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 Introduction                                             
Selenium (Se) was misidentified initially as 
tellurium by Klaproth and later in 1817 was 
discovered and named by the Swedish chemist 
J. Berzelius. This name was derived from 
the Greek goddess for Moon (Selene). The 
properties of Se lie between both adjacent sulfur 
and tellurium and it exists in different chemical 
forms including selenide, selenite, selenate, and 
elemental nano-Se etc. (Kabata-Pendias 2011; 
Kumar and Priyadarsini 2014). The importance of 
Se in human nutrition was documented in 1957 

by Schwarz and Foltz (Schwarz and Foltz 1957). 
Later, the roles of Se in mitigating environmental 
stress have been extensively investigated in 
animals and humans but in higher plants still need 
more investigations (Feng et al. 2013a). Due to 
its several physiological roles in higher plants 
(Tamaoki et al. 2008; Pilon-Smits and Quinn 2010; 
Hasanuzzaman et al. 2010; Hajiboland 2012; Feng 
et al. 2013a; Pilon-Smits et al. 2014; El-Ramady 
et al. 2015a; Pilon-Smits 2015), Se has been used 
in counteracting various abiotic stresses including 
chilling, freezing, heat, drought, salinity, UV-B 
and heavy metals, but the associated mechanisms 
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S ELENIUM, the beneficial or quasi-essential element to higher plants, is an 
essential micronutrient for animals and  humans as well as lower plants. in 

several countries around the world, about one billion of people are se-deficient 
and  counteract this problem, e.g., brazil, thailand, china and egypt due to the low 
inherent se concentration in soils.  therefore, different se forms have been used in 
different crops using foliar and soil application as well as seed priming  to increase 
the se content in the edible parts of these crops. due to its physiolocial roles in 
higher plants, se has been  used in counteracting various abiotic stresses including 
chilling, freezing, heat, drought, salinity, uv-b and heavy  metals. concerning se and 
its interactions with some nutrients like cu, mo, zn and iodine, a very few studies 
have  been published, so further studies are needed. on the other hand, nano-se and 
its roles in plant physiology under  different abiotic stresses still also need further 
researches. therefore, this review will focus on the physiological  importance of se 
and nano-se for higher plants under abiotic stresses as well as the interaction of se 
with some  nutrients including cu, mo, zn and iodine and some heavy metals such 
as As, Sb, Cd, Cr, Hg and Pb.  
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are rather complicated and still remain to be fully 
elucidated (Feng et al., 2013a). In higher plants, 
several beneficial and/ or toxic effects of Se on 
physiology and biology of these plants including 
their metabolism and growth have been well 
documented (Hasanuzzaman et al., 2010; El-
Ramady et al., 2015a). Moreover, a significant 
progress has been made in understanding Se 
behavior in higher plants including uptake, 
assimilation, and its metabolism (Pilon-Smits 
and Quinn 2010; Pilon-Smits 2015) as well as 
volatilization, toxicity and its tolerance (Feng et 
al. 2013a; Pilon-Smits et al., 2014; Winkel et al. 
2015). However, the mechanisms by which Se 
counteracts the environmental stresses are still not 
fully understood.

The most extensively investigated 
mechanisms for Se-mediated detoxification have 
been involved the antioxidative stress response. 
The relationships among enzymatic antioxidants 
including glutathione peroxidase (GPx), 
superoxide dismutase (SOD), catalase (CAT), 
ascorbate peroxidase (APx) and non-enzymatic 
antioxidants including glutathione (GSH), 
vitamin E and ascorbate as well as S-assimilation, 
different Se species, the uptake and redistribution 
of co-factors for some enzymes (e.g., Cu, Fe, Mo, 
Mn and Zn) should be taken into account in future 
studies (Feng et al., 2013a). 

The recent review will basically cover Se 
physiology and biology in higher plants under 
different abiotic stresses. Se and its interactions 
with nutrients and heavy metals as well as 
effects of nano-Se on higher plants under 
these abiotic stresses will be also highlighted.

Physiological importance of Se and nano-Se for 
higher plants

It is well known that, abiotic stresses including 
nutritional deficiency, high light (UV-B), drought,    
high CO2, ozone (O3), heat, cold, chilling, 
freezing, salinity, flooding, soil compaction and 
heavy metals can have devastating or detrimental 
impacts on plant growth, yield and hence the 
agricultural production (Fig.1; Suzuki et al. 
2014; Nakabayashi and Saito 2015; Ramegowda 
and Senthil-Kumar 2015). According to recent 
studies, the plant response to combinations of 
more than two stress conditions is seldom and can 
not be directly distinguished from the individual 
response of these plants to different applied 
stresses. Furthermore, a very high degree of 

complexity in plant responses can be found and 
resulted from the simultaneous occurrence of 
different stresses (Suzuki et al. 2014). Concerning 
the combined stresses and  their effects on plants, 
a few studies have been published including 
Suzuki et al. (2014), Nakabayashi and Saito 
(2015), Pandey et al. (2015), Ramegowda and 
Senthil-Kumar (2015) and Mahalingam (2015).
Various aspects of Se and nano-Se roles in 
counteracting abiotic stresses in different plant 
species have been published by several authors 
(Table 1). These abiotic stresses include salinity, 
drought, high or low temperature as well as 
stresses resulting from high or low Se and nano-
Se levels.

It has been identified 25 selenoproteins 
and discovered their physiological role for 
lower plants bacteria and algae), animals 
and human metabolism, in which Se is an 
enzymatic cofactor (Kumar and Priyadarsini 
2014). Se has been recognized as a constituent 
of selenoenzymes including glutathione 
peroxidase (GPx), thioredoxin reductases (TR), 
and proteins with unknown functions that are 
involved in maintaining the cell redox potential 
(Rayman 2000). Several experimental attempts 
have been made to  recognize these selenoproteins 
also in higher plants but it is still open question 
(Mora et al. 2015). However, many studies have 
been showed that Se in higher plants improves 
the plant growth, increases the tolerance against 
biotic and abiotic stress (Pennanen et al. 2002) 
and improves other physiological  parameters 
(Turakainen et al. 2006; Pilon-Smits et al. 2009; 
Mora et al. 2015; Handa et al. 2016).

Concerning the main physiological benefits of 
Se in higher plants, it could be summarized the 
following results of some published studies using 
the proper Se concentration (Table 1): 

(1) Enhancement of plant germination, growth 
and dry matter accumulation (Turakainen et al., 
2004; Djanaguiraman et al., 2005; Ramos et al., 
2011; Mao et al., 2015; Owusu-Sekyere et al., 
2013; Cappa et al. 2014; Hawrylak-Nowak et al., 
,2015; Jain et al. 2015; Li et al., 2015; Longchamp 
et al., 2015; Sasmaz et al., 2015; Zhao et al., 
2016; Feng et al., 2016; Longchamp et al., 2016).

(2) Increases carbohydrate or starch accumulation 
in chloroplasts (Turakainen 2006; Malik et al., 2011; 
Hashem et al., 2013; Hajiboland et al., 2015); 
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(3) Regulates the water status in plants (Yao et al., 
2009a; Soleimanzadeh 2012; Hajiboland et al., 2014; 
Nawaz et al., 2015a, b).

(4) Enhances production of stress hormones 
(e.g., ethylene, jasmonic acid and salicylic acid) 
or Se involves in both salicylic and jasmonic acid 
pathway of plants stress response (Oraghi Ardebili 
et al., 2014; Iqbal et al. 2015b; Pilon-Smits 2015);  

(5) Improves plant tolerance to oxidative 
stress (Cartes et al. 2011; Ibrahim 2014; Iqbal et al. 
2015b; Bachiega et al. 2016)

(6) Activates antioxidant defense system as well 
as cytosolic calcium and ROS in higher plants 
(Yuan et al., 2013a; Talukdar 2013; Diao et al., 
2014; Saidi et al., 2014; Naz et al., 2015; Feng 
et al., 2016)

Fig. 1 : Some environmental abiotic stresses including drought under salt affected soils  and temperature more than 
50 ºC during August 2015 (photo 1), low soil fertility or  nutrient deficiency under sandy soils (photo 2), soil 
salinity (photo 3), soil management  including tillage by time (photo 4), environmental pollution (photo 5), over-
use of  fertilizers (photo 6) and flooding (photo 7) in Kafr El-Sheikh and Giza, Egypt (Photos by  El-Ramady) 
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THE INTERACTIONS BETWEEN SELENIUM, NUTRIENTS AND HEAVY METALS 

(7) Delay of plant senescence (Djanaguiraman 
et al., 2004; Pezzarossa et al., 2014; Wu et al., 
2016b)

(8) In accumulator species protects plants from 
fungal infection and herbivores including aphids, 
caterpillars, spider mites and thrips (Hanson et al., 
2003, 2004; Freeman et al., 2007, 2009; Quinn 
et al., 2010; El Mehdawi and Pilon-Smits 2012; 
Alford et al., 2012; El Mehdawi et al., 2015; 
Pilon-Smits et al., 2016). 

(9) Alleviation of abiotic and biotic stresses 
such as UV-B radiation, low and high temperatures, 
and heavy metal toxicity (Hasanuzzaman et al., 
2010; Feng et al., 2013a; Mora et al., 2015) as 
well as plant diseases (Kumar et al., 2015; Wu 
et al., 2016a; Zhang et al., 2016).

It is worth to mention that, very few studies 
have been conducted regarding different 
physiological benefits of nano-Se on higher plants 
(Premarathna et al., 2010; Domokos-Szabolcsy 
et al., 2012, 2014; Haghighi et al., 2014). It has 
been reported that, nano-Se has a higher efficiency 
in upregulating Selenoenzymes and exhibits less 
toxicity than selenite (Wang et al., 2007). There is 
still open question  related to the biological effects 
of this form of Se in higher plants. It is also well 
documented that, nano-Se has a distinguished 
effect on rooting of different plants such as giant 
reed and tobacco (El-Ramady et al., 2015a).

Therefore, it could be concluded that, Se and 
nano-Se have a great role in plant physiology. 
Several different physiological benefits of Se on 
higher plants have been documented whereas nano-
Se is still in needing for more and more studies.

Antioxidative effects of Se and its roles under 
abiotic stresses.

It is demonstrated that, different beneficial 
effects of Se in higher plants subjected to different 
stress conditions has been attributed to increased 
antioxidant activity (Hasanuzzaman et al., 2010).

Se can promote growth and development 
of plants as well as increase the resistance and 
antioxidant capacity of higher plants under 
different abiotic stresses (Djanaguiraman et al. 
2005), where it can increase  plant resistance 
against oxidative stress caused by free oxygen 
radicals or ROS (Hassanuzzaman et al., 2010). 

Several in vitro and/ or field experiments have 
been shown that Se may interact with other 
elements such as Al, Sb, As, Cd, Pb and Hg thus 
this may reduce the toxicity of Heavy metals 
(Yasin et al., 2015c).The factors driving these 
relationships between Se, soil characterization 
including SOM and pH as well as characterization 
of these elements are not fully clear and further 
studies are mandatory to elucidate the role of soil 
and different climate variables in driving these 
relationships (Winkel et al., 2015; El-Ramady et 
al., 2015d,e).

Furthermore, some plant species grown on Se-
enriched media have shown enhanced resistance 
to certain abiotic stresses such as.

(1) Drought (Germ et al., 2007; Yao et al., 
2009a, b; Hasanuzzaman and Fujit 2011; Bañuelos 
et al., 2011; Sajedi et al., 2011; Yao et al., 2012; 
Habibi 2013; Proietti et al., 2013; Nawaz et al., 
2013, 2014; Khattab et al., 2014; Hajiboland et al. 
2014; Emam et al., 2014; Nawaz et al., 2015a,b),

(2) Salinity (Hawrylak-Nowak 2009; 
Hasanuzzaman et al., 2011; Bañuelos et al., 2011; 
Hashem et al., 2013; Oraghi Ardebili et al., 2014; 
Diao et al., 2014),

(3) Temperature including chilling (Chu et al, 
2010; Hawrylak-Nowak et al. 2010), low and high 
temperature (Akladious 2012; Hasanuzzaman et 
al., 2014; Haghighi et al., 2014; Iqbal et al., 2015a)

(4) Heavy metals  (Van Hoewyk 2013; Kaur 
et al., 2014; Tedeschini et al., 2015; Gu et al., 
2016) including Al (Cartes et al., 2010; Sae-Lee 
et al., 2012), Sb (Feng et al., 2011, 2013b; Ding 
et al., 2015; Feng et al., 2016), As (Malik et al., 
2012; Hasanuzzaman and Fujita 2013; Kumar 
et al., 2013, 2014, 2015; Hu et al., 2014b; Han 
et al., 2015; Pandey and Gupta 2015), Cd (Lin et 
al., 2012; Barrientos et al., 2012; Elguera et al. 
,2013; Feng et al. 2013c; Ojeda et al., 2013; Ding 
et al., 2014; Wang et al., 2014; Wu et al., 2014; 
Mozafariyan et al., 2014; Hawrylak-Nowak et al., 
2014; Hu et al., 2014a; Saidi et al., 2014; Liu et 
al., 2015a; Thiruvengadam and Chung 2015; Tang 
et al., 2015; Issam et al., 2015; Iqbal et al., 2015b; 
Bao et al., 2016; Wan et al., 2016), Cr (Qing et al., 
2015), Pb (Mroczek-Zdyrska and Wójcik 2012; 
Yuan et al., 2013b, 2014; Hu et al., 2014a), Mn 
(Saidi et al., 2014), Hg (Zhang et al., 2013; Zhao 
et al., 2013, 2014;Wang et al., 2014; Zhang et al., 
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2014; Zhang 2014; Li et al., 2015; Yin et al. 2016), 
Ni (Hawrylak et al., 2007; Gajewska et al., 2013),

(5) UV-B stress (Yao et al., 2010a, b; Yao et al., 
2013; Mostafa and Hassan 2015) and

(6) Plant senescence (Djanaguiraman et al., 
2004, 2005; Liu et al., 2011; Pezzarossa et al., 
2014; Wu et al., 2016b).

some studies have discussed the different 
mechanisms of se behavior under different 
stresses in higher plants (e.g., feng et al., 2013a; 
van hoewyk 2013; ahmad et al., 2015; detar et 
al., 2015). using antioxidants upregulation and 
its enzymes, exposure to se has been linked 
at optimal levels to the reduction of various 
ros (feng et al., 2013a), inhibition of uptake 
and translocation of heavy metals, changing 
in heavy metals  speciation and rebuilding of 
cell membrane, chloroplast structures as well as 
recovery of the photosynthetic system. at high 
levels of se, its oxyanions can be also a source of 
the oxidative stress (van hoewyk 2013; detar et 
al.,2015). in relation to the role of se in preventing 
of  heavy metals toxicity, it is involved the reduction 
of heavy metals toxicity by inhibiting their uptake 
and/or translocation (feng et al., 2013a). on the 
other hand and under drought stress, two roles 
can be expected from se; decreasing the oxidative 
damage resulting from ros by production of the 
compatible solutes and improving the tolerance 
of plants to drought by increasing sod, gpx, cat 
activities protecting plants against oxidative stress 
(ahmad et al., 2015).

Several studies have been implicated the  
antioxidative effects of nano-Se for animals 
(Zhang et al., 2001; Pelyhe and Mézes 2013; 
Rezvanfar et al. 2013; Suchý et al., 2014; Sarkar 
et al., 2015) including mice (Wang et al., 2007; 
Zhang et al., 2008; Bhattacharjee et al., 2014; 
Rastgoo and Sadeghi 2015; Abd-Allah and 
Hashem 2015), sheep (Xun et al., 2012; Sadeghian 
et al., 2012; Kojouri et al., 2012), goat (Shi et al., 
2010, 2011), chicken (Cai et al., 2012; Hu et al., 
2012; Mohapatra et al., 2014; Boostani et al., 
2015; Radwan et al., 2015; Selim et al. ,2015), fish 
(Sarkar et al., 2015; Khan et al., 2016), whereas 
a very few studies have been recoreded for higher 
plants (Haghighi et al., 2014; El-Ramady et al., 
2015a). Recently, the general effects of nano –
particles on plants include plant growth, and its 
cell structure as well as both physiological and 

biochemical functions have been reported (Rico 
et al., 2015). Moreover, the role of these nano – 
particles in antioxidant defense system in plants 
includes the effects on photosystems and some 
plant enzymes (CAT, POD, SOD, APx, GR and 
DHAR) as well as some low molecular weight 
antioxidant thiols (e.g., GSH) and ascorbate.

Therefore, it could be concluded that, Se 
has a distinguished role in increasing resistance 
and antioxidant capacity of higher plants. It 
strengthens the antioxidative capacity in higher 
plants by preventing the reduction of tocopherol 
concentration and by enhancing SOD activity. 
After Se addition to forage plants, it may not 
only increase the yield of plants but also improve 
their nutritive quality in many ways. It could be 
also summarized that, Se acts as an antioxidant, 
inhibiting lipid peroxidation via increased levels 
of thiols and GSH. It could be also suggested 
that, Se is either an antioxidant or it activates 
plant protective mechanisms, thereby alleviating 
oxidative stress and improving heavy metals 
uptake in higher plants. Optimal Se supply is 
favorable for growth of some plants (like wheat 
seedlings) during drought condition. The growth 
and physiological responses of seedlings were 
different depending on the Se concentration.

The interactions between Se, nutrients and 
heavy metals

The remediation process of different 
contaminated soils with multiple pollutants or 
contaminants is a difficult issue and thus it is 
compulsory to develop and sustain novel customized 
strategies for this remediation (Tripathi et al., 2015). 
Therefore, it is very important to investigate the 
interaction between different nutrients in the 
context of biofortification and phytoremediation. 
According to the recent studies, Se has a few 
studies concerning the interaction with some 
nutrients including Cu, Mo, Zn, and iodine 
with exception for S. Their different properties 
comparing with Se are summarized in Table 2 
as well as a survey of the recent studies for this 
interaction in Table 3. On the other side, several 
publications related to Se detoxification of some 
toxic heavy metals including Sb, As, Cd, Cr, 
Pb and Hg are presented in Table 4. Therefore, 
different relationships between Se and its role in 
detoxification of these heavy metals as well as the 
interaction between Se and some other nutrients 
(S, Cu, Mo, Zn and iodine) will be highlighted in 
this section. 
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Previous studies discussed the interaction 
between Se with other elements included 2 or 
maximum 3 of the elements mentioned above 
(e.g. Pickering 2016). Concerning this interaction 
between Se and these previous nutrients (Table 
3), some publications have been issued including 
relationship with S (White et al., 2004; Galeas 
et al., 2007; White et al., 2007; Pilon-Smits and 
Quinn 2010; Cabannes et al., 2011; Hawrylak-
Nowak 2013; Cappa et al. 2014; Chao et al., 2014; 
Khan and Hell 2014; Schiavon et al., 2015; Liu 
et al., 2015b; Qin et al., 2016), iodine (Zhu et al., 
2004; Gómez-Jacinto et al., 2012; Galinha et al., 
2013; Smolen et al., 2014), Zn (Germ et al., 2013; 
Mao et al., 2015), Cu (Landberg and Greger 1994; 
Hu et al., 2013; Longchamp et al., 2015), as well as 
the multiple interaction for both Se, S, Mo (Zhang 
et al., 2012; Harris et al., 2014; DeTar et al., 2015), 
Se, Zn and iodine (Bevis 2015). 

In general, Se and these nutrients have a 
similar trend in connection with the uptake and its 
transporters, the biological functions in plants (as 
a component of some  enzymes) and antagonism 
behavior. For example, selenate, sulfate, 
molybdate and iodate are similar oxyanion forms 
that plants uptake from soil as well as all can make 
use of the same sulfate transporters (Shinmachi 
et al., 2010; DeTar et al., 2015). Increased Se 
levels in plants suppress the concentrations of N, 
P, and S, as well as several amino acids, thus high 
Se concentrations inhibit the absorption of metals, 
mainly Mn, Zn, Cu and Cd (Kabata-Pendias 
2011).  

Although Se and its essentiality are established 
for human and animals as well as lower plants, 
nano-Se and Se are required much more evidence 
for this essentialty in higher plants. The role of Se 
under different biotic and abiotic stresses has been 
recorded in case of animals and somehow higher 
plants, whereas nano-Se is still in needing for more 
researches to cover this area. The documented 
behavior of higher plants under Se and abiotic 
stresses includes the role of Se in enhancing plant 
defense system including enzymes (CAT, GPx, 
SOD, GR, DHAR, etc.) and nonenzymes (GSH, 
GSSG, AsA, etc.). The roles of Se in protecting 
photosystems from generation/ scavenging of 
reactive oxygen species are also well known. This 
role of nano-Se for higher plants needs much more 
studies comparing with this effect on animals. 
The interaction between Se and S can be found 
in several publications for many plants, whereas 
this interaction between Se and some nutrients 

including Cu, Mo, Zn and iodine is not fully clear 
and this issue needed to be explored. 
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