
A Review on Selenium Function under Oxidative Stress in Plants Focusing on
ROS Production and Detoxification

Armin Saed-Moucheshi1,* and Elham Rezaei Mirghaed2

1Horticulture and Crop Research Department, Kermanshah Agricultural and Natural Resources Research and Education Center
(AREEO), Kermanshah, Iran
2Department of Agricultural Biotechnology, Faculty of Agriculture, Lorestan University, Khorramabad, Iran
*Corresponding Author: Armin Saed-Moucheshi. Email: saedmoocheshi@gmail.com

Received: 13 December 2022 Accepted: 03 January 2023 Published: 31 May 2023

ABSTRACT

One of the main reasons of the annual reduction in plant production all around the world is the occurrence of
abiotic stresses as a result of an unpredicted changes in environmental conditions. Abiotic stresses basically trigger
numerous pathways related to oxygen free radicals’ generation resulting in a higher rate of reactive oxygen species
(ROS) production. Accordingly, higher rate of oxygen free radicals than its steady state causes to oxidize various
types of molecules and compartments within the plants’ cells and tissues. Oxidative stress is the result of high
amount free radicals of oxygen interfering with different functions leading to undergo significant changes from
molecular to phenotypic levels. In response to oxidative stress, plants deploy different enzymatic and non-enzy-
matic antioxidant mechanisms to detoxify extra free radicals and get back to a normal state. Applying some spe-
cific treatments have shown to significantly affect the antioxidant capacity and efficiency of the stressed cells and
compartments. One of such reportedly effective treatments is the utilization of selenium (Se) element in stressed
plants. Over the past years some different experiments evaluated the probable effect or efficiency of Se regarding
its impact on plant under oxidative stress. Accordingly, based on the recent studies, Se has a significant role in
plant responses to abiotic stresses probably due to its ability to improve the plants’ tolerance to oxidative stress.
The significant influences of Se, and its related components such as nano-selenium, in plants under oxidative
stress rooting from abiotic stresses, along with the new finding pertaining to its metabolism and translocation
mechanisms inside the plant cells under oxidative stress condition are clearly explained in this review. However,
there are still lack of a comprehensive explanation related to the precise mechanism of Se in plants under oxida-
tive stress.
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1 Introduction

Water, nutrients, and gas elements (oxygen and carbon) that are provided by the environment are the
most important components required for plant growth and production. In addition, an efficient
environment is able to provide light, temperature, and humidity at proper rates (as it simplified in Fig. 1).
Providing a proper rate of such requirements would lead plants to perfectly grow up to their genetic
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potential. Quite the contrary, if one of the requirements alters from a proper rate, the plant would respond by
reducing their growth and production. The changes in environmental condition that results in negative
responses of a plant and less plant production, is referred to as an environmental stress condition [1].
There are different types of environmental stresses, e.g., drought and salinity stresses, that have been
globally affecting plant production, and negatively impacted the human nutritional values that are
provided by plants.

Different environmental stresses have shown similarities in their impacts on the plants in some
molecular and biochemical, physiological, and phenotypic levels [2,3]. One of the most common impacts
of environmental stresses is to increase the production of free oxygen radicals leading to indirect
oxidative stress. In response, the plants have developed various types of antioxidative defense
mechanisms to reduce the rate of free radicals and go back to their steady state level [4,5].

Numerous studies [3,5–8] have indicated that the plants responses to the same stresses could be altered
under diverse conditions. Some conditions can improve, or put down, the efficiency of antioxidant
mechanisms and other systemic defenses in the plants. As it was mentioned, application of some
treatments on the plants or their environment under stress condition can ameliorate, otherwise decrease,
their tolerance to different types of stresses. Different treatments have been frequently tested on the
various plants to study their efficacy regarding the plant responses to stresses and their tolerance rates [7–
9]. Application of nutritional elements and plant hormones as treatment on different plant parts have
commonly been examined [10]. However, some of these elements, such as selenium (Se), have obtained
less attention comparing to others. Selenium is not a macro element (which is required in great quantities
in plant), but instead its availability in different rates has various impacts on the plants. In the study of
Dai et al. [11], high content of this element in plants led to nutritional toxicity in rice; while in the study
of Perez-Millan et al. [12] application of its proper amount resulted in higher tolerance of pepper under
cadmium stress condition.

Figure 1: A very simple portrait of plant requirements to germinate and grow: changing each these
requirements would lead to alter the conditions inside the plants
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In this review we attempt to provide an overview to understand the molecular biology and physiological
mechanisms along with the other internal processes involved in the plant response to oxidative stress; and
illustrate the different impacts of Se on plant production focusing on its pros and cons under abiotic and
oxidative stresses.

2 Abiotic and Environmental Stresses Association with Oxidative Stress

Oxygen is the most significant element on earth that has led to produce and develop living organisms on
this planet. Oxygen molecule with atomic number of 8, includes in the same group as Se and S (Sulfur),
carries two unpaired and free electrons with a short distance (orbital) from the nucleus of the atom
making them so active, and passionate, to attract other electrons wherever they find and share their space
as two separate couples. All the important roles of oxygen in all living organism comes back to its
chemical activity to bond with other elements or compounds.

Hydrogen (H), which has one free electron, can share its electron with one of the free ones in the oxygen
atoms. By sharing two electrons from on oxygen atom with two electrons from two H atoms, the water
molecule (H2O) would be produced. H2O molecules that are absorbed by the plants’ root from the soil,
would be mainly transported to the leaves to be used in Calvin-cycle as electron donors and produce
hydrocarbon molecules [4]. There are also other compounds of oxygen that are produced in plant
organelles such as mitochondria and peroxisomes in line with photosynthetic compartments. A group of
such oxygen compounds that are normally produced and used in plant organelles are reactive oxygen
species, or ROS in short. ROS contains some highly reactive compounds, because of their free electron
(s), such as hydrogen peroxide (H2O2), singlet oxygen (1O2), hydroxyl radical (OH•), and superoxide
(O2

−). These products are comparable to a double-edged sword having both advantages and
disadvantages in plants [13]. ROSs under normal state could be used as signaling molecules and for
neutralizing some extra or unrequired proteins and/or other compounds within the plant cells. Though,
under excessive generation of ROS in plants, these oxygen compounds are able to damage almost all
organelles of a plant cell. Enhanced production of ROS, can endanger cellular life by triggering some
events such as the initiation of programmed cell death (PCD) mechanism, protein oxidation, lipid
peroxidation, enzyme inhibition, and direct nucleic acid damage [14,15]. Exceeding the ROS generation
from its steady state causes oxidative stress to happen in plants [16]. The name oxidative stress is derived
from the name of oxygen, as the main part of all ROS compounds that cause oxidation of the other
cellular compounds [17].

The main source of ROS generation are chloroplast compartments that use carbon dioxide (CO2) H2O2

as input and produce carbohydrates as output. However, environmental conditions can change the situations
inside the chlorophyll molecules causing it to fail to do its role properly. Under the condition of unbalanced
utilization of energy (inflated electron from H2O) in chlorophyll photosystems, the exceeded rate of electrons
would be probably transported to O2 and result in ROS generation. Therefore, the ROS photoproduction can
change under environmental and abiotic stresses (mentioned in Fig. 2) [18].

3 The Pros and Cons of Oxidants and Antioxidants in Plants

In plants, a steady state exists in which there is a balance between ROS generation and deactivation
caused by antioxidant systems. Antioxidants are like catalyzers that deactivate and scavenge ROS by
catalyzing some reactions that transfer the ultra-electron of ROS to other compounds [16]. The
antioxidant defensing systems are available in almost all plant cellular compartments and organs
indicating the importance of ROS detoxification for cellular survival [8,19]. On the other hand, the
defense systems are also available in the apoplast [20]. By surpassing ROS generation from the overall
antioxidative potential of plant under abnormal conditions, oxidative stress happens which induces
adverse impacts on plant growth and development (Fig. 3).
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By occurring abiotic stresses leading to unbalanced state of ROS generation and utilization, plant
responds via activating various stress signaling pathways that trigger the activation of antioxidative
mechanisms to cope with the stress condition. There are two main types of antioxidative mechanisms in
plants containing non-enzymatic and enzymatic counterparts (Fig. 4). Some phenolic compounds and
alkaloids, non-protein amino acids, α-tocopherol, glutathione (GSH), and ascorbate (AsA) are among the
efficient non-enzymatic mechanisms in plants; while, superoxide dismutase (SOD), ascorbate peroxidase
(APX), catalase (CAT), peroxidases (POX), monodehydroascorbate reductase (MDHAR), glutathione S-
transferase (GST), glutathione peroxidase (GPX), glutathione reductase (GR), and dehydroascorbate
reductase (DHAR) are the most important enzymatic antioxidants (Table 1) [4,21].

Figure 2: Depiction of different types of abiotic stresses in plants causing indirect oxidative stress

Figure 3: Depicting the results of balance and imbalance generation and detoxification of ROS
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Figure 4: Different enzymatic and non-enzymatic antioxidants and their effect under oxidative stress

Table 1: The major reactions and the acting site of important antioxidants under abiotic stresses

Antioxidant Enzyme
code

Major reaction Site of reaction Reference

CAT EC
1.11.1.6

H2O2 → H2O + 1/2O2 Chl, Mit, Per [22]

APX EC
1.11.1.11

H2O2 + 2AsA → 2H2O + 2MDHA Chl, Cyt, Apo,
Mit, Per

[23]

MDHAR EC 1.6.5.4 NADPH + H+ + 2MDHA → 2AsA + NADP+ Chl, Cyt, Mit [24]

DHAR EC 1.8.5.1 DHA + 2GSH → 2AsA + GSSG Chl, Cyt, Mit [25]

GR EC 1.6.4.2 NADPH + H+ + GSSG → 2GSH + NADP+ Chl, Cyt, Mit [26]

GPX EC
1.11.1.9

2GSH + ROOH(H2O2) → GSSG +ROH + H2O Chl, Mit [27]

GST EC
2.5.1.18

H2O2 + 2GSH → 2H2O + GSSG RX + GSH →
HX + GS-R

Chl, Cyt, Mit [28]

SOD EC
1.15.1.1

2O2- + 2H+ → H2O2 + O2 Chl, Cyt, Apo,
Mit, Per

[29]

AsA N/A Scavenging: O2
.−, H2O2, OH.,

1O2 Chl, Cyt, Apo,
Mit, Per

[29]

GSH N/A Scavenging: H2O2, OH.,
1O2 Chl, Cyt, Apo,

Mit, Per
[30]

Tocopherols N/A Scavenging: O2
.−, OH., ROO., ROOH Membrane [31]

Note: Abbreviations: Chl: Chlorophyll, Cyt: Cytosol, Apo: Apoplast, Mit: Mitochondria, Per: Peroxisome, O2: Gaseous Oxygen, H2O: Water, H2O2:
Hydrogen Peroxide, AsA: Ascorbate, MDHA: Monodehydroascorbate, DHA: Dehydroascorbate, NADP: Nicotinamide Adenine Dinucleotide
Phosphate, NADPH: Reduced Nicotinamide Adenine Dinucleotide Phosphate, GSH: Hlutathione, GSSG: Oxidized Glutathione, ROOH:
Hydrogen Peroxidase.
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According to different reports, such as Xiao et al. [32] and Wang et al. [33], Ascorbate (AsA) plays an
important role in plant stress tolerance. Ascorbate mainly synthesizes in higher plants’ cytosol largely from
d-glucose, and it is able to react with OH., H2O2, O2

•− and 1O2. In AsA-GSH cycle, APX utilizes two AsA
molecules and reduce H2O2 to H2O and leads to the formation of monodehydroascorbate (MDHA), which is
a short life radical that can be deactivated by AsA. AsA involves in zeaxanthin synthesis which scatters the
additional light energy in thylakoid membranes resulting in avoiding oxidative damage [34]. In thylakoid
membranes, α-tocopherol, along with tocopherol types, is available in high amounts. The evidences from
scientific studies [35] suggest that tocopherols have an important role as antioxidant components.
Tocopherols are involved restricting the degree of lipid peroxidation by transforming the lipid peroxyl
radicals (LOO•) to hydroperoxides. In addition, tocopherols are able to efficiently quench 1O2 in
chloroplasts and it has been verified that one α-tocopherol molecule detoxifies up to 120 1O2 molecules
via transferring energy [36].

As an enzymatic antioxidant, SOD is the defense frontline against oxidants. It reduces O2
•− to H2O2 and

O2. There are three types of SOD based upon the type of the metal ion that are attached to its active site: iron
(FeSOD), manganese (MnSOD), and copper/zinc (Cu/ZnSOD). FeSOD is mainly localized in the
chloroplasts of some higher plants, MnSOD are usually available in the mitochondria matrix and
peroxisomes, and Cu/ZnSOD largely exists in chloroplasts and cytosol [16]. H2O2, that generates from
either the direct effect of abiotic stresses or from the SOD activation, can be converted to H2O and O2 by
CAT [3]. CAT is generally localized in glyoxysomes and peroxisomes and one of its molecules is able to
reduce about 6,000,000 molecules of H2O2 in one minute. However, there are different studies in which
the activities of CAT molecules have been altered by different abiotic stresses [8,15,16]. Another crucial
player in plant’s antioxidant system and oxidative stress tolerance associated with the abiotic stress is GR.
It can either join the AsA in AsA-GSH cycle or act separately under oxidative stress conditions. In
addition to its role in accelerating the H2O2 scavenging, GR sustains the higher proportion of GSH per
Glutathione disulfide (GSSG) in plant cells and gives a balance to GSH pool (Fig. 5). Consequently,
GSH can also be used by GPX, with many different isozymes, for reducing H2O2 and lipid
hydroperoxides (LOOHs) [37]. Furthermore, GPX is able to repair the lipid peroxidation of cell
membrane, and it plays an effective role under oxidative stress as well [38].

4 Potential Roles of Selenium in the Regulation of the Antioxidant Defense in Response to Abiotic
Stresses

4.1 An Overview on Selenium As a Natural Element
As the main dietary source for both human and animals, plants require different macro and micro

nutrients to grow and provide healthy products. According to Fan et al. [39], there are at least 17 crucial
elements, both micro and macro nutrients, required for growth and development of plants. Micro nutrients
such as copper (Cu), zinc (Zn), and iron (Fe) are the elements that are required in small quantities while

Figure 5: Glutathione (GSH) activity in removal of free radicals in plants
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macro nutrients including nitrogen (N), phosphorous (P), potassium (K), and sometimes calcium (Ca) are
those with more essential roles and higher required amounts [40]. In addition to the requirement of plants
to the aforementioned essential minerals, that are crucial for their survival and obtaining a minimum
growth and development, there are some other minerals that are required for plants to reach their optimal
growth and development. On the other hand, plants are sessile organisms without any mobilization or
transportation and they commonly face various environmental stresses [3,16]. Subsequently, the minerals
that are required for providing the optimal conditions for plants might play significant roles in plants’
tolerance to environmental stresses. These beneficial elements are able to assist the plants to cope with
the unpredicted harsh conditions. Selenium, along with silicon, are among such beneficial minerals that
help crops to achieve their potential developments and cope with the different environmental stresses [41,42].

The word selenium, was firstly coined in 1817 by a Swedish scientist, Jons Jacob Berzelius [43], and it is
derived from ‘selene’ which is a Greek word meaning ‘moon’, as in English the word ‘selenophile’ indicates
someone who loves the moon. In the periodic table, Se is placed in the 16th elemental group (column), known
as chalcogens or oxygen family, and fourth period (row); mostly dedicating to the non-metalloids with a
34 atomic number and an atomic weight of 79. There are five naturally stable isotopes of Se (74Se, 76Se,
77Se, 78Se, 80Se) and its most abundant isotope, occurring in almost 50% Se cases in nature, is 80Se.
Generally, the properties of Se are intermediate between sulfur (S: in above row of Se in the periodic
table) having an atomic number of 16, and tellurium (Te: in the above row of Se in the periodic table)
with an atomic number of 52. In addition, Se shows some chemical and physical similarity to arsenic
(As: at the fourth row of the periodic table next to Se) with 16 atomic number. However, according to
Bodnar et al. [43], S is the most similar element in properties to Se. In nature, selenite (Se2−), and other
probable pure compounds of Se are rare and it normally occurs as sulfides of cupper (Cu), gold (Au),
lead (Pb), sodium (Na) as well as Cu pyrites [44,45].

The available matters on earth show different size and molecular diameters which can be used for their
classification. According to different literatures [46,4,18], the particle of matters sizing from 1 and 100,
generally up to 500 nanometers (nm) in diameter are known as nanoparticles (ultrafine particles), and the
particles with 1–1000 micrometers (µm) are considered as microparticles (Fig. 6). Additionally, since the
diameter size of an atom is ordinarily less than 1 nm, the particles around such size are less common but
the can be called atom clusters [47]. While the nanoparticles are commonly occurring in nature, the
content of microparticles on earth surface is exceeding the content of nanoparticles. There are various
reports about the difference between the properties of micro and nanoparticles [48] mainly as the results
of their altered molecular or atomic structures. Nanoparticles are a significant part of the atmospheric
pollution, and recently, main components of numerous manufacturing products. Various methods have
been introduced for nanoparticle manufacturing containing chemical precipitation, gas condensation,
attrition, ion implantation, hydrothermal, and pyrolysis and synthesis [49]. The production and
application of nanoparticles have resulted in advancing a branch in science known as nanotechnology.
Nowadays, nanoparticles are artificially created from either solid or liquid materials containing metals,
dielectrics, and semiconductors such as Se. Among different fields of science, nanoparticles have been
commonly used and tested in agriculture [9]. However, studies on the effect of Se nanoparticles, and even
its normal form, or Se microparticles, have rarely been studied on different plants and conditions.

Even though Se, as a beneficial element in plant, has important roles in plant metabolisms and responses
to different environmental conditions [50], and its availability in human and animal dietary obtaining by
consumption of plant products is substantial, there is a lack of comprehensive reports and studies
showing, and explaining, the different faces of this element in plants.
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4.2 Regulation of Antioxidant Defense Mechanism under Abiotic Stress
Although it has not been verified that Se is required as an essential element in plants, numerous studies

confirmed that its low concentrations in plant organelles have beneficial effects on plants. Selenium mainly
contributes to overall plant growth and development under both normal and stress conditions. Several reports
have shown that Se is more important in plants under abiotic stress in comparison to normal conditions
[51,52].

According to some references, about 50% or more of the annual yield reduction of crops is due to the
influence of abiotic stresses [53]. Subsequently, coping with and managing the negative effects of abiotic
stresses have been amongst the greatest challenges for plant scientists within the last decades. According
to numerous recent studies [54], Se is able to get involved in stress mechanisms and responses of plants
under abiotic stress conditions. These studies verified that Se is able to increase the resistance of plants to
various abiotic stresses (Table 2) such as excessive and deficient levels of nutritional elements, salinity,
drought, etc. Iqbal et al. [55] confirmed that Se has the ability of enhancing the drought stress by
regulating the water status in the cells and organelles of plants. Additionally, it has been stated that the
main effect of Se under abiotic stresses is to get involved in ROS generation and detoxification pathways
causing higher resistance of plant to oxidative stress triggered by abiotic stresses. Selenium can be
absorbed by plant roots via sulfur transporters, as the result of its similarity to S, and then is transferred
to the leaves where the photosynthetic compartments are the main sources of ROS generation (Fig. 7).
There are still high demands to study the impacts of Se exogenous application on plants under abiotic
stresses, i.e., nutrient deficiencies and toxicity, ozone stress, flooding stress, freezing stress, along with
low light intensity to indicate the precise mechanism of plant responses.

Figure 6: A portrait comparison between different size of atom along with nano and micro particles

Table 2: The reported impacts of exogenous application of Se on plant under abiotic stresses

Plant Type of stress
tolerance

Tolerance mechanism Reference

Canola
(Brassica napus L.)

Drought Osmotic adjustment [56]

Oilseed crops
Camelina
(Camelina sativa L.)

Drought Increase in proline and some other amino acids [57]

Rice
(Oryza sativa L.)

Drought Enhancing the antioxidant response [50]

(Continued)
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Table 2 (continued)

Plant Type of stress
tolerance

Tolerance mechanism Reference

Tomato
(Solanum
lycopersicum)

Drought Enhancing the antioxidant response [58]

Bead wheat
(Triticum aestivum)

Salinity Adjusting stomatal conductance and
transpiration rate

[59]

Rice
(Oryza sativa L.)

Salinity Reducing the ration of Na+/K+ [60]

Grapevine
(Vitis vinifera L.)

Salinity Inducing of total phenol accumulation and
flavonoids

[61]

Rapeseed
(Brassica napus)

Salinity Enhancing abscisic acid content [52]

Cucumber
(Cucumis sativus L.)

Salinity and heat Higher uptake of N, P, K, and Mg [62]

Coriander
(Coriandrum
sativum)

Cadmium toxicity Enhancing enzymatic antioxidant activities [63]

Rice
(Oryza sativa L.)

Arsenic toxicity Adjusting antioxidant defense system [64]

Bread wheat
(Triticum aestivum)

Heat stress Balancing water status; enhancing antioxidant
activity

[55]

Figure 7: A simple picturing of the overall pathway of selenium in plants from the roots to the leaves
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Previous studies such as Zhou et al. [51] confirmed the association of GPX activity with Se
concentration and removal of H2O2 from the plant organelles; later on, several studies verified the
correlation of Se with the overall antioxidant capacity of the plants and higher antioxidant defense
potential in plants under abiotic stresses [11]. In the study of Hasanuzzaman et al. [65], treating rapeseed
plants with Se, therefore enhancing the levels of Se in the plants, clearly led to increase both the GSH
activity and its available levels in this species. Banerjee et al. [66] demonstrated that under heavy metal
toxicity in rye grass, Se was able to mediate the detoxification of superoxide radicals in cooperation with
SOD. It has also been revealed that GSH is able to cooperate in regulating the levels of methylglyoxal
(MG) and enhances the oxidative stress tolerance of plants. Glyoxalase pathways are involved in
tolerance mechanisms of plants under abiotic stresses mainly by detoxification of MG that causes
oxidative stress. In this process, Glyoxalase I (Gly I) and II (Gly II) enzymes are involved, and GSH
assists the Gly I enzyme to detoxify the MG [67].

The Se contents in plants differs between various species. This content is directly associated with the
capacity and ability of the plant species in both uptaking and accumulating the Se from the soil, and with
the Se content along with the presence/absence and the level of other elements in the soil where the plant
has developed [43]. Therefore, there are competition and some cooperation between different elements
with Se that might lead to nutritional imbalances and oxidative stress in plants. Furthermore, based on
plant species and its ability to use and maintain the content of Se in cells (Fig. 8), higher levels of this
elements than those that are required for a normal growth and development can lead to Se toxification
and occurrence of oxidative stress.

Selenium is chemically similar to S and can be metabolized by S metabolic pathways. Several studies
such as those of Pilon-Smits et al. [69] and White et al. [70] related to Arabidopsis thaliana have indicated
that the numerous genes which are involved in S assimilation and uptake may also be accountable for the
accumulation of Se. Therefore, the excessive content of Se can result in S deficiency or Se toxification.
Under excessive Se conditions, content of phytohormones such as salicylic acid, jasmonic acid, and
ethylene that are playing a significant role in Se tolerance is enhanced by signaling pathways related to
ROS. Moreover, in the study of Mackowiak et al. [71] application of S fertilizer reduced Se uptake by
some plants like wheat grass and alfalfa. The content of soil organic matter and microorganism activity in
soil are significantly enhanced under S fertilizer application, while the soil pH decreases under such
condition. Higher content of organic matter and microorganism activity in the soil, and lowering of the
pH, can result in the increase of Se fixation in soil [72]. On the contrary, Govasmark et al. [73] and
Teixeira et al. [74] verified that the N fertilization is able to increase the uptake of Se by the root system

Figure 8: Different classes of plants regarding the accumulation of selenium in their tissue (data from Gupta
et al. [68])
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and change its translocation and accumulation in wheat plants under low Se conditions. On the flip side,
application of N stimulates S metabolism and accumulation through increasing the content and activity of
O-acetyl serine, which is the main regulator in S metabolism via cysteine synthesis mechanism in higher
plants. Since Se and S are highly similar and they use the parallel metabolic pathways, N application is
also positive effective in Se absorption and metabolizing it into selenoproteins. Furthermore, N fertilizers
mostly are available in nitrate-N (NO3-N) and NO3

− forms that are able to displace the Se anions from
the soil surface particles resulting in a SeO4

2− concentration increase in soil solution and therefore
promoting Se uptake in roots [75].

Arsenic (As), as a heavy metal, is a highly toxic pollutant in the environment and its excessive content
than normal in the soil causes abiotic stress leading to oxidative stress in many plants [76]. An antagonistic
relationship between As and Se has been reported that is mainly depending upon their chemical forms, their
content in soil, and the plant genetic background. In the periodic table, As and Se are located relatively close
to each other, and they have parallel chemical properties. Subsequently, Se can interfere in As uptake and
transportation to the root using different pathways. Different studies confirmed that Se can compete with
As in absorption by the root via different transportation mechanisms and decrease the over As in plants
leading to lower heavy metal stress. In addition, Hu et al. [77] and Moulick et al. [78] reported that Se
(IV) is able to significantly prevent As(III) and As(V) transport from root to shoot in rice. According to
Zhou et al. [51], Se is able to decrease As transportation from soil to root and restrain its transfer from
root to shoot, hindering its localization into the grain in rice resulting in a lower influence of heavy metal
stress and plant survival (Fig. 9). There are two main reasons that Se limits the As transportation: (1) As
(V) that is absorbed by plants can be reduced to As(III) in root cells. In Lewis acid-base reaction, As(III)
can be chelated via glutathione (GSH) activity, that is directly under the influence of Se, or by means of
phytochelatins (PCs). The chelated As(III) are ultimately stored in the vacuole organelles of the plant
roots and they cannot be transported to the plant shoot anymore [79], (2) Se regulates As transportation
pathway in the stem node phloem and constraints the transportation of As between the plant cells and
tissues. Therefore, As is highly accumulated in the vascular bundle stem node. In addition, the stem node
has a central role in As distribution and translocation from xylem to phloem [80]. This mechanism might
be related to the development of apoplastic barriers in the endodermis by Se leading to even more
restraining of the heavy metals translocation into the xylem and shoots [81].

5 Molecular Biology of Selenium and Nano-Selenium in Plants under Oxidative Stress

Although there is a lack of studies related to the molecular mechanism of Se uptake and translocation
under stress conditions, some researches on tobacco (Nicotiana tabacum) and rice (Oryza sativa) showed that
inorganic phosphate (Pi) transporters might be capable of transporting selenite in the root [82]. In these
studies, specific Pi transporters overexpression resulted in significant selenite uptake by plants from the
substrate. There are some reports that the aquaporin family lactic acid channel NIP2;1 is capable of
taking up selenite in plants [83,84]. This result is significant because selenite is the predominant form of
available Se for most of the plants such as rice that are cultivated in the anoxic soil types [84]. In
addition, there other organic forms and compounds of Se available in the agricultural soils in high
proportions, one of which is selenoamino acids [85]. Plants are capable of taking up the amino acids
selenomethionine (SeMet) and selenocysteine (SeCys) from the soil [86], possibly by means of amino
acid transporters in roots. However, these compounds are the main pathway of absorbing Se via their
different forms containing amino acids of methionine (Met) and cysteine (Cys) [44,87]. Studies in A.
thaliana showed that amino acid permease (AAP) are compounds with specific roles in plants that might
mediate the absorption of Met and Cys and influence the uptake of Se in root [88,89]. van Hoewyk et al.
[90] illustrated that the expression of AtCpNifS in root may affect the binding and releasing of Se and
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Cys. It has been shown that overexpression of this gene is directly influencing the Se tolerance in plant
cells [84].

It has been predicted that there are over 1600 transcriptional factors (TF) in Arabidopsis genome; a
highly number of them are directly and indirectly involved in abiotic and oxidative stresses [84]. Under
abiotic stresses, the proteins such as EIN1, EIN2 and EIN3 that are involved in the pathways of ethylene
signaling are able to induce an important TF called ERF. ERF is a super family that contains many
stresses responsive factors, around 120 TF, such as AP-binding elements, cold-binding factor (CBF), and
dehydration responsive element binding-protein (DREB) [88]. Among these TFs, over 27 ERFs showed
to get influenced by the treatment of the plant by selenate [91]. Most of these ERF genes were
upregulated by maximum 15-fold (in AtERF92/ERF1) as the result of Se treatment. According to
previous studies, Cbf1 is one of the significant ERFs directly involved in the drought, salt, cold, and
oxidative stress tolerance in plants and its overexpression significantly increases the plant tolerance to
these stresses [92]. Accordingly, by growing plants under normal availability of Se, the Cbf1 gene is
upregulated, mostly in root tissues [93]. In Arabidopsis thaliana, Se treatments upregulated some other
TFs than ERFs containing heat shock factor (HSF) TF families, Zinc transporters, WRKY, and Myb; all
of which are responsive to abiotic stress conditions [91]. WRKY are important TFs that are also
responding to ethylene confirming the interaction between Se levels in plants and the ethylene activity
[94]. Furthermore, HSFA2, HSFA6a, and Zat12 that are involved in H2O2 generation and detoxification
were positively upregulated by Se which clearly implies the significant roles of Se in oxidative stress and
ROS signaling [44,87].

Figure 9: The mechanism of translocation of selenium in plants and their main pathways
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As the result of similarity between S and Se elements, under high levels of S in the plant cells, Se would
show a low or no effects on the plants under both normal and abiotic stress conditions due to the competition
between these two elements. Therefore, the plant applies some mechanisms to decrease the content of S and
increase the uptake of Se in plants [95]. It has been reported that Se can upregulate the pathways active in S
assimilation and regulate the abundance of its metabolites [96]. Treating the plants with selenate led to
increase the encoding of SULTR1;1 and SULTR2;1 that are active sulfate transporters in roots resulting
in a reduction of S uptake and transportation [89]. Additionally, these sulfate transporters are able to
transport the S compounds into roots from other tissues and store them in root vacuoles. Adenosine
phosphosulfate reductase (APR1, APR2 and APR3) genes and APS3 that are active in sulfur assimilation
are also upregulated by available Se compounds in plant tissues [97]. One other mechanism of plants to
regulate the S levels under Se availability is through the synthesizing the S-rich glucosinolates that
assimilates the sulfur molecules [97]. There are important genes involved in the mechanisms such as
MAM1 and BRAT4, as aminotransferase factors, that can contribute to glucosinolate biosynthesis via
methionine-derived pathways [98].

6 Selenium Crosstalk with Other Signaling Molecules in Modulating Antioxidant Defense during
Plant Response to Oxidative Stress

Selenium uptake and translocation in plant are largely influenced by the genetic background of plants. Se
uptake could vary between plants of different species, or even between plant genotypes within the same
species. There are also other factors that affect the Se uptake in plants like the plant physiological
condition, its developmental stage, the activity levels of transporters in the membrane, physicochemical
conditions of the soil and available content of other elements, and Se form and concentration in the soil [99].

In nature, there are different forms of Se available as (1) inorganic containing selenate (SeO4
2−), selenite

(SeO3
2−), selenide (Se2−), elemental Se and (2) organic forms such as SeCys and SeMet (Fig. 10) [68,42].

Selenium predominant bioavailable form in agricultural soils is the selenate (SeO4
2−) which is also

soluble in water [100]. Selenite and selenate are transported by different mechanisms in roots. The
phosphate transporters are capable of transporting the selenite into the root tissue while the sulfate
transporters are able to transport selenate molecules [101,102]. These available transporters are basically
affected by the status of nutritional elements both within the plant and in the soil. In a competition
between Se and S regarding the sulfate transporters, the elements that have higher concentrations in the
soil will win, and the transporters will show high selectivity toward this element. There are two main
sulfate transporters as SULTR1 and SULTR1;2 (Fig. 10) in Arabidopsis thaliana that are capable of
transporting the selenate into the plant tissues [103]. Barberon et al. [104] reported that for selenate
uptake to root tissue, SULTR1;2 is the predominant transporter. El Kassis et al. [105] illustrated that both
sulfur starvation and phosphorous deficiency result in higher uptake of overall Se by the root system. On
the other hand, in the different researches the transportation of Se into plant by both passive diffusion and
active mechanisms has been reported.

In addition, it has been verified that the different Se forms are also varied in terms of their mobilization
within and between the tissues and cells and synthesizing the Se-compounds. The translocation of Se
compounds from the root system to the shoot tissues is directly affected by Se loading rate in the root
xylem and transpiration rate of the plant [106]. In the study of Kikkert et al. [101], the mobility of Se
compounds within the plant was considered, and the results showed that selenate has the highest rate of
mobility in wheat and canola plants. In this study selenite and SeCys showed roughly equal rate of
mobility inside the plant tissues while their rate was lower than that of SeMet.
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The main pathway of translocating the Se from the root cells to shoot and leaf tissues is through xylem.
The rate of translocation in this organelle depends upon the provided form of Se from the soil. Se(VI) is the
most abundant form of Se that can be easily translocated via the xylem pathway and then distributed among
the phloem organs and organelles [107]. In addition to the Se(VI) form in xylem, other forms and compounds
of Se such as MeSeCys, SeMet and SeOMet are available in lower concentrations that normally are
assimilated and remain in root cells. AtALMT12, and some other members of the transporter family
called ALMT, are acting in loading the Se(VI) form into the xylem sap. The available Se(VI) in the
xylem may be transported to the phloem or, by the activity of SULTR transporter, placed in the
mesophyll cells of roots and assimilated in the vacuole organelles. AtSULTR4;1 and AtSLUTR4;2 have
been reported to be main factors responsible for efflux transporting of Se(VI) to the vacuoles [86].
Meanwhile, AtSULTR2;2 and AtSULTR1;3 have been suggested to be the main factors of translocating
the Se(VI) into the phloem because their upregulation and higher encoding in Arabidopsis have increased
the rate of translocation of Se(VI) from the xylem to phloem. After storing the Se(VI) in the leaves, they
would reduce it into the Se(IV) form and will be then incorporated to the selenium organic compounds
Se-methyl selenocysteine (MeSeCys) and SeMet, and redistributed to the tissues that might require them.
Under oxidative stress the organic Se compounds are able to act as signal transduction agents and assess
in regulating the responsive genes to stress conditions. In addition, some of the metabolized Se
compound can contribute to the tolerance mechanism of plants, such as increasing the efficiency of
antioxidants, and provide higher tolerance to oxidative stress caused by abiotic stimuli.

7 Conclusion and Future Prospective

Abiotic stresses caused by harsh and uncontrolled environmental stresses can critically reduce the plant
yield and production. As a result, improving the stress tolerance of plants against such stresses based on

Figure 10: The mechanism of selenium transportation under oxidative stress in plants
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appropriate knowledge related to their basic and molecular impact must be taken as a priority subject in the
area of plant science. In this paper different aspects of abiotic stresses leading to oxidative stress in
conjunction with the effect of selenium, as a nutrition element, were illustrated. Under abiotic stress
condition, the generation of oxygen free radicals increases and the steady state of oxygen radicals is
messed up which in turn it causes indirect oxidative stress in plants; however, the application of Se as an
exogenous supply might be able to assist the plants to cope with such detrimental condition. Selenium is
able to get involved in both mechanisms of non-enzymatic and enzymatic antioxidant systems rooting to
an increase in the suitability of antioxidant pathways in plants. In addition, the different possible
pathways of Se to affect plant production at molecular and cellular levels were also clearly explained in
this paper. Literature review indicates that there is still a lack of comprehensive studies related to the
impacts of Se under stress conditions, and there is a high requirement for more clarification of the
mechanisms involved in Se transpiring and transporting in addition to the identification of related genes
and factors transporters that are active in such pathways. The probable competition between Se uptake
and transportation with other elements, especially As and S as examples, along with the suitable content
of Se in both plant and the soil as to constrain the possible occurrence of Se toxicity are also calling for
more studies.
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