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Abstract: Common beans are an essential food source worldwide, particularly in develop-
ing countries, and are grown in soils poor in selenium (Se), a mineral essential for human
health. Adding Se to fertilizers is a promising technique; however, more studies are needed
on the efficacy of this technique on common beans. This study aimed to evaluate the
biofortification utilizing Se-enriched nitrogen fertilizers on common bean seeds’ agronomic,
physiological, and nutritional characteristics. The pot experiment used a randomized block
design with five treatments (urea, Se-enriched urea, ammonium sulfate, Se-enriched am-
monium sulfate, and without N and Se), four genotypes (BRS Cometa, BRS Estilo, BRSMG
Madrepérola and Pérola), and three replicates. The highest seed yield was 28.31 g pot !
with Pérola genotype fertilized Se-enriched ammonium sulfate. Photosynthetic rates
ranged from 30.37 to 39.06 umol m~2 s~ for Pérola and BRSMG Madrepérola, both with
Se-enriched ammonium sulfate. The highest seed Se concentration was 11.17 ug g1, with
BRSMG Madrepérola fertilized with Se-enriched urea being 22.02%, 17.64%, and 22.47%
higher than BRS Cometa, BRS Estilo, and Pérola, respectively. Se-enriched nitrogen fertiliz-
ers boost seed yield and alter physiological responses based on genotypes and Se-fertilizer
interactions. Se-enriched fertilizers applied to soil can increase the Se concentration in
common beans.

Keywords: Phaseolus vulgaris; Se-enriched fertilizers; agronomic traits; genotypic variation

1. Introduction

The common bean (Phaseolus vulgaris L.) is the most consumed type of legume seed
(pulse) globally, standing out mainly in developing countries [1]. With 400 million indi-
viduals in tropical regions depending on beans for food and nutritional security, common
beans are the most vital, e.g., legumes for direct consumption worldwide [2]. It is estimated
that the consumption of beans has been responsible for meeting a significant part of the
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protein intake in South America, Central America, Asia, and Africa [3]. Common bean-
producing regions in Brazil include most states in the south, southeast, and central-west
regions and some in the northeast [4]. Grain intake provides a balanced consumption of
proteins, carbohydrates, lipids, vitamins, and micronutrients (e.g., minerals) compared
with cereals [5]. Among the most relevant minerals in the bean seed are calcium (Ca),
iron (Fe), and zinc (Zn), of which an average of 3 g, 40 mg, and 35 mg per kg of seed
are provided, respectively [6]. There are also other vital minerals in seeds, but in lower
concentrations, such as selenium (Se), which is found, on average, in cooked seeds at a
concentration of 5.7 pg kg_1 [7].

The common bean seed can be a valuable source of nutrients that are not abundant
in its natural composition. Strategies like biofortification are necessary to enhance its
nutritional value with certain elements. Biofortification is a sustainable and cost-effective
approach that efficiently addresses micronutrient deficiencies, providing a swift solution
for improving overall nutrition [8]. Around the world, approximately 2 billion people suffer
from undernutrition, predominantly in developing nations [9]. Biofortification, through
various practices, holds the potential to combat malnutrition on a global scale. These
practices include foliar, soil fertilization, and genetic and microbial biofortification [10].

Selenium is a human micronutrient that has gained attention for its potential to en-
hance the nutritional content of food. In mammals, including humans, Se plays a vital role
in the formation of selenocysteine (SeCys), a key component of enzymes like glutathione
peroxidase (GPx) and thioredoxin reductase (TrxR), which are involved in essential physio-
logical processes [11]. Because Se-dependent antioxidant enzymes like glutathione peroxi-
dase (GPX), iodothyronine deiodinases (ID), and thioredoxin reductases (TrxR) operate,
Se is a necessary trace element for both humans and animals [12]. Furthermore, around
30 selenium proteins or enzymes contain selenium (Se) [13]. At least one billion people
worldwide are estimated to have an inadequate Se intake [14]. The primary sources of
Se for humans are their regular food and dietary supplements [15]. Numerous health
conditions, including infertility, growth retardation, and improper thyroid function, can be
brought on by a selenium deficit [16].

However, there are two sides to Se, and it is necessary to maintain Se concentrations
in crops since it is a micronutrient vital for animals. It has a significant impact on human
health. Due to this, there is now more interest in biofortifying staple foods with Se, either
by foliar or soil application [17]. Although Se is not essential for plants, it can provide
benefits in specific scenarios where cellular health and plant metabolism remain unaffected.
Selenium can enhance enzyme activity, such as GPx and TrxR, while improving plant
resistance against cold, drought, and metal stress [18-20]. Despite its advantages, Se faces a
limitation in that it may need to be sufficiently available in food plants for absorption at
adequate concentrations [21].

Additionally, Se in the form of selenate and sulfur (S) in the form of sulfate share
similar transporters (SULTR) [22]. The similarity extends to the unintentional inclusion
of selenocysteine and selenomethionine in proteins, originally sulfur-based amino acids
like cysteine and methionine. This similarity between these two compounds can result in
antagonism or synergism, depending on the conditions, mainly their concentration. These
amino acids are integral to GPx and TrxR enzymes [23]. Besides, once Se is incorporated in
the cited organic forms in comestible parts of plants, Se is more bioavailable to humans
compared with mineral sources [24].

More than one billion people do not receive enough selenium, making it difficult to
raise the recommended daily intake of 50-55 pg of Se in the human diet [8,25]. To address
the issue of Se insufficiency in the food chain, biofortification is the primary means of
adding Se to staple crops [26]. Around 40 countries possess soils with low Se levels [26].
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Brazil is one of the tropical countries that is facing this condition [27]. In Brazil, this
condition arises from soils with variable loads and a high capacity to adsorb Se, particularly
at a low pH. Consequently, the plant availability of Se is reduced in acidic soils, such as
Oxisols [28].

Selenium is often classified as a reasonably mobile element in the environment. Re-
markably, the oxyanion selenate has low solid: liquid distribution coefficients (K D), which
in the short term vary between 1 and 10 L kg ! [29], suggesting that most selenate initially
stays in solution and is susceptible to leaching after being added to the soil [17]. Selenate
acts as a chemical equivalent of sulfate when it is present in the rhizosphere. It can enter
plant roots and move inside the plant using sulfate transporters, as is well established in the
literature on Se biofortification [8]. Therefore, it is necessary to employ strategies to enhance
Se availability in soils. One approach is the utilization of enriched fertilizers, such as urea
and ammonium sulfate, which can positively influence Se availability in the soil [30]. The
effect of the N source influences Se uptake and use efficiency by plants. For example, upon
undergoing hydrolysis, urea dissolution can increase the pH around the granule, favoring
Se absorption, whereas ammonium sulfate, due to its sulfur content in the sulfate form,
may lead to an S-sulphate vs. Se-selenate competition for adsorption sites in the soil [31-34].
In addition, N interacts positively with Se, as it is essential for protein synthesis, while Se,
once absorbed, is incorporated mainly into selenoproteins [35,36]. Numerous studies on
Se biofortification have been conducted on crops with significant food grain relevance in
Brazilian soils, including rice [35-38], common bean [30,39], sorghum [40,41], soybean [20],
and wheat [42].

Because it is less expensive and more manageable for plants to absorb, sodium selenate
is used as a mineral fertilizer [43], and it is preferred over organic fertilizers [44], which
can lead to a lower residual concentration of Se in the soil after application [45]. However,
some factors, such as crop species or the Se fertilization method, can affect the success of Se
biofortification [46]. This is because the success of these programs is primarily determined
by our understanding of the mechanisms of Se uptake, assimilation, and tolerance by
plants [26]. Nevertheless, only a few of these studies have specifically examined the efficacy
of Se-enriched fertilizers, including nitrogen fertilizers, which are more commonly used
than the direct fertilization of Se salts on soil or leaves. Furthermore, no studies have
been conducted to compare the efficiency of Se-enriched urea and ammonium sulfate in
common bean genotypes. Consequently, further research is required to address these gaps
and advance the understanding of biofortification methods.

Given the importance of Se for both plants and humans, as well as the significance
of common bean seed as a food source, the novelty of the research lies in its investigation
of the effectiveness of selenium Se-enriched fertilizers using different nitrogen carriers on
the agronomic, physiological, and nutritional responses of common bean genotypes. Thus,
we hypothesize that when Se is applied together with a nitrogen (N) fertilizer to the soil,
there is an improvement in its use efficiency and, consequently, in the biofortification of
common beans with Se. Thus, this study aimed to assess the effectiveness and response
of applying Se-enriched urea and Se-enriched ammonium sulfate fertilizers containing
selenate as top-dressing fertilizers in various common bean genotypes, defining the best
approach to produce biofortified bean, as well the Se effects on biomolecules, physiological
response, and seed production.

2. Materials and Methods
2.1. Experiment Design and Treatments

The experiment, carried out in 2017 from August to November, was conducted in
a greenhouse (21°13/33.2” S 44°58'43.3" W) at the Federal University of Lavras, Minas
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Gerais, Brazil, specifically at the Department of Soil Science. During the experiment, the
greenhouse temperature was set to 28 &+ 2 °C during the day and 15 £ 2 °C at night.
The plants were exposed to natural photoperiod conditions and cultivated in pots filled
with 5 kg of air-dried soil samples collected from the 0.00-0.20 m layer (<4 mm soil
fraction) of a Latossolo Vermelho distréfico [47], which corresponds to Ferralsols [48]
or Oxisols, in the Soil Taxonomy [49], a classification used as the official one in this
study. The soil particle size distribution was 280 g kg~! sand, 110 g kg~! silt, and
610 g kg~! clay, respectively, assessed using the pipette method [46]. Based on chem-
ical and textural analyses [50], the soil used in the experiment exhibited the following
characteristics: pH of 4.6 in water at a ratio of 1:2.5 (w/v) using a pH meter, available
phosphorus (P) = 11.81 mg kg, available potassium (K) = 61.9 mg kg~!, exchangeable
Ca = 0.45 cmol. kg~ !, exchangeable magnesium (Mg) = 0.28 cmol. kg™, exchangeable alu-
minum (Al) = 1.18 cmol. kg !, hydrogen + aluminum (H + Al) = 11.62 cmol, kg !, remain-
ing phosphorus (P-rem) = 18.34 mg L=}, available Fe = 171.29 mg kg !, and organic matter
(OM) = 3.27 dag kg~ !. The available contents of potassium (K), phosphorus (P), zinc (Zn),
iron (Fe), manganese (Mn), and copper (Cu) were determined by the 1 M KCI/Mehlich !
soil test. Calcium (Ca?*) and magnesium (Mg?*) exchangeable contents were extracted by
a 1 mol L~! KCl solution-soil test. The available contents of boron (B) were determined by
the hot-water extraction method, and the available contents of sulfur (S) were determined
by the monocalcium phosphate diluted in acetic acid method. H + Al: Shoemaker, McLean
e Pratt (SMP) extractor. Soil organic matter (SOM) was determined using the Walkley-Black
method [50].

The samples were dried in a forced-air circulation oven at 45 °C and ground (<0.38 mm)
using a stainless-steel mill to determine the Se concentration. Sample digestion was carried out
using a microwave oven with a CEM® Mars-5 microwave system (CEM Corp, Matthews, NC,
USA), following the USEPA Method 3051A, 0.28 mg kg’1 [51]. The selenium concentration
in the digested solution was quantified by inductively coupled plasma mass spectrometry
(ICP-MS). During the analyses, certified samples of plant material were employed in quality
control and assurance protocols (QA/QC), with a Se recovery rate of 109 & 9.0%. Tomato
leaves—NIST SRM 1573a and White Clover—BCR 402 were used as CRMs.

Based on soil chemical analysis, lime was applied to increase the base saturation to 60%.
Calcium carbonate (CaCO3) and magnesium carbonate (MgCO3) with 99% purity were used
in a 3:1 molar mixture, the equivalent of 3.31 g kg ! soil, with 75% calcium carbonate and
25% magnesium carbonate. After pH correction, the soil was dried and sieved (<4 mm). After
soil incubation, the achieved soil pH was 5.8 & 0.03. This procedure was performed 30 days
before the beginning of the experiment when pots were maintained with a soil moisture ~70%
of the total pore volume (TPV). After liming, sowing was performed using six seeds per pot.
Throwing was performed seven days after the seedlings’ emergence, leaving two plants in
each pot. Planting fertilization was then conducted during the bean plant sowing.

The experiment was conducted in a randomized complete block design arranged in a
5 x 4 factorial scheme. The first factor encompasses the Se and N fertilization: urea (positive
control, without S and Se), Se-enriched urea (without S) at a dose of 0.94 mg Se pot~!,
ammonium sulfate (positive control, without Se), Se-enriched ammonium sulfate, at a
dose of 0.94 mg Se pot_l, and a control (negative, without the fertilization with N, S,
and Se). The second factor was related to four carioca bean genotypes included in the
study: BRS Cometa, BRS Estilo, BRSMG Madrepérola, and Pérola (Figure 1). The treatment
descriptions are presented in Table 1. BRS means that the Brazilian Agricultural Research
Corporation (EMBRAPA) developed and released the bean variety. The experiment had
three replications, resulting in sixty experimental units, with two plants per experimental
unit (replicates).
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BRS Cometa BRS Estilo BRSMG Madrepérola Pérola

Figure 1. Seeds of the carioca genotypes were used: BRS Cometa (A), BRS Estilo (B), BRSMG
Madrepérola (C), and Pérola (D).

Table 1. Description of treatments used in the experiment.

Genotype Acronyms Fertilizer Type Addition of Selenium
BRS Cometa U Urea —
BRS Cometa U +Se Urea +
BRS Cometa AS Ammonium sulfate —
BRS Cometa AS + Se Ammonium sulfate +
BRS Cometa Control - -
BRS Estilo U Urea —
BRS Estilo U +Se Urea +
BRS Estilo AS Ammonium sulfate -
BRS Estilo AS + Se Ammonium sulfate +
BRS Estilo Control - -
BRSMG Madrepérola 8} Urea -
BRSMG Madrepérola U +Se Urea +
BRSMG Madrepérola AS Ammonium sulfate —
BRSMG Madrepérola AS + Se Ammonium sulfate +
BRSMG Madrepérola Control - -
Pérola U Urea -
Pérola U+ Se Urea +
Pérola AS Ammonium sulfate —
Pérola AS + Se Ammonium sulfate +
Pérola Control - —

The base fertilization (at planting) was applied to all treatments to ensure consis-
tent starting conditions for all genotypes following the recommended doses accord-
ing to [52] using Nitrogen (N)-150 mg kg~!, Phosphorus (P)-200 mg kg~!, Potassium
(K)-75 mg kg !, Sulfur (S)-25 mg kg~!, Boron (B)-0.5 mg kg !, Copper (Cu)-1.5 mg kg~ !,
Iron (Fe)-5 mg kg~!, Molybdenum (Mo)-0.1 mg kg~!, and Zinc (Zn)-5 mg kg~!. The
macronutrient sources used were urea (CH4N,O), potassium sulfate (K;SOj,), potas-
sium chloride (KCl), and triple superphosphate (Ca(H,PO4)-2H;0). The micronutrient
sources included copper sulfate (CuSO4-5H,0), iron sulfate (FeSO4-7H,0), zinc sulfate
(ZnSO4-7H;0), boric acid (H3BO3), and ammonium molybdate ((NHy)sMo70,4) (reagent-
grade, Synth, Diadema, Sao Paulo, Brazil).

Twenty days after seed emergence, the urea and Se-enriched urea treatments received a
top-dressing fertilization based on the recommendation, according to [50]. These treatments
included urea (CH4N,O), potassium sulfate (K,SO,), and potassium chloride (KCI) sources
at rates of N-150 mg kg !, K-75 mg kg !, and S-25 mg kg~ !. The sulfur concentration was
extrapolated for the ammonium sulfate and Se-enriched ammonium sulfate treatments due
to fertilization with AS (21% N and 23% S), resulting in N-150 mg kg !, K-75 mg kg !, and
5-164 mg kgfl. The sources used were ammonium sulfate (NH4)»SO4), potassium sulfate
(K2S04), and potassium chloride (KCI). The control treatment received only K-75 mg kg’l
fertilization without N, S, and Se fertilization in the top dressing. The experiment was
conducted over 90 days until seed harvest, with soil moisture maintained at 70% of its
maximum, ensuring it remained close to field capacity throughout the period.
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2.2. Method for Preparing Fertilizer and Characterization of Nitrogen Fertilizers

A volume of 1.15 mL of diethanolamine (reagent-grade, Exodo Cientifica Quimica
Fina Industria e Comércio Ltda, Sumaré, Brazil) was utilized to produce Se-enriched
fertilizers for the U + Se (Se-enriched urea) and AS + Se (Se-enriched ammonium sulfate)
treatments. This additive facilitates the combination of sodium selenate (Na,SeQO,) with
urea or ammonium sulfate. Additionally, twelve drops of liquid dye (Sherwin-Williams
Brasil Industria e Comércio Ltda, Taboao da Serra, Brazil) were added to ensure the
mixture’s uniformity between sodium selenate and the nitrogen sources, thus ensuring
successful blending and Se adherence to the fertilization sources. Specifically, 260.8 mg
of Se (Table 2) was mixed with sodium selenate in 1 kg of ammonium sulfate containing
21% N. As for urea, considering its 46% N content, 573.6 mg of Se (Table 2) was mixed with
sodium selenate in 1 kg of urea.

Table 2. Expected and obtained Se concentration (mg kg~?!) in the nitrogen fertilizers studied.

Nitrogen Fertilizers ? Expected Obtained P
Urea 0.00 <DL
Se-enriched urea 573.600 671.240
Ammonium sulfate 0.00 <DL
Se-enriched ammonium sulfate 260.800 332.805

2 Sources of nitrogen fertilization were applied as a top dressing. ® Determination by graphite furnace atomic
absorption spectrometry (GFAAS) and the average of four determinations (n = 4). DL: detection limit.

2.3. Gas Exchanges, Fluorometry, and Soil Plant Analysis Development (SPAD) Index

Gas exchange and fluorometry evaluations were conducted simultaneously using a
portable infrared gas analyzer (IRGA, LICOR Biosciences, model LICOR 6400, Lincoln,
NE, USA) and a fluorometer (Mini-Pam II, Walz, Effeltrich, Germany) after 14 days of
top-dressing fertilization. Gas exchange parameters measured included the net assimilation
rate (A-umol CO; m~2s~ 1) calculated by A = F(C, — C5(100 — W, /100 — W5))/100S, where
F = molar flow rate of air entering the leaf chamber, pmol s~1; C; = mole fraction of CO,
in the reference IRGA, umol CO, mol~! air; Cs = mole fraction of CO, in the sample
IRGA, pmol CO, mol~! air; Wr = reference IRGA mole fraction of water vapor, mmol
H>0 mol air~!; and Ws = sample IRGA mole fraction of water vapor, mmol H,O mol
air—! and S = leaf area, cm 2. Stomatal conductance to water vapor (gsp-mol HyO m’zs’l)
was calculated by gsw = (1/(1/8tw) — (kf / 8pw)), where g, = total conductance to water
vapor, mol H,O m2s L kf = (K> +1)/(K + 1)%; and gpw = boundary layer conductance
to water vapor, mol H,O m~2s L Transpiration (E-mol H,O m~2s71) was calculated
by E = F(Ws — W,)/1005(1000 — Ws), where F = molar flow rate of air entering the leaf
chamber, pmol s~1; W, = sample IRGA mole fraction of water vapor, mmol H,O mol air 1;
W, = reference IRGA mole fraction of water vapor, mmol H,O mol air !, and S = leaf
area, cm?. Instantaneous water use efficiency was calculated by WUE = A/E (A/E-pmol
CO, mmol~! H,0), where A is the net assimilation rate (A-umol CO, m~2 s~ 1) and E is
Transpiration (E-mol HyO m~2s~!). Fluorometry measurements focused on quantifying the
photochemical efficiency of photosystem II [(AF /Fm')], where AF represents steady-state
fluorescence, and Fm’ denotes the maximum fluorescence of a light-adapted sample after
applying a saturation flash. Analysis was taken between 8:00 a.m. and 12:00 a.m. under
optimal conditions. The true leaf, located in the middle region of the bean plant, was
selected for measurement. The photosynthetically active radiation (PAR) was standardized
at 1000 pmol m~2 s~ 1, and the ambient CO, concentration was maintained at 420 mg kg ~!.
The average relative humidity during the experiment was 70%, with a temperature range
of 23 to 25 °C. Additionally, chlorophyll levels were indirectly measured in triplicate using
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the SPAD-502 portable chlorophyll meter (Konica, Minolta, Tokyo, Japan). SPAD is an
indirect measure of the leaf chlorophyll content, widely used in plant physiology.

2.4. Seed Yield

After growing beans, the harvested seeds were dried in a forced ventilation oven at
65 °C for 72 h to measure their dry mass and determine seed production. Subsequently,
samples from each material were ground and stored appropriately for further analysis.

2.5. The Total Concentration of Selenium and Sulfur

For the analysis of Se and sulfur S in the seeds and Se in the nitrogen fertilizer applied
in the top dressing, the extraction method employed was the 3051A methodology from
the United States Environmental Protection Agency [51]. The ground samples, weighing
500 mg each, were digested in Teflon® PTFE vessels with 5 mL of concentrated HNO;
(>65%) under a pressure of 0.76 MPa for 15 min, using microwave oven model MARS 5
(CEM Corporation, Matthews, NC, USA). The pressure corresponded to a temperature
of approximately 175 °C. Subsequently, 5 mL of double-distilled water was added to the
extract and filtered for elemental analysis. The elemental content in the digested solution
was determined using graphite furnace atomic absorption spectrometry.

Certified and blank standards were incorporated into the analysis to ensure its ac-
curacy and quality. The accredited standard was White Clover (BCR 402, Institute for
Reference Materials and Measurements, Geel, Belgium), with a known Se concentration of
6.7 mg kg~ !. The certified standard and the blank were included in each digestion batch to
guarantee and monitor the quality of the analysis. The average recovery of the reference
standard used in the analysis was 91.72%.

2.6. Centesimal Composition (Biomolecules)

The centesimal composition (biomolecules) analysis of the ground seed samples followed
the method outlined by the Association of Official Analytical Chemists-AOAC [53]. The
moisture content was determined by the drying method in an oven at a constant weight
of 65 °C. In comparison, the ash content was determined through incineration in a muffle
furnace at 550 °C until a constant weight was achieved. The total nitrogen was quantified
using the Kjeldahl method, using a Tecnal nitrogen distiller, model TE-036/1, and a conversion
factor of 6.25 was applied to obtain the total crude protein content. The lipid content was
determined using the Soxhlet method with petroleum ether as the solvent for extraction. The
total percentage of carbohydrates was calculated using the following equation:

Total carbohydrates (%) =100 — As — Lp — Cp (1)

where: Total carbohydrates (%) is the total carbohydrates (soluble and insoluble) in seed,
As (%) is the total ashes in seed, Lp (%) is the total lipids in seed, and CP (%) is the total
crude protein in seed.

2.7. Statistical Analysis

The data obtained were submitted to the basic assumptions of analysis of variance
(normality, homoscedasticity, additivity, and independence of residuals), which were tested
and attained and reached significance in the F-test (p < 0.05); the treatment means of
variables measured were differentiated using the Scott-Knott test (p < 0.05) through the
Speedstat 2.8% software [54].
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3. Results
3.1. Gas Exchanges, Fluorometry, and SPAD Index

The soil plant analysis development (SPAD) index ranged from 32.53 (BRSMG
Madrepérola/control treatment) to 53.46 (BRS Estilo/urea) (Figure 2A). Significant dif-
ferences in performance were observed among the genotypes only for the Se-enriched
urea and control treatments, with BRSMG Madrepérola exhibiting the lowest average com-
pared with the other treatments. Regarding the fertilization sources, BRSMG Madrepérola
performed differently from the different genotypes. The urea, ammonium sulfate, and
Se-enriched ammonium sulfate fertilization had the highest averages but no significant
differences among themselves; however, they were superior to the others. The Se-enriched
urea and control treatments resulted in lower means, but no significant difference existed
between them. Additionally, the Se-enriched urea treatment reduced the SPAD index by
26.65% compared with urea.

AaAaAaAa

AFIF,;

AS AS + Se Control ] U + Se AS AS + Se Control

O

(mol m—2 s—1)

sw

G

AS AS + Se Control u U+ Se AS AS + Se Control
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9
w
=)
=
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Figure 2. SPAD index (A), AF/Fm—maximum quantum efficiency of the photochemical activity of
photosystem II (B), A—net assimilation rate, pmol CO, m~2s71(Q); gsw—stomatal conductance to
water vapor, mol HyO m~2 s~ 1 (D); E—transpiration, mol H,O m~2 s~! (E) and WUE—instantaneous
water use efficiency, (umol CO,/mmol H,O) x 100 (F). The lowercase letter group compares the
fertilizer sources in each genotype, and the uppercase letter group compares the genotypes in each
fertilizer source by the Scott-Knott test (p < 0.05). Where: U = urea, U + Se = Se-enriched urea,
AS = ammonium sulfate, and AS + Se = Se-enriched ammonium sulfate.

The maximum quantum efficiency of the photochemical activity of photosystem II
(PSII) ranged from 0.69 (BRS Estilo/control treatment) to 0.79 (BRSMG Madrepérola/Se-
enriched urea) (Figure 2B). No significant differences in performance were observed among
genotypes for the different fertilization sources. However, BRS Estilo’s performance alone



Agronomy 2025, 15, 440

9 of 20

differed from the fertilizer sources. Higher averages were observed with Se-enriched urea
and Se-enriched ammonium sulfate, although there was no significant difference between
the two. The other fertilization sources also showed no significant differences from each
other but were inferior.

The photosynthetic rate varied between 30.37 pmol m~2 s~! (Pérola/Se-enriched
ammonium sulfate) and 39.06 umol m~—2 s~ (BRSMG Madrepérola/Se-enriched ammo-
nium sulfate) (Figure 2C). A significant performance difference was observed among the
genotypes only for the Se-enriched ammonium sulfate. Pérola had a lower average than the
other genotypes, and its performance significantly differed only between the fertilization
sources. Pérola was affected by fertilization sources such as urea, ammonium sulfate, and
control treatment, which showed higher averages but did not differ significantly from each
other. The fertilizer sources with added Se resulted in the lowest averages, but there was
no significant difference between them. The fertilization of Se-enriched urea reduced the
net photosynthesis values by 10.43% compared with urea. The same trend was observed
for Se-enriched ammonium sulfate, which also resulted in a reduction of 17.14% compared
with ammonium sulfate.

The other gas exchange parameters, i.e., stomatal conductance (Figure 2D), transpiration
(Figure 2E), and instantaneous water use efficiency (Figure 2F), varied within the ranges
of 0.11 to 0.18 mol m—2s~!, 457 to 7.07 mmol m2s~1, and 12.88 to 19.68%, respectively.
No significant differences in performance were observed among the genotypes for these
parameters within the same fertilization source. Only the BRS Estilo genotype showed a
different performance between the fertilization sources. The treatments with ammonium
sulfate, both with and without Se, and the control treatment showed higher averages, with no
significant differences observed among them. Conversely, fertilization with urea resulted in
the lowest averages, but there were no significant differences among them.

3.2. Seed Yield and Selenium and Sulfur Concentration in the Seeds

Seed production varied between 15.76 g pot~! (BRS Estilo/Se-enriched ammonium
sulfate) and 28.31 g pot ! (Pérola/Se-enriched ammonium sulfate) (Figure 3A). A signifi-
cant difference in performance was observed among the genotypes only for the Se-enriched
ammonium sulfate treatment, with BRS Cometa and Pérola having higher means than
the others. Regarding the fertilization treatments, only BRS Cometa and Pérola differed
statistically from the other genotypes. For BRS Cometa, Se-enriched ammonium sulfate
had a significantly higher mean, with differences of 32.82%, 20.52%, 33.17%, and 35.46%
compared with urea, Se-enriched urea, ammonium sulfate, and the control, respectively.
For Pérola, both Se-enriched ammonium sulfate and Se-enriched urea fertilization showed
higher averages, yet they did not differ significantly. Ammonium sulfate, urea, and the
control treatment had lower means, but no significant differences were observed among
them. Applying Se-enriched ammonium sulfate resulted in increments of 27.92%, 31.87%,
and 28.19% for the treatments mentioned above, respectively.

The selenium concentration in seeds varied between 0.14 mg kg ! (BRS Estilo/Control
treatment) and 11.17 mg kg ~! (BRSMG Madrepérola/Se-enriched urea) (Figure 3B). A sig-
nificant difference in performance was observed among the genotypes for the Se-enriched
urea and ammonium sulfate + Se treatments, with BRSMG Madrepérola exhibiting a higher
average than the other genotypes for these two fertilization sources. The performance
of the genotypes also differed between the fertilization sources. Applying Se-enriched
urea resulted in statistically higher means, regardless of the genotypes tested. BRSMG
Madrepérola had means that were 22.02%, 17.64%, and 22.47% higher than BRS Cometa,
BRS Estilo, and Pérola, respectively. The second source with the highest average was
Se-enriched ammonium sulfate. BRSMG Madrepérola had averages that were 25.32%,
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14.68%, and 27.34% higher than BRS Come-ta, BRS Estilo, and Pérola, respectively. No
significant differences were observed among the genotypes in the fertilization sources
where Se was not added. However, when applying an N source at the top dressing, the
genotypes showed a higher Se concentration than the control treatment. The increase
was 45.97% for urea and 61.74% for ammonium sulfate, with no statistical difference. The
control had the lowest Se concentration.
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Figure 3. Common bean genotypes seed yield (A), selenium (B), and sulfur (C) concentration in
seeds of common bean genotypes subjected to sources of top-dressing fertilization. The lowercase
letter group compares the fertilizer sources in each genotype, and the uppercase letter group com-
pares the genotypes in each fertilizer source by the Scott-Knott test (p < 0.05). Where: U = urea,
U + Se = Se-enriched urea, AS = ammonium sulfate, and AS + Se = Se-enriched ammonium sulfate.

Seed’s S concentration varied between 1550.68 g kg~! (BRS Estilo/control treatment)
and 2405.16 g kg~! (BRSMG Madrepérola/ammonium sulfate) (Figure 3C). No significant
differences were observed among the genotypes for the specific fertilization source. However,
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the genotypes’ performance varied between the different fertilization sources. For BRS Cometa,
the highest averages were observed with the fertilization using ammonium sulfate, with and
without Se, and there was no statistical difference between them. The fertilization of urea
with and without Se also showed no significant difference. The control treatment had the
lowest average. On average, the fertilizations with ammonium sulfate were 13.48% higher
than those with urea and 22.67% higher than the control. Although urea-based fertilizers do
not contain S, they increased S accumulation by 10.63% compared with the control. For BRS
Estilo, the highest mean was observed in the fertilization with Se-enriched ammonium sulfate,
followed by Se-enriched urea and ammonium sulfate. The treatment with urea without Se
had the lowest average compared with the other treatments, except for the control, which
had the lowest average overall. Se-enriched ammonium sulfate increased by 21.94%, 17.04%,
13.69%, and 34.61% compared with urea, Se-enriched urea, ammonium sulfate, and control
treatment. Using Se-enriched urea resulted in a percentage increase of 5.90% compared with
urea and 21.18% compared with the control. For ammonium sulfate, the comparative increase
was 9.55% compared with urea and 24.24% compared with the control.

For BRSMG Madrepérola, applying Se-enriched urea and ammonium sulfate with
and without Se resulted in higher S concentrations in this genotype, although they did not
differ statistically. The urea and control treatments had the lowest averages, and applying
urea resulted in a higher S concentration. The Se-enriched urea treatment added 11.05%
and 26.61% more S concentration than the urea and the control treatment. For Pérola,
only the control treatment differed significantly from the others, showing a lower average.
Compared with the control treatment, the ammonium sulfate and urea treatments increased
the overall S concentration by 23.34% and 19.10%, respectively.

3.3. Centesimal Analysis

The crude protein content in the seed varied between 16.45% (BRSMG Madrepérola/
control treatment) and 31.43% (BRS Cometa/ammonium sulfate) (Figure 4A). A significant
difference in performance between the genotypes was observed only in Se-enriched am-
monium sulfate, with BRSMG Madrepérola having the highest mean compared with the
others. This difference was 34.43% (BRS Cometa), 37.64% (BRS Estilo), and 32.72% (Pérola).
The genotypes performed significantly differently between the fertilization sources. BRS
Cometa had the highest average percentage when ammonium sulfate was used. The
urea and Se-enriched urea treatments showed statistically equal results, superior to the
Se-enriched ammonium sulfate and control treatments. BRS Estilo had its highest averages
when urea, Se-enriched urea, and ammonium sulfate were applied, with no significant
differences observed among these last three treatments. The Se-enriched ammonium sul-
fate fertilization and control treatment resulted in the lowest averages, which were not
significantly different. BRSMG Madrepérola was equally affected by the fertilization of
urea, Se-enriched urea, ammonium sulfate, and Se-enriched ammonium sulfate, resulting
in the highest averages. The control treatment had the lowest average. The Pérola showed
similar trends to those of the BRS Estilo concerning fertilization sources. Compared with
the treatment without Se, Se-enriched ammonium sulfate reduced the protein content by
40.24%, 36.30%, and 31.33% for BRS Cometa, BRS Estilo, and Pérola, respectively.

The total carbohydrate content in the seed varied between 64.02% (BRS Cometa/
ammonium sulfate) and 79.06% (BRSMG Madrepérola/control treatment) (Figure 4B). A
significant difference in performance between genotypes was observed only in treatments
with ammonium sulfate without and with Se. Ammonium sulfate showed a difference
between the studied genotypes, with BRS Estilo and Pérola having superior averages
compared with the others, and no difference was observed between them. In the fertilization
of Se-enriched ammonium sulfate, only BRSMG Madrepérola differed significantly from
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the others, with a lower mean compared with BRS Cometa, BRS Estilo, and Pérola by
15.30%, 16.90%, and 14.82%, respectively. No differences were observed among the other
genotypes. The genotypes performed differently in different fertilization sources. For the
BRS Cometa genotype, higher averages were observed with fertilization with Se-enriched
ammonium sulfate and control treatment, with no significant differences from each other.
The treatments with urea, Se-enriched urea, and ammonium sulfate showed lower means
than the other fertilization sources, but they did not differ statistically. BRSMG Madrepérola
showed a higher mean with the control treatment than the other fertilization sources. The
other treatments did not differ statistically from each other. Pérola presented results similar
to those of the BRS Cometa and BRS Estilo genotypes. The Se-enriched ammonium sulfate
treatment, compared with the ammonium sulfate without Se, increased the percentage
of total carbohydrates for the BRS Cometa, BRS Estilo, and Pérola genotypes by 20.17%,
15.16%, and 12.68%, respectively.
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Figure 4. Analysis of centesimal seed composition of common bean genotypes subjected to top-
dressing fertilization sources. Crude protein (A); TC (total carbohydrates) (B); ash (C); and lipids
(D). The lowercase letter group compares the fertilizer sources in each genotype, and the uppercase
letter group compares the genotypes in each fertilizer source by the Scott-Knott test (p < 0.05).
Where: U = urea, U + Se = Se-enriched urea, AS = ammonium sulfate, and AS + Se = Se-enriched
ammonium sulfate.

The percentage of total ashes in the seed ranged from 2.77% (BRSMG Madrepérola/Se-
enriched urea) to 4.07% (Pérola/control treatment) (Figure 3C). A significant difference in
performance was observed between genotypes only in treatments with urea, Se-enriched
urea, and control treatment. The urea fertilization resulted in a difference between the
studied genotypes, with BRSMG Madrepérola and Pérola having higher averages than
the others, and no difference was observed between them. No differences were found
among the other genotypes. Only the BRSMG Madrepérola genotype showed lower
averages in the Se-enriched urea treatment. BRS Cometa and Pérola genotypes for the
control treatment had higher averages than the others, with no significant difference. No
difference was observed for the other genotypes. The performance of the genotypes was
statistically different between the fertilization sources. For BRS Cometa, higher averages
were observed with the fertilization of ammonium sulfate and control treatment, with no
significant differences between them. The lowest averages were found for urea, Se-enriched
urea, and Se-enriched ammonium sulfate treatments, with no significant differences from
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each other. BRS Estilo had the highest means in the treatments with ammonium sulfate
without and with Se and control, showing no differences. Urea and Se-enriched urea
treatments had the lowest averages. BRSMG Madrepérola presented the highest averages
when urea, ammonium sulfate, Se-enriched ammonium sulfate, and control were applied,
with no significant difference from each other. Se-enriched urea treatment had a lower
mean compared with the other treatments. For Pérola, only the control treatment differed
significantly from the others, with the highest mean, and no differences were observed.

The percentage of total lipids in the seed ranged from 0.57% (Pérola/ammonium sulfate)
t0 2.96% (BRS Cometa/urea) (Figure 4D). A significant difference in performance between
genotypes was observed only in urea and control treatments. BRS Cometa showed a higher
mean than the other genotypes under the urea and control treatments, while the other
genotypes did not differ. The performance of the genotypes was significantly different
between the fertilizer sources, except for BRSMG Madrepérola. BRS Cometa showed a
higher average with urea fertilization. The se-enriched urea and control treatments had the
second-highest averages, but no significant difference existed between them. The fertilizations
with sulfate resulted in the lowest percentage of lipids, with no difference between them.
With no difference, higher averages were observed for the BRS Estilo genotype with urea,
Se-enriched urea, and control treatment. The ammonium sulfate and Se-enriched ammonium
sulfate treatments had the lowest averages, with no significant difference between them. No
difference was observed between the fertilization sources for BRSMG Madrepérola. Pérola
had the highest averages with urea, Se-enriched urea, Se-enriched ammonium sulfate, and
control treatments, with no significant difference observed from each other.

4. Discussion

The Se biofortification technique is crucial for improving the nutritional quality of
foods. Genetic and agronomic biofortification can significantly increase the availability of
Se in bean crops without compromising their productivity. However, it is crucial to establish
the appropriate dose, sources, and methods for applying Se to common beans, evaluate the
impacts on agronomic, physiological, and nutritional characteristics, and determine the
proper amount of biofortified common beans that should be consumed safely.

Fertilization with selenium-enriched urea reduced the SPAD index in the BRSMG
Madrepérola genotype, suggesting a possible toxic effect. In addition, this genotype pre-
sented the highest selenium concentration in the seeds. Research on lettuce cultivation in
hydroponic systems, which evaluated different selenium concentrations (selenate and selenite)
ranging from 2 to 128 pM, failed to include a control group. The results indicated that excess
selenium damages photosynthetic organs and impairs photosynthetic function, negatively
impacting plant development [55]. High concentrations of selenium in plants can exert an
antioxidant effect. However, on the other hand, they can also behave as pro-oxidants, leading
to damage to cell membranes and the production of nonspecific selenoproteins. These changes
can cause dysfunction in photosynthesis since they inhibit the reaction centers of the plant
photosystem [18]. Nitrogen is a fundamental component of chlorophyll, and sulfur deficiency
can negatively impact nitrogen use efficiency; this relationship is bidirectional [56]. Imbalances
in nitrogen (N) and sulfur (S) supply to plants can negatively affect SPAD analysis, signaling
possible disruptions in chlorophyll levels [57].

When applying Se, the BRS Estilo genotype showed an increase in AF/Fm’, but this
gain did not hurt the seed yield of this genotype. This result can be attributed to the greater
vulnerability of the genotype to saline stress caused by the salt-based fertilizers used in this
study. Previous studies indicate that selenium (Se) fertilization significantly increased AF/Fm’
values by approximately 5% to 7% under saline stress conditions [58]. This finding aligns with
the overall increase of 7% recorded in this experiment for the BRS Estilo genotype.
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The Pérola genotype demonstrated the lowest photosynthetic rate when exposed
to Se application. Applying specific concentrations of selenium can cause symptoms of
abiotic stress, impacting plants at both the molecular and physiological levels. These
effects may involve rapid adaptations in transcription and metabolism, control of osmotic
potential, and decreased leaf expansion pressure [59]. One of the effects on selenium is the
accumulation of carbohydrates, which can boost plant development and growth, especially
in grain production [60]. Non-stomatal limitations impact photosynthesis negatively,
reducing Rubisco’s quantity and activity and causing carbohydrate accumulation [61].
Several studies have demonstrated the benefits of selenium in the photosynthetic system of
plants [35,62] when applied in reduced doses, i.e., under these circumstances, Se contributes
significantly to plant growth and development. When investigating the gas exchange
process in arugula under the influence of residual selenium from different Se sources, [45]
identified an increase in the transpiration rate, intrinsic water use efficiency, stomatal
conductivity, and instantaneous water use efficiency, all positively correlated with the
presence of selenium.

The BRS Estilo genotype was the only one to significantly influence the gas exchange
parameters analyzed, such as stomatal conductance, transpiration, and intrinsic water use
efficiency, mainly when nitrogen fertilizers were applied. The higher values recorded in the
control, ammonium sulfate, and selenium-enriched ammonium sulfate treatments, when
compared to the treatments with urea and selenium-enriched urea, can be related to the
interaction between nitrogen (N), sulfur (S), and the atmospheric availability of CO; in
plants [63].

Applying selenium as urea or ammonium sulfate as the top dressing did not hurt
the seed production of the analyzed genotypes. A significant increase in productivity was
observed in some instances, such as BRS Cometa and Pérola. In addition, a variation in
seed production was found among the tested genotypes when they received fertilization
with ammonium sulfate enriched with selenium. The results indicate that, among the
evaluated genotypes, there is genetic variability in the use of selenium in the presence of
high concentrations of sulfur, which directly impacts seed production. This phenomenon
could be attributed to different genotypes of the same plant species presenting unique
gene expression patterns related to sulfate transporters, which influence the efficiency
of sulfur (S) and selenium (Se) absorption [64]. When selenate is used, S and Se use
sulfate transporters (SULTR), proteins that transport S in plants [65]. Therefore, the plant’s
absorption and transport of S are reduced when the Se concentration is high.

Biofortification considers the enrichment of food without negatively affecting the plant
cycle [66]. Common beans showed potential for biofortification using the two fertilizers
studied as Se transporters for plants. The increase in seed dry mass in some genotypes, in
both fertilizers enriched with Se, when compared to its ordinary form, contributes to the
reported benefits of Se. A study under greenhouse conditions growing common beans in
tropical soils showed no increase in seed dry mass with Se fertilization (selenate form) at
doses of 0.25 to 2 mg dm 3 [39]. Aradjo et al. [30] also reported no increase in seed dry mass
for common beans treated with Se through various strategies, e.g., Se-enriched monoammo-
nium phosphate fertilization, Se-enriched urea, Se foliar fertilization, Se-enriched monoam-
monium phosphate + Se-enriched urea, Se-enriched monoammonium phosphate + Se foliar
fertilization, and Se foliar fertilization + Se-enriched urea. The selenium (as selenate) doses
used (without considering the control) ranged from 0.2 to 0.8 mg dm 3. Notably, these
studies did not include the possibility of a genotypic variation in the response to Se. In
contrast, for soybeans grown under field conditions, applying Se via MAP at a dose of
80 g ha~! increased the seed yield of the TMG7061 genotype [20].
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The inclusion of Se in animal feed and the addition of selenate to NPK fertilizers for
use in plantations and pastures in Finland have proven to be efficient, safe, and controlled
methods for increasing the population’s Se consumption to recommended levels [66].
The incorporation of Se through fertilizers implies an improvement in the quality of
agricultural products. Thus, the concentration of selenoproteins is increased [13]. A
study carried out with rice [37] found that incorporating Se into the soil effectively
transferred Se to the grain; however, no impacts on seed production were observed. Reis
et al. [36] noted an increase in Se concentration in rice crops after including this element
in fertilization, suggesting that this strategy effectively increases Se consumption to
appropriate levels in the population.

Studies on selenium in plants have demonstrated its crucial role in enhancing the
preventive activity against peroxidation, restoring the integrity and functionality of
cell membranes, modulating the activity of antioxidant enzymes, and in the repair and
reconstruction processes of chloroplasts [39]. Thus, Se can benefit plants in certain
situations in which they are subjected to dose-dependent effects. These impacts on
plants can significantly contribute to abiotic stress mitigation [67]. Our study observed
that the control treatment, which did not receive fertilization with N, S, and Se, did not
exhibit a lower grain dry mass than the other treatments despite the potential negative
abiotic impact. The results indicated that the fertilization applied during planting was
adequate, as [52] mentioned, and fully met the basic nitrogen and sulfur needs of the
genotypes evaluated.

The BRSMG Madrepérola genotype exhibited the highest Se concentration in its seeds
compared with the other genotypes when Se was fertilized, indicating an effect dependent
on genetic variability. This characteristic, specific to this genotype, results in a more
pronounced Se accumulation in its seeds. However, this accumulation is unrelated to seed
production or the overall concentration effect. Interestingly, when applying Se-enriched
ammonium sulfate, the BRSMG Madrepérola genotype maintained a protein content similar
to other fertilization sources. In contrast, protein synthesis was significantly reduced in
different genotypes, leading to changes in the composition of the seed and alterations in
the balance of biomolecules, with a higher proportion of proteins and carbohydrates. These
findings suggest a strong relationship between the genotype’s ability to synthesize proteins
and its high Se levels in seeds.

The fertilization of Se-enriched urea proved the most effective method for increas-
ing Se concentrations in the seeds of common bean genotypes. This finding is consistent
with previous research conducted by Aragjo et al. [30] in common beans, where urea was
found to be the most effective in increasing Se contents compared with other forms of
fertilization, such as monoammonium phosphate and foliar fertilization [68]; similar results
were reported in rice, where Se-enriched urea outperformed other fertilization methods,
such as soil preparation and Se foliar, in increasing Se levels. In a study conducted by
Félix et al. [38] on upland rice, Se-enriched urea (applying 80 g Se ha~! through sele-
nate) efficiently increased the Se content in polished seeds across 20 rice genotypes. This
study further highlighted the existence of genetic variability among the tested genotypes
concerning Se concentration in the seeds.

The higher seed’s Se concentration when urea is applied compared with ammonium
sulfate can be attributed to various factors related to soil-plant interactions. Ammonium
sulfate, composed of ammonium (NH4*), undergoes a nitrification reaction in the soil.
This reaction releases two H* ions for every NH4* molecule in the ammonium sulfate,
containing two moles of NHs*. As a result, four moles of H* are released. On the other
hand, urea is also subject to the same reaction, but due to its chemical composition, only
two moles of H* are released. Another factor is that in the case of urea, reactions generate
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NHj in the soil, causing an increase in pH near the urea granule [69], which increases Se
availability to plants [46].

It is important to note that due to the lower N percentage in ammonium sulfate
fertilizer (21%) compared with urea (46%), a higher amount of ammonium sulfate had to
be applied to meet the nutrient requirement specified by Malavolta [52] for top dressing.
This increased ammonium sulfate fertilization resulted in a higher S content in the soil,
which may have hindered the plant’s Se uptake while promoting an increase in the seed’s S
accumulation. Previous studies have shown that selenate primarily moves through sulfate
transporters and is metabolized through the S metabolic pathway in plants. An excess of
S in grains can induce S starvation in plants, affecting their overall nutrient balance [70].
Therefore, each fertilizer’s specific characteristics and chemical reactions influenced the soil
conditions to which Se was exposed. Selenium adsorption is a significant factor controlling
its concentration, and soil physicochemical properties, such as pH, play a crucial role in Se
availability [71].

The higher seed’s Se and S concentrations resulting from top-dressing fertilization
with N sources (urea and ammonium sulfate) compared with the control treatment are
attributed to the N supply. Previous studies conducted in crops such as rice [36] and
wheat [31] have reported that N can enhance the uptake and translocation of Se in plants.
Nitrogen stimulates the production of O-acetyl serine, a key regulator of S metabolism
and cysteine synthesis (a S-containing amino acid) in higher plants, leading to increased
protein synthesis [32]. This finding is consistent with the results of this study. Although
not investigated in this study, root growth is another contributing factor to the absorption
of S and Se. Nitrogen promotes root development, enhancing the uptake of P, K, S, and
other mineral elements, including Se [33].

Additionally, further studies should be conducted to assess the economic feasibility of
using Se-enriched fertilizers, as demonstrated in Ethiopia by Oumer et al. [34], where the
biofortification of staple cereals with Se proved to be a cost-effective strategy for mitigating
Se deficiency in regions with low soil Se concentrations. Furthermore, it is essential to
investigate the bioaccessibility of Se in common bean seeds. Thus, this study, along with
the subsequent stages to be developed, significantly improves the nutritional quality of
common beans while enhancing global food security, especially in countries where beans
are a staple food in the daily diet.

5. Conclusions

Applying selenium via soil through Se-enriched fertilizers has shown potential for
increasing grain’s Se contents in common beans. Se-enriched nitrogen fertilizers can
enhance seed production and change physiological responses depending on the genotypes
vs. Se-fertilizer interactions. The biofortification effectiveness and the observed effects
varied depending on the method of Se addition and the specific genotypes evaluated. It
was found that grain’s Se concentrations in common beans were higher when applied via
Se-enriched urea, likely due to the localized soil pH increase (i.e., near the urea granule)
caused by this source providing increased Se availability in oxidic soils. Using ammonium
sulfate as a Se carrier had a distinct effect, leading to a higher synthesis of carbohydrates
over proteins in most of the tested genotypes. Among the genotypes, BRSMG Madrepérola
showed the best response to Se fertilization, maintaining the balance between biomolecules
and demonstrating high efficiency in the grain’s Se accumulation. Additionally, top-
dressing nitrogen fertilization played a role in increasing the grain’s Se concentration. This
study provides valuable insights into using nitrogen fertilizers as Se carriers in tropical
soils for food crops’ biofortification with selenium, leveraging agronomic knowledge of
fertilization practices.
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