
A highly economical ‘refined not 
mined’ alternative to entrenched 
agricultural products such as 
Gypsum with the added benefit of 
Silicon and other trace elements.

Silicon-Mediated Tolerance to drought 
and low temperature stress
Drought and low temperature are two of the 
major adverse climatic factors that restrain 
plant growth and sustainable agricultural 
development. Silicon (Si) application can 
alleviate various abiotic stresses including 

drought and low temperature. The 
mechanisms for Si-mediated increases of 
tolerance to drought and low-temperature 
stresses include physiological, biochemical 
and physical aspects. These include promoting 
photosynthetic enzymatic activities, 
photochemical efficiency and photosynthetic 
rates: maintaining nutrient balance: improving 
water retention by decreasing water loss from 
leaves and increasing water uptake by the 
roots; and scavenging reactive oxygen species 
by improving the capabilities of antioxidant 
defense.D
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Photosynthesis and Plant Growth
Under environmental stresses, photosynthesis 
is inhibited Ashraf and Harris (20131) and 
exogenous Si has been found to revert this 
inhibition and therefore restore normal plant 
growth under drought and low-temperature 
condi- tions. Gong et al. (20052) observed that, 
under drought conditions, Si-supplied wheat 
seedlings had higher net CO2 assimilation rate 
as compared to untreated plants. A similar 

phenomenon was observed in other drought-
stressed plants such as sorghum (Sorghum 
bicolor) (Hattori et al. 20053; Liu et al. 20144) 
and rice (Oryza sativa) Chen et al. 20115). Under 
freezing conditions (<-5oC), Zhu et al. (20066) 
found that the application of Si could increase 
the net photosynthetic rate of wheat (Triticum 
aestivum), with the improvement being more 
obvious in the low-temperature sensitive 
cultivar.



Stomatal and Non-stomatal Limitations 
of Photosynthesis
The inhibition of photosynthesis under drought 
stress has been attributed to both stomatal 
and non-stomatal limitations Yoranov et al. 
(20007). Stomatal closure is the first response of 
plants subjected to serious water deficit, and it 
is generally considered to be the main limiting 
factor for photosynthesis (Reddy et al. 20048; 
Farooq et al. 20099). The stomatal closure appears 
to be the first line of defense against desiccation 
since it is much faster than changes in root 
growth, leaf area, chloroplast ultrastructure 
and pigment proteins Yordanov et al. (200010). 
Although stomatal closure usually occurs under 
adverse environmental conditions, in some 
stress conditions, non-stomatal limitation, i.e. 
decreased capacity of C fixation by chloroplast, 
may inhibit photosynthesis. Gong et al. (20052) 
observed that drought stress depressed the 
wheat photosynthetic rate but that the addition 
of Si application reinstated a normal rate. Similar 
results were also obtained in drought-stressed 
sorghum Hattori et al. (20053). Zhu et al. (20066) 
investigated the photosynthetic gas exchange 
of wheat leaves under freezing conditions and 
observed that the introduction of Si in the 
culture solution significantly increased the net 
photosynthesis of the stressed wheat seedings. 
Similar results were also obtained in drought-
stressed sorghum (Hattori et al. 20053). Zhu 
et al. (20066) investigated the photosynthetic 
gas exchange of wheat leaves under freezing 
conditions and observed that the introduction 
of Si in the culture solution significantly 
increased the net photosynthesis of the stressed 
wheat seedlings. They found that although 
the leaf stomatal conductance was decreased 
under freezing stress and was increased by Si 
introduction, the intercellular CO2 concentration 
was not changed (in the tolerant cultivar), or 
it was even increased (in the sensitive cultivar) 
under freezing stress without applied Si, while 
Si addition slightly decreased the concentration 
of intercellular CO2 of the stressed plants. These 
results suggest that the photosynthesis inhibition 
and Si-mediated improvement under freezing 
stress could both chiefly be attributed to non-
stomatal factor.
Chlorophyll plays an important role in the 
photosynthesis and is responsible for light 
harvesting. Lobato et al. (200911) found that 
the addition of Si could maintain the level of 
chlorophyll in capsicum (Capsicum annuum) 
under water-deficit stress, suggesting that Si 
could alleviate water stress-induced damage in 

the photosynthetic systems and therefore the 
improvement of photosynthesis. 

Similar results were also observed in drought-
stressed rice (Chen et al. 20115 ). In freezing 
conditions, Zhu et al. (20066) observed that Si 
addition not only increased the chlorophyll 
content but also increased the ratio of chlorophyll 
a/b which indicates the extent of thylakoid 
stacking Aro et al. (199312 ). 

It has been shown that there is an inverse linear 
relationship between the ratio of chlorophyll 
a/b and extent of photoinhibition Aro et al. 
(199312). Therefore, Si-mediated increase in 
chlorophyll content and chlorophyll a/b ratio 
indicates a higher stacking extent of thylakoid 
and less photoinhibition under stress conditions. 
Moreover, since chlorophyll a is more sensitive to 
reactive oxygen species (ROS) than chlorophyll b 
(Powles 198413 ), the increase in chlorophyll content 
and ratio of chlorophyll a/b by Si may reflect a 
decreased oxidative damage under freezing 
stress. The decrease in oxidative damage may be 
attributed to Si-mediated increase in activities 
of antioxidant enzymes such as superoxide 
dismutase (SOD) and catalase (CAT) (Gong et al. 
20052 ; Liang et al. 200814).pathogens resulting in 
improved plant health.

Nutrient Uptake and Plant Growth
The improvement of plant growth by the 
application of Si under environmental stress is 
not only related to increased photosynthesis 
but may be related to nutrient uptake and use. 
Water-deficit and other environmental stresses 
restrict the uptake of nutrients by roots and 
their transport to shoots and thereby reduce the 
availability of nutrients (Chen et al. 19837 ; Farooq 
et al. 20099).

Si may play an important role in maintaining 
the balance of the uptake, transport and 
distribution of mineral 
nutrients in stressed 

plants and therefore 
improve plant 
growth in 
adverse 



environmental conditions. The beneficial effects 
of Si on the growth of roots under stress conditions 
have been observed in some studies. 

In drought stress conditions, Hattori et al. (20053) 
observed a lower shoot/root ratio and higher root 
dry mass accumulation in Si-applied sorghum, 
which suggests that Si facilitated root growth 
under drought stress. Ahmed et al. (201115) found 
that the addition of Si was mainly beneficial to 
the growth of sorghum roots, with more biomass 
being allocated to the root system and therefore 
increased drought tolerance of plants. The growth 
stimulation of roots by Si may be related to root 
elongation, thereby enhancing the extensibility 
of cell walls in the growing zone, as observed in 
sorghum by Hattori et al. (200316).

Silicon-Mediated Water Retention 
(Transpiration)
In adverse conditions such as drought and 
freezing stress, the water potential and water 
content of plants are sub- stantially decreased 
(Siddique et al. 200120 ; Verslues et al. 200621 ; 
Farooq et al. 20099 ; Liang et al. 200814). 

The addition of Si can improve the water status 
of plants under drought or freezing conditions. 
Transpiration rate can influence plant water 
relations (Farooq et al. 20099). Plants transpire 
mainly through leaves, via the cuticle and 
stomata. The positive role of Si in plant growth 
and water retention has long been associated 
with Si-mediated alleviation of environmental 
stresses. In the early days, it was suggested that 
the formation of a silica–cuticle double layer on 
leaf epidermal tissue might contribute to the 
reduction in leaf transpiration (Yoshida 196522; 
Wong et al. 197223; Matoh et al. 199124). In maize, Gao 
et al. (200625) observed that the transpirational 
rate and conductance from the leaf cuticle were 
not changed by Si, while the transpirational 
rate and conductance from the stomata were 
significantly decreased. 

The results suggest that Si was involved in the 
regulation of stomatal movement. Hence, the Si-
triggered decrease in transpiration is one of the 
mechanisms for Si-mediated increase of tolerance. 
It is worth noting that whether the decrease of 
transpiration is from the cuticle or stomata may 
be related to plant species or culture conditions.
stress conditions. Moreover, since chlorophyll a is 
more sensitive to reactive oxygen species (ROS) 
than chlorophyll b (Powles 198413), the increase in 
chlorophyll content and ratio of chlorophyll a/b by 
Si may reflect a decreased oxidative damage 

under freezing stress. The decrease in oxidative 

damage may be 
attributed to Si-mediated 
increase in activities of 
antioxidant enzymes 
such as superoxide 
dismutase (SOD) and 
catalase (CAT) (Gong et al. 
20052 ; Liang et al. 200814).
pathogens resulting in 
improved plant health.

Root Water Uptake 
The complex relationship 
between transpiration and 
Si suggests that there might be 
some mechanism besides transpiration 
that contributes to Si-mediated 
tolerance to environmental stresses. 

Root water uptake is an important 
process that maintains the water 
balance in plants. Si may affect root growth 
and therefore regulate water relations. Chen et al. 
(20115) found that application of Si enhanced the 
root growth of rice under drought conditions. 
They observed that the total root length, root 
surface area, root volume and root activity were 
all increased in Si-applied stressed plants. Si 
-mediated enhancement in root growth has also 
been observed in sorghum under drought (Yin 
et al. 201426). Yin et al. (201426) suggested that the 
growth enhancement of roots was related to the 
modulation of root plasticity, which were regulated 
by Si-mediated increase in polyamine levels and 
decrease in ethylene levels. The improved root 
growth can enhance water absorption, which 
helps to increase plant tolerance to drought 
stress. In root water uptake, aquaporins are major 
facilitators of water transport in plants (Maurel et 
al. 200827). Aquaporins can be subdivided into five 
sub- families, i.e. the plasma membrane intrinsic 
proteins (PIPs), tonoplast intrinsic proteins (TIPs), 
small basic intrinsic proteins (SIPs), nodulin26-like 
intrinsic proteins (NIPs) and the uncharacterized 
X intrinsic proteins (XIPs) Bienert et al. (2011). 
Among these aquaporins, PIPs and TIPs represent 
the core pathway of water transport between and 
within cells Maurel et al. (200827). Fairly recently, 
Liu et al. (20144) found that application of Si could 
increase the root hydraulic conductance and 
induce the upregulation of PIP gene expressions 
in the roots of sorghum seedlings under water 
deficit stress, suggesting the involvement of Si in 
the regulation of water uptake under water stress.

Silicon-Mediated Membrane Integrity, 
Stability and Functions



Cell membrane systems, including plasma 
membrane and endomembrane system, are 
primary targets of environmental stresses 
Agarie et al. (199828). In adverse conditions, the 
maintenance of integrity of cell membranes 
is crucial for the survival of plants. Leakage of 
electrolytes from the cell has long been used 
as an indicator of membrane damage. The 
application of Si has been shown to decrease 
the leakage of electrolytes in drought-/water-
stressed plants, such as rice, soybean and wheat 
Agarie et al. (199828; Pei et al. 201019; Shen et al. 
201029 ), indicating the protective role of Si against 
membrane damage. Ding (200630) investigated 
the effect of Si on the change of cell structure 
in drought-stressed wheat leaves. She observed 
that in the absence of Si, a clear plasmolysis 
phenomenon occurred. In the chloroplast, the 
thylakoids became swollen, and the matrix lamella 
appeared degraded; when Si was fed to the 
plants, this resulted in a reduction of plasmolysis 
and improved the chloroplast structure. The 
improvement of leaf cell ultrastructure was also 
observed in Si-treated rice plants grown under 
drought conditions (Ming 201231). Fluidity is a basic 
and essential characteristic for the function of cell 
membranes. Huang and Yang (199632) suggested 
that proper fluidity in mitochondrial membrane 
was important to maintain its optimal structure. 
Membrane fluidity is influenced by several factors 
such as interactions of proteins and lipids (Huang 
and Yang 199632) and lipid composition Zhang et 
al. (200233).

Silicon-Mediated Antioxidant Response
ROS (Reactive Oxygen Species) induced oxidation 

of functional molecules (lipids, protein, etc.) is 
one of the most damaging processes in living 
organisms Yordanov et al. (200010); Gill and 
Tuteja 201035). Numerous studies have shown 
that Si-mediated plant tolerance against abiotic 
stress such as salt stress and heavy metal stress 
is associated with decreased oxidative damage 
of functional molecules in the cell In drought 
conditions, Gong et al. (20052) also observed that 
application of Si increased the chlorophyll and 
protein contents in wheat. The double bond index 
of fatty acids, which reflects its unsaturation, was 
decreased under drought, while it was significantly 
increased by feeding Si to the plants Gong et al. 
(20052). Moreover, they found that drought stress 
increased the level of oxidized proteins, which was 
depressed in Si-fed plants. These results suggest 
that supply of Si can decrease oxidative damage 
of lipids and proteins under drought stress. Si-
mediated decrease of lipid peroxidation damage 
under water stress has also been observed in other 
plants, such as chickpea, sunflower, soybean and 
rice (Gunes et al. 200736 , 200818 ; Shen et al. 201029; 
Ming et al. 2012a37). Under freezing conditions, 
the increased production of malondialdehyde, 
the end product of membrane lipid peroxidation, 
could be depressed by added Si, as observed in 
barley (Liang et al. 200814). Si-mediated decrease 
in oxidative damage is attributed to its regulation 
on the antioxidant defense and decreased level 
of ROS in plants. Liang et al. (200814) found that, 
under freezing conditions, addition of Si increased 
the activities of SOD (Superoxide dismutase) and 
CAT (Catalase) as well as contents of glutathione 
(GSH) and ascorbic acid in wheat. They also 
observed a Si-mediated decrease in H2O2 level in 
the freezing-stressed plants.
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