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GENERAL ABSTRACT

Selenium (Se) is an important nutrient for humans and animals. It comprises about 25 proteins
and assists in thyroid regulation, fighting free radicals, and DNA synthesis. Selenium
deficiency is common worldwide and crop biofortification is a strategy that can contribute to
alleviating this problem. For plants, Se is not considered a nutrient, but it has beneficial
effects. Due to the diversity of products made from soybean, its high protein content, and its
great variability in planting, this plant is a good crop to be used in biofortification programs.
To better understand Se management strategies for the biofortification of soybean grains with
Se and to find out how they affect Se species in grains, three studies were carried out. The
first study assessed physiological and agronomic responses of soybean plants exposed to soil-
Se applications, using monoammonium phosphate fertilizer as a vehicle. The experiment was
carried out in the field, for two crop seasons (2018/2019 and 2019/2020), applying
conventional monoammonium phosphate and an enhanced efficiency monoammonium
phosphate (fertilizer was coated with the humic and fulvic substances) combined or not with
Se, in four soybean genotypes (M5917, 58160 Langa, TMG7061, and NA5909). Fertilizers
containing Se increased soybean yield in genotype TMG7061. Overall, the application of Se
associated with conventional monoammonium phosphate increased the amino acid content in
the grains and reduced lipid peroxidation of plants. The second experiment evaluated the
effect of foliar-applied Se, associated or not with a multi-nutrient fertilizer (N, P, K, Mg, S,
and B) in soybean, defining a critical Se threshold in grains to better understand the
relationship between Se content and yield. Two experiments were carried out, under field
conditions (2018/2019), separately, i.e., one with each soybean genotype (M5917 and 58160
Lancga). Selenium doses were sprayed, combined or not with multi-nutrient fertilizer, at the
rates of 0, 10, 40, and 80 Se g ha!. The Se content in grains increased in both genotypes,
according to the doses. The limit of Se in grains from which the yield was reduced is 1.0 mg
kg! and 3.0 mg kg! in genotypes Langa and M5917, respectively. The third experiment
aimed to determine the total Se content and Se speciation in soybean grains produced under
different methods of Se application in the field. Treatments consisted of Se application, using
organic (acetylselenide) or inorganic (sodium selenate) Se sources, at the rates of 10 g ha!
and 80 g ha'l, in two soybean genotypes. The application of inorganic Se via foliar spray at
the dose of 80 g ha! favored the highest total Se content in the grains. Moreover, the
application of 10 g ha'! via foliar resulted in the same Se content in the grains as the soil
application of 80 g ha'!. Selenomethionine (SeMet) accounts for more than 80% of the Se
found in grains. Finally, the highest levels of SeMet in grains were found when inorganic Se
was applied to the soil or the leaves.

KEYWORDS: Sodium selenate. Phosphate fertilizer. Organic selenium. Selenium
speciation. Selenoaminoacids.



RESUMO GERAL

O selénio (Se) ¢ um nutriente importante para os humanos e animais. A deficiéncia de Se
ocorre ao redor do mundo e uma estratégia utilizada para reduzir esse problema ¢ a
biofortificagdo de culturas agricolas. Para as plantas, o Se ndo ¢ considerado um nutriente,
mas apresenta efeitos benéficos. Devido a diversidade de produtos produzidos a partir da soja,
ao seu alto teor de proteina e a grande variabilidade de plantio, ela ¢ uma boa cultura para ser
utilizada em programas de biofortificacdo. A fim de entender melhor sobre diferentes
estratégias de manejo do Se para biofortificagdo de graos de soja e compreender como elas
afetam as espécies de Se nos grdos, foram realizados trés estudos. O primeiro avaliou
respostas fisiologicas e agrondmicas das plantas submetidas a aplicacdo de Se via solo,
utilizando como veiculo, fertilizantes fosfatados. O estudo foi desenvolvido em condigdo de
campo, durante duas safras, com a aplicagdo de Se associado ao fosfato monoamonio
convencional e ao fosfato monoamoénio de eficiéncia aumentada (fertilizante com substancia
himica e falvica), em quatro cultivares de soja (M5917, 58160 Langa, TMG7061 e NA5909).
Os fertilizantes contendo Se aumentaram a produtividade da soja na cultivar TMG7061. A
aplicacdo de Se associado ao fosfato monoamodnio convencional aumentou os aminoacidos
nos graos e reduziu a peroxidacao lipidica. O segundo estudo avaliou a aplicacao foliar de Se
associada a um fertilizante multi-nutriente (N, P, K, Mg, S e B) e definiu um limite critico de
Se nos graos para melhor entender a relagdo entre o teor de Se e a produtividade. Foram
realizados dois experimentos, em condi¢do de campo, sendo um com cada cultivar de soja
(M5917 e 58160 Langa). Doses de Se (0, 10, 40 ¢ 80 g ha!) foram aplicadas via foliar,
associadas ou ndo com o fertilizante multi-nutriente. Em ambas as cultivares, o teor de Se nos
graos aumentou a dose aplicada. A combinagdo do Se com o fertilizante multi-nutriente
favoreceu o maior teor de Se nos graos. O limite de Se nos grios, foi 1.0 mg kg! e 3.0 mg kg
'nas cultivares Langa e M5817, respectivamente. O terceiro estudo teve como objetivo avaliar
o teor de Se total e a especiagdo de Se em graos de soja produzidos sob diferentes métodos de
aplicagdo de Se. Os tratamentos consistiram na aplicacdo de Se (via solo ou foliar), utilizando
fonte organica (acetil selenido) ou inorginica (selenato de sodio), nas doses de 10 g ha™! ou 80
g ha!, em duas cultivares (M5917 e 58160 Langa). A aplicagdo de Se inorgénico via foliar, na
dose de 80 g ha! favoreceu o maior teor de Se total nos grdos e a aplicagdo de 10 g ha'! via
foliar se assemelha a aplicagdo de 80 g ha! via solo. A especiagdo quimica das formas de Se
mostra que mais de 80% do Se encontrado nos graos estd na forma de selenometionina. Os
maiores teores de selenometionina nos graos foram encontrados com a aplicacdo de Se
inorganico, via solo ou via foliar.

PALAVRAS-CHAVE: Selenato de sodio. Fertilizante fosfatado. Selénio organico.
Especiacao de selénio. Seleno aminodacidos.
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FIRST PART

1 GENERAL INTRODUCTION

Humans require more than 22 essential chemical elements for growth and
development, which can be obtained through their diet, yet the majority of the world
population consumes a nutrient-deficient diet (WHITE; BROADLEY, 2009). It is estimated
that more than 60% of people worldwide are deficient in iron (Fe), more than 30% in zinc
(Zn) and iodine (I), and over 15% in selenium (Se). Moreover, calcium, magnesium, and
copper deficiencies are also known to be widespread in developed countries (RUDE;
GRUBER, 2004; WELCH; GRAHAM, 2002; WHITE; BROADLEY, 2009).

Consumption of low nutritional quality food may be attributed to crop growth in areas
with low nutrient availability in soils, as this affects the element content in plant tissue. There
are alternatives to minimize and reduce nutritional deficiency, including diet diversification,
mineral supplementation, consumption of fortified foods, and crop biofortification (WHITE;
BROADLEY, 2005, 2009). Biofortification is a process that aims to increase the content of
minerals and vitamins in food through genetic and agronomic strategies (CAKMAK, 2008).
In addition, biofortification is a form of solving problems related to food security of the
population (SHIKUKU et al., 2019).

Genetic Dbiofortification is performed via plant breeding whereas agronomic
biofortification is made by fertilizing crops with supplementary doses of chemical elements
necessary in human/animal diets. In soils with low contents of a target element, both
approaches might be necessary, i.e., it is recommended to apply the fertilizer and cultivate a
genotype capable of absorbing and accumulating that element in its tissues, preferably in the
edible part (CAKMAK, 2008). Thus, using species with greater accumulative capacity in
association with the application of mineral fertilizers is the adequate strategy for increasing
not only the nutritional content of plants but also their yield in low-fertility soils (GRAHAM
et al., 2007; PFEIFFER; MCCLAFFERTY, 2007). In summary, agronomic biofortification is
required for maximizing the success of genetic biofortification and both should be used
simultaneously.

Among several chemical elements targeted in biofortification programs, Se is
definitely one that stands out. The recommended daily intake of this element is 60 pg day!
and 70 ug day! for women and men adults, respectively (KIPP et al., 2015). Approximately
25 proteins of the human body have Se as a component (REEVES; HOFFMANN, 2009). It
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also aids in the regulation of thyroid hormone, DNA synthesis, and fighting free radicals
(PEDRERO; MADRID, 2009; REEVES; HOFFMANN, 2009). Selenium deficiency in the
body has been linked to a number of diseases, including neurological disorders, cancer, and
heart disease (CARDOSO et al., 2015; COMBS, 2001; VINCETI et al., 2018).

For plants, Se is not considered a nutrient. Its effects on plants have been studied for
over 70 years, but its essentiality has not yet been proven (LYONS et al., 2009). Despite this,
a change in the concept of plant nutrients has recently been proposed, considering the
inclusion of some chemical elements in this category, including Se (BROWN; ZHAO;
DOBERMANN, 2022). Indeed, these authors discuss the importance of this element and
propose a new definition as a starting point for future discussions. Several studies have
reported the positive effect of Se application on tolerance to abiotic stresses, including the
presence of heavy metals, excess cold, salinity, water deficit, and high temperatures
(ANDRADE et al., 2018; FENG; WEI; TU, 2013; HASANUZZAMAN et al., 2022; LANZA,;
REIS, 2021; RAVELLO et al., 2021; SOUSA et al., 2022).

Selenium plays an important role in controlling stress and reducing reactive oxygen
species (ROS). Reactive oxygen species are molecules naturally produced by plants, but they
can increase when the plant is under stress conditions (FENG; WEI; TU, 2013). In general,
two types of antioxidants are produced by plants to combat ROS, enzymatic and non-
enzymatic (ASADA, 2006; BARBOSA et al., 2014; DINAKAR; DJILIANOV; BARTELS,
2012). Selenium can act as an antioxidant or as an inducer of antioxidative potential in plants
(DJANAGUIRAMAN et al., 2005; DJANAGUIRAMAN; PRASAD; SEPPANEN, 2010;
KELING et al., 2013). In the presence of Se, hydrogen peroxide (H20>) is initially eliminated
by glutathione peroxidase (GSH-Px) (TAKEDA; ISHIKAWA; SHIGEOKA, 1997). Although
the superoxide dismutase (SOD) enzyme is not a selenoenzyme, this element can increase its
gene expression and hence its concentration in the plant (JIANG et al., 2017).

The fertilization of soybean plants with Se (sodium selenate) during the pod-filling
stage increased the Se content in grains and enhanced antioxidant enzyme activity (superoxide
dismutase and glutathione peroxidase) (DJANAGUIRAMAN et al., 2005). The foliar
application of 200 g ha! of Se (sodium selenite) in soybean increased the Se content by 20
times in the grains and 17 times in the protein (YANG et al., 2003). In soybean sprouts,
biofortification with Se (sodium selenite) increased the concentration of carotenoids and
isoflavonoids (LAZO-VELEZ et al., 2018). In addition, in a soybean protein isolate, Se acted
to maintain the conformation of B-conglycinin (7S globulins) under AAPH-induced oxidative

stress (ZHAO et al., 2019).
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In the plant, uptake, translocation, and redistribution of Se vary according to plant
species, physiological condition, the activity of membrane transporters, time of application,
source of selenium, soil pH, redox potential, mineralogy, organic matter, and the presence of
ions competing in soil solution (EL-RAMADY et al., 2014; LESSA et al., 2016; LI et al.,
2017; LONGCHAMP et al., 2015; RENKEMA et al., 2012; TOLU et al., 2014). Analyzing
selenate adsorption in tropical soils, Araujo et al. (2018) found a negative correlation between
Se availability and clay content. In cultivated soils, Se sorption is lower compared to non-
cultivated soils. This fact is justified by soil management and the application of fertilizers,
especially those containing phosphorus and sulfur (LESSA et al., 2016).

Another important factor to be considered is the method of application. Selenium
fertilizers are typically applied through foliar and/or soil applications. Foliar applications
provide the benefit of improved use efficiency since the element can be absorbed directly
through the leaves. In addition, foliar applications can be favorable by exploiting synergistic
effects between different elements (BINDRABAN et al., 2015). For instance, the
simultaneous foliar application of Zn, I, and Se increased the concentration of these elements
in wheat grains (PROM-U-THAI et al., 2020; ZOU et al., 2019).

Plants can uptake Se as selenate, selenite, and organic Se (WHITE, 2018). Due to their
chemical similarity, Se competes with S. In plants, it enters via sulfate or phosphate
transporters present in the plasma membrane (LI; MCGRATH; ZHAO, 2008; SORS; ELLIS;
SALT, 2005). In the form of selenate, Se is absorbed through sulfate transporters, while
occurring as selenite, it is absorbed through phosphate transporters (LI; MCGRATH; ZHAO,
2008; ZHANG et al., 2003).

When Se is absorbed in the form of selenate, it is carried to the chloroplasts and is
processed via the sulfur route. In chloroplasts, it is activated by ATP sulfurylase to form
adenosine-5-phosphoselenate. Subsequently, this compound is reduced to selenite by the
enzyme adenosine-5-phosphosulfate reductase and for this reaction to occur, reduced
glutathione (GSH) is used as an electron donor. Selenite is further reduced to selenocysteine
(SeCys) via enzymatic or non-enzymatic process (NG; ANDERSON, 1978). Both are
incorporated into different selenoproteins and further transformation into other organic
species is possible, which includes selenocysteine (SeCys), methyl selenomethionine
(MeSeMet), methyl selenocysteine (SeMeCys) selenomethionine (SeMet), as well as
elemental Se (Se) (LIMA; PILON-SMITS; SCHIAVON, 2018; PILON-SMITS; WINKEL;
LIN, 2017). Furthermore, Se can be accumulated in plants in methylated forms or be

volatilized (HAWKESFORD; ZHAO, 2007).
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Overall, non-selenium-accumulating crops tend to accumulate most of the Se as
organic Se compounds (e.g., SeMet, MeSeCys, and SeCys), with the remainder being
inorganic forms (e.g., selenate and selenite) (HAUG et al., 2007). In cereal grains, for
example, selenomethionine is the most abundant selenocompound, while MeSeCys is the
major selenocompound in Se-enriched Cruciferae plants (i.e., garlic, onions, and broccoli)
(BANUELOS; FREEMAN; ARROYO, 2022; HAUG et al., 2007). After applying Se via
sodium selenite, selenospecies such as SeCys and SeMet accounted for approximately 74% of
the total Se in soybeans (CHAN; AFTON; CARUSO, 2010).

The variability in genotype properties has an influence on Se content and chemical
forms in edible parts of food (gINDELAROVA etal., 2015; ZHANG et al., 2019). In addition
to morphological attributes, element absorption efficiency is influenced by kinetic parameters
(i.e., influx - I, maximum uptake rate - Vmax, minimum concentration — Cmin, and Michaelis-
Menten constant - Kin) (MARTINEZ et al., 2015; YANG et al., 2007). The values of these
kinetic parameters may vary according to the age and concentration of the nutrient in the
plants, plant morphology, climate changes, and, mainly, between genotypes and plant species
(BASSIRIRAD, 2000; PAULA et al, 2018; SACRAMENTO; ROSOLEM, 1997;
WARNCKE; BARBER, 1974). Selenium biofortification attempts may take benefit from this
variation among plant genotypes, selecting those with greater Se levels in edible parts. In this
perspective, soybean has been proposed to be a potential alternative to providing biofortified
cereal grains given its elevated protein content and therefore greater tendency to form organic
Se forms (HU et al.,, 2014). In addition, soybean has high geographic variability of
production, and many products are made from its grains.

As a result, studies are required to assess and complement information concerning the
beneficial effect of Se on plant metabolism, stress reduction, and yield of soybean.
Furthermore, field trials are needed for a better understanding of the role of different Se
application forms on the quality of the soybean grains produced, as well as on how it affects

the Se forms in grains.

2 GENERAL OBJECTIVES

o Assessing the efficiency of Se application via foliar and soil for biofortifying soybean
grains with Se;

e Assessing the application of organic Se fertilizer in soybean grains;
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e Assessing the use of conventional phosphate fertilizer + Se and enhanced-efficiency
phosphate fertilizer + Se as vehicles to increase the Se content in soybean grains;

e Assessing the suitability of Se application associated with a multi-nutrient fertilizer
(MNF) in soybean plants for biofortifying grains with Se;

e Assessing the effect of different vehicles for applying Se in soybean plants on the
content of Se species in soybean grains.

e Defining Se critical threshold in soybean genotypes;

e Determining the recommended Se application dosage and method for the soybean

crop under tropical conditions.

GENERAL HYPOTHESES

e Selenium application via foliar is more effective than soil application for biofortifying
soybean grains with Se;

e The application of organic Se fertilizer favors a higher concentration of organic Se in
soybean grains;

e Enhanced-efficiency monoammonium phosphate + Se (E-MAP + Se) is more
effective for biofortifying soybean grains with Se when applied via soil than
conventional monoammonium phosphate + Se;

e Selenium application associated with a multi-nutrient fertilizer (MNF) increases the
Se content in soybean grains;

e The Se critical threshold is the same for soybean genotypes;

¢ Different vehicles of applying Se in soybean plant affects the content of Se species in

soybean grains.
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Abstract: Soybean is a major crop in Brazil and is usually grown in oxidic soils that need
high rates of phosphate (P) fertilizers. Soybean is also very suitable for biofortification with
Se, since its grains have high protein contents and are widely consumed worldwide (directly
or indirectly). Few studies have addressed Se application under field conditions for soybean
biofortification, especially in tropical soils. Here, we evaluated agronomic and physiological
responses resulting from different strategies for biofortifying soybean grains with Se by
applying this element via soil, using both conventional and enhanced-efficiency P fertilizers
as Se carriers. The experiment was carried out at the Uva Farm, in Capao Bonito (Sao Paulo),
Brazil. The experimental design was a randomized block split-plot design, with four fertilizer
sources-conventional monoammonium phosphate (C-MAP), conventional monoammonium
phosphate + Se (C-MAP+Se), enhanced-efficiency monoammonium phosphate (E-MAP), and
enhanced efficiency monoammonium phosphate + Se (E-MAP+Se), and four soybean
genotypes (M5917, 58160 LANCA, TMG7061, and NA5909). The selenium rate applied via
C-MAP + Se and E-MAP + Se was 80 g ha'!. The application of the tested fertilizers was
carried out at the sowing of the 2018/2019 cropping season, with their residual effect being
also assessed in the 2019/2020 cropping season. Selenium application increased grain yield
for the TMG7061 genotype. For all evaluated genotypes, Se content in grains increased in the
2018/2019 harvest with the application of Se via C-MAP + Se and E-MAP + Se. In general,
the application of Se via C-MAP favored an increase in amino acid contents in grains and
decreased lipid peroxidation. In summary, the application of Se-enriched P fertilizers via soil
increased soybean grain yield, leading to better grain quality. No residual effects for
biofortifying soybean grains were detected in a subsequent soybean cropping season.
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Introduction

Selenium (Se) is an essential element for humans and animals. It is a component of
selenoaminoacids (e.g., selenocysteine), being necessary for the synthesis of more than 25
selenoproteins (Rayman, 2012; Oliver and Gregory, 2015). As a component of glutathione
peroxidase, Se acts against oxidative stresses. In addition, Se also participates in thyroid
metabolism and the immune system maintenance, reducing cancer and heart disease (Rayman,
2012; Avery and Hoffmann, 2018). It is estimated that about 1 billion people worldwide are
Se deficient (Mora et al., 2015). Keshan and Kashin-Beck diseases are associated with Se
deficiency in human organisms. Keshan is related to cardiomyopathy affecting children and
young women and Keschin-Beck is related to osteoarthritis, promoting bone atrophy (Yao
et al., 2011).

Selenium is not currently considered a plant nutrient though its beneficial effects on
vegetables have been studied for over 70 years (Lyons et al., 2009; Feng et al., 2013). Several
beneficial effects of this element for plants have been reported, such as improved rice growth
(Boldrin et al., 2012), increased photosynthetic rate and wheat yield (Lara et al., 2019),
reduced production of free radicals in lettuce (Ramos et al., 2011), increased protein content
and total amino acids in soybean (Zhao et al., 2019), and reduced the damage caused by water
stress in rice and common bean plants (Andrade et al., 2018; Ravello et al., 2021). For this
reason, due to new trends in plant nutrient classification, Se and other beneficial elements
(Na, Si, Al, Co, and I) may be considered plant nutrients in the future (Brown et al., 2021).

Selenium availability in soils depends on several factors, such as the Se source, soil
mineralogy, redox condition, pH, and the presence of other anions (Lopes etal., 2017).
Tropical soils are known for their high capacity to retain oxyanions-including selenite and
selenate-with Se availability being decreased with increasing clay content. This is due to the
high concentration of Fe/Al oxyhydroxides present in oxidic soils from tropical regions
(Lopes et al., 2017; Araujo et al., 2018). Because of that, plants grown in soils with low Se
concentration and availability show inadequate accumulation of this element in their edible
parts (White and Broadley, 2009).

The adoption of biofortification practices is a suitable strategy to increase Se contents

in food crops. Biofortification is a strategy that aims to increase the content of minerals and
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vitamins in crops via genetic (e.g., breeding) and/or agronomic (fertilization) practices
(Cakmak, 2008; White and Broadley, 2009). Knowing the various constraints related to Se
availability in Brazilian agroecosystems, the Brazilian Ministry of Agriculture, Livestock, and
Supply approved a new legislation (normative N° 46/2016), which allowed the addition of Se
in fertilizers marketed in Brazil (Brazil, 2016). A possible and relevant alternative to directly
applying Se fertilizers in tropical agroecosystems could be its co-application via phosphate
fertilizers, since the presence of competing anions, such as phosphate, reduces Se adsorption,
increasing soil Se availability (Lessa et al., 2016; Mateus et al., 2021). Studies involving the
biofortification of rice grown in tropical soils have reported the efficacy of the strategy of
supplying Se to plants via its co-application with monoammonium phosphate-MAP (Lessa et
al., 2020). Many P-fertilizer products are currently being used in oxidic soils with a
technology to reduce phosphate retention (e.g., the so-called enhanced-efficiency products), it
is thus relevant to determine if such technologies could improve Se use efficiency when
selenium is soil-applied using enhanced-efficiency MAP as a carrier.

Additional studies evaluating Se application via soil associated with sources of
phosphate fertilizers are still required. To the best of our knowledge, there are few studies in
tropical soils assessing Se application, mainly focusing on the co-application of Se with
phosphate fertilizers. Soybean is an interesting agricultural crop for biofortification with Se
due to the large number of products generated from soybean grains, the high concentration of
proteins, and the geographic distribution of soybean production. The present study aimed to
evaluate the effectiveness of applying Se in association with phosphate fertilizers for soybean

biofortification and its residual effect in the succeeding cropping season in tropical soils.

Materials and methods

Experimental area and treatments

The experiment was carried out with soybean crop (Glycine max L. Merril) grown
under commercial field conditions during the cropping seasons of 2018/2019 (application of
treatments with Se) and 2019/2020 (assessment of residual effects of Se previously applied) at
the Uva Farm, located in Capdo Bonito, State of Sdo Paulo (SP), Brazil, at the following
geographic coordinates: Lat: -24.040934, Lon: -48.262421 (Figure 1). The weather of the
region is characterized as humid subtropical (Cfa), with an average rainfall of 1,628 mm and

an average annual temperature of 18.8°C (Alvares et al., 2013).



23

04

10°S 4

Latitude

20°S 4

N

30°S 4 @

70°W 60°W 50°W 40°W 30°W
Longitude

1000 km =C——

FIGURE 1. Location of the experimental area in Capao Bonito, SP, Brazil.

The soil of the experimental region-Oxisol-is classified as Typic Hapludox (Soil
Survey Staff, United States Department of Agriculture Natural Resources Conservation
Service, 2014) and the chemical and physical properties are as follows, according to the
methodology suggested by Brazilian Agricultural Research Company (EMBRAPA) (1997)
[pH (H,0)=6.0; H+ Al=2.96; Al1=0.06; P (Mehlich-1) =34.8 mg dm>; K= 148 mg dm;
S=4.11mgL"'; CEC=9.83 cmolc dm>; Ca=5.05 cmolc dm>; Mg=1.44 cmolc dm?; P-
rem=28.10 mg L*!; organic matter=2.69 dag dm; clay=510gkg!; silt =110 gkg!; and
sand =380 g kg'!'].

The experiment was arranged in a randomized block split-plot design, with four
replicates. The biofortification of soybean was tested applying four different fertilizers: (i)
Conventional monoammonium phosphate (C-MAP); (ii) Conventional monoammonium
phosphate + Se (C-MAP + Se); (iii) Enhanced-efficiency monoammonium phosphate (E-
MAP); and (iv) Enhanced-efficiency monoammonium phosphate+Se (E-MAP + Se).
Monoammonium phosphate was coated with the humic and fulvic substances. The C-
MAP + Se and E-MAP + Se fertilizers were prepared by spraying Se to the fertilizer granule.
For this purpose, the fertilizers were coated after the granulation with 500 mg kg™! of Se (from

a solution of sodium selenate-Na>SeO4, Sigma-Aldrich, Saint Louis, MO, United States).
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Considering that 80 kg ha'! of P,Os were applied as MAP (~50% P»0s), the addition of Se-
rich fertilizers (500 mg Se kg™!') added a Se rate of 80 g ha™!.

The aforementioned fertilizers were applied to four soybean genotypes, as follows:
M5917 (maturity group=15.9), 58160 LANCA (maturity group =5.8), TMG7061 (maturity
group = 6.1), and NA5909 (maturity group = 6.2); all of them presenting indeterminate growth
type). Thus, the experiment had a total of 16 treatments, with four replicates, totaling 64
experimental plots. The fertilizers comprised the plots and the split-plots were represented by
the genotypes. Each experimental split-plot was 30 m long by 3 m wide (soybean row spacing
at 0.5 m, totaling 90 m?). Planting was made with 14 seeds per meter and fertilization was
carried out during the sowing at the soybean seeds line (localized placement) by applying
16 kg ha'! of N, 80 kg ha! of P»Os, and 28 kg ha'! of K»O.

After the soybean harvest (described next), wheat was sown in the area but was not
harvested for analysis. After wheat, soybean was sown in the succeeding summer crop to
evaluate the residual effect of Se associated with the previously soil-applied phosphate
fertilizer. Selenium treatments were not applied in this second season with all following the

standard management carried out at the Uva farm.

Analysis of oxidative stress and antioxidant enzymes

The uppermost fully developed leaf (trifoliolate) from 10 plants during the first
cropping season (2018/2019) were collected at the full pod stage (R4) to evaluate antioxidant
enzymes and oxidative stress. The collected leaves were frozen immediately in liquid nitrogen
and stored in a deep freezer at -80°C for subsequent analysis. After that, the frozen plant
material (0.2g) was macerated in a porcelain mortar with liquid nitrogen and
polyvinylpolypyrrolidone (PVPP) and mixed with 1.5ml of buffer solution (100 mM
potassium phosphate at pH 7.8, 0.1 mM EDTA, and 10 mM ascorbic acid).

The extract was centrifuged at 13,000 g for 10min at 4°C. The supernatant was
collected for measuring the activities of the enzymes, as follows: superoxide dismutase (SOD;
Giannopolitis and Ries, 1977), ascorbate peroxidase (APX; Nakano and Asada, 1981), and
catalase (CAT; Havir and McHale, 1987). In addition to that, 0.3 g of macerated frozen
material were homogenized with 1.5 ml of 0.1% trichloroacetic acid (TCA) and centrifuged at
12,000 g for 15min at 4°C for hydrogen peroxide (H>O; Velikova et al., 2000) and
peroxidation lipid (MDA ; Buege and Aust, 1978).
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Soil Se content

For the determination of total Se content (partially available) in the soil, one composite
soil sample (coming from five subsamples distributed around the experimental plot) was
collected in each experimental plot at the full pod stage (R4). The samples were dried,
homogenized, ground with a mortar and agate pestle, and passed through a 100-mesh nylon
sieve. A sample mass of 0.5 g was mixed with 5 ml of aqua regia (a mixture of HNO3; 65%
and HCI 37% - 1:3 v/v). The mixture/suspension was left to stand for 1h, and the Teflon®
vessels were hermetically sealed and heated in a Mars-5 microwave digestion oven (CEM
Corp, Matthews, NC, United States) with a temperature set at 175°C and a controlled pressure
of 0.76 MPa for 25 min. Next, the vessels were cooled to room temperature and the volume
was completed to 40 ml with bidistilled water.

Selenium in the soil samples was analyzed by Graphite Furnace Atomic Absorption
Spectrometry with Zeeman background correction and EDL lamp for Se (GFAAS;
AAnalyst™ 800 AAS, Perkin Elmer). The calibration curve for Se measurements was
obtained from a standard solution with 1gL' of Se (>98% of purity, Fluka, Buchs,
Switzerland). The reference material used for soil Se concentration was SRM 2709a [San
Joaquin Soil, from the National Institute of Standards & Technology (Gaithersburg, MD,
United States)], which contains 1.5 mgkg! of Se. The mean recovery of Se in this certified

material was 88%.

Harvest and yield determination

After R8 stage, when 95% of pods have attained maturity and have a variety-
dependent color of brown or tan (134 and 495 days after the treatment application for the first
and second season, respectively), grains from the useful area of the experimental plot were
harvested and weighed to determine crop yield. Grain moisture was measured using a portable
meter (model G650i, Gehaka®) and grain yield was corrected to 13%. A sample of each
harvested plot was ground in a Willey mill for the determination of Se, N, protein, and total

free amino acids.

Nitrogen and selenium content in grains
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Nitrogen quantification was performed by the Kjeldahl method described by Bremner
(1996). The extraction for determination of Se was obtained by acid digestion of 0.5 g of
ground grain, in a microwave oven, following the USEPA 3051A method (Usepa, 2007).
Selenium contents were performed using an inductively coupled plasma mass spectrometer
(ICP-MS; PerkinElmer, model NexIon 2000 B, Waltham, United States).

To ensure the quality of the digestion process, a reference standard from the Institute
for Reference and Measurement Materials (White Clover — BCR 402, IRMM, Geel, Belgium,
with 6.70 mg Se kg') and a blank sample were added to each digestion batch. The detection
limit (LOD) was obtained using Se measurement in seven blank extracts and was calculated

from the Equation 1:

LOD=(x+txs)xd
Where:
I'= mean content of the substance of interest in seven blank samples
t = Student value to 0.01 of probability
s = standard deviation

d = dilution

The fraction of the applied Se that was incorporated in soybean grains (Se recovery)

was calculated using the Equation 2 described below:

(Se treatment - Se control)
X

Se recovery (%) = 100

Se rate

Where:

Se recovery (%) = use efficiency of the Se rates applied in the soil by soybean grains
(Se utilization percentage);

Se treatment (g ha!) = Se contents in soybean grains from soybean plants grown in
treatments that received Se applications, considering the yield obtained in each treatment;

Se control (g ha!) = Se contents in soybean grains from soybean plants grown in
treatments without Se applications, considering the yield obtained in each treatment;

Se rate (g ha!) = Se rates applied in the soil.

Total free amino acids and protein



27

Total free amino acids were determined using the ninhydrin method (Yemm et al.,
1954). The quantification of protein in the grains was determined by multiplying the value of

the N content by 6.25.

Statistical analysis

The obtained data were primarily tested for their normality (Shapiro—Wilk’s test) and
homogeneity of variance (Bartlett’s Test). Then, they were submitted to ANOVA, and when
significant, mean values of variables found for each treatment were compared by the Tukey
test at 5%. Principal component analysis (PCA) was performed for the dataset of conventional
or enhanced fertilizer. The Pearson’s linear correlation matrix (p <0.05) was also carried out,
aiming to validate clusters and potential relationships of Se application in soil and plant
attributes as outcomes of PCA. The analyses were made using the R software (R Core Team,

2020).

Results

Soybean yield (cropping seasons of 2018/2019 and 2019/2020)

The tested factors (genotypes and fertilizer sources) affected soybean grain yield in the
2018/2019 season (p <0.05). The fertilizer sources applied did not alter the yield of 58160
LANCA and M5917 genotypes. On the contrary, the genotype N5909 showed a statistical
difference in yield by the Tukey’s test (p < 0.05), between the application of C-MAP and E-
MAP, with 92.08 and 76.36 bags ha™!, respectively (Figure 2).
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FIGURE 2. Yield (60-kg bags™) of soybean grains harvested from the 2018/2019 cropping season.
Lowercase letters compare soybean yields among fertilizers in each genotype and capital letters
compare soybean yields among genotypes in each fertilizer source at the level of 5% (p <0.05) by the
Tukey test. The vertical bars refer to the standard error (n =4). C-MAP, conventional monoammonium
phosphate; C-MAP + Se, conventional monoammonium phosphate + Se; E-MAP, enhanced-efficiency
monoammonium phosphate; and E-MAP + Se, enhanced-efficiency monoammonium phosphate + Se.

Grain yield in the TMG7061 genotype was higher in treatments using C-MAP + Se
and E-MAP + Se when compared to C-MAP and E-MAP, reaching yields of 94.77 and
95.62 bags ha’!, respectively and gains of 24.51 and 26.85 bags ha'! in yield, respectively. In
the 2019/2020 cropping season, when the residual effect of Se applied in the soil was
evaluated, the factors tested did not affect grain yield (p > 0.05; Supplementary Table 1).

Selenium content in soybean grains and soil

Selenium content analyzed in the reference material was 7.37 mg kg!, indicating a
recovery of 110%. The Se content in soybean harvested in the first season was influenced by
the genotypes and sources of fertilizers applied (p <0.05; Figure 3A). In all tested genotypes,
the application of C-MAP + Se and E-MAP + Se increased the Se content in grains. In the
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genotype TMG7061, the increase in Se content was 2.90 and 3.31 times greater with the
application of C-MAP+Se and E-MAP + Se, compared with their respective fertilizers
without Se. In the other genotypes, the application of C-MAP + Se and E-MAP + Se presented
values higher than two times the Se content accumulated into grains when the fertilizers C-

MAP and E-MAP were applied.
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FIGURE 3. Selenium content (mg kg™") and Se recovery (%) (B) in soybean grains harvested from the
2018/2019 cropping season. Lowercase letters compare Se contents and Se recovery among fertilizers
in each genotype and capital letters compare Se contents and Se recovery among genotypes in each
fertilizer source at the level of 5% (p <0.05) by the Tukey test. The vertical bars refer to the standard
error (n=4). C-MAP, conventional monoammonium phosphate; C-MAP+Se, conventional
monoammonium phosphate + Se; E-MAP, enhanced-efficiency monoammonium phosphate; and E-
MAP + Se, enhanced-efficiency monoammonium phosphate +Se. The vertical bars refer to the
standard error (A-n=4; B-n=38).

Observing the content of Se in grains, with the use of C-MAP + Se and E-MAP + Se,
the genotype TMG7061 presented the highest content, being however statistically different
only from the genotype 58160 LANCA for C-MAP + Se and from the genotype M5917 for E-
MAP + Se. The Se recovery by soybean grains was different among the tested genotypes
(p<0.05; Figure 3B), with the genotype TMG7061 showing the highest value (close to
12.4%).

The Se content in soybean grains harvested in the 2019/2020 crop was not influenced
by the variables analyzed (p > 0.05; Supplementary Table 1). The average grain contents as a
function of the fertilizers applied were 0.48 mgkg' (E-MAP), 0.52mgkg! (C-MAP),
0.55mgkg! (E-MAP + Se), and 0.62 mgkg' (C-MAP + Se). In the soil, the Se content did
not differ statistically among treatments. The overall average Se content found in the soil in
phase R4 was 0.73 mg dm™, which justifies the low Se concentration in soybean grains of the

crop carried out in the 2019/2020 cropping season (Supplementary Table 2).
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Nitrogen, protein, and amino acids

Nitrogen content, proteins, and total free amino acids were affected by the interaction
between the tested genotypes and fertilizers. Following the application of C-MAP, the
genotypes M5917 and 58160 LANCA showed higher N and protein contents compared with
other treatments (Figure 4A; Supplementary Table 1). The total free amino acid content was
higher with C-MAP + Se than with the other fertilizer sources for genotypes N5909 and 58160
LANCA (Figure 4B). Total free amino acid contents did not change due to the fertilizer
sources applied for genotype M5917, whereas for genotype TMG7061, the highest and lowest
values were verified after the application of C-MAP + Se and E-MAP and E-MAP + Se,

respectively.
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FIGURE 4. Protein (%) (A) and amino acids (umol g’ DM) (B) in soybean grains harvested from
2018/2019 cropping season. Lowercase letters compare protein and amino acids among fertilizers in
each genotype and capital letters compare protein and amino acids among genotypes in each fertilizer
source at the level of 5% (p <0.05) by the Tukey test. The vertical bars refer to the standard error
(n=4). C-MAP, conventional monoammonium phosphate; C-MAP+Se, conventional
monoammonium phosphate + Se; E-MAP, enhanced-efficiency monoammonium phosphate; and E-
MAP + Se, enhanced-efficiency monoammonium phosphate + Se.

Antioxidative metabolism

Overall, the activity of enzymes was not affected by the different fertilizers sources
(Table 1). Superoxide dismutase and CAT had different activities among the genotypes, while
APX was not affected by any of the factors under study. The genotype TMG7061 showed
lower SOD activity and lower H>O> concentration. Among the sources of fertilizers applied,
C-MAP presented higher H>O> content (2.09 umol H>0, g'! MF), yet it differed only from the
treatment with the application of E-MAP+Se (1.54umol H>O0» g! MF).
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TABLE 1. Effect of Se application via soil on the activities of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), lipid peroxidation by the
MDA, and hydrogen peroxide (H,O,) with SEs (n=4).

G . SOD (USOD CAT (mmol H,0, APX (nmol AS Amin MDA (nmol MDA H:0: (umol H20:
enotype Fertilizer Lo 1 1 1 1 1
min~ g FM) min g FM) g FM) g FM) g FM)
M5917 C-MAP 610.82+18.66 2.97+0.16 26.38+2.01 15.94+1.94 aAB 2.16+0.23
TMG7061 616.14+15.12 3.78+0.47 29.37+1.90 19.84+0.58 aA 1.73+£0.27
N5909 647.83+£12.53 2.99+0.30 23.55+2.40 17.48+1.45 aA 2.35+0.09
58160 LANCA 658.31+£19.96 2.71+£0.29 2336+1.71 12.65+1.31 aB 2.13+£0.24
M5917 C-MAP + Se 618.59+31.55 3.36+0.57 24.79+2.29 13.40+0.86 aA 2.00+0.22
TMG7061 532.09+£25.74 3.37+0.62 23.82+2.49 13.48+1.15bA 1.354+0.27
N5909 637.13+£13.51 2.23+£0.20 21.09+2.50 13.08+1.13 aA 1.874+0.32
58160 LANCA 642.33+£24.15 1.59+0.18 23.20+£2.87 13.94+£0.84 aA 1.894+0.12
M5917 E-MAP 611.05+24.87 2.46+0.67 22.93+4.04 11.77+£0.69 aA 2.10+0.35
TMG7061 536.86+£21.09 3.35+0.63 22.09+4.12 12.45+0.30 bA 1.13+£0.23
N5909 583.80+21.11 2.58+0.70 21.93+2.08 15.71+£2.27 aA 1.884+0.23
58160 LANCA 613.77+£26.17 2.69+0.68 23.71+3.31 14.25+1.46 aA 2.11+£0.21
M5917 E-MAP + Se 619.08 £26.87 3.56+0.47 28.84+5.57 11.50+1.42 aB 1.53+0.20
TMG7061 546.71+14.76 2.60+0.57 21.29+4.71 14.23+0.59 bAB 0.97+0.13
N5909 600.64 +18.22 2.78+0.30 27.38+4.84 12.86+1.72 aAB 1.534+0.29
58160 LANCA 639.01£13.65 2.66+0.77 26.23+3.41 16.34+1.93 aA 2.17+0.28
M5917 General average to 614.88+11.63 A 3.09+0.25 AB 25.73+1.77 ns 13.16£0.75ns 1.95£0.13 A
TMG7061 genotypes 557.95+12.44 B 327+0.28 A 24.14+1.34ns 15.00+0.81 ns 1.29+0.13 B
N5909 617.35£10.06 A 2.65+0.20 AB 23.49+1.54ns 14.78+0.91 ns 1.91+£0.13 A
58160 LANCA 638.36+£10.47 A 1.09+0.27 B 24.13+1.34ns 14.30+0.73 ns 2.08+0.10 A
C-MAP General average to 633.27+£16.57ns 3.11+0.30ns 25.66+£2.00ns 16.48+1.32ns 2.09+0.21 a
C-MAP + Se fertilizers 607.54+23.74 ns 2.64+0.39ns 23.23+£2.54ns 13.47+0.99 ns 1.78+0.23 ab
E-MAP 586.37+23.31ns 2.77£0.67 ns 22.67+3.39ns 13.55+1.18 ns 1.81+0.26 ab
E-MAP + Se 601.36+£18.37ns 2.90+0.53 ns 25.93+4.63ns 13.73+1.42ns 1.55£0.22b

Lowercase letters compare among fertilizers in each genotype and capital letters compare among genotypes in each fertilizer source at the level of 5% (p <0.05) by the Tukey test. No
significance analysis was performed for SOD, CAT, APX, and H,0O, within soybean genotypes, as this was not the purpose of this study. C-MAP, conventional monoammonium
phosphate; C-MAP + Se, conventional monoammonium phosphate + Se; E-MAP, enhanced-efficiency monoammonium phosphate; and E-MAP + Se: enhanced-efficiency
monoammonium phosphate + Se. ns, no significant.
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Malonaldehyde (MDA) levels were affected by the interaction between genotypes and
fertilizers (p <0.05), with genotype TMG7061 being the only one that showed a difference
among fertilizers. In this genotype, MDA levels were higher with the application of C-MAP,

indicating an increase in lipid peroxidation.

Principal component analysis

With the application of the conventional MAP with and without Se (C-MAP and C-
MAP + Se), 46.9% of the covariances were explained by the PC1 and PC2 axes (Figure 5A).
For E-MAP and E-MAP + Se, 46.2% of the covariances were explained by the PC1 and PC2,
but the confidence intervals overlapped (Figure 5B). For fertilizers C-MAP and C-MAP + Se,
the PCA showed that the concentration of total free amino acids correlates positively with the
application of Se. In addition, the soybean grain yield from the cropping season of 2018/2019
was favored by Se application. The significance of the correlation among the studied variables

was confirmed by Pearson’s linear correlation matrix (p <0.05; Supplementary Figure 1).
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FIGURE 5. Biplot of principal component analysis (PCA) separated according to the fertilizers, (A) C-
MAP and C-MAP + Se and (B) E-MAP and E-MAP + Se. Se content in grains of the cropping season
of 2018/2019 (Se 1), Se content in grain of the cropping season of 2019/2020 (Se 2), Se in soil
(Se_s), yield (Yie), protein in grains (Prot), amino acids in grains (Aa), lipid peroxidation (MDA),
hydrogen peroxide (H.O,), catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase
(APX).
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Discussion

Yield

The average yield found in this study (89.7 bags ha'!) was above the national average
(50.0 bags ha'!; Conab, 2022). This high average yield is related to the management adopted
by the Uva farm and to the high soil fertility, based on soil attributes and nutrient
concentration (e.g., P and K). To establish homogeneity in the final stand of plants and
because all field operations were performed using commercial planting machines, the number
of seeds that were sown per linear meter was the same for all genotypes, even though a higher
number of seeds per linear meter was recommended for genotype TMG7061. Due to the
presence of a larger stand of plants for this genotype (TMG7061), lodging of the plants
occurred during the grain filling stage. Under high planting density, the light capture is
reduced, reducing photosynthetic activity and carbohydrate accumulation in the stem, which
leads to lodging (Song et al., 2020).

In addition to the high average yield, Se application increased grain yield for the
TMG7061 genotype (Figure 2). The response of Se application to plant yield may vary
depending on the genotype used (Thavarajah et al., 2015; Liu et al., 2021; Sher et al., 2022).
At present, there are still very few specific reports on Se application in the soybean yield. In
the principal component analysis, this increase in yield, correlated better with Se in the grains
of soybean, when the plant was grown in soil fertilized with C-MAP + Se fertilizer (Figure
5A). In the work carried out by Deng et al. (2021), soil Se application also increased soybean
yield compared with a control treatment. Previous studies have shown that Se can improve
growth and increase antioxidant capacity in plants, which can affect yield, mainly when plants
are exposed to stress factors (Boldrin et al., 2013; Nawaz et al., 2015; Mateus et al., 2021;
Ravello et al., 2021).

Enzymes

It has previously been established that Se can mitigate oxidative stress due to ROS
regulation. This regulation can occur by stimulating the dismutation of O>™ into H20O2, by the
regulation of enzymatic and non-enzymatic compounds, by the direct elimination of ROS by
Se species, and by regulation of photosynthetic compounds (Silva et al., 2020). With Se
application via C-MAP + Se, the MDA production was negatively correlated with Se content
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in grains, i.e., the production of MDA by leaves was lower as the Se content in grains
increased (Supplementary Figure 1A). This reduction in MDA production demonstrates a
clear ability to control ROS and thus oxidative stress, maintaining the integrity of cell
membranes, allowing the maintenance of photosynthetic and productive performance of the
plant, in addition to increasing Se contents in grains.

The activity of SOD and CAT enzymes was not influenced by the Se application, yet
the formation of hydrogen peroxide was higher with the application of C-MAP, compared
with E-MAP + Se in all genotypes (Table 1). In addition, the genotype TMG7061 was more
sensitive to this change than the others, resulting in higher production of MDA when C-MAP
was applied. However, the higher production of hydrogen peroxide acted as a
priming/beneficial stress effect, allowing the plant to adjust for grain yield, not exceeding its
limit of physiological plasticity capacity, which could lead to a decrease in productivity
(Agathokleous et al., 2020). According to the PCA and the Pearson’s correlation matrix,
ascorbate peroxidase activity in plants treated with Se application via E-MAP is positively
correlated with Se content in grains. Lessa et al. (2020) showed that CAT, SOD, and APX
activity had minimal interference from Se application via soil or leaf in rice, at a dose of
80 gha!.

According to Djanaguiraman et al. (2005), Se foliar application to soybean (50 ppm)
increased the activity of SOD, glutathione peroxidase (GSH-Px), and proline, causing a
decrease in lipid peroxidation and the reduction in plant senescence. The activity of stress
mitigation enzymes, such as SOD, is increased under conditions with high ROS production.
Moreover, with adequate levels of Se, the enzyme GSH-Px acts on the spontaneous reduction

of O"2- (Hartikainen et al., 2000; Feng et al., 2013).

Nutritional quality of grains and Se content in the soil

The average Se content found in the studied soil (0.73 mg dm™) is within the range of
Se contents reported for soils of the State of Sdo Paulo (where the Uva farm is located), which
varies from <0.08-1.61 mg dm=. Soil Se content is influenced by characteristics such as pH
(Schiavon et al., 2020), presence of competing ions such as sulfate and phosphate (Lessa et
al., 2016; Santos et al., 2022), soil texture (Araujo et al., 2018), organic matter (Li et al.,
2017), and presence of microorganisms (Gregorio et al., 2006).

Selenium content in grains harvested in the first crop season was higher in all

genotypes with Se application, either via C-MAP +Se or via E-MAP + Se (Figure 3A).
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Considering the daily soybean intake of 50 g per person and the concentration of 2.37 mg kg'!
of Se in grains with the application of E-MAP + Se in the N5909 genotype, the concentration
of Se ingested would be 118.5 ug day!, a value that lies above the average daily intake of Se
recommended for adults (70 ug day™'; Kipp et al., 2015).

The consumption of soybean by humans, for the most part, occurs indirectly as in the
case of soybean sauce. The production of soybean sauce using biofortified soybean with Se is
an alternative to increasing the Se intake by population utilizing supplementation of dietary
change. Indeed, soybean sauce represents a strong antioxidant system, which keeps Se stable
and non-toxic during storage (Gao et al., 2019, 2022). A study carried out by Gao et al. (2022)
showed that soybean sauce produced from soybeans containing 259 ug kg™ of Se contains
79.2 ugkg! of Se, with 24.8% being inorganic Se and 75.2% existing as organic Se form.
This suggests that it is possible to produce a biofortified sauce using Se-enriched soybeans in
the field.

The Se recovery observed in soybean ranged from 6.49 to 9.74% (Figure 3B). These
values were higher than those reported by Lessa et al. (2020), who worked with soil Se
fertilization in rice (maximum recovery =2.7) and by Lara et al. (2019), who studied foliar
application of Se in wheat (maximum recovery = 3%). This higher Se recovery by soybean
grains can be attributed to its high protein concentration (about 40%). In the plant, sulfur
present in selected amino acids can be replaced by Se, forming selenoaminoacids, which later
form selenoproteins (White, 2016). Chan et al. (2010) found that selenospecies - including
SeCys and SeMet - represent about 74% of the Se total in soybean grains, when this crop was
treated with sodium selenite. Again, such results reinforce that soybean is an effective species
when considering the biofortification of crops with Se.

Another factor that may have contributed to the greater Se recovery in soybean is the
Se application associated with phosphate fertilizer. According to Qingyun et al. (2016), soils
with nutrient deficiencies, especially P, may lead to reduced accumulation of Se in grains by
crops. Phosphorus in soils occurs in anionic forms, which means that Se (as selenite-NaSeO4")
might compete with phosphate molecules for adsorption sites. However, the rates of
phosphate fertilizers are much higher (nearly three orders of magnitude) than the amount of
Se applied in this trial, making the retention of P more likely in these soils instead of the
retention of Se.

In tropical soils, this competition between phosphate and selenite as well as between
selenate and sulfate due to chemical similarities between them is acknowledged in the

literature (Lessa et al., 2016; Lopes et al., 2017). The selenate adsorption process occurs
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mainly via formation of outer-sphere complexes, i.e., thru non-specific adsorption. However,
for selenite, the formation of inner-sphere complexes occurs with the exchange of ligands, as
well as phosphate, which for the most part is irreversible (McBride, 1994).

In the 2019/2020 cropping season, Se content in grains was lower (0.54 mg kg™!) than
the first season, and there was no difference among treatments (Supplementary Table 1). This
shows that there is a low residual effect of the soil-applied Se in the 2018/2019 season,
irrespectively of the fertilizer applied, mainly after the cultivation of a winter crop (wheat).
The low residual effect can be confirmed by the low Se concentration found in the soil in the
R4 development phase (soil sampling time) during the first crop season. Indeed, studies have
reported that part of the soil-applied Se can be fixed within a few months after application,
making it unavailable for plant uptake (Gissel-Nielsen and Bisbjerg, 1970; Mikkelsen et al.,
1989), which might be especially relevant for the case of the oxidic soil used in this study.

When applied as selenate, Se is found to be more available in soils than selenite in the
short term. However, over time, SeVI can be reduced to lower valence state species (e.g.,
SelV), leading to further adsorption of the reduced species onto surfaces, including Fe/Mn/Al
oxides. This effect occurs faster in acidic soils than in alkaline soils (Wang et al., 2017).
Indeed, Ramkissoon et al. (2021) have reported that when selenate was applied in an Oxisol
(pH=16.8 and clay=52%), 75% was adsorbed during the first day, which impaired the
quantification of soluble Se 300 days after the application. The authors presumed that the
oxides present in soil were responsible for Se sorption in this case. By contrast, soluble Se
have decreased only 29% on a calcareous soil (pH=8.2 and clay =13%) after 300 days
(Ramkissoon et al., 2021). This fact supports our findings, indicating that the low residual
effect of Se at the second season is most likely related to selenium adsorption by soil.

In soils with low Se concentration (e.g., tropical regions), Se supply via fertilization is
essential for biofortification strategies, especially in areas with no or low Se addition.
However, the beneficial effects of fertilizer Se carried out in one season does not persist and
that successive applications, associated with the application of other oxyanions that can
compete with Se for oxidic sorption sites (e.g., phosphate and sulfate) as well as the addition
of organic compounds via soil tend to increase the residual effect of Se in the soil (Qingyun et
al., 2016). Indeed, the application of NPK fertilizer, associated or not with organic compost,
has been reported to increase Se availability by 38.39 and 33.04% over 20 years (Qingyun et
al., 2016).

The amount of total protein in soybeans was not increased by Se treatment. This fact

supports the findings made by Yang et al. (2003) and Deng et al. (2022). However, the
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application of C-MAP + Se increased the free total amino acid content in genotypes N5909,
Langa, and TMG7061. The results were consistent with previous studies indicating that an
increase of Se in the crop could promote amino acids synthesis and thus improve amino acid

content of Se-enriched soybean grains (Zhao et al., 2019).

Conclusion

This present study showed that the application of C-MAP +Se and E-MAP + Se
fertilizers is a promising method for biofortifying soybean with Se in tropical soils. This fact
was especially relevant in the TMG7061 genotype when, the application of these fertilizers
increases crop yield. In addition, the TMG7061 genotype showed greater recovery of Se by
the grains. In summary, soybean is a good crop to be used in biofortification programs due to
its high protein content and high capacity of Se recovery by the grains. Lastly, it is
noteworthy the positive effect of the application of C-MAP + Se in grain quality, as it not

only increased Se but also the amino acids content in the grains.
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Supplementary material

Supplementary Table 1. Analysis of variance (ANOVA).

Variable Fertilizer Genotype Fertilizer x Genotype
Yield 2018/2019 * ook ook
Yield 2019/2020 ns ns ns

Selenium

2018/2019 hok ok ns ok

Selenium

2019/2020 ns ns ns

Selenium recovery ns * ns

Selenium in soil ns ns ns
Amino acids hok ok *H* ook
Nitrogen skksk skskk skksk
Protein skksk skskk skkok

SOD ns ok ns

CAT ns * ns

APX ns ns ns

MDA ns ns ok

H202 kek skskk ns

* Significance 0.05; ** Significance 0.01; *** Significance 0.001; ns = no significance by F test.

Supplementary Table 2. Selenium in soil, Se in grain (2019/2020 season), N content, and S
content in grains.

. ... Selenium in grain
Selenium in soil

Genotype Fertilizer (mg dm") - (2r(r)1 1 9112(_)120 N (gkg™)
gkg’)

M5917 0.558 +0.28 0.445 +0.01 66.38 + 0.70
TMG7061 C MAP 0.924 +0.10 0.473 +0.08 46.11 +0.37
N5909 0.782 + 0.24 0.624 + 0.06 46.90 + 0.34
58160 LANCA 0.623 +0.11 0.563 + 0.09 56.14 + 0.74
M5917 0.950 + 0.30 0.614 + 0.06 49.23 +0.53
TMG7061  \iipige  0-705%0.18 0.602 + 0.06 45.88 + (.54
N5909 0.724 +0.33 0.598 = 0.07 46.83 +0.31
58160 LANCA 0.488 +0.16 0.699 = 0.04 48.70 +0.21
M5917 0.911+0.23 0.488 + 0.09 49.61 + 0.47
TMG7061 E-MAP 0.765 +0.17 0.361 + 0.04 47.08 +0.09
N5909 0.614 +0.12 0.634 +0.13 46.97 +0.53
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58160 LANCA 0.656 £ 0.07 0.469 + 0.07 49.54 + 0.59
M5917 0.694 +0.19 0.634 +0.01 49.95 +0.47
T™MG7061 E-MAP + Se 0.740 + 0.23 0.556 = 0.10 47.45+0.49
N5909 0.976 £ 0.27 0.556 £ 0.06 47.15+0.39
58160 LANCA 0.703 +0.13 0.477 + 0.04 4940+ 0.24
3.1 Supplementary Figures
Correlation to C-MAP and C-MAP + Se (A)
" 1
021 Se_1 o8
041 029 Se2 . 06
028 002 -0.16 Se_s ﬁ 0t
0.07 041 030 020 N / . .
0.07 041 -0.30 -0.20 100 Prot ' =
016 050 060 -0.23 -043 -043 Aa '
-0:42 -0:47 028 0.1 -0.10 -0.10 -026 MDA [ = 02
-0.06 -0:35 -0.07 0.12 028 0.28 -0.18 045 H202 [ = 04
0.08 027 009 027 044 014 -0.04 004 043 SOD 06
028 -021 011 051 009 009 -027 037 049 048 APX o
034 -020 -0.06 -0.02 -0.05 -0.05 -042 0.08 -0.33 -0.29 0.08 CAT
E
Correlation to E-MAP and E-MAP + Se B)
. 1
048 Se_1 o8
024 018 Se2 . 06
0.06 013 0410 Ses ’ 04
041 000 002 000 N / i o
041 000 002 000 100 Prot :
-0.07 -0:36 014 027 -0.06 -0.06 Aa / '
021 006 022 016 004 004 0417 MDA £+ o2
0.16 -0.26 -0.07 -0.07 053 053 037 048 H202 [ = 04
042 007 025 004 038 038 001 017 040 SOD ' . 06
027 0413 040 064 001 001 -025 027 -0.02 067 APX [ = v
047 -0.03 012 -0.16 -0.14 -0.14 -0.17 -0.04 -0.02 036 038 CAT

Supplementary Figure 1. Pearson’s linear correlation matrix to C-MAP and C-MAP + Se (A) and to
E-MAP and E-MAP + Se (A). * significant relationship of soil and plant attributes at p < 0.05; blue
ellipse with right sloping top: positive relationship; red ellipse with left sloping top: negative
correlation. Se content in the grain 2018/2019 (Se_1), Se content in the grain 2019/2020 (Se_2), Se in
soil (Se_s), yield (Yie) protein in grains (Prot), amino acids in grains (aa), lipid peroxidation (MDA),
hydrogen peroxide (H»0O»), catalase (CAT), superoxide dismutase (SOD), ascorbate peroxidase (APX).



48

ARTICLE 2: Foliar application of selenium associated with a multi-nutrient fertilizer in

soybean: yield, grain quality, and critical Se threshold

Published in Plants
(DOI - 10.3390/plants12102028)

Maila Adriely Silva!, Gustavo Ferreira de Sousa!, Gustavo Avelar Zorgdrager Van
Opbergen!, Guilherme Gerrit Avelar Zorgdrager Van Opbergen!, Ana Paula Branco
Corguinha!, Jean Michel Moura Bueno?, Gustavo Brunetto?, José Marcos Leite®, Alcindo

Aparecido dos Santos*, Guilherme Lopes', Luiz Roberto Guimaraes Guilherme!”

1 Soil Science Department, Federal University of Lavras, Lavras 37200-900, Brazil;
m.adriely@hotmail.com (M.A.S.); gustavoferreira_s@hotmail.com (G.F.d.S.);
gustavo.opbergenl @estudante.ufla.br (G.A.Z.V.0.); guilherme.opebergen@estudante.ufla.br
(G.G.A.Z.V.0.); anapaulacorguinha@hotmail.com (A.P.B.C.); guilherme.lopes@ufla.br
(G.L))

2 Soil Science Department, Federal University of Santa Maria, Santa Maria 97105-900,
Brazil; bueno.jeanl@gmail.com (J.M.M.B.); brunetto.gustavo@gmail.com (G.B.)

3 ICL South America, Sdo Paulo 01310-200, Brazil; josemarcosleite@yahoo.com.br

4 Institute of Chemistry, University of Sdo Paulo, Sao Paulo 05508-000, Brazil;
alcindo@iq.usp.br

* Correspondence: guilherm@ufla.br

Abstract: Selenium uptake and its content in soybean grains are affected by Se application
methods. This study evaluated the impact of Se foliar application combined with a multi-
nutrient fertilizer (MNF) on soybean, establishing a Se threshold to better understand the
relationship between Se content in grains and yield of two genotypes (58160 Lanca and
M5917). Two trials were conducted in a 4 x 2 factorial design: four Se rates (0, 10, 40, 80 g
Se ha™!) and two methods of foliar Se application (Se combined or not with MNF). Foliar
fertilizers were applied twice, at phenological stages of beginning of pod development and
grain filling. Grain yield increased with the application of MNF, yet Se rates increased Se
contents linearly up to 80 g Se ha™!, regardless of the use of MNF. Langa and M5917
genotypes had grain Se critical thresholds of 1.0 and 3.0 mg kg'!, respectively. The
application of Se favored higher contents of K, P, and S in grains of genotype Langa and
higher contents of Mn and Fe in grains of genotype M5917. Our findings highlight the
importance of addressing different Se fertilization strategies as well as genotypic variations
when assessing the effects of Se on soybean yield and grain quality.
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1. Introduction

Selenium (Se) is a trace element required by both humans and animals [1]. It acts as a
co-factor for antioxidating enzymes (e.g., glutathione peroxidase) and has functions in
immune system maintenance, cardiovascular disease reduction, thyroid regulation,
detoxification capacity, and anti-cancer and anti-viral action [1,2]. The recommended daily
dose of Se for adults is 60-70 pg day !, and it is estimated that approximately one billion
people worldwide are Se deficient [3,4]. Low Se intake in humans has been closely linked to
Keshan and Kashin—Beck disease [5,6].

Food biofortification has been an alternative for reducing Se deficiency in the
population. Biofortification is a process that increases the content of minerals and vitamins
(such as Se, zinc—Zn, iodine—I, and iron—Fe) in edible parts of plants to improve nutritional
quality for humans and animals [7-9]. Approximately 25 proteins of the human body have Se
as a component [10]. It also aids in the regulation of thyroid hormone, DNA synthesis, and
fighting free radicals [10,11]. Selenium deficiency in the body has been linked to several
diseases, including neurological disorders, cancer, and heart disease [5,12,13].

Selenium is not considered a nutrient for plants, but it has beneficial effects, such as
reducing the stress caused by low temperatures in coffee [14], increasing the yield of wheat
[15], increasing protein and amino acid content in soybean [16], and reducing drought stress
in common bean plants [17]. Its effects on plants have been studied for approximately 70
years, and several advantages have already been reported [14,18-21]. Due to its beneficial
effects on plants, recently a change of the definition of “plant nutrient” has been proposed to
start a debate on the inclusion of Se, and other beneficial elements, as a plant nutrient [22].

Selenium bioavailability and transfer into the food chain are influenced by soil
biophysical chemistry, presence of competing ions, plant species/genotype, method of
application, and Se rates applied [9,21,23,24]. Tropical soils have a high capacity for retaining
Se—due to the presence of Fe/Al oxyhydroxides—[25,26], as a result, foliar spray application
has been considered as one strategy to overcome Se sorption in soils and to increase the
efficiency of biofortification practices [24,27,28].

In contrast to soil application, foliar spray improves Se uptake and recovery efficiency
by reducing Se immobilization in the soil and shortening the transport distance of Se from
plant roots to shoots [29]. In addition, Se spray associated with a multi-nutrient fertilizer may

be a promising strategy for increasing Se uptake/redistribution by plants. However, it is
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critical to understand the Se content in plant tissue to ensure that it does not reduce yield by
causing toxicity. High Se concentrations in plants can cause phytotoxicity by directly
affecting metabolism, resulting in chlorosis, cell membrane degradation, senescence, and
reduced growth and grain yield [30]. Additionally, in the current Brazilian recommendation
systems, there are no reference values (critical threshold) of Se for the soybean crop.
Furthermore, it is unclear if there are critical threshold variations among soybean genotypes.
These gaps can be filled by Bayesian modeling techniques combined with well-documented
databases [31,32].

Soybean (Glycine max [L. Merril]) is the most widely grown crop in the world, and its
grains are high in protein (about 40 percent) [33]. Soybean grains are used to produce feed for
animals, in order to produce meat for human consumption. Furthermore, soybean plays a
variety of roles in food processing due to its distinct protein-related food texture, high water-
holding capacities, and foaming properties [34,35]. As a result, the current study aimed to
assess the impact of Se foliar application associated with the use of a multi-nutrient fertilizer
on soybean yield and grain quality. In addition, we want to establish a grain-Se critical
threshold to understand the relationship between Se content in soybean grains and the yield of

different soybean genotypes.

2. Results
2.1. Variance Components

The results obtained showed a great influence of the genotypes for most of the
analyses performed (Figure 1). They were supported by principal component analyses, in
which the results were also separated by genotype (Figure S1). On the other hand, Se content

in grains was affected mainly by Se rates.
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Figure 1. Visual representation of variance components. The colors represent the source of variation
(genotypes, MNF, Se rates, block, and residuals). The variation proportion explained by each source
of variation for each response variable is observed on the Y-axis (percentage).

2.2. Grain Yield

The spraying of Se rates did not affect grain yield (p > 0.05). On the other hand, MNF
application influenced the yield of both genotypes (p < 0.05) (Figure 2A,B). The application
of Se and MNF increased ~0.32 and 0.38 t ha™! of grains (i.e., ~5.37 and 6.26 60-kg bags
ha™!) for 58160 Langa and M5917 genotypes, respectively, compared with the application of
Se without MNF. In general, the genotype M5917 showed the highest grain yield — 5.0 t ha™!
on average — while the genotype 58160 Langa produced 4.2 t ha™!. Average yields with the
MNF application varied from 4.3 to 4.7 t ha™! for genotype 58160 Langa, and from 5.0 to 5.4 t
ha™! for genotype M5917.
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Figure 2. Grain yield (t ha!) of soybean plants of genotypes 58160 Lanca (A) and M5917 (B).
Lowercase letters compare the application of Se associated or not with MNF, at the 5% significance
level, according to Tukey’s test. Vertical bars refer to the standard error (n = 16).

2.3. Selenium Content and Se Recovery in Grains

Selenium content in grains was affected by the interaction between Se rates and MNF
application (Figure 3A,B). In both genotypes, increasing Se rates increased the Se content
linearly up to the highest rate (80 g Se ha™!), regardless of the use of MNF. In 58160 Langa,
the increase in grain Se content for each gram of Se applied via foliar was 0.063 mg kg™! with
MNF and 0.055 mg kg™ ! without MNF. In genotype M5917, the Se content in grain increased
by 0.087 mg kg! with MNF and 0.065 mg kg™! without MNF for each gram of Se applied
through foliar supply. According to the confidence interval (95%), the application of MNF
did not affect the Se content in the soybean grains up to the rate of 43.8 g Se ha™! for genotype
58160 Langa and 29.4 g Se ha™! for genotype M5917. However, after these Se rates, the
association of Se with MNF promoted higher Se content.

The Se recovery rate (%) by soybean grains was also affected by Se foliar rates (p <
0.05) (Figure 3C,D). The Se recovery in genotype 58160 Langa at the rate of 10 g Se ha™! was
18.4%, whereas the application of 80 g Se ha™! promoted 24.1% of Se recovery. The foliar
rates of 10 and 80 g Se ha™! showed different Se incorporation by the grains, but both were
statistically equal to the foliar rate of 40 g Se ha™!. For genotype M5917, the Se foliar rates of
40 g Se ha™! and 80 g Se ha™! promoted equal Se rate recovery (p > 0.05), 31.1% and 37.7%,
respectively. The Se recovery obtained with the application of Se foliar at 10 g Se ha™! was

21.5%.
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Figure 3. Selenium content in grains (mg kg ') (A,B) and Se recovery by soybean grains (%) (C,D) of
soybean plants of genotypes 58160 Langa and M5917. Lowercase letters compare Se rate, at the 5%
significance level, according to Tukey’s test. Vertical bars refer to the standard error (n = 4 for
selenium content in grains and » = § for selenium recovery).

2.4. Macronutrients, Micronutrients, Proteins, and Amino Acids

The content of K, P, and S in the grains was affected by the interaction among the
studied factors (Se foliar rates and MNF) in the 58160 Lanca genotype (p < 0.05) (Table S1).
Despite the significant difference in the K and P content in the soybean grains, the data did
not fit either the linear or the quadratic regression model. In addition, the content of K and P
was higher in the grains that had received Se foliar at 80 g Se ha™! combined with the MNF.

For genotype M5917, the F test for Cu and Zn showed significant differences among
Se foliar rates and MNF (Table S1). On the other hand, the content of K, Mn, P, S, and N
were affected by the Se rates (p < 0.05). The content of Mg, Ca, and Fe was not affected by
the factors studied (p > 0.05). Following in the genotype M5917, the K content in the grains
fitted quadratic regression in the levels of Se supplied via foliar application (R?> = 77%). The
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highest K content in grains was 18.57 g Se ha™! and it was obtained by the application of 45.6
g Seha™!.

Concerning genotype 58160 Langa, the S content increased linearly upon increasing
the Se rate, regardless of the MNF application, with a correlation coefficient of 89% being
observed with MNF and 68% without MNF. The MNF promoted a higher accumulation of S
in grains, regardless of the Se rate in genotype M5917. The S data were fitted to a quadratic
model (R? = 63%), and the highest S content was obtained by the rate of 37 g Se ha™.

In M5917, the interaction between Se rates and MNF affected the Zn and Cu content
in grains. Additionally, N and Mn contents were affected by the Se rates, with Se rates
providing a quadratic regression fit for N content in grains. Se foliar and MNF application did
not influence the N, Cu, and Zn in the 58160 Lanca. Protein contents in soybean grains
increased quadratically upon increasing Se rates in the M5917 (p > 0.05) (Table S1). The total
free amino acids content was affected by the interactions among Se rates and MNF, yet there

was a fitted model regression only in genotype 58160 Langa.

2.5. Selenium Critical Threshold and Selenium Intake (ug person ' day™!)

The critical Se threshold in soybean grains was estimated at 1.0 mg kg™ ! and 3.0 mg
kg™! for genotypes Langa and M5917, respectively (Figure 4A,B). This means that above 1.0
mg kg ! of Se in the grain the yield in the genotype 58160 Langa is reduced, whereas the same
effect occurs for genotype M5917 above 3.0 mg kg™!. Therefore, genotype M5917 is more
tolerant to Se accumulation in grains than 58160 Lanca.

Figure 4C,D shows the relationship between Se rate and human daily Se intake based
on an average recommended intake of soybean protein (25 g person ! day™'). As per the
estimated daily Se intakes shown in Figure 4C,D, the rate of Se that should be supplied to the
plant in order to obtain a Se content in soybean grains suitable for human consumption
(considering a recommended daily intake of 70 p of Se day™') would be: 15.1 g Se ha™! (with
MNF — genotype 58160 Langa), 16.2 g Se ha ! (without MNF — genotype 58160 Langa), 15.3
g Se ha! (with MNF — genotype M5917), and 15.4 g Se ha™! (without MNF — genotype
M5917).

Considering the daily Se consumption by person, the adequate Se rates to produce
enriched soybean grains are below the Se content that reduces crop yield (below the Se
critical threshold). Indeed, using the model fitted for Se content in grains (Figure 2A,B), Se
rates to promote 1 mg kg™! in grains were 19.5 g Se ha™! (with MNF) and 23.3 g Se ha!
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(without MNF) for the Langa. In the genotype M5917, the rates to produce soybean grains
with 3 mg kg™! of Se are 36.1 g Se ha™! (with MNF) and 49.3 g Se ha™! (without MNF).
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Figure 4. Selenium critical threshold in soybean grains (A,B) and selenium intake by a person by day
(C.D) in the genotypes 58160 Langa and M5917. Vertical bars refer to the standard error (n = 4).
Triangles and boxes refer to grain yield values. The Blue dotted line refers to the Se critical threshold
in the grain.

2.6. Pearson's Correlation Matrix

The correlation between the variables assessed is presented in Figure 5. In genotype
Langa, Se content correlated positively with S (R? = 65%), P (R? = 57%), and K (R? = 57%)
content in grains. For genotype M5917, the increase of Se in the grains increased Mn content
(R? = 44%), and Fe (R? = 51%). Selenium content in grains negatively affected yield and total
free amino acid content in the genotype Langa (R? = 29% and 73%, respectively). This effect

was not observed for cultivar M5917.
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Figure 5. Pearson’s correlation matrix among the variables at 58160 Langa and M5917 genotypes. Yie
= yield; Pro = protein; Aa = amino acids. * means a positive Pearson’s correlation.

3. Discussion

Selenium is not considered a nutrient for plants, yet its beneficial effects are already
well established [22,36]. The increase of the content of a target element (e.g., Se) in the edible
part of the plant without reducing yield is one of the key assumptions for the implementation
of biofortification programs. Our results showed significant differences in yield only due to
the application of MNF (Figure 2A,B). Although there was no difference with Se foliar spray
in soybean, some studies showed increased yields of wheat [15,37], rice [19], and coffee [38].
Such increases are mostly observed in plants under biotic and abiotic stress conditions
[17,39,40]; discrepancies in results may be attributed to the various growth stages and
methods of Se application in plants.

Foliar spraying with Se resulted in a linear increase of the Se content in soybean grains

(Figure 3A,B). Similar results were observed in wheat [15] and rice [24]. The lowest rate at
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which it is possible to see a difference in Se content among the treatments (with MNF and
without MNF) is 43.8 kg Se ha™! for Langa and 29.4 kg Se ha™! for genotype M5917, which is
about 33% less, indicating that the application is more efficient for the last genotype. This
also demonstrates that the interaction of Se foliar and other nutrients can enhance the
uptake/redistribution of Se in plants.

Nitrogen is one of the components of MNF and it is known that it can affect Se uptake
by plants [41]. The fact that Se and S use the same metabolic pathway in plants can be used to
explain this interaction between N and Se. Applications of N enhance O-acetyl serine, an
important regulator of S metabolism in cysteine synthesis in plants, which then increases the
synthesis of cysteine and protein. Along with N, the MNF also contains Mg, K, and B, which
are important nutrients for the transport of photoassimilates within plants [42—44].
Magnesium has a direct impact on the yield and quality of grains. A lack of Mg both affects
the transport of assimilates from the leaves to the grains and reduces the transport of amino
acids in plants [45].

Previous studies have produced conflicting findings regarding the response of various
essential elements to Se treatment in several crops. In rice, Se application combined with N
fertilization resulted in higher grain concentrations of N, P, K, Ca, Se, B, Cu, Zn, and Mo
[41]. Wheat cultivated under drought stress showed increased Fe content and decreased Zn
content on shoot with Se foliar spray [46]. The presence of Se in plants can alter the ionic
permeability coefficient in the plasma membrane, thereby altering the transport and
accumulation of micronutrients in plant cells [47]. Nonetheless, the mechanisms by which Se
interferes with other elements require further investigation.

Several factors influence selenium recovery, including the Se source and the plant
species. In a previous study carried out by our research group, the recovery of Se applied via
soil was 6.5% for genotype M5917 and 8.1% for genotype Langa [21]. In the current study,
the average recovery rate of Se applied via foliar was 24.1% for Langa and 37.7% for M5917
(35 times higher), which was remarkably higher than the wheat’s maximum recovery of Se
by grains (3%) [15].

Changes in the content of the nutrients in grains are shown in Table S1, suggesting
potential interactions between Se and these nutrients. In fact, providing Se to plants may
affect the foliar absorption of selected nutrients or their redistribution within plants, which in
turn affects the concentration of those nutrients in soybean grains. Djanaguiraman et al.
(2010) [48] reported that the availability of Se to plants can have an impact on the uptake and

accumulation of the nutrients necessary for plant metabolism. The interaction between Se and
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S is the most studied, due to the similarity between these elements; they share the same
metabolic pathway in plants [49,50]. In general, Se foliar supply affected the content of P and
K in grains of the genotype Lanca, as well as N, P, K, S, Cu, Mn, and Zn in grains of the
genotype M5917. Except for Cu, Mn, and Zn, the other nutrients affected by Se application
are those found in MNF.

The critical Se threshold demonstrated that above 1.0 mg kg™! of Se in grain, the yield
in the genotype 58160 Langa is reduced, while genotype M5917 showed this effect only above
3.0 mg Se kg!, which is a clear indication that genotype M5917 is more tolerant to Se
accumulation in grains than 58160 Langa. Selenium toxicity in plants has not been fully
investigated, but it has been demonstrated that tolerance varies depending on plant species
and genotypes [30]. Indeed, a previous experiment with two soybean genotypes demonstrated
such variation in Se response [51], with the Sonja genotype being more sensitive to Se and
displaying a stronger physiological response when compared with the Lucija genotype.

In another study assessing Se toxicity to various crops, brown mustard has shown a
greater tolerance to Se when compared with maize, rice, and wheat [52]. From the established
critical level of Se by the authors, there was a reduction of 21% in the dry matter of brown
mustard, 24% in maize, 11% in rice, and 27% in wheat. These levels where related to the
following Se content in the shoot dry matter of the studied crops: 18.9 mg kg™! for wheat,
41.5 mg kg ! for rice, 76.9 mg kg™! for corn, and 104.8 mg kg™! for brown mustard [52].

As seen in our study, Se intake values for biofortifying soybean, considering the
selected data for adequate daily intake and average consumption of soy protein, are lower than
the level of Se in grains that reduced yields (Figure 4C,D). This fact is relevant since it is
possible to biofortify soybeans without decreasing the grain yield of the crop. The dietary
habits of the population have a significant impact on Se intake by the population. Excessive
human Se intake, typically greater than 400 ug day !, may lead to toxicity, resulting in health
problems. Some of the Se toxicity symptoms are hair and nail loss, skin lesions, nervous
system dysfunction, and even death [53,54]. As estimated by the regression equations shown
in Figure 4C,D, our findings indicate that lower Se rates can satisfy smaller demands.
However, it must be noted that these estimates assume that soybean will be consumed by
humans as soybean protein and do not account for possible Se losses during other industrial

Pprocesses.
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4. Materials and Methods
4.1. Growth Conditions and Experimental Design

Two similar trials were conducted on a soybean field during the 2018/2019 cropping
season, at Farm Uva, municipality of Capao Bonito, Sao Paulo state, Brazil (Lat: —24.040934,
Lon: —48.262421), with an average annual rainfall of 1628 mm and an average annual
temperature of 18.8 °C, under a humid subtropical climate (Cfa) [55]. The soil is classified as
Oxisol (Typic Hapludox) [56] and its chemical and physical characteristics are as follows
[57]: pH (H20) = 6.0; H + Al = 2.96; Al = 0.06; P (Mehlich-1) = 34.8 mg dm3; K = 148 mg
dm™; S =4.11 mg L!'; CEC = 9.83 cmol. dm™; Ca = 5.05 cmol. dm3; Mg = 1.44 cmol,
dm™; P-rem = 28.10 mg L™!; organic matter = 2.69 dag dm™; clay = 510 g kg'!; silt =110 g
kg™!; and sand =380 g kg '.

Each experiment was carried out with one soybean genotype, 58160 Lanca, and
M5917. The experiment was arranged in a randomized block with a full factorial design of 4
x 2, being four Se rates (0, 10, 40, and 80 g Se ha™!) and two methods of Se application: i) Se
with multi-nutrient fertilizer (hereafter called MNF) and ii) Se without MNF. The experiments
were composed of four blocks, totalizing 32 experimental plots for each genotype. The
treatments with MNF received 2 kg ha™! of the product; its composition was as follows:
nitrogen (N — 5%), phosphorus pentoxide (P20s — 10%), potassium oxide (K20 — 20%),
magnesium (Mg — 29%), sulfur (S — 12%), and boron (B — 0.5%). Sodium selenate was used
to prepare the Se solution (NaxSeOs Sigma-Aldrich, Saint Louis, MO, USA). Foliar spray
fertilizers were applied twice, at phenological stage R3 (beginning of pod development) and
RS (grain filling), with each application containing half of the total dose. Sodium selenate and
MNF (if used) were diluted in deionized water, mineral oil was added, and a pressured carbon
dioxide pump was used to apply it.

The plots were composed of 4 sowing lines with a spacing of 0.5 m between lines and
7 m in length. The collection of material for analysis was carried out in the useful area of the
plot. For the composition of the useful area of the plot, 0.5 m from each end of the plot and
two lateral lines were disregarded. Fourteen seeds were sown per meter and fertilization was

carried out with 16 kg ha™! N, 80 kg ha™! P,Os, and 28 kg ha™! K>O.

4.2. Yield
The grains from the useful area of each experimental plot were harvested after

maturity and soybean yield was calculated by weighing the grains and extrapolating to a
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hectare (kg ha™!), considering 13% moisture. After that, the grains were dried until they

reached a constant weight and were ground with an electric hand mill.

4.3. Selenium, Macronutrient, and Micronutrient in Soybean Grains

To determine Se, macronutrients, and micronutrients, 0.5 g of samples were placed in
Teflon vessels and 5 mL of HNO3 (65%) was added. The extract was allowed to stand at
room temperature overnight before being digested the next morning (16 h). The vessels were
then hermetically sealed and heated in a Mars-5 microwave digestion oven (CEM Corp,
Matthews, NC) following the 3051A methodology, proposed by the United States
Environmental Protection Agency [58]. The content of macronutrients and micronutrients was
obtained using inductively coupled plasma — optical emission spectroscopy (ICP-OES).

Selenium content in the solutions was measured using a graphite furnace atomic
absorption spectrometer (Atomic Absorption Spectrometry with Zeeman background
correction and EDL lamp for Se; AAnalyst™ 800 AAS, Perkin Elmer, Waltham, United
States). The calibration curve for Se measurement was obtained from a standard solution
containing 1 g kg™! of pure Se (Fluka, Buchs, Switzerland). To maintain digestion quality,
each batch of digestion included standard reference material from the Institute for Reference
Materials and Measurements (White Clover—BCR 402, IRMM, Geel, Belgium) and a blank
sample. The main recovery value for standard material was 95% (n = 5). The detection limit
(LOD) was calculated by taking the standard deviation and mean of 7 blank extracts.

The fraction of the applied Se incorporated in soybean grains (Se recovery) was
calculated using Equation (1) described below:

(Se treatment - Se control)
X

Se recovery (%) = 100 (1)

Se rate

where: Se recovery (%) = use efficiency of the Se rates applied in the leaves by soybean
grains (Se utilization percentage);

Se treatment (g Se ha!) = Se content in soybean grains from soybean plants grown in
treatments that had received Se applications, considering the yield obtained in each treatment;

Se control (g Se ha™!) = Se content in soybean grains from soybean plants grown in
treatments without Se applications, considering the yield obtained in each treatment;

Se intake = (100 x 25/ Prot) x Se (2)

where: Se intake (ug person ! day ') = estimated daily Se intake per person;

Se (ug kg!) = the amount of selenium in soybean grains;
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Prot (g) = the average amount of protein in soybean grains (42.4 to Lanca and 41.8 to

M5917).

4.4. Free Total Amino Acids and Protein
The ninhydrin method was used to determine total free amino acids [59]. The protein

content of the grains was calculated by multiplying the N content by 6.25.

4.5. Statistical Analysis

The obtained data were analyzed for normality (Shapiro—Wilk test) and variance
homogeneity (Bartlett’s test). They were then analyzed using analysis of variance (ANOVA),
and when significant, linear, or quadratic regression models were fitted. The linear models
were compared to Se content in grains, using a confidence interval, created at 95% of
probability. The treatments were compared using the Tukey test (p < 0.05) for grain yield and
Se recovery analysis. Pearson’s linear correlation matrix (p < 0.05) was also used to validate
clusters and potential relationships of Se rates applied and plant attributes. The R software
was used to carry out the analyses [37]. Subsequently, the obtained data were submitted and
an analysis of variance components was performed to quantify the percentage contribution of
each source of variation (genotypes, MNF, Se rates, block, interactions, and residues) on the
total variance of each response variable (yield, protein, amino acids, and nutrients
concentration). This statistical procedure was performed using the VCA package of the R
statistical environment [60].

In this study, we used Bayesian models, which allow us to explore all the possible
regression lines (combinations of intercepts, slopes, and breakpoints). The yield of soybean
present in the database was converted into relative yield (%) by taking into consideration each
genotype and crop season to develop critical threshold estimation models. Models were
developed on the boundary line [61,62] using Bayesian segmented quantile regression [31] to
measure the association between dependent variables (yield) and Se concentration in soybean
grains. Bayesian analysis was used to adjust the parameters of the regression models [63]. In
this adjustment, the Monte Carlo simulation with Markov chains (MCMC) [64] was used
based on the Gibbs sampling algorithm, with 20,000 random drawings after a warm-up period
of 10,000 iterations. The sampling stage was performed through normal distribution, based on
the distribution a posteriori of Se concentration. Modeling was implemented by using the
‘rjags’ package [65] in the R software (R version 4.2.0) [60]. Critical levels were assumed as

the point at which the adjusted line reached the plateau and did not show a further increase in
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crop yield, with the increase in nutrient concentration. Finally, density frequency was
analyzed, at a 90% confidence interval, to determine Se borderline concentrations and highest

density.

5. Conclusions

Selenium supply through foliar application in soybean plants is a notably good
strategy to improve intake of Se by the population, and an association with other nutrients can
improve the efficiency of biofortification strategies. Despite this, Se foliar applications should
be used cautiously to avoid Se toxicity and yield loss in plants. The grain yield was higher
with MNF application. In both genotypes, the Se rates increased the Se content linearly up to
the highest rate (80 g Se ha™!), regardless of the use of MNF. The Langa and M5917
genotypes of soybean grains had Se critical thresholds up to 1.0 mg kg™! and 3.0 mg kg!,
respectively. The application of Se increased the content of K, P, and S in the grains of the
genotype 58160 Lanca as well as the content of Mn and Fe in the grains of the genotype
M5917. Finally, we recommended applying 15.1 g Se ha™! to genotype 58160 Langa and 15.3
g Se ha™! to genotype M5917, combined with MNF to improve the Se content in the grains.
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Table S1: Summary of F Test (ANOVA) and regression MNF for macronutrient, micronutrient, protein, and amino acid analyses.
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58160 LANCA
Varigble  ——_—oiufieanee___ Adjusted Equation/Mean R2(%)  CV (%)
N ns ns ns ns - 2.2
p « ns x . With MNF: no adjusted - 29
Without MNF: y = 5.4726 - 0.0029x 44
K ns ns * no adjusted - 2.4
Ca ns ns ns ns - 5.8
Mg ns ns ns ns - 3.4
S ns ns kokk With MNF: y = 2.4497 + 0.0012x 89 19
Without MNF: y = 2.5319 - 0018x 68 '
Cu ns ns ns ns - 7.9
Fe ns ns ns ns - 4.2
Mn ns ns ns ns - 3.6
Zn ns * ns ns - 5.9
Protein ns ns ns ns - 2.2
. . N * With MNF: y = 139.1267 — 0.3811x 60
Amino acids ns Without MNF = no adjusted - 76
M5917
N * ns ns General equation: y = 69.1895 - 0.1130x + 0.0011x> - 2.2
p N x x With MNF: y = 5.4893 + 0.0193x - 0.0002x> 50 3.0
Without MNF: no adjusted - '
K * ns ns General equation: y = 17.5397 + 0.0459x - 0.0005x> 77 2.9
Ca ns ns ns ns - 6.7
Mg ns ns ns ns - 4.6
S * * ns General equation: y = 2.5731 + 0.0074x - 0.0001x> 63 4.2
Cu ns * * With MNF: y = 10.1170 + 0.0387x - 0.0007x> 80
Without MNF: no adjusted -
Fe ns ns ns ns - 6.1



Mn * ns ns General equation: y = 28.0131 + 0.0190x 67 34

Zn * ns * General equation: y = 39.7419 + 0.1295x - 0.0013x> 55 3.1
Protein * ns ns General equation: y = 43.3434 — 0.0707x + 0.0007x> 94 2.2
Amino acids * ns * no adjusted - 6.8

* Significance 0.05; ns = no significance by F test; CV = Coefficient of variation; R? = regression coefficient
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Abstract: Since soybean is widely cultivated around the world and has a high protein content,
it is a great nutritional vehicle for increasing the dietary uptake of selenium (Se). Several
studies have evaluated biofortification with Se through fertilizer application in several crops.
However, it is not clear how each method and source affect the total Se content or Se species
in soybean grains. This work aimed to assess the total Se content and Se speciation in Se-
enriched soybean grains produced under different Se application methods in the field. The
treatments consisted of Se application (soil or foliar), using organic or inorganic Se sources at
10 g ha'! or 80 g ha'!, in two genotypes. The results showed that all treatments with inorganic
Se (soil and foliar) increased the Se content in grains compared with the control. More than
80% of the total Se in grains was present as selenomethionine (SeMet), and the speciation was
affected by the Se source and the method of application. The treatments using inorganic Se,
applied via soil or foliar, produced the highest content of Se as SeMet in soybean grains.
Finally, we propose that the preservation of the Se species in products derived from soybean
grains be evaluated as the following step.

Keywords: selenium amino acids; biofortification; selenium fertilizers; food composition;
selenomethionine; food security

1. Introduction
Selenium (Se) is a micronutrient for animals and humans and is needed for hormone

regulation, antioxidant defenses, and immune and muscle systems [1]. The average intake
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recommendation for adults is 55 pg day™!, yet it can reach 60 and 70 ug day! in pregnant and
lactating women, respectively [2]. Up to one in seven people worldwide are estimated to have
deficient dietary Se intake [3]. The reduced Se intake occurs mainly because agricultural
technologies in many parts of the world have focused on promoting grain yield, rather than on
increasing the nutrient content [4].

Soil Se is the primary natural source of Se in staple crops, but its availability is largely
affected by parent rocks, climate, and soil chemistry (e.g., soil pH and redox potential) [5,6].
Moreover, the Se soil content is not always enough to supply the daily-recommended intake
of 55 ug day! for the population. Disorders related to Se deficiency are more common in
regions with severely low Se content in soils [2,7,8], including soils in the tropics [6].

Selenium can be added to the diet of humans by supplementing foods directly or by
biofortifying plants, i.e., by increasing Se levels in crops during plant growth/development.
Biofortification can be performed through conventional plant breeding or modern
biotechnology (genetic biofortification) or by increasing Se uptake via Se supplementation to
plants (agronomic biofortification) [4,9,10,11]. Agronomic biofortification has been effective
in increasing the content of Se in several grain crops, such as wheat [12,13], rice [14],
common bean [15,16], and sorghum [17].

The effectiveness of Se fertilization in grain crops is highly affected by genotype,
chemical source applied, and method of Se application [18,19]. The main strategies for
agronomic biofortification are through soil and/or foliar applications, though some authors
have suggested that foliar supply is more efficient for increasing the Se content than soil
application supply due to the direct contact of the element with the crop and prevention of Se
sorption in the soil [20,21].

Both the total content and the bioavailability of Se in food exert a great role in Se
assimilation by humans and animals. Selenium species are frequently found in plants in both
organic Se compounds (i.e., selenomethionine (SeMet), methyl selenocysteine (MeSeCys),
selenocysteine (SeCys)) and inorganic compounds (i.e., selenite (SeOs>), selenate (SeOs%))
[22]. Selenium bioavailability differs based on the chemical form of the element present in the
food and is considerably greater for organic forms [23].

The variation in characteristics of different genotypes has a significant influence on Se
content and on its chemical forms in edible parts [24,25]. Indeed, Se biofortification efforts
may profit from this natural variation among plant genotypes, choosing those that can
naturally accumulate higher Se levels in edible parts. In this context, soybean has been

suggested to be a promising alternative to producing biofortified cereal grains given its higher
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protein content and, hence, greater propensity to produce organic Se forms such as SeMet,
MeSeCys, and SeCys [26]. Soybean is one of the most produced grains in the world, which
makes this crop a good Se vehicle for increasing Se in the population. This study aims to
evaluate the Se content and speciation in Se-enriched soybean grains produced under different

Se application methods in the field.

2. Materials and Methods
2.1. Area Characterization

Soybean target grain samples were selected from three different trials previously
grown under the same field conditions [27], during the season 2018/2019 in Capao Bonito
(SP), Brazil (Lat: -95 24.040934, Lon: -48.262421). The target samples were selected for the
study based on earlier analyses of the total Se content in Se-enriched grains under different Se
application conditions. The average annual precipitation in the cultivated field was 1628 mm,
and the average annual temperature was 18.8 °C. The soil of the experimental region is an
Oxisol, classified as Typic Hapludox [28]. Physical and chemical characteristics were
determined according to the methodology suggested by the Brazilian Agricultural Research
Company [29] as follows: pH (H20) = 6.0; H + Al = 2.96; Al = 0.06; P (Mehlich-1) = 34.8
mg dm? ; P-rem = 28.10 mg L!; K = 148 mg dm™; S =4.11 mg L!; CEC = 9.83 cmol. dm?;
Ca = 5.05 cmol. dm™; Mg = 1.44 cmol. dm™; organic matter = 2.69 dag dm>; Se = 0.92 mg
dm; clay = 510 g kg!; silt = 110 g kg!; and sand = 380 g kg!.

2.2. Selenium Application Methods

The treatments comprised both soil and foliar application of Se (Table 1). When Se
was applied to soil, two different phosphate fertilizers coated with Se were used at planting
time (conventional monoammonium phosphate and enhanced efficiency monoammonium
phosphate). The fertilizers were coated with 500 mg kg! of Se after granulation (using a
solution of sodium selenate-Na>SeOs, Sigma-Aldrich, Saint Louis, MO, USA). Given that 80
kg ha'! of P,Os was applied as MAP (~50% P»0s), the addition of Se-rich fertilizers (500 mg
Se kg!) resulted in a Se dose of 80 g ha™!.
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Table 1. Treatments description applied in soybean plants.

Method of

Abbreviation Genotype Application Se Source/Vehicle Dose (g ha'')
L-Cnt Lanca - - 0
LF-In10 Langa Foliar Inorganic ! 10
LF-In80 Langa Foliar Inorganic 80
LF-Orl10 Langa Foliar Organic 2 10
LS-C80 Langa Soil C-MAP 3+ Se 80
LS-E80 Langa Soil E-MAP 4+ Se 80
M-Cnt M5817 - - 0
MF-In10 M5817 Foliar Inorganic 10
MF-In80 M5817 Foliar Inorganic 80
MF-Orl10 M5817 Foliar Organic 10
MS-C80 M5817 Soil C-MAP + Se 80
MS-E80 M5817 Soil E-MAP + Se 80

" Inorganic Se source = sodium selenate; > organic Se source = acetylselenide; * phosphate fertilizer
applied via soil = C-MAP: conventional monoammonium phosphate; * phosphate fertilizer applied via
soil = E-MAP: enhanced efficiency monoammonium phosphate (coated with humic and fulvic
substances).

Foliar spray with an inorganic Se source was applied at two doses, 10 and 80 g ha’!, as
sodium selenate (Na>SeO4-Sigma Aldrich 98.9%, Saint Louis, MO, USA). Another treatment
with an organic Se source (acetylselenide-25% of Se) was applied at 10 g ha'! via foliar spray.
Fertilizers were applied at phenological stages R3 (beginning of pod development) and R5
(grain filling), with each application containing half of the total rate. Sodium selenate was
diluted in deionized water (500 mL of water plot!) before being applied with a pressurized
carbon dioxide pump, and no Se application was used as a control treatment for both
genotypes. Mineral oil was used with each application solution (0.5% v/v of mineral oil). All

treatments were applied to two different genotypes (50160 Langa and M5917) (Table 1).

2.3. Selenium Extraction: Soluble and Protease

The samples from each treatment were dried at 40 °C (to avoid protein denaturation)
in a drying oven with air circulation after being harvested. In addition, they were ground in an
electric hand mill (ka-A11 basic BS32, IKA, Staufen, Germany). Analyses of total Se and Se
speciation in the Se-enriched soybean grain followed the methodology described by Bafiuelos
et al. (2012) and Baiuelos et al. (2012) [22,30]. Soluble Se compounds (non-protein bound)

and insoluble Se compounds (protein-bound) were separated and identified/quantified using
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methanol-chloroform-water solvent extraction and methanolchloroform-water enzymatic
digest (with protease), respectively.

The methanol-chloroform-water extraction was performed using 1 g of the ground
sample placed in 40 mL glass vials equipped with Teflon caps and divided into two groups
(soluble and protease). Protease (Streptomyces griseus Type XIV-Sigma-Aldrich) was added
(50 mg) to the protease set [31]. Following that, 10 mL of ultrapure water at room
temperature was added to the protease-containing vials. The set of soluble samples received
17 mL of methanol. The matched samples were mixed by vortex, and the protease sample set
was maintained at 37 °C for 20 h, while the methanol sample set was kept at 4 °C overnight.
Protease-digested samples received 17 mL of methanol, and soluble-digested methanol
extractions received 10 mL of water (to inhibit enzymatic action and denature the protease
enzyme).

Each tube was stirred continuously and left in a refrigerator at 4 °C overnight. Then,
chloroform (8.5 mL) was joined to all vials, which were sealed, shaken quickly, and
refrigerated at 4 °C overnight until the material was totally extracted. The top aqueous phase
(methanol-water) was completely separated from the chloroform phase. This phase
(methanol-water) containing the extracted Se compounds was removed and put into a
centrifuge tube. One-quarter of the aqueous phase (methanol-water) was then pipetted into 50
mL ICP digestion tubes for drying (using a heating block at 50 °C), which was followed by
acid digestion and analysis of total aqueous Se by Agilent 7500 CX ICP-MS (Agilent
Technologies, Santa Clara, CA, USA). Additionally, the nonaqueous chloroform phase
remaining in the original 40 mL glass vial was also evaporated, then acid-digested and
analyzed with ICP-MS. After extraction, the portion of Se in the aqueous phase was
calculated as {(total Se in methanol-water phase)/[(total Se in methanol-water phase) + (total
Se in chloroform phase)] x 100}.

The final part of the aqueous (methanol-water) phase was dried using a refrigerated
centrifugal speed vacuum (Labconco CentriVap Concentrator), resuspended in ultrapure
water to 2.5 mL, and then saved in a -80 °C freezer. Waters Se-Pak Classic C18 cartridges
(360 mg 55+ 05 um) were utilized for the full cleanup of the aqueous concentrates. Each
cartridge was cleaned by flushing it with 10 mL of methanol and 5 mL of ultrapure water in
that order. The 2.5 mL concentrates were thawed and vortexed, and then received 11 puL of
formic acid (88%-ACS grade, Fisher Chemical) before being transferred to the Sep-Pak. The
sample was eluted using a syringe into a new 50 mL conical tube. Methanol (3 mL) was

added to remove residuals in the conical tube. Afterward, the aliquot was dried, dissolved in
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1.5 mL of water, placed in Agilent screw-top glass HPLC vials, and frozen (-80 °C) until
SAX-HPLC/ICP-MS analysis.

The National Institute of Standards and Technology (NIST) wheat flour standard
(SRM 1567a) was used as the standardized quality control for wet-acid digestion (total Se
concentration) and Se speciation extraction (SeMet, SeCys2) content in plant material. The
SRM 1567a was utilized as an internal control in the MCW extraction to account for any
changes in the protease XIV efficacy and other factors during the extraction process. The total
Se recovery rates were over 94% for the wheat flour standard, which has a Se concentration of
1.1 +£0.2 pg Se g'! DW, with a method detection limit of 50 ng Se g'! DW. The selenoamino
acid content in SRM 1567a consisted of 92% SeMet and 6% SeCys2. The NIST wheat flour
standard and soybean samples were extracted in triplicate. The extraction and quality control

measures are documented in detail [30].

2.4. Total Selenium, Selenium Recovery, Selenium Speciation, and Total Free Amino Acids
Total Se concentrations were analyzed by Agilent 7500 CX ICP-MS (Agilent
Technologies Santa Clara, USA) [22,30]. The fraction of applied Se incorporated in soybean

grains (Se recovery) was calculated using Se total data, as follows:

Se recovery (%) = (Setreatment - Secontrol)/sedose x 100 (1)

where: Seteament (g ha'') = Se contents in soybean grains from soybean plants grown in
treatments that received Se applications; Secontrol (g ha') = Se contents in soybean grains from
soybean plants grown in treatments without Se applications; Sedose (g ha!) = Se doses applied
in the treatment.

Selenium speciation was performed on an Agilent 1200 HPLC connected to a
Hamilton PRP-X100 strong anion exchange column (10 um particle size, 250 mm length, and
4.1 mm internal diameter) coupled to the Agilent 7500 CX ICP-MS (SAX-HPLC-ICP-MS).
The Agilent Chemstation software was used to combine the two instruments (Agilent 1200
HPLC and Agilent 7500 CX ICP-MS) with chromatographic data analysis. To account for
any matrix-induced changes to the chromatographic analysis, the retention time of Se78
containing peaks was monitored using the ICP-MS and directly compared with the authentic
standard [30]. The ICP-MS was operated in collision/reaction cell mode with hydrogen at 5
mL/min to minimize isobaric interferences. The limits of detection (LOD = 3 o/m) for the

primary 5 selenium species speciated ranged from 0.16 to 0.32 ng mL!. The limits of
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quantification (LOQ = 10 o/m) for all 5 respective Se species ranged from 0.56 to 1.02 ng
mL-!. The correlation coefficients ranged from 0.9997 to 0.9999 for all calibration curves.
Standards of sodium selenate, sodium selenite, SeMet, and SeCys from Sigma-Aldrich, St.
Louis, MO, and methyl-selenocysteine (MeSeCys) from Pharma Se were used for analyses

[22,30]. The ninhydrin method was used to assess total free amino acids [32].

2.5. Statistical Analyses

Analysis of variance (ANOVA) was performed to verify the effects of treatments on
the attributes analyzed. Selenite, Selenate, and SeCys data were log-transformed and fitted to
a linear model to address the statistical assumptions before ANOVA (normality and
homoscedasticity). Due to homoscedasticity, the SeMet and MeSeCys data were also
evaluated using linear models estimated by generalized least square regression. A Tukey test
(5% of probability) was performed to compare the treatments. A principal component analysis
(PCA) was carried out to report the interaction between Se species. The simple linear
relationship between the Se species was performed using Pearson’s correlation. All statistical

analyses were carried out using R [33].

3. Results
3.1. Selenium Accumulation, Recovery, and Speciation in Soybean Grains

Total Se concentrations in soybean grains ranged from 0.08 to 7.71 mg kg for
treatments L-Cnt and MF-In80, respectively (Figure 1A). All treatments with inorganic Se
application (soil and foliar) increased the Se content in grains compared with the control
(Tukey 0.05 probability). The MF-In80 treatment produced grains with higher Se content than
the LF-Ino80 treatment, indicating that total Se in the genotype M5917 was greater than in the

genotype Langa when sodium selenate was applied at a dose of 80 g Se ha™!.
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Figure 1. Selenium content (mg kg') (A) and selenium recovery (%) (B) in soybean grains from
biofortified plants growing under different methods of selenium application. Lowercase letters
compare Se contents and Se recovery among the treatments at the level of 5% by the Tukey test. The
vertical bars represent the standard error (n= 4). Genotype: L = Langca and M = M5917; Se
application: F = foliar and S = soil; Se source: In = Se inorganic, Or = Se organic, C = C-MAP + Se,
and E = E-MAP + Se; Rate: 10 =10 g ha" and 80 = 80 g ha'; Cnt = control.

Treatments LF-Or10 and MF-Or10, in which Se was applied via an organic source at a

dose of 10 g ha'!, did not differ from L-Cnt and L-Cnt for total Se analysis. Treatments with
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Se foliar application using sodium selenate at a dose of 10 g ha! (LF-In10 and MF-In10) were
similar to treatments with Se soil application via phosphate fertilizer at a dose of 80 g ha!
(LS-C80, LS-E80, MS-C80, and MS-E80). The total Se concentrations were 1.27, 1.16, 1.08,
and 0.92 for LS-C80, LS-E80, MS-C80, and MS-E80, respectively. There was no significant
difference in total Se content between conventional and enhanced efficiency phosphate
fertilizer applications.

The treatments MF-In80, MF-In10, LF-In10, and LF-In80 showed higher percentages
of Se recovery by grains (48.0%, 40.6%, 40.0%, and 34.9%, respectively) (Figure 1B). The
percentage of Se recovery by soybean grains ranged from 5.7% to 48%. The treatment LF-
In80 (foliar application) provided a recovery that was 3.8 and 4.3 times greater than LS-C80
and LS-E80 (soil application), respectively. For the genotype M5917, this recovery was 7.3
and 8.4 times greater than the treatments MS-C80 and MS-E80, respectively.

The percentages of Se species found in soybeans are shown in Figure 2A. Selenium
species in soybeans were influenced by the treatments applied (p < 0.05) (Table S1). For
SeCys, the percentages ranged from 0.97% (MS-E80) to 17.0% (L-Cnt). The overall
percentage of MeSeCys did not differ statistically among the treatments. In general, the Se
species with the lowest percentages were MeSeCys and selenite. The highest average
percentages for selenite species were found in the LF-In80 treatment (2.3%), yet this

treatment differed only from the M-Cnt.
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Figure 2. Selenium species (%) (A) and amino acids (umol g' FM) (B) in soybean grains from
biofortified plants growing under different methods of selenium application. Lowercase letters
compare Se contents and Se recovery among the treatments at the level of 5% by the Tukey test. The
vertical bars represent the standard error (n = 4). Genotype: L = Langa and M = M5917; Se
application: F = foliar and S = soil; Se source: In = Se inorganic, Or = Se organic, C = C-MAP + Se,

and E = E-MAP + Se; Rate: 10 =10 g ha" and 80 = 80 g ha'; Cnt = control.
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The Se species found in the highest percentage in the grains was SeMet, which ranged
from 54.0% (L-Cnt) to 94.1% (LF-In80). The LF-In80 treatment had the highest SeMet mean
(94.1%); however, it differed statistically only from the LF-Or10 and M-Cnt. Organic Se
(including SeMet, SeMeCys, and SeCys) accounted for more than 84% of the total Se content
in the grains following Se applications. In summary, the percentages of Se species present in

the grains were higher for SeMet, followed by selenate, SeCys, selenite, and MeSeCys.

3.2. Total Free Amino Acids

The total free amino acid concentrations ranged from 80.8 to 138.7 umol g'! FM, with
the LS-C80 treatment showing the highest mean (Figure 2B). The LS-C80 treatment had an
average similar to the L-Cnt, LF-In80, LF-Or10, and MF-In80 treatments. The treatments M-
Cnt and MS-E80 showed the lowest averages for total free amino acids, according to the
results. Comparing the treatments of genotype M5917, the MF-In80 treatment showed the
highest concentration of total free amino acids (129.2 umol g! FM). In general, treatments of

the genotype Lanca had a higher content of total free amino acids than the others.

3.3. Principal Component Analysis

The principal component analysis (Figure 3) demonstrated that two main components
accounted for 70.6% of the variation in Se species. The variable responses influenced by
treatments with low Se content in grains (L-Cnt, M-Cnt, and LF-Or10) are shown on the right,
indicating an increase in the content of selenate and SeCys in grains. In addition, SeMet
content in these treatments was lower and it decreases as selenate content increases. This
information was also confirmed by Pearson’s correlation analysis (Table S2). The other group
shown on left (up to the horizontal line) is influenced by the treatments with high foliar-
applied Se doses, for both genotypes (LF-In80 and MF-In80). This group indicates an

increase in the Se total and selenite in grains.
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Figure 3. Principal component analysis. Abbreviations: SeMet = selenomethionine; MeSeCys =
methyl selenocysteine; SeCys = selenocysteine. Genotype: L = Lanca and M = M5917; Se application:
F = foliar and S = soil; Se source: In = Se inorganic, Or = Se organic, C = C-MAP + Se, and E = E-
MAP + Se; Rate: 10=10 g ha™! and 80 = 80 g ha!; Cnt = control.

4. Discussion

The results demonstrate that soybean is responsive to both soil and foliar
biofortification with Se fertilizers, yet the Se concentration in grains depends on how Se is
applied. Even though Se is not established as a nutrient for plants, it is clearly a beneficial
element [34] as it can enhance plant development and increase antioxidant capacity,
especially when plants are exposed to stressing conditions [16,35,36].

All treatments that used inorganic Se-in both foliar and soil application-increased the
total Se content in soybean grains. Deng et al. (2021) [37], using pot experiments with soil
application of Se, observed that Se content was easily increased in soybean seeds resulting in
a 21-27% greater Se content than in the control treatment. Even at a lower rate, treatments
LF-In10 and MF-In10 achieved an average total Se content comparable to LS-C80, LS-E80,
MS-C80, and MS-E80. In rice crops, Lessa et al. (2020) [14] found that foliar application was
more effective in enhancing the quality of Se content in grains than soil application of Se
associated with phosphate fertilizers.

In the present study, the Se concentration achieved 7.71 mg kg! when Se was foliar
sprayed in treatment MF-In80. The high recovery of Se in this treatment is due to the higher

uptake efficiency of Se associated with a high distribution efficiency of Se from leaves to
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grains. Similarly, Se foliar application at the highest dose of Se improved the recovery
efficiency of Se in the genotype M5917 (~1.3-fold) when compared with the genotype Langa
in the present study. These findings suggest that different genotypes have varying capacities
for Se uptake following foliar application with Se inorganic sources, particularly at high doses
of Se application.

Foliar spraying transfers Se directly from the leaves to the grains, making it more
bioavailable than when Se is applied to the soil [38]. Indeed, when Se is soil applied, it is
subjected to various reactions that affect its mobility and solubility [20,39,40]. As a result of
the changes in Se mobility and solubility, the efficiency of Se absorption and distribution by
plants is also impacted. Soil redox potential, soil texture, sorption/desorption reactions, pH,
presence of competing ions, and dissolution processes in soils are the factors that affect Se
availability in the soil, affecting the absorption of Se by plants [39—42].

The bioavailability of Se for animals and humans is based on the Se species consumed
and the total Se content [43]. Consequently, the speciation of Se in plant tissue is important
for understanding the efficiency of Se absorption. When Se is taken up by the plant, it is
transformed into different species in plant tissues. For vegetables, such as garlic, onion, and
broccoli, MeSeCys is the main Se species of Se, while in most grains, the main Se species is
SeMet [36,44]. Soybean can accumulate Se both as organic and inorganic forms of Se. Here,
we found that SeMet was the main Se species produced. These results corroborate the results
found by Lu et al. (2018) [45] and Deng et al. (2021) [37]. According to Bafiuelos et al.
(2020) [46], most non-Se-accumulating plant species are expected to accumulate Se as SeMet.

Plants utilize sulfate transporters to uptake Se when it is provided as selenate [47,48].
The physical and chemical similarity of Se-as selenate- and S-as sulfate-indicates that both
elements shared similar metabolic pathways in plants [49]. The transformation of Se into
selenite is the first step of assimilation. Later, the cysteine-synthase enzyme helps change
selenite into selenide, which is then changed into SeCys. Based on the species and
surrounding circumstances, SeCys can then be transformed into elemental Se, MeSeCys, or
SeMet. The SeMet species can be either transformed into methyl-SeMet (Me-SeMet) or used
to produce selenoproteins [50]. The percentages of Se species found in grains are influenced
by how Se is applied. The treatments L-Cnt and M-Cnt accumulate less SeMet and more
SeCys than those that received inorganic Se supply via soil application. In other words, under
low Se availability, soybeans did not form as much SeMet as when this plant is under high Se

availability.
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Selenoamino acids, such as SeMet and SeCys, are key for the formation of
selenoproteins in plants. The production of SeMet and SeCys in selenoproteins offers even
more benefits because they are known to have promising biological properties in vitro and in
vivo against free radicals such as HO® and O> [51]. Selenoproteins, such as glutathione
peroxidase, play important roles in Se transport and cellular redox balance regulation [52].
Organic Se forms (e.g., Se amino acids) are more bioavailable for humans than inorganic
forms such as selenite and selenate. In fact, the human body takes more than 90% of SeMet
but only about 50% of Se from selenite [10,53].

Total free amino acids varied according to the treatments applied. The treatment
MSES80 had an amino acids content that was higher than MS-C80, MS-E80, MF-In80, MF-
In10, M-Cnt, and MF-Or80. This observation indicates that foliar application of Se at a dose
of 80 g ha'! increased the total free amino acids for genotype M5917. However, this result
was not observed for treatments applied in genotype Lanca, which showed a variable response
among the treatments. In lettuce accessions, Ramos et al. (2011) [54] reported a large
discrepancy in total free amino acids using selenate and selenite as Se sources. In contrast,
Huang et al. (2022) [55] found an increase in total amino acids in soybean sprouts that
received Se at concentrations smaller than 40 mg L' and a decrease in sprouts treated with Se
greater than 60 mg L. According to these authors, low-level Se doses promote amino acid
synthesis, whereas high-level Se doses have an inhibitory effect. In general, the treatments
with high total free amino acids were L-Cnt, LF-In80, LS-C80, and MF-In80. According to
Sanmartin et al. (2014) [56], adequate Se accumulation in plants can enhance their nutritional

values by increasing the total amino acid content.

S. Conclusions

Our results show that different methods of Se application in soybean plants affect total
Se and Se species in soybean grains. Foliar application using inorganic Se at 80 g ha'! is more
efficient for improving total Se content in soybean grains, for both genotypes. The foliar spray
at the dose of 10 g ha! provides Se content in the grains similar to that found as a result of the
application of 80 g ha! via soil. More than 80% of total Se in soybean grains was present in
the organic form, with SeMet as the main Se species accumulated by soybean grains. The
highest levels of SeMet in soybean grains were obtained in the treatments with the application
of inorganic Se, either via soil or via foliar application, in both genotypes evaluated. In order
to assess the mechanism by which Se sources and Se carriers (i.e., the different soil fertilizers)

affect Se species in soybean grains, further research is required. Lastly, we propose future
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trials to evaluate the preservation of the Se content and Se species in products originating

from soybean grains after industrial processing.

Supplementary Materials: The following supporting information can be downloaded at:
https: //www.mdpi.com/article/10.3390/foods12061214/s1, Table S1: Means (% of Se
species) and Tukey test for Se species. Table S2: Correlation coefficients among Se species in

soybean grains.
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Supplementary material

Table S1: Means (% of Se species) and Tukey test for Se species.

Abbreviation SeMet SeCys MetSeCys Selenite Selenate
L-Cnt 54.00 abc 17.00 a 2.38a 0.87 a 23.88 ab
LF-In10 81.00 abc 4.09 be 0.90 a 1.23a 12.00 ab
LF-In80 94.10 a 1.29d 0.53a 2.34a 1.10b
LF-Orl0 75.50 be 11.25 ab 0.35a 0.89 a 10.57 a
LS-C80 92.40 a 1.49 cd 0.18 a 1.24 a 4.00b
LS-E80 90.80 a 1.51 cd 0.10 a 1.10 a 5.95 ab
M-Cnt 73.50 ¢ 7.86 ab 1.50 a 0.00 b 16.98 ab
MF-In10 91.60 a 1.24d 0.63 a 1.52a 4.55 ab
MF-In80 90.20 a 1.20d 293 a 2.18a 3.15b
MF-Or10 89.40 ab 2.38 cd 0.95a 1.00 a 5.95 ab
MS-C80 92.4a 1.02d 0.20 a 0.65 ab 5.05 ab
MS-ES80 90.0 a 0.97d 0.63 a 1.37a 6.67 ab

Letters compare Se species among the treatments

Table S2: Correlation coefficients among Se species in soybean grains.

Variables SeCys MeSeCys Selenite SeMet Selenate

MeSeCys 0.07" - - - -
Selenite -0.22m -0.05" - - -
SeMet -0.78" -0.417 0.20" - -
Selenate 0.52" 0.37 -0.28" -0.92" -
Se-total -0.34" 0.16" 0.39° 0.34" -0.36"

"' non-significant correlation; ? Pearson’s correlations significant.
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CONCLUDING REMARKS

This research made significant contributions to the understanding of the beneficial
impact of Se on soybean yield in field conditions, while shedding light on the different forms
of Se found in the grains. Moreover, we successfully established a comprehensive
recommendation for the biofortification of soybean grains with Se. This study stands as a
pioneering effort, introducing a novel "4R management" protocol specifically tailored for Se
fertilization in soybean cultivated under tropical soil environments. This protocol emphasizes
the importance of selecting the appropriate source, applying the correct dose, timing the
application correctly, and ensuring precise placement, thereby maximizing the effectiveness
of Se utilization in soybean crops.

Our findings demonstrate the remarkable responsiveness of soybean to Se
biofortification, whether applied through soil or foliar methods. However, the concentration
of Se in soybean grains is significantly influenced by the mode of application. Specifically,
our study highlights the promising potential of soil application of Se-carrying fertilizers,
namely C-MAP + Se and E-MAP + Se, as an effective approach for biofortifying soybeans
with Se, particularly in tropical soil conditions. This significance was particularly evident in
the TMG7061 genotype, where the application of these fertilizers resulted in notable crop
yield increases. Conversely, when employing foliar application, we observed a linear increase
in Se content in soybean grains as Se doses increased.

The genotypes 58160 Langa and M5917 exhibited critical Se thresholds of 1.0 mg kg
and 3.0 mg kg!, respectively. It is important to highlight that when considering the required
daily intake and average consumption of soybean protein, the Se intake values necessary for
biofortification in soybean are lower than the levels that led to reduced yields in both
genotypes. Regarding Se content enhancement in soybean, foliar application of inorganic Se
at a dose of 80 g ha! proved to be more efficient for both genotypes. Foliar application at a
dose of 10 g ha! achieved Se levels in grains comparable to those obtained with the soil
application of 80 g ha'! indicating the superior efficiency of foliar application.

More than 80% of the total Se in soybeans is present in organic form, with SeMet
being the primary Se species accumulated in soybean grains. The highest SeMet levels in
soybean grains were achieved through the application of inorganic Se, whether via soil or
foliar methods. Based on our comprehensive findings, we recommend the foliar application of

15.0 g ha'! , in conjunction with MNF, for effective biofortification of soybeans with Se.
g y
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The findings of our research significantly enhance the precision and knowledge
regarding the application and effects of Se on soybean cultivation. They provide information
for decision-making regarding the utilization of Se, not only in soybean production but also in
other crops, thereby addressing the challenges arising from Se deficiency in human nutrition.
As a recommendation for future studies, we highlight the importance of evaluating the
dynamics of Se within the agricultural production system. In addition, we suggest

investigating the transformation of Se in processed products derived from biofortified grains.



