could provide insights into the selenate metabolism in rice plants, the risk of selenium

toxicity for humans and animals, and alleviation mechanisms linked to sulfur metabolism.
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2. Material and methods
2.1. Hydroponic rice cultivation (short-term experiment)
2.1.1. Experimental design

The hydroponic experiments included four treatments with three replicates using a
complete randomized design. Each replicate consisted of 16 young rice plants. The treatments
were four combinations between selenate and sulfate doses on the nutrient solution: T1 = 0
MM Se+0.1mMS; T2=0uM Se +0.5mM S; T3=20 uM Se + 0.1 mM S; and T4 = 20 uM
Se + 0.5 mM S. The selenate and sulfate sources were sodium selenate (Na>SeOs) and
magnesium sulfate (MgSOQas), respectively. The Mg concentration was balanced using MgCl»
solution (Table S1).

2.1.2. Experimental conditions

Rice seeds (Oryza sativa L. cv. BRS sertaneja) were germinated in the commercial
peat moss compost (PRO-MIX® BK25V). Two-week-old seedlings were rinsed with distilled
water and transferred to plastic trays containing 7-L Hoagland nutrient solutions (100% ionic
strength, pH 6.5) with sulfur concentrations adjusted to the treatment conditions (Table S1).
After one week, selenate with indicated concentrations was added to freshly changed nutrient
solutions. The plants were harvested one week after the selenate treatment (28 days after
sowing). First, the relative chlorophyll index was measured in new leaves using a hand-held
chlorophyll meter (SPAD-502 model, Minolta®, Japan). Then, the plants were rinsed with
distilled water and separated into shoots and roots. Plant materials for biochemical analyses
were immediately frozen with liquid nitrogen and stored (-80 °C). For selenium and sulfur
determinations, plant materials were washed with a CaCl, solution (2 mM) for 2 minutes,
rinsed with distilled water, dried for 72 h (65 °C) in an oven with air circulation, and weighed

using a digital scale.

2.2. Soil characterization
2.2.1. Particle-size distribution analysis and texture classification

Soil samples were collected in two Oxisols (0-20 cm depth) under natural vegetation.
The soils were classified as Rhodic Haplustox and Xanthic Haplustox (USDA, 1999). The
soil samples were homogenized and sieved (4 mm). Sub-samples of each soil were collected
for particle size and chemical analysis. The particle-size distribution analysis was carried out
according to USDA (2014). The sand content (> 0.02 mm) was determined by sieving, and
the clay content (< 0.002 mm) was determined by the pipette method. The silt content (0.002 -
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0.02 mm) was calculated as the difference between the sample weight and clay and sand
contents. The particle size results of Rhodic Haplustox samples were 620 g kg™ clay, 310 g
kg™ sand, and 70 g kg™ silt; and of Xanthic Haplustox samples were 240 g kg™ clay, 710 g
kg™ sand, and 50 g kg silt. Soil textures were calculated using Soil Texture Calculator
software (USDA, 2022). Rhodic Haplustox was classified as clay texture soil (CT soil), and
Xanthic Haplustox as sandy clay loam texture soil (SCLT soil).

2.2.2. Soil selenium and sulfur concentrations

For Se-concentration determination, soil samples (0.5 g) were treated in 8 ml
hydrochloric acid (37%) and 2 ml nitric acid (65%) (McGrath and Cunliffe, 1985). The
extracts were then subject to 60 (180 min), 105 (60 min), and 140 °C (30 min) treatments.
After cooling, the extracts were filtered and transferred to volumetric flasks. The volume was
adjusted to 25 ml with deionized water, and the extracts were analyzed by graphite furnace
atomic absorption spectrometry (GFAAS). The pseudo-total Se concentrations were 0.6 and
0.3 mg Se kg CT and SCLT soils, respectively. The sulfur concentrations were determined
by the turbidimetric method (Ajwa and Tabatabai, 1993), and the results were 2.5 and 4.6 mg
dm=Sin CT and SCLT soils, respectively.

2.2.3. Soil acidity correction and fertilization

Soil sub-samples were collected for acidity and fertility analyses (Table S2). The
samples were transferred to cylindric plastic pots (5 dm? capacity). Both soil samples received
0.6 g dm™ of limestone powder (45% CaO + 11% MgO) to raise the base saturation to 70%.
After limestone homogenization, the soil samples were incubated for 20 days. Then, essential
fertilization was applied in solution form, which consisted of (mg dm3): 200 N (NH4H2PO,),
450 P (NHsH2PQa4), 300 K (K2SO04 adjusted to S doses and KCI), 0.8 B (H3BOg3), 1.3 Cu
(CuCl2 2H20), 3.6 Mn (MnCl; 4H20), 0.15 Mo (H2M004), and 4.0 Zn [(ZnNO3)2]. Then, the
soil samples were incubated for ten days. At incubation periods, the soil moisture was

maintained at 70% of field capacity.

2.3. Selenium sorption experiments
2.3.1 Experimental design

After the second incubation period, sorption assays were performed to evaluate the
soil textures and sulfate-dosage effects on selenate adsorption and desorption in the samples.

A completely randomized experimental design was used, with six treatments and four
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replications. Each replication consisted of one soil sample. The treatments were combinations
of different soil textures and sulfate doses (mg dm= S): T1 = CT soil without sulfur addition;
T2 = SCLT soil without sulfur addition; T3 = CT soil + 45 S; T4 = SCLT soil + 45 S; T5 =
CT soil + 90 S; T6 = SCLT soil + 90 S. The sulfur was added at basic fertilization, using
potassium sulfate (K2SO4) in solution form. The K was balanced among the sulfur doses
using KCI solution (1 M). Ten days after sulfur treatment, soil samples (50 g) were collected

for sorption assays.

2.3.2. Adsorption and desorption assays

Soil samples were dried at room temperature and ground. Then, the soil samples (3.0
g) were added to tubes with 30 ml of Se equilibrium solution (30 mM NaCl + 0.4 mg L Se,
as Na,SeQ4). The Se concentration in the assay condition corresponds to 4.0 mg kg Se in the
soil. The tubes were shaken for 72 hours (12 h shaking 12 h rest in a horizontal shaker at 120
rpm and room temperature). The tubes were centrifuged (3500 rpm for 20 min), and the
supernatants were collected for adsorption determination. The tubes received 30 ml of NaCl
solution (30 mM) and were shaken and centrifuged again. The supernatants were collected for
desorption determination. The Se concentrations in the supernatants were determined by the
GFAAS, and Se adsorption and desorption were calculated according to Lessa et al. (2016).

2.4. Rice cultivation in the soil (long-term experiments)
2.4.1. Experimental design

Experiments were performed to study the influence of selenate and sulfate doses on
the rice plants grown in the CT and SCLT soils under greenhouse conditions. A randomized
block experimental design was used with fifteen treatments and four replications. Each
replicate consisted of a pot with five plants. The treatments consisted of combinations
between five selenate doses (0.0, 0.5, 1.0, 2.0, and 4.0 mg dm™ Se; corresponding to around
0.0, 6.3, 12.5, 25, and 50 pmol dm Se, respectively) and three sulfate doses in the soil (0, 45,
and 90 mg dm= S, corresponding to around 0.0, 1.4, and 2.8 mmol dm= S, respectively). The
selenate and sulfate sources were sodium selenate (Na>SeO4) and potassium sulfate (K2SOa4),
respectively, applied in solution form. The sulfur doses were applied at basic fertilization, and
the selenium doses were applied seven days after transplanting rice seedlings. The K was

balanced among the sulfur doses using KCI solution.
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2.4.2. Experimental conditions

Rice seeds (Oryza sativa L. cv. BRS pepita) were germinated in trays filled with
sterilized sand. The two-week-old seedlings were transplanted to the pots containing soil
samples. Successive thinning was performed until five plants remained per pot. Nitrogen and
potassium topdressing fertilization was performed at 30, 60, and 90 days after the transplant,
supplying 100 mg dm K (KNOs) and 100 mg dm= N (KNOs and NH4NOs). The plants were
harvested at the end of the grain ripening phase (120 days after the transplant). Before the
harvest, two recently expanded leaves were collected per pot, frozen in liquid nitrogen, and
stored (-80 °C) for biochemical analyses. The relative chlorophyll index was measured as
previously mentioned. The plants were divided into shoots and panicles and dried for 72 h (65
°C) in an oven with air circulation. The number of panicles was determined, and panicles were
threshed manually. The paddy rice-grain and shoot dry matters were determined using a

digital scale.

2.4.3 Rice grain processing
The paddy rice was processed as described by Eyarkai Nambi et al. (2017). It was
dehusked using a rubber roll sheller, and the brown rice was collected. Then, half of each

brown rice sample was milled using a vertical milling machine to obtain the white rice.

2.5. Plant analysis
2.5.1. Selenium and sulfur determinations

Dried plant materials were ground for selenium and sulfur determinations. The plant
materials included shoots and roots from the short-term experiment and shoots, brown rice,
white rice, and rice husks from the long-term experiment. The ground samples (0.500 g) were
digested in acid solution (6 ml HNOz + 2 ml HCIO4) in a digester block following the heating
sequence: 50, 100, and 150 °C for 60 min each, and 200 °C until the extracts were translucent
(around 30 min). Then, the extracts were transferred to volumetric flasks (10 ml), and the
sample volume was adjusted with deionized water. The Se concentrations in shoots and roots
were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES)
and in white rice, brown rice, and rice husks by GFAAS. The S concentrations were
determined by ICP-OES.
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2.5.2. Gene expression analysis

Root samples from the short-term experiment were used to evaluate the expression of
genes involved in selenate and sulfate uptake. Total RNAs were extracted from fresh samples
(100 mg) using Trizol reagent (Life Technologies™). The cDNAs were synthesized using the
Superscript 111 Reverse Transcriptase kit (Invitrogen™). Real-time quantitative-polymerase
chain reaction (RT-qPCR) was realized using SYBR Green Universal Master Mix (Applied
Biosystems™) and a CFX384TM real-time PCR system (Bio-Rad®). The primer sequences

are presented in Table S3.

2.5.3. Stress indicators (H20, and MDA concentrations)

Fresh plant materials (200 mg) (shoots and roots from the short-term experiment and
shoots from the long-term experiment) were macerated in liquid nitrogen with 30 mg of
polyvinylpyrrolidone (PVPP), homogenized in 1.5 ml trichloroacetic acid solution (1.0 g L),
and centrifuged at 12,000 g and 4° C for 15 min. For hydrogen peroxide (H202)
determination, 45 pl of supernatant was added to 45 pl potassium phosphate buffer (10 mM,
pH 7.0) and 90 pl potassium iodide solution (1.0 M). The mixture was analyzed in a
spectrophotometer at 390 nm, and the H>O> concentration was obtained using a standard
curve (Velikova et al.,, 2000). For malondialdehyde (MDA) determination, 125 ul of
supernatant was added to 250 pl thiobarbituric acid (5 g L™) and trichloroacetic acid solution
(100 g LY). The mixture was maintained in a water bath at 95 °C for 30 min and cooled in an
ice bath. It was then analyzed in a spectrophotometer at 535 and 600 nm, and MDA

concentrations were obtained using the coefficient of molar extinction of 156 mM™ cm™,

2.5.4. Antioxidant enzymes (catalase and ascorbate peroxidase activities)

Samples (200 mg) of fresh material (shoots from short-term and long-term
experiments) were macerated in liquid nitrogen with 30 mg PVPP and homogenized in tubes
with 1.5 ml potassium phosphate buffer (100 mM KH2PO4, 0.1 mM EDTA, and 10 mM
ascorbic acid, pH 7.8). The tubes were centrifuged at 13,000 g and 4 °C for 10 min. The
supernatant (protein extract) was collected. Protein extract samples (6.0 ul) were added to 294
ul Bradford reagent for soluble protein determination (Bradford, 1976). The mixture was
shaken in a vortex and analyzed in a spectrophotometer at 595 nm. The soluble protein
concentrations were obtained using a standard curve.

Catalase (CAT, EC 1.11.1.6) activity was determined in a 180 pl reaction mixture
containing 9 ul protein extract, potassium phosphate buffer (100 mM KH2PQOg4, pH 7.0), and
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hydrogen peroxide (12.5 mM). The reaction mixture was analyzed in a spectrophotometer at
240 nm for 3 min (15-sec intervals), and the activity was obtained using the molar coefficient
extinction of 36 mM™ cm™ (Havir and McHale, 1987). The ascorbate peroxidase (APX, EC
1.11.1.11) activity was determined in a 180 pl reaction mixture consisting of 9 ul protein
extract and potassium phosphate buffer (100 mM KH2POa, pH 7.0), ascorbic acid (0.5 mM),
and hydrogen peroxide (0.1 mM). The reaction mixture was analyzed in a spectrophotometer
at 240 nm for 3 min (15-sec intervals), and the activity was determined using the molar

coefficient extinction of 2.8 mM* cm™ (Nakano and Asada, 1981).

2.5.5. Reduced glutathione (GSH) concentrations

Samples (100 mg) of fresh plant material (shoots and roots from the short-term
experiment) were macerated in liquid nitrogen and homogenized in 1.0 ml sulfosalicylic acid
solution (6 g L™Y). The samples were centrifuged at 8000 g and 4 °C for 10 min. The reaction
mixture consisted of 120 ul of glutathione reductase (3.3 units mI™?), 1.68 mM DTNB, 60 pl
of NADPH solution (0.8 mM), and 20 ul of supernatant (Rahman et al., 2007). The reaction
mixture was analyzed in a spectrophotometer at 412 nm for 2 min (30-sec intervals). GSH

concentrations were calculated using a standard curve.

2.6. Statistical analysis

The data were analyzed using SAS University Edition® software (Statistical Analysis
System, Cary, North Carolina). Data normality was checked before analyses. Then, the data
were submitted for analysis of variance. When the treatment effects were significant, the
treatments were compared by the Scott-Knott test (p < 0.05) using the SISVAR® software
(Ferreira, 2019).

3. Results

3.1. Sulfate protects rice seedlings from selenate toxicity by competitive uptake inhibition
Selenium (Se) toxicity was acute in plants with low sulfur (S) supply (0.1 mM) in the

nutrient solution. A higher S supply (0.5 mM) had no impact on plant growth under selenate

treatment (20 UM Se). However, plants with a low S supply under Se treatment showed strong

chlorosis on leaves (Figure 1a) with a low relative chlorophyll index (Figure S1). In addition,

these plants showed 43 and 53% reductions in shoots and root biomasses, respectively

(Figures 1a and 1b), compared to the control treatment (0.5 mM S without Se). Conversely,
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Se treatment did not affect plants grown with 0.5 mM S in the nutrient solution (Figures 1a,
1b, and 1c), indicating that a higher S supply alleviates Se toxicity in rice plants.

The protective action of S might be related to an inhibition effect on Se uptake. Under
20 uM Se treatment, the plants had 24 and 65% fewer Se concentrations in the shoot and root,
respectively, under the high (0.5 mM) S treatment than under the low (0.1 mM) S supply
condition (Figures 1d and 1e). The inhibitory effect of S on Se accumulation was stronger in
the roots since the higher S supply significantly decreased the Se accumulation in the root
tissues, despite the increasing root biomass production (Figure S2d). The antagonism between
S and Se absorptions was evidenced by the ~20% reduction in S concentrations in the roots
under the Se treatment, compared to the non-treated control, regardless of the status of the
sulfur supply (Figure 1g). Conversely, Se treatment sharply induced the S content in shoots of
rice plants grown under 0.5 mM S in the nutrient solution (Figure 1f). These plants presented

S concentrations 2.2-folds higher compared to all other treatments (Figure 1f).

3.2. Selenate induces the expression of sulfur transporter genes in rice roots

The Se treatment influenced the expression of both OsSULTR1;1 and OsSULTR1;2 in
rice roots. However, the 20 uM Se treatment induced a 27-fold increase in OsSULTR1;1
expression in the root under the low-S (0.1 mM) but not the high-S (0.5 mM) condition
(Figure 2a). In contrast, the Se treatment comparably up-regulated OsSULTR1;2 gene
expression by 2-folds in the roots regardless of the S supply conditions (Figure 2b).

3.3. Sulfur enhances the antioxidant system of rice plants

Under selenate exposure, the plants grown with 0.5 mM S exhibited 6.7 and 2.5-folds
higher CAT and APX activities than plants grown with 0.1 mM S in the nutrient solution
(Figures 3a and 3b). Similarly, Se treatment led to a 34% increase in GSH concentrations in
the shoots of the rice plants treated with a high (0.5 mM) but not a low (0.1 mM) S
concentration (Figure 3c). Conversely, a 2.8-fold higher GSH concentration was observed in
the roots treated with Se under the low S (0.1 mM) condition (Figure 1d).

Higher concentrations of the oxidative stress indicators H.O> and MDA were observed
in plants grown under the low S (0.1 mM) — Se (0 uM) and the high S (0.5 mM) + Se (20 uM)
conditions (Figure 3e-h). For example, 64% and 26% higher H.O> concentrations were
produced in the shoots and roots of the rice plants grown in the low-S + none-Se medium and

the high-S + Se medium compared with the other treatment, respectively (Figures 3e and 3f).
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Similarly, the plants with higher H20. concentrations also showed ~40% greater MDA
concentrations in the shoots and roots under the same conditions mentioned above (Figure 3g,
h). These results indicated that the higher S supply enhanced the antioxidant mechanisms in

rice plants grown with the Se treatment.

3.4. Selenium sorption reactions are related to soil clay content

Soil types influenced Se adsorption and desorption in the soils. In general, under our
experimental conditions, the Se adsorptions were significantly higher in the clay texture (CT)
soil than in the sandy clay loam texture (SCLT) soil (Figure 4a). The difference was more
pronounced in the absence of S addition, where the Se adsorption was 2.8-folds higher in the
CT soil than in the SCLT soil (Figure 4a). This difference in Se adsorption reflected the
difference in clay contents in that the CT soil has a 2.6-folds higher clay content (620 g kg™)
than the SCLT soil (240 g kg™).

Furthermore, S supplies did not affect Se adsorption in the CT soil, whereas the Se
adsorption increased with the enhanced S supplies in the SCLT soil (Figure 4a). For instance,
in the absence of S addition, the CT soil adsorbed 67% (2.70 mg kgt), and the SCLT soil
24% (0.96 mg kg™) of the Se added to the soils (4.0 mg kg™). On the other hand, although the
S addition (45 and 90 mg dm= S) did not affect the Se adsorption in the CT soil, the S
supplies increased Se adsorption by 84% in the SCLT soil.

Unlike the Se adsorption, the S doses affected Se desorption in both soil types studied
(Figure 4b). In addition, the Se desorptions were higher in the CT soil than in SCLT soil
under our experimental conditions (Figure 4b). For example, the Se desorption was 12-folds
higher in the CT soil than in the SCLT soil under the non-S condition (Figure 4b).
Furthermore, the Se desorbed in this condition (without S addition) corresponds to 14 (CT
soil) and 4% (SCLT soil) of the selenium adsorbed in the previous assay, indicating that most
selenium adsorbed remained bonded to the soil (86% in CT soil and 96% in SCLT soil). The
S addition had distinct effects on Se desorption for different texture soils. For instance, the S
supplies decreased and increased the Se desorption by 37% and 159% in the CT and SCLT

soils, respectively, in an S-dose-dependent manner (Figure 4b).

3.5. Selenate toxicity is stronger in rice grown in soil with lower selenium adsorption
In the high-Se-adsorption CT soil, the added Se doses had no significant impacts on
rice growth, i.e., the shoot biomass (Figure 5a), and grain yields, i.e., the dry grain matters

(Figure 5b), regardless of the S supply status. In contrast, in the lower selenium adsorption
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capacity SCLT soil, higher doses of Se (>2.0 mg dm=) caused significant decreases in growth
(Figure 5b) and grain yields (Figure 5d) when S addition was absent. For instance, plants
grown in the SCLT soil without S addition showed a 43% reduction in shoot production at the
highest Se dose (4.0 mg dm) compared with the non-Se condition (Figure 5b). In addition,
higher Se doses (2.0 and 4.0 mg dm™) also caused a 42% decrease in grain production under
the non-S supply condition (Figure 5d). We also observed a reduction of 22% in the grain
production of plants grown with S addition (45 and 90 mg dm) at the highest Se dose (4.0
mg dm3). These results evidence that sulfur also alleviates the selenate toxicity in rice plants
at the grain ripening stage. Furthermore, plants with S addition showed better growth and
production in both soils than without S supply (Figures 5 and S3).

The Se concentrations in rice shoots increased with increasing selenate doses in both
soils (Figures 6a and 6b). However, the plants grown in the CT soil exhibited increased Se
concentrations in shoots just at selenate doses above 1.0 mg dm= under sulfur addition,
indicating the sulfur enhanced the selenate availability and uptake in this soil. Conversely, the
plants in the SCLT soil presented selenium increases at selenate doses above 0.5 mg dm
regardless of the sulfur supply status, except for the 4 mg dm= Se dose. Thus, the Se
concentration in plants was higher in the SCLT soil than in the CT soil under the same
conditions, suggesting a higher Se availability in the SCLT soil. The Se concentrations in
plants grown under the highest selenium dose with sulfur addition were 157 and 79 mg kg in
the SCLT and CT soils, respectively.

We observed higher S concentrations in the shoots of the plants grown under the S-
addition condition (Figure 6). Furthermore, we also observed that a higher sulfur dose (90 mg
dm S) promoted a slight increase in the S concentration compared to the addition of 45 mg
dm= S in both soils. The Se doses did not affect the S concentrations in the shoots of the rice
plants grown in the CT soil (Figure 6¢). However, the Se doses enhanced the S uptake and
accumulation in the shoots of the rice plants grown in the SCLT soil (Figures 6d and S4d).
The highest Se dose increased by 55% the S concentration in plants cultivated with 90 mg dm-
3 S than plants grown without Se at the same S supply.

Similarly, the increased selenate doses increased Se contents in rice grain and husk in
both soils (Figures 7 and S5). However, Se concentrations were enhanced by the S doses in
the CT soil but dramatically decreased in the SCLT soil. In the CT soil, the highest Se dose
promoted ~2.5-fold and 6.5-fold higher Se concentrations in the rice grain (brown and white
rice) and husk, respectively, compared to those under the non-S supply condition (Figure 7a,

¢, and e). Conversely, the same S doses reduced the Se concentrations by 40 and 56% in the
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white rice and the brown rice husk, respectively, of the plants grown in the SCLT soil at the
highest Se dose, compared to the absence of S (Figure 7b, d, and f).

4. Discussion

We observed that sulfate supply enhanced rice tolerance to selenate in both short- and
long-term experiments. In the short-term experiment, the selenate treatment promoted higher
selenium contents in the plants grown with 0.1 mM S, causing severe toxicity symptoms
(Figures 1 and S2). These results suggest that rice seedlings grown under the S-limited
condition can absorb greater selenate amounts, inducing toxicity and growth impairment. At
the same time, higher sulfate availability reduced selenate uptake, relieving Se toxicity by
decreasing Se concentrations in plants, particularly in the roots. Thus, a competition between
selenate and sulfate uptake was evidenced in rice seedlings, contributing to the S protective
effect against Se toxicity.

This competition probably is due to the shared S and Se uptake transporters in the
roots (Boldrin et al., 2016; Tian et al., 2017). Conversely, the Se and S contents in plants from
long-term experiments indicate a synergism between the two components, suggesting that
tolerance mechanisms are related to the growth stage. These divergent results can be related to
rice seedlings’ higher nutrient uptake capacity (Fageria, 2004; Hashim et al., 2015), allowing
enough sulfate uptake to inhibit selenate absorption, and can explain the higher selenium and
sulfur contents on rice seedlings, despite the shorter time.

Moreover, the synergism between selenate and sulfate in the long-term experiments
can be related to the influence of selenate upon the sulfur transporters observed in the short-
time experiment. The selenate treatment induced the expression of genes that encode the
transporters responsible for sulfate uptake on rice roots, with specific effects according to the
gene studied. Selenate increased the SULTR1;2 expression by around 2-folds regardless of
sulfur supply (Figure 2b) while increasing the SULTR1;1 expression by 27-folds at low sulfur
supply (Figure 2a). Despite the reports of SULTR1;1 upregulation by selenate (Boldrin et al.,
2018; El Mehdawi et al., 2018; Tian et al., 2017), its induction mechanisms remain unknown.
However, the SULTR1;2 response is probably related to the sulfur concentration reduction in
root tissue by selenate treatment (Figure 1g) since its expression responds to low sulfate
concentrations in roots (Zheng et al., 2014). Thus, SULTR1;2 upregulation consists of a
sulfur-deficiency-alleviation mechanism, inducing the expression of the transporter gene to

increase sulfate uptake (Zhang et al., 2014), which can be responsible for the sulfur content



23

increase in the shoots of the rice plants grown with 0.5 mM S under a Se-treated condition
(Figures 1f and S2c).

Similarly, the selenate-upregulated SULTR1;2 expression was associated with higher S
contents in plants grown in the SCLT soil upon selenate exposure (Figures 6d and S4d). This
result suggests that a higher S-transporter activity can enhance the sulfur accumulation from
tillering to the grain ripening phase of the rice plants. In contrast, low S availability probably
could nullify this effect since the plants grown in the short-time experiment with 0.1 mM S
under Se treatment did not exhibit an increase in sulfur content in the shoots (Figures 1f and
S2c), even though a higher SULTR1;2 expression was present (Figure 2b). However, a higher
SULTR1;2 activity also can increase the selenium accumulation, considering the affinity of
SULTR1,;2 for selenate uptake (Shibagaki et al., 2002), which can contribute to the synergism
between sulfate and selenate uptake in the long-term experiments (Figures 6b, 6d, S4b, and
S4d). Thus, the relationship between selenate and sulfate uptake on rice plants seems to vary
according to the plant’s developmental stage, presenting inhibitory competition in the tillering
phase but synergism at the late stage of the ripening phase.

Despite the inhibitory competition between S and Se uptake, rice seedlings cultivated
with higher sulfate availability under selenate exposure exhibited expressive selenium
concentrations, mainly in the shoots (Figure 1). However, despite their high selenium
contents, these plants did not present visual toxicity symptoms and growth impairment. These
results suggest that a higher sulfur supply can alleviate selenate toxicity through other
protective mechanisms, which act after selenate uptake and transport to the shoots, in addition
to selenate uptake inhibition. This protective action probably is related to the S-enhanced
antioxidant system against the Se-caused oxidative stress. This hypothesis is supported by
increased H20- concentrations in shoots of rice plants exposed to selenate under a high sulfur
supply compared to the control treatment (Figure 3e). The oxidative stress could be caused by
higher MDA concentrations in these plants, considering MDA is a product of cell membrane
degradation by ROS (Morales and Munne-Bosch, 2019).

However, the plants exposed to selenate under high sulfur supply also presented
higher CAT and APX activities and higher GSH contents, which probably counteracted the
ROS deleterious effects since CAT and APX activities are crucial for H>O> degradation
(Zamocky et al., 2014). Similarly, GSH is a vital molecule for ROS detoxification, acting as a
substrate for antioxidant enzymes (e.g., GSH peroxidases and GSH sulfotransferases) and a
precursor for phytochelatins (Anjum et al., 2011). Interestingly, the plants cultivated with low

sulfur supply and selenate exposure did not enhance the antioxidant system. Thus, these
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results indicate that sulfur is necessary for the antioxidant system in response to selenate
toxicity, as indicated by the higher sulfur content in the shoots of the plants (Figure 1f). This
positive effect probably is related to the sulfur role in the constitution of cysteine and
methionine, amino acids required for protein and enzyme synthesis (Gunal et al., 2019).

Similarly, cysteine is required for GSH formation (Ravilious and Jez, 2012). Thus,
sulfur uptake and accumulation promoted by selenate are essential to the antioxidant system
in rice plants. However, this mechanism is ineffective under a low sulfur supply. Furthermore,
divergent results were observed in plants’ enzymatic activities and stress indicators during the
long-term experiments (Figure S6), probably caused by the metabolism reduction at the
ripening phase (Liu et al., 2017).

The selenate sorption dynamics were related to the clay content, with higher selenium
adsorption in the soil containing higher clay contents. This hypothesis is supported by the
percentual values of the clay content and selenate adsorption, with CT soil presenting 62%
clay and 67% Se adsorbed, while SCLT presented 24% clay and 24% Se adsorbed. This
reaction is probably caused by the binding between the positive charges in the clay minerals
and the selenate negative charges (Araujo et al., 2020; Lessa et al., 2016), which can be more
pronounced in tropical soils, like the Oxisols studied, considering their positive charge
predominance (Jiang et al.,, 2011). Therefore, the higher selenate adsorption and
corresponding lower Se availability resulted in lower selenate uptake in plants cultivated in
the CT soil, leading to no plant toxicity symptoms.

Conversely, the plants cultivated in the SCLT soil presented higher selenium contents
and growth and yield impairment. Sulfate increased the selenate adsorption in the SCLT soil
and decreased the desorption in CT soil, suggesting that S decreased selenate availability.
However, these effects are temporary since the plants cultivated with sulfur supply presented
higher selenium contents in both soils. Thus, sulfate promoted higher selenate contents
probably by increases in root growth and by the competition with selenate for the positive
charges in the soil, releasing the selenate adsorbed (Araujo et al., 2020; Santos et al., 2021).

Taken together, soils with low clay contents present lower selenate adsorption
capacity, increasing selenate availability and accumulation in shoots, husks, brown rice, and
white rice. Thus, the lower selenate adsorption on soils increases the selenate toxicity risk for
rice plants and, consequently, for humans and animals consuming rice grains with high
selenium contents. Interestingly, we did not detect selenium on rice grains of plants grown
without selenate addition on both soils, despite the selenium availability indicated by the

small concentrations in their shoots and in the soils under natural conditions. These results
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suggest that the selenium supply is required to enrich the rice grains due to its small
availability in the soils. At last, future studies aiming to evaluate the selenium biofortification
in rice grains can adopt selenate doses around 0.14 and 0.02 mg dm™ Se for CT and SCLT
similar soils, respectively. These selenate doses would promote selenium concentrations
around 50 pg Se (selenium amount required per person per day approximately, according to
Winkel et al., 2012) per 100 g of dry rice grains, according to regression equations of

selenium concentrations (Table S4).

5. Conclusions

Selenate treatment decreases the sulfur concentrations in the roots of rice seedlings,
inducing the sulfate transporter activity and sulfur accumulation from tillering to ripening
stages. A high sulfur content enhances the antioxidant mechanisms, counteracting selenate
toxicity. However, this alleviation mechanism is ineffective in rice plants grown under sulfur
deficiency. In the long term, selenate treatment probably enhanced both selenium and sulfur
accumulations in rice plants through sulfate transporters induction. Furthermore, the selenate
uptake can also be regulated by the clay content in the soils, with higher clay contents
decreasing its availability through the higher adsorption capacity. Conversely, soils with
lower clay contents possess higher selenate availability, promoting higher selenium contents
in rice shoots and grains and possibly increasing the toxicity risk to plants and animals.
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Figure 1. Short-term experiment with rice plants grown in the nutrient solution containing
different S and Se doses. Plants at harvest time (a). Shoots (b) and roots production (c). Se
concentrations in shoots (d) and roots (e). S concentrations in shoots (f) and roots (g).
Columns with different letters differ by the Scott-Knott test (n = 12, p < 0.05).
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Figure 2. Relative expression of OsSULTR1;1 (a) and OsSULTR1;2 (b) in roots of rice plants
grown in the nutrient solution under S and Se doses (short-term experiment). Columns with
different letters differ by the Scott-Knott test (n = 12, p < 0.05).
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Figure 3. Antioxidant mechanisms and stress indicators in rice plants grown in the nutrient
solution under S and Se doses (short-term experiment). Catalase (CAT, a) and ascorbate
peroxidase (APX, b) shoot activities. Reduced glutathione (GSH) concentrations in shoots (c)
and roots (d). Hydrogen peroxide (H20.) concentrations in shoots (e) and roots (f).
Malondialdehyde (MDA) concentrations in shoots (g) and roots (h). Columns with different
letters differ by the Scott-Knott test (n = 12, p < 0.05).
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Figure 4. Selenium sorption in soils with different textures under S doses. Concentrations of
Se adsorbed after 72 h of exposure to 4.0 mg kg™ Se (a). Concentrations of Se desorbed after
72 h extraction in the samples of adsorption assay (b). CT: clay texture. SCLT: sandy clay
loam texture. Columns with different letters differ by the Scott-Knott test (n = 24, p < 0.05).
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Figure 5. Growth and yield of rice plants cultivated in soils with different textures under S
and Se doses (long-term experiment). Shoots (a and b) and grains (c and d) production.
Columns with different letters in each soil differ by the Scott-Knott test (n = 60, p < 0.05).
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Figure 6. Selenium (a and b) and sulfur (c and d) concentrations in shoots of rice plants
cultivated in soils with different textures under Se and S doses (long-term experiment).
Columns with different letters in each soil differ by the Scott-Knott test (n = 60, p < 0.05).
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Figure 7. Selenium concentrations in rice grains cultivated in soils with different textures
under Se and S doses (long-term experiment). Selenium concentrations in brown rice (a and
b), white rice (c and d), and husk (e and f). Columns with different letters in each soil differ
by the Scott-Knott test (n = 60, p < 0.05). *Below detection limit.
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Supplemental

Table S1. Nutrient solution compositions (ml LY).
Na:SeOs MgSOs MgClz KNOs Ca(NOz)2 KH2PO4 Micronutrient

Treatment @mM) (M) (@AM) (@AM (@AM) (IM)  solution ' EEPTA
OuMSe+01mMS (T1) - 0.1 1.9 5 5 1 1 1
OuMSe+05mMS (T2) - 05 15 5 5 1 1 1
20 UM Se +01mMS (T3) 1 0.1 1.9 5 5 1 1 1
20 uM Se +05mM S (T4) 1 05 15 5 5 1 1 1

Micronutrient solution: H3BO3; (46 mM), CuCl; (0.3 mM), MnCl3-4H;0 (9.1 mM), H.MoO, (0.1 mM), and
ZnCl; (0.7 mM). Fe-EDTA: FeCl-6H,0 (100 mM) + EDTA (89 mM) dissolved in NaOH (89 mM).

Table S2. Soil chemical properties.

H SOC Se S P K Ca Mg
P -gkgl-- mg kgt ---------mmmeeeee- --- cmolc kgt ---
CT soil 5.5 3.8 0.6 25 0.6 16 0.3 0.1
SCLT soil 6.5 5.2 0.3 4.6 0.1 33 0.1 0.1
Al H + Al \Y% B Cu Fe Mn Zn

--- cmolc kgt --- - % -- mg kg
CT soil 0.04 1.8 19 0.01 0.9 30 5.4 0.6
SCLT soil 0.30 1.8 15 0.03 0.1 28 1.3 0.1

pH in water (soil-to-solution ratio 1:2.5). SOC: soil organic carbon. Se: pseudo-total content. Al and H + Al by
titration method with 0.025 M NaOH. V: base saturation [(Ca + Mg + K) / Ca + Mg + K + ‘H + Al’)]-100.

Table S3. Primers used in the study.

Gene ID Description Sequence
OsSULTR1;1 0. sativa sulfate transporter 1.1 F: GGCGGCCATCATCATCATC
(Os03g09970) ’ R: CCTTCTTTGACATCGGCTGG
OsSULTR1;2 O. sativa sulfate transporter 1;2 F: GCAAGAAGAACCTCCTGECE
(Os03g09980) ’ R: TCGAACACCGGGAAGACGT
OsACT 0. sativa actin F: CTTCATAGGAATGGAAGCTGCGGGTA
(0s03g50885) R: CGACCACCTTGATCTTCATGCTGCTA

F: forward primer. R: reverse primer.
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Table S4. Regression equations for selenium concentrations in rice tissues (mg kg™ Se in dry
matter) as a function of soil selenate doses (x = mg dm= Se) under S doses.

Tissue
SDM
brown rice
white rice
husk rice
SDM
brown rice
white rice
husk rice
SDM
brown rice
white rice
husk rice

S (mg dm3)
0
0
0
0
45
45
45
45
90
90
90
90

———————————————————— CT soil
Equation R?

Se =1.34"x+6.20 0.88
Se=274"x+9.71 0.79
Se=1.11"%x+7.80 0.78

Se =-0.61"%% + 3.3"x + 0.27 0.99
Se = 16.80"x - 0.47 0.99

Se =13.81"x - 4.31 0.99

Se =9.98"x - 1.55 0.99

Se =6.61"x - 2.05 0.94

Se = 16.48"x + 3.00 0.99

Se =11.36"x - 0.01 0.99

Se =9.18™x - 0.57 0.99

Se =5.62"x - 1.02 0.95

Equation
Se =-12""x? + 57.6™x - 2.62

Se=47.37"x + 18.81
Se = 20.09""x + 20.75
Se=12.76"x +5.13
Se =38.06"x + 4.31
Se=22.77"%x+2.50
Se=15.47"%x+1.20

Se =9.35"x - 0.96
Se =36.26™x - 0.20
Se=20.17"x + 0.37
Se =12.65"x + 1.07

Se = 6.30"x + 0.65

SCLT soil ---------

0.80
0.92
0.89
0.94
0.98
0.99
0.99
0.99
0.98
0.99
0.97
0.99

SDM: shoot dry matter. ** p > 0.01.
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Figure S1. Relative chlorophyll index (RCI) in leaves of rice plants grown in nutrient
solutions under S and Se doses (short-term experiment). Columns with different letters differ
by the Scott-Knott test (n = 12, p < 0.05).
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Figure S2. Selenium and sulfur accumulations in rice plants grown in the nutrient solution
under S and Se doses (short-term experiment). Selenium accumulations on shoots (a) and
roots (b). Sulfur accumulations in shoots (c) and roots (d). Columns with different letters
differ by the Scott-Knott test (n = 12, p < 0.05).
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Figure S3. Relative chlorophyll index (RCI, a and b) and the number of panicles (c and d) in
rice plants cultivated in soils with different textures under S and Se doses (long-term
experiment). Columns with different letters in each soil differ by the Scott-Knott test (n = 60,
p <0.05).
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Figure S4. Selenium (a and b) and sulfur (c and d) accumulations in shoots of rice plants
cultivated in soils with different textures under S and Se doses (long-term experiment).
Columns with different letters in each soil differ by the Scott-Knott test (n = 60, p < 0.05).
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Figure S5. Selenium accumulations (a and b) in paddy rice grains (brown rice and husk) of
rice plants cultivated in soils with different textures under S and Se doses (long-term
experiment). Columns with different letters in each soil differ by the Scott-Knott test (n = 60,

p <0.05).
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Figure S6. Antioxidant mechanisms and stress indicators in rice plants cultivated in soils with
different textures under S and Se doses (long-term experiment). Catalase (CAT, a and b) and
ascorbate peroxidase (APX, ¢ and d) activities. Hydrogen peroxide (H202, e and f) and
malondialdehyde (MDA, g and h) concentrations. Columns with different letters in each soil
differ by the Scott-Knott test (n = 60, p < 0.05).
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CHAPTER 11
Selenate toxicity and sulfate uptake upregulation are related to glutathione metabolism

in plants

Highlights

1. The selenate's induction on SULTR1;1 expression is higher on plants with low glutathione
contents

2. The external GSH supply can partially inhibit the selenate's induction on SULTR1;1
expression

3. Glutathione is crucial for selenate tolerance in plants

4. GSH is primarily used for selenate non-enzymatic assimilation

5. The sulfate uptake upregulation is a defense mechanism against selenate toxicity but is
ineffective if sulfate can not be converted to glutathione

6. Selenite effect on glutathione metabolism and sulfate uptake is significantly lower than
selenate

7. Selenite toxicity is less marked than selenate in broccoli due to its low transport to the

shoots

Abstract

Selenium (Se) and sulfur (S) compounds present a strict relationship in plant
metabolism. Selenate (SeOs%*) can compete with sulfate (SO4%) for uptake transporters on
roots. However, the synergism between selenate and sulfate also has been reported, which is
not observed for selenite (SeOs?). Furthermore, the selenate and selenite toxicity mechanisms
seem to be different in plants, which can be linked to their specific influence on sulfur
metabolism. Thus, we studied the influence of selenium treatment on sulfur and selenium
metabolisms and plant growth of Arabidopsis and broccoli with different concentrations of
glutathione, a key molecule of sulfur metabolism and plant detoxification. The selenate
treatment decreased the glutathione contents in plant tissues. The pad2-1 plants (a
glutathione-deficient Arabidopsis mutant) exhibited lower selenate tolerance and higher
sulfate transporters (AtSULTR1;1 and AtSULTR1;2) gene expression on roots compared to
Arabidopsis wild-type (WT), even exhibiting similar selenium and sulfur concentrations on
shoots and roots. However, the reduced glutathione (GSH) supply alleviated the selenate
toxicity and partially inhibited the sulfate transporters expression, indicating that both selenate

effects are directly linked to glutathione metabolism. Conversely, the selenite did not present
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clear relation with glutathione or BoSULTR1;1 and BoSULTR1;2 in broccoli plants, while
selenate decreased the glutathione contents and inhibited the growth of broccoli with lower

glutathione concentrations severely.

Keywords: Arabidopsis thaliana, Brassica oleracea, broccoli, pad2-1, selenite, selenium,

sulfate transporters, sulfur.

Graphical abstract
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1. Introduction

Selenium (Se) is a nutrient for humans and animals, and adequate concentrations are
required to prevent disorders in immunologic and anticarcinogenic systems (Alfthan et al.,
2015). Selenium is not considered a plant nutrient; however, it can favor plant growth and
yield in some conditions and is considered a beneficial element (Kaur et al., 2017).
Conversely, high selenium concentrations cause severe phytotoxicity (Tian et al., 2017). The
plants can absorb both the selenite (SeO3?) and selenate (SeO4?) ionic forms. The selenate
uptake is carried by sulfate transporters in the root membrane, while the phosphate
transporters absorb selenite (Zhang et al., 2003; Zhang et al., 2014). However, sulfur (S)
metabolic pathways probably assimilate both selenite and selenate since they are analogs for
sulfite (SO3%) and sulfate (SO4%), respectively. Thus, plants with a higher sulfur assimilation
capacity can also demonstrate higher selenium assimilation (Wiesner-Reinhold et al., 2017).

Sulfur is a nutrient for all organisms, playing several roles in humans, animals, and

plants, mainly related to its structural role in cysteine and methionine amino acids and other
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compounds (Gunal et al., 2019). Sulfate is the sulfur form mainly absorbed by plants, and its
availability influences plant growth and development, strictly affecting crop yields (Capaldi et
al., 2015). Considering selenate and sulfate are absorbed by the same transporters on roots,
there is a possibility of competitive inhibition in their uptakes (Toler et al., 2007). However,
selenite does not inhibit sulfate uptake (Tian et al., 2017), suggesting that selenate and selenite
have different effects on sulfur metabolism. Furthermore, the toxicity caused by selenate and
selenite can be hugely distinct according to the sulfur supply (Tian et al., 2017). Thus, studies
about sulfur and selenium metabolisms are crucial for comprehending selenium
biofortification and phytotoxicity mechanisms.

Despite the inhibition between sulfate and selenate absorptions, some studies have
demonstrated that selenate can increase sulfur accumulation in some plant species (Ramos et
al., 2011; Takahashi et al., 2000; White et al., 2004). This effect may be correlated with an
increase in the high-affinity sulfur transporter SULTR1;1 activity in the root membrane, while
high-affinity sulfur transporter SULTR1;2 is less affected by selenate (Boldrin et al., 2016).
Interestingly, selenite does not affect the SULTR1;1 gene expression, indicating this effect is
specific for selenate (Tian et al., 2017). The increase in SULTR1;1 activity is a mechanism to
improve sulfur uptake under deficiency conditions (Takahashi et al., 2000; Yoshimoto et al.,
2002). Thus, selenate exposure appears to mimic the sulfur deficiency in plants (Schiavon et
al., 2012). However, the mechanisms responsible for the sulfur transporters inducing
promoted by selenate are still unknown.

The sulfate uptake and assimilation are down-regulated by some sulfur compounds,
like glutathione and sulfate (Maruyama-Nakashita et al., 2004; Takahashi et al., 2011).
Previous studies have demonstrated that selenate can inhibit sulfate uptake and decrease the
glutathione content in plants. Takahashi et al. (2000) observed an increase in abundance of
SULTR1;1 mRNA and reduced glutathione (GSH) decrease in roots of Arabidopsis plants
after selenate treatment. Similarly, Van Hoewyk et al. (2008) and Grant et al. (2011) related
selenate decreased the GHS in Arabidopsis, suggesting that selenate toxicity can be correlated
with GSH biosynthesis disruption. Since GSH can inhibit the sulfate transporters' activities
and selenate can disrupt the GSH metabolism, maybe selenate induces the sulfur uptake
through GSH metabolism disruption. Furthermore, selenium forms toxicities can also be
related to glutathione metabolism since selenite and selenate effects on sulfur metabolism
seem different. Thus, we studied the influence of inorganic selenium forms on sulfur and
selenium metabolisms and the growth of Arabidopsis and broccoli with different glutathione

contents.
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2. Material and methods
2.1. Arabidopsis seedlings in MS medium
2.1.1. Experimental design

The treatments consisted of combinations of two Arabidopsis thaliana genotypes and
nine 2 MS medium compositions (Table S1). The genotypes studied were A. thaliana Col-0
wild-type (WT) and glutathione-deficient mutant pad2-1 (CS3804, At4g23100). The MS
medium compositions consisted of three selenate doses (0, 5, and 15 uM Na2SeQs), combined
or not with reduced glutathione (50 uM GSH) and buthionine sulfoximine (50 uM BSO), an
inhibitor of GSH synthesis (Koprivova and Kopriva, 2014). The pad2-1 plants were not
grown under BSO treatment. Thus, we performed 15 treatments in a completely randomized
design with three replications. The control treatment consisted of WT plants grown without
selenate, GSH, or BSO treatments. For root growth measurement, each replication consisted
of one square Petri dish (100 x 100 x 15 mm) filled with 60 ml MS medium and 40
Arabidopsis seeds. For biochemical analyses, each replication consisted of two round Petri
dishes (150 x 15 mm) filled with 120 ml MS medium and 20 mg Arabidopsis seeds (around
1000 seeds).

2.1.2. Growth conditions

The Arabidopsis seeds were sterilized with ethanol (75%) and washed with autoclaved
deionized water. Then, the seeds were resuspended in 0.15% agar autoclaved. The basic Y2
MS medium was prepared with 2.15 g L™* Murashige and Skoog salt (RPI®, M10200), 10 g L
sucrose, 8 g L™ agar, and selenate treatments. The acidity was adjusted to pH 5.8 using KOH
solution (0.1 M). Then, the MS medium was autoclaved and cooled in a water bath at 42 °C
for 40 minutes. The GSH and BSO solutions were filtered (0.22 um mesh) and added to the
MS medium after cooling. The MS medium was added to the Petri dishes and cooled at room
temperature for 60 minutes. Then, the seeds were spread in the solid MS medium and
transferred to a growth chamber in the vertical position (16 h light / 8 h dark, 25 °C). The
plants were harvested seven days after the sowing. The root length was measured using the
ImageJ® software, and the plant material was washed with deionized water, frozen in liquid

nitrogen, and stored (-80 °C) for biochemical analyses.
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2.2. Arabidopsis plants in nutrient solution
2.2.1. Experimental design

The treatments consisted of combinations of two A. thaliana genotypes (WT and
pad2-1) with three selenate doses (0, 5, and 15 pM Na»SeOs) in the nutrient solution (Table
S2). Thus, six treatments were performed in a completely randomized design with three
replications. Each replication consisted of one pot with 50 plants. The control treatment

consisted of WT plants grown without selenate treatment.

2.2.2. Growth conditions

The seeds were sterilized and resuspended as described. Then, the seeds were spread
on aluminum square meshes (5 x 5 cm, 2 mm mesh) attached to polystyrene support on the
bottom lateral sides and covered with autoclaved agar (0.8%). The meshes were placed into
Magenta boxes (300 ml) covered with aluminum foil and filled with Hoagland solution (50%
ionic strength, pH 6.5). The plants were cultivated in a growth chamber (16 h light / 8 h dark,
25 °C). We performed thinning until remain 50 seedlings per pot. After one week, the nutrient
solution was changed to Hoagland solution (100% ionic strength, pH 6.5) with selenate
treatments, which was changed every three days. The plants were harvested one week after
selenate treatment (14 days after sowing). The plant material was rinsed with CaCl> solution
(2 mM) and deionized water. Then, it was divided into shoots and roots and dried in an air-
circulation oven (65 °C for 72 h). The shoots and root productions were measured using a

digital scale, and plant material was destined for selenium and sulfur determinations.

2.3. Arabidopsis plants in peat moss compost
2.3.1. Experimental design

The treatments consisted of six combinations between two A. thaliana genotypes (WT
and pad2-1) and three selenate doses (0, 5, and 15 pM NazSeQOs) in the compost, using a
completely randomized design with three replications. Each replication consisted of one pot
with two plants. The control treatment consisted of WT plants grown without selenate

treatment.

2.3.2. Growth conditions

The seeds were sterilized and resuspended as described. Then, the seeds were spread
in round Petri dishes (150 x 15 mm) filled with 120 ml %2 MS medium and transferred to a
growth chamber (16 h light / 8 h dark, 25 °C) in the horizontal position. After one week, four
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seedlings were transplanted to the pots (300 ml) filled with peat moss compost (PRO-MIX®
BK25V). Thinning was realized until two seedlings remained. One week after the
transplanting, the selenate treatments were applied in solution form. The plants were daily
watered using deionized water. The plants were harvested one week after selenate treatment
(21 days after sowing), and shoots were rinsed with CaCl solution (2 mM) and deionized
water. The shoots were dried, the production was measured as described, and the plant

material was destined for selenium and sulfur determinations.

2.4. Broccoli plants in nutrient solution
2.4.1. Experimental design

The treatments consisted of two sulfur doses (0.5 and 2.0 mM MgSO4) combined or
not with two selenium doses (50 and 80 uM Se) applied in two ionic forms (selenite —
Na>SeOs and selenate — Na>SeQs) in the nutrient solution (Table S3). Thus, ten treatments
were carried out in a completely randomized design, with three replications and one pot with
four broccoli plants per replication. The control treatment consisted of the 2.0 mM S dose

without selenium addition.

2.4.2. Growth conditions

The broccoli seeds (Brassica oleracea var. italica, cv. Marathon) were sterilized with
sodium hypochlorite (1%) and washed with deionized water. The seeds were sowed in plastic
trays (30 x 30 x 10 cm) filled with peat moss compost (PRO-MIX® BK25V) and transferred
to a greenhouse (14 h light / 10 h dark, 22 - 28 °C). One week after sowing, the seedlings were
transplanted to plastic trays (7 L) filled with Hoagland solution (50% ionic strength, pH 6.5)
with sulfur adjusted to 0.5 mM S under artificial aeration. After one week, the seedlings were
selected according to size uniformity and transplanted to pots (2.2 L) filled with Hoagland
solution (100% ionic strength, pH 6.5) and sulfur and selenium doses under artificial aeration.
The nutrient solution was changed every three days, and plants were harvested two weeks
after the treatments (28 days after sowing). The plant material was washed with CaCl,
solution (2 mM) and deionized water. New leaves and root tips were immediately frozen in
liquid nitrogen and stored (-80 °C) for biochemical analyses. The plant material was dried,
and shoots and root productions were measured as described. Then, the plant material was

destined for selenium and sulfur determinations.
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2.5. Plant analyses
2.5.1. Gene expression

Genes related to sulfate and selenate uptake and assimilation were analyzed in
Arabidopsis and broccoli tissues. RNA samples were extracted from plant material using
Trizol reagent (Life Technologies™), and cDNA samples were synthesized using Superscript
I11 Reverse Transcriptase kit according to manufacturer instructions (Invitrogen™). The
reverse transcription-polymerase chain reactions (QRT-PCR) were performed using SYBR
Green Universal Master Mix (Applied Biosystems™) and a real-time PCR system (Bio-Rad®,

CFX384TM). The primer sequences used are presented in Table S4.

2.5.2. Glutathione concentrations

The reduced (GSH) and oxidized (GSSG) glutathione concentrations in plant tissues
were measured according to Rahman et al. (2007). Fresh samples (50 mg) were ground in
liquid nitrogen, homogenized in 0.5 ml sulfosalicylic acid solution (6 g L™), and transferred to
1.5 ml tubes. The samples were centrifuged (8000 g and 4 °C for 10 min), and the supernatant
was collected. The aliquot used for GSSG determination was treated with 2-vinylpyridine to
derivatize GSH. The GSH and GSSG concentrations were determined in a 200 pl reaction
mixture consisting of supernatant (20 pl), glutathione reductase (5 units mI*t), DTNB (0.5
mM), and NADPH (0.25 mM). The mixtures were analyzed in a spectrophotometer at 412 nm
for 2 minutes (30-sec intervals), and GSH and GSSG concentrations were calculated using

standard curves.

2.5.3. Selenium and sulfur concentrations

The dried plant materials were ground, and samples (0.200 g) were digested using 8
ml of acid solution (HNOs + HCIOg, 3:1 ratio) under heating (50, 100, and 150 °C for 60 min
each and 200 °C for 30 min). The samples were diluted with deionized water and analyzed by
inductively coupled plasma optical emission spectroscopy (ICP-OES). The sulfur and

selenium concentrations were calculated using standard curves.

2.5.4. Glutathione reductase and peroxidase activities

Fresh samples (200 mg) were ground in liquid nitrogen with PVPP (30 mg),
homogenized in 1.5 ml phosphate buffer (100 mM KH2PO4, 0.1 mM EDTA, and 10 mM
ascorbic acid, pH 7.8), and transferred to 2.0 ml tubes. The samples were centrifuged (13,000

g and 4 °C for 10 min), and supernatants (protein extracts) were collected and stored (-80 °C).
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The soluble protein concentrations were determined in a 300 pl reaction mixture consisting of
protein extract (6 pl) and Bradford reagent (Bradford, 1976). The mixture was analyzed in a
spectrophotometer at 595 nm, and protein concentrations were calculated using a standard
curve.

The glutathione reductase (GR, EC 1.6.4.2) and glutathione peroxidase (GPX, EC
1.11.1.12) activities were measured according to Khan et al. (2015). The GR activity was
determined in a 180 ul reaction mixture consisting of protein extract (45 ul), phosphate buffer
(50 mM KH2PQOg4, pH 7.8), GSSG (1 mM), and NADPH (75 uM). The GPX activity was
determined in a 180 pl reaction mixture consisted of protein extract (45 pl), potassium
phosphate buffer (50 mM, pH 7), EDTA (1 mM), NaNs (1 mM), GR (1 unit mIt), GSH (1
mM), H20> (0.25 mM) and NADPH (0.2 mM). The mixtures were analyzed in a
spectrophotometer at 340 nm for 3 minutes (15-sec intervals), and GR and GPX activities

were calculated using the coefficient extinction of 6.22 mM™ cm™,

2.5.5. Hydrogen peroxide and malondialdehyde concentrations

The hydrogen peroxide (H202) and malondialdehyde (MDA) concentrations were
measured according to Velikova et al. (2000). Fresh samples (200 mg) were ground in liquid
nitrogen with PVPP (30 mg), homogenized in 1.5 ml trichloroacetic acid solution (1 g L),
and transferred to 2 ml tubes. The samples were centrifuged (12,000 g and 4° C for 15 min),
and supernatants were collected and stored (-80 °C). The H20. concentrations were measured
in a 180 pl reaction mixture consisting of supernatant (45 pl), potassium phosphate buffer (2.5
mM, pH 7), and potassium iodide (0.5 M). The mixture was analyzed in a spectrophotometer
at 390 nm, and H.O> concentrations were calculated using a standard curve. The MDA
concentrations were measured in a 375 pl reaction mixture consisting of supernatant (125 pl),
trichloroacetic acid (0.4 M), and thiobarbituric acid (23 mM). The reaction mixture was
heated in a water bath (95 °C for 30 min), cooled in an ice bath, and analyzed in a
spectrophotometer at 535 and 600 nm. The MDA concentrations were calculated using the

coefficient extinction of 156 mM™* cm™.

2.6. Statistical analyses

The obtained data were submitted to normality and variance analyses using SAS
University Edition® software (Statistical Analysis System®), and the treatments were
compared by the Scott-Knott test (p < 0.05) using the SISVAR® software (Ferreira, 2019).
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3. Results
3.1. Arabidopsis seedlings in MS medium

The selenate doses promoted specific effects on root length according to the
Arabidopsis genotype and medium composition (Figures 1a and 1b). The addition of 5 uM
selenate did not affect the WT + GHS plants while causing severe toxicity to pad2-1 and WT
+ BSO plants, which presented 70 and 51% lower root length, respectively, compared to the
control treatment (WT + 0 uM Se). However, this selenate dose presented a less severe
inhibition of root growth on pad2-1 + GSH plants (-36%), which exhibited a root length of 2-
folds higher than pad2-1 plants grown under 5 uM selenate dose without GSH. The addition
of 15 uM selenate presented a similar root inhibition for all plants, except for WT + GSH
plants. Compared to the control treatment, the 15 uM dose decreased the root length of WT +
GSH plants by 26% while decreasing it by around 75% on the other plants.

The selenate influence on sulfate transporters' gene expressions also varied according
to the Arabidopsis genotype and medium composition (Figures 1c and 1d). Compared to the
control treatment, the 5 UM selenate dose promoted an AtSULTR1;1 expression 14-folds
higher, except for WT + GSH plants, which were not affected. However, we observed a
stronger influence at 15 pM selenate treatment. Compared to the control treatment, the 15 uM
selenate dose increased the AtSULTR1;1 expression by 208 and 148-folds on pad2;1 and
pad2-1 + GSH plants, respectively. Similarly, compared to the control treatment, this dose
increased the AtSULTR1;1 expression by 54 and 21 times on WT and WT + GSH plants,
respectively. Thus, the GSH supply inhibited the 15 pM selenate induction in the
AtSULTR1;1 expression by 30% on pad2-1 plants and 60% on WT plants. Conversely, the
BSO supply enhanced the 15 pM selenate induction in the AtSULTR1;1 expression on WT
plants, promoting a gene expression 2-folds higher than WT plants under the same selenate
dose. Regarding AtSULTR1;2, we observed that 15 uM selenate promoted gene expressions
3.5 and 2.6-folds higher on pad2-1 and pad2-1 + GSH plants, respectively, compared to the
control treatment.

The GSH and GSSG concentrations on plant shoots differed significantly according to
Arabidopsis genotype and medium composition (Figures 2a and 2b). Regarding the GSH
concentrations, we observed strong reductions on pad2-1 (-95%), pad2-1 + GSH (-81%), and
WT + BSO plants (-36%), compared to control treatment. We observed similar reductions on
GSSG concentrations on pad2-1 (-97%), pad2-1 + GSH (-80%), and WT + BSO plants (-
13%), compared to control treatment. Interestingly, the GSH supply did not affect the GSH
and GSSG concentrations on WT plants, while the pad2-1 + GSH plants exhibited GSH and
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GSSG concentrations 3.6 and 7.5-folds higher, respectively, compared to pad2-1 plants
cultivated without GSH supply. Despite this difference, both 5 and 15 uM selenate promoted
similar reductions in glutathione concentrations on shoots of all plants, except pad2-1 plants,
which were not affected. The 15 pM selenate dose decreased the GSH and GSSG
concentrations on shoots of WT plants (-31% GSH and -35% GSSG), WT + GSH plants (-
29% GSH and -29% GSSG), WT + BSO plants (-34% GSH and -49% GSSG) and pad2-1 +
GSH plants (-48% GSH and -60% GSSG), compared to the same Arabidopsis types and
medium compositions without selenate treatment.

Regarding the glutathione concentrations on roots, the GSH supply increased the GSH
and GSSG concentrations on WT plants, while the BSO treatment decreased it severely
(Figure 2c and 2d). The WT plants cultivated with GSH supply presented increases of 24 and
43% in GSH and GSSG concentrations on roots, respectively, compared to the control
treatment. Conversely, the WT plants grown under BSO treatment presented 66 and 72%
reductions in GSH and GSSG concentrations on roots, respectively, compared to the control
treatment plants. Both GSH and GSSG concentrations on roots of pad2-1 and pad2-1 + GSH
plants were too low to be detected by the measurement method used. Unlike the effect on
shoots, we observed that just the 15 puM selenate dose affected the GSH and GSSG
concentrations on roots of WT and WT + GSH plants, while the 5 uM selenate affected just
the concentrations on WT under BSO treatment. The 15 pM selenate dose reduced the
glutathione concentrations on roots of WT plants (-25% GSH and -29% GSSG), WT + GSH
plants (-63% GSH and -67% GSSG), and WT + BSO plants (-33% GSH and -41% GSSG),
compared to the same Arabidopsis genotype and medium compositions without selenate

treatment.

3.2. Arabidopsis plants in nutrient solution

The selenate treatment strongly affected the pad2-1 plant growth, mainly on the root
production, while the WT plant growth was not affected by the selenate doses in the nutrient
solution (Figures 3a, 3b, and 3c). The 15 puM selenate dose decreased the shoots and root
production of pad2-1 plants by 54 and 80%, respectively, compared to WT plants grown
without selenate exposure (control treatment). Furthermore, this selenate dose reduced the
shoots and root production by 35 and 72%, respectively, compared to WT plants cultivated
with the same selenate dose on the nutrient solution.

Despite the specific effects on plant growth, the selenate doses promoted similar

selenium concentrations in tissues of WT and pad2-1 plants (Figures 4a and 4b). The selenate
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doses increased the selenium concentrations on shoots and roots of WT and pad2-1 plants.
The 15 uM selenate dose promoted selenium concentrations around 0.8 g kg™ Se on shoots of
WT and pad2-1 plants, a value 4-folds higher than plants grown with 5 uM selenate.
Similarly, the 15 uM selenate dose provided selenium concentrations around 0.5 g kg™ Se on
the roots of WT and pad2-1 plants, a value 2.5-folds higher than plants cultivated under the 5
uM selenate exposure.

The selenate doses also promoted similar sulfur concentrations on tissues of WT and
pad2-1 plants. The selenate doses enhanced the sulfur concentrations on shoots of WT and
pad2-1 plants while decreasing it on roots (Figures 4c and 4d). The 15 uM selenate dose
promoted sulfur concentrations around 24 g kg S on shoots of WT and pad2-1 plants, a
concentration 2.6-folds higher than plants grown without selenate. However, the 15 uM
selenate dose promoted sulfur concentrations of around 7.6 g kg S on roots of WT and pad2-

1 plants, a sulfur concentration 46% lower compared to control treatment plants.

3.3. Broccoli plants in nutrient solution

The low sulfur supply (0.5 mM S) in the nutrient solution did not affect the broccoli
growth compared to the control treatment plants (2.0 mM S) (Figures 5a, 5b, and 5c).
However, the plants cultivated with low sulfur supply exhibited severe growth inhibition
under selenate treatment, while the selenite toxicity was less marked. Compared to the control
treatment, the plants grown with low sulfur supply under selenate doses exhibited reductions
of around 80% in shoots and roots productions, while the plants grown with 2.0 mM under
selenate doses presented decreases of 13 and 40% on shoots and roots productions,
respectively (Figures 5b and 5c¢). Thus, the plants cultivated with 2.0 mM S under selenate
treatment presented shoots and root production by 5 and 3-folds higher, respectively,
compared to low sulfur supply under selenate treatment.

The selenate treatment promoted markedly higher selenium concentrations on shoots
of broccoli plants, regardless of the sulfur supply (Figure 5d). The selenate doses promoted
selenium concentrations on shoots around 1.0 g kg?, a value 18 times higher than plants
cultivated under selenite exposure. Conversely, the influence of selenium ionic forms on
selenium concentrations on roots was dependent on the sulfur supply. The high sulfur supply
increased the selenium concentrations on roots of plants cultivated with selenite while
decreasing it on plants grown with selenate. At 80 uM selenium dose, the 2.0 mM S dose
increased by 40% the selenium concentration on roots of broccoli cultivated with selenite

while decreasing it by 46% on plants grown under selenate treatment (Figure 5e).
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We observed a strong influence of sulfur and selenium in the sulfur contents on shoots
of broccoli plants. The selenate treatment enhanced the sulfur concentration on shoots of
plants grown with the high sulfur supply. The selenate doses increased by around 90% the
sulfur concentrations on broccoli shoots grown with 2.0 mM S compared to the control
treatment plants (Figure 5f), while the selenite did not affect these concentrations. The high
sulfur supply promoted higher sulfur concentrations on the roots of broccoli plants regardless
of the selenium addition. However, selenate increased the sulfur concentrations on roots
compared to selenite, mainly under the low sulfur supply. The selenate doses promoted
increases of 25% in sulfur concentrations on roots cultivated with 0.5 mM sulfur compared to
plants under selenite at the same sulfur dose (Figure 5g).

The selenate treatment affected the BoSULTR1;1 expression on broccoli roots under
low sulfur supply, while selenite did not affect it regardless of the sulfur dose. The 80 uM
selenate exposure in plants grown with 0.5 mM sulfur promoted a BoSULTR1;1 expression
13-folds higher than in control treatment plants (Figure 6a). The treatments promoted a less
marked influence on BoSULTR1;2 expression broccoli roots. Compared to the control
treatment, the plants cultivated with 0.5 mM sulfur presented a BoOSULTR1;2 expression 2.8-
folds higher, while the 50 uM Se in both selenate and selenite forms promoted an expression
around 4-folds higher in plants grown with 2.0 mM sulfur (Figure 6b). A similar induction
was observed at 80 uM selenate dose on plants under low sulfur supply. We observed that
selenate also induced the BoOCAT1 expression, mainly under low sulfur supply (Figures 6¢ and
6d). Compared to the control treatment, the 80 uM selenate dose induced a BoCAT1
expression 4-folds higher in roots grown with 0.5 mM sulfur, while the same selenate dose
promoted BoCAT1 expressions 3-folds higher on shoots, regardless of the sulfur supply.

The glutathione concentrations on broccoli tissues were sharply affected by the
treatments. The sulfur supply influenced shoots and roots' GSH and GSSG concentrations
(Figure 7). Compared to the control treatment, the plants grown with 0.5 mM sulfur presented
lower GSH concentrations on shoots (-32%) and roots (-49%), and lower GSSG
concentrations on shoots (-35%) and roots (-51%). Furthermore, the selenate treatment
decreased the glutathione concentrations on shoots, mainly in plants cultivated under low
sulfur supply, while the selenite effect was less marked. The treatment with 80 uM selenate
and 0.5 mM sulfur decreased the GSH and GSSG concentrations in shoots by 55 and 80%,
respectively, compared to plants grown with 0.5 mM sulfur without selenium and plants
under 80 uM selenite and the same sulfur dose. Regarding GSH in roots, the selenium

treatment decreased by around 50%, regardless of the sulfur supply, except for the 80 uM
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selenite dose at 0.5 mM S (Figure 7b). Regarding GSSG in roots, we observed an increase of
90% in plants grown under 80 uM selenite and 0.5 mM S compared to the control treatment
(Figure 7d).

4. Discussion

Selenate treatment decreased the glutathione contents in Arabidopsis, inducing higher
AtSULTR1,1 expression in plants with lower GSH and GSSG concentrations (pad2-1 and WT
+ BSO) (Figures 1 and 2), while SULTR1;2 was less affected. Similarly, selenate decreased
the glutathione contents in broccoli shoots cultivated with the low sulfur supply, inducing the
BoSULTR1;1 at the higher selenium dose (Figures 6 and 7). In contrast, the external GSH
supply partially inhibited the induction of AtSULTR1;1 expression in both WT and pad2-1
under selenate exposure (Figure 1). Similarly, the selenate did not influence the BoSULTR1,1
expression in broccoli grown with the higher sulfur supply, which presented higher
glutathione concentrations. The sulfate transporters upregulation by selenate in plants has
been reported (EI Mehdawi et al.,, 2018; Tian et al., 2017). The slight AtSULTR1,2
upregulation by selenate (Figure 1) is probably related to inhibitive competition with sulfate
on Arabidopsis roots (Figure 3). Thus, selenate decreased the sulfur concentration on roots,
inducing the AtSULTR1,2 expression since this effect is a sulfur deficiency response (Zheng
etal., 2014).

However, the mechanisms involved in SULTR1;1 upregulation are still unclear, which
is stronger under low sulfur supply and appears to mimic sulfur starvation (Barberon et al.,
2008; Boldrin et al., 2016). Our results suggest that the SULTR1;1 upregulation by selenate is
related to glutathione depletion, which is a sulfur deficiency symptom (Lunde et al., 2008)
and has been reported as a selenate effect in plants (Grant et al., 2011; Santiago et al., 2020;
Schiavon et al., 2016). This hypothesis is reinforced by pad2-1 mutation location and by
BSO's effect, which impairs glutamate-cysteine ligase (Dubreuil-Maurizi et al., 2011; Wang
et al., 2022), the first enzyme of GSH synthesis, while the cysteine, another candidate to a
regulator of sulfate transporters (Koprivova and Kopriva, 2014), is not affected. GSH plays an
essential role in the sulfur and selenium metabolism in plants, acting in the reducing process
of sulfate and selenate to sulfide (S%) and selenide (Se*), forms inserted in the amino acids
(Schiavon and Pilon-Smits, 2017; Terry et al., 2000). However, GSH also acts as an inhibitor
of sulfate transporters, playing a role in cell signaling of sulfur status (Lappartient et al., 1999;
Vauclare et al., 2002).
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Interestingly, the GHS content can downregulate the sulfur deficiency responsive
expression promoted by sulfur-responsive element (SURE), observed in the promoter region
of SULTR1;1 (Maruyama-Nakashita et al., 2005), which is not present in SULTR1;2
(Takahashi et al., 2011). Thus, the GSH decrease can upregulate the SULTR1;1 activity
specifically. This effect can explain the stronger influence of selenate treatment on SULTR1;1
expression compared to SULTR1;2 on Arabidopsis and broccoli plants (Figures 1 and 6).
Similarly, many studies have demonstrated that selenate induction is more pronounced on
SULTR1;1 expression compared to SULTR1;2 (Boldrin et al., 2016; Tian et al., 2017), which
can be related to GSH disruption influence on the former. Furthermore, the GSH regulatory
role on SULTR1;1 expression and the specific GSH depletion by selenate can explain this
gene expression upregulation by selenate, while selenite did not affect SULTR1;1 and sulfur
content on broccoli plants (Figures 6 and 7). Similarly, Tian et al. (2017) observed that
selenate induced SULTR1;1 expression, while selenite did not affect it in broccoli roots.

Conversely, the BSO treatment did not induce the SULTR1;1 expression, even
promoting GSH reductions similar on shoots (Figure 2a) and stronger on roots (Figure 2c)
compared to 15 pM SeOs in WT plants. These results indicate that probably another factor
contributes to SULTR1;1 overexpression by selenate treatment, in addition to GSH depletion.
We consider that the reduction of sulfate content in roots by selenate treatment (Figure 3c) is
the best candidate for SULTR1;1 post-transcriptional regulator, in addition to GSH depletion,
since the SULTR1;1 overexpression is a well-known response to sulfate deficiency in plants
(Yoshimoto et al., 2002). However, future studies can also focus on the possible involvement
of O-acetylserine in this pathway since this molecule production can be enhanced by selenate
treatment (Rios et al., 2008), and it can induce sulfate transporters gene expression on roots
(Koprivova and Kopriva, 2014; Smith et al., 1997; White, 2018).

Since the sulfate metabolic pathway assimilates selenate, it is expected that adenosine
phosphoselenate (APSe) can be reduced by adenosine phosphosulfate reductase (APR), using
GSH as a reducing molecule, which is responsible by adenosine phosphosulfate (APS)
reduction (Fu et al., 2018). This step produces sulfite (SO3%") and GSSG, which is recycled to
GSH by glutathione reductase activity (GR) (Cohen et al., 2020; Kopriva, 2006). Thus, this
step would produce selenite (SeOs?) and GSSG. However, a non-enzymatic reaction between
APSe and GSH has been proposed, producing the GSH-conjugated selenite (GS-selenite)
(Terry et al.,, 2000). Although we observed slight increases in APR2 expression and GR
activity by selenate treatment (Figures S1b, S2a, and S4b), the decreases in GSH and GSSG
by selenate on Arabidopsis and broccoli indicate the GSH consumed by selenate is not
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recycled, suggesting it is primarily used to produce the GS-selenite by the non-enzymatic
pathway. Grant et al. (2011) demonstrated that glutathione directly precipitates the selenate in
vitro. Thus, glutathione may precipitate the selenate, which explains the glutathione
consumption by selenate treatment. We also observed that glutathione depletion in broccoli
shoots was higher under selenate treatment than selenite, suggesting that glutathione
consumption is mainly required for selenate assimilation.

The selenate toxicity was severe in plants with lower glutathione contents. The 5 uM
SeO4 dose inhibited the root growth of pad2-1 and WT + BSO plants (Figure 1), while it did
not affect control treatment plants. Furthermore, the selenate caused severe toxicity in pad2-1
plants cultivated in nutrient solution and peat moss compost (Figures 3 and S3), especially for
root growth (Figure 3c). Selenate also caused severe growth inhibition in broccoli with lower
glutathione concentrations (0.5 mM S) (Figures 5 and 7), which seems to be strictly related to
selenate toxicity since these plants did not exhibit sulfur deficiency symptoms. Grant et al.
(2011) reported severe selenate toxicity in Arabidopsis plants with lower glutathione contents,
correlating the tolerance with GSH form. Glutathione performs several roles in plant tolerance
to abiotic stress, acting as an antioxidant molecule, cell redox buffer, reduced sulfur source,
phytochelatin (PC) precursor, signal peptide, and gene regulator (Cohen et al., 2020; Hacham
et al., 2014; Hendrix et al., 2020). In addition, glutathione participates in reactive oxygen
species (ROS) scavenging as a cofactor of antioxidant enzyme activities, like glutathione
peroxidase (GPX) and glutathione-S-transferase (GST), and it is necessary to ascorbate-
glutathione cycle and ascorbate peroxidase (APX) activity (Hasanuzzaman et al., 2017).

In the present study, the selenate toxicity in plants with lower glutathione contents is
probably related to the proposed glutathione's role in selenate assimilation. Thus, plants with
lower glutathione contents present low selenate assimilation capacity, impairing the selenate
storage in less harmful organic forms in vacuoles (Zhou et al., 2018), considering the high
selenate transport to shoots (Figures 4 and 5). In addition, the glutathione depletion by
selenate decreased the antioxidant capacity of plants, aggravating the selenate toxicity and
ROS generation, considering the glutathione antioxidant functions (Van Hoewyk, 2013). This
hypothesis is supported by the similar selenium concentrations on shoots of Arabidopsis and
broccoli plants (Figures 4a and 5d), while the selenate toxicity was markedly higher in plants
with lower glutathione contents. Conversely, the higher glutathione contents were associated
with selenate tolerance, including the external GSH supply to pad2-1 plants, increasing the
glutathione contents on shoots, indicating that the selenate tolerance is specifically related to

glutathione and not just to total sulfur or other sulfur compounds, like cysteine and
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methionine. This hypothesis is supported by the severe selenate toxicity on pad2-1 plants,
although these plants presented enhancement in sulfur contents in shoots (Figures 3, 4, and
S3).

The selenium toxicity was stronger in broccoli plants cultivated with low sulfur supply
under selenate treatment than selenite. The selenate treatment severely inhibited the shoots
and roots productions in broccoli grown with 0.5 mM S, while the sulfur availability did not
affect the selenite toxicity (Figures 5a, 5b, and 5c¢). In addition to growth results, the BoCAT1
expression and oxidative stress indicators (H202 and MDA) confirm the higher plant stress in
broccoli under selenate treatment (Chiang et al., 2014; Li et al., 2015; Tian et al., 2017),
particularly under sulfur deficiency (Figures 6c¢, 6d, S4e, and S4f). This difference is probably
related to higher selenium transport from roots to shoots in broccoli treated with selenate,
promoting selenium concentrations around 18-fold higher in shoots than in selenite treatment
(Figure 5d). Furthermore, the lower concentrations of GSH and GSSG in broccoli shoots
cultivated under lower sulfur availability (Figures 7a and 7c¢), combined with its higher
selenium concentration, probably induced the higher selenate toxicity as previously discussed.
Previous studies have demonstrated that selenate toxicity is related to a non-specific
replacement of sulfur amino acids by seleno amino acids into the proteins (Tian et al., 2017;
Van Hoewyk, 2013; White, 2016), which can also explain the selenate toxicity in broccoli,
especially under low sulfur supply.

Many studies have described selenite as the most toxic selenium form for plants
(Garousi et al., 2016; Hawrylak-Nowak, 2013; Van Hoewyk, 2013), including Arabidopsis
plants (Grant et al., 2011). The higher selenite toxicity in plants can be linked to its quick
assimilation, being converted into organic compounds still in roots (White, 2016), probably
by sulfite reductase enzyme activity (SIR) (Huang et al., 2021), while selenate can be
transported and stored on the shoots (Gupta and Gupta, 2017; Schiavon and Pilon-Smits,
2017). The quick selenite assimilation hypothesis is corroborated by the higher selenium
concentration on roots of broccoli treated with selenite, considering the plants grown with 2.0
mM S (Figure 5e). However, the higher selenate transport to shoots seems more toxic for
broccoli plants than selenite assimilation in roots, especially under a low sulfur supply (Tian
et al., 2017). Conversely, the higher sulfate supply partially alleviated the selenate toxicity by
increasing sulfur and glutathione content in broccoli shoots (Figures 5f, 7a, and 7c). This
effect is probably promoted by the overexpression of sulfate transporters under selenate
treatment, although we did not observe increases in the relative expression of BoSULTR1;1

and BoSULTR1;2 in these plants at harvest, considering the sulfate transporters
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overexpression seem to be paused after the internal sulfate concentration be restored (El
Mehdawi et al., 2018; Ferrari et al., 2022).

5. Conclusions

The selenate's induction on gene expression of sulfate transporters is related to
glutathione depletion and sulfate content reduction on roots. The SULTR1;1 and SULTR1;2
sulfate transporters overexpression on roots is a protective mechanism against selenate
toxicity, aiming to increase the sulfate uptake and accumulation. However, this mechanism is
ineffective if sulfate can not be converted to glutathione. Thus, glutathione is crucial for
selenate tolerance in plants, probably due to its role in selenate non-enzymatic assimilation.
The severe toxicity of selenate in broccoli grown under sulfur deprivation is also related to
glutathione depletion and higher selenium content on shoots compared to selenite. Thus, the
present study provides important insights into selenium metabolism, toxicity, and alleviation
mechanisms in plants, which can be used in future research about selenium phytoremediation

in contaminated areas and biofortification on crops.
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Figure 1. Arabidopsis plants grown in ¥2 MS medium under doses of selenate (SeOa), reduced
glutathione (50 uM GSH), and buthionine sulfoximine (50 uM BSO). Plants at harvest time
(@). Root length (b). Relative expression of AtSULTR1;1 (c) and AtSULTR1;2 (d) genes on
roots. Columns with different letters differ by the Scott-Knott test (n = 45, p < 0.05).
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Figure 2. Glutathione concentrations on Arabidopsis plants grown in ¥2 MS medium under
doses of selenate (SeOa), reduced glutathione (50 uM GSH), and buthionine sulfoximine (50
MM BSO). Reduced glutathione (GSH) concentrations on shoots (a) and roots (b). Oxidized
glutathione (GSSG) concentrations on shoots (c) and roots (d). Columns with different letters
differ by the Scott-Knott test (n = 45, p < 0.05). * Below detection limit.
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Figure 3. Arabidopsis plants grown in nutrient solutions under selenate doses (SeOs). Plants at
harvest time (a). Shoots (SDM, b) and roots (RDM, c) dry matter productions. Columns with
different letters differ by the Scott-Knott test (n = 18, p < 0.05).
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Figure 4. Selenium and sulfur concentrations of Arabidopsis plants grown in nutrient
solutions under selenate doses (SeOa). Selenium on shoots (a) and roots (b). Sulfur on shoots
(c) and roots (d). Columns with different letters differ by the Scott-Knott test (n = 18, p <
0.05).
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Figure 5. Broccoli plants grown in nutrient solutions under doses of sulfur, selenite (SeOs3),
and selenate (SeQOgs). Plants at harvest time (a). Shoots (SDM, b) and roots (RDM, c) dry
matter productions. Selenium concentrations on shoots (d) and roots (e). Sulfur concentrations
on shoots (f) and roots (g). Columns with different letters differ by the Scott-Knott test (n =
30, p < 0.05).
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Figure 6. Relative expression of BoOSULTR1;1 (a) and BoSULTR1;2 (b) on roots and BoCAT1
on roots (c) and shoots (d) of broccoli plants grown in nutrient solutions under doses of sulfur,
selenite (SeOs), and selenate (SeOs). Columns with different letters differ by the Scott-Knott
test (n = 30, p <0.05).
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Figure 7. Glutathione concentrations on broccoli plants grown in nutrient solutions under
doses of sulfur, selenite (SeOs3), and selenate (SeOs). Reduced glutathione (GSH)
concentrations on shoots (a) and roots (b). Oxidized glutathione (GSSG) concentrations on
shoots (c) and roots (d). Columns with different letters differ by the Scott-Knott test (n = 30, p
< 0.05).
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Supplemental

Table S1. MS medium composition for
Arabidopsis cultivation (ml L™).

Na;SeO: BSO  GSH
(10 mM) (10 mM) (10 mM)

Medium composition

0 uM SeO4 - - -

5 uM SeOq4 0.5 - -

15 uM SeOq 15 - -

0 uM SeO4 + 50 uM BSO - 5 -
5 uM SeO4 + 50 M BSO 0.5 5 -
15 uM SeOs + 50 uUM BSO 1.5 5 -
0 uM SeO4 + 50 uM GSH - - 5
5uM SeOs+50 uM GSH 0.5 - 5
15uM SeOs+50 yM GSH 1.5 - 5

Basic 2 MS medium: 2.15 g L MS salt (RPI®, M10200),
10 g L* sucrose, 8 g L agar, pH 5.8. BSO: buthionine
sulfoximine. GSH: reduced glutathione.

Table S2. Nutrient solution composition for Arabidopsis cultivation (ml LY.

Naz2SeO4 MgSO4 KNO:3 Ca(NOa): KH2POs4  Micronutrient
sedose  ommy (1 M) (1 M) (1 M) (1 M) solution ¢ EDTA
0uMSecOs - 2 5 5 1 1 1
SuMScO; 05 2 5 5 1 1 1
15uMSeO;s 15 2 5 5 1 1 1

Micronutrient solution: HsBO3; (46 mM), CuCl, (0.3 mM), MnCl,-4H,0 (9.1 mM), H.MoOQO4 (0.1 mM), and
ZnCl3 (0.7 mM). Fe-EDTA: FeCl;-6H,0 (100 mM) + EDTA (89 mM) dissolved in NaOH (89 mM).

Table S3. Nutrient solution composition for broccoli cultivation (ml L?).

NazSeOs3 Na2SeOs MgSOs MgCl: KNOs Ca(NOz)2 KH2PO4 Micronutrient

Treatment OmM)(OmM) (M) (IM) (IM) (M) (1M)  solution ' CEDTA

0.5mM S : : 05 15 5 5 1 1 1

20mM S : : 20 - 5 5 1 1 1
0.5mMS +50 M SeOs 5 : 05 15 5 5 1 1 1
20mM S +50 M SeO; 5 : 20 - 5 5 1 1 1
0.5mMS +50 uM SeOs - 5 05 15 5 5 1 1 1
20mM S +50 M SeOs - 5 20 - 5 5 1 1 1
0.5mM S +80 uM SeOs 8 : 05 15 5 5 1 1 1
20mMS+80 M SeO; 8 : 20 - 5 5 1 1 1
0.5mM S +80 M SeOs - 8 05 15 5 5 1 1 1
2.0mM S +80 M SeOs - 8 20 - 5 5 1 1 1

Micronutrient solution: H3BOs (46 mM), CuCl; (0.3 mM), MnCl,-4H,0 (9.1 mM), H,MoO4 (0.1 mM), and
ZnCl, (0.7 mM). Fe-EDTA: FeCl,-6H,0 (100 mM) + EDTA (89 mM) dissolved in NaOH (89 mM).
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Symbol Description Sequence GenBank accession
ASULTRL:L A. thaliana sulfate transporter F: TCCGGCAATTGCGCCTCTTATTT NM 116931
11 R: GAACCGACGACGTTCATAGTCCCTA -
ASULTRL:2 A. thaliana sulfate transporter F: CTGGCATGGTCGCTTTAACAG NM 106449
1;2 R: AGAATGCTCCAATACAGGCGATGA -
F: CAAGACGCAAGGCAAGATGG
AtAPS1 A. thaliana ATP sulfurylase 1 NM_ 113189
y R: ACTGGTATATTACCTTAGTGCCG -
AtAPR? A. thaliana 5'-adenylylsulfate F: TTAGACCTTTGCGTCGTGCT NM 104899
reductase 2 R: TCTCGTACCCGGAGATTGGT -
AIGR2 A. thaliana glutathione F: AAGCTGGAGATGGCTCGTTC NM 115323
reductase 2 R: CTTGCGACCAGTTGCAAACA -
AGPX1 A. tha||ana- glutathione F: GTGAATGGACCAAGCACAGC NM 128065
peroxidase 1 R: GGGAGGGTACCTCTCAACGA -
A(GSHI A. thaliana glutamate-cysteine F: GGGAAATCGTTTGGGAGGGT NM 118439
ligase 1 R: CGTCGCCTTTGCCTTGAAAT B
AtPCS1 A. thaliana phytochelatin F: TGATGACTCTGAAGGCACGG NM 123774
synthase 1 R: TTGCGTCGATGGCACTAACA -
F: ATGAAGATTAAGGTCGTGGC
AtACT A. thali i NM 1 14
tACT8 thaliana actin 8 (act8) . 10 cGAGTTTGAAGAGGCTAC 1038
BoSULTRL:1 B. oleracea sulfate transporter F: GATTCTGCTGCAAGTGACGA XM 013763767
11 R: ACGCGAATGATCAAGATTCC -
BOSULTRL:2 B. oleracea sulfate transporter F: GATTCTGCTGCAAGTGACGA AJA16460
1;2 R: ACGCGAATGATCAAGATTCC
BoCAT1 B. oleracea catalase 1 F: GCTTGCCTTCTGTCCTGCTA GQ500124
' R: AGGTCCAAGACGGTGTCTCT
BoAPS1 B. oleracea ATP sulfurylase 1 F: AGACGACGAGCAAAAGGCTA XM 013774858
' y R: GGTTGTACCCCATGTTCTGG -
BoAPR2 B. oleracea 5'-adenylylsulfate F: TCTTTGGTTACCCGTGCTTC XM 013781409
reductase 2 R: GGAGAAGCCTCTTCCAGCTT -
. F: CCGAGAGAGGTTACATGTTCACCA
BoACT1 B. oleracea actin (actl) R AF044573

:GCTGTGATCTCTTTGCTCATACGGT

F: forward primer. R: reverse primer.
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Figure S1. Relative expression of AtAPS1 (a), AtAPR2 (b), AtAGR2 (c), AtGPX1 (d), AtGSH1
(e) and AtPCS1 (f) genes on shoots of Arabidopsis plants grown in ¥ MS medium under
doses of selenate (SeQ4), reduced glutathione (50 uM GSH) and buthionine sulfoximine (50
UM BSO). Columns with different letters differ by the Scott-Knott test (n = 45, p < 0.05).
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Figure S2. Enzyme activity and oxidative stress indicators on shoots of Arabidopsis plants
grown in ¥ MS medium under doses of selenate (SeQs), reduced glutathione (50 pM GSH),
and buthionine sulfoximine (50 uM BSO). Glutathione reductase (GR, a) and glutathione
peroxidase (GPX, b) activities. Hydrogen peroxide (H202, c) and malondialdehyde (MDA, d)
concentrations. Columns with different letters differ by the (n = 45, p < 0.05).
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Figure S3. Arabidopsis plants in peat moss compost under selenate doses (SeQOas). Plants at
harvest time (a). Shoots dry matter production (SDM, b). Selenium (b) and sulfur (c)
concentrations on shoots. Columns with different letters differ by the Scott-Knott test (n = 18,

p <0.05).
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Figure S4. Gene expression, enzyme activity, and oxidative stress indicators on broccoli
plants grown in nutrient solutions under doses of sulfur, selenite (SeOz), and selenate (SeOa).
Relative expression of BoAPS1 (a) and BoAPR2 (b) on shoots. Glutathione reductase (GR, ¢)
and glutathione peroxidase (GPX, d) activities on shoots. Hydrogen peroxide (H20, e)
concentration on shoots. Malondialdehyde (MDA) concentrations on shoots (f) and roots (g).
Columns with different letters differ by the Scott-Knott test (n = 30, p < 0.05). H20>
concentrations in roots were below the detection limit.



