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ABSTRACT

Numerous plant species, particularly those that can accumulate selenium (Se) and silicon (Si), benefit from these
essential micronutrients. Se and Si accumulation in plants profoundly affects several biochemical reactions in
cells. Understanding how plants react to Se/Si enrichment is crucial for ensuring adequate dietary Se/Si intake
for humans and animals and increasing plant tolerance to environmental stressors. Several studies have shown
that Se/Si-enriched plants are more resistant to salinity, drought, extreme temperatures, UV radiation, and excess
metalloids. The interplay between Se/Si in plants is crucial for maintaining growth and development under nor-
mal conditions while providing a critical defense mechanism against stressors like heavy metals and drought. Se
and Si commonly stimulate antioxidant defense systems in plants exposed to environmental stressors, but the
involved mechanisms are complex and not well understood. To ensure the positive effects of Se/Si fortification
in plants, it is essential to consider the degree of accumulation, the chemical form of Se/Si used, the method
of application, and the likelihood of interaction with other elements. In this review, we will discuss the effects
of Se/Si bio-fortification on plants subjected to abiotic stressors. Plant responses to exogenous Se/Si will also
be reviewed, emphasizing the influences of Se/Si in the modulation of enzymatic and non-enzymatic antioxidant
defense mechanisms under various abiotic stress conditions.
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1 Introduction

Plants require both essential and non-essential elements to complete their life cycle successfully. While
essential elements are crucial for plant growth and development, there are certain non-essential elements that,
when present in optimal concentrations, can also contribute to improved plant health. Among these non-
essential elements, selenium (Se), silicon (Si), cobalt (Co), aluminum (Al), and sodium (Na) are notable
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examples. Both Si and Se play significant roles in enhancing plant growth and development, particularly in
terms of abiotic and biotic stress tolerance. Se, being a metalloid mineral nutrient, is involved in vital
metabolic and functional processes in organisms. The bioavailability of Se is influenced by
physicochemical properties such as pH, redox potential, and clay content. In soil, the presence of these
elements is determined by geochemical processes influenced by the composition of the underlying
bedrock [1]. Selenate, a form of selenium, is easily absorbed by plants thriving in oxidized and alkaline
soils. On the other hand, selenite, another form of selenium, is less readily absorbed by plants,
particularly in soils with high clay and iron oxide content. The soil composition, specifically the presence
of clays and iron oxide surfaces, hinders the efficient uptake of selenite by plants, making it less
accessible compared to selenate [2].

Plants can contain both organic and inorganic forms of selenoamino acids [3], making these
micronutrients crucial for their growth. In unicellular green algae, Se promotes optimal growth, but its
role in higher plants is not clear. High concentrations of Se can cause selenosis in plants, inhibiting
methylation and protein sulfur substitution, resulting in symptoms such as chlorosis, necrotic patches, and
wilting [4]. However, non-accumulators such as beans (Phaseolus vulgaris), broccoli (Brassica oleracea
var. italica), cabbage (Brassica oleracea var. capitata), corn (Zea mays), rice (Oryza sativa), and wheat
(Triticum aestivum) can tolerate up to 4000 mg.kg ' Se [5,6]. Low concentrations of this micronutrient
have a variety of beneficial effects [3], promoting plant development and physiology under harsh
environmental conditions. Se is an effective phytoprotectant in recent years [7-9], mitigating the effects
of abiotic stressors on plants. Abiotic and biotic stresses contribute to oxidative stress, which can cause
serious physiological disturbances by creating an imbalance between reactive oxygen species (ROS) and
antioxidants [10]. The presence of Se can directly or indirectly influence the effects of stress on ROS
generation and scavenging, benefiting plants by mitigating abiotic stressors [8]. A recent proteomics
study by Wang et al. [11] showed that plants grew better under low Se doses when their photosynthesis
proteins and carbohydrates were upregulated in leaves and roots, respectively. While low Se
concentrations have been associated with regulating/activating antioxidative defense systems in stressed
plants, several alternative mechanisms are also responsible for Se’s ability to reduce the negative effects
of abiotic stresses, which will be discussed in the following sections. With global climate change
affecting a growing number of arable soils and adversely affecting plants, Se may be used to enhance
crops’ resistance to abiotic stresses [9].

The perception of selenium (Se) has evolved, initially being recognized for its toxic effects in animals
during the 1930s, leading to conditions like hoof and hair loss. However, its essential role in the metabolism
of animals, humans, and microorganisms was later acknowledged when Se deficiency was linked to white
muscle disease in livestock during the 1950s. Since then, research has uncovered a wide range of
biological roles for Se, including its potential in cancer prevention and its influence on hormone
production. Se deficiency in the diet has been associated with various health issues, such as thyroid
dysfunction, increased cardiovascular disease risk, and impaired nerve and immune system function [12].
It is crucial to maintain an optimal balance of Se for proper growth and development. Trace amounts of
Se are necessary, as they support homeostatic functions, while excessive concentrations can be toxic, as
stated by Hamilton [13], It has been suggested that Se is a “double-edged sword” for human health, as
both insufficient and excessive intake can have negative effects [14]. Both humans and animals primarily
obtain Se from their diet. Strategies to improve suboptimal Se status include diversifying the diet, using
dietary supplements, fortifying food products with Se, and biofortification techniques [15]. These
approaches aim to enhance Se intake and address deficiencies in Se levels to support optimal health.

The metalloid silicon (Si) is naturally found in minerals known as silicates [16]. Within the soil, it is
estimated that between 0.1 and 0.6 mM of Si exists in the form of silicic acid (Si(OH),). Si plays a
critical role in plant growth and development, although it was once believed to be a non-essential
element. In recent years, Si has gained significant attention due to its ability to upregulate various
physiological processes, thus earning the status of a “quasi-essential” component [17]. Plants can absorb
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Si in the form of soluble silicic acid, particularly at pH levels equal to or below 9 [18]. Recent research has
highlighted several beneficial functions of Si in plants, especially in terms of biotic and abiotic stress
tolerance. Si has been reported to have a profound impact on plant growth, yield, photosynthesis,
germination, leaf turgor, and gas exchange characteristics [19]. Additionally, Si enhances water status,
stomatal conductance, carbon dioxide absorption, and stability/assembly of photosystems. It also protects
photosynthetic pigments from degradation and regulates photosynthesis-related proteins [20-22]. By
reducing nutrient imbalance stress, Si improves plant growth, development, and yield [23]. When plants
face environmental stressors like drought, salinity, ultraviolet (UV) radiation, flooding (hypoxia), heavy
metal toxicity, or mineral toxicity, Si plays a crucial role in promoting embryogenesis, organogenesis, and
biochemical/physiological traits. Si proteins are involved in biochemical pathways, and gene activation
induced by stress enhances stress tolerance [18,24]. The aforementioned articles provide in-depth
discussions on the significant roles of selenium (Se) and silicon (Si) in promoting plant growth and
enhancing the plant’s ability to withstand abiotic stress, particularly at low levels. The application of
exogenous Se/Si at optimal concentrations can be a viable approach to foster cultivation under suboptimal
conditions, contributing to improved crop performance.

2 Uptake and Transport of Se/Si in Plants

Se metabolism in higher plants closely resembles that of sulfur (S) due to their chemical similarity. The
uptake of Se from the soil is influenced by plant species and growth stages, with many plants accumulating
more Se in the shoots rather than the root tissues [25]. Consequently, Se is utilized in storage organs to
produce seleno-derivatives of amino acids. In the environment, Se exists in various oxidation states (+6,
+4, 0, and —2), which impact its solubility and mobility. Selenate (SeO,>) and selenite (SeO5>) are
highly bioavailable and tend to accumulate due to their highly oxidized states [26]. Typically, soil Se
concentrations range from 0.01 to 2.0 mg.kg ', with an overall mean of 0.4 mgkg ' [27]. While selenite
is removed from water through various mechanisms, selenate is the primary soluble form taken up by
plants [28]. Selenite is more toxic than selenate due to its rapid incorporation. However, plants with
higher root growth rates selectively take up and distribute selenate more efficiently, preventing selenite-
mediated toxicity [7]. Root cells convert selenite into selenomethionine (SeMet), an organic form that is
non-toxic. The majority of selenate is translocated to aerial plant parts via the xylem [5,29]. Selenium
shares a chemical similarity with sulfur, an essential macroelement for plants. Selenate uptake in root
cells is associated with a high-affinity sulfate transporter (HAST) [30]. Arabidopsis thaliana’s SULTRI
and SULTR?2 sulfate transporters are involved in selenate transport [31]. Mutant studies of SULTRI;2
have identified it as the key selenate transporter in Arabidopsis. Furthermore, Se import is accelerated
when plants are phosphate-deficient, indicating the involvement of phosphate transporters in Se transport
[32]. Upon entry into plants, Se is converted to selenite through the combined action of ATP sulfurylase
and APS reductase enzymes. This process leads to the formation of adenosine phosphoselenate (APS),
which is subsequently reduced to selenite by APR (APS reductase) [30].

Several types of silicates are present in the soil, including primary and secondary silicates, as well as
biogenic and inorganic silicates. Among these, mono-silicic acid (H4SiO4) is the most abundant and
soluble form of silicon (Si) [18]. Despite its high presence in soil, Si is not readily absorbed by plants
due to its low solubility. However, plants employ various mechanisms for Si uptake, including active
transport, passive transport, and rejection transport systems, depending on the root system. Si is absorbed
as silicic acid and transported to different parts of the plant [33]. Plants can be classified into three groups
based on their capacity to absorb Si: intermediate plants, high Si-accumulating plants, and non-Si-
accumulating plants. For instance, wheat (Triticum spp.), barley (Hordeum vulgare), and tomato (Solanum
lycopersicum) exhibit only active transport, while rice (Oryza sativa), sunflower (Helianthus annuus), and
maize (Zea mays) display both active and passive transport. Silicic acid is taken up by plant roots through
apoplastic and symplastic pathways (Fig. 1) [17]. Within the symplastic route, Si is transported by NIPs
(Nod26-like intrinsic proteins), which are a part of the aquaporin gene family. Silicon transporters in
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plants play a crucial role in regulating the uptake of silicic acid, maintaining physiological functions, and ion
homeostasis at the plasma membrane level [34,35]. In rice, Lsi/ and Lsi6 are identified as Si transporters
belonging to the aquaporin family. Si is transported throughout the plant, while Si efflux and proton-
driven transport occur through Lsi2, which functions as an anion channel and facilitates Si/H" antiport
[16,17,36]. Additionally, Lsi6 inhibits the deposition of Si in the xylem by unloading it from the xylem
into the xylem parenchyma. Si remains stable in the cytoplasm and vacuole despite plant decomposition
[16,17,36].
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Figure 1: Uptake and assimilation of Se/Si by higher plants. The uptake and assimilation of essential
minerals, such as Selenium (Se) and Silicon (Si), involve complex processes in higher plants. The initial
step is the uptake of these elements from the soil by the roots. Se uptake primarily occurs through the
action of sulfate transporters, whereas Si uptake relies on transporters specific to Si. Once inside the
plant, Se and Si are transported to different plant tissues via the xylem and phloem. The assimilation of
Se and Si follows distinct metabolic pathways. Se is first converted into selenate or selenite, which is
then incorporated into the amino acid selenocysteine. Selenocysteine serves as a building block for
selenoproteins, which play crucial roles in various biological processes. In contrast, Si assimilation is a
passive process where amorphous silica is deposited in plant cell walls, enhancing their rigidity and
resistance to biotic and abiotic stresses. Si also stimulates the activity of enzymes involved in plant
metabolism and facilitates the uptake of other minerals, such as phosphorus. Overall, the uptake and
assimilation of Se and Si in higher plants are intricate processes that contribute to their growth,
development, and stress response mechanisms. Understanding these processes is vital for optimizing plant
nutrition and enhancing its resilience to environmental challenges
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3 The Beneficial Role of Se/Si in Plant Growth and Development

One intriguing aspect of Se/Si is their contrasting roles in primitive plants like algae vs. higher plants.
While they are essential for primitive plants, they are considered non-essential for more advanced plant
species (Fig. 2). This non-essential status in higher plants may be due to the limited availability of Se/Si
on the Earth’s surface, as suggested by Schiavon and Pilon-Smits [37]. Seed germination is a critical
stage in seed establishment and development, and it can be affected by various factors such as drought,
salinity, and heavy metals. During germination, plant seeds absorb Se from the external medium. In
certain species like bitter gourd and wheat, the application of exogenous Se compounds (priming) can
break seed dormancy [38,39]. Se in the form of SeMet [40] or other Se species, such as selenourea,
induces ethylene (ET) production in Stylosanthes humilis seeds, leading to the breaking of seed dormancy
[41]. Low doses of Se applied through seed priming induce starch catabolism enzymes, increase sugar
content and cellular respiration, and enhance growth energy, resulting in improved membrane stability,
antioxidant capacity, faster germination, and more vigorous growth [42]. Germinating wheat (Triticum
aestivum), alfalfa (Medicago sativa), and sunflower (Helianthus annuus) seeds can accumulate significant
amounts of selenium, potentially providing a valuable selenium source for humans [43]. In the case of Si,
when tomato seedlings are exposed to drought conditions induced by polyethylene glycol (PEG), Si
triggers an antioxidant defense system, reduces levels of malondialdehyde (MDA) and reactive oxygen
species (ROS), and enhances plant resilience [44]. Applying a low dose of Si to Glycyrrhiza uralensis
during salinity stress improves germination, seedling vitality index, and seedling emergence, and induces
the production of superoxide dismutase (SOD), which helps scavenge ROS and MDA [45]. Si
nanoparticles (Si-NPs) applied to soybeans and rice enhance germination, increase the activity of carbonic
anhydrase and nitrate reductase, improve water and fertilizer uptake, and enhance the efficiency of
photosynthetic machinery and antioxidant activity [46]. These findings demonstrate the potential of Se/Si
in influencing seed germination, improving seedling vigor, and enhancing the antioxidant defense system,
thereby contributing to the resilience and growth of plants under various stress conditions.

Different plant species, including wheat (7riticum spp.), cucumber (Cucumis sativus), and tobacco
(Nicotiana tabacum), exhibit enhanced shoot and root growth when exogenous Se is applied [47—49]. Se
promotes the growth of mungbean (Vigna radiata) plants by up-regulating enzymes involved in
carbohydrate metabolism [50]. Additionally, low concentrations of Se are beneficial for plants such as
lettuce (Lactuca sativa) and ryegrass (Lolium perenne), leading to improved biomass production and
regulation of antioxidants, reducing lipid peroxidation [51]. In studies with hydroponically grown
Arabidopsis thaliana and Brassica juncea, selenite at a concentration of 20 uM increased root biomass
production [52]. Selenite has also been found to stimulate growth and dry matter yield in Brassica juncea
[7]. Arabidopsis thaliana and peas exposed to selenite exhibited increased growth, with longer
hypocotyls and larger cotyledons in the case of Arabidopsis [53], and significant increases in organ
biomass in peas [54]. Se application has been shown to delay senescence in Glycine max seedlings and
promote their overall growth [55,56]. Regarding seed germination, bitter gourd (Momordica charantia)
seeds showed improved germination when primed with selenite [38]. Se application has also been found
to enhance the antioxidant machinery in seeds, making them more resilient to stress. Si application has
demonstrated various positive effects on plant growth and development. It enhances morphological traits,
leaf area, root morphology, mechanical strength, and firmness in plants such as Capsicum, lettuce
(Lactuca sativa), ryegrass (Lolium perenne), potato (Solanum tuberosum), and green tea (Camellia
sinensis) [57]. Si has been shown to increase plant height, fresh weight, and dry weight in Glycine max,
as well as modulate endogenous levels of phytohormones [58]. Si reduces the toxicity of metals such as
Ni, Zn, and Pb in cotton (Gossypium hirsutum) by improving morphological traits, nutrient uptake, and
inhibiting metal entry into the xylem [42]. The function of Si transporters is crucial for plant growth,
productivity, and development. Si accumulation in plant tissues, including leaves, roots, and shoots, forms
a barrier that prevents the entry of toxic metals and ions [59]. Si application to coriander enhances
biomass, height, relative water content, synthesis of cell walls, leaf tissue firmness, and flexibility, leading
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to improved overall plant health [60]. These findings highlight the positive impact of Se and Si application on
plant growth, biomass production, nutrient uptake, stress tolerance, and various physiological processes
(Table 1).
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Figure 2: The roles of Se/Si in higher plants under normal and stress conditions

Abiotic stresses generate reactive oxygen species (ROS) in plants, which can be harmful if not promptly
eliminated or neutralized by cellular processes [61]. Stress-sensitive plants often lack elaborate antioxidant
mechanisms to scavenge ROS and mitigate their toxic effects [62]. Uncontrolled accumulation of ROS can
lead to protein degradation, lipid peroxidation, and membrane damage [63]. When lettuce plants were
exposed to low concentrations of selenate, the activities of ascorbate peroxidase and glutathione
peroxidase, as well as the levels of nonenzymatic antioxidants like glutathione (GSH) and ascorbate
(AsA), were increased. This resulted in reduced H,O, production in the plants [64]. Conversely, selenite
treatment was found to increase the accumulation of H,O, and malondialdehyde (MDA) in lettuce plants
[64]. In wheat plants, Se treatment increased the activities of catalase (CAT) and peroxidase (POD), but
higher Se concentrations decreased the activities of these antioxidant enzymes [65]. Thus, it is crucial to
optimize the application dose of Se, especially at high concentrations, to ensure agricultural benefits,
considering its pro-oxidant nature. In wheat plants treated with Se, nitrate reductase activity was
significantly increased during the late developmental stages. This suggests that SeCys (selenocysteine)
may have been incorporated into the active site bound to NADPH, increasing the redox potential of
enzymes associated with SeCys [65]. SeCys has a lower pK and greater nucleophilic power than Cys,
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contributing to its unique properties. Si application, on the other hand, enhances protein synthesis during
stress and plays a role in inducing osmoregulation. It helps maintain water balance, metabolic activity,
and cellular function in various plant species. Si increases the content of proline, carbon, nitrogen, and
glycine betaine (GB), thus contributing to osmotic stress tolerance [16,59,60]. Si also reduces salt toxicity
by increasing glycine levels. Proline accumulation, facilitated by Si application, acts as a molecular
chaperone during stress, stabilizing and protecting enzymes and proteins, maintaining membrane integrity,
quenching ROS, and modulating carbon and nitrogen pools [18,21]. Additionally, Si is essential for
starch and carbohydrate production in plants [22,60] (Table 1).

The synergistic interaction between Selenium (Se) and Silicon (Si) plays beneficial roles in plant growth
and development. This interaction enhances various physiological and biochemical processes, leading to
improved plant performance and resilience [66]. Se/Si synergism has been found to positively impact
plant nutrient uptake and assimilation. Si enhances the uptake and translocation of Se within the plant,
leading to increased Se concentrations in different plant tissues. This improved uptake and distribution of
Se contribute to the biosynthesis of selenoamino acids and selenoproteins, which are essential for various
biological functions in plants [67]. The presence of Si also influences the chemical forms of Se in plants,
potentially affecting its bioavailability and metabolic fate [68]. Furthermore, Se/Si interaction promotes
plant tolerance to abiotic stresses. Both Se and Si have been shown to enhance plant resistance against
environmental stressors such as salinity, drought, extreme temperatures, heavy metals, and UV radiation
[69]. These micronutrients stimulate antioxidant defense systems, regulate osmotic balance, and protect
cellular structures from oxidative damage. The combined effect of Se and Si results in improved stress
tolerance, allowing plants to better withstand challenging environmental conditions [70]. Se/Si synergism
also influences plant growth and development at various stages. It has been observed to promote seed
germination, enhance root and shoot growth, increase biomass production, and improve overall plant
morphology [71]. Si deposition in plant cell walls enhances their rigidity, providing structural support and
protection against biotic and abiotic stresses. Se, on the other hand, contributes to essential metabolic
processes and enzyme activities, which are vital for plant growth and development. In addition, the
interaction between Se and Si can have positive impacts on crop productivity and quality. Se
supplementation in combination with Si has been shown to increase yield parameters, such as grain yield,
fruit weight, and crop biomass [72]. It also enhances the nutritional value of crops by improving the
accumulation of beneficial compounds such as antioxidants, vitamins, and minerals. Overall, the
synergistic relationship between Se and Si plays a crucial role in promoting plant growth, increasing
stress tolerance, and improving crop productivity (Table 1). Understanding and harnessing this interaction
can provide valuable insights for developing sustainable agricultural practices and enhancing food
security in a changing environment [66].

Table 1: The beneficial roles of Se/Si in plants

Beneficial role Selenium (Se) Silicon (Si)

Enhanced stress Se has been shown to enhance the Si has also been shown to enhance the

tolerance tolerance of plants to a variety of abiotic tolerance of plants to a variety of abiotic
stresses, including drought, salinity, stresses, including drought, salinity,
heavy metals, and temperature extremes heavy metals, and high temperatures
[73]. [74].

Improved nutrient Se has been shown to improve the Si has been shown to improve the

uptake and utilization uptake and utilization of several uptake and utilization of several
essential nutrients, including nitrogen, essential nutrients, including calcium,
phosphorus, and potassium [75]. potassium, and phosphorus [76].

(Continued)
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Table 1 (continued)

Beneficial role Selenium (Se) Silicon (Si)

Increased Se has been shown to increase Si has been shown to increase

photosynthesis and ~ photosynthesis and growth in some photosynthesis and growth in many

growth plant species, although the mechanisms plant species, possibly by improving
underlying these effects are not yet well plant cell wall structure and function
understood [77]. [78].

Protection against Se has been shown to enhance plant Si has been shown to enhance plant

pathogens and pests  resistance against a variety of pathogens resistance against a variety of pathogens
and pests, including fungi, bacteria, and pests, including fungi, bacteria,
viruses, and nematodes [79]. viruses, and insects [80].

Improved quality and Se has been shown to improve the Si has been shown to improve the

yield of crops quality and yield of crops in some cases, quality and yield of crops in many

although the effects are variable and  cases, particularly in crops such as rice,
depend on the specific crop and growing wheat, and sugarcane [82].
conditions [81].

4 The Role of Se/Si in the Plants’ Abiotic Stress Tolerance

Crop plants are highly susceptible to various abiotic stresses such as drought, cold, salinity, heat, and
UV-B rays [83]. These stresses can impair numerous physiological, biochemical, and molecular processes
throughout the plant’s lifecycle, ultimately leading to a reduction in crop yield [83,84]. However, studies
have demonstrated that the application of Se/Si can help mitigate the adverse effects of these stresses,
including salt, drought, cold, heat, mechanical, and metal stresses (Fig. 2). Se/Si supplementation has
been shown to enhance the tolerance of plants to salt stress, enabling them to maintain proper cellular
function and osmotic balance under high salinity conditions [69]. Similarly, Se/Si can improve drought
tolerance by regulating water status, enhancing antioxidant defense mechanisms, and reducing oxidative
damage caused by water deficit [85]. Cold stress is another abiotic factor that can be alleviated by Se/Si
application. They have been found to enhance cold tolerance by improving membrane stability, regulating
gene expression related to cold response, and increasing the accumulation of cryoprotective compounds
[72]. Se/Si also plays a role in mitigating the harmful effects of heat stress by modulating heat shock
protein expression, enhancing photosynthetic efficiency, and reducing oxidative stress [86]. Furthermore,
Se/Si supplementation can improve plant resistance against mechanical stress and metal toxicity, helping
to maintain plant growth and development under challenging environmental conditions [87]. By reducing
the negative impact of these abiotic stresses, Se/Si application holds great potential for enhancing crop
resilience and productivity, ultimately contributing to food security and sustainable agriculture (Table 2).

Table 2: The beneficial roles of Se/Si in plants under stress conditions

Role of Se/Si in plants’ abiotic Description
stress tolerance

Se/Si uptake Se and Si are beneficial elements for plants and are taken up by plant
roots. Se can be taken up in selenate or selenite form, while Si is taken up
as silicic acid [88].

(Continued)
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Table 2 (continued)

Role of Se/Si in plants’ abiotic Description
stress tolerance

Antioxidant defense Se and Si can act as antioxidants in plants, protecting them from
oxidative stress caused by abiotic stress factors such as drought, salinity,
and heavy metal toxicity. Se is involved in the synthesis of
selenoproteins, which have antioxidant properties, while Si helps to
activate enzymes that ROS [89].

Cell wall strengthening Si is known to strengthen plant cell walls, making them more resistant to
mechanical stress and water loss. This can help plants cope with abiotic
stress factors such as drought and salinity [19].

Mineral transport Se and Si can facilitate the transport of other essential minerals such as
calcium and magnesium within the plant. This can help plants maintain
normal physiological functions even under abiotic stress conditions
[88,90].

Hormone regulation Se and Si have been found to regulate plant hormones such as abscisic
acid (ABA) and auxin, which are involved in stress response
mechanisms. This can help plants better cope with abiotic stress factors
such as drought and salinity [91].

4.1 Se/Si and Osmotic Stress

Crop plant productivity is significantly affected by salinity, which is considered one of the most severe
environmental factors. Salinity has a greater impact on plant growth and yields than any other toxic substance
[92]. Soil overfertilization in pursuit of high yields, particularly in covered cultivation systems, has
contributed to increased salinity levels, exacerbated by declining precipitation rates [93,94]. High salt
concentrations in the soil negatively affect crop plants, leading to reduced crop yields [95,96]. Sodium
and chloride ions are the main contributors to salinity, with chloride ions being particularly hazardous
[97]. Hyperosmotic or hyperionic stress caused by salinity can be fatal for plants, resulting in nutrient
deficiencies, membrane damage, imbalances in growth regulators, and inhibition of metabolic processes
like photosynthesis [98]. Plants respond to salt stress by increasing reactive oxygen species (ROS) levels,
which can have detrimental effects. However, plants have developed various mechanisms to protect their
ionic homeostasis and mitigate the negative effects of salinity. These mechanisms include the
accumulation of osmolytes, scavenging of harmful radicals, and regulation of water transport to maintain
intracellular balance [99]. Selenium (Se) is a protective agent that improves plant growth and enhances
stress tolerance, including tolerance to excessive salinity. Se can interact with soil salinity, and its uptake
by plants can be affected by sulfate salinity. However, the interaction between selenium and plants varies
depending on the species [100]. Studies have demonstrated the positive effects of Se on different plant
species under salt stress, such as cucumber, sorrel, melon, rapeseed, lettuce, canola, tomato, and maize
[101]. Se can counteract the detrimental effects of salt on salt-stressed plants when applied at low doses,
and one way by which Se exerts this stress-alleviating effect is by increasing photosynthesis and
protecting photosystem II [102]. The application of Se to plants upregulates their antioxidant defense
system, which helps prevent lipid peroxidation and electrolyte leakage, protecting the cells from the
negative effects of salinity [56,101,103]. However, the mechanisms by which Se mediates salt tolerance
are not fully understood. Low concentrations of Se have been shown to enhance proline content and
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photosynthetic pigments in cucumber under different salt treatments, but higher concentrations can reduce
plant growth [104]. As a result of the decrease of lipid peroxidation and electrolyte leakage and the
upregulation of antioxidant enzymes [105], Se was able to protect from NaCl treatment in Cucumis
sativus. It is unclear, however, how Se mediates salt tolerance. Some studies report that Se induces
antioxidant machinery in salt-exposed plants. Nevertheless, other studies suggest that this is not an
exhaustive analysis of the metabolic effects of this element. In soybean seedlings treated with Se, proline
levels increased [56], suggesting that proline signaling is directly correlated with Se signaling under stress
conditions. Sulfate salinity can significantly inhibit plants’ ability to absorb Se compared to chloride
salinity due to competition with Se for root absorption. In contrast, chloride-induced salt stress rarely
decreases Se uptake [7]. Si has been shown to reduce the negative effects of various abiotic stresses,
including salt, drought, cold, heat, metals, and mechanical stresses. The application of Si can reduce salt-
induced depletion and increase various parameters related to photosynthesis, including leaf area,
photosynthetic pigments, gas exchange parameters, and chlorophyll fluorescence, among others. Si also
contributes to the accumulation of starch and sugar [106]. In addition to increasing salinity tolerance, Si-
NPs enhance the biomass, growth, and NPK content of plants inhibited by salinity. Si increases
osmolytes, such as PAs, proline, GB, GABA, and carbohydrates, and also upregulates antioxidant
enzymes like POX, CAT, APX, SOD, and GR to reduce salt-induced ionic stress and other antioxidants
like ascorbic acid, glutathione, flavonoids, phenolics, and carotenoid [16,107]. Higher Si accumulation at
the seedling stage contributes to salt tolerance in salinity-tolerant landrace rice Pokkali [108]. Several
mechanisms have been implicated in the tolerance of abiotic stress to Si either directly or indirectly, such
as an increase in Fv/Fm, PSII, and Fv'/Fm’ in cucumber under salinity stress upon Si application [109]
(Table 3).

Drought stress is a major factor affecting crop yield and production [8,26]. In some cases, excessive salt
ions may cause drought stress due to limited water supply caused by soil drought, leading to an osmotic
imbalance and water deficit in plants [9]. The resulting weight loss, reduced photosynthesis, and
upregulated antioxidant defense systems lead to oxidative stress [110]. Se has been reported to protect
plants under drought stress. Kuznetsov et al. [111] found that Se can mitigate drought stress in some
plants by regulating water status. Se ions may also contribute to preserving an optimal water status [112].
Emam et al. [113] reported that osmoprotectants, such as inorganic (P and Ca ions) or organic
(carbohydrates and proteins), accumulate in wheat tissues to improve water content. Se promotes the
biosynthesis of proline and peroxidases and enhances the antioxidant defense system of plants under
drought stress by enhancing CAT, SOD, POD, AsA, GSH, and alpha-tocopherol levels, according to
Ahmad et al. [114] and Ibrahim [115]. However, the application of Se did not improve the growth of
water-stressed plants, despite its stimulatory effect on photosynthesis and antioxidant activity [9]. Yao
et al. [116] found that low doses of Se increased chlorophyll and carotenoid content and antioxidant
enzyme activity in wheat under drought stress. In addition, the foliar application of Se improved turgor in
wheat stressed by drought by lowering osmotic potential, reducing transpiration, and increasing
antioxidant capacity [117]. When wheat plants were pretreated with Se, they accumulated fewer H,O,
and had lower levels of lipid peroxidation, while their antioxidant enzyme activity and non-enzymatic
antioxidant content increased. Thus, under stress conditions, Se-pretreated plants showed enhanced root
viability and membrane stability indices. Se pretreatment, however, reduced the activities of POX and
proline content to some extent, which may indicate reduced oxidative stress caused by drought stress
[115]. According to Nawaz et al. [118], wheat treated with Se under water deficit showed increased
photosynthetic rates and stomatal conductance, which could be attributed to the positive effects of Se ions
on maintaining turgor and stimulating antioxidant enzymes. Consequently, spraying selenium-selenate
solutions improved the yield, fiber, and Se content of fodder. Antioxidant activity was also boosted in
drought-stressed maize containing Se-selenite [119]. The highest grain yield under water deficit was
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obtained with Se fertilization at the grain filling stage, although micronutrients decreased antioxidant status
and grain yield when used together with Se [119]. Therefore, it is not recommended to use them together in
drought conditions. Using Se-selenate as a pretreatment, Emam et al. [113] demonstrated a lessening of
adverse drought effects and improved rice yields. Considering the above-mentioned information, it is
likely that Se plays a protective role under water deficit through several mechanisms: (i) enhancing root
water uptake to regulate plant water status, (ii) protecting cells from oxidative damage, (iii) stimulating
solute accumulation, and (iv) regulating the levels of certain inorganic ions in plant tissues. By increasing
chlorophyll fluorescence, photosynthesis, proline content, and stomatal conductance in strawberry plants,
Si is efficient in reducing water scarcity. Additionally, it reduces electrolyte leakage, transpiration, and
water use efficiency [120]. There was an increase in oxidative stress and drought in Glycine max as a
result of PEG, as well as a decrease in osmotic potential and plant turgor. Si supplementation enhances
plant growth, turgor, photosynthetic traits, and antioxidant enzymes, as well as the production of
compatible osmoregulators, reducing the toxic effect of stress on plants. Several endogenous
phytohormones, including SA, GA, and JA, were upregulated [58]. During water deficit conditions, Si-
NPs reduce plant yield attributes, growth traits, stomatal conductance, photosynthesis, xylem water
potential, leaf water potential, and relative leaf water content. Si-NPs application energizes drought and
increases plant tolerance. Further, Si mitigates water scarcity, increases cell membrane integrity, prevents
electrolyte leakage, and triggers lipid peroxidation and oxidative damage. Moreover, it increases Si, Na,
and P content in the soil, which induces morphological properties and mitigates drought [46].

Based on the information, it seems that selenium (Se) and silicon (Si), especially in the form of
nanoparticles (Se/SiO,-NPs), can help plants cope with osmotic stress conditions like drought. Drought is
a significant environmental stressor that negatively affects plant growth and yield. One key plant
physiological response to drought stress is the synthesis and accumulation of compatible solutes, also
known as osmolytes or osmoprotectants. These compounds lower the cell water potential and enhance the
water extraction capacity in environments with limited water resources. Therefore, enhancing plant
tolerance to drought and other types of osmotic stress is a crucial area of research in crop production
[78]. In a study investigating the effects of Se and Si nanoparticles on strawberry plants, it was found that
spraying solutions containing these nanoparticles improved growth and yield parameters under normal
and drought stress conditions. Specifically, plants treated with Se/SiO, nanoparticles preserved more of
their photosynthetic pigments compared to other treated plants and exhibited higher levels of key
osmolytes such as carbohydrates and proline. The treatment also increased relative water content (RWC),
membrane stability index (MSI), and water use efficiency (WUE). Moreover, it increased the activity of
antioxidant enzymes, which can protect cells from damage caused by reactive oxygen species during
stress conditions, and decreased lipid peroxidation and hydrogen peroxide content, suggesting an
improvement in the plant’s stress response mechanisms. This treatment also improved the biochemical
parameters of fruits, enhancing their quality and nutritional value'. While Se and Si have not yet been
identified as essential elements for plant growth, there have been reports on their favorable influences on
plant growth and development, yield, and abiotic stress tolerance. When applied at low concentrations,
these elements have been found to enhance the growth parameters and quality values of various plants
under controlled conditions, indicating their importance for both stress adaptation and plant development.
The application of a novel Se/SiO, nanoparticles composition appears to have even greater influences
[78]. In another study, Taha et al. [121] provided insights into the synergistic effects of Selenium (Se) and
Silicon (Si) on wheat plants under salinity stress, which is a form of osmotic stress. The study tested
various combinations of Se and Si in alleviating the deleterious effects of salinity stress on wheat plants’
anatomical characteristics and physio-biochemical parameters. The findings revealed that Se and Si

'https://www.nature.com/articles/s41598-020-74273-9
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treatments and their combinations caused a significant amelioration in growth, anatomical and physiological
attributes, and grain yields of salinity-stressed wheat compared to the untreated plants. Specifically, the
integrated application of Se and Si at concentrations of 30 mM each significantly increased plant growth
(including plant height, number of tillers, fresh weight per plant, and dry weight per plant), membrane
stability index, relative water content, total soluble sugars, proline, enzymatic antioxidants (CAT, GR,
SOD, APX), non-enzymatic antioxidants (GSH, AsA), and yield components. The anatomical traits of
stems and leaves also improved in wheat plants treated with 30 mM Se and 30 mM Si. These results
suggest that exogenous applications of Se, Si, or their combinations can potentially help wheat plants
acclimate successfully to saline soil, demonstrating the synergistic effect of Se and Si under osmotic
stress conditions [121].

Table 3: The beneficial roles of Se/Si in plants under osmotic stress

Se/Si  Physiological roles in osmotic stress tolerance

Se 1. Enhances antioxidant systems to reduce oxidative stress caused by osmotic stress [122].
2. Regulates gene expression related to osmotic stress response, such as the expression of stress-
responsive transcription factors and ion transporters [123].
3. Stimulates the production of osmoprotectants, such as proline and soluble sugars, to maintain
cellular water balance [124].

Si 1. Improves the stability of cell membranes by promoting the deposition of silica, which can
prevent oxidative damage caused by osmotic stress [125].
2. Increases water uptake by enhancing the expression of aquaporins, which are membrane
proteins that facilitate water transport [126].
3. Regulates gene expression related to osmotic stress response, such as the expression of stress-
responsive transcription factors and ion transporters [127].

4.2 Se/Si and Temperature Stress

Low temperatures pose a significant threat that limits plant growth, particularly in subtropical and
temperate regions, and can affect plant reproduction [128]. Cold alters the composition of lipids, affecting
membrane fluidity, but no Se-related effects have been described. In wheat and sorghum plants, Se has
been shown to improve photosynthetic capacity and carbohydrate metabolism by reducing chlorophyll
loss under suboptimal temperatures [129]. Cold-stressed plants have higher levels of free proline, which
may improve chilling tolerance but can also indicate injury. According to Abbas and Hawrylak-Nowak
[104], low Se doses enhanced proline accumulation in cold-stressed cucumbers and sorghums. However,
the correlation between lower Se levels and improved chilling tolerance remains unclear. Cold indirectly
affect plant physiology through secondary oxidative stress induced by ROS overproduction and lipid
peroxidation. Applied Se enhances antioxidant content such as anthocyanins, carotenoids, flavonoids,
phenolic compounds, ascorbate, and antioxidant enzyme activity such as APX, POX, and CAT. The effect
of Se-induced oxidative stress caused by chilling is ameliorated by both enzymes and non-enzymatic
antioxidants [129]. The molecular mechanisms of Se-triggered cold endurance will need to be explored to
clarify these relationships. Haghighi et al. [130] found that applying Se (as selenite and nano-Se) to
tomato plants under short-term suboptimal and high-temperature conditions was beneficial. Free
endogenous proline accumulation and cold resistance in plants have a positive correlation [131].
Similarly, most plants sensitive to cold do not become more tolerant of this stress factor by accumulating
free proline, unless proline is applied exogenously. Compared to plants that are not enriched with Se,
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Se-biofortified plants have reduced lipid peroxidation in their roots. Applying Se to cucumber tissue
increased proline levels in leaf tissues and inhibited lipid peroxidation, resulting in a different
physiological response to cold stress. Plants biofortified with Se did not differ significantly from plants
not biofortified with Se in biomass or photosynthetic pigment levels. A recent study conducted by Chu
et al. [132] showed that supplying Se-selenite to wheat seedlings could improve both the growth rate and
the antioxidant capacity of the plants. During their study, they found that fertilizing the soil with 1.0 mg
of Se per kilogram of soil resulted in a reduction of ROS production as well as decreased lipid
peroxidation. Different concentrations of Se induced an increase in antioxidant enzyme and compound
activity (POX, CAT, anthocyanins, flavonoids, and phenolic acids). Plant growth, development, and yield
can be negatively affected by cold stress caused by chilling and freezing. Cold stress can damage the
structure of the cell membrane by increasing ROS and lipid peroxidation. However, Si application has
been shown to have a significant positive impact on plant growth and development under cold-stress
conditions. Si application has been observed to increase plant height, biomass, and relative water content.
Additionally, Si has been shown to increase chlorophylls, carotenoids, anthocyanins, total protein, and
amino acids. Cold stress can also deactivate reaction centers, reduce electron transport, and trap excitation
energy, but Si application can help to mitigate these effects by increasing these characteristics. Si
application can also reduce ROS content, enhance mineral ion homeostasis, and stimulate phytohormone
synthesis, all of which can help to improve plant tolerance to cold stress [133] (Table 4).

High temperatures hurt plant growth and productivity worldwide, causing degradation of chloroplast
and mitochondria ultrastructure, as well as increasing ROS accumulation. Photosynthesis can be inhibited
by high temperatures before other cellular functions are impaired [134]. In wheat under heat stress, Se
sprays increased chlorophyll content, photosynthetic rate, stomatal conductance, and transpiration rate
[135]. Se further enhanced SOD, CAT, and POD enzyme activity while decreasing the accumulation of
H,0, and superoxide caused by heat stress. Plants grown under thermal stress commonly experience
oxidative stress. Due to reduced antioxidant defense under heat stress, Djanaguiraman et al. [135]
observed a lower grain yield in sorghum. Foliar application of Se (as selenate) a few days before heat
stress reduced membrane injury and increased grain yield by increasing antioxidant defenses.
Hasanuzzaman et al. [136] found that antioxidant defense was only upregulated when high-temperature
stress was present using rapeseed. This study investigated the impact of Se supplementation and heat
treatment on antioxidant enzyme activity, which revealed that monodehydroascorbate reductase GR,
(MDHAR), dehydroascorbate reductase (DHAR), CAT, GPX, Gly I, and Gly II showed enhanced
activity. Wheat grain yield was increased under high-temperature stress when Se-selenate was applied to
foliar, according to Igbal et al. [137]. Se application under heat stress conditions increased the levels of
enzyme-bound and non-enzymatic antioxidants while decreasing the levels of oxidants (H,O,, lipid
peroxidation products).

Table 4: The beneficial roles of Se/Si in plants under temperature stress

Se/Si  Physiological roles in temperature stress

Se 1. Enhances antioxidant systems to reduce oxidative stress caused by temperature stress [138].
2. Regulates gene expression related to temperature stress response, such as the expression of heat
shock proteins and cold shock proteins [139]. 3. Stimulates the production of osmoprotectants,
such as proline and soluble sugars, to maintain cellular water balance [124].

Si 1. Improves the stability of cell membranes by promoting the deposition of silica, which can
prevent oxidative damage caused by temperature stress [140]. 2. Enhances the expression of heat
shock proteins, which can protect cells from thermal damage [141]. 3. Regulates gene expression
related to temperature stress response, such as the expression of stress-responsive transcription
factors and ion transporters [142].
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4.3 Se/Si and Heavy Metal Stress

Metal toxicity has become a significant stressor for plants due to urbanization, industrialization, and
natural processes. Metal contamination in cultivated soils can be caused by atmospheric pollution,
chemical fertilizers, pesticides, and poor-quality wastewater irrigation. Even though metals are essential at
physiological concentrations, they can be harmful to plants when present in excess [143]. Low
concentrations of Se have been found to protect plants from metal toxicity in various studies (Table 5). Se
can mitigate metal-induced oxidative stress mainly by reducing metal uptake by plants, modifying their
translocation, decreasing metal mobility in soils, and changing cell membrane structure [144]. Excess
trace metals often cause photosynthetic disturbances leading to oxidative stress and increased ROS
accumulation. Se can improve plant defenses against oxidative stress by reducing ROS generation and
enhancing the antioxidant system at low concentrations. Several studies have observed Se-induced effects
in this regard. For example, Cartes et al. [145] found that Se-selenite inhibited Al-induced toxicity
primarily by increasing POX activation and H,O, dismutation. Furthermore, Filek et al. [146]
demonstrated that adding Se-selenate to a Cd-containing medium reduced H,0O, accumulation in rape
seedlings and lipid peroxidation. Se applied alone or in conjunction with Cd did not affect antioxidative
enzyme activity in the roots but reduced it in the leaves. In a similar study investigating the effect of Se-
selenite on As-arsenite toxicity in rice, antioxidative phenolic compounds such as ferulic acid, gallic acid,
and protocatechuic acid were detected, and Se increased enzymes related to thiol metabolisms, such as
cysteine synthase (CS) and serine acetyltransferase (SAT) [147]. Plants exposed to excess trace metals
showed an increase in photosynthetic efficiency under Se ions, likely due to Se’s antioxidative properties
[148,149]. Se may also induce trace metal detoxification by inhibiting the uptake and translocation of
metals from roots to shoots [9]. When present in a Cd-containing medium, Se-selenite significantly
inhibited the translocation of Cd to the generative organs of peppers and increased the yield of Cd-
exposed peppers by increasing selected productive parameters [150]. Se-selenite application to rice grains
markedly decreased the concentration of Cd in the grains, but Se biofortification had no significant effect
on grain Pb accumulation [151] (Table 5).

Se has been shown to have a positive impact on the membrane stability of plants under metal stress
conditions [152,153]. In a study on the effect of Se on copper (Cu) toxicity in cucumber, Se-selenite
application decreased Cu uptake and increased membrane stability index, electrolyte leakage, and relative
water content Rehman et al. [154]. Similarly, in rice exposed to excess Cd, Se-selenite reduced membrane
damage and lipid peroxidation by enhancing the activity of antioxidant enzymes such as SOD, CAT, and
APX [155]. In addition to its direct impact on membrane stability, Se also modulates the expression of
genes related to membrane integrity. For example, in a study on the effect of Se on cadmium (Cd)
toxicity in tomatoes, Se-selenite upregulated the expression of genes related to membrane transport and
integrity, such as plasma membrane H'-ATPase and aquaporin [156]. These findings suggest that Se can
protect plants from metal toxicity by improving membrane stability and regulating gene expression
related to membrane integrity. Si has also been found to alleviate the toxic effects of Cr stress in plants.
Si application increased plant growth and reduced oxidative damage caused by Cr, as well as increased
antioxidant enzyme activity and non-enzymatic antioxidant content. Si also reduced Cr uptake and
translocation in different parts of the plant, resulting in decreased Cr accumulation [155]. In a study on
soybean plants, Si application significantly decreased Cr-induced oxidative stress by improving
antioxidant enzyme activity and reducing lipid peroxidation [156]. Furthermore, Si application increased
the activity of enzymes involved in the detoxification of Cr, such as ascorbate peroxidase, catalase, and
glutathione reductase. The study also found that Si decreased Cr content in soybean plants and increased
the availability of essential mineral nutrients such as Fe, Mg, and Ca. Similarly, in wheat plants, Si
application decreased Cr uptake and accumulation, improved plant growth and biomass, and reduced
oxidative damage caused by Cr stress. Si also enhanced the activity of antioxidant enzymes and increased
the content of non-enzymatic antioxidants. These findings suggest that Si application can be a useful
strategy to alleviate the toxic effects of heavy metals such as Cd and Cr on plants. Excessive use of Cr
impairs the physio-biochemical properties of plants, negatively affecting photosynthesis, stomatal
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conductance, and chloroplast ultrastructure. This toxicity induces ROS production and increases MDA
content. Si application induces antioxidant enzyme activities, such as CAT, SOD, APX, GR, and POX,
which reduce Cr toxicity. Additionally, Si modulates the thylakoid membrane, starch granules, and
vacuolar size, improving photosynthesis attributes, gas exchange parameters, and PSII efficiency. As a
result, Si is more effective than Cr’s adversary at mitigating stress. During Cr stress, Si acts as a
scavenger for Cr, enhancing plant growth, development, and sustenance [157]. Silicon supplementation
enhances the absorption and translocation of minerals such as potassium, magnesium, and calcium.
Moreover, it improves thylakoid structure, starch content, and chloroplast ultrastructure, leading to
increased photosynthesis, gas exchange parameters, and chloroplast ultrastructure. As a result, Si reduces
the toxic effects of Cr [36]. The non-essential element lead (Pb) is toxic to plants even in small amounts.
Pb stress negatively affects the chromosomes and cells of plants, inhibiting germination, plant growth,
biomass, and photosynthetic traits. Silicon nanoparticles (Si-NPs) can mitigate Pb stress by increasing
plant morphological traits and photosynthetic attributes, inducing proline content, and promoting the
activity of antioxidant enzymes and non-enzymatic enzymes. As a result, electrolyte leakage is reduced,
and oxidative stress is depleted in coriander [60]. The role of Si in lowering Pb translocation within
plants cannot be overstated. Imtiaz et al. [36] found that Si improves photosynthesis, SPAD value,
growth, and development processes by increasing antioxidant enzyme activity, reducing ROS and MDA
contents, and decreasing electrolyte leakage. Bamboo plants benefit from SiO, NPs as they increase the
activity of phenylalanine ammonia-lyase (PAL), catalase, superoxide dismutase (SOD), and glutathione
reductase (GR) to reduce ROS and polyphenol oxidase (PPO). Additionally, Si enhances bamboo growth,
biomass, chlorophyll content, protein content, and photosynthetic machinery [155]. Arsenic (As) stress is
one of the most severe problems prevailing worldwide due to its hazardous effects on soil and plant
development. Increasing germination, height, biomass, photosynthesis, carbohydrate metabolism, and
nutrition efficiency are all important for mitigating As toxicity. Moreover, it enhances yield and improves
antioxidant and thiolic systems. Si in wheat increases morphophysiological traits, protein content, mineral
absorption, and membrane integrity, detoxifying As stress. Additionally, Si enhances As cellular
sequestration and homeostasis, decreases ROS levels, and reduces As translocation and accumulation in
above-ground parts. Metallothionein synthase and phytochelatin synthase are also upregulated by Si,
helping to mitigate As stress [156].

The synergism between selenium and silicon can potentially provide even greater protection against
heavy metal stress. When used together, selenium and silicon could complement each other’s protective
mechanisms, potentially offering greater protection than either one alone [72]. However, more research is
needed to fully understand the mechanisms of this synergism and to develop effective strategies for using
these elements to mitigate heavy metal stress in plants. It is important to note that while low levels of
selenium and silicon are beneficial, high levels can be toxic to plants [66]. Therefore, the application of
these elements should be carefully managed to avoid causing additional stress to plants. Also, other
factors like soil pH, temperature, and the presence of other nutrients can influence the effectiveness of
selenium and silicon in mitigating heavy metal stress.

Table 5: The beneficial roles of Se/Si in plants under metalloid stress

Se/Si Physiological roles in metal stress

Se 1. Enhances antioxidant systems to reduce oxidative stress caused by metal stress [158]. 2. Binds
with toxic metals such as cadmium and lead reduce their toxicity and accumulation in plant tissues
[159]. 3. Regulates gene expression related to metal stress response, such as the expression of metal
transporters and chelating agents [66].

(Continued)
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Table 5 (continued)

Se/Si Physiological roles in metal stress

Si 1. Improves the stability of cell membranes by promoting the deposition of silica, which can
prevent oxidative damage caused by metal stress [160]. 2. Reduces the uptake and accumulation of
toxic metals such as aluminum and cadmium in plant tissues [161]. 3. Regulates gene expression
related to metal stress response, such as the expression of metal transporters and chelating agents
[162].

5 Conclusions and Future Prospective

The use of selenium and silicon is beneficial in enhancing plant tolerance to abiotic stresses by inducing
stress-related genes, proteins, and enzymes, ultimately leading to increased stress tolerance. Selenium has
been shown to alleviate the negative effects of various abiotic stresses such as drought, salinity, and
heavy metal toxicity, while silicon has been found to improve plant tolerance to multiple stresses
including drought, salinity, heavy metals, and pathogens. In addition, these elements regulate ROS levels,
reduce oxidative damage, and enhance antioxidant defense mechanisms, supporting their role in
improving plant stress tolerance. Furthermore, silicon supplementation has been found to improve plant
growth, yield, and quality under normal and stressful conditions.

The mechanisms underlying the role of selenium and silicon in plant stress tolerance are still not fully
understood, and future research efforts should focus on unraveling the specific signaling pathways and
regulatory mechanisms involved in the plant response to these elements under different stress conditions.
In addition, the development of genetic engineering tools and techniques aimed at enhancing the
accumulation and transport of selenium and silicon in plants holds promise as a strategy to improve crop
productivity and sustainability.
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