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ABSTRACT: The early stages of quinoa germination are sensitive to drought stress. For this purpose, a study entitled the effect of selenium
in different concentrations on germination characteristics and some antioxidant enzymes of quinoa under drought stress conditions
with polyethylene glycol (PEG 6000) was investigated. The first experimental factor was seed priming with selenium (from two sources:
sodium selenate and selenium nanoparticles: SeNPs = 33.4 nm) at 0.5, 1.5, 3, 4.5, 6 mg-L™* concentrations, besides, no priming treatment
was used as control. The second factor was drought stress with PEG 6000 in concentrations 0, —-0.4, —0.8, and —1.2 MPa. Drought stress
with accumulation of reactive oxygen species (ROS) had a negative effect on most of the measured traits. In seeds that were primed with
appropriate selenium concentrations, germination parameters and antioxidant enzyme activity as well as proline and protein content
increased compared to the control treatment. Under conditions of severe stress (-1.2 MPa), the highest activity of catalase (CAT), superoxide
dismutase (SOD), and ascorbate peroxidase (APX) enzymes was observed in prime with selenium nanoparticles at concentrations of 4.5,
6.0 and 4.5 mg-L7, respectively. Concentrations higher than 3 mg-L™ of selenium nanoparticles and concentrations of 3 mg-L-1 sodium
selenate had the highest accumulation of photosynthetic pigments under control (stress-free) conditions. The present study shows that
selenium priming can reduce the harmful effects of drought stress on quinoa by altering germination properties and biochemical properties.
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INTRODUCTION

Drastic changes in the climate, erratic precipitation, and rapid increases in global population have reduced crop
production and endangered global food security. These changes will challenge the population’s needs and demand in the
future (Magwanga et al. 2018). Plants experience several environmental stresses. Drought stress is one of the most common
stresses that can affect physiological processes such as photosynthesis, nutrient uptake and transport, and even grain yield
due to plant species susceptibility and growth stage (Cai et al. 2020).

The excessive increase of reactive oxygen species (ROS) under drought stress conditions causes oxidative damage and
eventually plant death (Qureshi et al. 2018). Therefore, plants show many responses to drought stress that depends on the
type and plant species (Ul-Allah et al. 2018). Seed priming consists of controlled hydration and drying of seeds to enhance
rapid germination and sustained establishment under stress conditions (Dawood 2018).

Priming the seeds with macro- and micronutrients during a period before sowing to improve the stand establishment
and productivity of field crops is called nutripriming (Farooq et al. 2018; Shivay et al. 2016). The use of selenium to reduce
ROS and increase antioxidant defense enhances plant growth and resistance to abiotic stresses such as drought stress
(Hassan et al. 2020; Reis et al. 2017).

An advanced method to reduce the use of chemical fertilizers, changes in food production, increase nutrient efficiency,
stress tolerance, and many challenges in agriculture is the use of nanotechnology (Manjunatha et al. 2016; Upadhyaya
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etal. 2017). The amount of selenium in food depends on the different forms of selenium in the soil and its absorption and
accumulation in plants and herbivores (Hossain et al. 2021). Selenium nanoparticles have higher mobility and solubility, and
more bioactivity and biosafety than soluble mineral salts Se, mainly selenite (Se (IV)) and selenate (Se (VI)). (Djanaguiraman
et al. 2018; Xia et al. 2017).

Seed priming with selenium increases germination and radical elongation (Nawaz et al. 2013; Ullah et al. 2019). Selenium
had a positive effect on rice seed germination and seedling growth (Moulick et al. 2017). Selenium also promotes plant
growth and development under various stresses by increasing plants’ resistance and antioxidant capacity (Chen et al. 2020).
The application of selenium at low concentrations increased enzymatic and nonenzymatic antioxidants’ activity, reducing the
ROS in wheat (Sattar et al. 2019) and corn (Jiang et al. 2017). Selenium reduces lipid peroxidation by reducing ROS under
drought stress conditions, thereby increasing leaf area, increasing transpiration efficiency, and improving photosynthesis
under these conditions (Khan et al. 2015; Zhang et al. 2014). Application of selenium by increasing the activity of enzymatic
antioxidants such as superoxide dismutase (SOD), catalase (CAT), catechol peroxidase (CPX), and nonenzymatic antioxidants
such as ascorbate and carotenoids eliminates ROS and increases plant tolerance to various abiotic stresses (Reis et al. 2017;
Silva et al. 2018). Catalase activity and proline content in wheat cultivars treated with selenium increased compared to
the nonapplication of selenium (Sajedi and Madani 2018). Selenium application also increased proline accumulation in
wheat seedlings under drought stress conditions (Chen et al. 2020). The application of chitosan-selenium nanoparticles
enhanced the level of antioxidant in bitter melon under salt stress (Sheikhalipour et al. 2021). Also seed priming with silver
nanoparticles considerably increased the activities of superoxide dismutase (SOD), catalase (CAT), peroxidase (POD) in
pearl millet (Khan et al. 2020).

Selection of plants that require less inputs and are stress-tolerant with high nutritional value is a solution to improve
food security in the face of the increasing global population (Delatorre-Herrera et al. 2019). Quinoa (Chenopodium quinoa
Willd.) is a pseudocereal with high adaptability to adverse climatic and soil factors period due to its high levels of gluten-free
protein, high fiber, complex carbohydrates, vitamins, carotenoids and high nutritional value quinoa has been introduced
as an alternative product to improve food security (Graf et al. 2016; Gordillo-Bastidas et al. 2016; Pereira et al. 2019). This
plant protects the body against many diseases, especially cancer and cardiovascular disease (Nowak et al. 2016). This study
was performed with the hypothesis that selenium can reduce ROS under drought stress by increasing antioxidant activity
and thus improving seedling emergence and growth.

MATERIAL AND METHODS
Experimental design and seed material

This research was conducted at the central laboratory of Shahed University of Tehran, Iran, in 2020. Fresh matured
quinoa seeds of Giza 1 variety were obtained from the Seed Breeding and Seedling Institute’s production fields of Karaj,
Iran. The selenium nanoparticles used in this study were obtained from the NANOSANY Corporation (Mashhad, Iran).
Sodium selenate (NaSeO4) and PEG 6000 were purchased from Merck (Darmstadt, Germany) Chemical Company.
To assess the effect of seed priming with selenium (sodium selenate (NaSeO,)) and selenium nanoparticles
(SeNPs = 33.4 nm) on germination indices and biochemical characteristics of seedlings under drought stress a factorial
experiment was conducted based on a completely randomized design with three replications.

To assess water stress tolerance during germination, quinoa seeds were surface sterilized by 2.5% sodium hypochlorite
solution for 3 min and then washed thoroughly with distilled water. Afterward, seeds were equally divided into six batches.
Soaking of seeds was carried out by putting a constant number of seeds of each batch for 6 h in glass containers, each
containing a continuous amount (100 mL) of NaSeO4 and selenium nanoparticle treatment solutions at 0.5, 1.5, 3, 4.5,
6 mg-L™' concentrations. Besides, a nonpriming treatment was used as control. At the end of the priming treatments, the
seeds were washed with distilled water and air-dried for 24 h. Then 100 seeds were placed in Petri dishes (12 cm) containing
double filter paper (Whatman International Ltd., Maidstone, UK) and the drought stress treatments using 5 mL PEG 6000 at
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concentrations of 0 (distilled water [control]), -0.4, -0.8, and -1.2 MPa were added to the Petri dishes, for one week placed
on a growth chamber with a controlled temperature of 25 °C., a light period of 16 h and 8 h of darkness (Hajihashemi et
al. 2020) and relative humidity of 70% (Panuccio et al. 2014).

At this stage, germination component was calculated according to ISTA (2008). Seed germination was recorded everyday
according to AOSA (1990) until a constant number was reached. Seeds were considered germinated when the length of
radicle and hypocotyl was more than 1 mm. The following formula was used to compute the germination rate (Li et al.
2007; Liopa-Tsakalidi 2012; Thabet et al. 2018):

Germination rate = (number of germinated seeds / number of total seeds) x 100 (1)
where GR = germinated seeds on day 7 / total seeds 100%.
Biochemical analysis

The samples were randomly collected from each Petri dish 5 days after germination for determination of proline, total
soluble proteins (T'SP), photosynthetic pigments (chlorophyll a, b, and total, and carotenoids), and antioxidant enzymes
(SOD, CAT, APX) using standard procedures.

Photosynthetic pigments analysis

Arnon’s (1949) method were used to extract photosynthetic pigments, chlorophyll a, b, total chlorophyll, and carotenoids.
For this purpose, about 1.0 g of seedling samples were immersed in liquid nitrogen for a few seconds to stop the metabolic
processes of the tissue and then ground in 80% acetone. The ground mixture was centrifuged at 3000x g for 10 min.
After centrifugation, the supernatant was collected and absorbance of the supernatant was measured using a UV-Vis
spectrophotometer (Lambda 25, PerkinElmer, Inc., USA) at wavelengths of 663.2, 645, 470 and 510 nm. The pigment content
was estimated using the provided extinction coeflicients and formulae and reported in mg-g™ FW:

Chlorophyll a (mg-g™ FW) =12.7 (A ;) - 2.69 (A,,;) X V/1000xW 2)
Chlorophyll b (mg-g™ FW) =22.9 (A_,.) - 2.69 (A,,,) X V/1000xW (3)
Total chlorophyll (mg-g™ FW) =20.2 (A, ) + 8.02 (A,,,) x V/1000xW (4)
Carotenoid (mg-g™' FW) =7.6 (A,)) - 14.9 (A, )) x VD/1000W (5)

Free proline assay

The Bates et al. (1973) method was used to determine the amount of seedling tissue proline. First, 0.2 g of a fresh seedling
sample and 10 mL of 3% sulfosalicylic acid were thoroughly ground in a porcelain mortar. The resulting homogeneous
material was centrifuged at 13,000 rpm at 4 °C for 10 min. Then, 2 mL of the filtered extracts were transferred to capped
tubes, and 2 mL of ninhydrin reagent and 2 mL of glacial acetic acid were added to all tubes. After closing the tubes,
they were immersed in 100 °C water for 1 h. After cooling in an ice bath, 4 mL of toluene was added to each tube. The
tubes were then vortexed for 15-20 s to be mixed. After 1-2 min, the red zinc phase, which contained toluene-soluble
proline was removed, and, to mix the two solutions the tubes were shaken using a vortex for 15-20 s. Finally, the red
phase, which turned red and contained toluene-soluble proline, was removed, and its absorbance was noted at 520 nm
using a spectrophotometer (Hitachi, 220, Japan). The proline concentration was estimated on a basis using a standard
curve as follows:
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pmol proline-g! FW = [(mg of proline-mL™) x (mL toluene) / (wt. sample / 5)] / 115 (6)

The Du and Bramlage (1994) method was used to measure the amount of SOD. The decrease in absorption of the
superoxide-nitroblue tetrazolium complex caused by the enzyme was used to calculate its activity. The reaction mixture,
which included 50 mmol-L™* potassium phosphate buffer (pH 7.8), 13 umol-L™! of 0.1 mol-L™! methionine, 75 pumol-L™!
nitroblue tetrazolium chloride (NBT), 2 umol-L™! riboflavin, 10 pmol-L™' EDTA, and 20 umol-L™' of leaf enzyme extract,
was incubated for 30 min under light and dark condition. A tube without enzyme extract was used as a control. Inhibition
of photooxidation of NBT under fluorescent light in the presence of riboflavin and methionine was measured at 560 nm
and expressed in units per mg of protein. One unit of enzyme activity was taken as the amount of enzyme that reduced the
absorbance value of the samples by 50% compared to tubes without enzyme.

Catalase (CAT) assay

The Zhang and Kirkham (1994) method was used to measure CAT enzyme activity. First, 0.5 g of fresh seedling tissue
was ground with 3 mL of phosphate buffer (pH = 7) in a porcelain mortar and 0.1 g of the enzyme extract was mixed with
5.9 mL of H202 after centrifugation to reduce the rate of adsorption. After 20 s at a wavelength of 240 nm CAT activity
was calculated, expressed as unit min-g' FW.

Ascorbate peroxidase (APX) assay

Ascorbate peroxidase activity was measured using the Nakano and Asada (1981) method, on reduced adsorption at
290 nm (extinction coeflicient equal to 2.8 mm-cm™) in the reaction. Enzyme activity was determined by adding a solution
containing 50 mmol-L™ of phosphate buffer (pH 7.0), 30 mmol-L™* of hydrogen peroxide, 10 mmol-L™* of ascorbate and
100 pL of the enzymatic extract.

Soluble protein assay

Soluble protein content was determined by the Bradford (1976) method using bovine serum albumin as the standard.
As a result, this assay involves the binding of Coomassie Brilliant Blue G-250 to aromatic amino acid radicals and the
measurement of color at 595 nm.
Statistical analysis

Distribution normality of data was determined according to the Kolmogorov-Smirnov and Shapiro-Wilk test. The
studied traits (i.e., germination indices and physiological characteristics of seedlings) were analyzed using Statistical Analysis

System software (SAS Institute, Cary, NC, USA, version 9.2). Differences between means were separated using Duncan’s
test at the 0.05 statistical probability level.

RESULTS
Germination percentage

This study showed that application of sodium selenate and selenium nanoparticles significantly (p < 0.01) improved
the germination percentage of quinoa seeds under drought stress caused by PEG (Table 1). Data indicate that nutripriming
with sodium selenate and selenium nanoparticles at concentrations of 0.5 to 4.5 mg-L! at all stress levels significantly

increased the germination percentage. However, priming with sodium selenate had a more positive effect on germination
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percentage than selenium nanoparticles. Thus, the highest germination percentage (96%) was achieved with 4.5 mg-L™* of
sodium selenate under nonstress and the lowest germination percentage (60%) was recorded with nonpriming under -
1.2 MPa stress (Fig. 1).
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Figure 1. Comparison of different sodium selenate and selenium nanoparticles concentrations effects on germination percentage of quinoa
under drought stress conditions.

Note. Bars labelled with the same letters are not significantly different according to Duncan’s multiple comparison test at p < 0.05.
Germination rates

The data analysis showed that priming with selenium under drought stress and the interaction effects of these treatments
was significant (p < 0.01) with respect to germination rate (Table 1(. The germination rate decreased by increasing PEG
concentration. With respect to selenium, concentrations higher than 4.5 mg-L~ reduced the germination rate. The highest
germination rate (1.74 seed per day) at a concentration of 4.5 mg-L™ of sodium selenate under nonstress condition had
an increase of 63.09% compared to the control. The lowest germination rate (0.33 seed per day) was observed under -

1.2 MPa stress and nonpriming (Fig. 2).

mOMP -0.4 MPa m-0.8 MPa -1.2 MPa

B
o° 21
g 19

17
® 15
& 13
o 11
&‘E 0.9

07
5§ 05
© 0.3
£ 01
E
w . .
o priming

Nano Selenium Selenate Sodium

Selenium concentration (mg-L?)

Figure 2. Comparison of different sodium selenate and selenium nanoparticles concentrations effects on germination rate of quinoa under
drought stress conditions.

Note. Bars labelled with the same letters are not significantly different according to Duncan’s multiple comparison test at p < 0.05.
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Seedling length

In this study, seedling length was affected by drought stress and by nutripriming with selenium. Drought stress significantly
reduced seedling length. Selenium nanoparticles and sodium selenate at concentrations between 0.5 to 4.5 mg-L™! increased
seedling length while higher concentration had a negative effect on seedling length. The greatest seedling length (8.77 cm)
at a concentration of 4.5 mg-L™' of selenium nanoparticles under nonstress condition had an increase of 34.3% compared
to the control. The lowest seedling length (2.85 cm) was observed under —1.2 MPa stress and nonpriming (Fig. 3).
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Figure 3. Comparison of different sodium selenate and selenium nanoparticles concentrations effects on seedling length of quinoa under drought
stress conditions. Bars labelled with the same letters are not significantly different according to Duncan’s multiple comparison test at p <0.05.

Photosynthetic pigments content

In this study, nutripriming with selenium and drought stress caused by PEG and the interaction of these treatments on chlorophyll a,
chlorophyll b, total chlorophyll, and carotenoid content of quinoa seedlings were significant (p < 0.01) (Table 1). Drought stress significantly
reduced the content of photosynthetic pigments in quinoa seedlings. However, the content of photosynthetic pigments in quinoa seedlings
primed with selenium was higher than on nonpriming (control) quinoa seeds. Concentrations above 3 mg-L™ of selenium nanoparticles
accumulated chlorophyll and carotenoids. However, sodium selenate at concentrations above 3 mg-L™ significantly reduced the chlorophyll
and carotenoid content. The highest photosynthetic pigment contents under nondrought stress conditions and nutripriming with selenium
nanoparticles at concentrations of 6 mg-L! (0.965 mg-g' FW) for chlorophyll a, 4.5 mg-L! (1.002 mg-g' FW) for chlorophyll b, and
6 mg-L! (1.94 mg-g' FW) for total chlorophyll and concentrations of 4.5 mg-L™* (2.33 mg-g™' FW) for carotenoids, had an increase
0f 25.0, 47.9, 36.5 and 43.4%, respectively, compared to the control treatment.

Table 1. ANOVA results (mean square) of different selenium levels on some studied traits of quinoa under drought stress, Tehran, Iran.

Total

sov df Germination Germination  Seedling Chlorophyll  Chlorophyll chlorophyll Carotenoid
percentage rate length a content b content content content
Drought stress (D) 3 1752.79** 1.454** 51.841** 0.7156** 0.4553** 2.3266** 2.1716**
Selenium (Se) 1 110.50** 1.3861** 0.3616** 0.14231** 0.2548** 0.7880** 0.2793**
con f:r'ﬁr”a't‘:g‘n o 5 911.100** 14.217* 14.217* 0.14215** 01810**  0.60000**  0.4448**
D x Se 3 0.7936** 1.447** 1.447** 0.0209** 0.0175** 0.07734** 0.0586**
DxC 15 15.052** 0.6417** 0.6417** 0.0167** 0.0157** 0.04971** 0.0179**
SexC 5 17.322** 0.1904* 0.1904** 0.1073** 0.1752** 0.5524** 0.2889**
DxSexC 15 4.800** 0.3351** 0.3351** 0.0076** 0.0159** 0.0407** 0.0261**
Error 2.7301 0.08597 0.0859 0.0010 0.0008 0.0017 0.0036
CV (%) 2.075 0.145 4.366 4.366 4,012 3.988 5.278

*and ** indicate significant differences at p < 0.05 and 0.01, respectively.

6 Bragantia, Campinas, 81, e0722, 2022



The effect of selenium on quinoa seed germination

Protein content

In this experiment, drought stress treatment by PEG and priming with selenium and the interaction of these treatments
showed significant effects (p < 0.01) on quinoa seedlings’ protein content (Table 2). Nutripriming at selenium nanoparticle
concentrations of 0.5 to 4.5 mg-L™' under nondrought stress conditions compared to control conditions (nonpriming) and
severe stress (-1.2 MPa), increased the protein content. However, priming with sodium selenate at concentrations higher
than 3 mg-L™' significantly reduced the protein content under PEG-induced drought stress conditions. The results also

showed the lowest protein content in the nonpriming and -1.2 MPa drought stress treatments (Table 3).

Table 2. ANOVA results (mean square) of different selenium levels on some studied traits of quinoa under drought stress, Tehran, Iran.

Protein

SOV df Proline content content CAT activity APX activity SOD activity
Drought stress (D) 3 19.7700** 32.014** 17783** 22.206** 24.461**
Selenium (Se) 1 0.9958** 0.4209* 3.5022** 1.2481** 12.270**
Selenium concentration (C) 5 1.1640** 2.5178** 3.56091** 4.2243** 10.183**
D x Se 3 0.0245* 0.0747* 0.1353** 0.1239" 0.0487 s
DxC 15 0.0693* 0.0948* 0.3185** 0.2495** 0.1254*
SexC 5 11094** 2.0748** 1.2853** 0.8268** 2.5091**
D x Sex C 15 0.0585** 0.0729** 0.2155** 0.0422** 0.2090**
Error 0.1776 0.0831 0.0631 0.0690 0.0612
CV (%) 4799 5.446 4.693 5.961 2.586

"s represents nonsignificant difference at the 0.05 level of probability. * and ** indicate significant differences at p < 0.05 and 0.01, respectively.
Proline content

The data showed significant differences (p < 0.01) in the proline content of quinoa seedlings under drought caused by
PEG and nutripriming with selenium (Table 2). Pretreatment with concentration higher than 3 mg-L™ of sodium selenate
showed a decreasing effect on proline content. Therefore, the results indicate a low toxicity of selenium nanoparticles at

high concentrations compared to the ionic form of sodium selenate (Table 3).
Catalase (CAT) activity

The results showed a significant effect (p < 0.01) of nutripriming with selenium and drought stress caused by PEG
and the interaction effects of these treatments on CAT activity in quinoa seedlings (Table 2). In this experiment, however,
with increasing levels of PEG-induced drought stress, CAT activity increased compared to no stress (control). This
study showed a significant difference between different nutripriming levels with sodium selenate and selenium
nanoparticles on CAT activity compared to nonpriming conditions. The maximum activity CAT at 4.5 mg of
selenium nanoparticles and 3 mg of sodium selenate under —1.2 MPa stress condition increased by 83.9 and 76.4%,

respectively, compared to the control (Table 4).
Superoxide dismutase (SOD) activity

In this study, drought stress caused by PEG and nutripriming with different selenium levels and the interaction effects
of these treatments on the activity of SOD in quinoa seedlings were significant (Table 2). With increasing drought stress
levels, SOD activity showed an increasing trend compared to nondrought stress conditions. The data shows that the selenium
toxicity threshold depends on the type and concentrations used. Thus, in this study the enzyme activity significantly increased
with priming selenium nanoparticles at a concentration of 0.5 to 6 mg:-L™ and with sodium selenate at 0.5 to 3 mg-L".

The highest SOD enzyme activity (4.03 unit-min~-mg protein) at a concentration of 6 mg-L™ of selenium nanoparticles
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under -1.2 MPa stress condition had an increase of 68.4% compared to the control. The lowest SOD enzyme activity

(1.27 unit-min~-mg protein) was observed under the nonstress conditions and nonpriming (Table 4).

Table 3. Comparison of the mean effect of seed priming with several rates of selenium nanoparticles and sodium selenate on some

physiological traits of quinoa under drought stress.

Drought stress with PEG
Chlorophyll a content (mg-g* FW) Chlorophyll b content (mg-g FW)
0 MPa -0.4 MPa -0.8 MPa -1.2 MPa 0 MPa -0.4 MPa -0.8 MPa
Control (nonpriming) 0.723h 0.676 jk 0.589n 0.389u 0.522¢g 0.402j 0.274 mn
Nano selenium (mg-L?)
0.5 0.755fg 0.727h 0.660 k 0.423s 0.5632¢g 0.474i 0.3121
15 0.834d 0.793 e 0.673 jk 0.503q 0.733d 0.688¢e 0.379 k
3.0 0.876 be 0.804 e 0.683]j 0.515¢q 0.884b 0.723 de 0.381k
45 0.902b 0.849 cd 0.685] 0.547 op 1003 a 0.735d 0.285mn
6.0 0.965 a 0.868 ¢ 0.5510 0.388u 0.732d 0.345 kI 0.264n
Sodium selenate (mg-L™)
0.5 0.744¢g 0.719 hi 0.614m 0.406t 0.4761i 0.412 0.340Kkl
15 0.784 f 0.737gh 0.6391 0.457rs 0.645 ef 0.550 gef 0.358 kI
3.0 0.864c 0.783 f 0.654 kI 0.488r 0.800c 0.604 ef 0.291m
45 0740 g 0.703i 0.588n 0.369vu 0.588f 0.411] 0.271mn
6.0 0.734 gh 0.683]j 0.5410p 0.359 v 0.4321j 0.3121 0.245no
Total chlorophyll content (mg-g* FW) Carotenoid content (mg-g* FW))
Control (nonpriming) 1.23f 1.05h 0.95i 0.715Im 1.32de 123e 1.08f
Nano selenium (mg-L™?)
0.5 126f 1.08h 1.05h 0.772 kl 1.35de 126e 119 ef
15 136de 122f 1.08h 0.944i 166¢ 153 cd 121e
3.0 1.66 cd 146d 1.28f 0.810k 1.88b 1.58 cd 123e
45 194b 178¢c 1.48d 1.019h 233a 175 bc 137de
6.0 2.36a 219ab 130e 0.692m 166¢ 1.38de 105f
Sodium selenate (mg-L™)
0.5 115¢g 104 h 1.03h 07351 133 de 125e 1.05f
15 130e 120f 1.05h 0.872ijk 1.53 cd 1.39d 122e
30 155d 138e 114¢g 0.923j 176 bc 1.44d 1.32de
45 130e 120f 0.92ij 0.710 Im 156 cd 138de 105f
6.0 115¢g 101h 0.90j 0.673n 1.38de 113 ef 091g
Protein content (%) Proline content (umol-g-* FW)
Control (nonpriming) 2.21ef 190g 1.25 jk 0.88Im 0.94rq 1.040p 1.92i
Nano selenium
0.5 235e 232e 1.65 hi 1.00 ki 1.08 op 1541 2.01h
15 254 cd 232e 176 h 110k 1230 1.69 k 2.09h
3.0 2.84b 2.64c 200f 135] 132n 171jk 2.23g
45 3.23a 2.83b 2.29 ef 137j 136n 173 jk 2.36f
6.0 2.63¢ 2.37e 178h 1.00kl 147 m 1.82j 2.85¢c
Sodium selenate
0.5 2.26 ef 210 ef 1.34] 0.61n 1.00p 1.39m 195]j
15 2.44d 2.26 ef 1.66 hi 0981 111op 1511 2.09h
3.0 274b 236e 157i 0941 1200 1561 213 gh
45 2.24f 2.02f 114k 0.72Im 098¢ 113 0p 194i
6.0 18049 157i 110k 0.62n 0.93rq 1.040p 167k

Note. Different letters mean significant differences between treatments according to the LSD test at p < 0.05.
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Table 4. Comparison of the mean effect of seed priming with several rates of selenium nanoparticles and sodium selenate on some
physiological traits of quinoa under drought stress.

Drought stress with PEG
i CAT activity SOD activity APX activity
fi‘:::'s‘g":'c" (U-min’-mg protein) (U-min--mg protein) (U-min--mg protein)
concentrations o Mpa ;&: Knoég -12MPa  OMPa ;;)F;: ;/?F‘,g -12MPa  OMPa 'M°|;:
Control . . .
(non-priming) 0.755 no 1191 190 gh 2079 1.27j 1.55 hi 2.08f 2.65cd 0.266| 0.476
Nano selenium
0.5 0.6543 0 149j 2.351g 245f 1.32ij 161h 2.06f 253cd 0985gh 1112fg
15 0.766 n 154j 2.6be 2.87d 1.55 hi 195fg 2.59 cd 3.30b 1.002¢ 1.265 fg
3.0 0.865mn  1.72hj 2.85d 3.05cd 179gh 233 ef 276d 335b 1.043¢g 1.352 ef
45 0.9856 m 1.80h 3.35b 470a 1.88¢g 2.62cd 3.23bc 3.81ab 1.332ef 1.500de
6.0 1.00671 130k 1.85gh 2009 213 ef 296 ¢ 3.24bc 403a 1009 1.232fg
Sodium selenate
0.5 0.8564mn 142k 2.24fg 2.30fg 1.28j 1.55 hi 2.09f 250cd 0.8778 h 1071g
15 0.7554 no 1.50j 2.50 ef 2.85d 1.57 hi 1849 2.48e 299¢c 10049 1.221fg
3.0 0.8342mn  170i 26be 320c¢ 1.68h 1971g 249e 3.30b 0.654 i 0.952 gh
45 0.9678 m 1.38k 1979 200g 1.56 hi 18849 2.37 ef 2.81cd 0.4431]j 0.664i
6.0 0.7332no  093m 155j 154j 111k 1.47i 1.69h 210 ef 0.2554 | 0.402k

Note. Different letters (APX, SOD, and APX) mean significant differences between treatments according to the LSD test at p < 0.05.
Ascorbate peroxidase (APX) activity

In this experiment, a significant effect of nutripriming with selenium and drought stress and on their interaction on
APX activity in quinoa seedlings were observed (Table 2). Simultaneously, with the increase of drought stress levels, the
APX activity showed an increasing trend. Nutripriming with selenium nanoparticles at a concentration of 4.5 mg-L™' and
sodium selenate at a concentration of 1.5 mg-L™! under —1.2 MPa drought stress increased the enzymatic activity of APX
compared to the control treatment (nonpriming) (Table 4). In general, priming with sodium selenate at high concentrations
has a toxic effect and inhibits enzyme activity.

DISCUSSION

Because seed germination is the initial step of a plant’s life cycle and the critical phase of seedling establishment, it is
very sensitive to drought stress (Ibrahim 2016). The results of the present study showed that with increasing drought stress
caused by PEG, germination percentage and germination rate have a decreasing trend (Fig 1 and 2). Drought stress disrupts
metabolism due to low amylase activity, resulting in significant inhibition of seedling germination and growth (Farooq et
al. 2020). Increasing the PEG concentration significantly reduced cottonseed germination and germination rate caused by
negative regulation in physiological mechanisms and inhibited seed water absorption (Bai et al. 2020). Similar results were
also reported in rice seedlings (Sohag et al. 2020). Drought stress has been shown in numerous studies to drastically reduce
seed germination in a variety of plant species (Liu, J. et al., 2019; Liu, M. et al., 2018; Liu, X. et al., 2016).

The above findings support the idea that selenium seed priming improves quinoa seedling drought tolerance by
increasing germination (Fig. 1) which confirms the findings of Nawaz et al. (2013), that selenium seed priming improves
drought tolerance in wheat seedlings by increasing germination. Soaking lemon seeds (Citrus aurantifolia L.) in a solution of
selenium nanoparticles at a concentration of 50 ppm increased the germination percentage compared to the control (Ahmed
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et al. 2018). Seed priming increased de novo production of germination-promoting substances, membrane restructuring,
the activity of hydrolytic enzymes, and decrease leakage of metabolites (Khaliq et al. 2015; Zeid et al. 2019). In the present
study high selenium concentrations resulted in a significant percentage germination reduction and germination rate (Figs.
1 and 2). According to recent research, high selenium concentrations resulted in a significant germination reduction in
cowpea (Lapaz et al. 2019). The inhibitory effect of selenium at high concentrations during germination may be due to
the inhibition of the activity of enzymes that hydrolyze compounds necessary for embryonic growth (Khaliq et al. 2015;
Sreekala and Lalitha 1998).

In this study, priming seeds with selenium, especially at low concentrations, was able to reduce the effects of drought
stress to some extent and increased quinoa seedling growth. Similar results have been reported by soaking the seeds of
cowpea with sodium selenate and nanoparticles. This increase in cowpea seedling growth could be attributed to the synthesis
of some germination stimuli, increased plant cell division, an increase in some hydrolytic enzymes (amylase and protease)
that stimulate antioxidant activity, and increased abilities for absorbing and use water (Zeid et al. 2019). High selenium
concentrations resulted in a significant germination reduction on the growth of cowpea seedlings and decreased seedling
length in rice (Das et al. 2019; Lapaz et al. 2019). In Vicia faba, the root length significantly impacted by application of
selenium nanoparticle at concentrations of 10 and 20 ppm (Zedan and Omar 2019).

With increasing drought stress due to PEG, the concentration of photosynthetic pigments was decreased compared to
nonstress conditions. Similar results were also reported in wheat seedlings (Sattar et al. 2019). Production of ROS under
drought stress leads to damage of chloroplasts and a significant reduction in chlorophyll content of leaves (Ahmadizadeh
2013). In the current study, chlorophyll contents increased with increased in selenium nanoparticle concentrations in
the test seedlings, which confirms the findings of Moulick et al. (2017) in work with rice. With increasing concentration
of sodium selenate, photosynthetic pigment levels decreased due to toxicity at concentrations above 3 mg-L-1 (Table 3).
Similarly, high concentrations of sodium selenate reduced the content of photosynthetic pigments in cowpea (Lapaz et al.
2019) and rice seedlings (Das et al. 2019). Such a negative effect of selenium on chlorophyll content is due to its effect on
porphobilinogen synthesis, which was also observed by Fargasova et al. (2006) in Sinapis alba L.

In the present study, PEG-induced drought stress led to higher proline accumulation. PEG-induced drought stress
increased proline content in cotton seeds (Bai et al. 2020), rice (Sohag et al. 2020) and pearl millet seedlings (Awan et al.
2021) as observed in the current study. Proline is a key osmotic regulator and free radical scavenger that can reduce water
potential and hence reduce stress damage (Hayat et al. 2012; Rathinasabapathi, 2000). In the present study, proline content
increased with increasing concentrations of selenium nanoparticles and sodium selenate (< 3 mg-L-1). Similarly, proline
content in grape (Liu et al. 2019), and rice seedlings (Das et al. 2019) was observed with increasing the concentration of
sodium selenate. Increased proline levels and activity of antioxidant enzymes by additional administration of selenium under
water deficient conditions indicate that there is a relationship between the antioxidant system and proline accumulation
(Nawaz et al. 2015Db).

The findings of the present study showed that PEG-induced drought stress reduced soluble protein content. The decrease
in soluble protein concentration in seedlings under water stress conditions could be attributed to increased protease
enzyme activity (Ashraf 2004; Nawaz et al. 2015a). Priming quinoa seeds with selenium and sodium selenate nanoparticles
at appropriate concentrations increased protein content. These results are similar to those of Zeid et al. (2019) in priming
cowpea seeds with sodium selenate and selenium nanoparticles and those of Khaliq et al. (2015) in priming rice with
sodium selenate and those of Oprica et al. (2018) in priming basil seedlings with selenium nanoparticles. Selenium priming
increased the amount of protein in wheat under drought stress (Nawaz et al. 2013) and the amount of proline and protein
in oilseeds (camellia and rapeseed) under water deficiency (Ahmad et al. 2021), which is consistent with the results of this
study. Protein synthesis is reduced at high (toxic) concentrations of selenium. This may be due to selenium being replaced
by sulfur in amino acids, resulting in disruption of selenoproteins and thus inactivation of proteins and enzymes (Terry et
al. 2000; Van Hoewyk 2013).

Plants have a complex enzymatic defense system to combat oxidative damage and excessive ROS production (Ahammed
etal. 2020; Souza et al. 2014). For example, SOD and POD are antioxidant defense systems that protect plasma membranes
from peroxidation caused by an excess of oxygen free radicals (Xiao et al. 2019). The present study showed that severe
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PEG-induced drought plays a physiological role as a preoxidative agent and increases H,O, concentration. Seed priming
with selenium improved the activity of antioxidant enzymes such as CAT, SOD and ascorbate at this level of stress to reduce
H,0, to H,0, which is consistent with the findings of Ahmad et al. (2021) with oilseed crops. Drought stress inhibited
SOD activity in cotton seeds (Bai et al. 2020), Which does not support the present research findings. Similar to this study,
pretreatment of cucumber seedlings with selenium increased APX activity under water stress (Jézwiak and Politycka 2019).
Treatment with selenium nanoparticles increased enzymes activities such as APX, SOD in tomatoes, which is also in accord
with the current study (Herndndez-Herndndez et al. 2019). In Oprica et al. (2018), treatment with selenium nanoparticles
reduced CAT activity in basil seedlings which was not in line with the findings of the current study. According to the doses
of selenium used in this experiment, application of selenium increases the activity of SOD and APX compared to the control,
as observed in cowpea by Silva et al. (2018). Pretreatment of grape seedlings with selenium increased the activity of CAT
and SOD enzymes compared to the control (Liu et al. 2019).

CONCLUSION

These results indicate that seed priming with appropriate concentrations of selenium nanoparticles or sodium selenate
under drought stress, can improve germination percentage as well as enhance physiological reactions such as photosynthetic
pigments, proline, protein and antioxidant enzymes (CAT, SOD, APX) levels in quinoa seedlings. The present study also
provides physiological evidence that priming with selenium nanoparticles has a more positive effect than sodium selenate.
Thus, selenium nanoparticles and sodium selenate could represent a good alternative to improve quinoa crop productivity
under drought stress, especially for the production of higher quality crops. However, further studies should be conducted
under field conditions to determine the appropriate selenium concentration in quinoa seeds under drought stress. In
addition, further field research in different environments and soil types is needed to determine the potential of selenium-
impregnated treatments to improve drought tolerance of quinoa.
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