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Abstract: Selenium (Se) is an important micronutrient which is essential for most living organisms
and occurs in both organic and inorganic forms in the water system, soils, biomass, and the atmos-
phere. In addition to being essential for humans and animals, Se is beneficial for plants and is mostly
involved in antioxidant activity/response, as well as a growth promoter. Se deficiency in the diet is
a global problem, and Se levels in soils generally reflect its presence in food and, thus, availability
to humans. Se participates in the antioxidant response mechanisms of the organism, heavy-metal
detoxification, and regulation of the reproductive and immune system, as well as ensures the proper
function of the thyroid gland. Plants are the main dietary source of Se for humans. Biofortification
is a key strategy to increase Se in edible parts of plants. Agronomic biofortification provides an
effective route to increase Se content in edible crop products via application of Se-enriched fertiliz-
ers to soil or by foliar application. The most common cereals in the human diet are wheat, rice,
maize, and barley, making them the most suitable targets for agronomic biofortification. This review
focuses on summarizing the most efficient form and method of Se application via agronomic bio-
fortification corroborated by a meta-analysis of the literature reports. In the assessed literature, fo-
liar application showed better results compared to application in soil. The selenate form appears to
be the more efficient form of Se for biofortification than selenite in the most common cereals in
human diet: wheat, rice, maize, and barley.
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1. Introduction

Selenium (Se) is a nonmetal with atomic number 34 in group 16 [1]. The Se atom is
slightly larger than sulfur (S) (the radius of Se? is 0.5 A whereas the radius of $* is 0.37
A), and, like S, Se can exist in five valence states, selenide (2), elemental Se (0), thi-
oselenate (2+), selenite (4*), and selenate (6*) [2,3]. Se is a mineral micronutrient essential
for the adequate and healthy life of humans, animals, archaea, and some other microor-
ganisms [4]. Se exists in the lithosphere layer of the earth crust, i.e. water, soil, and in open
environments; therefore, its distribution differs throughout the globe [5,6]. Se levels in
European soils are low, particularly in eastern Europe [6]. Plants absorb Se from soil pri-
marily as selenate and translocate it to the chloroplasts, where it follows the sulfur assim-
ilation pathway [7]. Se is essential for lower plants, but its essentiality in higher plants is
still under investigation [8]. Se can have physiological benefits for plants, which may be
related to its tendency to upregulate plant antioxidant metabolites and enzymes, leading
to a better capacity to scavenge reactive oxygen species (ROS) that impede plant perfor-
mance, especially under stress conditions [9].
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Dietary Se deficiency has negative effects for human health, and more than 40 types
of diseases have been associated with Se deficiency, such as Keshan disease, Kashin-Beck
disease, some types of cancer, cardiovascular diseases, liver diseases, and cataracts [10].
Selenium deficiency occurs in several parts of the world, especially where Se concentra-
tion in soils is low, leading to poor concentration in agricultural plants [11]. The process
of increasing the bioavailable concentrations of essential elements in edible parts of crop
plants through agricultural intervention or genetic selection through breeding process is
called biofortification [12]. Se biofortification substantially increases Se contents in agri-
cultural food products and can help alleviate Se malnutrition, affecting more than one
billion people worldwide [13]. Dietary deficiencies of Se can be improved through dietary
diversification, food fortification, supplementation, or crop biofortification, including fer-
tilization (agronomic biofortification) or crop improvement (genetic biofortification) as
different approaches [14]. Cereal grains are grown and consumed by humans in higher
quantities than any other crop and provide most of the food energy consumed worldwide
[15], thus representing the most significant plant candidates suitable for biofortification
with additional possible positive effects on plant yield [16], although differences in nutri-
tional profiles and selenium content between wheat species were not observed [17].

Cereals are the most important source of Se in the Western diet with major represent-
atives being rice, wheat, maize, and barley [18], while Se-enriched wheat has long been
recognized as a source of supplemental Se for Se-deficient populations [7]. Many studies
confirmed the positive effects of Se agronomic biofortification on Se content in rice, wheat,
maize, and barley grains [16,19-35]. Agronomic biofortification is based on applying fer-
tilizers with mineral elements lacking in diet to increase their concentrations in crops
through soil or foliar application [30]. The two most important factors in achieving the
increased Se content in grains are the type of application and the form of Se, although
systematic reports on these questions are still missing [36]. Plants uptake Se more readily
when applied in a foliar manner, compared to soil application, with the additional benefit
of having no residual effects in the soils [37]. The foliar technique includes minimal con-
sumption of Se salts and represents the most effective, safe, and economically justified
measure of improving Se content in agricultural crops [38]. The reason for the higher effi-
ciency of foliar application is that there is no root-to-shoot translocation, accompanied by
the finding that soils can act as considerable sinks for Se [39]. The form of applied Se is the
second most important factor for effective agronomic biofortification [40], with the most
commonly used forms of Se being selenate and selenite. However, nanoselenium (nSe) is
being used more and more frequently [8]. The synthesis and use of nSe as a nutrient and
biofortifier has been proven as an interesting strategy [40], although reports of wider use
are still missing. Studies have shown selenate (Se(VI)) to be the most effective form of Se
when applied to the soil and usually more effective compared to selenite (Se(IV)) when
applied in a foliar manner [41]. Selenate is more efficient due to the more rapid uptake of
Se (VI) and translocation from root to stem and leaves, as well as quicker transformation
into its organic form, while selenite is more easily adsorbed to the soil, which makes its
uptake by roots more difficult [42]. Selenite has characteristics similar to phosphate, cor-
roborating its easy adsorption to the soil surfaces compared to selenite [43].

In the context of the Se biofortification complexity and differences in the methodol-
ogy found in literature survey, the aim of this study was to review the present knowledge
on the basis of studies dealing with Se agronomic biofortification as the most feasible way
of increasing the Se content in the food, as well as to identify the best practices for accom-
plishing efficient Se biofortification. The former aim was supported by a meta-analysis of
the data found in different research reports by using a linear mixed modeling approach.
Research reports for meta-analysis were selected on the basis of consistency in methodol-
ogy and availability of important data needed for adjustment in the linear mixed model.
Generally, the methodology found in the research articles addressing Se biofortification
was not harmonized and uniform.
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2. Selenium in the Environment

Selenium (Se) is a nonmetal belonging to the same group of elements (group 16) as
oxygen and sulfur (5). Se is rarely considered a metalloid due to its intermediate proper-
ties between a metal and a nonmetal. It is stable and does not oxidize at ordinary temper-
atures [2,3]. Naturally, it exists in five different oxidation forms in the environment, such
as Se(VI) (selenate), Se(IV) (selenite), Se(0) (elemental Se), and Se(-1II) (selenide), along
with various organic species [1]. Many elements can be combined with Se, such as hydro-
gen, fluorine, chlorine, bromine, and phosphorus, and Se can form compounds analogous
to sulfur [3]. The distribution of different species of Se may vary in the environment de-
pending on the prevailing redox conditions. Principally, selenium oxyanions (SeO4?~ and
SeOs?) are highly soluble, stable, and potentially mobile in oxic natural environments [44].
Se can be found in all components of the agroecosystem including soils, plants, rocks, and
water [5,28]. The biogeochemical cycle of Se begins from weathering of Se-rich rocks, soils,
and sediments, moving toward the different water bodies. Later on, from water, it arrives
in plants, animals, or humans by various means. The Se cycle is completed by the degra-
dation and different activities of organisms, which allow Se accessibility in the soil sedi-
ments and, ultimately, the rock depositaries [1]. Distribution processes of Se through the
environment, thus, involve a variety of physical, chemical and biological activities [4]. The
presence of Se is linked to natural activities such as soil erosion, volcanism, and forest
fires, with the atmosphere playing an important role in the biogeochemical cycle of Se.
The Se content in ambient air is mainly low, and it varies from 1 to 10 ng Se-m= [3], while
coal and oil burning are the primary sources of considerable emissions of Se compounds
in the air. In natural waters, the dissolved selenium concentrations are reported to be in
the range of <0.1 to 100 ug-L-1 [44], and the average Se concentration in the Earth’s crust is
around 0.05 mg-kg™ [39].

2.1. Selenium in Soils

Se is a rare element, with an average concentration in igneous bedrock of only 0.05
mg-kg, less than any other nutrient element [45]. The largest reservoirs of Se are sulfide
ores, pyrite, and high-sulfur coals [44]. Se occurs naturally in soils, at highly variable con-
centrations dependent on soil type [46]. Most soils have Se concentrations between 0.01
and 2.0 mg-kg™ [47] with a worldwide mean of 0.4 mg-kg™ [48]. However, in some soils
associated with particular geological formations or climatic conditions, concentrations of
Se up to 1200 mg-kg have been reported [47]. Water-soluble selenate has been reported
in seleniferous areas of the world at concentrations of around 38 mg Se-kg [49] In such
soils, Se is often lacking (for example, in China and USA, mainly derived from sedimen-
tary rocks originating from the Cretaceous Period), while other soils are thought to derive
much of their Se from atmospheric depositions [47]. The soils originating from sedimen-
tary rocks, with high organic matter content, can contain high and potentially toxic con-
centrations of Se. In contrast, soils formed from magmatic rocks typically have low Se
concentrations [48]. Generally, Se levels in European soils are low, particularly in eastern
Europe [6]. Mountainous countries such as Finland, Sweden, and Scotland are generally
deficient in soil Se content, while countries such as UK, France, India, Belgium, Brazil,
Serbia, Slovenia, Spain, Portugal, Turkey, Poland, Germany, Denmark, Slovakia, Austria,
Ireland, Greece, Netherlands, Italy, China, Nepal, Saudi Arabia, Czech Republic, Croatia,
Egypt, Burundi, and New Guinea are reported to have Se-deficient areas. Some known
Se-rich regions are the northeast region of Punjab in India, the Enshi district in Hubei
province in China, the state of Para in the Brazilian Amazon, Japan, Greenland, USA, Ven-
ezuela, and Canada [13]. Se exists in soil in different forms including selenate (Se¢*), sele-
nite (Se*), elemental selenium (Se%), selenide (H:Se), and organic selenide, among which
selenate, partially selenite, and organic selenide are per se available for plant uptake [50].
Inorganic Se occurs in three phases: soil-phase-fixed, adsorbed to soil, and soluble, with
only adsorbed/soluble forms of Se being available for plant uptake [51]. Se bioavailability
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in soil varies greatly with different soil properties and composition. Soil pH and redox
potential are the key factors reflecting Se bioavailability. Principally, Se is more strongly
immobilized in acid and reductive soils [52]. In acid soils, Se is immobilized by sesquiox-
ides [53], and, in organic soil fractions, it is more weakly bound to fulvic acids (FA) com-
pared to humic acids (HA) [54]. Under strongly reductive soil conditions (pH <4 and Eh
<0), selenate and selenite are easily reduced to selenide or even to elemental selenium,
which are less available to plants [55] and show lower mobility [48]. Adsorption of selenite
on goethite produces two type of complexes: the protonated selenite anion (HSeOs") with
the active site on the goethite surface, and the bivalent selenite anion (SeOs*") reacting with
the surface site. The proportion of each complex depends on the pH of the suspension
[53]. Se speciation in the soil is basically controlled by three main mechanisms: oxidation
vs. reduction, mineralization vs. immobilization, and volatilization. The rate coefficients
of these processes vary depending on Se species, microbial activity, pH, and redox condi-
tions, along with other soil properties [52]. Under aerobic conditions, selenium slowly ox-
idizes to selenite or selenate, depending on the soil pH. Alkaline soils favor the formation
of selenate; however, in moist soils, most of the selenate is readily leached from the surface
layers. In acidic soils, iron in colloidal material and sesquioxides render the selenite rela-
tively unavailable as ferric selenite [56-58]. There is a general consensus that organic mat-
ter interacts with Se via a variety of mechanisms that can immobilize or release Se in soil
[59] depending on the type of organic compounds present in soil, with some organic acids
having the opposite effect on plant Se availability [60]. In addition to leaching, Se can be
lost by volatilization in the form of dimethylselenide (DMSe), dimethyldiselenide
(DMDSe), and dimethylselenone or methylmmethylselenite [61]. Strategies for crop bio-
fortification with essential elements for humans aim to increase their accessibility in the
soil. The soils lacking in essential elements are usually supplemented by the use of ferti-
lizers. The amount of Se in the rhizosphere, its availability for plant uptake, and the phys-
icochemical soil properties are usually considered for efficient agronomic biofortification.

2.2. Selenium in Plants

Plants mainly take up nutrients via their roots, and the local conditions in the rhizo-
sphere can influence the bioavailability of Se to the plants [62]. The uptake of Se by plants
is governed by many factors in the soil and plants. The most important factors determin-
ing uptake are the form and concentration of Se in the soil. Other important factors in
determining the accumulation of Se by plants include soil properties such as pH, clay
content, soil mineralogy, and the concentration of competitive anions [57]. Moreover, the
uptake of Se by the plant can be greatly inhibited by the simultaneous occurrence of a high
soil content of organic matter, Fe hydroxides, and clay minerals, all of which can adsorb
or bind Se [63]. Se can adsorb on positively charged sites of Al-octahedral sheets in clay
minerals, such as kaolinite, and it varies greatly with soil pH. Interactions of Se with soil
components are either via electrostatic attraction or via complex formation on soil mineral
surface [48]. Therefore, the plant-available Se in the soil, such as water-soluble and ex-
changeable (adsorbed) Se, consists of mobile fractions that are readily taken up by the
plants. Plants are the main driving force for nutrient movement from the non-rhizosphere
to rhizosphere soil layer [64]. There are no studies describing Se essentiality in plants,
although numerous researches have reported the beneficial effects of Se on plant growth
especially under biotic and abiotic stress conditions [65,66]. Se and sulfur (S) compete for
the same transporters, and Se uptake is generally limited by high S levels [65]. Plants can
be classified as hyperaccumulators, secondary-accumulators, and non-accumulators de-
pending on Se accumulation inside their cells [13]. Se non-accumulators act against Se
uptake relative to sulfate, whereas Se hyperaccumulator species preferentially absorb Se
over S [67], such as Stanleya pinnata [68], Xylorhiza spp., and Symphyotrichum spp. [69].
Hyperaccumulators accumulate higher amounts of Se in their cells (i.e., >1000 mg Se-kg™
dry weight (DW)) and thrive well in Se-rich regions of the world. Secondary accumulators
accumulate Se in the range of 100-1000 mg Se-kg™ DW, such as Brassica juncea [69], and
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non-accumulators, such as tobacco (Nicotiana tabacum) and tomato (Solanum lycopersicum)
[68], are those plants which accumulate less than 100 mg Se-kg™' DW [13]. Most crop plants
are low rather than high Se accumulators [70]. Se typically stimulates growth and stress
resistance at 1-10 mg Se-kg' DW, while the tissue concentration at which toxicity occurs
is over 100 mg Se-kg™? DW [9]. Of the two inorganic forms of Se, selenate and selenite,
selenate is much more mobile and, thus, more plant-available in soils compared to sele-
nite, which is tightly bound to positively charged binding sites in the soil [60]. Inorganic
forms of Se absorbed by plants are transported from the root to the shoot through the
xylem with the transport process dependent of the form of externally supplied Se. Se(IV)
can be easily absorbed and transported by the xylem, before being distributed further to
the reproductive organs by the phloem [62]. There are considerable differences present in
the mechanisms of uptake and transport of selenate and selenite in plants [71]. Selenate,
which is more soluble than selenite, can pass directly into plant roots [72], whereas selenite
is probably transported by phosphate transporters [73]. Selenate is accumulated in plant
cells against the gradient of electrochemical potential through a process of active transport
[2]. The uptake of selenate across the plasma membrane of root cells is catalyzed by the
high-affinity H*/sulfate symporters, homologous to AtSULTR1;1 and AtSULTR1;2 of the
model brassicaceous plant Arabidopsis thaliana L. [47]. On the contrary, selenite uptake is
carried out through passive diffusion. Moreover, it was reported that it is mediated by
active transport, as the uptake of selenite was significantly inhibited by a metabolic inhib-
itor [13]. Plants cannot directly take up metallic selenide and elemental Se because these
forms of Se are water-insoluble, while organo-Se compounds such as seleno-amino acids
have relatively higher phytoavailability [48]. The two Se-amino acids produced in the S
assimilation pathway are selenocysteine (SeCys) and selenomethionine (SeMet), which
are analogues of the S-amino acids cysteine (Cys) and methionine (Met) [74]. Selenocyste-
ine (SeCys) and Selenomethionine (SeMet) are both taken up at rates that were up to 20-
fold higher than those observed for selenate or selenite [62]. SeMet is one of the most ef-
fectively accumulated Se species in different organs [75]. The distribution of Se in various
parts of the plant differs according to species, phase of plant development, and plant phys-
iological condition [2]. Se concentrations tend to be the greatest in the younger leaves of
plants and generally increase to a maximum during seedling growth, prior to declining
before or upon flowering, when Se is translocated from leaves to reproductive organs [76].
In Se accumulators, Se is accumulated in young leaves during the early vegetative stage
of growth. During the reproductive stage, high levels of Se are found in seeds, while the
Se content in leaves is drastically reduced. Non-accumulator cereal crop plants, when ma-
ture, often show about the same Se content in grain and roots, with smaller amounts in
the stem and leaves [2]. Following uptake by root cells, selenate moves rapidly through
the root symplast to the stele and is translocated to the shoot, whereas selenite is converted
to organoselenium compounds, which often remain within the root [77]. The conversion
of selenate to selenite involves the consecutive action of two enzymes. ATP sulfurylase
(APS) couples selenite to ATP, forming adenosine phosphoselenate (APSe). APSe is sub-
sequently reduced to selenite by APS reductase (APR). There are isozymes for APS and
APR in both chloroplast and cytosol, but most of the selenite reduction likely takes place
in the chloroplasts. The further reduction of selenite to selenide may happen exclusively
in the chloroplast if it is mediated by sulfite reductase, in analogy with sulfite reduction
[78]. Se has dual effects on plant physiology depending on its concentration in plant tis-
sues. At low doses, it can stimulate the growth of plants and counteract many types of
environmental stresses [10]. At low concentration, Se enhances plant growth and can act
as an antisenescent agent, assisting the upholding of cellular constituents and activities,
thus helping to improve plant performance [5]. Se from plants has a negative effect on Se-
sensitive ecological partners, which may protect plants from pathogens and herbivores,
and which have allelopathic effects on neighboring plants [79]. Se was found to help to
increase K* accumulation in plants and also mediate the increase in chlorophyll 4, chloro-
phyll b, and total chlorophyll content by 65%, 39%, and 56%, respectively, as Se uptake is
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linked to enhancing the uptake of Mg and Fe [5]. Many studies suggested the role of Se in
the following plant physiological mechanisms: the regulation of reactive oxygen species
(ROS) and antioxidants, the inhibition of uptake and translocation of heavy metals (HMs),
changes in the speciation of HMs, rebuilding of the cell membrane and chloroplast struc-
ture, and recovery of the photosynthetic system [10]. Selenium addition to growing media
or nutrient solution also increased the net photosynthesis rate, stomatal conductance, and
transpiration rate of different plants [5]. Plants vary considerably in their physiological
and biochemical response to Se, and a revision of the physiological responses of plants to
Se was presented, especially in growth, uptake, transport, and interaction of Se with other
minerals [80]. Beneficial soil microorganisms associated with plant roots via symbiotic as-
sociation are rhizobia, mycorrhizal fungi, actinomycetes, and diazotrophic bacteria that
protect plants by various means such as the promotion of nutrient mineralization and
production of plant growth hormones [81]. The role of mycorrhizal fungi in enhancing Se
uptake in plants [82], as well as the use of Se-tolerant bacteria (Pseudomonas aeruginosa,
Bacillus spp., Enterobacter spp., Stenotrophomonas spp., Acinetobacter spp., and Klebsiella
spp.) appears to be a possible alternative for Se enhancement of cereals grown on soils
with low Se concentration [83]. The uptake of Se by agricultural crops is also dependent
on the plant species [57]. The biogeochemical behavior of Se in soil-plant systems is con-
sidered to be the basis of Se cycling in living organisms. In fact, the Se content of edible
plant parts is often closely related to soil Se content where the crops are being cultivated
[48].

2.3. The Impact of Selenium Bioavailability on Human Health

Food safety and nutritional quality represent a priority to improve the health status
of the global population [42]. Malnutrition is the main cause of global human mortality,
with over 50% of deaths attributed to diet-related diseases [41]. Micronutrient deficiencies
in human body mainly result from low concentrations and low availability of micronutri-
ents in daily diet [84]. Although, Se is one of the most significant micronutrients for all
forms of life, high levels of Se can be toxic, and the redox chemistry of Se can significantly
influence its toxicity, mobility, and bioavailability [1]. Many agricultural areas in the
world contain low Se levels, and it is estimated that more than one billion people are suf-
fering from Se deficiency [46]. Se intake from drinking water and other nonfood sources
is also minimal in most areas [14]. Individual dietary Se intakes across the world are esti-
mated to range from 3 to 7000 ug per day, whereas, for European countries where esti-
mates are available, mean intake is typically <50 ug-day— per person [51]. Daily intakes
are high in Venezuela, Canada, USA, and Japan, but much lower in Europe, particularly
in its eastern parts [85,86]. The minimal Se requirements depend on the form of Se ingested
and the properties of the rest of the diet, as well as on the content of a-tocopherol, which
seems to reduce the amount of required Se [87]. Recommended daily intake (following
international guidelines) is 40 ug for adult women and 50 pg for men [45]. It has been
suggested that approximately 100 selenoproteins may exist in mammalian systems [88].
Selenoproteins include glutathione peroxidases and thioredoxin reductases, which have
a variety of functions including protection from oxidative damage, regulation of intracel-
lular redox state, and thyroid hormone metabolism [39]. There is evidence that Se defi-
ciency can adversely affect human health in a number of ways, such as suppressing im-
mune functions, making the organism prone to viral infections, lowering reproduction
success (especially male fertility), negatively regulating thyroid function, and causing
asthma and various inflammatory conditions [65,89]. Additionally, selenium deficiency
causes dilated cardiomyopathy (Keshan disease) and endemic osteoarthropathy (Kashin—
Beck disease) [90]. A US study found Se-deficient HIV patients to be 20 times more likely
to die from HIV-related causes than those with adequate levels of Se [91]. Se also acts as a
cofactor of the GPx family of isoperoxidases which protect human cells against oxidative
stress [92]. Recently, an epidemic caused by a novel coronavirus (COVID-19 or 2019-CoV)
has spread worldwide while threating human health and threatening the world economy.
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Supplementary natural treatments should be considered to reduce the viral load in hosts
and enhance their immune system, such as Se supplementation. Similar to Zn, Se supple-
mentation to COVID-19 infected patients with low Se blood levels could be an option as
anatural treatment against the virus [93]. Previous studies reported that Se concentrations
in plants and animals are closely correlated to Se contents in soil. It is also true that, in
natural environments, some crop wild relatives have a high percentage of microelements
useful to humans, such as Zn and Fe, which are contained in high quantities, e.g., in Ae-
gilops ventricose Tausch [94] which is a progenitor of cultivated wheat (Triticum sp.). Some
authors [95] have proposed to start its cultivation in cooperation with local farmers, be-
cause, unlike cultivated wheat varieties, Ae. ventricose has a higher quantity of microele-
ments such as Fe and Zn, and it can be use as a natural alternative to conventional medi-
cine to help people with deficiencies in these microelements. Therefore, it should also be
verified if some wild species are rich in Se. Humans and animals ingest Se by consuming
agricultural products derived from plants that absorb Se from soil [59,63,96]. Generally,
human blood Se levels follow the same geographical pattern around the world as those of
livestock in the same regions [96]. Se content of foods varies as follows: organ meats and
seafood, 0.4 to 1.5 pg-g™!; muscle meats, 0.1 to 0.4 pg-g™'; most agricultural crops, <1 pg-g*
dry weight, cereals and grains, <0.1 to greater than 0.8 pg-g!; dairy products, less than 0.1
to 0.3 pg-g; fruits and vegetables, less than 0.1 ug-g™ [63]. In humans, Se absorption from
products of plant origin is much easier than Se absorption from products of animal origin.
Therefore, researchers are mostly interested in analyzing Se speciation in plant-derived
fortified foods [97]. Se concentration in foods, such as rice and wheat grain, can vary
greatly across countries and regions. Thus, to avoid Se deficiency and toxicity, it is im-
portant to monitor and optimize Se concentrations in various crops [98]. Improving Se
uptake by different crops during growth through biofortification can provide additional
supplementation of Se in the human diet [70].

3. Agronomic Biofortification

The efficacy of food fortification has been demonstrated consistently considering dif-
ferent micronutrients and different foods [99]. Biofortification was firstly defined by Bouis
(1996) [84] and evolved to be thought of as a process of increasing the bioavailable con-
centrations of essential elements in edible portions of crop plants through agricultural in-
tervention or genetic selection [12]. Different approaches can be explored to enrich plants
with Se [93]. Dietary deficiencies of Se can be improved through dietary diversification,
food fortification, supplementation, or crop biofortification, including fertilization (agro-
nomic biofortification) and crop improvement (genetic biofortification) [14]. Agronomic
biofortification consists of applying fertilizers of mineral elements lacking in the diet in
order to increase their concentrations in crops through soil or foliar application [30]. Se-
enriched fertilizers for soil or foliar application for agronomic biofortification of cereals
provide the best short-term solution for increasing Se concentrations in crops [55]. Com-
pared to foliar application, soil application of Se introduces confounding factors, such as
adsorption to soil colloidal surfaces, resulting in less Se available to the plants [70]. Cereals
are grown in the greatest quantities and provide more food energy worldwide than any
other type of crops; they are, therefore, staple food crops [15]. The availability of soil Se to
crops can be affected by irrigation, aeration, liming, and Se fertilization [91]. Generally,
mean concentrations of Se in grains are higher in countries having arid climates than in
countries having humid climates [80]. Se uptake also varies with the rate of plant growth,
soil type, soil concentration of Se, and its oxidation state, along with the rate and method
of Se application, as well as concentrations of other anions in soil, especially sulfate [100].
The theory of mineral nutrition suggests that differences in Se concentration in grains oc-
cur as a result of different transport and absorption mechanisms, and that the processes
are mainly under genotypic influence [64]. Accordingly, plant breeding for improved Se
uptake and/or retention by plants may be an effective and sustainable strategy. Numerous
findings suggest that it should be possible to breed cultivars with enhanced Se uptake
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and/or retention or to use genetic engineering to enhance Se levels (and even specific Se
metabolites) in food crops [91]. Plant breeding, as the most powerful agricultural ap-
proach, may not work effectively in regions where soils have very low plant-available
pools of micronutrients due to very adverse soil chemical and physical conditions [101].
Another shortcoming of the breeding approach is the long breeding cycles combined with
expensive phenotyping of segregating individuals. Maintaining the stability of target mi-
cronutrient traits across diverse types of environments and finding sufficient and prom-
ising genotypic variation may also be difficult [101]. Previous investigations suggested
that genetic biofortification may be suitable for increasing the amounts of available Fe,
carotenoids, and vitamin A, while agronomic biofortification is good for iodine (I) and Se
[66]. Agronomic biofortification refers to the application of fertilizer through soil, as a fo-
liar spray, or as seed treatment to enhance the status of a specific micronutrient in edible
plant parts [66]. It is worth mentioning that the materials best suitable for Se fertilization
include selenate, selenite, slow-release Se fertilizer, Se-enriched yeast, nano-Se, and amino
acid-chelated Se [102]. Nano-Se is a relatively new approach to enrich food with Se. Sele-
nium nanoparticles have been regarded as a promising material for many applications
due to their unique properties such as high biological activity, bioavailability, low toxicity,
high particle dispersion, and large surface area [103]. They represent a promising alterna-
tive to other forms of Se, where a reduction in application complexity may be achieved,
and this leads to important results in the potentiation of antioxidant metabolism, the pro-
motion of agronomic sustainability, and a reduction in waste [40]. The success of bioforti-
fication to enrich plants with Se depends on several factors, such as Se species, the mode
of Se fertilization, and the crop species [93]. Investigations indicate that agronomic biofor-
tification of wheat by Se fertilization may be the best approach to increase the Se intake
by humans [23]. The average Se content in crop plants from non-seleniferous soils varies
between about 0.01 and 1.0 mg-kg' DW [71]. Recommended Se contents in grain, used as
fodder and food, are 0.2-0.3 mg Se-kg™ dry matter (DM) and 01-0.2 mg Se-kg™* DM, re-
spectively [60]. Studies have shown that, in adequate concentrations, Se can be also bene-
ficial to plants by increasing their productivity [104]. It has been reported that Se improves
the yield of food crops such as wheat, barley, rice, and maize [16]. Therefore, type of ap-
plication, form of Se, and time of application play a critical role in achieving prosperous
biofortification in cereal crops.

4. Selenium Content Affected by the Method and Form of Selenium: Meta-Analysis

The type of application is the first important factor that significantly increases Se con-
tent in plants, and most studies have demonstrated that foliar application is a more effi-
cient method of fertilization, although soil fertilization is more popular [13,39,41,42,105].
Foliar spraying leads to more efficient uptake of Se compared to soil application corrobo-
rated by the lack of soil residuals. Foliar techniques use the minimum amount of Se salts
and are the most effective, safe, and economically acceptable way of improving Se con-
tents in crops such as wheat [37]. Foliar application of Se is a more efficient method of
biofortification because there is no root-to-shoot translocation and soils can act as consid-
erable sinks for Se [39]. Accordingly, the plant availability of applied Se can decrease rap-
idly in soils [106]. Se form is the second important parameter for effective biofortification.
Most studies have shown selenate (where Se exists in its highest oxidation state, +6) to be
the most effective form when applied to the soil and usually more effective than selenite
(Se+4) when applied in a foliar manner [41]. The higher efficiency of selenate results from
the more rapid uptake of Se(VI) and translocation from root to stem and leaves, as well as
quicker transformation into the organic form, while selenite(IV) is more easily adsorbed
to the soil, which makes its uptake difficult [42]. Selenate is easily distributed from roots
to shoots, whereas selenite or its metabolic products tend to accumulate in roots [58]. It
can be expected that most of the applied Se as selenate remains in an inorganic form in
shoots, whereas most of the added selenite is incorporated as organic Se, i.e., in Se-amino
acids and Se-proteins [43]. One study showed that the efficiency of foliar fertilization in
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rice plants becomes higher with sodium selenite compared to selenate [107]. The Se con-
centrations in rice grains tend to be higher compared to maize and wheat grains [108],
possibly because rice cultivars can be differentiated into high-Se and low-Se cultivars [64].
As a staple food, rice is an excellent source of energy, with prevailing consumption in over
30 countries, providing about 80% of daily caloric intake to ca. three billion people [107],
making it a suitable target for agronomic Se biofortification. Studies have shown that fo-
liar application with selenate and selenite increased the Se content in wheat grains [20,33—
35]. Foliar application of Se obtained good results, and it is a most commonly used method
in wheat biofortification. The use of Se fertilizers in soil leads to low rates of Se enrichment
in edible plant parts. Moreover, long-term use can be toxic to the nearby ecosystem; hence,
the use of Se fertilizers should be carried out carefully to avoid toxicity [13]. Despite the
cons of fertilizer application, agronomic biofortification is a justified measure to achieve
increased Se content in maize grain [16,109,110]. The absorption, accumulation, distribu-
tion, and metabolization of Se in mature maize plants depend on the form of Se supplied
[27]. Barley is the major small grain cereal after rice, wheat, and maize [18]. Two-rowed
barley might be a suitable candidate to be included in Se biofortification programs [32],
with foliar application of sodium selenate immediately after anthesis or during the ger-
mination stage of the malting process, resulting in the accumulation of Se in the foods
[111]. The analysis of results of studies considering Se biofortification showed considera-
ble variation in methods, times, and forms of application in the grains of four major cereal
crops (Table 1). In rice, the distribution of values was skewed toward the right due to the
limited number of studies after Premarantha et al. (2012). However, the increase varied
from 0.025 pg Se per 1 g of applied Se [19] to 0.42 ug Se per 1 g of applied Se [28] in field
experiments and up to 6.34 ug Se per 1 g of applied Se in a pot experiment in controlled
conditions [29]. In maize, the reported values in pug Se per 1 g of applied Se varied from
0.091 [112] to 0.92 [30]. The results of barley showed considerably lower efficiencies when
selenite was used [31,32] with values varying from 0.0422 to 0.78 pg Se per 1 g of applied
Se. In wheat, the lowest value of 0.1125 ug Se per 1 g of applied Se was reported for sele-
nite in a study by Ducsay et al. (2016), while the highest value of 0.853 was reported by
De Vita et al. (2017).

Table 1. Different selenium (Se) forms and application methods in major cereal crops.

Se
content Increase
T f Ti f 1 1g of
Specie ype o Application 1me o Se Form g Se/ha Contr(} in Grain Increase bylgo References
Experiment Application kg ugkg Added
DW Se
. Field . . .
Rice . Soil At heading Selenite 30 76 59 0.78 0.03 [19]
experiment
. Field . .
Rice . Soil At heading Selenate 30 76 79 1.04 0.03 [19]
experiment
. Field . . .
Rice . Soil At heading Selenite 30 86 85 0.99 0.03 [19]
experiment
. Field . .
Rice . Soil At heading Selenate 30 86 92 1.07 0.04 [19]
experiment
. Field . . .
Rice . Soil At heading Selenite 30 97 82 0.85 0.03 [19]
experiment
. Field . .
Rice . Soil At heading Selenate 30 97 92 0.95 0.03 [19]
experiment
. Field . . .
Rice . Foliar At heading Selenite 30 76 273 3.59 0.12 [19]
experiment
. Field . .
Rice Foliar At heading Selenate 30 76 150 1.97 0.07 [19]

experiment
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Rice Field Foliar Atheading  Selenite 30 86 122 142 0.05 [19]
experiment
. Field . .
Rice . Foliar At heading Selenate 30 86 105 1.22 0.04 [19]
experiment
. Field . . .
Rice . Foliar At heading Selenite 30 97 136 14 0.05 [19]
experiment
. Field . .
Rice . Foliar At heading Selenate 30 97 176 1.81 0.06 [19]
experiment
Field
Rice experiment, no Soil At sowing Selenate 25 30 320 10.67 0.43 [28]
till
Plastic pots in Seven times
Rice growth Foliar . Selenite  0.53 30 100 3.33 6.35 [29]
through vegetation
chamber
Plastic pots in Seven times
v
Rice growth Foliar . Selenite  10.5 30 1540 51.33 4.89 [29]
through vegetation
chamber
Plastic pots in Seven times
Rice growth Foliar . Selenite 21 30 1560 52 2.48 [29]
through vegetation
chamber
. Field . . .
Maize . Soil Before sowing Selenite 150 3.7 51 13.78 0.09 [106]
experiment
Maize Field Foliar ~ Losselingandone g .0 gy 11 9% 873 079 [106]
experiment week after silking
Maize Field Soil Before seeding ~ Selenate 5 34 41.66 123 0.25 [30]
experiment
. Field . .
Maize . Soil Before seeding  Selenate 10 34 68.33 2.01 0.2 [30]
experiment
. Field . .
Maize . Soil Before seeding  Selenate 20 34 92.66 2.73 0.14 [30]
experiment
Fiel During th
Maize ield Foliar uring the stem g 1 nate 5 34 15666 461 092 [30]
experiment elongation stage
Maize Field Foliar ~ Duringthestem o e 10 34 20533  6.04 0.6 [30]
experiment elongation stage
Maize Field Foliar ~ Duringthestem o e 20 34 30566 899 0.45 [30]
experiment elongation stage
Barley Field Soil Before seeding  Selenite 20 45 57 127 0.06 [31]
experiment
Field . .
Barley . Soil Before seeding  Selenate 20 33 391 11.85 0.59 [31]
experiment
Field . . .
Barley . Soil Before seeding ~ Selenite 40 45 76 1.69 0.04 [31]
experiment
Field . .
Barley ] Soil Before seeding  Selenate 40 33 959 29.06 0.73 [31]
experiment
Barley Field Foliar ~ Crdoftillering EC- g e 10 1117 880 7.88 0.79 (32]
experiment 39
Barley Field Foliar ~ Cndoftillering BC- o\ ate 20 1117 11139 997 05 [32]
experiment 39
Barley Field Foliar ~ Lndoftillering BC- o ) e 10 1117 270 2.42 0.24 [32]
experiment 39
Barley Field Foliar ~ LndoftilleringBC- g ) e 20 1117 3455 309 015 [32]
experiment 39
Wheat Field Foliar Tillering state ~ Selenite 10 66.6  153.6 231 0.23 33]
experiment
Field . . .
Wheat Foliar Tillering state Selenite 20 66.6 254.8 3.83 0.19 [33]

experiment
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Wheat Fle,ld Foliar Tillering state Selenite 40 66.6 430.4 6.46 0.16 [33]
experiment
Field . s
Wheat . Foliar Tillering state Selenate 10 66.6 266.8 4.01 0.4 [33]
experiment
Field . 1y
Wheat . Foliar Tillering state Selenate 20 66.6 820 12.31 0.62 [33]
experiment
Field . 1y
Wheat . Foliar Tillering state Selenate 40 66.6 1383.2 20.77 0.52 [33]
experiment
. Growth stage of
Wheat Small-plotfield 2nd node on the  Selenite 10 32 51 1.59 0.16 (34]
experiment .
main stem
. Growth stage of
Wheat Small-phlo’c field Foliar 2nd node on the  Selenite 20 32 72 2.25 0.11 [34]
experiment .
main stem
. Growth stage of
Wheat Small-plotfield —p 2nd node on the  Selenate 10 32 190 5.94 0.59 [34]
experiment .
main stem
. Growth stage of
Wheat Smalplotfield L Jndnodeonthe Selenate 20 32 350 1094 055 [34]
experiment ]
main stem
Field . . .
Wheat . Foliar Preflowering Selenite 20 120 610 5.08 0.25 [35]
experiment
Wheat Field Foliar Preflowering  Selenate 20 120 1340 1117 056 [35]
experiment
Wheat Field Foliar Pre-grain filing o e 20 120 970 8.08 0.4 35]
experiment stages
Wheat Field Foliar Pre-grain filling ¢ 1 ate 20 120 1590 1325  0.66 35]
experiment stages
Wheat Field Foliar ~ DWiNgS3land g e 5 150 640 427 085 [20]
experiment GS 49 stage
Fiel Duri 1
Wheat ield Foliar uring GS3land ¢ 1 te 25 150 2390 1593  0.64 [20]
experiment GS 49 stage
Wheat Field Foliar ~ DuringGS3land o e 50 150 2820 18.8 0.38 [20]
experiment GS 49 stage
Wheat Field Foliar ~ DuringGS3land o e 80 150 3930 26.2 0.33 [20]
experiment GS 49 stage

To further analyze the data patterns from other studies, a meta-analysis was con-
ducted by setting a liner mixed model [113]. Mixed linear models were set with normal-
ized data of Se increase per 1 g of applied Se as response variable. Input data were values
from Table 1. Eight models in total were set in the R Ime4 library [113] with all random
effects and intercepts for each term, assuming unstructured error variance. Models in-
cluded eight combinations of the following factors: application type, species, form of Se,
and their respective interactions. The final model was chosen on the basis of the lowest
scores of Akaike and Bayesian information criteria (AIC and BIC), and it included three
random terms. The first term was with the intercept varying as a function of application
type and type of Se, the second was with the intercept varying as a function of species and
type of Se, and the third was the random intercept term type of experiment with a fixed
mean. Model coefficients were extracted using the Ime4 coef() command.

The variance component analysis (Table 2) showed the lowest amount of variance
explained by the application type, followed by the species x Se form interaction, while the
type of experiment explained the most considerable portion of variance. Expectedly, a low
value of residual variance was determined. The analysis of coefficients of random effects
showed lower efficiency of Se application in soil compared to foliar application. In the
analysis of species x form of application interaction, lower efficiencies of selenite were
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determined in all crop species, while the sizes of calculated coefficients were comparable
only in rice. A plastic pot experiment in a growth chamber showed a multifold increase in
Se accumulation, probably due to the lack of atmospheric factors affecting the leaching
and volatilization of Se [39]. Field growing represents a more feasible biofortification
method compared to plastic pots for growing cereals due to the low amount of food that
can be produced. Plants, when supplied with selenite, had selenium concentrations in the
xylem exudate lower than selenate [114]. The same pattern was confirmed by the mixed
model analysis (Table 2) for grains. The second largest proportion of variance was ex-
plained by the interaction of application type x Se form with the foliar application of sel-
enate being the best combination to achieve successful agronomic biofortification. Appli-
cation of selenate to soil represents the second-best option to increase Se level in cereals.
Application of selenite to the soil or in a foliar manner represents the least effective op-
tions, and foliar application of selenite is a better choice for increasing Se in plants. Wheat
is the most important cereal for agronomic biofortification because of its importance for
human diet [115], and it had a higher uptake of Se in the grain compared to all other stud-
ied cereals (Table 2). Generally, selenite is more strongly adsorbed by the soil solid phase
and, thus, less soluble than selenate in soil solutions [58], while genotype also influences
the increase in Se in the grain [116]. The best results observed in the species x Se form
analysis were wheat/selenate > barley/selenate > maize/selenate > maize/selenite >
wheat/selenite > barley/selenite > rice/selenite > rice/selenate, in the order from more effi-
cient to less efficient. The higher translocation of selenate into grains (Table 2) might,
therefore, be due to its higher bioavailability to plants than selenite, which is more
strongly adsorbed to the soil surfaces [43]. Furthermore, in plants, selenite and phosphate
compete for uptake because they share common transporters [69], while the translocation
of selenate from roots to shoots occurs more readily than selenite [67]. Barley was also
shown to be efficient in Se uptake [111], and selenate application resulted in enhanced
accumulation of Se in barley grains [18] compared to selenite. Chilimba et al. [109] re-
ported that agronomic biofortification of maize with Se appears to be a feasible option for
increasing dietary Se [109]. Foliar application of selenite in rice plants resulted in higher
total Se content compared to soil application [117], and selenite is a more effective Se form
for rice biofortification with differing accumulation across genotypes [118], as discussed
in this paper. Considering the analyzed data and reviewed literature, we can see that
wheat is the most cultivated cereal and has the highest efficiency of Se uptake and trans-
location toward its edible parts. Barley showed higher efficiency regarding Se biofortifi-
cation compared to rice and maize, although it is not cultivated as much. From the studied
cereals, selenite was shown only in rice to be a more efficient Se form than selenate. The
largest proportion of variance in the mixed model analysis was attributed to application
type x Se form (Table 2), representing the most important factor in choosing the right
strategy of Se agronomic biofortification, along with the choice of right plant species.

Table 2. Variance explained by application type x Se form, species x Se form, and type of experi-
ment, followed by coefficients of random effects (best linear unbiased predictions) for each level of
factors from the 11 scientific papers evaluated (n.a., not applicable).

Application Type X Se  Species X Se Type of

Factor Form Form Experiment Residual
Variance 0.012352 0.006132 10.624367 0.213215
Coefficients of random effects
Soil/selenate -0.007177254 - -
Foliar/selenate 0.095549031 - -
Soil/selenite -0.060080039 - -
Foliar/selenite -0.022608397 - -
Barley/selenate - 0.031985788 - n.a.
Maize/selenate - 0.012493402 -

Rice/selenate - -0.039315129 -
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Wheat/selenate - 0.038706521 -
Barley/selenite - -0.013442636 -
Maize/selenite - 0.010163323 —
Rice/selenite - —0.028004366 -
Wheat/selenite - -0.009765509 -
Field experiment - - 0.2971243
Plastlccl:;lc;t;l Lne ;growth B B 45913276

5. Conclusions and Future Perspectives

Cereals are the most common food in the human diet worldwide. Over one billion
people have an Se deficiency, which leads to various disorders in human health. Recently,
the necessity of a functioning immune system has been emphasized. Connecting these
facts, we conclude that selenium agronomic biofortification should be done on the most
widely used foodstuff to reduce Se malnutrition. According to a meta-analysis, foliar ap-
plication has been shown to be a more efficient method than soil application. Foliar appli-
cation is also a more cost-effective method with numerous advantages. The form of ap-
plied Se also plays an important role in increasing Se content in the cereal grain, with the
selenate form being more effective for agronomic biofortification. For further research, it
is necessary to determine the exact doses of selenium for individual crops that will ulti-
mately have the best outcome for plants, humans, and soil. According to the available data
and results of the meta-analysis, there is a possibility to design a computational model for
predicting the efficiency of applied selenium with respect to crop and soil type, selenium
form, and method of application. There are several papers that do not have yield data,
and this would be crucial in the development of a model; thus, there is a niche for the
improvement of scientific papers on agronomic Se biofortification. An interesting chal-
lenge would be to determine if some wild plant species have high concentrations of Se,
starting from segetal weed species, which are often exclusive to these environments,
sometimes have medicinal properties, and may be at risk of extinction due to intensive
agricultural practices [119,120].
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