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Abstract
Abiotic stresses such as salinity and drought stresses are known as the main constraints for optimum growth of plants, 
especially in arid and semi-arid regions. Therefore, in recent years, agricultural scientists have begun to research about the 
fertilizers that have a multifaceted use and can be used to maintain the optimum growth and yield of strategic plants under 
environmental stresses. Since wheat is the most important crop worldwide, stress tolerance plays a crucial role in food 
security. By different mechanisms, silicon (Si) improves the tolerance of plants to salinity and drought stresses including 
regulation of plant water relationships, gas exchange, photosynthesis, nutrient balance, reducing oxidative stress, reducing 
ionic toxicity, osmoregulation and root growth, potassium uptake, and stimulation of plant hormones. In the present work, 
the effects of Si on wheat tolerance to salinity and drought stresses will be discussed and it will try to explain the involved 
mechanisms in the regulation of the plant growth and yield by Si. This study also highlights the need for future research on 
the role of Si in wheat under drought stress and in saline soils.
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Introduction

Nowadays, intensive agriculture has been primarily lim-
ited by abiotic and biotic stress throughout the world 
(Ramegowda et al. 2020; Ranjan et al. 2021; Mousavi et al. 
2022). Among abiotic stresses, salinity and drought are two 
main constraints in arid and semi-arid regions that negatively 

affect plant growth and yield, especially in wheat (Ding et al. 
2020; Saddiq et al. 2019; Basirat et al. 2019). About 30% of 
the land in the world is affected by drought stress. Daryanto 
et al. (2016) and Rasool et al. (2013) reported that drought 
and salinity stress annually decreased plant production by 
20% and 1–2%, respectively. Irrigation with saline water, 
improper drainage principles, and unbalanced use of chemi-
cal fertilizers are considered the main reasons for increasing 
soil salinity (Corwin 2021; Majeed and Muhammad 2019). 
Other abiotic stresses, including heavy metal contamination, 
cold, frost, and UV-B light, destructively affect agricultural 
products, but their adverse effects on plants are less than 
those of drought and salinity stresses (Aminiyan et al. 2022; 
Etesami and Jeong 2018).

Optimal plant growth depends on the uptake of a wide 
range of nutrients, which are divided into three groups: 
essential, beneficial, and toxic elements. Silicon was previ-
ously not considered an essential element for plants because 
the role of Si in plant metabolism had not yet been deter-
mined (Arnon and Stout 1939). However, its classification 
as a beneficial element has been recognized for more than 
50 years (Marschner 2011; Mousavi 2022). The studies 
have confirmed its beneficial effects on a variety of species 
growing under a wide range of environmental conditions 
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(Mousavi et al. 2018a, 2018b, 2022). This overwhelming 
evidence, together with studies of Si transporters in plants 
and the yield benefits of Si fertilization of crops, eventu-
ally led the International Plant Nutrition Institute (IPNI) to 
upgrade Si from complete omission to a listing as a benefi-
cial substance in 2015 (Coskun et al. 2019). The essentiality 
of Si for plants has been the subject of a long debate dating 
back to the nineteenth century (Sreenivasan 1934; Katz et al. 
2021). Because the growth of some plants depends on Si, the 
supply of Si leads to optimal growth and yield (Puppe and 
Sommer 2018; Souri et al. 2021).

Plants absorb Si in the form of silicic acid [Si(OH4)] 
through aquaporin channels, and Si uptake can be active 
or inactive. Most plants have Si carriers that increase Si 
uptake (Exley et al. 2020). Plants differ significantly in their 
ability to absorb Si. Depending on the plant species, the 
concentration of Si in plant tissues ranges between 0.1 and 
10% of dry weight (Liang et al. 2007). In Table 1, plants 
are classified according to Si content in plant tissues. The 
concentration of Si in monocots (10–15%) is higher than 
that in dicots (0.5%) or less in the order of grain products ˃ 
grasses > vegetables > fruits > legumes (Thiagalingam et al. 
1977). Generally, plants have different potentials for the 
uptake and accumulation of Si. Some plants, such as sugar-
cane, rice, and wheat, can be considered Si accumulator spe-
cies, in which the rates of Si absorption have been reported 
300–700 kg  ha−1, 150–300 kg  ha−1, and 50–150 kg  ha−1, 
respectively (Bazilevich 1993).

Wheat (Triticum aestivum L.) is one of the most important 
cereals in terms of food security throughout the world, pro-
vides 30% of the calories and 60% of the protein consumed 
in the world (Grote et al. 2021). The World Bank estimates 
that in 2050, demand for wheat in developing countries will 
increase by about 60% (Akram et al. 2021). Because of a 
significant decrease in wheat production caused by different 
stresses, finding solutions to increase stress tolerance has 

been the focus of numerous studies over the last few dec-
ades. Wheat is a semi-sensitive crop to salinity. The salinity 
threshold in wheat is 6 dS.m−1, with a 7.1% yield loss, and 
at 13 dS.m−1, the yield loss is 50% (Asgari et al. 2011; Maas 
and Hoffman 1977). Depending on its severity and plant 
variety, drought stress can reduce the yield of wheat from 
less than 5% to more than 50% (Anwaar et al. 2020). When 
the soil moisture decreased from 80% of the field capacity 
to 60% (medium stress), the grain yield and shoot dry matter 
decreased by 21 and 13%, respectively, and when the mois-
ture decreased to 40% of the field capacity, the grain yield 
and shoot dry matter decreased by 43 and 30%, respectively 
(Ma et al. 2014).

The studies have shown that the soil and foliar applica-
tion of Si under drought and salinity conditions not only 
improves the plant’s resistance but also results in sig-
nificantly increased growth and yield in wheat (Alzahrani 
et  al. 2018; Taha et  al. 2021). Some important mecha-
nisms involved in plant resistance to drought and salinity 
stresses affected by Si nutrition are as follows: enhancing 
gas exchange, membrane stability, potassium (K) adsorp-
tion, improving the activity of antioxidant enzymes, reduc-
ing the content of sodium (Na) and malondialdehyde, and 
reducing electrolyte leakage (Alzahrani et al. 2018; Coskun 
et al. 2016; Verma et al. 2020). The purpose of this review 
is to look into various aspects of wheat plant responses to Si 
nutrition under drought and salinity stress conditions.

The authors made an attempt to analyze the different areas 
of silicon research published through the Web of Science, 
Google Scholar, Springer Link, and Wiley Blackwell data-
bases using keywords such as silicon, wheat, drought, salin-
ity, and nutrient management. The results showed that more 
than 316,000 references on the subject of silicon were pub-
lished from 2010 to 2021. We finally identified 120 research 
papers for our review manuscript, covering 30 review papers 
and 90 research papers. Through these literature reviews, we 
were able to identify the gap in Si research, which focuses on 
the effect of Si on improving the growth and yield of wheat 
under environmental constraints like drought and salinity 
stresses.

The Sources of Si for Use in Agriculture

The ideal Si fertilizers have a high amount of available Si, 
the facility of mechanized application, high amounts of cal-
cium (Ca), magnesium (Salim et al. 2013; Cheraghi et al. 
2020, 2022), and K, and low concentrations of heavy metals 
(Bocharnikova and Matichenkov 2014; Salim et al. 2013) 
(Table 2). Powder silicates are usually uniformly mixed with 
the soil, while granules are used linearly with NPK fertiliz-
ers. Calcium silicate is a by-product obtained by industrial 
methods and is one of the most popular Si fertilizers. Despite 

Table 1  Plant classification according to the amount of silicon accu-
mulation (Bakhat et al. 2018)

Non-accumula-
tor < 0.5% Si (Frantz 
et al. 2011)

Intermediate 1.5–
0.5% Si (Pennington 
1991)

Accumulator > 1.5% 
Si (Frantz et al. 2011)

Tomato Soybean Rice
Petunia Pumpkins Wheat
Pansy Rose Ferns
Snapdragon Squash Spinach
Geranium New guinea impa-

tiens
Sugarcane

Gerbera Marigold Mosses
Grapes Cucumber Horsetail (Equisetum)
Begonia Chrysanthemums Lentils
Sunflower Zinnia Conifers
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its high price, potassium silicate, because of its considerable 
solubility, is used in hydroponic systems and foliar spraying 
(Rao and Pusarla 2018).

In addition to chemical (mineral) sources, Si can also be 
supplied from organic sources. Rice husks, rice husk ash, 
rice straw, and biochar are organic sources of Si (Rizwan 
et al. 2019; Sahebi et al. 2015). The average Si content in 
rice straw and husk is between 4.20 and 9.26%, respectively 
(Rao and Pusarla 2018). Silicon-solubilizing bacteria (SSB), 
which generally belong to the genus Bacillus, can also be 
used as biological fertilizers (Rezakhani et al. 2020). These 
bacteria dissolve silica and make it available to the plant, 
increasing its resistance to biotic and abiotic stresses. For 
more comprehensive information on silicon and silicon ferti-
lizers, reviews published by Rao and Pusarla (2018), Savant 
et al. (1999), and Bocharnikova and Matichenkov (2014) 
are recommended.

The Role of Si in Wheat Tolerance to Drought 
and Salinity Stress

Drought Stress

Drought stress is a multidimensional stress that causes 
changes in the physiological, morphological, biochemi-
cal, and molecular traits of wheat (Nezhadahmadi et al. 
2013; Belay et al. 2021) that can occur at any stage of 
plant growth and development (Basirat and Mousavi 2022; 
Mousavi 2022). Depending on the growth stage, intensity, 
and duration of the stress, drought stress causes a decrease 
in RWC, chlorophyll degradation, a decrease in leaves’ 
size, a lower aperture, a decrease in the number of stomata, 
cell wall thickening, cutinization of the leaf surface, sto-
matal closure, increased osmolytes, and growth inhibition 
in wheat, ultimately leading to yield loss and productivity 
(Sharifi and Mohammadkhani 2016). The effect of drought 
stress on grain yield and other agronomic components was 
highly pronounced at the tillering stage (72% reduction), 
flowering stage (37%), and grain filling (17.1%) as com-
pared to the well-watered treatment (Ashinie and Kindie 
2011). Silicon application can increase drought resist-
ance and yield of wheat (Ahmad et al. 2016; Alzahrani 

Table 2  Some of the common silicon fertilizers in agriculture and research

Source contents Chemical composition Features Method of fertilizer 
application

Reference

Silicic acid 29% Si H4SiO4 Primarily absorbed 
form of plants from 
soil

Seed treatment, fertiga-
tion, nutrition solution

Sebastian et al. (2013)

Potassium silicate 
(Solution)

10% Si
10%  K2O

K2SiO3 Water-soluble Si and K Soil application, 
Fertigation, Seed 
treatment, Nutrition 
solution

do Ministro 
(2012);Ahmad 
(2014)

Calcium silicate 20% Si
29% Ca

CaSiO3 High solubility in water; 
low bulk density

Soil application, 
fertigation, nutrition 
solution

Alcarde and Rodella 
(2003); do Ministro 
(2012)

Calcium and magne-
sium silicate

10% Si
1% Mg
7% Ca

CaSiO3/MgSiO3 High solubility in water Soil application do Ministro (2012); 
Castro et al. (2016)

Sodium silicate 23% Si Na2SiO3 Water-soluble; stable in 
neutral and alkaline 
solutions

Soil application, fertiga-
tion, seed treatment, 
nutrition solution

Abed-Ashtiani et al. 
(2012)

Silica gel 46.7% Si
5.8% Soluble Si

Not known  (SiO2.nH) High specific surface 
area (around 750–800 
 m2.g−1)

Soil application, Seed 
treatment, and foliar 
spray

Sebastian et al. (2013)

Miscanthus biochar 38.3% Si SiO2 Organic resource Soil application Houben et al. (2014)
Rich hull ash  > 28.0% Si SiO2 Organic resource
Rice hull fresh 7–9.2% Si Soil application Sun and Gong (2001); 

Kalapathy et al. 
(2002); do Ministro 
(2012)

Quartz sand 46% Si Low solubility
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et al. 2018; Valizadeh-rad et al. 2022a). Under drought 
stress, Si increases wheat resistance by increasing leaf 
membrane stability, relative leaf water content, photo-
synthesis, osmotic regulation, reducing oxidative stress, 
modifying gene expression, synthesizing phytohormones, 
and increasing epicuticular wax production, which is dis-
cussed in the following sections (Rafi et al. 2020; Rizwan 
et al. 2015).

Water Relations and Photosynthesis

Maintaining water relations in a stable and optimal condi-
tion is vital for the growth and development of wheat under 
drought stress (Belay et al. 2021). A reduction or inhibi-
tion of photosynthesis is one of the main effects of drought 
in higher plants (Keyvan 2010). Drought stress in wheat 
decreases the leaf chlorophyll content, the number and sur-
face size of leaves, and consequently the number of stomata, 
as a result of which the stomatal conductance decreases and 
the stomata close (Salehi-Lisar and Bakhshayeshan-Agdam 
2016). Carbon dioxide limitations due to prolonged stomatal 
closure lead to the accumulation of reduced photosynthetic 
electron transport components. The accumulation of these 
compounds can reduce molecular oxygen and give rise to 
the production of reactive oxygen species (ROS) such as 
superoxide and hydroxyl radicals as well as  H2O2, thus caus-
ing oxidative damage in chloroplasts (Nezhadahmadi et al. 
2013; Sehar et al. 2021; Ullah et al. 2021). ROS can dam-
age the photosynthetic apparatus, including thylakoid mem-
branes, photosynthetic pigments, and enzymes (Sehar et al. 
2021). Silicon can retain water relationships and increase 
water use efficiency in wheat by various mechanisms (Xu 
et al. 2017). Applying Si to wheat plants exposed to drought 
stress reduces water loss through stomata, increases relative 
leaf water content, and produces more extensive and thicker 
leaves, thereby reducing water loss through transpiration 
(Rafi et al. 2020). Under drought stress, the application of 
Si leads to an increase in K content in leaves, stems, and 
grains of wheat, which helps maintain water balance in the 
plant and increases the plant’s resistance to drought stress 
(Ahmad et al. 2016). Subsequently, K, through controlling 
the opening and closing of stomata, reduces transpiration 
and prevents plant water loss (Ahmad et al. 2018).

Drought stress significantly reduces photosynthetic pig-
ments in wheat. The studies show that under drought con-
ditions, Si significantly increases photosynthetic pigments 
and photosynthesis in wheat (Bukhari et al. 2020), due to 
increased activity of ribulose bisphosphate carboxylase, 
glyceraldehyde-3-phosphate dehydrogenase dependent on 
 NADP−, photosynthetic enzymes, and chlorophyll con-
tent (Gong et al. 2005). Silicon deposition in plant tissues 
increases the plant’s tolerance to water-deficit stress by 
reducing transpiration and keeping the leaf blade upright 

(Salman et al. 2012). The previous studies showed that 
foliar application of Si increased photosynthetic pigments 
(chlorophyll a, b, total chlorophyll, and carotenoids) in four 
wheat cultivars under drought and non-stress conditions, 
and the rate of increase was higher under stress conditions 
(Maghsoudi et al. 2015). Furthermore, the positive effect 
of Si on photosynthesis through different physiological and 
biochemical mechanisms has been reported in previous stud-
ies (Gong and Chen 2012; Maghsoudi et al. 2018).

Relative Water Content (RWC)

When wheat is exposed to drought stress, the water content 
and water potential of the leaves are significantly reduced 
(Farooq et al. 2009). Under these conditions, Si can improve 
the water status of the plant (Othmani et al. 2021). In another 
study, it was reported that foliar application of Si increased 
the relative leaf water content in four wheat cultivars (Sir-
van and.Chamran, as relatively drought-tolerant, and Shiraz 
and Marvdasht, as drought sensitive) under drought stress 
(Maghsoudi et al. 2015). Stomatal conductivity and the rate 
of transpiration largely determine the relative water content 
of the leaves, and an accumulation of Si in the epidermal 
tissues as a thin membrane of siliceous cellulose can protect 
plants from water loss through the cuticular perspiration by 
forming a double layer of silica cuticle in the epidermis of 
the leaf tissue (Farooq et al. 2009; Mvondo-She and Marais 
2019).

Silicon reduces stomatal and cuticle transpiration (Van-
degeer et al. 2021). Accumulation of monosilicic acid or 
polymerization of silicic acid in the cell wall of the epider-
mis may form hydrogen bonds between water and hydrated 
silica  (SiO2–nH2O); in this way, water molecules are not 
able to transpire quickly from the leaf surface (Liang et al. 
2008; Vandegeer et al. 2021). When wheat and other crops 
become dehydrated, their first response is to close the pores 
to prevent water loss through transpiration (Chaves et al. 
2002). Closure of the pores is one of the main factors in 
reducing photosynthesis because it reduces the amount of 
 CO2 entering the leaf (Blanke and Cooke 2004). Silicon pre-
cipitates around the protective cells of the stomata and in the 
cell wall of these cells and prevents the pores from closing 
completely, thus reducing perspiration from the stomata and 
maintaining photosynthesis (Maghsoudi et al. 2016; Vande-
geer et al. 2021).

Nutrient Uptake

Silicon plays a vital role in the balanced uptake, distribu-
tion, and transport of nutrients in plants under drought stress. 
Basirat and Mousavi (2022) reported that under water stress, 
Si application increases K, Ca, and Mg uptake. Numer-
ous studies have only stated that under drought stress, the 
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application of Si leads to an increase in Mg uptake in wheat, 
but they have not investigated the mechanism of its effect 
(Bukhari et al. 2015; Basirat and Mousavi (2022). Greger 
et al. (2018) reported that the addition of Si increased Mg 
uptake and accumulation in the shoots of several species 
grown in solution culture with optimal nutrient supply. To 
date, the effect of Si on the expression of Mg transport-
ers has not been demonstrated (Pavlovic et al. 2021). There 
are only two studies that have investigated the effect of Si 
on Mg-deficient plants. Buchelt et al. (2020) reported Si-
mediated alleviation of Mg stress in forage crops but attrib-
uted it to increased Mg use efficiency rather than increased 
Mg uptake. In another study, Hosseini et al. (2019) showed 
that the Si application had no influence on the uptake or 
translocation of Mg. Ahmad et al. (2016) reported that Si 
has a significant effect on increasing K concentrations in 
shoots and grains of wheat under drought. Increasing Ca 
and K uptake can be attributed to the effect of Si on reduc-
ing the permeability of the plasma membrane and increasing 
plasma membrane  H+-ATP activity (Liang et al. 2006). K 
and Ca play a vital role in expressing genes that are activated 
in response to osmotic stress (Al-Bahrany and Al-Khayri 
2012). Some of the mechanisms by which silicon alleviates 
nutrient deficiency, toxic-induced drought, and salinity stress 
are shown in Fig. 1.

Growth and Yield

The effects of Si on plant growth under stressed or non-
stressed conditions depend on plant species and the dose of 
Si application (Basirat and Mousavi 2022; Rezakhani et al. 
2020). Silicon increases photosynthesis by increasing the 
activity of the Rubisco enzyme and the amount of chloro-
phyll in leaves (Saud et al. 2016). They increase the content 
of photosynthetic pigments (chlorophyll a, b, and carotenoid) 
in the plant, affect cell division and growth, improve mor-
phological and physiological properties, and finally increase 
vegetative growth by increasing the number of leaves (Gunes 
et al. 2007). Increasing the leaf number results in more leaf 
surface and a light interception to produce dry matter more 
quickly (Sivanesan et al. 2010). Overall, the application of 
Si increases photosynthesis by increasing the amount of 
chlorophyll, Rubisco enzyme activity, and the number and 
area of leaves as a result, the amount of carbohydrates and 
photosynthetic reserves increases (Savvas and Ntatsi 2015). 
Silicon can also increase the synthesis of soluble proteins 
(Bharwana et al. 2013; Pei et al. 2010; Xu et al. 2017). The 
effect of Si on improving shoot growth under water defi-
cit ultimately increases the grain yield (Walsh et al. 2018). 
Soratto et al. (2012) showed that Si fertilizers increased the 
yield of wheat and oats by 27 and 34%, respectively, com-
pared to non-Si applications.

Behboudi et al. (2018) found that the foliar and soil appli-
cation of Si nanoparticles under drought stress increased 
wheat yield by 25 and 18%, respectively. Silicon fertilization 

N

P
S

Zn
Mn

Cu
Fe

KCa

i) Increased of root system of plants
ii) Improved utilization of P

iii) Increased N use efficiency

v) Altered primary metabolism of N in plants

viii) Improved nodulation

Si

Foliar application

vii) Decreased excess Fe, Mn, and Al uptake

B

Macronutrient mechanisms Micronutrient mechanisms

iii) Increase in micronutrient transport from root to shoot

i) Maintenance of balance micronutrient ratio
ii) Accumulation of micronutrient mobilizing compounds

iv) Increase in micronutrient chelating compounds in plant

vi) Formation of the micronutrient plaque 
vii) Increased micronutrient root deposits

viii) Activation of genes

v) Increase in micronutrient precipitation outside the plant

Improving water uptake 
under salinity and drought 

stress leads to increased 
nutrient uptake.

Si

Soil applicationSeed priming Change in soil pH

ix) Activation of H-ATPase+

Na

Si

vi) Alleviated membrane lipid peroxidation

iv) Balance the homeostasis of K and Na+ +

Fig. 1  A summary of mechanisms by which Si alleviates nutri-
ent deficiency affected by drought and salinity stresses in wheat. 
For details, see the text (Sects. 3–1-3 and 3–2-6) and also these ref-
erences (Liang et  al. 2006; Kaya et  al. 2006; Eneji et  al. 2008; Ali 
et al. 2009; Frantz et al. 2011; Salim et al. 2013; Gurmani et al. 2013; 

Chen et al. 2014; Rizwan et al. 2015; Ahmad et al. 2016; Daoud et al. 
2018; Zhang et al. 2018; Huang and Ma 2020; Vandegeer et al. 2021; 
Akhter et al. 2021; Basirat and Mousavi 2022; Mousavi 2022; Valiza-
deh-rad et al. 2022b)



5359Journal of Plant Growth Regulation (2023) 42:5354–5378 

1 3

also increased fertile tillers/m2, plant height, spike, and spike 
length by 18%, 5%, 6%, and 9%, respectively, compared with 
the treatments without Si (Ahmad et al. 2016).

Effect of Si on Reducing Oxidative Stress

The antioxidant defense system in the wheat and other 
plants' cells includes both enzymatic [such as superoxide 
dismutase (SOD), catalase (CAT), POD peroxidase (POD), 
ascorbate peroxidase (APX), glutathione reductase (GR), 
etc.] and nonenzymatic constituents [such as cysteine (Cys), 
reduced glutathione (GSH), ascorbic acid (Asc), etc.] (Gong 
et al. 2005). Under drought stress, high activities of antioxi-
dant enzymes and high contents of nonenzymatic constitu-
ents are important for wheat to tolerate stress. Therefore, 
the influence of Si on each of these compounds can lead 
to the positive response of the wheat to oxidative stress 
induced by drought (Table 3). Silicon can reduce oxidative 
damage to wheat by enhancing the activities of superoxide 
dismutase, glutathione reductase, and catalase and reducing 
the amount of hydrogen peroxide and phospholipase activity 
(Mushtaq et al. 2020). Application of sodium metasilicate 
under drought stress increased the activity of antioxidant 
enzymes such as APX, POD, and CAT; the foliar application 
had the highest efficiency on wheat resistance to drought 
stress compared to fertigation and seed priming (Bukhari 
et al. 2015).

In the plant cell, the acid phospholipase (AP) is a kind of 
hydrolysis enzyme of phospholipids, and its activity can be 
taken as an indicator of de-esterification of phospholipids 
(Cuyas et al. 2022). Under drought stress, the application 
of Si prevents the increase of AP activity and alleviates the 
de-esterification of phospholipids in wheat plants (Gong 
et al. 2008). Silicon enhances plasma membrane  H+-ATPase 
activity by reducing oxidative damage to proteins, as dem-
onstrated in drought-tolerant wheat (Gong et al. 2005, 2008; 
Valizadeh-rad et al. 2022a). The amount of nonenzymatic 
antioxidants is also increased by using Si (Gunes et al. 2007). 
One of the several non-protein thiols is glutathione, which 
acts primarily as an antioxidant in plant cells. Valizadeh-
rad et al. (2022b) observed that the addition of Si increased 
glutathione reductase activity in wheat under water-deficit 
stress. Also, previous studies showed that with increasing 
K in plants, the activity of NADPH oxidases (nicotinamide 
adenine dinucleotide phosphate oxidase) decreased, which 
in turn led to a reduction in the production of reactive oxy-
gen species, indicating that plant K protects from drought 
stress (Cakmak 2005). Under drought, the application of Si 
increases K concentration in wheat plants (Bukhari et al. 
2015; Gharineh and Karmollachaab 2013).

Osmotic Adjustment

Drought stress increases osmotic stress in plants, and 
osmotic regulation is an essential mechanism for tolerating 
drought stress. The previous studies showed that the use of 
Si under drought stress increased proline levels in wheat 
(Ahmad et al. 2016; Maghsoudi et al. 2018). Proline is one 
of the crucial osmolytes that help cells regulate osmosis, 
and its accumulation in response to osmotic stress has been 
widely reported (Koenigshofer and Loeppert 2019; Siddique 
et al. 2018). Zhang et al. (2017) observed that Si increased 
the concentration of proline, sugars, and soluble proteins 
in plants under drought and salinity stresses. Si can also 
improve water uptake by the roots through the accumulation 
of amino acids and soluble sugars when plants are prone to 
water deficiency (Sonobe et al. 2010).

Effect of Si on Plant Hormones

When wheat plants are subjected to drought stress, they use 
many physiological, morphological, and biochemical mech-
anisms to resist the drought. These processes are controlled 
by numerous phytohormones [such as abscisic acid (ABA), 
auxin, gibberellic acid, cytokinins (CKs), brassinosteroids, 
jasmonic acid (JA), salicylic acid (SA), ethylene (ET), and 
strigolactone], which are the basic mediators to tolerate or 
avoid the negative effects of water deficit (Ullah et al. 2018; 
Salvi et al. 2021). These phytohormones perform as chemi-
cal messengers in response to drought and abiotic stresses. 
After stress signal perception, phytohormones are released, 
which activate various plant physiological and developmen-
tal processes including stomatal closure, root growth stimu-
lation, and the accumulation of osmolytes to avoid drought 
conditions (Daszkowska-Golec and Szarejko 2013).

Under drought stress, the application of Si increases the 
synthesis of some phytohormones such as ABA and JA in 
wheat plants (Dolatabadian et al. 2009; Xu et al. 2017). 
Abscisic acid reduces the adverse effects of oxidative 
stress. Also, by regulating the entry of K into the stomatal 
guard cells and regulating the opening and closing of the 
pores, abscisic acid regulates the conduction of the pores 
and ensures that the plants do not lose more than a certain 
amount of water under stress (Kim et al. 2014). Xie et al. 
(2003) stated that under drought stress, indole acetic acid in 
wheat decreases. Also, they reported that the biosynthesis 
of indole acetic acid was reduced, which indicates that auxin 
biosynthesis may be suppressed by drought stress (Du et al. 
2013). Xu et al. (2017) showed that Si application reduces 
the synthesis of jasmonic acid and indole acetic acid and 
increases the synthesis of abscisic acid in wheat plants. This 
regulation of phytohormones is associated with improved 
physiological factors and increased resistance to drought 
stress by increasing the activity of antioxidant enzymes. 
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Table 3 shows the beneficial effects of silicon on reducing 
the negative effects of drought stress on wheat.

Salinity Stress

Salinity reduces germination, the number of tillers, the size 
and number of leaves of wheat plants (Grieve et al. 2001), 
the shelf life of tillers and florets in the spike (Ranjbar 2010), 
and the number and size of grains with premature aging of 
the wheat plant (Nadeem et al. 2020). It was reported that 
salinity stress, depending on the level of salinity, can reduce 
the yield of wheat plants by 18–80% (Kale Celik 2022). A 
summary of the adverse effects of salinity on wheat was 
reported by Sabagh et al. (2021). However, the use of Si can 
increase salinity tolerance in many critical agricultural prod-
ucts, including wheat (Tibbitts 2018), barley (Akhter et al. 
2021), rice (Kim et al. 2014), corn (Ali et al. 2021), toma-
toes (Korkmaz et al. 2018), and other agricultural products.

Photosynthesis, Growth, and Yield of Wheat

The cessation or decrease in plant growth caused by salin-
ity is mainly due to the suppression of the photosynthetic 
system and the decrease in the content of photosynthetic 
pigments. Under salinity, Si supply can increase leaf chlo-
rophyll a and b and photosynthesis at all stages of growth 
(Daoud et al. 2018). Jasim and Abood (2018) reported that 
foliar application of Si significantly increased plant height, 
leaf area, spike length, and chlorophyll content in six wheat 
cultivars under saline conditions. In addition, Si-induced 
reduction of oxidative stress caused by reactive oxygen spe-
cies leads to a significant increase in chlorophyll a compared 
to chlorophyll b, leading to an increase in photosynthesis and 
plant growth (Soratto et al. 2012). Plant growth and meta-
bolic processes are suppressed in salinity due to the over-
production of reactive oxygen species with disrupted plasma 
membranes and ion imbalance (Liu et al. 2019). In contrast, 
Si supply reduces the destructive effect of ROS by increas-
ing the activity of antioxidant enzymes such as catalase and 
superoxide dismutase and thus improving plant growth. For 
instance, Tahir et al. (2011) applied three Si contents (0, 
75, and 150 μg  g– 1 Si using potassium silicate) to both salt-
sensitive and salt-resistant wheat varieties at two levels of 
salinity (0 and 60 mM NaCl). The results showed that at 
60 mM NaCl with 150 μg Si  g–1, the reduction of grain yield 
changed from 62 to 33% for the sensitive varieties and from 
44 to 20% for the resistant varieties. Also, Ahmad (2014) 
reported that the application of 2 and 4 mol Si  l−1 at 100 mol 
NaCl  l−1 increased wheat grain yield by 13.8 and 24.2%, 
respectively, compared to the non-Si application.

Root System

One of the adverse effects of salinity stress in plants is the 
unbalanced growth of the root system relative to the shoot 
(Acosta-Motos et al. 2017). Under salinity and drought 
stresses, the plant faces a water shortage and would spend 
more energy to increase the volume and surface of the 
roots, which leads to a sharp decrease in shoot growth and 
an increase in the root-to-shoot ratio. Studies have found 
that silica supply improves root growth parameters in wheat 
under salinity and drought stresses (Daoud et  al. 2018; 
Hameed et al. 2013). Silicon-reinforced root growth can be 
attributed to the stretching of the cell wall in the area of the 
root extension (Hattori et al. 2003). Jasim and Abood (2018) 
reported that Si increased root dry weight in six wheat geno-
types, likely by increasing root thickness. Silicon may also 
increase photosynthesis and accelerate the proliferation of 
top root cells (Hattori et al. 2003). Some studies showed that 
Si increases the absorption of water and nutrients by plants 
by improving the hydraulic conductivity of the roots (Shi 
et al. 2016), thus increasing the efficiency and activity of the 
roots (Chen et al. 2011).

Reduction of Sodium (Na) Toxicity

Under salinity, there is competition between Na and K ions 
which reduces the ratio of K to Na in plants (Zhang et al. 
2018). In the presence of Si, a polymer gel is produced in 
the endoderm and exoderm of the roots of the wheat and rice 
plants, which reduces the apoplastic transfer of Na ions from 
the roots to the shoots (Gong et al. 2003; Yeo et al. 1999). 
Plants take up Si in the form of silicic acid, which is trans-
ported to the shoot, and after the loss of water, it is polym-
erized as silica gel on the surface of leaves and stems (Ma 
et al. 2001). Also, when the concentration of Si increases in 
the root, excessive Na is bound in hydrophilic, salicious gel, 
so both Si and Na are unable to be released in the xylem for 
upward translocation (Ahmad et al. 1992). Yeo et al. (1999) 
stated that the deposition of silica in the endodermis and 
rhizodermis and the polymerization of silicate via colloidal 
silica to silica gel throughout the root apoplast are possible 
mechanisms by which Si could physically block the transpi-
rational bypass flow across the roots. Silica gel is formed by 
acidifying aqueous silicic acid solutions, a process that may 
be aided by the activity of the root P-ATPase. This could 
account for the reduction in Na uptake caused by Si that is 
not accounted for by the effects on transpiration.

Ali et al. (2012) found that saline-tolerant wheat geno-
types (SARC-5) showed better performance in response to 
Si compared to susceptible genotypes (Auqab-200). Under 
salinity, Si leads to the binding of Na to the cell wall of 
wheat leaf, which reduces the concentration of free Na in 
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leaf sap compared to the control treatment (Saqib et al. 
2008). Hajiboland et al. (2017) reported that Si decreases 
the concentration of Na in cell sap and increases its attach-
ment to leaf cell walls, indicating Si detoxification of Na 
(Ahmad et al. 1992). Silicon can also reduce the transfer 
of Na to the shoot by forming a Si–Na complex in the root. 
Silicon application also causes Na accumulation in the roots 
of the wheat plants and, to a much lesser extent, in the shoots 
than in the non-Si control (Tuna et al. 2008). Although Si 
supply reduces the absorption and transportation of Na and 

maintains a balanced ratio of Na to K in the wheat plant 
under salinity stress, little is known about whether Si leads 
to a uniform distribution of Na in the plant or the excre-
tion of Na through exudates and secretions from the roots. 
There is surprisingly little historical evidence that Si can 
form a complex with Na. Further studies are also required 
to provide an optimal level of Si under stress conditions for 
the wheat plant.

AOX ROS

Without stress

Equilibrium
AOX

Under stress

ROS

Possible 
damages

Induce closing of  stomata

i) LIPIDS: Chain breakage and increased 
membrane fluidity
ii) PROTEINS: Enzyme inactivation and 
susceptibility to proteolysis
iii) DNA: Oxidation of deoxyribose and 
strand breakage

Apoptosis, Necrosis and 
cell death pathways

Salinity

Drought

Increase the production and 
activity of non-enzymatic 

antioxidants

Increase the production and 
activity of enzymatic 

antioxidants

Programmed 
cell death

i) Superoxide dismutase 
ii) Catalase
iii) Glutathione peroxidase
iv) etc

i) Ascorbic acid 
ii) Glutathione
iii) Carotenoids
iv) Tocopherols
v) Flavonoids And 
phenolic materials

AOX

Under stress

Protection of the plant 
against oxidative stress 
affected by salinity and 

drought

O2
e O 2

.-- -e, 2H H2O2
e- H2

.+ e, 2H+- H2O
OH-

Superoxide 
dismutase Peroxidase

Catalase

Disruption of the reaction due 
to stress and overproduction of 

other and OH and 2O2HO  , 
reactive oxygen species

2
- -

Stress

Decreased leaf stomatal conductance
Decreased intercellular CO  content

Decreased gas exchanges

Imbalance

EquilibriumSilicon ROS

Balanced growth of wheat or other 
plants under drought and salinity stress

2

Fig. 2  The involved mechanisms by which Si alleviate oxidative dam-
age affected by drought and salinity stresses in wheat. For details, 
see the text (Sects. 3–1-5 and 3–2-4) and also these references (Gong 
et al. 2003, 2005; Gunes et al. 2007; Li et al. 2007; Gong et al. 2008; 

Ahmad and Haddad 2011; Bharwana et al. 2013; Kim et al. 2014; Ma 
et  al. 2016; Zhang et  al. 2017; Taffouo et  al. 2017; Ali et  al. 2019; 
Shams et al. 2019; Mushtaq et  al. 2020; Verma et al. 2020; Sabagh 
et al. 2021; Taha et al. 2021)
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Effect of Si on Salinity‑Induced Oxidative Stress

Like drought stress, salinity can disrupt the growth and 
yield of wheat and other crops by overproducing reac-
tive oxygen species (ROS) (Fig. 2). Application of Si in 
nutrient solutions increased the activity and production 
of antioxidant enzymes such as superoxide dismutase and 
catalase, thus reducing oxidative damage due to salinity 
stress (Ali et al. 2019). Daoud et al. (2018) applied dif-
ferent amounts of Si to wheat plants under salinity stress 
and found that Si significantly increased the superoxide 
dismutase and catalase activity in the leaves of the plants 
in the start-up stage in relation to a significant reduction 
in the  H2O2 content.

Osmotic Adjustment

Salinity stress causes a reduction of leaf water content 
(RWC), which appears in wheat after a few days of expo-
sure to salinity (Saddiq et al. 2019). The reduction in plant 
growth under salinity is mainly due to low osmotic poten-
tial (Hmidi et al. 2018). Silicon can reduce osmotic stress 
to some extent by increasing the accumulation of Na in 
the roots of wheat and preventing its transfer to the leaves, 
whereas no such effect is observed in plants grown under 
non-stress conditions (Tuna et al. 2008). Similar results 
have been reported for sorghum, tomato, and Portulaca 
oleracea (Kafi and Rahimi 2011; Liu et al. 2015). These 
studies confirm that Si increases plant tolerance to salinity 
stress by reducing osmotic pressure.

Most plants under salinity stress accumulate some 
osmolytes in their tissues in addition to antioxidants. 
These compounds mainly include proline, glycine betaine 
(GB), carbohydrates, and polyols (Chen and Jiang 2010; 
Singh et al. 2015). Studies have shown that treating wheat 
with Si under salinity stress increases soluble sugars, pro-
teins, and free amino acids, especially proline (Alzahrani 
et al. 2018; Chen and Jiang 2010). Proline is a non-toxic 
and protective osmolyte produced under osmotic stress 
and is often involved in osmotic protection (Szabados 
and Savouré 2010). Hajiboland et  al. (2017) observed 
that under salinity stress, the proline concentration sig-
nificantly increased in the leaves of Si-treated wheat. It 
has also been reported that under salinity stress, proline 
concentrations decreased with the application of Si in 
sorghum (Yin et al. 2013), wheat (Tuna et al. 2008), and 
barley (Gunes et al. 2007). Therefore, there are conflict-
ing reports regarding proline accumulation and the effect 
of Si on proline content under salinity stress conditions 
that need further investigation. Saleh et al. (2017) reported 
that the application of Si (higher than 50 mg  kg−1 soil) 
significantly led to an increase in Glycine betaine (GB) 
concentration in wheat grown under salinity stress. GB 

accumulation in salt-stressed plants lowers leaf water 
potential, resulting in improved water uptake by the cells 
(Ahmad and Haddad 2011). It has also been found that 
foliar application of nano-silicon fertilizer leads to an 
increase in the concentration of GB, water-soluble car-
bohydrates, and free amino acids in wheat plants grown 
under drought stress (Hajihashemi and Kazemi 2022). The 
observed increase in the free amino acids in the nano-
silicon application can be attributed to their antioxidant 
power to scavenge free radicals, and osmotic adjustment 
potential to maintain the cell's osmotic pressure higher 
than the outer medium to induce water absorbance under 
stress conditions (Abdel-Haliem et al. 2017; Hajihashemi 
and Kazemi 2022). Some of the beneficial effects of sili-
con in reducing the destructive effects of salinity-induced 
osmotic stress are shown in Fig. 3.

Balance of Nutrients

Salinity stress causes an imbalance of nutrients and the dis-
ruption of water uptake by plants. Silicon not only increases 
the absorption and transfer of K and reduces the absorption 
and transfer of Na and chlorine (Cl) from the roots to the 
shoots but also increases the absorption of P, N, Ca, and 
other essential nutrients (Pavlovic et al. 2021). The uptake 
of nutrients is related to the properties of the roots, including 
length and surface area; as root surface area increases, more 
space is provided for the uptake of dispersible ions (Vuyy-
uru et al. 2018). Many studies have reported a Si-induced 
increase in root growth under salinity stress (Basirat and 
Mousavi 2022; Mousavi 2022; Mushtaq et al. 2020, 2019), 
while other studies have shown that Si increases nutrient 
uptake by increasing root efficiency for water uptake (Basirat 
and Mousavi 2022; Mousavi 2022). The stimulating effect of 
Si on root growth in wheat and sorghum can be attributed to 
increased root elongation due to increased cell wall dilation 
in the growing area (Daoud et al. 2018; Hattori et al. 2003). 
Increased nutrient uptake may also be related to increased 
plasma membrane proton pump  (H+-ATPase) activity. For 
example, Kaya et al. (2006) have reported an increase in K 
and Ca absorption. There have been conflicting reports on 
the relationship between Si, P, and Zn uptake. Gao et al. 
(2005) found that the application of Si significantly reduced 
P concentration in the sapwood of maize. Eneji et al. (2008) 
found that Si increased P uptake by increasing P concentra-
tion in soil solution. Table 4 summarizes the different effects 
of Si on improving various parameters of wheat under salin-
ity stress.
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Conclusion and Suggestions

Since Si was recognized as a quasi-essential element for 
plants, many studies have investigated the effects of Si on 
various plants. Although most studies have shown positive 
roles for Si under stress conditions, there is some evidence 
that Si can improve the growth and yield of a wide range of 
plants under non-stress conditions. To date, there is little 
information about the effect of Si on plant metabolism. In 
many regions, Si has not been considered a fertilizer, even 
though it is beneficial to many crops, especially rice and 
wheat. In summary, more research work is warranted for the 
Si roles in the aspects listed below:

a) Most studies about the positive effects of Si on physi-
ological and biochemical processes that contribute to 
wheat resistance to salinity and drought stresses have 
been done in greenhouses and controlled growth cham-

bers. It is essential to investigate the effects of Si on 
crops under field conditions.

b) More attention is needed to evaluate the effectiveness 
of the Si-fertilizer formulation and its combination with 
other nutrients, as well as the best time to use it.

c) Knowledge is still limited about the role of Si in plant 
metabolic activity under different stresses, especially in 
the molecular aspects.

d) Few studies are reporting the potential of organic, bio-
logic (Si-soluble bacteria), and nanoparticle (Si-NPs) 
sources of Si to alleviate drought and salinity stresses.

Author contributions MC: contributed to investigation and writing- 
original draft preparation; BM: contributed to project administration 
and supervision; SMM: contributed to project administration, supervi-
sion, investigation, reviewing, and editing; QM: and ZA: contributed 
equally in writing—original draft preparation.
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Fig. 3  The involved mechanisms by which Si alleviate osmotic stress 
affected by drought and salinity stress in wheat. For details, see the 
text (Sects.  3–1-6 and 3–2-5) and also these references (Tahir et  al. 
2006; Chen and Jiang 2010; Ahmad and Haddad 2011; Ali et  al. 
2012; Al-Bahrany and Al-Khayri 2012; Yin et  al. 2013; Ahmad 

2014; Liu et al. 2015; Singh et al. 2015; Taffouo et al. 2017; Zhang 
et al. 2017; Daoud et al. 2018; Walsh et al. 2018; Shams et al. 2019; 
Koenigshofer and Loeppert 2019; Thorne et  al. 2021; Vandegeer 
et al. 2021; Akhter et al. 2021)



5370 Journal of Plant Growth Regulation (2023) 42:5354–5378

1 3

Ta
bl

e 
4 

 T
he

 b
en

efi
ci

al
 e

ffe
ct

 o
f s

ili
co

n 
on

 re
du

ci
ng

 th
e 

ne
ga

tiv
e 

eff
ec

t o
f s

al
in

ity
 st

re
ss

 o
n 

va
rio

us
 p

ar
am

et
er

s o
f w

he
at

Pa
ra

m
et

er
s

Ty
pe

 o
f f

er
til

iz
er

A
pp

lic
at

io
n 

de
ta

ils
O

bs
er

ve
d 

eff
ec

ts
 o

f S
i u

nd
er

 
str

es
s c

on
di

tio
ns

G
ro

w
th

 m
ed

iu
m

Re
fe

re
nc

e

G
ro

w
th

 p
ar

am
et

er
s

C
al

ci
um

 si
lic

at
e

N
ut

rie
nt

 so
lu

tio
n 

(5
0,

 1
00

, 1
50

 
an

d 
20

0 
m

g 
 l−

1 )
In

cr
ea

se
 sh

oo
t g

ro
w

th
 (w

et
 a

nd
 

dr
y 

w
ei

gh
t a

nd
 h

ei
gh

t) 
w

ith
ou

t 
aff

ec
tin

g 
ro

ot
 g

ro
w

th

H
yd

ro
po

ni
c 

cu
lti

va
tio

n 
in

 p
la

sti
c 

po
ts

 w
ith

 sa
nd

 c
ul

tu
re

 m
ed

iu
m

A
li 

et
 a

l. 
(2

00
9)

–
N

ut
rie

nt
 so

lu
tio

n 
(2

 m
M

)
In

cr
ea

se
 p

la
nt

 g
ro

w
th

 a
nd

 g
ra

in
 

yi
el

d
So

lu
tio

n 
cu

ltu
re

Ta
hi

r e
t a

l. 
(2

01
1)

Po
ta

ss
iu

m
 si

lic
at

e
Fo

lia
r a

pp
lic

at
io

n 
(1

00
 a

nd
 

20
0 

pp
m

)
In

cr
ea

se
 in

 w
ei

gh
t o

f 1
00

 se
ed

s, 
an

d 
nu

m
be

r o
f s

ee
ds

 p
er

 sp
ik

e
Fi

el
d 

cu
ltu

re
Sa

lim
 e

t a
l. 

(2
01

3)

Po
ta

ss
iu

m
 si

lic
at

e
N

ut
rie

nt
 so

lu
tio

n 
(2

 a
nd

 
4 

m
m

ol
  l−

1 )
In

cr
ea

se
 e

ar
 le

ng
th

, t
ho

us
an

d-
gr

ai
n 

w
ei

gh
t, 

an
d 

fin
al

 g
ra

in
 

yi
el

d

So
lu

tio
n 

cu
ltu

re
A

hm
ad

 (2
01

4)

N
a 2

Si
O

3
A

pp
lic

at
io

n 
w

ith
 n

ut
rie

nt
 so

lu
tio

n 
(1

 m
M

)
In

cr
ea

se
 th

e 
fr

es
h 

w
ei

gh
t o

f s
ho

ot
 

an
d 

le
af

 a
re

a
H

yd
ro

po
ni

c 
cu

ltu
re

 in
 th

e 
5-

L 
pl

as
tic

 p
ot

s
C

he
n 

et
 a

l. 
(2

01
4)

ric
e 

hu
sh

 a
sh

  (s
io

2)
M

ix
 w

ith
 so

il 
(1

00
0,

 2
00

0,
 a

nd
 

30
00

 k
g 

 ha
−

1 ric
e 

hu
sh

 a
sh

)
In

cr
ea

se
 th

e 
nu

m
be

r o
f s

pi
ke

s a
nd

 
se

ed
 w

ei
gh

t p
er

 p
la

nt
, w

ith
ou

t 
si

gn
ifi

ca
nt

 e
ffe

ct
 o

n 
ge

rm
in

at
io

n 
pe

rc
en

ta
ge

Po
tte

d 
cu

lti
va

tio
n 

in
 th

e 
so

il 
cu

l-
tu

re
 m

ed
iu

m
 in

 th
e 

gr
ee

nh
ou

se
C

as
te

lla
no

s e
t a

l. 
(2

01
6)

Po
ta

ss
iu

m
 si

lic
at

e,
 

si
lic

ic
 a

ci
d,

 a
nd

 
na

no
-s

ili
ca

A
pp

lic
at

io
n 

w
ith

 n
ut

rie
nt

 so
lu

tio
n 

(0
.0

5 
an

d 
0.

1 
g 

 l−
1 )

In
cr

ea
se

 in
 fr

es
h 

an
d 

dr
y 

w
ei

gh
t 

of
 sh

oo
ts

, i
nc

re
as

e 
in

 ro
ot

 a
nd

 
sh

oo
t l

en
gt

h,
 in

cr
ea

se
 in

 c
hl

or
o-

ph
yl

l c
on

te
nt

H
yd

ro
po

ni
c 

cu
ltu

re
 in

 n
ut

rie
nt

 
so

lu
tio

n
M

us
ht

aq
 e

t a
l. 

(2
01

9)

So
di

um
 si

lic
at

e
M

ix
 fe

rti
liz

er
 w

ith
 so

il 
(1

00
 m

g 
 kg

−
1 )

Im
pr

ov
in

g 
ge

rm
in

at
io

n 
pe

rc
en

t-
ag

e,
 in

cr
ea

si
ng

 h
ei

gh
t a

nd
 d

ry
 

w
ei

gh
t o

f p
la

nt
 sh

oo
ts

 u
nd

er
 

10
0 

M
m

 o
f N

aC
l s

al
in

ity

Po
tte

d 
cu

lti
va

tio
n 

in
 so

il 
an

d 
ou

td
oo

rs
M

us
ht

aq
 e

t a
l. 

(2
02

0)



5371Journal of Plant Growth Regulation (2023) 42:5354–5378 

1 3

Ta
bl

e 
4 

 (c
on

tin
ue

d)

Pa
ra

m
et

er
s

Ty
pe

 o
f f

er
til

iz
er

A
pp

lic
at

io
n 

de
ta

ils
O

bs
er

ve
d 

eff
ec

ts
 o

f S
i u

nd
er

 
str

es
s c

on
di

tio
ns

G
ro

w
th

 m
ed

iu
m

Re
fe

re
nc

e

U
pt

ak
e 

an
d 

ac
cu

m
ul

at
io

n 
of

 e
le

-
m

en
ts

 in
 th

e 
pl

an
t

C
al

ci
um

 si
lic

at
e

ix
 fe

rti
liz

er
 w

ith
 so

il 
(2

50
 a

nd
 

15
0 

µg
 o

f S
i p

er
 g

ra
m

 o
f s

oi
l)

In
cr

ea
se

 p
ot

as
si

um
 u

pt
ak

e,
 

de
cr

ea
se

 N
a 

up
ta

ke
 a

nd
 tr

an
s-

po
rt,

 in
cr

ea
se

 p
ot

as
si

um
-to

-N
a 

ra
tio

 in
 sh

oo
ts

C
ul

tiv
at

io
n 

in
 p

ot
tin

g 
so

il
Ta

hi
r e

t a
l. 

(2
00

6)

So
di

um
 si

lic
at

e
N

ut
rie

nt
 so

lu
tio

n 
(0

.2
5 

an
d 

0.
5 

m
M

)
In

cr
ea

si
ng

 p
ot

as
si

um
 c

on
ce

nt
ra

-
tio

n 
an

d 
de

cr
ea

si
ng

 N
a 

co
nc

en
-

tra
tio

n 
in

 ro
ot

s a
nd

 sh
oo

ts

So
lu

tio
n 

cu
ltu

re
(T

un
a 

et
 a

l. 
(2

00
8)

Si
lic

ic
 a

ci
d

A
dd

 S
i t

o 
th

e 
nu

tri
en

t s
ol

ut
io

n 
(1

 m
M

)
D

ec
re

as
e 

N
a 

ab
so

rp
tio

n,
 in

cr
ea

se
 

N
a 

bi
nd

in
g 

to
 th

e 
ce

ll 
w

al
l, 

in
cr

ea
se

 p
ot

as
si

um
 u

pt
ak

e,
 

in
cr

ea
se

 p
ot

as
si

um
-to

-N
a 

ra
tio

H
yd

ro
po

ni
c 

cu
ltu

re
 in

 th
e 

1-
L 

po
ts

 c
on

ta
in

in
g 

H
oa

gl
an

d
Sa

qi
b 

et
 a

l. 
(2

00
8)

C
al

ci
um

 si
lic

at
e

N
ut

rie
nt

 so
lu

tio
n 

(5
0,

 1
00

, 1
50

 
an

d 
20

0 
m

g 
 l−

1 )
In

cr
ea

se
 p

ot
as

si
um

 u
pt

ak
e,

 
de

cr
ea

se
 N

a 
up

ta
ke

, i
nc

re
as

e 
po

ta
ss

iu
m

-to
-N

a 
ra

tio

H
yd

ro
po

ni
c 

cu
lti

va
tio

n 
in

 p
la

sti
c 

po
ts

 w
ith

 sa
nd

 c
ul

tu
re

 m
ed

iu
m

A
li 

A
 e

t a
l. 

(2
00

9)

–
N

ut
rie

nt
 so

lu
tio

n 
(2

 m
M

 in
 2

01
1 

an
d 

20
12

 a
nd

 2
 a

nd
 4

 m
M

 in
 

20
10

)

In
cr

ea
si

ng
 K

 c
on

ce
nt

ra
tio

n 
an

d 
de

cr
ea

si
ng

 N
a 

co
nc

en
tra

tio
n 

in
 

sh
oo

ts

So
lu

tio
n 

cu
ltu

re
Ta

hi
r e

t a
l. 

(2
01

2)

C
al

ci
um

 si
lic

at
e

A
pp

lic
at

io
n 

w
ith

 th
e 

nu
tri

en
t 

so
lu

tio
n 

(1
50

 m
g 

 l−
1 )

In
cr

ea
se

 p
ot

as
si

um
 u

pt
ak

e,
 

de
cr

ea
se

 N
a 

up
ta

ke
, i

nc
re

as
e 

po
ta

ss
iu

m
-to

-N
a 

ra
tio

H
yd

ro
po

ni
c 

cu
lti

va
tio

n 
in

 p
ot

s 
w

ith
 a

 sa
nd

 c
ul

tu
re

 m
ed

iu
m

Sa
lim

 e
t a

l. 
(2

01
3)

Po
ta

ss
iu

m
 si

lic
at

e
Fo

lia
r a

pp
lic

at
io

n 
(1

00
 a

nd
 

20
0 

pp
m

)
In

cr
ea

se
 u

pt
ak

e 
of

 N
, K

an
d 

ph
os

-
ph

or
us

 in
 th

e 
pl

an
t, 

de
cr

ea
se

 
up

ta
ke

 o
f N

a,
 a

nd
 in

cr
ea

se
 th

e 
ra

tio
 o

f K
 to

 N
a

C
ul

tiv
at

io
n 

in
 th

e 
fa

rm
Sa

lim
 e

t a
l. 

(2
01

3)

So
di

um
 si

lic
at

e
A

pp
lic

at
io

n 
w

ith
 a

 n
ut

rie
nt

 so
lu

-
tio

n 
(1

 m
M

)
D

ec
re

as
e 

N
a 

co
nc

en
tra

tio
n 

in
 th

e 
le

av
es

H
yd

ro
po

ni
c 

cu
ltu

re
 in

 th
e 

5-
L 

pl
as

tic
 p

ot
s

C
he

n 
et

 a
l. 

(2
01

4)

Po
ta

ss
iu

m
 si

lic
at

e
N

ut
rie

nt
 so

lu
tio

n 
(2

 a
nd

 
4 

m
m

ol
  l−

1 )
In

cr
ea

se
 p

ot
as

si
um

 u
pt

ak
e 

an
d 

de
cr

ea
se

 N
a 

up
ta

ke
So

lu
tio

n 
cu

ltu
re

A
hm

ad
 (2

01
4)

N
a 

m
et

as
ili

ca
te

Ir
rig

at
io

n 
fe

rti
liz

er
 w

ith
 n

ut
rie

nt
 

so
lu

tio
n 

(0
.7

5 
m

M
)

In
cr

ea
si

ng
 th

e 
am

ou
nt

 o
f p

ot
as

-
si

um
 a

nd
 d

ec
re

as
in

g 
N

a 
in

 th
e 

le
av

es
, a

nd
 fi

na
lly

 in
cr

ea
si

ng
 th

e 
ra

tio
 o

f p
ot

as
si

um
 to

 c
yt

os
ol

ic
 

N
a

C
ul

tiv
at

io
n 

of
 p

la
nt

s i
n 

po
ts

 w
ith

 
sa

nd
 c

ul
tu

re
 m

ed
iu

m
, h

yd
ro

-
po

ni
c

D
ao

ud
 e

t a
l. 

(2
01

8)

C
al

ci
um

 si
lic

at
e

A
pp

lic
at

io
n 

w
ith

 a
 n

ut
rie

nt
 so

lu
-

tio
n 

(6
 m

M
)

In
cr

ea
se

 p
ot

as
si

um
 u

pt
ak

e,
 

de
cr

ea
se

 N
a 

up
ta

ke
, i

nc
re

as
e 

po
ta

ss
iu

m
-to

-N
a 

ra
tio

H
yd

ro
po

ni
c 

cu
lti

va
tio

n 
in

 p
ot

s
(A

li 
et

 a
l. 

(2
01

9)



5372 Journal of Plant Growth Regulation (2023) 42:5354–5378

1 3

Ta
bl

e 
4 

 (c
on

tin
ue

d)

Pa
ra

m
et

er
s

Ty
pe

 o
f f

er
til

iz
er

A
pp

lic
at

io
n 

de
ta

ils
O

bs
er

ve
d 

eff
ec

ts
 o

f S
i u

nd
er

 
str

es
s c

on
di

tio
ns

G
ro

w
th

 m
ed

iu
m

Re
fe

re
nc

e

A
ct

iv
iti

es
 o

f a
nt

io
xi

da
nt

 e
nz

ym
es

 
an

d 
re

ac
tiv

e 
ox

yg
en

 sp
ec

ie
s 

(E
ffe

ct
 o

n 
ox

id
at

iv
e 

str
es

s)

C
al

ci
um

 si
lic

at
e

A
pp

lic
at

io
n 

w
ith

 th
e 

nu
tri

en
t 

so
lu

tio
n 

(1
50

 m
g 

 l−
1 )

In
cr

ea
se

 su
pe

ro
xi

de
 d

is
m

ut
as

e 
an

d 
ca

ta
la

se
 a

ct
iv

ity
 a

nd
 

de
cr

ea
se

 e
le

ct
ro

ly
te

 le
ak

ag
e 

an
d 

 H
2O

2 a
ct

iv
ity

H
yd

ro
po

ni
c 

cu
lti

va
tio

n 
in

 p
ot

s 
w

ith
 a

 sa
nd

 c
ul

tu
re

 m
ed

iu
m

A
li 

A
 e

t a
l. 

(2
01

2)

So
di

um
 si

lic
at

e
A

pp
lic

at
io

n 
w

ith
 th

e 
nu

tri
en

t 
so

lu
tio

n 
(3

 m
M

)
In

cr
ea

se
 a

ct
iv

ity
 o

f a
nt

io
xi

da
nt

 
en

zy
m

es
H

yd
ro

po
ni

c 
cu

ltu
re

G
ur

m
an

i e
t a

l. 
(2

01
3)

So
di

um
 si

lic
at

e
Ir

rig
at

io
n 

fe
rti

liz
er

 w
ith

 n
ut

rie
nt

 
so

lu
tio

n 
(0

.7
5 

m
M

)
In

cr
ea

si
ng

 th
e 

ac
tiv

ity
 o

f s
up

er
-

ox
id

e 
di

sm
ut

as
e,

 c
at

al
as

e,
 a

nd
 

de
cr

ea
si

ng
  H

2O
2 i

n 
th

e 
bo

ot
in

g 
st

ag
e 

of
 w

he
at

C
ul

tiv
at

io
n 

of
 p

la
nt

s i
n 

po
ts

 w
ith

 
sa

nd
 c

ul
tu

re
 m

ed
iu

m
D

ao
ud

 e
t a

l. 
(2

01
8)

Po
ta

ss
iu

m
 si

lic
at

e
Ir

rig
at

io
n 

fe
rti

liz
er

 (2
, 4

, a
nd

 
6 

m
M

)
In

cr
ea

se
 su

pe
ro

xi
de

 d
is

m
ut

as
e,

 
ca

ta
la

se
, p

er
ox

id
as

e 
ac

tiv
-

ity
. a

nd
 d

ec
re

as
e 

el
ec

tro
ly

te
 

de
po

si
tio

n 
an

d 
m

al
on

di
al

de
hy

de
 

ac
tiv

ity

C
ul

tiv
at

io
n 

in
 p

ot
tin

g 
so

il 
in

 th
e 

gr
ee

nh
ou

se
A

lz
ah

ra
ni

 e
t a

l. 
(2

01
8)

C
al

ci
um

 si
lic

at
e

A
pp

lic
at

io
n 

w
ith

 n
ut

rie
nt

 so
lu

tio
n 

(6
 m

M
)

In
cr

ea
se

 su
pe

ro
xi

de
 d

is
m

ut
as

e 
an

d 
ca

ta
la

se
 a

ct
iv

ity
H

yd
ro

po
ni

c 
cu

lti
va

tio
n 

in
 p

ot
s

A
li 

A
 e

t a
l. 

(2
01

9)

G
as

 e
xc

ha
ng

e 
an

d 
ph

ot
os

yn
th

es
is

So
di

um
 si

lic
at

e
N

ut
rie

nt
 so

lu
tio

n 
(0

.2
5 

an
d 

0.
5 

m
M

)
In

cr
ea

se
 in

 c
hl

or
op

hy
ll 

a 
an

d 
b 

an
d 

to
ta

l c
hl

or
op

hy
ll

So
lu

tio
n 

cu
ltu

re
Tu

na
 e

t a
l. 

(2
00

8)

–
N

ut
rie

nt
 so

lu
tio

n 
(2

 m
M

)
In

cr
ea

se
 c

hl
or

op
hy

ll 
co

nt
en

t i
n 

le
av

es
So

lu
tio

n 
cu

ltu
re

Ta
hi

r e
t a

l. 
(2

01
2)

So
di

um
 si

lic
at

e
A

pp
lic

at
io

n 
w

ith
 n

ut
rie

nt
 so

lu
tio

n 
(3

 m
M

)
In

cr
ea

se
 p

ho
to

sy
nt

he
tic

 g
as

 
ex

ch
an

ge
 (n

et
 a

ss
im

ila
tio

n 
ra

te
 

an
d 

sto
m

at
al

 c
on

du
ct

an
ce

)

H
yd

ro
po

ni
c 

cu
ltu

re
G

ur
m

an
i e

t a
l. 

(2
01

3)

So
di

um
 m

et
as

ili
ca

te
Ir

rig
at

io
n 

fe
rti

liz
er

 (0
.7

5 
m

M
)

In
cr

ea
se

 in
 c

hl
or

op
hy

ll 
a 

an
d 

b 
an

d 
ca

ro
te

no
id

s (
to

ta
l p

ho
to

-
sy

nt
he

tic
 p

ig
m

en
ts

) i
n 

th
e 

bo
ot

 
st

ag
e 

of
 w

he
at

H
yd

ro
po

ni
c 

cu
lti

va
tio

n 
in

 p
ot

s 
w

ith
 a

 sa
nd

 c
ul

tu
re

 m
ed

iu
m

D
ao

ud
 e

t a
l. 

(2
01

8)

C
al

ci
um

 si
lic

at
e

A
pp

lic
at

io
n 

w
ith

 n
ut

rie
nt

 so
lu

tio
n 

(6
 m

M
)

In
cr

ea
se

 in
 to

ta
l c

hl
or

op
hy

ll 
co

nt
en

t a
nd

 c
hl

or
op

hy
ll 

a/
b 

ra
tio

 
in

 le
av

es

H
yd

ro
po

ni
c 

cu
lti

va
tio

n 
in

 p
ot

s
A

li 
A

 e
t a

l. 
(2

01
9)



5373Journal of Plant Growth Regulation (2023) 42:5354–5378 

1 3

Ta
bl

e 
4 

 (c
on

tin
ue

d)

Pa
ra

m
et

er
s

Ty
pe

 o
f f

er
til

iz
er

A
pp

lic
at

io
n 

de
ta

ils
O

bs
er

ve
d 

eff
ec

ts
 o

f S
i u

nd
er

 
str

es
s c

on
di

tio
ns

G
ro

w
th

 m
ed

iu
m

Re
fe

re
nc

e

W
at

er
 re

la
tio

ns
–

N
ut

rie
nt

 so
lu

tio
n 

(2
 m

M
)

M
ai

nt
ai

n 
m

em
br

an
e 

pe
rm

ea
bi

lit
y 

an
d 

im
pr

ov
e 

w
at

er
 c

on
di

tio
n

So
lu

tio
n 

cu
ltu

re
Ta

hi
r e

t a
l. 

(2
01

2)

So
di

um
 si

lic
at

e
A

pp
lic

at
io

n 
w

ith
 n

ut
rie

nt
 so

lu
tio

n 
(3

 m
M

)
In

cr
ea

se
 w

at
er

 u
se

 e
ffi

ci
en

cy
 

(W
U

E)
H

yd
ro

po
ni

c 
cu

ltu
re

G
ur

m
an

i e
t a

l. 
(2

01
3)

Po
ta

ss
iu

m
 si

lic
at

e
A

pp
lic

at
io

n 
w

ith
 n

ut
rie

nt
 so

lu
tio

n 
(1

 a
nd

 4
 m

M
)

Re
du

ce
 th

e 
os

m
ot

ic
 p

ot
en

tia
l i

n 
th

e 
ro

ot
s a

nd
 u

lti
m

at
el

y 
in

cr
ea

se
 

th
e 

w
at

er
 u

pt
ak

e 
ca

pa
ci

ty
 b

y 
th

e 
ro

ot
s

H
yd

ro
po

ni
c 

cu
ltu

re
 in

 p
ot

s c
on

-
ta

in
in

g 
nu

tri
en

t s
ol

ut
io

n
H

aj
ib

ol
an

d 
et

 a
l. 

(2
01

7)

Po
ta

ss
iu

m
 si

lic
at

e
Ir

rig
at

io
n 

fe
rti

liz
er

 (2
, 4

, a
nd

 
6 

m
M

)
In

cr
ea

se
 re

la
tiv

e 
w

at
er

 c
on

te
nt

 
(R

W
C

%
) a

nd
 in

cr
ea

se
 m

em
-

br
an

e 
st

ab
ili

ty
 in

de
x 

(M
SI

)

C
ul

tiv
at

io
n 

in
 p

ot
tin

g 
so

il 
in

 th
e 

gr
ee

nh
ou

se
A

lz
ah

ra
ni

 e
t a

l. 
(2

01
8)

O
sm

op
ro

te
ct

an
ts

So
di

um
 si

lic
at

e
N

ut
rie

nt
 so

lu
tio

n 
(0

.2
5 

an
d 

0.
5 

m
M

)
D

ec
re

as
e 

m
em

br
an

e 
pe

rm
ea

bi
lit

y 
an

d 
pr

ol
in

e 
co

nt
en

t i
n 

le
av

es
So

lu
tio

n 
cu

ltu
re

Tu
na

 e
t a

l. 
(2

00
8)

Si
lic

ic
 a

ci
d

A
pp

lic
at

io
n 

w
ith

 n
ut

rie
nt

 so
lu

tio
n 

(1
 m

M
)

In
cr

ea
se

 g
lu

ta
th

io
ne

 c
on

ce
nt

ra
-

tio
n

H
yd

ro
po

ni
c 

cu
ltu

re
 in

 p
ot

s c
on

-
ta

in
in

g 
H

oa
gl

an
d

Sa
qi

b 
et

 a
l. 

(2
00

8)

Po
ta

ss
iu

m
 si

lic
at

e
Fo

lia
r a

pp
lic

at
io

n 
(1

00
 a

nd
 

20
0 

pp
m

)
In

cr
ea

si
ng

 th
e 

co
nc

en
tra

tio
n 

of
 

bi
oc

he
m

ic
al

 c
om

po
un

ds
 (p

he
-

no
ls

, p
ro

te
in

s a
nd

 p
ro

lin
e)

C
ul

tiv
at

io
n 

on
 th

e 
fa

rm
Sa

lim
 e

t a
l. 

(2
01

3)

Po
ta

ss
iu

m
 si

lic
at

e
A

pp
lic

at
io

n 
w

ith
 n

ut
rie

nt
 so

lu
tio

n 
(1

 a
nd

 4
 m

M
)

In
cr

ea
se

s t
he

 a
m

ou
nt

 o
f s

ol
ub

le
 

su
ga

rs
, p

ro
te

in
s, 

an
d 

fr
ee

 a
m

in
o 

ac
id

s (
es

pe
ci

al
ly

 p
ro

lin
e)

 in
 th

e 
le

av
es

H
yd

ro
po

ni
c 

cu
ltu

re
 in

 p
ot

s c
on

-
ta

in
in

g 
nu

tri
en

t s
ol

ut
io

n
H

aj
ib

ol
an

d 
et

 a
l. 

(2
01

7)

Po
ta

ss
iu

m
 si

lic
at

e
Ir

rig
at

io
n 

fe
rti

liz
er

 (2
, 4

, a
nd

 
6 

m
M

)
In

cr
ea

se
d 

le
ve

ls
 o

f s
ol

ub
le

 su
ga

rs
, 

fr
ee

 p
ro

lin
e,

 g
lu

ta
th

io
ne

, a
nd

 
as

co
rb

ic
 a

ci
d

C
ul

tiv
at

io
n 

in
 p

ot
tin

g 
so

il 
in

 th
e 

gr
ee

nh
ou

se
A

lz
ah

ra
ni

 e
t a

l. 
(2

01
8)



5374 Journal of Plant Growth Regulation (2023) 42:5354–5378

1 3

Funding No funding was received for conducting this study.

Declarations 

Conflict of interest On behalf of all authors, the corresponding authors 
state that there is no conflict of interest.

Research Involving Human Participants and/or Animals Not applicable.

Consent to Participate Not applicable.

Consent for Publication In accordance with the copyright transfer or 
open access rules.

References

Abdel-Haliem ME, Hegazy HS, Hassan NS, Naguib DM (2017) 
Effect of silica ions and nano silica on rice plants under salin-
ity stress. Ecol Eng 99:282–289

Acosta-Motos JR, Ortuño MF, Bernal-Vicente A, Diaz-Vivancos P, 
Sanchez-Blanco MJ, Hernandez JA (2017) Plant responses to 
salt stress: adaptive mechanisms. Agronomy 7(1):18

Ahmad B (2014) Interactive effects of silicon and potassium 
nitrate in improving salt tolerance of wheat. J Integr Agric 
13(9):1889–1899

Ahmad M, El-Saeid MH, Akram MA, Ahmad H, Haroon H, Hussain A 
(2016) Silicon fertilization–a tool to boost up drought tolerance 
in wheat (Triticum aestivum L.) crop for better yield. J Plant Nutr 
39(9):1283–1291

Ahmad R, Zaheer SH, Ismail S (1992) Role of silicon in salt tolerance 
of wheat (Triticum aestivum L). Plant Sci 85(1):43–50

Ahmad ST, Haddad R (2011) Study of silicon effects on antioxi-
dant enzyme activities and osmotic adjustment of wheat under 
drought stress. Czech J Genet Plant Breed 47(1):17–27

Ahmad Z, Anjum S, Waraich EA, Ayub MA, Ahmad T, Tariq RMS, 
Ahmad R, Iqbal MA (2018) Growth, physiology, and biochemi-
cal activities of plant responses with foliar potassium application 
under drought stress–a review. J Plant Nutr 41(13):1734–1743

Akhter MS, Noreen S, Saleem N, Saeed M, Ahmad S, Khan TM, Saeed 
M, Mahmood S (2021) Silicon Can Alleviate Toxic Effect of 
NaCl Stress by Improving  K+ and Si Uptake, Photosynthetic Effi-
ciency with Reduced  Na+ Toxicity in Barley (Hordeum vulgare 
L.). Silicon. 14:4991–5000

Akram S, Arif MAR, Hameed A (2021) A GBS-based GWAS analysis 
of adaptability and yield traits in bread wheat (Triticum aestivum 
L.). J Appl Genet 62(1):27–41

Al-Bahrany AM, Al-Khayri JM (2012) In vitro responses of date palm 
cell suspensions under osmotic stress induced by sodium, potas-
sium and calcium salts at different exposure durations. American 
J Plant Physiol 7(3):120–134

Alcarde J, Rodella A, Curi N,Marques J, Guilherme L, Lima J, Lopes 
A, Álvares V (2003) Quality and legislations of fertilizer and 
acidity correction sources. In: Curi N, Marques JJ, Guilherme 
LRG, Lima JM, Lopes AS, Á lvares VH (eds) Topics in soil sci-
ence in Portuguese Viçosa. Brazilian Soil Science Society, Brazil

Ali A, Basra S, Ahmad R, Wahid A (2009) Optimizing silicon appli-
cation to improve salinity tolerance in wheat. Soil Environ 
28(2):136–144

Ali A, Basra SM, Iqbal J, Hussain S, Subhani M, Sarwar M, Haji A 
(2012) Silicon mediated biochemical changes in wheat under 
salinized and non-salinzed solution cultures. Afr J Biotech 
11(3):606–615

Ali A, Ul Haq T, Mahmood R, Jaan M, Abbas MN (2019) Stimulating 
the anti-oxidative role and wheat growth improvement through 
silicon under salt stress. Silicon 11(5):2403–2406

Ali M, Afzal S, Parveen A, Kamran M, Javed MR, Abbasi GH, Malik 
Z, Riaz M, Ahmad S, Chattha MS (2021) Silicon mediated 
improvement in the growth and ion homeostasis by decreasing 
 Na+ uptake in maize (Zea mays L.) cultivars exposed to salinity 
stress. Plant Physiol Biochem 158:208–218

Ali A, Tahir M, Amin M, Basra S, Maqbool M, Lee D (2013) Si 
induced stress tolerance in wheat (Triticum aestivum L.) hydro-
ponically grown under water deficit conditions. Bulgarian J Agr 
Sci 19:952–958

Alzahrani Y, Kuşvuran A, Alharby HF, Kuşvuran S, Rady MM (2018) 
The defensive role of silicon in wheat against stress conditions 
induced by drought, salinity or cadmium. Ecotoxicol Environ 
Saf 154:187–196

Aminiyan MM, Rahman MM, Rodríguez-Seijo A, Hajiali Begloo 
R, Cheraghi M, Aminiyan FM (2022) Elucidating of poten-
tially toxic elements contamination in topsoils around a copper 
smelter: spatial distribution, partitioning and risk estimation. 
Environ Geochem Health 44(6):1795–1811

Anwaar HA, Perveen R, Mansha MZ, Abid M, Sarwar ZM, Aatif HM, 
Ud Din Umar U, Sajid M, Aslam HMU, Alam MM, Rizwan M, 
Ikram RM, Alghanem SMS, Rashid A, Khan KA (2020) Assess-
ment of grain yield indices in response to drought stress in wheat 
(Triticum aestivum L.). Saudi J biol sci 27(7):1818–1823

Arnon DI, Stout P (1939) The essentiality of certain elements in 
minute quantity for plants with special reference to copper. 
Plant Physiol 14(2):371

Asgari H, Cornelis W, Van Damme P (2011) Effect of salinity on 
wheat (Triticum aestivum L.) grain yield, yield components and 
ion uptake. Desert. 16:169–175

Ashinie B, Kindie T (2011) Response of Ethiopian durum wheat 
genotypes to water deficit induced at various growth stages. 
African J Plant Sci 5(15):855

Bakhat HF, Bibi N, Zia Z, Abbas S, Hammad HM, Fahad S, Ashraf 
MR, Shah GM, Rabbani F, Saeed S (2018) Silicon mitigates 
biotic stresses in crop plants: a review. Crop Prot 104:21–34

Basirat M, Mousavi SM (2022) Effect of foliar application of sili-
con and salicylic acid on regulation of yield and nutritional 
responses of greenhouse cucumber under high temperature. J 
Plant Growth Regul 41:1–11

Basirat M, Mousavi SM, Abbaszadeh S, Ebrahimi M, Zarebanadk-
ouki M (2019) The rhizosheath: a potential root trait helping 
plants to tolerate drought stress. Plant Soil 445(1):565–575

Bazilevich N (1993) The biological productivity of North Eurasian 
ecosystems. RAS Institute of Geography Moscow, Nayka:293

Behboudi F, Tahmasebi Sarvestani Z, Kassaee MZ, Modares Sanavi 
S, Sorooshzadeh A (2018) Improving growth and yield of 
wheat under drought stress via application of SiO2 nanoparti-
cles. J Agric Sci Technol 20(7):1479–1492

Belay GA, Zhang Z, Xu P (2021) Physio-morphological and bio-
chemical trait-based evaluation of Ethiopian and Chinese 
wheat germplasm for drought tolerance at the seedling stage. 
Sustainability 13(9):4605

Bharwana S, Ali S, Farooq M, Iqbal N, Abbas F, Ahmad M (2013) 
Alleviation of lead toxicity by silicon is related to elevated 
photosynthesis, antioxidant enzymes suppressed lead uptake 
and oxidative stress in cotton. J Bioremed Biodeg 4(4):187

Blanke MM, Cooke DT (2004) Effects of flooding and drought on 
stomatal activity, transpiration, photosynthesis, water potential 
and water channel activity in strawberry stolons and leaves. Plant 
Growth Regul 42(2):153–160

Bocharnikova E, Matichenkov V (2014) Silicon fertilizers: agricultural 
and environmental impacts. In: Fertilizers: Components, uses in 
agriculture and environmental impacts. pp 183–198



5375Journal of Plant Growth Regulation (2023) 42:5354–5378 

1 3

Buchelt AC, Teixeira GCM, Oliveira KS, Rocha AMS, de Mello PR, 
Caione G (2020) Silicon contribution via nutrient solution in for-
age plants to mitigate nitrogen, potassium, calcium, magnesium, 
and sulfur deficiency. J Soil Sci Plant Nutr 20(3):1532–1548

Bukhari MA, Ahmad Z, Ashraf MY, Afzal M, Nawaz F, Nafees M, 
Jatoi WN, Malghani NA, Shah AN, Manan A (2020) Silicon 
mitigates drought stress in wheat (Triticum aestivum L.) through 
improving photosynthetic pigments, biochemical and yield char-
acters. Silicon 13:1–16

Bukhari MA, Ashraf MY, Ahmad R, Waraich EA, Hameed M 
(2015) Improving drought tolerance potential in wheat (Triti-
cum aestivum L.) through exogenous silicon supply. Pak J Bot. 
47(5):1641–1648

Cakmak I (2005) The role of potassium in alleviating detrimen-
tal effects of abiotic stresses in plants. J Plant Nutr Soil Sci 
168(4):521–530

Castro GA, Crusciol CC, daCosta CM, Ferrari Neto J, Mancuso MC 
(2016) Surface application of limestone and calcium-magne-
sium silicate in a tropical no-tillage system. J Soil Sci Plant Nutr 
16:362–379

Chaves MM, Pereira JS, Maroco J, Rodrigues ML, Ricardo CPP, 
Osório ML, Carvalho I, Faria T, Pinheiro C (2002) How plants 
cope with water stress in the field? Photosynthesis and growth. 
Ann Bot 89(7):907–916

Chen H, Jiang J-G (2010) Osmotic adjustment and plant adaptation to 
environmental changes related to drought and salinity. Environ 
Rev 18:309–319

Chen W, Yao X, Cai K, Chen J (2011) Silicon alleviates drought stress 
of rice plants by improving plant water status, photosynthesis and 
mineral nutrient absorption. Biol Trace Elem Res 142(1):67–76

Chen D, Yin L, Deng X, Wang S (2014) Silicon increases salt toler-
ance by influencing the two-phase growth response to salinity in 
wheat (Triticum aestivum L.). Acta Physiol Plant 36:2531–2535

Cheraghi M, Motesharezadeh B, Alikhani HA (2020) Nutritional and 
morpho-physiological responses of tomato plant (Lycopersicon 
esculentum Mill) affected by biological and chemical fertilizers. 
Iranian J Soil Water Res 51(10):2559–74

Cheraghi M, Motesharezadeh B, Alikhani HA, Mousavi SM (2022) 
Optimal management of plant nutrition in tomato (Lycopersicon 
esculent Mill) by using biologic, organic and inorganic fertilizers. 
J Plant Nutri. https:// doi. org/ 10. 1080/ 01904 167. 2022. 20925 11

Corwin DL (2021) Climate change impacts on soil salinity in agricul-
tural areas. Eur J Soil Sci 72(2):842–862

Coskun D, Britto DT, Huynh WQ, Kronzucker HJ (2016) The role of 
silicon in higher plants under salinity and drought stress. Front 
Plant Sci 7:1072

Coskun D, Deshmukh R, Sonah H, Menzies JG, Reynolds O, Ma JF, 
Kronzucker HJ, Bélanger RR (2019) The controversies of sili-
con’s role in plant biology. New Phytol 221(1):67–85

Cuyas L, Jing L, Pluchon S, Arkoun M (2022) Effect of Si on P-con-
taining compounds in Pi-sufficient and pi-deprived wheat. J Soil 
Science and Plant Nutri 22:1–12

Daoud AM, Hemada MM, Saber N, El-Araby AA, Moussa L (2018) 
Effect of silicon on the tolerance of wheat (Triticum aestivum 
L.) to salt stress at different growth stages: case study for the 
management of irrigation water. Plants 7(2):29

Daryanto S, Wang L, Jacinthe P-A (2016) Global synthesis of 
drought effects on maize and wheat production. PLoS ONE 
11(5):e0156362

Daszkowska-Golec A, Szarejko I (2013) Open or close the gate–sto-
mata action under the control of phytohormones in drought stress 
conditions. Front Plant Sci 4:138

Ding Z, Kheir AM, Ali MG, Ali OA, Abdelaal AI, Zhou Z, Wang B, 
Liu B, He Z (2020) The integrated effect of salinity, organic 
amendments, phosphorus fertilizers, and deficit irrigation on soil 

properties, phosphorus fractionation and wheat productivity. Sci 
Rep 10(1):1–13

do Ministro G (2012) Ministério da Agricultura, Pecuária eAbasteci-
mento. COMERCIALIZAÇÃO PROIBIDA POR TERCEIROS: 
10.

Dolatabadian A, Modarres Sanavy S, Sharifi M (2009) Alleviation of 
water deficit stress effects by foliar application of ascorbic acid 
on Zea mays L. J Agron Crop Sci 195(5):347–355

Du H, Wu N, Chang Y, Li X, Xiao J, Xiong L (2013) Carotenoid 
deficiency impairs ABA and IAA biosynthesis and differen-
tially affects drought and cold tolerance in rice. Plant Mol Biol 
83(4–5):475–488

Eneji AE, Inanaga S, Muranaka S, Li J, Hattori T, An P, Tsuji W (2008) 
Growth and nutrient use in four grasses under drought stress as 
mediated by silicon fertilizers. J Plant Nutr 31(2):355–365

Etesami H, Jeong BR (2018) Silicon (Si): review and future pros-
pects on the action mechanisms in alleviating biotic and abiotic 
stresses in plants. Ecotoxicol Environ Saf 147:881–896

Exley C, Guerriero G, Lopez X (2020) How is silicic acid transported 
in plants? SILICON 12(11):2641–2645

Farooq M, Wahid A, Kobayashi N, Fujita D, Basra S (2009) Plant 
drought stress: effects, mechanisms and management. Sustain 
agric. https:// doi. org/ 10. 1007/ 978- 90- 481- 2666-8_ 12

Frantz JM, Khandekar S, Leisner S (2011) Silicon differentially 
influences copper toxicity response in silicon-accumulator 
and non-accumulator species. J American Soc Horticult Sci 
136:329–338

Gao X, Zou C, Wang L, Zhang F (2005) Silicon improves water use 
efficiency in maize plants. J Plant Nutr 27(8):1457–1470

Gharineh M, Karmollachaab A (2013) Effect of silicon on physi-
ological characteristics wheat growth under water-deficit stress 
induced by PEG. Int J Agron Plant Prod 4(7):1543–1548

Gong H, Chen K (2012) The regulatory role of silicon on water rela-
tions, photosynthetic gas exchange, and carboxylation activi-
ties of wheat leaves in field drought conditions. Acta Physiol 
Plant 34(4):1589–1594

Gong HJ, Chen KM, Chen GC, Wang SM, Zhang CL (2003) Effects 
of silicon on growth of wheat under drought. J Plant Nutr 
26:1055–1063

Gong H, Zhu X, Chen K, Wang S, Zhang C (2005) Silicon alleviates 
oxidative damage of wheat plants in pots under drought. Plant 
Sci 169(2):313–321

Gong HJ, Chen KM, Zhao ZG, Chen GC, Zhou WJ (2008) Effects of 
silicon on defense of wheat against oxidative stress under drought 
at different developmental stages. Biol Plant 52(3):592–596

Greger M, Landberg T, Vaculík M (2018) Silicon influences soil 
availability and accumulation of mineral nutrients in various 
plant species. Plants 7:41

Grieve C, Francois L, Poss J (2001) Effect of salt stress during early 
seedling growth on phenology and yield of spring wheat. Cereal 
Res Commun 29(1):167–174

Grote U, Fasse A, Nguyen TT, Erenstein O (2021) Food security and 
the dynamics of wheat and maize value chains in Africa and 
Asia. Front Sustain Food Syst 4:317

Gunes A, Inal A, Bagci EG, Coban S (2007) Silicon-mediated changes 
on some physiological and enzymatic parameters symptomatic 
of oxidative stress in barley grown in sodic-B toxic soil. J Plant 
Physiol 164(6):807–811

Gurmani AR, Bano A, Najeeb U, Zhang J, Khan SU, Flowers TJ (2013) 
Exogenously applied silicate and abscisic acid ameliorates the 
growth of salinity stressed wheat (Triticum aestivum L) seedlings 
through  Na+ exclusion. Aust J Crop Sci 7:1123–1130

Hajihashemi S, Kazemi S (2022) The potential of foliar application of 
nano-chitosan-encapsulated nano-silicon donor in amelioration 
the adverse effect of salinity in the wheat plant. BMC Plant Biol 
22(1):1–15

https://doi.org/10.1080/01904167.2022.2092511
https://doi.org/10.1007/978-90-481-2666-8_12


5376 Journal of Plant Growth Regulation (2023) 42:5354–5378

1 3

Hajiboland R, Cherghvareh L, Dashtebani F (2017) Effect of silicon 
supplementation on wheat plants under salt stress. J Plant Process 
Funct 5(18):1–12

Hameed A, Farooq T, Hameed A, Sheikh MA (2021) Silicon-mediated 
priming induces acclimation to mild water-deficit stress by alter-
ing physio-biochemical attributes in wheat plants. Front Plant 
Sci 12:625–541

Hameed A, Sheikh MA, Jamil A, Basra SMA (2013) Seed priming 
with sodium silicate enhances seed germination and seedling 
growth in wheat (Triticum aestivum L.) under water deficit stress 
induced by polyethylene glycol. Pak J Life Soc Sci 11(1):19–24

Hattori T, Inanaga S, Tanimoto E, Lux A, Luxová M, Sugimoto Y 
(2003) Silicon-induced changes in viscoelastic properties of sor-
ghum root cell walls. Plant Cell Physiol 44(7):743–749

Houben D, Sonnet P, Cornelis J-T (2014) Biochar from Miscanthus: a 
potential silicon fertilizer. Plant Soil 374:871–882

Hosseini SA, Naseri Rad S, Ali N, Yvin JC (2019) The ameliorative 
effect of silicon on maize plants grown in Mg-deficient condi-
tions. Int J Mol Sci 20(4):969

Hmidi D, Abdelly C, H-u-R A, Ashraf M, Messedi D (2018) Effect of 
salinity on osmotic adjustment, proline accumulation and pos-
sible role of ornithine-δ-aminotransferase in proline biosynthesis 
in Cakile maritima. Physiol Mol Biol Plants 24(6):1017–1033

Huang S, Ma JF (2020) Silicon suppresses zinc uptake through 
down-regulating zinc transporter gene in rice. Physiol Plant 
170:580–591

Jasim AH, Abood SK (2018) Response of six wheat genotypes in salin-
ity soil to silicon spraying (vegetative growth). Ann West Univ 
Timisoara Series Biol 21(1):3–10

Kafi M, Rahimi Z (2011) Effect of salinity and silicon on root charac-
teristics, growth, water status, proline content and ion accumu-
lation of purslane (Portulaca oleracea L.). Soil Sci Plant Nutri 
57(2):341–347

Kalapathy U, Proctor A, Shultz J (2002) An improved method for pro-
duction of silica from rice hull ash. Biores Technol 85:285–289

Kale Celik S (2022) Deficit irrigation under water stress and salinity 
conditions: fao-aquacrop model. Infrastruktura i Ekologia Ter-
enów Wiejskich 12:96–106

Katz O, Puppe D, Kaczorek D, Prakash NB, Schaller J (2021) Sili-
con in the soil–plant continuum: intricate feedback mechanisms 
within ecosystems. Plants 10(4):652

Kaya C, Tuna L, Higgs D (2006) Effect of silicon on plant growth and 
mineral nutrition of maize grown under water-stress conditions. 
J Plant Nutr 29(8):1469–1480

Keyvan S (2010) The effects of drought stress on yield, relative water 
content, proline, soluble carbohydrates and chlorophyll of bread 
wheat cultivars. J Anim Plant Sci 8(3):1051–1060

Khan ZS, Rizwan M, Hafeez M, Ali S, Adrees M, Qayyum MF, Khalid 
S, Rehman MZUR, Sarwar MA (2020) Effects of silicon nano-
particles on growth and physiology of wheat in cadmium con-
taminated soil under different soil moisture levels. Environ Sci 
Pollut Res 27:4958–4968

Kim YH, Khan AL, Waqas M, Shim JK, Kim DH, Lee KY, Lee IJ 
(2014) Silicon application to rice root zone influenced the phyto-
hormonal and antioxidant responses under salinity stress. J Plant 
Growth Regul 33(2):137–149

Koenigshofer H, Loeppert H-G (2019) The up-regulation of proline 
synthesis in the meristematic tissues of wheat seedlings upon 
short-term exposure to osmotic stress. J Plant Physiol 237:21–29

Korkmaz A, Karagöl A, Akınoğlu G, Korkmaz H (2018) The effects 
of silicon on nutrient levels and yields of tomatoes under saline 
stress in artificial medium culture. J Plant Nutr 41(1):123–135

Li Q-F, Ma C-C, Shang Q-L (2007) Effects of silicon on photosynthesis 
and antioxidative enzymes of maize under drought stress. Ying 
Yong Sheng Tai Xue Bao. J Appl Ecol 18:531–536

Liang Y, Sun W, Zhu Y-G, Christie P (2007) Mechanisms of silicon-
mediated alleviation of abiotic stresses in higher plants: a review. 
Environ Pollut 147(2):422–428

Liang Y, Zhang W, Chen Q, Liu Y, Ding R (2006) Effect of exogenous 
silicon (Si) on H+-ATPase activity, phospholipids and fluidity 
of plasma membrane in leaves of salt-stressed barley (Hordeum 
vulgare L.). Environ Exp Bot 57(3):212–219

Liang Y, Zhu J, Li Z, Chu G, Ding Y, Zhang J, Sun W (2008) 
Role of silicon in enhancing resistance to freezing stress 
in two contrasting winter wheat cultivars. Environ Exp Bot 
64(3):286–294

Liu B, Soundararajan P, Manivannan A (2019) Mechanisms of 
silicon-mediated amelioration of salt stress in plants. Plants 
8(9):307

Liu P, Yin L, Wang S, Zhang M, Deng X, Zhang S, Tanaka K (2015) 
Enhanced root hydraulic conductance by aquaporin regulation 
accounts for silicon alleviated salt-induced osmotic stress in 
Sorghum bicolor L. Environ Exp Bot 111:42–51

Maas EV, Hoffman GJ (1977) Crop salt tolerance—current assess-
ment. J Irrig Drain Div 103(2):115–134

Ma JF, Miyake Y, Takahashi E (2001) Silicon as a beneficial element 
for crop plants. Stud Plant Sci 8:17–39

Ma J, Huang GB, Yang DL, Chai Q (2014) Dry matter remobilization 
and compensatory effects in various internodes of spring wheat 
under water stress. Crop Sci 54(1):331–339

Ma D, Sun D, Wang C, Qin H, Ding H, Li Y, Guo T (2016) Silicon 
application alleviates drought stress in wheat through tran-
scriptional regulation of multiple antioxidant defense path-
ways. J Plant Growth Regul 35:1–10

Maghsoudi K, Emam Y, Ashraf M (2015) Influence of foliar applica-
tion of silicon on chlorophyll fluorescence, photosynthetic pig-
ments, and growth in water-stressed wheat cultivars differing 
in drought tolerance. Turk J Bot 39(4):625–634

Maghsoudi K, Emam Y, Pessarakli M (2016) Effect of silicon on 
photosynthetic gas exchange, photosynthetic pigments, cell 
membrane stability and relative water content of different 
wheat cultivars under drought stress conditions. J Plant Nutr 
39(7):1001–1015

Maghsoudi K, Emam Y, Niazi A, Pessarakli M, Arvin MJ (2018) 
P5CS expression level and proline accumulation in the sensi-
tive and tolerant wheat cultivars under control and drought 
stress conditions in the presence/absence of silicon and sali-
cylic acid. J Plant Interact 13(1):461–471

Majeed A, Muhammad Z (2019) Salinity: a major agricultural prob-
lem—causes, impacts on crop productivity and management 
strategies. In: Nahar Kamrun, Alharby Hesham F (eds) Plant 
abiotic stress tolerance. Springer, Cham, pp 83–99

Marschner H (2011) Marschner's mineral nutrition of higher plants. 
Academic press, pp. 257–263

Mousavi SM (2022) Silicon and nano-silicon mediated heavy metal 
stress tolerance in plants. In: Etesami H, Anwar Hossain M, 
Al-Saeedi AH, El-Ramady H, Fujita M, Pessarakli M (eds) 
Silicon and nano-silicon in environmental stress management 
and crop quality improvement: recent progress and future pros-
pects. Elsevier publications, Amsterdam

Mousavi SM, Motesharezadeh B, Hosseini HM, Alikhani H, Zolfaghari 
AA (2018a) Root-induced changes of Zn and Pb dynamics in the 
rhizosphere of sunflower with different plant growth promoting 
treatments in a heavily contaminated soil. Ecotoxicol Environ 
Saf 147:206–216

Mousavi SM, Motesharezadeh B, Hosseini HM, Alikhani H, Zolfaghari 
AA (2018b) Geochemical fractions and phytoavailability of zinc 
in a contaminated calcareous soil affected by biotic and abiotic 
amendments. Environ Geochem Health 40(4):1221–1235



5377Journal of Plant Growth Regulation (2023) 42:5354–5378 

1 3

Mousavi SM, Srivastava AK, Cheraghi M (2022) Soil health and 
crop response of biochar: an updated analysis. Arch Agronomy 
Soil Sci. https:// doi. org/ 10. 1080/ 03650 340. 2022. 20549 98

Mushtaq A, Khan Z, Khan S, Rizwan S, Jabeen U, Bashir F, Ismail 
T, Anjum S, Masood A (2020) Effect of silicon on antioxidant 
enzymes of wheat (Triticum aestivum L.) grown under salt stress. 
Silicon 12:2783–2788

Mushtaq A, Rizwan S, Jamil N, Ishtiaq T, Irfan S, Ismail T, Malghani 
MN, Shahwani MN (2019) Influence of silicon sources and con-
trolled release fertilizer on the growth of wheat cultivars of Balo-
chistan under salt stress. Pak J Bot 51(5):1561–1567

Mvondo-She MA, Marais D (2019) The investigation of silicon locali-
zation and accumulation in citrus. Plants 8(7):200

Nadeem M, Tariq MN, Amjad M, Sajjad M, Akram M, Imran M, 
Shariati MA, Gondal TA, Kenijz N, Kulikov D (2020) Salin-
ity-induced changes in the nutritional quality of bread wheat 
(Triticum aestivum L.) genotypes. AGRIVITA, J Agricul Sci 
42(1):1–12

Nezhadahmadi A, Prodhan ZH, Faruq G (2013) Drought tolerance in 
wheat. Sci World J. https:// doi. org/ 10. 1155/ 2013/ 610721

Othmani A, Ayed S, Bezzin O, Farooq M, Ayed-Slama O, Slim-Amara 
H, Ben Younes M (2021) Effect of silicon supply methods on 
durum wheat (Triticum durum Desf.) response to drought stress. 
Silicon 13(9):3047–3057

Pavlovic J, Kostic L, Bosnic P, Kirkby EA, Nikolic M (2021) Interac-
tions of silicon with essential and beneficial elements in plants. 
Front Plant Sci 12:1224

Pei ZF, Ming DF, Liu D, Wan GL, Geng XX, Gong HJ, Zhou W (2010) 
Silicon improves the tolerance to water-deficit stress induced by 
polyethylene glycol in wheat (Triticum aestivum L.) seedlings. J 
Plant Growth Regul 29(1):106–115

Pennington J (1991) Silicon in foods and diets. Food Addit Contam 
8:97–118

Puppe D, Sommer M (2018) Experiments, uptake mechanisms, and 
functioning of silicon foliar fertilization—a review focusing on 
maize, rice, and wheat. Adv Agron 152:1–49

Rafi Q, Imtiaz A, Safdar M, Javeed H, Abdul R, Yasir R (2020) Miti-
gating water stress on wheat through foliar application of silicon. 
Asian J Agric Biol 8(1):1–10

Ramegowda V, Da Costa MVJ, Harihar S, Karaba NN, Sreeman SM 
(2020) Abiotic and biotic stress interactions in plants: a cross-
tolerance perspective. In: Ramegowda V, Da Costa MVJ, Hari-
har S, Karaba NN, Sreeman SM (eds) Priming-mediated stress 
and cross-stress tolerance in crop plants. Academic Press, Cam-
bridge, pp 267–302

Ranjan A, Sinha R, Bala M, Pareek A, Singla-Pareek SL, Singh AK 
(2021) Silicon-mediated abiotic and biotic stress mitigation in 
plants: underlying mechanisms and potential for stress resilient 
agriculture. Plant Physiol Biochem 163:15–25

Ranjbar G (2010) Salt sensitivity of two wheat cultivars at different 
growth stages. World Appl Sci J 11(3):309–314

Rao GB, Pusarla S (2018) Silicon nutrition in rice. J Eco-Friendly 
Agric 13(2):106–108

Rasool S, Hameed A, Azooz M, Siddiqi T, Ahmad P (2013) Salt stress: 
causes, types and responses of plants. In: Rasool S, Hameed 
A, Azooz M, Siddiqi T, Ahmad P (eds) Ecophysiology and 
responses of plants under salt stress. Springer, Berlin, pp 1–24

Rezakhani L, Motesharezadeh B, Tehrani MM, Etesami H, Hosseini 
HM (2020) Effect of silicon and phosphate-solubilizing bacteria 
on improved phosphorus (P) uptake is not specific to insoluble 
P-fertilized sorghum (Sorghum bicolor L.) plants. J Plant Growth 
Regul 39(1):239–253

Rizwan M, Ali S, Ibrahim M, Farid M, Adrees M, Bharwana SA, Zia-
ur-Rehman M, Qayyum MF, Abbas F (2015) Mechanisms of 
silicon-mediated alleviation of drought and salt stress in plants: 
a review. Environ Sci Pollut Res 22(20):15416–15431

Rizwan M, Ur Rehman MZ, Ali S, Abbas T, Maqbool A, Bashir A 
(2019) Biochar is a potential source of silicon fertilizer: an over-
view. Biochar biomass waste. https:// doi. org/ 10. 1016/ B978-0- 
12- 811729- 3. 00012-1

El Sabagh A, Islam MS, Skalicky M, Ali Raza M, Singh K, Anwar 
Hossain M, Hossain A, Mahboob W, Iqbal MA, Ratnasekera D, 
Singhal RK, Ahmed S, Kumari A, Wasaya A, Sytar O, Brestic 
M, ÇIG F, Erman M, Habib Ur Rahman M, Ullah N, Arshad 
A (2021) Salinity stress in wheat (Triticum aestivum L.) in the 
changing climate: adaptation and management strategies. Front 
Agron. https:// doi. org/ 10. 3389/ fagro. 2021. 661932

Saddiq MS, Iqbal S, Afzal I, Ibrahim AM, Bakhtavar MA, Hafeez MB, 
MaqboolJahanzaib MM (2019) Mitigation of salinity stress in 
wheat (Triticum aestivum L.) seedlings through physiological 
seed enhancements. J Plant Nutr 42(10):1192–1204

Sahebi M, Hanafi MM, Siti Nor Akmar A, Rafii MY, Azizi P, Tengoua 
F, Nurul Mayzaitul Azwa J, Shabanimofrad M (2015) Impor-
tance of silicon and mechanisms of biosilica formation in plants. 
BioMed res int. https:// doi. org/ 10. 1155/ 2015/ 396010

Salehi-Lisar SY, Bakhshayeshan-Agdam H (2016) Drought stress in 
plants: causes, consequences, and tolerance. In: Hossain MA, 
Wani SH, Bhattacharjee S, Burritt DJ, Tran LSP (eds) Drought 
stress tolerance in Plants. Springer, Cham, pp 1–16

Saleh J, Najafi N, Oustan S (2017) Effects of silicon application on 
wheat growth and some physiological characteristics under dif-
ferent levels and sources of salinity. Commun Soil Sci Plant Anal 
48(10):1114–1122

Salim B, Eisa S, Ibrahim I, Girgis M, Abdel-Rassoul M (2013) Effect 
of biofertilizers, mycorrhiza and foliar spraying of some micro-
nutrients (Fe+ Mn+ Zn) and potassium silicate on enhancing salt 
tolerance of wheat plant. Int J Environ 2(2):35–45

Salman D, Morteza S, Dariush Z, Abbas GM, Reza Y, Ehsan GD, 
Reza NA (2012) Application of nitrogen and silicon rates on 
morphological and chemical lodging related characteristics in 
rice (Oryza sativa L.) at North of Iran. J agricult sci 4(6):12

Salvi P, Manna M, Kaur H, Thakur T, Gandass N, Bhatt D, Muth-
amilarasan M (2021) Phytohormone signaling and crosstalk 
in regulating drought stress response in plants. Plant Cell Rep 
40(8):1305–1329

Saqib M, Zörb C, Schubert S (2008) Silicon-mediated improvement 
in the salt resistance of wheat (Triticum aestivum) results from 
increased sodium exclusion and resistance to oxidative stress. 
Funct Plant Biol 35(7):633–639

Saud S, Yajun C, Fahad S, Hussain S, Na L, Xin L, Alhussien SAAFE 
(2016) Silicate application increases the photosynthesis and its 
associated metabolic activities in Kentucky bluegrass under 
drought stress and post-drought recovery. Environ Sci Pollut Res 
23(17):17647–17655

Savant NK, Korndörfer GH, Datnoff LE, Snyder GH (1999) Sili-
con nutrition and sugarcane production: a review. J Plant Nutr 
22(12):1853–1903

Savvas D, Ntatsi G (2015) Biostimulant activity of silicon in horticul-
ture. Sci Hortic 196:66–81

Sebastian D, Rodrigues H, Kinsey C, Korndörfer G, Pereira H, Buck 
G, Datnoff L, Miranda S, Provance-Bowley M (2013) A 5-day 
method for determination of soluble silicon concentrations in 
nonliquid fertilizer materials using a sodium carbonate-ammo-
nium nitrate extractant followed by visible spectroscopy with 
heteropoly blue analysis: single-laboratory validation. J AOAC 
Int 96:251–259

Sehar Z, Jahan B, Masood A, Anjum NA, Khan NA (2021) Hydro-
gen peroxide potentiates defense system in presence of sulfur to 
protect chloroplast damage and photosynthesis of wheat under 
drought stress. Physiol Plant 172(2):922–934

Shams M, Ekinci M, Ors S, Turan M, Agar G, Kul R, Yildirim E (2019) 
Nitric oxide mitigates salt stress effects of pepper seedlings by 

https://doi.org/10.1080/03650340.2022.2054998
https://doi.org/10.1155/2013/610721
https://doi.org/10.1016/B978-0-12-811729-3.00012-1
https://doi.org/10.1016/B978-0-12-811729-3.00012-1
https://doi.org/10.3389/fagro.2021.661932
https://doi.org/10.1155/2015/396010


5378 Journal of Plant Growth Regulation (2023) 42:5354–5378

1 3

altering nutrient uptake, enzymeactivity and osmolyte accumula-
tion. Physiol Mol Biol Plants 25:1149–1161

Sharifi P, Mohammadkhani N (2016) Effects of drought stress on pho-
tosynthesis factors in wheat genotypes during anthesis. Cereal 
Res Commun 44(2):229–239

Shi Y, Zhang Y, Han W, Feng R, Hu Y, Guo J, Gong H (2016) Sili-
con enhances water stress tolerance by improving root hydraulic 
conductance in Solanum lycopersicum L. Front Plant Sci 7:196

Siddique A, Kandpal G, Kumar P (2018) Proline accumulation and 
its defensive role under diverse stress condition in plants: an 
overview. J Pure Appl Microbiol 12(3):1655–1659

Singh M, Kumar J, Singh S, Singh VP, Prasad SM (2015) Roles of 
osmoprotectants in improving salinity and drought tolerance in 
plants: a review. Rev Environ Sci Bio/technol 14(3):407–426

Sivanesan I, Son MS, Lee JP, Jeong BR (2010) Effects of silicon 
on growth of Tagetes patula L. ‘Boy Orange’and ‘Yellow 
Boy’seedlings cultured in an environment controlled chamber. 
Propag Ornam Plants 10:136–140

Sonobe K, Hattori T, An P, Tsuji W, Eneji AE, Kobayashi S, Kawamura 
Y, Tanaka K, Inanaga S (2010) Effect of silicon application on 
sorghum root responses to water stress. J Plant Nutr 34(1):71–82

Soratto RP, Crusciol CAC, Castro GSA, Costa CHMd, Ferrari Neto J 
(2012) Leaf application of silicic acid to white oat and wheat. 
Rev Bras Ciênc Solo 36:1538–1544

Souri Z, Khanna K, Karimi N, Ahmad P (2021) Silicon and plants: 
current knowledge and future prospects. J Plant Growth Regul 
40(3):906–925

Sreenivasan A (1934) The Role of silicon in plant nutrition. Curr Sci 3:193–197
Sun L, Gong K (2001) Silicon-based materials from rice husks and 

their applications. Ind Eng Chem Res 40:5861–5877
Szabados L, Savouré A (2010) Proline: a multifunctional amino acid. 

Trends Plant Sci 15(2):89–97
Taffouo VD, Nouck AE, Nyemene KP, Tonfack B, Meguekam TL, 

Youmbi E (2017) Effects of salt stress on plant growth, nutri-
ent partitioning, chlorophyll content, leaf relative water content, 
accumulation of osmolytes and antioxidant compounds in pep-
per (Capsicum annuum L.) cultivars. Notulae Botanicae Horti 
Agrobotanici Cluj-Napoca 45:481–490

Taha RS, Seleiman MF, Shami A, Alhammad BA, Mahdi AH (2021) 
Integrated application of selenium and silicon enhances growth 
and anatomical structure, antioxidant defense system and yield 
of wheat grown in salt-stressed soil. Plants 10(6):1040

Tahir MA, Rahmatullah T, Aziz M, Ashraf S, Kanwal S, Maqsood MA 
(2006) Beneficial effects of silicon in wheat (Triticum aestivum 
L.) under salinity stress. Pak J Bot 38:1715–1722

Tahir MA, Aziz T, Rahmatullah (2011) Silicon-induced growth and 
yield enhancement in two wheat genotypes differing in salinity 
tolerance. Commun Soil Sci Plant Anal 42(4):395–407

Tahir MA, Aziz T, Farooq M, Sarwar G (2012) Silicon-induced 
changes in growth, ionic composition, water relations, chloro-
phyll contents and membrane permeability in two salt-stressed 
wheat genotypes. Arch Agron Soil Sci 58:247–256

Thiagalingam K, Silva J, Fox R (1977) Effect of calcium silicate on 
yield and nutrient uptake in plants grown on a humic ferruginous 
latosol. Conference on Chemistry and Fertility of Tropical Soils, 
Kuala Lumpur, Malaysia. Malaysian Soc Soil Sci pp. 149–155

Thorne SJ, Hartley SE, Maathuis FJ (2021) The effect of silicon on osmotic 
and drought stress tolerance in wheat landraces. Plants 10:814

Tibbitts SA (2018) Effect of silicon on wheat growth and development 
in drought and salinity stress. Master’s Thesis, p. 6925. https:// 
digit alcom mons. usu. edu/ etd/ 6925 (accessed on 15 October 2020)

Tuna AL, Kaya C, Higgs D, Murillo-Amador B, Aydemir S, Girgin 
AR (2008) Silicon improves salinity tolerance in wheat plants. 
Environ Exp Bot 62(1):10–16

Ullah A, Al-Rajhi RS, Al-Sadi AM, Farooq M (2021) Wheat geno-
types with higher intercellular CO2 concentration, rate of 

photosynthesis, and antioxidant potential can better tolerate 
drought stress. J Soil Sci Plant Nutr 21(3):2378–2391

Ullah A, Manghwar H, Shaban M, Khan AH, Akbar A, Ali U, Ali 
U, Fahad S (2018) Phytohormones enhanced drought tol-
erance in plants: a coping strategy. Environ Sci Pollut Res 
25(33):33103–33118

Valizadeh-rad K, Motesharezadeh B, Alikhani HA, Jalali M (2022a) 
Direct and residual effects of water deficit stress, different 
sources of silicon and plant-growth promoting bacteria on silicon 
fractions in the soil. Silicon 14:3403–3415

Valizadeh-rad K, Motesharezadeh B, Alikhani HA, Jalali M, Etesami 
H, Javadzarin I (2022b) Morphophysiological and nutritional 
responses of canola and wheat to water deficit stress by the 
application of plant growth-promoting bacteria, nano-silicon, 
and silicon. J Plant Growth Regulat. https:// doi. org/ 10. 1007/ 
s00344- 022- 10824-w

Vandegeer RK, Zhao C, Cibils-Stewart X, Wuhrer R, Hall CR, Hartley 
SE, Tissue DT, Johnson SN (2021) Silicon deposition on guard 
cells increases stomatal sensitivity as mediated by  K+ efflux 
and consequently reduces stomatal conductance. Physiol Plant 
171(3):358–370

Verma KK, Anas M, Chen Z, Rajput VD, Malviya MK, Verma CL, 
Singh RK, Singh P, Song XP, Li YR (2020) Silicon supply 
improves leaf gas exchange, antioxidant defense system and 
growth in Saccharum officinarum responsive to water limita-
tion. Plants 9(8):1032

Vuyyuru M, Sandhu HS, McCray JM, Raid RN (2018) Effects of soil-
applied fungicides on sugarcane root and shoot growth, rhizo-
sphere microbial communities, and nutrient uptake. Agronomy 
8(10):223

Walsh OS, Shafian S, McClintick-Chess JR, Belmont KM, Blanscet 
SM (2018) Potential of silicon amendment for improved wheat 
production. Plants 7(2):26

Xie Z, Jiang D, Cao W, Dai T, Jing Q (2003) Relationships of endog-
enous plant hormones to accumulation of grain protein and starch 
in winter wheat under different post-anthesis soil water statusses. 
Plant Growth Regul 41(2):117–127

Xu L, Islam F, Ali B, Pei Z, Li J, Ghani MA, Zhou W (2017) Sili-
con and water-deficit stress differentially modulate physiology 
and ultrastructure in wheat (Triticum aestivum L.). 3 Biotech 
7(4):1–13

Yeo AR, Flowers SA, Rao G, Welfare K, Senanayake N, Flowers TJ 
(1999) Silicon reduces sodium uptake in rice (Oryza sativa L.) in 
saline conditions and this is accounted for by a reduction in the 
transpirational bypass flow. Plant, Cell Environ 22(5):559–565

Yin L, Wang S, Li J, Tanaka K, Oka M (2013) Application of silicon 
improves salt tolerance through ameliorating osmotic and ionic 
stresses in the seedling of Sorghum bicolor. Acta Physiol Plant 
35(11):3099–3107

Zhang W, Xie Z, Wang L, Li M, Lang D, Zhang X (2017) Silicon alle-
viates salt and drought stress of Glycyrrhiza uralensis seedling 
by altering antioxidant metabolism and osmotic adjustment. J 
Plant Res 130(3):611–624

Zhang Y, Fang J, Wu X, Dong L (2018) Na+/K+ balance and trans-
port regulatory mechanisms in weedy and cultivated rice (Oryza 
sativa L.) under salt stress. BMC plant biol 18(1):1–14

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://digitalcommons.usu.edu/etd/6925
https://digitalcommons.usu.edu/etd/6925
https://doi.org/10.1007/s00344-022-10824-w
https://doi.org/10.1007/s00344-022-10824-w

	Silicon (Si): A Regulator Nutrient for Optimum Growth of Wheat Under Salinity and Drought Stresses- A Review
	Abstract
	Introduction
	The Sources of Si for Use in Agriculture
	The Role of Si in Wheat Tolerance to Drought and Salinity Stress
	Drought Stress
	Water Relations and Photosynthesis
	Relative Water Content (RWC)
	Nutrient Uptake
	Growth and Yield
	Effect of Si on Reducing Oxidative Stress
	Osmotic Adjustment
	Effect of Si on Plant Hormones

	Salinity Stress
	Photosynthesis, Growth, and Yield of Wheat
	Root System
	Reduction of Sodium (Na) Toxicity
	Effect of Si on Salinity-Induced Oxidative Stress
	Osmotic Adjustment
	Balance of Nutrients


	Conclusion and Suggestions
	References




