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ABSTRACT

Silicon application has been known to enhance the
plant tolerance against several biotic and abiotic stresses.
The mechanisms of alleviation of UV-radiation, drought,
salt, and heavy metal stresses have been investigated but
still definitely unknown. As a consequence, the needs for
understanding the role of Si in the physiological and
biochemical processes in plants are of a major importance.
In most cases, the published data supported the role of Si in
regulation and alleviation the adverse effects of several
environmental stresses under specific conditions and for
specific plant species.

The physiological functions of Si in plants have been
studied and showed that Si influx and efflux is regulated
by specific genes in plasma membrane of plant cells. The
role of these genes in Si transport and alleviation several
stress conditions is still poorly understood.

The occurrence of high Si content in tissues of
graminaceous plants (rice, barley and maize) has positively
activated physiological, physical and biochemical defense
mechanisms for increasing stress balance, such as
decreased lipid peroxidation, reduced membrane
permeability, and stimulation of defense enzymes activities.
The activities of stress defense enzymes, also called
antioxidative enzymes (ascorbate peroxidase, catalase,
peroxidase, and superoxide dismutase), have been found to
be linked to Si nutrition especially under abiotic stress
conditions.

There are genotypic differences controls the
accumulation of Si within a specific plant species, such as
rice. These differences are originated from variations in
abundance of certain transporters of Si in roots or/and
shoot of plant. These genotypic differences allow the plant
to facilitate high growth under abiotic stress conditions.
However, the responsible genes for Si accumulation in
plant varieties have not yet been well characterized.

Harvesting cultivated high Si — accumulator plant
species results in removal of large quantity of available Si
from soil. In order to replenish the needed amount of
available Si from such soil, application of Si — fertilizer
would improve its status in soil and maintain appreciable
amount of available Si in this soil. Fertilization of soil by
the required and safe rate of Si has been found to improve
the chemical, physical and biological properties of plant
and soil. Tests for available Si in soil and for Si content in
specific plant tissue in combination with evaluation of the
quantitative relationship between both would be reliable
guides for Si—fertilization. In this concern, whether Si is
known as a beneficial element or as an essential plant
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nutrient, the use of Si compounds as a fertilizer or as an
amendment has been proved to be of a major importance in
the present and near future.
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INTRODUCTION

Silicon is a beneficial element to plant growth. It is
indispensable to plant life cycle but has not been proved
to be essential to all higher plants. Early researchers
considered silicon as an essential element for plants
because it constitutes a high proportion of plant contents
(Table 1). Other researchers reported that it may he
essential only to some plant species including rice,
barley, and sugarcane. Several research studies
considered Si as a major inorganic constituent in higher
plants and its application is very important for
production of many crop species.

Silicon occurs in soils as silica (silicon dioxide:
Si0y), silica gel (a form of silica which has a highly
porous structure capable of adsorbing 40% of its weight
water from the saturated vapour), silicate (a salt of
silicic acid, H2SiOs, that occurs in a very large number
of rocks, earths) and other minerals consist of silicate of
calcium, aluminium, magnesium and/or other elements.
It occurs also in the form of meta-silicic acid (SiO2.H-0)
and ortho silicic acid (SiO2.2H,0).

Silicon is a non-metal of 28.086 atomic weight, 14
atomic number and occurs in two allotropic forms: a
brown amorphous powder and a dark gray crystal, of
specific gravity of 2.42 and melting point of 1420°C.

Table 1.Average values of the contents of some
elements in higher plants

Element mg kgt Element mg kgt
DM DM
N 15 Ca 0.2
K 1.0 Mg 0.5
P 0.2 S 0.2
Si 1.2

Silicones are compounds having the general formula:
R.SiO, where R stands for hydrocarbon radicals, and
defined as polymeric organic silicones of the general
type: (R2SiO)n.
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The primary significance of Si is consecrated with
certain groups of plant species, i.e, monocotyledons
such as cereals. Small amounts of this element have
been shown to be of a vital role in plants. Because old
soils can be depleted from adequate levels of available
Si, the determination of this portion in soils could permit
quantitative estimation of Si supplementation need of
the plant. The objectives of this article, therefore, were
to investigate the role of Si in the growth performance of
different plant species, in alleviation of different abiotic
stresses on plant, and in amelioration and fertilization of
soils.

Silicon in soils

Silicon is the second abundant element in the
lithosphere after oxygen. In soils, its concentration
varies from 5 to 40%Wt (Kovda, 1973), while the
common concentrations vary from 23 to 35%Wt with an
average value of 32.0% (Lindsay, 1979). Wedepohl
(1995) reported an average value of 28.8%Wt of Si
content in most soils.

Despite its abundant in soil, it is not usually occurred
in a free element but it is always combined with other
elements forming oxides and silicates (Richmond and
Sussman, 2003). As a result, silicon dioxide (SiO2)
comprises from 50 to 70%Wt of the soil mass (Ma and
Yamaji, 2006).

In spite of its high total content in soil, most Si
compounds are insoluble in soil solution and are
resistant to weathering and decomposition. This makes
the concentration of Si in soil solution is extremely low
and normally in the range from 0.1 to 0.6 mMSiL™*
(Epstein, 1994; Sommer et al., 2006).

Silicon exists in soil in both the solid and liquid
phase. The solid phase can be divided into crystalline,
poorly crystalline and amorphous (Sauer et al., 2006).
The amorphous silica consists from pedogenic
amorphous inorganic silica, such as opal, and biogenic
silica including phytoliths which is opal polymerized in
plant (lller, 1979). The phytoliths consists of about
92%Wst silica and 6%Wt water in addition to small
amounts of carbon and traces of Fe and Al (Richmond
and Sussman, 2003). The phytuliths contents in soils
vary from 0.03 to 0.06%Wt (Desplanques et al., 2006).
The crystalline forms of silicates are usually bio-
geochemistry inert (Savant et al., 1999).

The different compounds of Si have different
dissolution limits, i.e, the solubility of quartz is low
compared to that of the easily soluble amorphous silica
and diatomaceous earth (Savant et al., 1999). The
solubility of inorganic silicate in soil, generally, is in the
range 1.8 — 2.0 mMSiL? (Karathananasis, 2002) but
commonly from 0.1 to 0.6 mMSiL? (Faure, 1991),

while that of quartz is in the range 0.10 — 0.25 mM
(Iler, 1979; Lindsay, 1979; Drees et al., 1989).

The solubility of biogenic silica is 17 times higher
than that of quartz (Fraysse et al., 2006), while the
solubility of polymorphs silica is constant between pH
2.0 — 8.5, but increases rapidly near pH 9.0 (Fraysse et
al., 2006).

The chemically active Si in soil solution is
represented by monosilicic acid (SiOH.), polysilicic
acid as well as Si — complexes with inorganic and
organic compounds, i.e, organosilicates (Matichenkov
and Ammosova, 1996; Berthelesem et al., 2001;
Matichenkov and calvert, 2002; Carnelies et al., 2011).

The solubility of Si in soil is affected by several
dynamic factors such as particle size and surface area of
Si—fertilizer, soil pH, organic complexes, the presence
of Al, Fe, P ions, temperature, moisture content in soil
and precipitation/dissolution reactions (Berthelsen et al.,
2001). When the concentration of Si OHs in soil
solution exceeds 65 mgSiL™, silicic acid is polymerized
forming Si-gel (Savant et al., 1999).

Silicon Content and Uptake in Plant

Plant differs widely in their capacity to absorb and
accumulate Si in their tissues. As a result, Si
concentration in plant shoot greatly varies according to
plant species and ranges from 0.1 to 10.0% DM (Raven,
1983; Epstein, 1994, 1999; Marschner, 1995; Ma and
Takahashi, 2002; Richmond and Sussman, 2003;
Hodson et al., 2005, Ma and Yamaji, 2006).

Based on Si concentration in shoot, plants are
classified into accumulator, intermediate and excluder
(Takahashi et al., 1990). Plant species containing more
than 1.0% Si are Si — accumulators, those containing
between 0.5 and 1.0% Si are Si-mediators and those
containing less than 0.5% are Si—excluders (Table 2).
These variations have been attributed to difference in Si
uptake ability by plant roots (Ma and Yamaji, 2006).
The majority of Si — accumulators is belonging to the
monocotyledons, i.e, rice, sorghum and sugarcane (Ma
et al., 2001; Ma and Takahashi, 2002). For most plant
species, Si content in plant tends to increase with plant
age (Jones and Handreek, 1967) and usually high Si
concentration is found in older leaves.

Silicon is taken up by plant roots in the form of
unchanged monosilicic acid (HsSiOs°) and is
transported from roots to shoots via the xylem (Casey et
al., 2003). The wide variations of Si concentrations in
the different plant species are attributed to differences in
the mechanisms of Si uptake by roots and its transport
from roots to shoots. Active uptake has been
demonstrated in graminaceous such as rice (Takahashi
et al., 1990; Ma et al., 2001; Rains et al., 2006), barley
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Table 2. Silicon concentration in shoot of different plant species*

Plant species Common name Si%Wt
Lactuca serriola Lettuce 0.97
Helianthus Sunflower 1.88
Glycine max Soybean 1.39
Lupines nanus Lupine 0.28
Phaseolus vulgaris Bean 0.95
Menthe longifolia Mint 0.73
Menthe piperita Peppermint 1.22
Allium fistulosum Onion 0.31
Musa basjoo Banana 0.98
Hordeum vulgare Barley 1.82
Oriza sativa Rice 4.17
Saccharum officianum Sugarcane 1.51
Sorghum bicolor Sorghum 1.54
Triticum aestivum Wheat 2.45
Zea mays Maize 0.83

* : Ma and Takahashi (2002); Hodson et al. (2005)

(Barber and Shone, 1966) wheat (Rafi and Epstein,
1999; Casey et al., 2003), and maize (Liang et al., 2006
a). Passive uptake has been demonstrated in some
dicotyledons (Takahashi et al., 1990; Ma et al., 2001;
Mitani and Ma, 2005; Liang et al., 2005; Balakhnina
and Borkowska, 2013). Both active and passive uptake
mechanisms can coexist in rice, maize and sorghum
depending upon Si concentration in the external solution
(Liang et al., 2006 a; 2006 b). At high Si concentration,
Si uptake by rice and maize is passive and at low Si
concentration, the active mechanism is the dominant.

The Si content in plant root of 0.5% DM has been
suggested to be the baseline for intermediate; passive
uptake of Si, while Si content more than 0.5% DM has
been indicated for active uptake (Ma et al., 2001).

Plants such as tomato (Solanum lycopersicum)
and beans (Phaseoulus vulgaris) are not able to absorb
high levels of Si from soil and can exclude Si from
uptake (Takahashi et al., 1990; Mitani and Ma, 2005;
Liang et al., 2006a).

The active of Si transport from the cortical cells and
the xylem is responsible for high accumulation of Si in
the shoot of rice (Liang et al., 2006 a) while the lower Si
concentration in the shoots of cucumber and tomato is
related to both lower Si uptake and transport from the
cortical cells to the xylem (Liang et al., 2006 a).

Silicon — accumulator, intermediator and excluder
plant species take up Si from the external solution by a
similar transporter and with a K, (Michaelis constant)
value of 0.15 mM but with different values of Vmax
(maximal transport rate) which can be arranged in the
order: rice > cucumber > tomato. This indicates that the

density of Si transportation differs among these three
plant species and the transport process, therefore, is
energy dependent (Ma and Yamaji, 2006). This leads to
higher concentration of Si in the xylem sap of rice than
in that of cucumber or tomato. This indicates that xylem
Si loading in rice is mediated by specific transporter
while that in cucumber or tomato is mediated by
diffusion.

Silicon translocated from roots to shoots, via the
xylem, is subjected to further concentration as a result of
water loss by transpiration. In rice, Si concentration in
xylem sap is high and the process of xylem loading with
Si is mediated by specific transporters (Mitani and Ma,
2005). The concentration of Si in xylem sap of rice is
usually 20 and 100 fold higher than that of cucumber
and tomato, respectively (Mitani and Ma, 2005). Also,
the concentration of Si in xylem sap of cucumner and
tomato is mostly lower than its concentration in the
external solution. This makes the polymerization rate of
Si in shoots of cucumber and tomato is very low (Mitani
and Ma, 2005). Under these conditions and with
increasing the amount of silicic acid absorbed by plant
roots, the concentration of Si is increased and
consequently is polymerized to colloidal silica and then
to silica gel (SiO2.nH;0). As a result, more than 90% of
the total Si in shoot of rice is present in the form of
silica gel. The accumulation of Si in shoot of cucumber
behaves in similar pattern as that of rice but with lower
concentration (Ma and Yamaji, 2006).

Silicon as a Beneficial / an Essential Element

In the early 1900S, Si was recognized as one of the
15 elements needed for plant life (Tubana et al., 2016).
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In spite of its high accumulation in plant, it is not
considered an essential nutrient element for higher
plants (Lewin and Reimann 1969; Epstein, 1994; 1999;
Ma and Takahashi, 2002). However, its beneficial
effects have been proved for a wide varieties of higher
plants (Ma et al., 2001; Korndorfer and Lepsch, 2001;
Ma and Takahashi, 2002; Richmond and Sussman,
2003; Ma, 2004). On the other hand, its essentiality has
been known to diatoms and some members of rushes
and algae (Epstein, 1999). Silicon can improve the
tolerance of plant to several varieties of abiotic stresses,
such as salt stress (Liang et al., 2003; Ashraf et al.,
2010), drought stress (Hattori et al., 2005; Chen et al.,
2011), and heavy metals stress (Neumann and Nieden,
2001; Nwugo and Huerta, 2008).

The well known definition of the essentiality of an
element based by Arnon and Stout (1939) has been
modified recently by Epstein and bloom (2005).
Accordingly, the essential plant nutrient element should
fulfil one or both of the following criteria: (1) the
element is a part of molecule which is an intrinsic
component of the structure of metabolism of the plant,
and (2) the plant can be so severely deficient in the
element that it exhibits abnormalities in growth,
development or production, i.e., performance compared
to plants with lower deficiency. According to this
recently newly definition, Si can be an essential element
for higher plants, which can be generally adopted in the
near future (Epstein and Bloom, 2005).

Savant et al, (1997; 1999) considered Si an
agronomical  essential element for sustainable
production of rice. In the same sense, Si has been
proved to be essential for the healthy growth and
development of a wide varieties of plant species (Ma et
al., 2001; Richmond and Sussman, 2003; Ma, 2004;
Currie and Perry, 2007). This can be due to its linkage
to some physiological, morphological, nutritional and
molecular processes in plants (Ma, 2004; Epstein and
Bloom, 2005; Ma and Yamaji, 2006; Gunes et al., 2007;
Pereira et al., 2013). In this aspect, Si is the element that
does not cause severe injury to plant when it is taken in
excess levels because it can provide multiple benefits
(Maetal., 2001).

The beneficial effects of Si are decreased under
optimum growth conditions and are more evident under
stress conditions (Epstein, 1994; Ma et al., 2001). In this
concern, there is no evidence for Si enolvement in plant
metabolism and also no Si — bearing organic compounds
has been identified in higher plants (Ma et al., 2001;
Knight and Kinarde, 2001).

Silicon Deposition in Plant:The unchanged silicic acid

(H4Si04°) taken up by plant root is deposited as an
amorphous silica (SiO2.n H20, i.e, opal, silica gel or

phytoliths) in higher plants (Esptein, 1994; Ranganathan
et al., 2006). The deposited opal takes place in plant cell
wall, intercellular spaces of roots, leaves and
reproductive organs (Inanaga and Okasaka, 1995;
Harrison, 1996). In some cases, Si deposits are
precipitates combined with Zn or Al (Neumann and Zur
Nieden, 2001). This co-precipitate could be a part of
mechanisms that allows plant to ameliorate heavy metal
toxicity (Neumann and De Figueiredo, 2002; Richmond
and Sussan, 2003).

Silicon deposition, as polymerized Si O in apoplast
root, restricts ions transport from roots to shoots
(Epstein, 1999; Wang et al., 2004) and decreases
apoplastic bypass flow. It also provides binding sites for
heavy metals which lead to a decrease of metal transport
from roots to shoots (Ma and Yamaji, 2006).

Due to water loss via transpiration, silicic acid is
concentrated in the leaves and then after is polymerized
forming colloidal silicic compounds, i.e, silica gel
(SiO2.nH20) which may account for 90% of total Si in
shoots (Ma and Yamaji, 2006). Silicon is also deposited
in the transpiration sites where polymerization of
amorphous silica takes place forming phytoliths (Jones
and Handreck, 1067; Raven, 1983; Sangster et al., 2001;
Lux et al., 2003). Organo-matrix of Si deposits are also
formed with organic macromolecules (Neumann and De
Figueiredo, 2002). The deposited Si in the epidermis of
leaves and endodermis of roots (Raven, 1983; Lux et al.,
2003) is polymerized and became unavailable to
translocate within the plant (Raven, 1983).

The higher deposition rate of Si in shoot of rice is
attributed to higher transportation rate of Si from root
cortical cells to xylem, while the lower Si deposition
rate in leaves of cucumber and tomato is due to lower
transportation rate from the root cortical cells to leaves
via xylem (Mitani and Ma, 2005; Mitani et al., 2005).

Most of the deposited Si, in cell walls of roots,
stems, leaves and hulls, forms a thin layer consisting of
silica gel. It is found that more than 80% of total Si in
grains of 41 barely varieties is located in the hull with
amounts ranging from 15.34 to 27.09 mg Si kg* DM
(Ma et al., 2003).

Plant Erection (Rigidity):One of great importance is
the contribution of Si in reinforcement of cell walls by
deposition of solid silica (Currie and Perry, 2007).
Silicon  application, therefore, improves plant
architectures; i. e., making it more erect, improving the
angle of leaves and light interception, avoiding
excessive self — shading, increasing the structural
rigidity of plant tissue, reducing lodging and delaying
senescence (Ma and Yamaji, 2006; Gong and Chen,
2012). In the same sense, Si improves structure integrity
of plant (Epstein, 1999; and Ma, 2004), reduces lodging
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and leaf freckling of sugarcane. According to Marschner
(1995), Si contributes to cell wall rigidity and
strengthens and also increases cell wall elasticity during
extension growth.

Silicon  provides  mechanical  support  for
monocotyledons, ie, inhances suberization,
lignification, and silicification of cell wall. The

structural stability of monocots is due to the binding of
Si with cell wall hemicellulose which is a beneficial
mechanism under water deficit condition (Saqib et al.,
2008; Ma et al., 2015; Coskun et al., 2016).

Biosilicication in plant involves polymerization of
silicic acid within apoplast leading to formation of an
amorphous silica barrier restricting penetration of toxic
metal into symplast and transporation stream (Wang et
al., 2004; Ma et al., 2015; Coskun et al., 2016).

Plant Growth:Under normal soil conditions, silicon
addition showed no significant effect on plant growth
(Wu et al., 2015) and its beneficial role is usually
decreased (Epstein, 1994; Kaya et al., 2006; Ma and
Yamaji, 2006). However, under stress conditions, the
biomass and crop yield of plants have been found to
increase as a result of Si addition (Liang and Chen,
1994; Ma et al., 2001; Liang et al., 2005; Zuccarini,
2008; Matichenkov and Bocharinkova, 2008; Reezi et
al., 2009; Hashemi et al., 2010; Crusciol et al., 2013;
Shi et al., 2013; Kim et al., 2014; Maamoun, 2014; Wu
et al., 2015; Adrees et al., 2015; Farooq et al., 2016).

Silicon treatment stimulated the growth of most plant
species and increased the dry weight, total fruit number,
total marketable fruit yield of strawberry (Miyake and
Takahashi, 1986), increased leaf area, plant height, root
volume and biomass of alfalfa (Wang and Han, 2007),
increased the yield of common bean (Zuccarini, 2008)
and seed yield of soybean, common bean and peanut
(Crusciol et al., 2013), simulated plant height and stem
diameter of chrysanthemum (Sivanesan et al., 2013),
enhanced plant height and shoot dry weight of three rice
cultivars (Shi et al., 2013) and rice biomass and yield
(Savant et al., 1997; Farooq et al., 2016), produced the
highest grain yield of wheat (Maamoun, 2014). Silicon
application significantly increased plant height, leaf area
index, and grain yield of maize (Amin et al., 2016),
improved plant height, number of branches and leaves,
fresh and dry weight of sweet pepper (Tantawy et al.,
2015), increased plant height and number of branches
per plant, number of head per plant, number of seeds per
head and straw end seed yield of Egyptian clover
(lbrahim et al., 2015), increased plant height, root
length, leaf area index of cotton (Adrees et al., 2015),
and improved biological yield of bean (Abou Baker et
al., 2012). Application of Nano-silica enhanced the
germination and growth development of common bean

(Alsaeedi et al., 2017), and the number of leaves and
branches and seed dry weight of soybean (Suciaty et al.,
2018).

Macronutrients Contents:Silicon addition reduced
Na* uptake and content in shoots and translocation from
roots to shoots of tomato and spinach (Gune et al.,
2007), of alfalfa (Wang and Han, 2007), of common
bean (Zuccarini, 2008), of rice, wheat and barley
(Savant et al., 1997; Liang, 1999; Tuna et al., 2008) and
of wheat (Maamoun, 2014). It also decreased Na*, CI
and B accumulation in the shoot of tomato and spinach
(Gunes et al., 2007), decreased CI- accumulation in
leaves of tomato (Shi et al., 2013), and reduced Na* and
Cl- uptake by tomato roots and translication to plant
shoot (Liang et al., 2015).

Potassium concentrations in roots and shoots of
barley, grown under salt stress, have been increased by
Si addition (Liang, 1999). Maamoun (2014) found that
Si addition increased K* content and decreased Na*
content in the grains of wheat. Silicon increase nitrogen
use efficiency and P utilization in rice (Savant et al.,
1997; 1999), and maintained adequate levels of P, K, Ca
and Mg in shoots and roots of oil seed rape (Liang and
Chen, 1994). It also maintained adequate K* content and
uptake and increased its contents in roots and shoots of
barley (Liang, 1999) and of wheat (Tuna et al., 2008),
and enhanced K* uptake and reduced Na* uptake and
increased K / Na ratio in plants (Imtias et al., 2016). It
has been also found that foliar spray by Si (diatomite)
had increased N, P and K uptake and content in wheat
plant grown in clay soil (Hellal et al., 2012).

Enzymes Activities:Addition of potassium silicate to
barley plant increased ATP-ase activity by two-folds as
compared to plant grown without Si addition (Liang,
1999). Silicon enhanced also the activities of antioxidant
enzymes in plants grown under salt stress (Liang, 1999
Zhu et al., 2004; Al Aghabary et al., 2004; Gong et al.,
2005; Liang et al., 2006 b; Qian et al., 2006; Wang et
al., 2011), while the concentration of hydrogen peroxide
(H20,) was decreased (Gong et al., 2005). Wang et al.
(2011) found that Si addition increased ascorbate
peroxidase (APX) activity in roots, shoots and leaves,
catalase (CAT) activity in leaves, and peroxidase (POD)
activity in shoots of two alfalfa cultivars grown under
Cd-stress.

Silicon application to spinach, grown under salinity
stress, decreased hydrogen peroxide (H202) and lipid
peroxidation (LPO) while increased superoxide
dismutase and catalase activities (Eraslan et al., 2008).
The SOD, CAT and APX enzymes activities in leaves of
spinach and tomato plants were increased as a result of
Si treatment (Gunes et al., 2007). The activities of
sucrose phosphate synthase and sucrose synthase in
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tomato plant were increased due to Si addition (Lee et
al., 2002).Bu et al. (2016) found also that Si treatment
of cucumber seedlings increased the activities of SOD,
CAT and APX.

Photosynthesis:One of the benefits of Si addition to
plants is improving the photosynthetic efficiency process
(Ma and Yamaji et al., 2006; 2008; Sacala, 2009; Shen
et al., 2010; Gong and Chen, 2012) while plants grown
in Si-deficient soil showed disturbance in leaf
photosynthetic efficiency (Liang, 1998). It has been
proved that Si addition improved chlorophyll content
and ultrastructure of chloroplast (Liang, 1998; Liang et
al., 2003; Kaya et al., 2006; Quan et al., 2006; Tuna et
al., 2008). It has been found that photosynthetic rate in
leaves of soybean has been increased by 21% as a result
of Si addition (Shen et al., 2010).

Recently, studies showed that Si addition had
increased the chlorophyll a and carotene contents in
wheat (Hellal et al., 2012), the contents of
photosynthetic pigments in wheat (Gong et al., 2005),
the photosynthetic rate in maize (Amin et al., 2016) and
in wheat (Hijiboland et al., 2017), the chlorophyll of
chrysanthemum (Sivanesan et al., 2013). It has been also
found that foliar spray by Si increased chlorophyll
pigments, chlorophyll a, chlorophyll b and carotenoids
in leaves of wheat (Ibrahim et al., 2016).

Cell Membrane Stability:Excessive cell membrane
damage of soybean caused by UV — radiation, drought,
or salt stress (Shen et al., 2010) and of rice (Feng et al.,
2011) was ameliorated by Si treatment. Protecting cell
membrane of maize grown under drought stress from
damage has been maintained by Si application (Kaya et
al., 2006). Silicon addition to gerbera (Gerbera
jamesonii) cuts (Kazemi et al., 2012) and to rose (Rose
X hyprida L.) cut (Reezi et al., 2009) protected cell
membrane from damage and restored membrane
integrity and function. Gunes et al. (2007) found that
oxidative membrane damage was protected by Si
treatment of tomato and spinach grown under toxicity of
Na*, B and salt.

Water content in Plant:Silicon application improved
water status of rice (Savant et al., 1999), maize (Gao et
al., 2004; Kaya et al., 2006; Amin et al., 2016), tomato
(Romero-Aranda et al., 2006; Gao et al., 2006), wheat
(Tuna et al., 2008; Ahmed et al., 2012), gerbera cut
(Kazemi et al., 2012), bean (Abou-Baker et al., 2012),
sorghum (Hattori et al., 2005; Ahmed et al., 2011 g;
2011 b), papper (Pereira et al., 2013), and soybean
(Shen et al., 2010). The Si treated plants maintained
higher water content than those without Si — treatment
when grown under drought condition (Ma et al., 2001;
Kaya et al., 2006; Gong and Chen, 2012).

Irrigation water use efficiency (IWUE), water use
efficiency (WUE). Economic water productivity (EWP),
and relative leaf water content have been found to
increase as result of Si addition to plants grown under
salt stress (Shen et al., 2010; Gong and Chen, 2012;
Abou-Baker et al., 2012; Amin et al, 2016).
Improvement of water status in plants leaves was
maintained at high level as a result of Si addition
(Lobato et al., 2009; Ahmed et al., 2011 a; 2011 b)
which has been attributed to reduced water loss via
transpiration. This low transpiration has been achieved
through Si deposition, as silica gel layer, on the
epidermal cell walls (Gao et al., 2004; 2006; Romero —
Aranda et al., 2006; Kaya et al., 2006; Tuna et al.,
2008). It is also found that the improved structure
integrity, of plant treated with Si, increased water
retention in leaf tissue and maintained plant water
balance (Ma, 2004; Hattori et al., 2005; Lobato et al.,
2009).

The source of Si compound is an important factor in
improving water status in plant. Foliar spray by K-
silicate was more effective than Mg-silicate for
improving water content in plant. This is due to the role
of K in mitigating Na* toxicity and salt stress (Abou-
Baker et al., 2012). High water content in plant would
lead to salt dilution in plant tissues and consequently
mitigates salt toxicity and in turn leads to higher plant
growth (Romero — Aranda et al., 2006).

Role of Silicon in Plant under Stress Conditions

It has been reported that silicon alleviates various
abiotic stresses those adversely affect plant growth
including: physical stress i. e., drought, radiation, high
and low temperature and freezing, and chemical stress i.
e., salt, metal toxicity and nutrient imbalance (Ma, 2004;
Ma and Yamaji, 2006; Ashraf et al., 2010).

Under stress conditions, the reactive oxygen species
(ROS) are generated in plants under certain conditions
and can exceed the antioxidant potential of plant cell
and consequently cause its oxidative damage (Ali et al.,
2013).

In the absence of Si, stomatal resistance, membrane
permeability, lipid peroxidation, hydrogen peroxide and
proline concentration are increased (Gunes et al., 2007).
Plants under water deficit and salt stress conditions
contain higher levels of proline than that of the normal
plants and therefore addition of Si to pepper plants
decreased proline concentration as compared to plants
without Si treatment (Pereira et al., 2013).

Silica deposition underneath leaf cuticles forms
subcuticular double layer which contributes in the
reduction of water loss via transpiration, which thereby
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improves water status in plant grown under stress (Lux
et al., 2002; Hattori et al., 2005).

Radiation Stress:Ultraviolet — B radiation adversely
affects plant cell biology causing the generation of
reactive oxygen species (ROS) which leads to plant
damage (Zancan et al., 2008; Lizana et al., 2009). It
causes also intensification of lipid peroxidation (LPO)
and cell membrane damage in soybean seedlings (Shen
et al., 2010), and in rice (Feng et al., 2011). Reactive
oxygen species — mediated lipid peroxidation is
considered the most damaging process in living
organisms (Gill and Tuteja, 2010).

Silicon addition to soybean and sorghum seedlings
increased plants tolerance to UV-B radiation stress and
reduced cell membrane damage (Shen et al., 2010; Feng
et al., 2011). It has been suggested that Si can protect
leaves of sugarcane from UV-B radiation damage by
filtering the harmful ultraviolet rays. In addition, Si
application to sugarcane has been found to increase the
activity of SOD compounds in leaves of plant subjected
to UV-B radiation.

Drought Stress:Drought stress in one of the main
causes of crop loss that reduces the average crop yield.
Silicon supplementation has been proved to increase
drought tolerance of sorghum (Hattori et al., 2005),
cucumber (Liang and Romhold, 2005), wheat (Gong et
al., 2003; 2005), soybean (Shen et al., 2010) and rice
(Mauad et al., 2016).

The role of Si in increasing drought stress occurs by
several physical, physiological and biochemical
processes, i. e. (i) maintaining erection of leaves and
structure of xylem vessels, water balance and
photosynthetic efficiency (Hattori et al., 2005; Liang et
al., 2005; Ahmed et al., 2011 a; 2011 b), (ii) stimulating
the activities of antioxidant enzymes (Gong et al., 2005;
Kiang et al., 2005, Wang et al, 2011) and
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photosynthetic rate (Gong et al., 2005; Liang et al.,
2005; Chen et al., 2010; Amin et al., 2016), and (iii)
increasing the concentrations of antioxidant metabolites
(Liang, 1999; Al-Aghabary, et al., 2004; Zhu et al.,
2004; Liang et al., 2006 b; Qian et al., 2006).

Silicon application improved water status in soybean
grown under drought stress by 30% relative to the
control treatment (Shen et al., 2010). It increased also
relative water content in leaves of wheat (Gong et al.,
2003; 2005) and of maize (Kaya et al., 2006; Amin et
al., 2016) grown under drought stress.

Silicon addition reduced membrane damage of plant
cells (Kaya et al., 2006; Shen et al., 2010; Feng et al.,
2011), Na* uptake by cucumber (Liang and Romheld,
2005), alfalfa (Wang and Han, 2007) and common bean
(Zuccarini, 2008), the concentration of hydrogen
peroxide (H20;) in plant leaves (Gong et al., 2005),
lipid peroxidation (LPO) and membrane permeability
(Farooq et al., 2015).

Liang et al. (2005) concluded that drought tolerance
mechanisms, due to Si addition, included stimulation of
antioxidant system and alleviation of specific ion effect.
Hattori et al. (2005) summarized the role of Si in
improving the physiological growth attributes of
sorghum grown under drought stress as a result of
addition of 10% K — silicate (Table 3).

Salt Stress:Salinity adversely affects plant growth via
specific effects of particular ions or via raising the
osmotic pressure of solution of the growth medium or by
both. Salinity increases the indicative stress compounds,
i.e., hydrogen peroxide (H20-), proline concentration
and lipid peroxidation (LPO) in spinach (Eraslan et al.,
2008). In the absence of Si, stomatal resistance,
membrane permeability, lipid peroxidation, hydrogen

Table 3. The values of physiological growth attributes of sorghum grown under drought stress as effected by

addition of 10% K-silicate (Hattori et al., 2005)

. . . Treatment
Physiological attribute TSi T Si
Crop growth rate g m? day? 9.72 17.80
Relative growth rate g m? day? 81.55 97.00
Net assimilation g m? day? 3.37 571
Leaf area cm? 181.08 193.50
Leaf area index 0.815 1.380
Net photosynthesis W mole m2 sec? 9.42 15.95
Transpiration rate mole m? sec? 5.39 0.05
Stomal conductance mole m? sec? 0.28 0.38
Leaf membrane stability index 74.68 79.88
Leaf succulence mg m 14.41 8.79
Relative water content 72.59 89.05
Drought resistance index 0.39 0.53
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peroxide and proline are increased in tomato (Gunes et
al., 2007) and spinach (Eraslan et al., 2008). Several
mechanisms have been reported to be responsible in the
ameliorative effects of Si under salt stress such as
improvement of plants' ability to take up water and
nutrients from the soil, and activation of antioxidative
defense (Currie and Perry, 2007; Zhu and Gong, 2014).

Silicon addition to barley grown under salt stress
maintained membrane integrity and decreased
membrane permeability of plant (Liang et al., 2003).

Silicon supply simulated the activities of root plasma
/ membrane H* -ATPase and tonoplast H* - ATPase
which enhanced Na* efflux and K* influx of barley plant
(Liang, 1999; Liang et al., 2003; 2006b). Silicon had
been found to simulate the activity of antioxidant
defines enzymes: superoxide dismutase, peroxidase,
catalase, glutathione reductase, and glutathione
concentration in salt stressed plants (Liang et al., 2003;
2006b; Zhu et al., 2004; Al-Aghabary et al., 2004; Shi et
al., 2016). Silicon decreased the concentration of
malondialdehyde, the end product of lipid peroxidation
in salt-stressed barley; which positively correlated with
Na* content and negatively correlated with Ca?* and K*
uptake (Coskun et al., 2016). Under salt stress, Si
decreased Na* uptake but increased K*/Na* ratio, and
alleviated Na* toxicity in barley (Liang, 1999).

Silicon application alleviated the adverse effect of
salt stress on the growth and crop yield of barely (Liang
et al., 2003), wheat (Sagib et al., 2008; Maamoun,
2014), rice (Shi et al., 2013), common bean (Zuccarini,
2008), cucumber (Zhu et al., 2004; Matichenlov and
Bocharinkova, 2008), canola (Hashemi et al., 2010),
tomato (Al-Aghabary et al., 2004; Gunes et al., 2007),
spinach (Eraslam, 2008), alfalfa (Wang and Han, 2007),
sugarcane (Ashraf et al., 2010), Egyptian clover
(Ibrahim et al, 2015), and sorghum (Abdel-Latif and EI-
Demerdash, 2017).

Under salinity (120 mM/L NaCl), the activity of
ATP-ase was decreased by 66% in salt-tolerant barely
cultivar and by 75.8% in salt — sensitive one, compared
with plant grown under non-saline condition. Silicon
addition to the two barely cultivars increased enzyme
activity by 2 folds as compared to plants grown without
Si addition (Liang et al., 1999).

Lee et al. (2002) found that Si application to tomato,
grown under salt stress, increased sucrose phosphate
synthase and sucrose synthase activities.

Romero — Adranda et al (2006) found that Si
addition to tomato, grown under salinity stress (80
mM/L* NaCl), increased plant water content by 40%
and water use efficiency by 17% higher than the

salinized plant without Si treatment. Gao et al. (2004)
reported that Si addition improved water use efficiency
of maize grown under salinity stress.

Silicon application to spinach, grown in saline soil,
increased plant tolerance to salinity stress by enhancing
antioxidant systems and protecting plant from oxidative
damage, i.e. decreasing hydrogen peroxide (H.0,) and
lipid peroxidation (Eraslan et al., 2008).

Several mechanisms have been suggested, to be
responsible as an ameliorative agent for Si to improve
plant growth under salt stress such as, improving plants'
ability to take up nutrients and water from soil and
activating antioxidative defense in plant (Currie and
Perry, 2007; Zhu and Gong, 2014). Silicon application,
to wheat grown under salt stress, decreased Na* in the
cell sap and increased its concentration in the cell wall —
bound fraction which indicates that the mechanism of
Na+ detoxification is mediated by Si (Hajiboland et al.,
2017).

Heavy metals Stress:Heavy metals toxicity causes
inhibition of plant growth, disruption of physiological
and biological processes in plant (Das et al., 1998; Song
et al., 2009; Rizwan et al., 2012; Keller et al., 2015; Bu
et al., 2016; Farooq et al., 2016). It also causes
generation of reactive oxygen species (ROS), damage of
membrane permeability and functions (Shah et al., 2001;
Pal et al., 2007; Vaculik et al., 2009; 2012; Farooq et
al., 2016). Cadmium inhibits photosynthesis rate in plant
as a result of the decrease in both stomatal conductance
and photosynthetic pigments concentration, and also
alters leaf structure and reduces antioxidant enzyme
activities (Shi and Cai, 2008; Mohsenzadeh et al., 2012;
Kabir et al., 2016).

Silicon enhances plants' tolerance to toxic metals, i.e,
Al, As, Cd, M, and Zn. The strategies of Si to alleviate
the toxic effect of metal on plants can be achieved by:
(i) Si deposition in roots, apoplasmic bypass flow is
reduced which leads to a decrease of metal uptake and
translocation in plant (Ma and Yamaji, 2006), (ii)
altering sub-cellular distribution of metal and enhancing
its binding to cell wall of roots, stems and leaves, and
(iii) stimulating the activities of antioxidant enzymes
and reducing membrane lipid peroxidation under toxic
metal stress (Zhu et al., 2004; Shi et al., 2005;
Mohsenzadah et al., 2012).

Silicon- mediated tolerance toxic metals can take
place also by immobilizing the metal in the cell wall of
plant root and inhibiting its transport to the cytosol. This
can be achieved by the ability of Si to covalently bind
with the metal and forming metal — silicate complex
which subsequently suppresses metal toxicity (Song et



542 ALEXANDRIA SCIENCE EXCHANGE JOURNAL, VOL. 39, No.3. JULY- SEPTEMBER 2018

sl., 2009; Greger et al., 2016; Lukacova et al., 2013;
Adress et al., 2015; Wu et al., 2015; Kabir et al., 2016).

Silicon supplied to plant decreases Cd concentration
in shoots and its translocation from roots to shoots of
peanut (Shi and Cai, 2008), tomato (Wu et al., 2015),
rice (Kim et al., 2014; Wang et al., 2016); alfalfa (Kabir
et al., 2016). This could be due to blocking Cd
absorption sites in roots and may be also to
enhancement of Cd retention in roots by strengthening
the exodermis tissues (Farooq et al., 2016) and may be
also to physically blockage the apoplastic bypass flow
and restraining apoplastic transport of Cd (Ma and
Yamaji, 2006; Imtiaz et al., 2016).

Silicon enhanced the tolerance of wheat against the
toxicity of Cd and Cu (Rizwan et al., 2012; Keller et al.,
2015) of barley against Cr (Ali et al., 2013), of rice
against Zn (Song et al., 2009), of cotton against Ni
(Khalig et al., 2016). In plant grown under heavy metal
stress, Si application enhanced the activities of SOD,
CAT and POD enzymes which reduced both the
oxidative damage (Shen et al., 2010), and GSH content
in plant (Liang et al., 2005; Bu et al., 2016).

Silicon Application and Future Prospective

Silicon Removal from Soil:Continuous cultivation of
soil by different plant species with repeated application
of N, P and K chemical fertilizers has been found to
deplete the amount of available Si from soil (Meyer and
Keeping, 2001; Ma and Yamaji, 2006). This will lead to
the occurrence of unadequate level of available Si in soil
for normal growth of most plant species especially Si —
accumulator plants. Different plant species remove high
quantities of Si from soil as well as N, P,Os and
K,O(Table 4). In some cases, more Si is removed from
soil as compared to that of N, P and K (Savant et al.,

1997; Meyer and Keeping, 2001; Makabe et al., 2009).
Low amounts of available Si occurred mostly in
cultivated old soils.

The amount of Si removed from soil by crop can be
greater than that supplied to soil via natural processes
(Savant et al., 1997). With respect to plant need from Si,
the fertilization of Si — deficient soil is becoming of
great importance (Savant et al., 1997; 1999).

Under continuous cultivation of rice, the amounts of
available Si in soil would be exhausted after short time,
i.e., nearly five years (Desplanques et al., 2006). The
decline in rice yield grown in such soil, has been
declaired in many areas of the world (Savant et al.,
1999). Therefore, soils which are intensively used for
cropping should be fertilized on a regular basis with
silicate amendments (Korndorfer and Lepsch, 2001).

Amelioration and Fertilization:Soil — Si (SiO2, quartz)
is unavailable to plant roots and is not always in a
mobilizable form to sufficient extent to meet plant need.
Thus, additional supply of soluble or readily mobilizable
silicate is of a great concern. Because Si is not recycled
like other nutrients i.e., N, P and K, application of Si —
fertilizers is of major benefits for most plant species.

The activities of plant roots and soil microbes act for
dissolving some of Si from SiOz-soil into solution
producing silicic acid (HSiO4°) which is readily
available to plant root. However, the capacity of soil is
insufficient to satisfy crop need from Si. Currie and
Perry (2007) found that fertilization by Si increased its
concentration in plants (Table 5), and Hodson et al.
(2005) found positive relationship between Si content
and Productivity of different plant species (Table 6).

Table 4. The range values of the amounts of N, P.Os, K20 and Si removed from cultivated soils by different

plant species at harvest (kg ha'* year?)

Plant species N* P,0s* K,O* Si**
Potatoes 105 - 200 70 -85 300112 50-70
Cereals 80 - 160 15-30 100 — 200 100 — 300
Rice 100 - 120 15-20 130 - 160 230-470
Sugarcane 160 — 220 25-35 218 — 280 500 -700

* Cooke (1980)

** Savant et al., (1997).

Table 5. The Si content (mg Si kg™ DW) in different plant species as a result of Si fertilization (Currie and

Perry, 2007)

Plant species Tested organ Without Si With Si
Pumpkin leaf 700 3500
Corn stem 1300 3300
Wheat flag leaf 1530 11750
Rice Polished grains - 500
Rice hull - 230000
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Table 6. Silicon concentration of most important crops ranked by production (Hodson et al., 2005)

crop Production, ton ha* Si% DW
Sugarcane 1,736 1.509
Corn 826 0.827
Rice 686 4.167
Wheat 683 2.455
Potatoes 326 0.400
Cassava 232 0.500
Soybean 231 1.339
Sugar beet 222 2.347
Barley 155 1.824

Several studies showed that Si — fertilization has
positive effects on the chemical, physical and biological
properties of soils via: (i) reducing the leaching of P and
K, (ii) reducing heavy metals mobility in the soil due to
allocation of the metal in more stable soil fraction such
as organic matter and crystalline iron oxide (Cunha and
Nascimento, 2009; Dresler et al., 2015), (iii) improving
microbial activity, (iv) increasing the stability of soil
organic matter, (v) improving soil texture, (vi)
improving water holding capacity of soil, (vii)
increasing soil stability against erosion, and (viii)
increasing both cation exchange capacity of soil, and
increasing the amounts of available Si, N, P and K in
soil (Savant et al., 1997; Matichenkov and Calvert,
2002; Tubuna et al., 2016; Rashad 2017).

The required quantities of Si — fertilizer, to be
applied, vary widely for different plant species and
therefore the determination of the amount available Si in
soil permits a quantitative estimation of plant
requirement from the applied Si — fertilizer. It is
common to test soil, plant and fertilizer for their
contents of Si in order to justify Si management and
recommendation (Anderson et al., 1991; Savant et al.,
1997; 1999; Berthelsen et al., 2001). The most common
methods for extracting available Si from soils are neutral
solution of 0.01 M CacCl, or alkaline solution of NH,OH
or NaHCOs; (Tubana et al., 2016).

Usage of silicon fertilizers has been begun in Japan
in 1950, by applying rice straw and industrial slags in
soils (Guntzer et al., 2012). As expected, the most
common recommended Si — fertilizers must contain
soluble silicic acid or soluble salicates.

The characteristics of silicon fertilizers must meet a
number of criteria including solubility, availability,
suitable physical properties (i.e., high surface area), and
free from contaminants. Commonly, the most used Si-
fertilizers are (i) liquid sodium silicate and potassium
silicate, (ii) calcium metasilicate; after is refered as
calcium silicate and occurs naturally as "Wollastonite",

(iii) silicate slag: contains high concentrations of total Si
and low proportion of easily solubilized Si, (iv)
magnesium silicate, and (v) basalt dust. The advantage
of most silicate fertilizers is that they contain other
nutrient elements such as Ca?*.

The degree of Si solubility, of various silicon
materials, is dependent on their particle size, surface
area, and chemical composition. For example; calcium
metasilicate is much more soluble and readily available
to sugarcane than calcium orthosilicate.

Diatomaceous earth is a natural source of Si and has
a large surface area and is readily soluble due to its
amorphous nature. Application of NPK mineral
fertilizers in combination with diatomaceous earth
decreased N, P and K leaching from soils by 54% for N,
60% for P and 60% for K, improved crop production,
increased nitrogen use efficiency, and increased NHF
retention by soil.

Silicon can be applied as a soil amendment or as a
foliar spray depending on the form of Si — fertilizer.
Foliar spray by K-silicate is less efficient than soil
amendment by Ca-silicate. Silicon application of
wollastonite or slag to rice was most effective in
increasing Si content in rice thatn by foliar spray by Si
(Agostinho et al., 2017). It has been also recommended
that soil application of Si fertilizers must be added to the
soil before planting (Savant et al., 1999). Potassium
silicate is the most soluble silicate but it can be
polymerized at higher concentration (>50 mg Si L) and
therely is changed to slow Si-release form in soil.

It has been found that silicon application rate to the
soils is controlled mainly by both the chemical
composition of Si source, amount of available Si in the
soil, and plant species (Savant et al., 1999). High Si —
accumulator plants showed large and rapid growth and
yield and high response to Si fertilization than low and
moderate accumulator plant species (Epstein, 1999).

Silicon fertilization improved the vigor, growth, P
nutrition, and increased sugar yield of sugarcane (Ayres,
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1965; Berthelsen et al., 2001), increased iceberg lettuce
growth, N, P, K, Ca and Mg contents (Olla, 2017),
increased nitrogen use efficiency and P utilization in rice
(Savant et al., 1997), increased N, P, and K contents in
wheat (Hellal et al., 2012), increased N, P and K
contents in sesame and wheat (Rashad, 2017).

It is also found that soil application of K — silicate
increased the straw and seed yields of Egyptian clover
(Ibrahim et al., 2015), increased the biomass of peanut
(Shi et al., 2008). In the same sense, foliar spray of K —
silicate increased the yield of cucumber (Matichenkov
and Bocharnikova, 2008), soybean (Crusciol et al.,
2013), bean (Abu-Baker et al., 2012), and rice (Wang et
al., 2014).

High rate of Si applied to fodder plants produces
high crop yield and large Si content in the plant. This
high Si-fodder plants is harmful to animals because Si is
presented in the form of needle — shaped residues which
cause injuries to their digestive trac. In this concern, safe
Si management for crop production should include the
plant need from Si. This can be achieved by the
determination of available Si in soil, its contents in
plant, the interactions between N, P and K fertilization
and Si supply in plants grown under environmental and
soil stresses.
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