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ABSTRACT

Selenium (Se) is an important element that was discovered in 1817, and since the 1960s, it has been regarded as an essential micronutrient
for both animals and humans, playing among other functions a relevant role in the antioxidant system of mammals. Inadequate blood
Se levels in the human body is a well-known concern in many parts of the world. This malnutrition problem is often due to Se-poor diet,
probably as a result of the low Se availability in soils where crops are growing. Nowadays, it is known that not only the total content, but
also the inorganic and organic forms of Se contained in foods are important for human nutrition. However, paradoxically some regions
of the world present high Se levels in soils causing several functional disorders and diseases in people who live in seleniferous areas. As
essential micronutrient, Se should be supplied in controlled amounts to avoid harmful effects. Therefore, taking into account the importance
of the soils as a way to ensure the adequate Se supply for the population, this review has dealt with Se behavior in soil environment (e.g.,
Se forms and adsorption and desorption reactions) and its relevance for the human health. As a final message, the further understanding
of Se behavior in soils to predict its availability for crops in different systems will be a significant approach in future studies to establish
forms and safe doses of Se to be added in fertilizers. Agronomic and genetic biofortification of staple crops with Se has been suggested
as an important tool to improve Se intake by population in Se-poor sites.

Index terms: Essential micronutrient; Se adsorption; Se availability; biofortification; human nutrition.

RESUMO

O selénio (Se) é um elemento importante que foi descoberto em 1817 e reconhecido como elemento essencial para os humanos e animais
desde os anos 60. Esse elemento apresenta, dentre outras funcdes, papel relevante no sistema antioxidante dos mamiferos. Niveis
inadequados de Se no corpo humano tem sido uma preocupagao bem conhecida em muitas regides do mundo. Esse problema de desnutri¢do
com Se ocorre frequentemente devido a dietas pobres nesse elemento, o que provavelmente tem relagdo com a baixa disponibilidade de
Se nos solos onde as culturas agricolas estdo sendo cultivadas. Atualmente, sabe-se que, além da quantidade de Se contida nos alimentos,
sua forma (e.g., inorganica ou organica) é importante para a nutricdo humana. Apesar da deficiéncia de Se ser um problema em alguns
locais, algumas regides do mundo apresentam niveis altos de Se nos solos, causando vérias desordens e doencas nas pessoas que moram
nestas areas consideradas seleniferas. Sendo um elemento essencial, o Se deve ser suprido em quantidades adequadas para evitar efeitos
prejudiciais. Assim, levando-se em consideragdo a importancia dos solos como um meio para garantir o suprimento adequado de Se para a
populagdo, esta revisdo tem abordado o comportamento do Se no ambiente do solo (e.g., formas de Se e reacdes de adsorcao e dessor¢do)
e sua relevancia para a saude humana. Como mensagem final, a compreensdo do comportamento de Se em solos visando prever sua
disponibilidade para as culturas agricolas em diferentes sistemas serd uma abordagem significativa em estudos futuros para estabelecer
formas e doses seguras de Se para serem adicionadas em fertilizantes. A biofortificagdo agrondmica, aliada a biofortificacdo genética, de
culturas basicas com Se tem sido sugerida como importante ferramenta para melhorar a ingestao de Se pela populagdo que vive em locais
onde os solos sdo pobres em Se.

Termos para indexagdo: Elemento essencial; adsorcdo de Se; disponibilidade de Se; biofortificacdo; nutricdo humana.

INTRODUCTION

The element selenium (Se) is placed in the sub-
group VIA of the periodic table (called also chalcogen
group). It was discovered in 1817 by Swedish chemist
Jons Jakob Berzelius, who named the new element
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from the Greek word ‘Selene’, meaning Goddess of the
Moon (Terry et al., 2000). Selenium is widely used in
industry for the manufacture of several products, such as
semiconductors, rectifiers, photovoltaic cells (because of
its ability to convert light energy into electrical energy),
corrosion-resistant alloys, pharmaceutical substances, and
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pigments (red and orange color) for paints, ceramics, and
glass-making process (Mehdi et al., 2013).

However, global interest of scientific studies
involving Se has been significantly raised from the
discovery of its essential role for animal body cells
in the 1950s (Schwarz and Foltz, 1957). From the
1960s, several publications have pointed out clearly
the essentiality of Se for human health (Fairweather-
Tait, 2011; Rayman, 2012; Riaz and Mehmood, 2012;
Alfthan et al., 2015). Inadequate intake of Se, added
with iron (Fe), zinc (Zn) and iodine (I), vitamin A and
vitamin B-12, become a malnutrition problem in a large
proportion of the world” population (Combs, 2000;
White and Broadley, 2009; Miller and Welch, 2013).
The dietary Se intake in a region is influenced greatly
by the food Se contents, which in turn is closely linked
with the availability of the element in the environment,
especially in the soil (Pietinen et al., 2010; Fairweather-
Tait et al., 2011; Mehdi et al., 2013). Thus, researches
that have addressed the question of the geochemical
behavior of Se in soils has increased in the last decades.
In this context, this review has focused on Se behavior in
soil environment and its effects on human Se nutrition.
Therefore, it was addressed the importance of increasing
available Se contents in soils in order to find adequate
Se contents in edible parts of agricultural crops, which
may contribute to enhance the human Se intake.

EVOLUTION OF SELENIUM RESEARCH
OVER THE DECADES SINCE 1950

The number of publication or documents found in
literature involving the element selenium from the decade
of 1950 until 2017 is shown in Figure 1. First at all, note
that there are several years that Se has been studied, taking
into account the presence of documents in the decade of
1950 (Figure 1A). However, it has to be stated that when
the keyword “selenium” is combined with other terms
(e.g., soil, human, plant, and fertilizer), no documents
were found in the decade of 1950.

The researches with Se and its interaction with
other compartments, such as soil, plant, human, and
fertilizer have been expanded from the decade of 1950
to the recent days, especially researches involving Se
linked with humans, as reported in Figure 1 (from letter
A to I). This may be related to the role and importance
of Se in human health, and as a result, several researches
evaluating the effect of Se in human health have been
conducted thereafter (Yang et al., 1983; Ip and Ganther,
1990; Ip et al., 2000; Dong et al., 2001; Medina et al.,
2001; Goldhaber, 2003; Ryan-Harshman and Aldoori,
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2005; Lee et al., 2006; Rayman, 2012; Riaz and
Mehmood, 2012).

As showed in Figure 1, significant increase in the
number of scientific literature in the decade of 1990 has
been occurred. This fact may be attributed, among other
factors, due to the development of sensitive techniques
for the determination and quantification of elements in
different compartments, such as in soil, fertilizer, plant,
and human tissues.

SELENIUM IN ENVIRONMENT: FOCUS ON
ITS BEHAVIOR IN SOILS

Selenium (Se) in soils depends of the geological
parent material, among other factors. It is known that
sandy soils have lower Se contents compared to organic
and calcareous soils (Kabata-Pendias, 2011; El-Ramady
et al., 2014). The presence of elements, such as Se, in the
soil is important because plants take up elements from
the soil, actually, from soil solution. Thus, Se contents in
plants are related with Se contents of the soils where plants
grow. In the case of Se, it is well known its essentiality
for animals and humans, yet it does not occur for plants
(Christophersen et al., 2013; Rayman, 2012; Riaz and
Mehmood, 2012). However, it has to be mentioned that
Se can also be toxic to organisms in higher concentrations,
showing essential to toxic characteristics in a narrow
concentration range (Lenz and Lens, 2009). Therefore,
efforts have been addressed to understand Se behavior in
the environment, especially which factors may alter its
availability and mobility in soils, thus allowing to prevent
Se deficiency or toxicity.

Selenium exists in different oxidation states, such
as selenate (Se®"), selenite (Se*"), elemental selenium
(Se) and selenide (Se*). Besides other variables, such as
clay and organic matter contents, the major factors that
control Se forms in soil are pH and redox potential (Eh)
(El-Ramady et al., 2014; Kabata-Pendias, 2011). In natural
soil conditions, selenate and selenite are the main inorganic
Se forms. Selenate predominates in alkaline soils and has
higher mobility than selenite, which commonly occurs in
neutral or acid soils and is easily sorbed on oxyhydroxides
(Kabata-Pendias, 2011).

Based on the above statements, a high Se mobility
might be expected in soils of high pH and Eh while soils
with high contents of oxyhydroxide, clay, and organic
matter lead to a low Se mobility. In terms of Se oxidation
states as a function of Eh, Elrashidi et al. (1987) reported
that Se may occurs as Se*®, Se™, and Se? when the values
of Eh are, respectively, higher than 400 mv, in the range of
200-400 mv, and lower than 200 mv. A good description
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Figure 1: Number of scientific publications or documents found in literature involving the element selenium from
the decade of 1950 until 06/12/2017 (source: Web of Science database).

about Se forms as related to change pH and Eh as well as  facilities, one easy way currently available to measure
varying organic matter and Fe/Al oxyhydroxide contents  oxidation states of different elements (e.g., As, Fe, Mn,
can be found elsewhere (Nakamaru and Altansuvd, 2014;  Cr, and others), including Se, is using the technique
Tolu et al., 2014). termed as X-ray Absorption Spectroscopy (XAS). Such

Therefore, Se bioavailability in soils depends not  technique is one of the most widely used synchrotron-
only of the total Se concentration but also it varies as a  based technique (Sparks, 2011) and the oxidation states
function of the predominant Se species that are present in ~ of different elements have been widely assessed using
the soil. In this context, Se forms may affect Se mobility.  the XANES (X-ray absorption near edge spectroscopy)
Thus, studies evaluating the speciation of Se have received ~ portion of the spectrum (Vodyanitskii, 2013). It has to be
attention in the literature (Martens and Suarez, 1997; Liet  stated that XAS technique has a great advantage of using
al., 2010). In this context, after the advent of synchrotron ~ micro-volumes of soil samples with negligible sample
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preparation, thus allowing to measure an undisturbed
sample (Kelly et al., 2008).

Selenium abundance in rocks and soils

The abundance of Se in the Earth’s crust is very
low, estimated as 0.05-0.10 mg kg!, as a result of Se
be easily volatilized during crust formation (Ryan and
Dittrick, 2000). However, geographical distribution of
Se is highly variable. Worldwide Se contents in eruptive,
metamorphic, and sedimentary rocks are 0.01-7.0, 0.1-
6.5, and 0.01-7.0 mg kg™, respectively (Who, 1987).
In spite of the wide range of variation of individual
values, higher Se concentrations can be found in the
sedimentary rocks such as limestones (<0.1-7.4 mg
kg™'), sandstones (<0.1-1.7 mg kg™), and shales (<0.1-
12.0 mg kg') (Connor and Schaklette, 1975). Very high
Se contents have been reported in some phosphate-rich
rocks (Robbins and Carter, 1970), marine or black shales
(Ryan and Dittrick, 2000), coals (Coleman et al., 1993),
and other rocks enriched with organic carbon. Some
components of sulphide mineral deposits can also be
source of Se to the environment, whereas elemental Se°
is rarely mentioned in literature (Fordyce, 2007).

The parent rock has a large influence on the Se
content found in soils. Average Se concentration in soils
worldwide is relatively low (0.4 mg kg ') (Kabata-Pendias,
2011). As in Earth’s crust, Se occurrence in soils is very
uneven in the geographical distribution. Although igneous
volcanic rocks are commonly poor in Se (Fordyce, 2005),
some volcanic soils may be 1-2 orders of magnitude higher
in Se contents than the world average. High-temperature
gases with high Se content (due to its volatility) are
released during eruptions. Interactions between volatile
elements and volcanic ashes that occur within the eruption
plume originate tuffs with high Se concentration, which
play an important role in the formation of selenosis areas,
such as Keterson reservoir in the USA and the Ziyang
Country in China (Floor and Roman-Ross, 2012). In
fact, it has been known that after volcanic eruptions, Se
concentrations in pasture may significantly raise (Cronin
etal., 1997).

The amount and the geochemical mobility of the
Se deposited by volcanic ashes depend on the eruption
features, particle size-fractions, temperature within the
plume, soil biological reactions, and climate condition
such as wind and humidity (Floor and Roman-Ross,
2012). Selenium adsorption capacity on soil components
is fundamental to define the mobility and bioavailability
(amount taken up into plants and animals) of this
element in the environment. On the other hand, Se
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sorption properties in soils are influenced by several
factors such as pH, soil mineralogy and texture, organic
matter content, Se chemical form, redox condition, and
interactions with other ions (Fordyce, 2007). In general,
volcanic soils can have high Se concentrations, but
sometimes with low bioavailability (Floor e Roman-
Ross, 2012; Tolu et al., 2014). For example, some
regions in the world have volcanic soils with high Se
contents (Andolosols), presenting a historic of diseases
related to the Se deficiency in humans due to the low
bioavailability of this element in soil (Rayman, 2000;
Floor et al., 2009).

Organic carbon-rich soils tend to present higher Se
contents because of microorganisms and vegetable waste
(Se-accumulating plants) that accumulate Se (Saikiet et
al., 1993; Shand et al., 2012). Soil organic matter has
an important role in the Se dynamic in the soil-plant-
atmosphere system. Associations between organic matter
fraction and mineral phase (especially oxyhydroxides),
resulting in organo-mineral associations, may affect the
properties of the soil in terms of Se adsorption capacity
(Floor and Roman-Ross, 2012; Tolu et al., 2014). Most part
of inorganic Se can be interacting with soil organic matter,
which may be (or not) bioavailable in function of the sort
of established interactions, especially those with humic
substances. It seems that the Se bioavailability in soil is
higher when this element is associated with fulvic acids
than with humic acids (Qin et al., 2012). In addition to
interactions between inorganic-Se and humic substances,
plants and microbial processes may also immobilize
inorganic Se (Tolu et al., 2014).

In several regions in the world, soils present
low Se availability, resulting in diseases and disorders
related to Se deficiency in human organism (Combs,
2001; Mehdi et al., 2013). Selenium deficient soils are
found in UK, Australia, central Siberia, New Zealand,
Thailand, Africa, Finland, Turkey, Nepal, northeast
to south central of China, Denmark, and parts of
Bangladesh and India, among others (Rahman et al.,
2013; Yasin et al., 2015). Most soils of the tropical zones
have low Se concentrations (Sillanpdd and jansson,
1992; Christophersen et al., 2013; Gabos et al., 2014a;
Matos et al., 2017). In this context, Table 1 shows some
few examples of low Se contents in different regions
worldwide. As can be seen, the average of Se contents
found in these regions/countries are all low, being
considered Se-deficient soils. These areas with low Se
contents in soils may produce food with Se concentration
that are not enough to guarantee the ingestion of Se in
adequate amounts by animals and humans.
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Table 1: Selenium contents in soils of different regions worldwide.

Number of soil ~Se

contents (mg kg') - Topsoil

Location (region)

Reference

samples analyzed Range  Medium/average
Belgium 539 0.14-0.70 0.33 Termmerman et al. (2014)
Japan 180 0.05-2.80 0.51 Yamada et al. (2009)
Japan 22 0.20-1.00 0.50 Nakamaru et al. (2006)
China (Guangdong Province) 250 0.03-1.42 0.23 Zhang et al. (2008)
Scotland 144 0.12-0.88 0.43 Fordyce et al. (2010)
Spain (Murcia) 490 0.003-2.7 0.43 Pérez-Sirvent et al. (2010)
United States (California) 50 0.015-0.43 0.058 Bradford et al. (1996)
United States (Florida) 445 0.01-4.62 0.25 Chen et al. (1999)
Brazil (Sdo Paulo) 58 <0.08-1.61 0.19 Gabos et al. (2014a)
Brazil (Jequitinhonha Valley) 12 <0.30-5.97 1.09 Matos et al. (2017)

On the other hand, other regions (called seleniferous
areas) have the soil and water highly enriched with Se,
sometimes in toxic levels to human and animal health
(soil Se content > 2000 mg kg'). Australia, the USA,
Ireland, China, and India are examples of countries that
present large areas where Se bioavailability in soils are
high enough to cause toxicity (Bajaj et al., 2011; Eiche,
2015). In seleniferous areas, Se is reported to be a chemical
element with environmental problems.

Sorption behavior of selenium in soils

Sorption behavior of Se depends on, among other
factors, Se speciation. As mentioned early, selenate is
less sorbed than selenite, thus, the last form is strongly
adsorbed on solids, such as Fe/Al oxyhydroxides, having
low mobility in soils. Several studies have showed that
selenite is adsorbed much more strongly than selenate on
different solid surfaces, such as manganese oxide (Saeki
etal., 1995), hydroxyapatite (Monteil-Rivera et al.; 2000),
and soils (Eich-Greatorex et al., 2010). The difference
in adsorption behavior of selenate and selenite reflects
different Se contents that are plant-available, being the
selenate much more phytoavailable.

In terms of the adsorption mechanisms, selenate
forms mainly outer-sphere complexes, which is bound by
non-specific anion exchange, whereas selenite is bound
by ligand exchange, creating inner-sphere complexes that
are not reversible (McBride, 1994). In the case of selenate,
besides bound by outer-sphere complex, which is its
predominant adsorption mechanism, researches have also
shown contributions of inner-sphere complexes, generating
a mixture of outer- and inner-sphere surface complexes, as

reported on iron oxides and hydroxides (Peak and Sparks,
2002) and on maghemite (Jordan et al., 2013).

Selenate and selenite may compete with organic
acids as well as with other anions, such as phosphate
and sulfate for soil adsorption sites. This fact is relevant
for agroecosystems, particularly, for tropical soils
taking into account that these soils usually receive high
amounts of phosphate and sulfate, which come up from
agricultural products applied on soils, such as fertilizers
and gypsum. Because Se can be in several interactions
in the environment, its sorption behavior differs among
soils, where the soil management or production systems
are different. Therefore, local researches evaluating
variables that may alter the behavior of Se in a particular
environment need to be better understood. For example,
@gaard et al. (2006) reported that cattle manure affects
selenium behavior in soils, decreasing the sorption of both
Se species, selenate and selenite.

There are studies in literature showing the effect
of phosphate under Se adsorption. Most of these studies
showed that Se become more plant available following
phosphate addition, i.e., Se sorption decreases as phosphate
increases, which is well reported for Japanese soils
(Nakamaru et al.; 2006; Nakamaru and Sekine, 2008). It
has to be mentioned that this trend is more pronounced
for selenite than selenate. This occurs due to chemical
similarities between phosphate and the selenite anion
(Eich-Greatorex et al., 2010), while the anion selenate
tends to compete with sulfate. These information may
assist explain the results found by Nakamaru and Sekine
(2008), where it was verified that selenite sorption did
not change after an increase in the sulfate concentration.

Ciéncia e Agrotecnologia, 41(6):605-615, Nov/Dec. 2017



610

LOPES, G. et al.

Few studies evaluating Se sorption on Brazilian
soils may be found in literature, such as the cited studies
(Mouta et al., 2008; Abreu et al., 2011; Gabos et al.,
2014b). Most of these studies evaluated Se sorption
using high Se concentration added in solution, which is
valuable. However, researches to understand adsorption-
desorption reactions of Se in Brazilian soils using low Se
concentration to reflect the true situation (e.g., possible
doses required for biofortification of crops) are deficient,
being necessary to build up database regarding Se
behavior in terms of its retention in Brazilian soils. Such
studies are relevant and the basic ideas and some results
have been presented in a paper recently published by our
research group (Lessa et al., 2016). Basically, these recent
studies were carried out using some selected soils from
the Brazilian Cerrado and it was found in the first results
that soil cultivation tend to affect Se (VI) adsorption on
Brazilian tropical soils.

The effect of soil cultivation upon selenate
adsorption may be attributed to the presence of competing
anions, such as sulfate and phosphate, in higher contents
in cultivated soils than in uncultivated ones. This allows
to point out that the uncultivated soils adsorb much more
Se compared to the cultivated soils, as reported for the
studied soils by Lessa et al. (2016).

IMPORTANCE OF SELENIUM IN HUMAN
HEALTH

Selenium (Se) is a trace element playing an
essential role in human and animal health. It is necessary
for the synthesis of the amino acid selenocysteine, which
is involved in the formation of approximately 25-35
proteins (called selenoproteins) that are critical in mammal
metabolism (Rayman, 2012; Oliver and Gregory, 2015).
Examples of selenoproteins include the glutathione
peroxidases (with antioxidant functions), thioredoxin
reductases (oxidoreductases that act on disulfide reduction
system), iodothyronine deiodinases (responsible for
synthesis and metabolic regulation of thyroid hormone)
methionine-R-sulfoxide reductase (a zinc-containing
selenoprotein), selenophosphate synthetase 2 (synthesis
of the active Se donor selenophosphate), 15-kDa
selenoprotein (thioredoxin-like fold ER-resident proteins),
and selenoproteins H, I, M, T, V, and W (Rayman, 2012;
Labunskyy et al., 2014).

Selenium deficiency in the human organism has
been linked with thyroid gland dysfunctions, irreversible
brain damage, peripheral vascular diseases, chronic and
degenerative osteoarthropathy (Kashin—Beck disease),
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impaired immune response to viral infections (such
as measles, hepatitis, influenza and HIV/AIDS), male
infertility, pre-eclampsia in women, heart diseases
and higher risk for different types of cancers (Combs,
2000; Pilon-Smits and Quinn, 2010; Davis et al., 2012;
Fairweather-Tait et al., 2011; Rayman, 2012; Riaz and
Mehmood, 2012; Cardoso et al., 2015). Institute of
Medicine of the USA National Academy has established
a RDA for Se of 55 ug day' for adults while the tolerable
upper intake for adults is 400 pg day' (Bendich, 2001).
This safe range of dietary intakes of Se is considered
narrow (Tan et al., 2002). Although Se deficiency in the
animal and human body leads to various diseases and
disorders, an excessive Se intake is also capable of causing
adverse effects to health (Yang et al., 1983; Goldhaber,
2003; Aldosary et al., 2012; Riaz and Mehmood, 2012).

Besides the selenoproteins, non-protein organic
forms of Se have been also shown to have important
benefits to human health. Recently, particular attention
has been given to the anticarcinogenic effects of some
methylated organic compounds of Se. Although there are
studies reporting on the chemopreventive properties of
some non-methylated organic forms of Se (Ryan-Harshman
and Aldoori, 2005; Rayman, 2012; Riaz and Mehmood,
2012), several researches have been able to demonstrate
a potent anticancer activity of monomethylated Se forms,
especially Se-methylselenocysteine and p-glutamyl-Se-
methylselenocysteine (Ip and Ganther, 1990; Ip et al.,
2000; Dong et al., 2001; Medina et al., 2001; Lee et al.,
2006; Wang et al., 2009).

HOW TO INCREASE SELENIUM INTAKE BY
HUMANS

As aforementioned, some regions around the world
have soils with high Se contents (seleniferous soils), which
may cause several diseases in local population because of
the excessive intake of this element (Swanson et al., 1990;
Yang et al., 1983; Goldhaber, 2003; Riaz and Mehmood,
2012). However, taking into account that available Se
contents in soils is considered low in many parts of the
world, it is expected that the population in these regions
has not obtained the necessary Se amount as the dietary
intake recommendation. It was estimated that between 0.5
and 1.0 billion of people in the world have deficiency in
Se (Combs, 2001). In Brazil, the evidences of insufficient
Se intake by population are high (Ferreira et al., 2002;
Maihara et al., 2004), due to the most Brazilian soils used
in the agriculture have low Se content (Gabos et al., 2014a;
Matos et al., 2017).
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In this context, some actions in order to increase
Se ingestion by animals and humans have taken place,
such as the use of supplements (capsules containing Se
and other minerals) or enrichment of foods with Se during
industrial processing. Researches have pointed out that
the use of supplements is somewhat uncertain in terms
of efficiency due to the Se forms added in commercial
supplements, as well as because the supplements are
usually unevenly distributed among different population
groups (Pietinen et al., 2010). In addition, Aldosary
et al. (2012) and Morris and Crane (2013) reported
several cases of Se intoxication in people due to the
intake of these supplements. Industrially fortified foods
and supplements mostly contain inorganic Se forms
(selenate and/or selenite). It is well known that the Se
speciation significantly affects the potential benefits
of this element to mammal health, being the organic
Se forms (selenocysteine and/or selenimethionine) the
most effective bioavailable Se species for the animal and
human nutrition (Thomson, 2004; Fairweather-Tait et
al., 2010). Studies have reported that inorganic Se forms
have lower bioavailability in the human organism and
also present higher risk of toxicity by excessive intake
(Barceloux, 1999; Finley, 2006; Thomson, 2004; Veatch
et al., 2005).

In general, Se-containing supplements and/or
Se-fortified foods for industrial processing are still little
accessible to the population of lower socio-economic
status (Pietinen et al., 2010). In this way, the plants
play a key role to include Se in food chain. They may
take up the Se in its inorganic forms predominant in the
environment (in general, selenate and selenite anions),
and convert them to functional organic forms (Pilon-
Smits and Quinn, 2010).

Unlike mammals, Se is not a plant nutrient
although is considered a beneficial element that have the
potential to influence the antioxidant activity systems of
the higher plants (Pilon-Smits and Quinn, 2010; Ramos
et al., 2010). However, excessive content of Se in plant
tissue may be detrimental for most crops (Terry et al.,
2000). The ability of plants to accumulate Se (without
causing toxicity) varies among species and even among
cultivars of the same species. Most agricultural plants
are classified as Se non-accumulators because they do
not exhibit more than 100 pg g of Se in their dry mass
when grown in seleniferous soils (Terry et al., 2000).
On the other hand, a selected group of plants (e.g.,
species of the genera Astragalus, Xylorrhiza, Stanleyea,
Allium, and Brassica) may exhibit from hundreds until
thousands of micrograms of Se by grams of dry mass when

grown in Se-enriched soils, being these crops classified
in Se accumulators and hyperaccumulators (Terry et
al., 2000; Pilon-Smits and Quinn, 2010; Fairweather-
Tait et al., 2011). Non-accumulators accumulate Se
preferentially as selenomethionine while accumulators
and hyperaccumulators present considerable accumulation
of methylated organic Se forms (Fairweather-Tait et al.,
2010; Avila et al., 2014). It was previously found that
Se-enriched broccolis have considerable contents of Se-
methylselenocysteine in sprout and floret tissues (Avila
etal., 2013).

One of the safest and most important way to
increase Se intake is consuming Se-enriched foods, which
is possible though crops with higher Se content in their
edible parts. Therefore, aiming to increase the Se intake
by population in Se-poor areas, the biofortification of
staple crops with Se has a great relevance. Basically,
biofortification is defined as a process to increase the
nutritional values of crops in terms of essential nutrients
for animal and human nutrition, such as vitamins, iron
(Fe), zinc (Zn), iodine (I), and Se. The biofortification
of crops with Se may be performed of different ways.
Genetic biofortification involves the traditional and
molecular plant breeding approaches to choose cultivars
of a given specie that are efficient to accumulate Se. In
addition, agronomic biofortification refers to the use of
Se-containing fertilizers (applied to soil and/or by foliar
spray) to increase contents of Se in staple plant foods.
Genetic and agronomic biofortification of staple crops
have been extensively studied and have showed to be
good approaches to increase the natural intake of Se
by animals and humans (Pilon-Smits and Quinn, 2010;
Ramos et al., 2010; Fairweather-Tait et al., 2011; Avila
etal., 2013).

A good example of using fertilizers containing Se to
increase the Se intake in foods and feeds has been currently
observed in Finland. The low available Se contents in the
Finnish soils result in an insufficient amount of Se intake
by animals and humans. Hence, this country started to add
Se in fertilizer since 1984 to reduce the occurrence of Se
deficiency in the population, through a policy established
by the Ministry of Agriculture and Forestry. Several studies
have pointed out that the increased Se content in the edible
parts of staple crops is closely linked with the decrease of
health problems associated with Se deficiency, following
the inclusion of Se into the fertilizers in Finland. The
positive effects of adding Se in fertilizers to biofortify crop
plants and to improve the health of the Finnish population
may be seen with details in a publication elsewhere
(Alfthan et al., 2015).
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CURRENT AND FUTURE NEEDS

As aforementioned the increase in Se intake by
population with the use of Se-containing fertilizers in
Finland has been well documented, being a satisfactory
strategy to be performed in other countries where the
natural Se content or availability in soils is low, such as
in Brazil. In this context, it has to be mentioned that the
Ministry of Agriculture, Livestock, and Supply included
Se as a possible micronutrient to be added in Brazilian
fertilizers, according the Normative Instruction number
46 recently published (BRAZIL, 2016).

However, such action of applying fertilizers with Se
needs to be carried out with caution, taking into account
that the dose range of dietary Se requirement for humans
is narrow. Therefore, soil characteristics that affect Se
availability, such as interactions with other elements and
sorption-desorption reactions with minerals and organic
matter, need to be well understood. Such knowledge will
assist to establish forms and doses of Se to be added in
fertilizers as an important way to improve the Se intake
by population in Se-poor sites. Moreover, it will necessary
to build up a monitoring plan to assess contents of Se in
soils and in agricultural crops, as well as in the human
body, to regulate further adjustments, avoiding excessive
Se intake by population (i.e, Se intake rise more than the
nutritional recommendations for humans).
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