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Abstract. Agronomic biofortification is one of the approaches which
have been successfully adopted for improving the nutritional content of
plant-based foods and is mainly focused on optimizing the application
of mineral fertilizers and/or the improvement of the solubilization and
mobilization of mineral elements in the soil. In general, mineral elements
with a good dynamism in the soil and in the plant are good candidates
for a prosperous agronomic biofortification. Selenium deficiency occurs
in areas where soil Se is low, including parts of Europe, China, North
America, Australia, New Zealand, and Southern Africa. Selenium tox-
icity occurs in areas where soil Se is naturally high, including areas of
China, India, and the United States. Toxicity from naturally occurring
Se may be intensified by irrigation of seleniferous soils, mining, and use of
Se-rich fossil fuels. Then, management practices benefit from a thorough
understanding of the mechanisms of plant Se uptake and the fate of Se
in different plant species.
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1 Toxicity of selenium and its tolerance in plants

Accumulation of Se in the tissues of plants lead to symptoms of toxicity,
such as stunting, chlorosis, and fading of leaves, between 2 mg kg−1 in non-
accumulators, such as rice, and 330 mg kg−1 in white clover (Mikkelsen et al.,
1989), to several thousands of mg kg−1 in the accumulator Astragalus bisulca-
tus (Shrift, 1969). There are some factors that help identify the susceptibility
of a certain plant to toxicity, such as Se concentrations, levels of sulphate in
the soil, the stage of growth, and the chemical form of the concentrated Se. It
has been observed that both selenite (SeO2−

3 ) and selenate (SeO2−
4 ) are ma-

jor forms of toxic to non-accumulators because they are readily absorbed and
assimilated by plants (Wu et al., 1988).

The interpolation of seleno-amino acids, selenocysteine, and selenomethio-
nine into proteins instead of cysteine and methionine and then the changes in
the tertiary structure, resulting from differences in size and ionization prop-
erties between S and Se atoms, may have a negative effect on the catalytic
activity of certain important proteins and may induce the major mechanism
of Se toxicity (Brown & Shrift, 1982). It has also been found that Se induces
toxicity in plants by interfering with chlorophyll combination (Padmaja et al.,
1989) as well as with nitrate accumulation (Aslam et al., 1990). There is also
proof that Se can interfere with the production of glutathione, and thus de-
crease a plant’s defence against hydroxyl radicals and oxidative stress (Bosma
et al., 1991). It appears that there is a high tolerance of accumulators re-
garding Se levels that would result in toxicity in non-accumulators because
of the decrease of intracellular concentrations of selenocysteine and selenome-
thionine, hence preventing their interpolation into proteins. This is brought
about by turning the Se into non-protein seleno-amino acids, such as seleno-
cystathionine, or into the dipeptide γ-glutamyl-seleno-methyl-selenocysteine
(Nigam et al., 1969). There is some proof that this may, to some amount, be
achieved by the compartmentation of the element in the form of selenate or,
maybe, as non-protein seleno-amino acids, in vacuoles (Terry et al., 2000), as
suggested by Reilly (2006).

It has been reported that toxic Se concentrations in non-accumulator plants
result in a 10% decrease of yield, without any visible symptoms (Se contents
between of 2 and 330 mg kg−1 in rice and white clover resp.). In accumulator
plants, Se concentration may reach 4,000 mg kg−1, without any negative effects
(Kabata-Pendias, 2011). Tolerance mechanisms include processes of exclusion
of active Se amino acids, thus preventing their incorporation into proteins and
the damaging effects on plant functions (Terry et al., 2000). The deprivation
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of Se from proteins in accumulator plants is the basis for their tolerance to
Se. Generally, food crops have a low Se tolerance; however, most other plants
may accumulate amounts of Se that are toxic for humans and animals. In non-
tolerant plant species, a surplus of Se may destroy germination and growth and
cause chlorosis and black spots on leaves. Increased Se levels in plants repress
their concentrations of N, P, and S, just as different amino acids do; thus,
high Se concentrations inhibit the absorption of metals, mainly Mn, Zn, Cu,
and Cd. These connections are dependent on the ratio between the elements,
and therefore it is possible for high Se levels to have stimulating effects on the
uptake of some trace elements. The application of N, P, and S is known to help
in detoxifying Se, which is perhaps a result either of suppressing Se uptake
by the roots or of establishing a beneficial ratio of Se with these elements, as
suggested by Kabata-Pendias (2011).

It has been reported that when Se-sensitive plants are subjected to high
levels of Se in the soil-root medium, they may show various symptoms such
as short growth, chlorosis, withering, drying of leaves, and premature death
of the entire plant (Mikkelsen et al., 1989). In general, the threshold range in
non-accumulator plants varies with plant age and S supply as younger plants
can be more sensitive to toxicity, while tolerance to Se toxicity reaches higher
levels with increasing sulphate supply (Brown and Shrift, 1982). The threshold
toxic content in non-accumulator plants also depends on the form of Se applied
and with selenate and selenite being the major toxic forms for plants. This
may be linked to both these forms of Se readily absorbed and translocated in
plants and assimilated in the inorganic forms (de Filippis, 2010).

We can conclude a number of possible modes of tolerance to toxic com-
pounds, which are described by Pilon-Smits (2005) and may involve any of
the six mechanisms – these include differences in adsorption, conjugation,
sequestration, enzymatic modification, enzymatic degradation, and volatiliza-
tion. Tolerance in Se-accumulator plants is apparently due to a number of
mechanisms such as: 1) Adsorption or transportation: decrease in excessively
high concentrations of Se being transported into the cells of leaves. 2) Seques-
tration or enzymatic modification: accumulation of Se in seleno-amino acids,
but these seleno-amino acids are not incorporated into normal protein synthe-
sis. 3) Sequestration: compartmentation of Se as selenate in the vacuole and
away from more sensitive cytoplasmic reactions. 4) Enzymatic modification:
increase ATP sulphurylase and SeCys methyltransferase activities to decrease
inorganic Se to organic forms of Se, although other enzymes and reactions are
also required. 5) Conjugation: conjugation with glutathione (GSH) and an
increase in antioxidation protective reactions. Conjugation with Se-binding
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proteins and polypeptides decreases inorganic Se content. 6) Volatilization:
increase volatilization of mainly organic forms of Se out of plant cells and
tissues (de Filippis, 2010).

It is a well-known fact that plant species vary in their ability to accumulate
Se and most plants have less than 25 mg Se kg−1 dry matter and are called non-
accumulators. Such plants are unable of tolerate high Se in the surrounding,
and Se toxicity occurs under about 10–100 mg Se kg−1 of dry matter, although
the exact value depends upon the selenate:sulphate ratio in the rhizosphere
solution (White et al., 2004). These plants tolerate low Se concentrations in
the rhizosphere by limiting Se uptake and movement to the shoot (Wu et al.,
1988). Different plant species can grow sufficiently in both seliniferous and
non-seliniferous soils, and they may contain more than 1,000 mg Se kg−1 dry
matter without consequence (White et al., 2004).

Therefore, we may conclude that both selenite (SeO2−
3 ) and selenate (SeO2−

4 )
are main forms that are toxic to non-accumulators because they are readily ab-
sorbed and assimilated by plants (Domokos-Szabolcsy et al., 2011). Additional
Se levels in plants repress their concentrations of N, P, and S, like different
amino acids, thus high Se concentrations prevent the absorption of metals,
originally Mn, Zn, Cu, and Cd. These communications are dependent on the
ratio between the elements. The application of N, P, and S is believed to help
in detoxifying Se, which is perhaps a result either of suppressing Se uptake by
the roots or of establishing a beneficial ratio of Se with these elements.

2 Selenium–sulphur interrelation

S and Se have received little attention so far with respect to biotechnology-
based crop improvement, at least when compared with nitrogen or phosphorus.
In pursuit of a higher yield, better nutritional value, and quality in combina-
tion with sustainable plant management, various biotechnological approaches
have tried to modify crop plants in recent years (Khan & Hell, 2008). Plant
nutritional aspects may be the major reason for this lack of interest of S and
Se. Moreover, S is the least necessary one among the six macronutrients and
is usually available in sufficient amounts in soils of arable land. Its mineral
fertilization is relatively affordable, often combined with chemically decreased
nitrogen (ammonium sulphate), and even S contaminations of nitrogen and
phosphate mineral fertilizers may be sufficient to support crop growth in some
cases (Pasricha & Abrol, 2003). On the other hand, Se still has not been
pointed out as a necessary nutrient for plants (not regarding algae), and it
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just plays the role of a potentially deleterious component in small agricultural
areas with great selenate content in the soil. However, many decreased Se com-
pounds, such as methionine and different vitamins (Hell, 1997), are necessary
in the human diet as is selenide in a steadily increasing number of specialized
enzymatic actions (Sors et al., 2005b).

The close relationship between Se and S metabolism in plants may be due
to the physical and chemical similarities of Se and S. Both S and Se are part
of Group 16 in the periodic table, the most common valence states of S and Se
being −2, 0,+2,+4,+6, with Se occurring as Se2− (selenite), Se0 (elemental
selenium), Se2O

2−
3 (thioselenate), SeO2−

3 (selenite), and SeO2−
4 (selenate) re-

spectively. The predominant forms of S and Se available for plants are SO2−
4 ,

SeO2−
4 , and SeO2−

3 (Sors et al., 2005a). These elements have some chemical
differences, from which one can infer that some biochemical activities includ-
ing Se are perhaps excluded from those associated with S. As observed from
the periodic table, the Se atom is larger than S with a radius of 0.5 Å com-
pared to 0.37 Å, for S. Consequently, the bond between two Se atoms is almost
one-seventh longer and one-fifth weaker than the disulphide bond (Sors et al,
2005b). SO2−

4 and SeO2−
4 competed for influx to plant roots (Shennan et al.,

1990), and exhibited similar Michaelis constants (Km) for high-affinity trans-
port (Km =15–20 µM), which was historically observed. However, when plants
are supplied with mixtures of SO2−

4 and Se2−4 , the Se/S concentration ratio in
shoot tissues is rarely identical to the Se/S concentration ratio in the rhizo-
sphere (White et al., 2004). In fact, there is often no correlation between the
shoot Se and S concentrations of various plant species (or even ecotypes of the
same species) growing in the same environment (Feist and Parker, 2001), al-
though strong relationships between shoot Se and S concentrations have been
announced when the analysis was limited to Se non-accumulator crop plants
(Hurd-Karrer, 1937), as pointed out by White et al. (2007).

The Se:S accumulation ratio is obtained by S supply, suggesting that the
sulphate transporters induced by S deficiency are more selective for SO2−

4 than
the sulphate transporters present. Taken together, these observations suggest
that several sulphate transporters, with contrasting anionic selectivities, facil-
itate the uptake of SO2−

4 and SeO2−
4 by plant roots and that the complemen-

tation of these is determined genetically and may be regulated by the plant’s
nutritional situation. However, the structural basis of the anionic selectivity
of different sulphate transporters is unknown. Following uptake by root cells,
S and Se are converted into SO2−

4 and SeO2−
4 , which are then loaded into the

xylem and transported to the shoot, where they are assimilated into organic
composites. Most SO2−

4 assimilations take place in the shoot, and the enzymes
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responsible are generally encoded by wide gene families, whose products are
directed to various intracellular compartments (Hawkesford, 2005).

An enhancement in the expression of genes encoding these enzymes is gener-
ally observed during S starvation (White et al., 2007). Selenate is accumulated
in plant cells against an electrochemical potential (or gradient) by active trans-
port driven by ATP (ATPase). SeO2−

4 readily competes with the uptake of
SO2−

4 , and both anions become clear to be taken up by a number of sulphate
transporters in the root plasma velum (Abrams et al., 1990). The sulphate
transporters modulate Se uptake in bacteria and yeasts, and at least two kinds
of these transporters are also present in plants.

The characterized S/Se transporters belong to two major classes (de Filippis,
2010): 1) Transporters that have high affinity for sulphate (HAST), which is
likely to be the primary transporter involved in the sulphate uptake from the
soil, and it is expressed mainly in roots with a Km for sulphate of 7–10 µM.
HAST is also considered to be involved in selenate uptake; and 2) Transporters
with a low affinity for sulphate (LAST), which secondary transporter is more
likely to be included in the intercellular transport of sulphate, expressed in
both the roots and shoots with a Km for sulphate of 100 µM. LAST is also
regarded to be involved in selenate uptake (Cherest et al., 1997). Hence, we
may conclude that the physical and chemical similarities of Se and S help to
describe the close relationship between Se and S metabolism in plants. Both S
and Se are part of Group 16 in the periodic chart; the Se atom is larger than S
with a radius of 0.5 Å compared to 0.37 Å for S. Several sulphate transporters,
with contrasting anionic selectivities, facilitate the uptake of SO2−

4 and SeO2−
4

by plant roots, and the complementation of these is genetically determined
and may be regulated by the plant’s nutritional status.

3 Application of selenium in fertilizers

Inorganic Se fertilization on a national scale has proven its efficiency in Finland
since 1984, when the interpolation of Se into all multi-element fertilizers be-
came compulsory. Se concentrations in Finnish foodstuffs have since increased
dramatically (Ekholm et al., 2007). Soil, climatic, and cropping situations will
affect the adequacy of Se biofortification; experiences gained in Finland and
other places may not be appropriate to other regions. Another important fac-
tor to remark is that the window of Se intake from deficiency to toxicity is
rather narrow, necessitating detailed studies on the efficacy of Se biofortifica-
tion through fertilization if this approach is to be adopted on a commercial
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scale (Broadley et al., 2010).
In controlled environmental studies, growth stimulations induced by SeO2−

4

fertilization have been reported in ryegrass (Xue & Hartikainen, 2000; Cartes
et al., 2010), lettuce (Rı́os et al., 2009), potato (Turakainen et al., 2004),
arabidopsis (White et al., 2004), and soybean (Djanaguiraman et al., 2005).
Growth or yield stimulation may be because of selenate-induced antioxidant
production such as ascorbate and glutathione (GSH) peroxidases that detox-
ify H2O2 and improve stress resistance (Rı́os et al., 2009). Selenate-induced
upregulation of sulphate transport and merger is also likely to happen (Van
Hoewyk et al., 2008). Hence, whilst Se is probably beneficial to vascular plants,
as to our knowledge, no growth in yield or stress resistance has been observed
in Se-enriched field-grown crops (Broadleyet al., 2010).

Different ways of raising Se concentrations have been investigated over the
years to overcome the naturally low Se content of crops in some areas, and this
subject has been discussed in a number of reviews (Gissel-Nielsen & Gupta,
2004). It is well known that in Finland in 1984 Se-containing fertilizers came
into public use. Sodium selenate is added to the fertilizer slurry in order
to obtain an equal Se concentration in the granules during the process of
production (Hartikainen, 2005). Since the beginning of Se fertilization, its
impact has been regularly monitored by analysing Se in agricultural soils,
water and plants, all kinds of feeds, plant and animal foods, and human serum,
the results of these works appearing in numerous publications such as Ekholm
et al. (1994) or Eurola et al. (2003). The Se amount in fertilizers has been
regulated on the basis of these findings. The primary level of 16 mg kg−1 used
for cereal crop fertilizers was decreased to 6 mg kg−1 (in 1991). Since this
measure had an adverse effect on the crop quality, the Se concentration was
increased to the present level of 10 mg kg−1 (in 1998).

Fertilization induced severe changes in the Se concentration of agricultural
crops. For instance, in spring cereals, the increase was generally 20–30-fold
during the first years of supplementation. The Se amount in 2005 was about 13
times higher than in the mid-1970s. In winter cereals, the Se levels increased
at first 2–5-fold to 0.07 mg kg−1 dry weight in 1990, the present level being
about 10–12 times higher than that in the 1970s, as pointed out by Hartikainen
(2005).

The first studies on the soil application of Se in the 1960s involved the
spraying of selenite or selenate solutions onto the soil surface. These relatively
simple experiments from New Zealand and USA showed much promise to
increase Se content through such treatments, and they have been followed by
extensive studies all over the world (Gissel-Nielsen & Gupta, 2004). On the
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other hand, a large-scale field experiment involving an annual addition of 60
and 120 g Se ha−1 over a period of 5 years (as Na2SeO3) incorporated into
a NPK compound fertilizer was carried out in 21 farms covering the common
Danish soil types. The soils varied in their content of organic matter, clay,
prior cropping, etc. but were all glacial deposit mineral soils with a pH of 5–7.
The 120 g Se treatment increased the native Se concentration of 0.02–0.04 mg
kg−1 of wheat, barley, rye grass, clover, and fodder beets (0.09 mg kg−1 in
the beet top) to 0.08–0.13 mg Se kg−1, which is considered a sufficient and
safe level for animal nutrition (Gissel-Nielsen & Gupta, 2004). It has been
reported that field experiments were carried out on two South Australian sites
(Charlick & Minnipa, 2002), where Se was applied as sodium selenate at rates
from 0 to 120 g ha−1 Se either to the soil upon seeding or as a foliar spray
after flowering (Lyons et al., 2005).

Applications of Na2SeO3 to soils or as a foliage spray are proposed for
correcting Se nutritional deficiencies in areas with low soil Se. However, in
view of the toxic properties of Se salts, these practices should be carefully
controlled and the surplus of Se to soil, at 10 g ha−1, affected its contents in
grains of barley and oat, from 0.019 to 0.26 mg kg−1 and from 0.032 to 0.44
mg kg−1 respectively (Gupta & Gupta, 2000). Soil applications are advised in
general, particularly for crops bent due to late-season moisture or heat stress
(Lyons et al., 2005), although foliar applications can also be efficient (Ducsay
& Ložek, 2006) due to the mobility of Se in plants (Broadley et al., 2010).

4 Selenium treatment of seeds

Among the three major methods of Se enrichment, seed treatment has been
studied the least. Field experiments have shown that seed treatment with Se
offers great promise for enriching soybeans (Glycine max Merr L.), which are
rather high accumulators of Se. Recent data has shown that at equivalent rates
of seed-applied Se, soybean grain contained higher Se than a number of other
feed and food products (Gissel-Nielsen & Gupta, 2004). The effects of different
rates of seed-applied Se for two soybean cultivars have been examined. The
results demonstrated that increasing Se from 10 to 100 g ha−1 proportionately
also increased Se concentration in the grain. Thus, grains containing up to 7.5
mg Se kg−1 obtained at an application rate of 100 g Se ha−1 should not pose a
toxicity danger. Due to the higher capacity of soybeans to mobilize Se in the
grain, seed treatment with Se offers an alternative for producing crops with the
desired Se amounts (Gissel-Nielsen & Gupta, 2004). Therefore, considering
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all previous experiments, the overall conclusion is that a foliar application of
about 5 g Se ha−1 as SeO2−

3 or SeO2−
4 , soil fertilization using about 10 g Se

ha−1 as SeO2−
4 or about 120 g Se ha−1 as SeO2−

3 , and 10 g SeO2−
4 Se ha−1 as

seed treatment are efficient annual treatments for increasing the Se content of
annual crops to a favourable level for human and animal nutrition. The effect
of Se is enhanced when it is used with a detersive for foliar application. The
greatest impact can be reached when performed on a well-established crop for
all treatments. The remaining effect of these treatments is very small and
a higher amount is needed for pasture crops, but this gives a residual effect
lasting 2–3 years.

5 Selenium in edible parts of plants

Se concentrations in plant foods, such as wheat (Triticum aestivum L.) and
rice (Oryza sativa L.), may largely vary among countries and regions. Thus,
to avoid Se deficiency and toxicity, it is important to monitor and optimize
crop Se concentrations (Zhu et al., 2009). In 2009, a universal survey of Se
on rice purchased from retail outlets highlighted that Se levels in main rice-
producing and -consuming countries, such as Egypt, China, and Thailand, are
low, whereas they were higher in rice produced in the USA and India. The
concentration of Se in wheat also shows large regional variations (Hawkesford
& Zhao, 2007). Where both rice and wheat are produced (e.g. India, China
and Egypt), the Se concentrations of wheat and rice tend to be similar.

Offsetting regions with inadequate Se by sourcing Se-rich grain is a practical
solution to ease the problem, but further characterization of both rice and
wheat grain Se concentrations is required (Williams et al., 2009). The Se
amount of crops has received much attention recently owing to its importance
in the food chain, as mentioned before. Most existing data are related to food
and fodder plants. In general, the mean concentrations of Se in grains are
higher in countries with dry climates than in countries with humid climates.
The average range of mean Se amounts varies from 0.34 to 0.92 mg kg−1

for countries with high Se amounts in grains and from 0.014 to 0.042 mg
kg−1 for countries with low Se amounts in grains. These variations do not
suggest a significant effect of climatic conditions because several other factors
also control the Se absorption by plants (Kabata-Pendias, 2011). It has been
found that the environmental trace of the Se concentration in broccoli was
about 10 times higher than the genotype impact. A change in the Se uptake
by various species of the same plant (Astragalus) is described by Somer and
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Caliskan (2007). It was also found that most plants have rather low Se levels,
around 25 µg kg−1 and seldom exceed 100 µg kg−1. However, some plants show
great capability to accumulate Se, and they may concentrate Se to extremely
high amounts, which may be toxic to humans and animals. As mentioned
before and according to Kabata-Pendias’ review in 2011, although Se is not a
necessary element for plants, with some exceptions, it is added to soil to ensure
that both food and feed crops include enough amounts for dietary needs.
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