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Abstract  
Selenium is a metalloid and exist in different oxidation stages: selenate (Se6+), selenite 
(Se4+), selenide (Se2-) and elemental selenium (Se0). Se is essential for humans, but beneficial 
to plants. Because of low Se content in soil, the most food of plant origin is also poor in Se 
and therefore human diet does not provide enough selenium. Se is similar to sulfur (S) and 
uses its path to enter the plant. Se is found in organic and inorganic form. The main organic 
forms are selenomethionine (SeMet) and selenocysteine (SeCys). Selenate and selenite are 
the most commonly used forms of Se for fertilization. Selenate is more effective to increase 
total Se content in plants compared to selenite. 
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Introduction 
Se content in food and beverages varies geographically both within and between countries 
(Navarro-Alarcon and Cabrera-Vique, 2008). Se is an essential trace element for animals 
and humans (Bañuelos et al., 2015). Low intake of Se in diet may cause a several diseases 
such as heart diseases, hypothyroidism, reduced male fertility, weakened immune system, 
enhanced susceptibility to infection and cancer (Malagoli et al., 2015). Se levels in soil affect  
the Se content of plants (Navarro-Alarcon and Cabrera-Vique, 2008.). Plants take up 
inorganic (selenate, selenite and elemental Se) and organic (e.g. Se-amino acids) Se species, 
but not selenides (Schiavon et al., 2020). The major organic forms are selenocysteine 
(SeCys) and selenomethionine (SeMet) (Gupta and Gupta, 2017). The mobility and plant 
bioavailability of Se in soils is controlled by a number of chemical and biochemical 
processes: sorption, desorption, formation of organic and inorganic complex, precipitation, 
dissolution and methylation to volatile compounds. Total soil Se content is not a useful index 
of plant-available Se and it cannot be used as a reliable parameter in risk assessment or the 
determination of Se supplementation need (Bañuelos et al., 2015). 

Selenium in environment 
The largest reservation of selenium on Earth are sulfide ores, pyrite, and high-sulfur coals. 
Geologic and anthropogenic sources release selenium as SeO42- into the environment 
(Nancharaiah and Lens, 2015). Northern European countries are among the low-Se regions, 
particularly the Scandinavian countries. Regionally, shales are the primary sources of high Se 
soils in China, parts of California, Colorado, South Dakota and Wyoming (Bañuelos et al., 
2015). Se occurs in organic and inorganic forms. The main organic forms are selenomethionine 
(SeMet) and selenocysteine (SeCys). Figure 1 shows organic forms of Se: SeMet and SeCys. 
The inorganic forms are selenite (SeO32- ), selenide (Se2-), selenate (SeO42-) and the Se element 
(Se0) (Mehdi et al., 2013). The predominant form of Se extracted with enzymatic hydrolysis 
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is generally organic: selenomethionine (SeMet) in biofortified wheat, methylselenocysteine 
(MeSeCys) in carrots, broccoli and anion, γ-glutamyl-Se-selenomethyl-selenocystein (γ-Glu-
MeSeCys) in carrots and anion (Winkel et al., 2015).  

                                                                              
                  Selenomethionine                                          Selenocysteine 

Figure 1. The main organic forms of Se: selenomethionine (SeMet) and  
selenocysteine (SeCys) 

Agronomic biofortification 
Biofortification, as an agronomic-based strategy, can be utilized to produce Se-enriched food 
products that may help reduce dietary deficiencies of Se (Bañuelos et al., 2015). Capacity to 
accumulate Se differs between plant species, which likely correlates with their expression 
levels of sulfate transporters. Plant species also vary with respect to which forms of Se they 
accumulate due to the presence and activity of various S/Se metabolic enzymes. Se 
biofortification efforts may make use of variation between plant species, and choose crop 
species that naturally tend to contain higher Se (and sulphur) levels (Malagoli et al., 2015).   

Forms of Se for biofortification 
Biofortification of crops with Se strongly depends on the chemical, physical and biological 
properties of the soil (Winkel et al., 2015). Se is found in soils in the form of elemental Se, 
such as selenite salts and ferric selenite or in its organic form. Selenite (SeO32-) and selenate 
forms (SeO42-) are common in most soils (Mehdi et al., 2013) and are two major types of 
exogenous Se fertilizer (Deng et al., 2017). Selenate, which is more soluble than selenite, 
can directly pass into plant roots (Funes-Collado et al., 2013). Selenite is less bioavailable 
when is applied into the soil due to adsorption onto ferric soil minerals or accumulation in 
plant tissue that is not part of human diet (Deng et al., 2017). Se in the form of selenate and 
selenite is taken up by plants and mainly transformed into SeMet in cereal grains (Navarro-
Alarcon and Cabrera-Vique, 2008). Supplementation with selenate resulted in a higher total 
Se content in vegetables compared to enrichment with selenite or selenomethionine 
(Pezzarossa et al., 2012). Selenate is several times more effective than the selenite forms in 
raising the Se concentration in livestock feed crops (Winter et al., 1993). Soil conditions 
such as pH, Eh (soil reduction potential), soil texture, and the contents of iron 
oxide/hydroxides and organic matter have a significant influence on the bioavailability of Se 
to plant uptake (Hawkesford and Zhao, 2007). In alkaline soils, Se mostly exists as selenate 
whereas, in acidic soils it exists as selenite. Both forms of Se differ in terms of their mobility 
and absorption within the plant and are metabolized to form selenocompounds (Gupta and 
Gupta, 2017). Plant roots can take up Se as selenate, selenite or organic Se compounds, such 
as selenocysteine (SeCys) and selenomethionine (SeMet), but colloidal elemental Se or 
metal selenides cannot be taken up by plants (White et al., 2009). Studies has shown that 
plant take up Se also as nano-selenium (El-Ramady et al., 2016). Generally, the most soluble 
and bioavailable form of Se is selenate and it is predominant in alkaline and well-oxidized 
soils (Schiavon and Pilon-Smits, 2017). Selenate competes with sulphate transport in the 
root plasma membrane and it is much more abundant in leaves than selenite. Plants absorb 
inorganic Se and its metabolized in a variety of ways to organic Se compounds, the distinct 
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molecular structure of which depend on the plant species (Funes-Collado et al., 2013). In 
plants, both selenate and selenite transport processes are energy-driven (Schiavon and Pilon-
Smits, 2017). Selenate is taken up by plants ten times more than selenite (Mehdi et al., 2013). 
Following its uptake into root cells, selenate moves through the symplast to the stele and is 
loaded into the xylem for transport to the shoot, whereas selenite is converted to 
organoselenium compounds (White, 2018). Difference in intake between selenate and 
selenite is that Se6+ is more bioavailable. The selenate application resulted in a higher Se 
content in winter wheat, common buckwheat, spinach and turnip as compared to selenite 
(Izydorczyk et al., 2020). In research it has been found that in adequate concentration Se can 
be beneficial to plants by increasing plant productivity. For instance, high yields were found 
in wheat, carrot and rice. Furthermore, studies showed increasing accumulation of shoot 
biomass in wheat and maize (Lara et al., 2019). Studies have shown that Se at low doses 
protect the plants from variety of abiotic stresses such as cold, drought, desiccation and metal 
stress (Gupta and Gupta, 2017). Selenate received better uptake into the plant than selenite 
(Selenate/Selenite in Table 1.). 

Table 1. Plants uptake of selenium considering different types (form) of selenium  

crop form g Se ha-1   µg Se kg-1 

grain 
Selenate/ 
Selenite  reference 

wheat 

Selenite 

20 72 – Ducsay et al. (2016) 
barley 40 76 – Gupta et al. (1993) 
rice 75 440 – Deng et al. (2017) 
wheat 

Selenate 

20 445 6.18 Ducsay et al. (2016) 
barley 40 959 12.62 Gupta et al. (1993) 
rice 75 780 1.77 Deng et al. 2017 

 
Se application in selenate form resulted in 6 times higher concentration of Se in wheat grain 
and 12 times higher in barley grain than application in selenite form. Se application in 
selenate form was also more effective than selenite form considering Se content in rice grain 
(Table 1), although differences were lower (almost 2 times higher).  
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Učinkovitost agronomske biofortifikacije selenom: II. Utjecaj oblika selena 

Sažetak 
Selen je metaloid koji može biti u različitim stupnjevima oksidacije: selenat (Se6+), selenit 
(Se4+), selenid (Se2-) i elementarni selen (Se0). Selen je esencijalan za ljude, a biljkama je 
beneficijalan. Sadržaj selena u hrani pozitivno korelira sa sadržajem selena u tlima i u 
uvjetima niskog sadržaj i raspoloživosti selena u tlima, hrana biljnog podrijetla također je 
siromašna selenom pa prehranom ljudi nije osigurana potrebna količina selena. Nedovoljan 
unos Se u prehrani utječe na nekoliko bolesti u ljudi. Selen je sličan sumporu i koristi njegov 
put za ulazak u biljku, a u tlu i biljkama može biti u organskom i anorganskom obliku. Glavni 
organski oblici su selenometionin (SeMet) i selenocistein (SeCys). Selenat i selenit su 
najčešće korišteni oblici Se za gnojidbu i agronomsku biofortifikaciju. Selenat (Se6+) je 
učinkovitiji od selenita (Se4+) u gnojidbi s ciljem povećanja koncentracije Se u biljkama.  

Ključne riječi: selen, biofortifikacija, selenat, selenit  


