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Ab s t r Ac t
On the planet earth silicon is next only to oxygen in abundance. It is ubiquitous and is present in soil, water and air and biological systems from 
algae to human population. It is removed by crops in amounts larger than primary plant nutrients nitrogen, phosphorus and potassium and 
imparts several advantages to plants, such as, strength in straw in rice to prevent it from lodging and protection to crop plants against drought, 
salinity, toxicity of micronutrients and heavy elements, certain diseases, chewing insects and large herbivores yet it is not considered as an 
essential plant nutrient. However, Si is essential for diatoms and many other sea animals, which play a vital role in Si-cycle in the sea. Si helps in 
C-sequestration and plays an important role in maintaining the atmospheric CO2 low, but this fact is not well realized.
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In t r o d u c t I o n

Silicon (Si) with an atomic weight 28.0855 is in Group 14 of the 
Periodic table, the group that contains carbon (C, atomic weight 

12.0107), the very essence of living and organic matter on the 
planet earth. Just like CO2 in the case of C, SiO2 is quite abundant 
form in the case of Si. Silicon is considered a bioessential element. 
It provides structural strength and resistance to attack by insect 
pests and herbivores and several other benefits to plants and is 
important for diatoms and other sea organisms (Kristiansen and 
Hoe1l, 2002). Si has been proved essential for diatoms (Lewin, 1961). 
Diatom cells are contained within a unique silica cell wall known 
as a frustule made up of two valves called thecae that typically 
overlap one another. A set of polyceticnic peptides (called silaffins 
isolated from diatom cell walls were demonstrated to generate 
silica nanospheres within seconds, when come in contact with 
silicic acid (Kröger et al., 1999). Diatoms constitute the largest 
group of silicifying organisms. The first proteins shown to directly 
intermingle with silicon were diatom silicon transporters (SITs). In 
addition to many partial SIT sequences, first full length SIT genes 
were identified from the pinnate diatom, Nitzschia alba and Centric 
diatom Skeletonema costatum, as a mechanistic model of silicon 
transport (Thamatrakoln et al., 2006). Diatoms form a major silicon 
pool in oceans (Yool and Tyrrell, 2003). Phytoplankton including 
diatom form the basis of the marine food web and are responsible 
for nearly half of global carbon dioxide (CO2) fixation of about 50 Pg 
of carbon per year (Bristow et al., 2017). Field et al. (1998) observed 
that grasses fix ~15 Pg C per year out of total ~60 Pg C per year of 
net primary production on land, and diatoms fix >15 Pg C per year 
out of total ~50 Pg C per year of the net primary production in the 
ocean; both grasses and diatoms are rich in Si. 

On the planet earth Si is next only to oxygen in abundance. 
Silicon is a ubiquitous element and is available everywhere in soil, 
water and some organisms.

sI l I co n I n so I l s
Silicon in the pedosphere of the earth’s crust ranges from 0.52% to 
47% with an average of 28% Si by weight and rocks such as basalt 
and orthoquartzite contain high concentrations of Si (23-47%) 
(Tubana et al., 2016). Silicon in soils occurs as liquid, adsorbed, and 
solid phase fractions. The solid Si phase consists of crystalline forms 
of Si (primary and secondary silicates, and silica), microcrystalline 
and amorphous (biogenic from plant residues and pedogenic from 
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silicate minerals). The solubility of amorphous Si ranges between 
1.8 and 2 mM (milli mol) compared with quartz’s 0.10 to 0.25 mM 
Si (Monger and Kelly, 2002). Biogenic silica also contributes to the 
concentration of Si in soil solution, and with solubility 17 times 
higher than quartz, its contribution to the dynamics of plant-
available Si in soil solution is rather significant (Frayesse et al., 
2006). Si content in soil is higher in temperate soils than in tropical 
soils, because in tropical soils Si is mostly leached by desilification 
(Pal, 2017). Silica content in a temperate soil from USA is shown in 
Table 1, while chemical composition of clay fraction of an Oxisol 
from Indonesia is presented in Table 2.

Table 1: Silica, alumina and iron oxide content in Orangeburg fine 
sandy loam, a temperate soil in USA.

Soil depth (cm) SiO2 % Al2O3 % Fe2O3 %

0-25 (A horizon) 96.16 1.85 0.63

40-75 (B horizon) 66.90 18.04 6.11

100-250 (C horizon) 83.22 9.67 2.38

Source: Holmes and Hearn (1938)

Table 2: Chemical composition of clay fraction of an Oxisol from 
Pleihari, Indonesia.

Soil depth (cm) SiO2 % Al2O3 % Fe2O3 %

0-10 6.72 37.90 47.91

10-30 6.67 44.23 55.23

30-70 7.31 37.29 57.62

70-105 7.09 44.73 58.37

105+ 8.53 29.51 56.48

Source: Buurman and Soepraptohardjo (1980)
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Fox et al. (1967) ranked different clay minerals with respect to 
Si-content and Si-solubility, as follows: 2:1 clays > 1:1 clays > Al and 
Fe oxides/hydroxides. In general, Si concentration in solution of 
highly weathered acid Oxisols soils is several times less than in less 
weathered neutral to alkaline Vertisols (Foy, 1992).

Despite the abundance of silica (SiO2), soil solution concentration 
of Si is very low (0.1-0.6 mM), because the rate of dissolution of silica 
is very low (Raven, 1983). In soil solution Si is mostly present as 
monomeric silicic acid [Si(OH)4], which is the plant-available form 
(Sposito, 1989).

sI l I co n I n WAt e r
Silicic acid content in some Tamil Nadu aquifers varied from 0.44 
to 108.82 ppm (mg kg-1), with an average of 30.38 ppm (Pradeep 
et al., 2016). Rivers are the main transporters of Si to ocean. Silica 
concentration in μmol (1000 μmol = 96 ppm Si (OH)4 or 60 ppm of 
SiO2 or 28 ppm of Si) some Indian rivers was as follows: Northern 
Himalayan Region: Ganges at Rishikesh 80, Ramganga 184, 
Ghaghara 85, Gandak 72, Kosi 98, Yamuna at Himalyan Front 154; 
Alluvial Plain Gomati 111, Buri Gandak 131; Yamuna and Tributaries: 
Yamuna at Allahabad 152, Chambal 208, Betwa 215, Ken 192; 
Southern Peninsular Tons 110, Son 157 (Frings et al., 2015). Using 
a Rayleigh isotope mass balance model they (Frings et al., 2015), 
predicted silica mobilization rates of 200, 150 and 107 kmol SiO2 
km-1 yr-1, for the Himalaya, peninsular India and the alluvial plain, 
respectively. Among 380 rivers investigated in Japan, the lowest 
concentration of soluble SiO2 was 4.1 ppm and the highest was 
61.5 ppm with an average of 21.6 ppm (Kobayashi, 1960). In Jiulong 
River watershed in Southeast China, which is a subtropical region, 
DSi (dissolved silicon) flux was fairly high (246±76 μmol L-1) due to 
granite lithology and increased human perturbation (Chen et al., 
2014). From Egypt Abdel-Satar et al. (2017) reported silicate (mg L-1 
or ppm) concentrations of 0.39-14.62 (2.48±2.89) in winter, 0.56-4.31 
(2.45±0.84) in spring, 0.43-13.80 (4.83±2.68) in summer and 1.16-
6.88 (2.75±1.23) in autumn. DSi in River Thames and its tributaries 
in UK varied from 2.4 to 7.0 mg L-1 or ppm (Bowes et al., 2018). DSi in 
Amazon River in South America ranged from 120 μmol L-1 in June 
2010 to 145 μmol L-1 in November (Hughes et al., 2013). Turner et al. 
(2003) estimated riverine loading of the oceans for dissolved silica 
at 194 Tg yr-1 (million tons yr-1), while (Tréguer et al., 2013) estimated 
total net inputs and outputs of silica in the ocean at 9.4±4.7 Tmol Si 
yr-1 (one Tmol of Si is 28 million metric tons) and 9.9±7.3 Tmol Si yr-1, 
respectively. In the surface layers of oceans silicon concentrations 
are 30 ppb, whereas deeper water layers may contain 2 ppm silicon 
(https://www.lenntech.com/periodic/water/silicon/silicon-and-
water.htm#ixzz5sFzCJdak).

sI l I co n I n AI r
Silica is very much in the air and dust storms are full of it. Quartz, an 
amorphous and crystalline silica, in dust sand, causes respiratory 
diseases (Al Kassimi, 1991; Ichinose et al., 2008; Kanatani et al., 2010). 
In a study at Raipur city, the concentration of SiO2 in ambient air 
associated to the PM10 (particulate matter10) (10 μm diameter) 
ranged from 6.6 to 102 µg m-3 with a mean value of 30.0±6.0 µg 
m-3, while in PM 2.5 (2.5 μm diameter) it ranged 0.2 to 15 µg m-3 
with a mean value of and 4.3±0.8 µg m-3 (Patel et al., 2015). In a 
study in Iowa (USA) field measurements using the Nano Aerosol 
Mass Spectrometer (NAMS), which provides quantitative elemental 
composition of nanoparticles around 20 μm (microns) diameter, 
indicated that Si is a frequent component of nanoparticles (Bzdek 

et al., 2014). Nanoparticulate Si is most abundant in locations heavily 
impacted by anthropogenic activities. Wind direction correlations 
suggest the sources of Si are diffuse, and diurnal trends suggest 
nanoparticulate Si may result from photochemical processing 
of gas phase Si-containing compounds, such as cyclic siloxanes 
(oligomeric and polymeric hydrides with the formulae H(OSiH2)n 
OH and (OSiH2) (Bzdek et al., 2014). Silica concentration is very high 
in and around the factories manufacturing glass, where silica itself 
is the raw material. Bhagia (2009) reported that the average quartz 
concentrations in the vicinity of slate pencil industry was 41.07-57.22 
µg m-3, while at the control site it was only 3.51 µg m-3.

sI l I co n I n Pl A n ts
Plants form an important part of Si cycle. They take up Si from soil 
or water and return back to it either directly through leaf fall, after 
being cut, used and burned, being ploughed in fields or indirectly 
through manure and animal or human feces. Silicon concentration 
in plants may vary from 0.1 to 10% on dry weight basis (Currie 
and Perry 2007). Plants of the families Poaceae, Equisetaceae and 
Cyperaceae show high Si accumulation (>4% Si), the Cucurbitales, 
Urticales and Commelinaceae show intermediate Si accumulation 
(2-4% Si), while most other species demonstrate little accumulation 
(Hodson et al., 2005). Also different parts of the same plant can show 
large differences in Si accumulation, e.g., in rice, polished rice may 
have ~0·05%, rice bran may have ~5%, rice straw may have ~13% 
and rice hulls may have ~23% Si (Van Hoest, 2006). Cacti accumulate 
a lot of Si (Wright et al., 2014).

Irrigation water contributes a fair amount of Si taken up by crop 
plants. It is silicic acid form in which Si is absorbed by plants from 
soil solution. Three silicon transporter proteins (Lsi1 Lsi2 and Lsi6) 
have been identified from rice. Lsi1 (low silicon 1) is responsible for 
transport of Si from the external solution to the root cells (Ma et 
al., 2006), while Lsi2 (low silicon 2) is responsible for the transport 
of Si from the root cells to the apoplast (Ma et al., 2007). LSi6 (low 
silicon 6) is involved in transfer of Si from the large vascular bundles 
to the panicles (Yamaji et al., 2008; Babu Rao and Sushmita, 2017).

Despite considerable interest and reports in recent years of its 
benefits to plants as evidenced by several reviews (Epstein, 1999; 
Savant et al., 1999; Vasanthi et al., 2012) and even entire books 
(Datnoff et al., 2001; Prakash et al., 2018) on Si, it is still not considered 
an essential element for higher plants. It is only considered as 
a “beneficial” or “quasi-essential” element (Epstein and Bloom, 
2005). One reason for this is its abundance in earth, while another 
reason is the fact that most plants can complete their life cycle 
without external addition of Si to the growing medium, although 
it is extremely difficult to completely exclude it from nutrient 
culture solution; even highly purified water contains about 20 nM 
Si (Werner and Roth, 1983). Most of the benefits attributed to Si are 
due to phytolithsor plant opal, which are amorphous silica particles 
that precipitate in plant cells. Phytoliths can be assembled without 
any energy by polymerization of silicic acid, when its concentration 
exceeds 2 mM. Phytoliths are found in specific cells called silica cells 
located on vascular bundles and/or are present as silica bodies in 
bulliform cells, fusoid cells or prickle hairs in rice (Babu Rao and 
Sushmita, 2017).

Concentration and silicon removal by crops
Draycott (2006) reported Si concentration in shoots (% DW) of 
some crops as follows: rice (Oryza sativa) 4.167 %, wheat (Triticum 
aestivum) 2.455%, sugar beet (Beta vulgaris) 2.340%, barley 
(Hordeum vulgare) 1.824%, sugar cane (Saccharum officinarum) 
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1.509%, soybeans (Glycine max) 1.399%, maize (Zea mays) 0.827% 
and potatoes (Solanum tuberosum) 0.400%. Crops remove large 
quantities of Si from soil. On a global perspective, the estimated 
amount of Si removed annually by different agricultural crops is 
between 210 and 224 million tons (Savant et al., 1997; Matichenkov 
et al., 2002; Tubana et al., 2016). Sugarcane removes approximately 
300 kg ha-1 y-1 (Meyer and Keeping, 2001) whereas rice is as much 
as 500 kg Si ha-1 y-1 (Makabe-Sasaki et al., 2009). These amounts are 
much higher than the removal rates of primary essential nutrients 
such as nitrogen (N), phosphorus (P), and potassium (K). A study in 
Puerto Rico showed the above ground parts of a 12-month crop of 
sugarcane contained 379 kg ha-1 of Si, compared with 362 kg ha-1 of 
K and 140 kg ha-1 of N (Samuels, 1969). Si has become an important 
component of integrated nutrient management and sustainable 
agriculture across Asia, South America and the U.S., especially in 
rice and sugarcane (Snyder et al., 1986; Viator et al., 2004; Vasanthi 
et al., 2012; Prakash et al., 2018).

Silicon for a better growth and yield in crops

Rice (Oryza sativa)
Among the cultivated crops, rice, which grows in standing water 
is more affected by Si deficiency. Rice has the highest water 
requirement than other crops (~1000-2500 mm-ha for rice as 
compared to ~500-800 mm-ha for maize and 400-600 mm-ha 
for wheat). Japanese researchers, as early as 1930s (Okawa, 1936; 
Ishibashi, 1937) reported poor growth of rice with inadequate Si, 
but they did not identify any specific role of Si. Yoshida et al. (1962) 
also reported that rice (Oryza sativa) plants growing in nutrient 
solution significantly deficient in Si were physically inferior, prone to 
insects and disease attacks and produced less biomass than those 
growing in solution supplied with Si. Wagner (1940) also observed 
that Si was necessary for plant growth. Ma et al. (1989) reported 
20 and 50% loss in straw and grain yields, respectively, when rice 
plants were denied Si during the reproductive stage, contrary to 
24 and 30% increases in straw and grain yields obtained by those 
supplied with Si. Increase in rice yield due to Si fertilization has 
been reported from various countries like Sri Lanka (Radrigo, 1964), 
Thailand (Takahashi et al., 1900), Indonesia (Burbey et al., 1988), India 
(Subramaniam and Gopalswamy, 1991; Singh et al., 2006; Meena et 
al., 2014; Pati et al., 2016; Babu Rao et al., 2018), China (Liang et al., 
1994) and U.S.A. (Datnoff et al., 1997). Snyder et al. (1986) noted that 
fields in Florida when farmed to irrigated rice showed Si deficiency 
and that the application of 1 tha-1 Ca silicate slag increased rice grain 
yields by greater than 30%. Narayanaswamy and Prakash (2009) 
also observed yield increases in rice growing in soils testing low for 
plant available Si when amended with Si fertilizer. Savant et al. (1997) 
suggested that the decline in yields of rice grown in many areas of 
the world was associated with soil depletion of plant-available Si. 
Silicon was first recognized as a fertilizer in 1955 in Japan and since 
then 1.5 to 2.0 tha-1 of silicate fertilizer has been applied to silicate 
deficient paddy soils resulting in a 5 to 15% increase in rice yield 
has been reported (Takahashi et al., 1990).

Sugarcane (Saccharum officinarum)
Sugarcane is a 12 to 18 month tropical crop and has high water 
requirement (1500-2500 mm-ha) and is a Si accumulator. As early 
as 1960’s Ayres (1966) in Hawaii, USA obtained responses to Si 
ranging from 9 to 18% in cane yield and 11 to 22% in sucrose yield 
for plant cane. Gascho and Andreis (1974) obtained significant 
positive responses to slag treatments ranging from 13 to 32% on 
the muck trial sites and two out of four sand sites Florida, USA. 

From Louisiana, USA, Viator et al. (2004) reported that sugar yield 
increased by a total of 3.7 tha-1 (P<0.05) for the whole crop cycle 
(three harvestings) of cane variety LCP 85-384 with a one-time 
application of 4.5 tha-1 Ca silicate slag at planting. Tubana et al. 
(2012) showed that Ca silicate application rate increased sugar 
yield by 1.45 tha-1 (P<0.01). Anderson et al. (1991) observed that an 
application of 20 tha-1of slag increased cumulative cane yield by 
as much as 39% and sugar yield as much as 50% over three crop 
years. Raid et al. (1992) also from Florida, reported that yields of five 
varieties of sugarcane were increased on average by 17% and 21% 
during 1989 and 1990, respectively, following the addition of 6.7 
tha-1 calcium silicate slag. There are several reports of increases in 
yield and sugar from Australia attributed to silicate based materials 
and mill wastes (Hurney, 1973; Haysom and Chapman, 1975; Rudd 
and Berthelsen, 1998). Ross et al. (1974) reported significant residual 
effects on sugarcane yield over a 6-year crop cycle from applications 
of calcium silicate, applied at a rate of 7 tha-1 to Si deficient soils.

Wheat (Triticum aestivum)
White et al. (2017) from Louisiana (USA) reported that Si fertilization 
increased spikes m-2, grains spike-1 and grain yield in wheat at high N 
application rates. In Idaho (USA) beneficial effects of applying silicon 
(140, 280, and 560 kg Si ha-1) to the soil were observed in winter 
wheat (Walsh et al., 2018). Neu et al. (2017) from Germany reported 
an increase of biomass in winter wheat due to Si application, mostly 
in straw, but some also in grain. Silicon fertilization may reduce 
fertilization application to crops. In Albania, foliar application of 
marine calcite to wheat with a reduced (30%) application of NPK 
yielded grains with the same protein and fat content as at the full 
NPK dose (Prifti and Maçi, 2017). Foliar fertilization with silicon 
significantly increased wheat yield in Pakistan (Abro et al., 2009) 
and Egypt (Hellal et al., 2012).

Sugarbeet
Artyszak et al. (2014) from Poland reported an increase of 13-21% 
in the root yield of the sugar beet with foliar application of marine 
calcite (Herbagreen Basic). In Morocco soil application of Si using 
Agrisilica (26% of silicon) increased sugarbeet yield as the dose 
was increased from 150 to 250; application of 250 kg ha-1 recorded 
a significant increase in the sugar yield by 4.8 tha-1, there was no 
significant increase in yield when the dose of Si was raised to 300 
kg ha-1 (Prentice, 2017).

Potato (Solanum tuberosum)
Crusciol et al. (2009) reported from Brazil that silicon fertilization 
of the soil increased the average tuber weight, dry tuber weight, 
and tuber yield. In Poland the total yield of tubers increased, on 
average, by 14.8%, and the yield commercial grade tubers by 16.4% 
by foliar spraying of Si (Trawczyński, 2013). In India, application 
of diatomaceous earth @ 150 kg ha-1 with half the dose of the 
standard fertilizer (NPK + manure), increased the potato tuber yield 
by 12.9% (24.3 Mg∙ha-1) as compared to the full dose of standard 
fertilizer (21.5 tha-1) (Kadalli et al., 2017). Vulavala et al. (2016) from 
Israel reported that silicon fertilization improved potato quality by 
increasing skin cell area, lignification and suberization. In a study in 
Iran, effect of four different silicon compounds (nanosilica, sodium 
silicate, nanoclay, and bentonite) in two concentrations (1000 and 
2000 ppm) was examined on the growth of potato plants (Soltani 
et al., 2018). Application of bentonite @1000 ppm increased leaf 
dry weight by 18% and both nanoclay and bentonite @1000 ppm 
increased stem diameter by 17%, while most root traits were 
improved by silicon fertilization. Sodium silicate @1000 ppm 
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increased root area by 54%. There was no advantage in increasing 
the Si concentration from 1000 to 2000 ppm.

Corn (Maize) (Zea mays)
In north-east China Studies of silicon application to the soil 
increased corn yield by 5.6-10.4% (Liang et al., 2015). Jawahar et 
al. (2017) from India reported a significant increase in corn grain 
yield and improvement of grain quality when silicon in the form of 
monosilicic acid was applied to the soil or foliage.

Soybean (Glycine max)
In Poland, foliar application of Si as Optysil, a growth stimulator 
(94 g Si∙dm-3), increased number of pods in soybeans by 18%, and 
the average seed yield per plant by 21% (Ciecierski, 2016). In China 
soil application of silicon resulted in an increase in soybean yield 
by 7.5-13.6% (Liang et al., 2015). Shwethakumari and Prakash (2018) 
reported from India that foliar application of silicic acid (2%) soluble 
Si (OH)4) significantly improved soybean growth and doubled or 
even tripled the grain yield.

Rapeseed (Brassica napus)
In Poland foliar Si fertilization with Optysil growth stimulator 
increased 1000-grain weight by 1.4 to 19% and rapeseed yield 
from 1.7 to 17% depending on the variety of rapeseed and location 
(Ciecierski and Kardasz, 2014).

Silicon and abiotic stress in plants
There are three kinds of abiotic stresses, namely, drought, salinity 
and toxicity of heavy elements and micronutrients.

Drought
In plants, water deficiency can result from a deficit of water from 
the soil, an obstacle to the uptake of water or the excess water loss. 
Silicon (Si) has been widely reported to alleviate the plant water 
status and water balance under variant stress conditions in both 
monocots and dicots, especially under drought and salt stresses 
(Chen et al., 2018). Drought stress can damage plant cell membranes, 
and cell wall architecture, as well as inhibit photosynthesis and cell 
division (Taiz and Zeiger, 2006). The deposition of Si in the outer 
walls of epidermal cells on both surfaces of leaves is reported to 
have reduced water loss by reducing transpiration and maintained 
normal growth under drought stress in rice (Agarie et al., 1998) and 
sugarcane (Savant et al., 1999).Silicon can reduce the transpiration 
rate by 30% in rice (Ma, 2004). Lux et al. (2002) reported that 
Sorghum is a silicon accumulating plant. In sorghum roots, Si 
is accumulated mostly in endodermal cells. Specialized silica 
aggregates are formed predominantly in a single row in the form 
of wall outgrowths on the inner tangential endodermal walls, while 
in the leaf epidermis, silicon deposits were present in the outer 
walls of all cells. In both the root and leaf epidermis, silicification 
was higher in a drought tolerant cultivar Gadambalia (3.5% in roots 
and 4.1% in leaves) compared with drought sensitive cultivar Tabat. 
This suggested that a high root endodermal silicification might be 
related to a higher drought resistance. Hattori et al. (2003) observed 
that silicon deposition might protect the stele as a mechanical 
barrier by hardening the cell walls of stele and endodermal tissues 
of the sorghum roots. A number of studies support the conclusion 
that Si application improves plant water status by increasing root 
water uptake, rather than by decreasing their water loss under 
conditions of water deficiency through the activation of osmotic 
adjustment, improving aquaporin activity and increasing the root/
shoot ratio (Chen et al., 2018). Silicon deposits have also been found 

in guard cells around stomata in blueberry (Morikawa and Saigusa, 
2004). Gong et al. (2003) observed that wheat plants treated with Si 
had thicker leaves and a better water use efficiency as compared to 
those without Si. Ciecierski (2016) from Poland reported that under 
laboratory conditions, application of Optysil (94 g Si∙dm−3) reduced 
the negative impact of drought stress on wheat. From India, Dinesh 
et al. (2017) reported the positive effect of soil fertilization with 
calcium silicate on the improvement of lodging resistance of wheat 
and increase in yield was confirmed. In several experiments with 
wheat in Mexico, foliar application of silicon twice, as well as soil 
application of Armurox (a complex of peptides with soluble silicon), 
had a positive effect on increasing plant resistance to lodging (Botta 
et al., 2014). Gunes et al. (2008) and Crusciol et al. (2009) found that 
silicon increased proline content in stressed plant tissue. Proline 
an amino acid, besides acting as an excellent osmolyte, plays three 
major roles during stress, i.e., as a metal chelator, an antioxidative 
defense molecule and a signaling molecule (Hayat et al., 2012). 
Kang et al. (2014) showed that application of silicic acid with sodium 
chloride could more effectively mitigate deleterious impacts of 
drought stress on the growth of Haloxylon ammodendron, a C4 
perennial woody species of the desert areas and the coexistence 
than silicic acid or sodium chloride alone.

Salinity
Rios et al. (2017) observed that plants treated with Si are able to 
maintain a high stomatal conductance and transpiration rate under 
salt stress, suggesting that a reduction in Na+ uptake occurs due 
to deposition of Si in the root. They also reported Si-mediated 
upregulation of aquaporin (PIP) gene expression in relation to 
increased root hydraulic conductivity and water uptake. Tuna et 
al. (2008) reported that Si lowered significantly the concentrations 
of Na in both leaves and roots; bread wheat was more tolerant 
to salinity than durum wheat. In another study application of Si 
with the saline nutrient media significantly enhanced superoxide 
dismutase (SOD) and catalase (CAT) activities in plant leaves and 
increased salt tolerance in wheat at the booting stage compared 
to the other stages (Daoud et al., 2018). Addition of Si reduced the 
salinity effects of irrigation waters for melon (Gomes et al., 2018).

Toxicity of heavy elements and micronutrients
Si alleviates the toxic effects of heavy metals and micronutrients 
(Corrales et al., 1997). Clements (1965a,b) concluded that Si in 
calcium silicate reduced toxic levels of Al and Mn and cured 
freckling(rust-colored or brownish spots) in sugarcane leaves 
caused by excess Mn. Samuels and Alexander (1969) also reported 
that Mn uptake of the cane plant was suppressed as its Si supply 
was increased. Further, Halais and Parish (1963) observed that cane 
yield was inversely related to the Mn/SiO2 ratio in the cane sheath. 
Silicon application is reported to reduce Mn toxicity in rice (Li et al., 
2011) and in cucumber (Shi et al., 2005). Fleck et al. (2013) observed 
that application of Si to rice fields resulted in reduction of As3+ 
concentration in straw, shoot, flag leaves and husk up to 50% and 
also reduced the As3+ content of brown polished rice up to 22%. 
Other researches also indicated the role of silicon in amelioration 
of arsenic toxicity in rice (Bogdan and Schenk, 2008; Tripathi et al., 
2013). Yuan and Chang (1978) reported that Si fertilization reduced 
the uptake of Fe2+ and Mn2+ by rice. Cocker et al. (1998) proposed 
that Si inhibits aluminum (Al) toxicity either by forming insoluble 
aluminosilicates or hydroxyaluminosilicates which reduces the 
concentration of free Al3+ in soil solution, or by blocking the 
apoplastic pathway. Bishop (1967) reported from South Africa that 
aluminum toxicity together with silicon deficiency were potential 
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growth limiting factors in the highly weathered oxisols of the newly 
developed cane areas of the Natal Midlands. Silicon is reported to 
reduce Al toxicity in maize (Wang et al., 2004) and Norway spruce 
(Prabagar et al., 2011). Cunha et al. (2008) reported that addition 
of Si up to 200 mg kg-1 drastically reduced the bioavailability of 
heavy metals Cd and Zn in maize and led to an increased biomass 
production. Nwugo and Hueta (2008) reported that Si reduced 
Cd toxicity in rice, while Rizwan et al. (2012) reported that it did 
so in wheat and Song et al. (2009) reported the same in Brassica 
chinensis L.

Silicon and resistance to biotic stresses

Diseases
Si enhances resistance in plants to various diseases (Fauteux et 
al., 2005). Miyake and Takahashi (1983) observed that increasing 
the Si concentration of a solution in which a cucumber plant was 
grown led to an increase in shoot Si content and a subsequent 
reduction in the incidence of powdery mildew disease relative to 
plants growing in solution low in Si. Similar observation was made 
by Menzies et al. (1991), who reported reduced infection efficiency, 
colony size and germination of conidia when cucumbers were 
grown in nutrient solution containing high concentrations of Si. 
Datnoff et al. (1997) also reported decreased incidence of blast and 
sheath blight in rice under Si fertilization. The occurrences of leaf 
folders and rice blast disease were mitigated by increased Si uptake 
(Klotzbücher et al., 2017). Wheat plants treated with Si produced 
phytoalexins and inhibited powdery mildew infection (Remus-
Borel et al., 2005). It is not only a physical barrier imparted by Si that 
reduces the incidence of diseases and pests in plants, but there is 
much more in the mechanism responsible for pathogen resistance. 
Several studies have reported the role of Si in disease resistance 
by activating defense-related enzyme activities such as chitinase, 
peroxidases, polyphenoloxidases, β-1,3-glucanase, phenylalanine 
ammonia-lyase, superoxide dismutase, phenylalanine ammonia 
lyase (PAL) etc. involved in the synthesis of plant secondary 
antimicrobial substances essential for plant disease resistance 
responses (Waewthongrak et al., 2015). The higher PAL activity 
after Si treatment contributes to an accumulation of total soluble 
phenolic and lignin-thioglycolic acid derivatives in the leaves of 
wheat, banana and coffee plants that lead to low disease incidence 
(Silva et al., 2010a,b; Fortunato et al., 2012). Wang et al. (2017) 
suggested the role of Si in plant resistance to pathogen infection as 
follows: 1. Si-induces resistance against a wide range of diseases by 
acting as a physical barrier in the cuticle, 2. Si-induced biochemical 
resistance during plant-pathogen interactions involves activating 
defense-related enzymes activation, stimulation of antimicrobial 
compound production, and regulation of the complex network of 
signal pathways, and 3. Si may act at a molecular level to regulate 
the expression of genes involved in the defense response. In Poland 
foliar application Si (Optysil) reduced the content of mycotoxins 
in corn grain (Ciecierski et al., 2017). In a pot study with wheat 
at Reading (UK), the silicon treatment reduced powdery mildew 
(Blumeria graminis) substantially but there were no effects on the 
slight infection by brown rust (Puccinia recondita) (Rodgers‐Gray 
and Shaw, 2004).

Insect pests
Si-induced hardness in the cuticle offers resistance to insects. Soil 
application of Si-containing fertilizer resulted in increased rice Si 
uptake by as much as 32%, leading to a significant reduction in 
relative growth rate and the boring capacity of Diatraea saccharalis 

larvae (Sidhu et al., 2013). In sugarcane, Si accumulated in the stem 
epidermal tissue of the internode and root band increased the 
resistance to Eldana saccharina by reducing larval stalk penetration 
(Keeping et al., 2009). Si-treated rice plants revealed ladder-like 
structures of dumbbell-shaped silica and Si-enriched trichomes, 
which served as a mechanical barrier against stem borers and 
plant hoppers (Dorairaj and Ismail, 2017). In addition to silicon 
related hardness, plants emit chemical compounds in the form of 
herbivore induced plant volatiles (HIPVs), which can act either as 
attractants or repellents of insects and thus may be used as host-
finding cues by entomophagous predators and parasitoids of insect 
pests (Van Poecke and Dicke, 2004; Van Oudenhove et al., 2017). Si 
may trigger different plant species to emit, amplify, and/or alter 
HIPVs. Furthermore, a high silica content in plant tissue reduces 
its digestibility and palatability, consequently slowing the insect 
growth rate (Massey et al., 2009). Si could damage the ultrastructure 
of the midgut epithelium, mainly through detachment of epithelial 
cells from the basement membrane as observed in larvae of the leaf 
miner Tuta absoluta fed Si-treated leaves of tomato (Dos Santos et al., 
2015). Further, Si can reduce pest damage by enhancing the induced 
chemical defenses of plants following insect attack mediated by 
phytohormones. The common phytohormones salicylic acid (SA), 
jasmonic acid (JA) and ethylene play primary roles in orchestrating 
plant defense responses (De Vos et al., 2005). Rao (1967) reported 
that sugarcane varieties tolerant to a shoot borer had more of Si 
cells per unit area in the leaf sheath. In Taiwan, it was shown that 
the incidence of borer damage in Si treated cane was less than in 
untreated sugarcane (Pan et al., 1979). Elawad et al. (1985) observed 
that with improved Si nutrition there was a marked increase in 
the resistance of sugarcane to stem borer (Diatraea saccharalis) in 
Florida, USA. A large size pot trial, in which sugarcane was treated 
with calcium silicate and artificially infested with E. saccharina, 
showed significant reductions of 24% in borer damage and 20% 
in borer mass (Meyer and Keeping, 2000). Recently, Alhousari and 
Greger (2018) have reviewed the literature on role of Si in insect 
resistance in plants.

Frew et al. (2018) have suggested a holistic approach involving 
genomic, transcriptomic, proteomic and metabolomic techniques 
to assess the mode of action of Si between plant trait types (e.g. C3, 
C4 and CAM; Si accumulators and non-accumulators) and biotic and 
abiotic stressors (pathogens, herbivores, drought, salt). 

Ad d I t I o n A l be n e f I ts to Pl A n ts f r o m 
sI l I co n

Preventing lodging
Idris et al. (1975), Fallah (2012) and Dorairaj et al. (2017) reported 
that addition of silica reduced lodging in rice and this increased 
rice yield. Liang et al. (1994) found practically no lodging in rice 
fields fertilized with calcium silicate, and more than 66% lodging in 
untreated control fields. Kim et al. (2012) reported that the lodging 
index of Si treated rice plants significantly decreased as compared 
with control and Si treated plants had 15.1% higher yield. In several 
experiments with wheat in Mexico, foliar application of silicon as 
well as soil application of Armurox (a complex of peptides with 
soluble silicon) had a positive effect on increasing plant resistance 
to lodging (Botta et al., 2014). From India, Dinesh et al. (2017) 
reported the positive effect of soil fertilization with calcium silicate 
on the improvement of lodging resistance of wheat resulting in an 
increase in yield. 
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Enhancing photosynthesis
Lau et al. (1978) proposed that under normal light, silica deposited in 
stomatal guard cells could serve as windows allowing more light to 
pass through the epidermis to the photosynthetic mesophyll tissue, 
thus enabling higher rates of photosynthesis. Mauad et al. (2003) 
suggested that Si improved cell wall thickness below the cuticle 
and improved the leaf angle, making them more erect and thus 
reduced shading, especially under high nitrogen rate. Song et al. 
(2014) reported that the leaf chloroplast structure was disordered 
under high-Zn stress, including uneven swelling, disintegrated 
and missing thylakoid membranes, and decreased starch granule 
size and number, which, however, were all counteracted by the 
addition of 1.5 mM Si. Furthermore, the expression levels of 
genes Os08g02630 (PsbY), Os05g48630 (PsaH), Os07g37030 (PetC), 
Os03g57120 (PetH), Os09g26810 and Os04g38410 decreased in 
Si-deprived plants under high-Zn stress. He reported that addition 
of 1.5 mM Si increased the expression levels of these genes in plants 
under high-Zn and concluded that Si alleviated Zn-induced damage 
to photosynthesis in rice.

Defense against grazing
Phytoliths present a powerful mechanical defense, especially in 
monocotyledons (grasses and sedges), which deposit more silica 
phytoliths than dicotyledons (Massey et al., 2009; Hunt et al., 2008). 
The phytoliths in plants prevent grazing by herbivorous animals. 
A rigid leaf surface caused by SiO2 bodies in the leaf cuticle serves 
as a deterrent for herbivores (Herrera, 1985). Also grazing induces 
an increased concentration of silicon (Si) in leaves (Hartley, 2015), 
which reduces palatability and digestibility, which in turn lowers 
body mass and growth rate of grazing animals (Massey et al., 2007, 
2009). Increased Si in foliage also increases abrasiveness resulting 
teeth tear in rabbits (Muller et al., 2014; Calandral et al., 2016).

Preventing freeze damage
Grape (Vitis vinifera L.) is one of the most important temperate fruit 
crops in the Mediterranean climate and is frequently damaged 
by freezing temperatures in many of the grape growing regions 
(Fennell, 2004). A study in Iran showed that foliar-applied Si (10 mM 
K2SiO3 with pH adjusted to 5.8 with phosphoric acid) can effectively 
alleviate adverse effects of freezing via maintenance of membrane 
integrity and alleviating photo-inhibition during recovery (Habibi, 
2015). In Florida, it was observed that there is an increased tolerance 
to freeze damage of commercial sugarcane in areas treated with 
calcium silicate (Ulloa and Anderson, 1991). Beneficial effects of Si 
seed treatment with silicic acid on seedling establishment and the 
nutritional status of Zn and Mn were reported for a field-grown 
silage maize, exposed to chilling stress in Germany (Moradtalab et 
al., 2018). They observed that Si restored the hormonal balances 
to a level comparable with non-stressed plants and stimulated the 
production of hormones involved in stress adaptation (abscisic, 
salicylic, and jasmonic acids).

sI l I co n A n d en v I r o n m e n t
On the earth’s surface silicate minerals are abundant in rock 
formations all over the planet. Silicate minerals react with carbonic 
acid, which is available in plenty. The reaction is slow but steady. 
The reaction is as under:

XSiO3 (silicate min.) + H2O + 2CO2 → 2HCO3 + SiO2 → XCO3 
(Carbonate min.) + H2O + CO2

Where: X refers to a cation, generally Ca. 
In this reaction 2 molecules of CO2 are taken from the 

atmosphere and one is returned back to the atmosphere, so 
one molecule is sequestrated. This carbonate-silicate reaction is 
inorganic C-sequestration. Considering biogeochemical cycling 
within ecosystems, the import and export of silica to and from 
terrestrial ecosystems is small. The final stage of the process involves 
the movement of the seafloor, where the carbonate sediments 
are buried and under high pressure and temperature conditions 
combine with SiO2 to form CaSiO3 and CO2, which is released back 
to the atmosphere by volcanism after a long interval of time, say 
millions of year.

The carbonate-silicate geochemical cycle, also known 
as the inorganic carbon cycle, as described by the long-term 
transformation of silicate rocks to carbonate rocks by weathering 
and sedimentation, and the transformation of carbonate rocks back 
into silicate rocks by metamorphism and volcanism (Berner et al., 
1983; Walker et al., 1981), plays an important role in regulating CO2 
on the earth (Catling and Kasting, 2017). The global warming due to 
increased CO2 in the atmosphere has recently received considerable 
attention. Atmospheric CO2 concentration has increased from 
280 ppm in the pre-industrial era of 1750s to 400 ppm in 2015, 
however, a major increase was observed in 20th century, which is 
the highest for the past 800 millennia (USEPA, 2017). Global warming 
is increasing at fairly fast rate in the 21st Century, since all but one 
of the 16 hottest years in NASA’s 134-year record have occurred 
since 2000 CE (MacMillan, 2016). To combat this C-sequestration via 
photosynthesis by afforestation and vegetation is being attempted; 
this is known as organic C-cycle. Organic C-sequestration in the 
terrestrial biosphere, with a technical cumulative C sink capacity 
of 155 Pg C (158.6 billion tons C) in vegetation and 178 Pg C (182.1 
billion tons C) in soil by 2100, is estimated to drawdown the 
atmospheric CO2 to 156 ppm (Lal et al., 2018). As a contrast, 99.6% 
of all carbon (~108 billion tons of carbon) on earth is sequestered 
in the long term rock reservoir by silicate-carbonate formation and 
only 0.002% of carbon exists in the biosphere. Over tens to hundreds 
of millions of years, carbon dioxide levels in the atmosphere may 
vary due to natural perturbations in the silicate-carbonate cycle 
(Berner, 1991). On geological timescales, Earth’s climate is regulated 
by a balance between silicate weathering reactions that consume 
atmospheric CO2 and a continuous input of carbon from volcanic 
and metamorphic degassing (Walker et al., 1981). This would show 
how important Si is in the nature.

co n c lu s I o n
Silicon is a ubiquitous element, present in soil, water and air and 
organisms therefore its importance for plants is not realized. As a 
major component of soil, it provides anchorage to plants and as a 
component of plants themselves it provides structural strength to 
them. It protects plants against diseases, insect attacks and grazing 
by herbivores. It also saves plants from several abiotic stresses, such 
as, drought, freezing, salinity and toxicity from some elements 
(Al, As, Fe, Mn). Further field trials with silicon fertilization may be 
performed for reduction in arsenic contamination of rice grown in 
contaminated areas. However, many of these effects are physical 
in nature and Si has not been associated with a physiological or 
biochemical reaction in plants and thus has not been declared 
as an essential plant nutrient. Silicon is very much involved in 
inorganic C-sequestration and reduction of global warming. Further 
some studies have indicated that it enhances photosynthesis, so 
it also helps organic C-sequestering by plants. The break through 
researches of Si transporters in different parts of rice could be 
used as a genetic resource to develop transgenic crops to improve 
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silicon uptake potential which would simultaneously enhance 
C-sequestration. Silicon therefore deserves special attention from 
the plant structure, plant protection and global warming viewpoint. 

re f e r e n c e s
Abdel-Satar, A.M., Ali, M.H. and Goher, M.E. 2017. Indices of water quality and 

metal pollution of Nile River, Egypt. The Egyptian Journal of Aquatic 
Research 43(1):21-29.

Abro, S.A., Qureshi, R., Soomro, F.M., Mirbahar, A.A. and Jakhar G.S. 2009. 
Effects of silicon levels on growth and yield of wheat in silty loam 
soil. Pakistan Journal of Botany 41:1385-1390.

Agarie, S., Hanaoka, N. and Ueno, O. 1998. Effects of silicon on tolerance to 
water deficit and heat stress in rice plants (Oryza sativa L.) monitored 
by electrolyte leakage. Plant Production Science 1:96-103.

Al Kassimi, F.A., Al Majed, S.A., and Al Hajjaj, M.S. 1991. Silicosis in a 
Himalayan village population: role of environmental dust. Thorax 
46:861-862.

Alhousari, F. and Greger, M. 2018. Silicon and mechanisms of plant resistance 
to insect pests. Plants (Basel) 7(2):33.

Anderson, D.L., Snyder, G.H. and Martin, F.G. 1991. Multi-year response of 
sugarcane to calcium silicate slag on Everglade Histosols. Agronomy 
Journal 83:870-874.

Artyszak A., Gozdowski D., Kucińska K. 2014. The effect of foliar fertilization 
with marine calcite in sugar beet. Plant Soil Environment 60:413-417.

Ayres, A.S. 1966. Calcium silicate slag as a growth stimulant for sugarcane 
on low-silicon soils. Soil Science 101(3):216-227.

Babu Rao, G. and Sushmita, P. 2017. Silicon uptake, transportation and 
accumulation in rice. Journal of Pharmacognosy and Phytochemistry 
6(6):290-293.

Babu Rao, G., Yadav, P. and Syriac, E.K. 2018. Effect of silicon fertilization 
on yield attributing factors, yield and economics of rice cultivation. 
Journal of Pharmacognosy and Phytochemistry 7(2):1381-1383.

Berner, R., Lasaga, A. and Garrels, R. 1983. The carbonate-silicate geochemical 
cycle and its effect on atmospheric carbon dioxide over the past 100 
million years. American Journal of Science 283(7):641-683.

Berner, R.A. 1991. A model for atmospheric CO2 over Phanerozoic time. American 
Journal of Science 291(4):339-376.

Bhagia, L.J. 2009. Non-occupational exposure to silica dust in vicinity of 
slate pencil industry, India. Environment Monitoring and Assessment 
151(1-4):477-482.

Bishop, RT. 1967. Al and Si relationships in growth failure areas. Proceedings 
South African Sugar Technologists Association 37:190-194.

Bogdan, K. and Schenk, M.K. 2008. Arsenic in rice (Oryza sativa L.) related 
to dynamics of arsenic and silicic acid in paddy soils. Environmental 
Science and Technology 42:7885-7890.

Botta, A., Rodrigues, F.A. and Sierras, N. 2014. Evaluation of Armurox® 

(complex of peptides with soluble silicon) on mechanical and biotic 
stresses in gramineae. Proceedings 6th International Conference on 
Silicon in Agriculture, Stockholm, Sweden, 26-30 August 2014, pp. 46. 

Bowes, M.J., Armstrong, L.K., Harman, S.A., Wickham, H.D., Nicholls, D.J.E., 
Scarlett, P.M., Roberts, C., Jarvie, H.P., Old, G.H., Gozzard, E., Bachiller-
Jareno, N. and Read, D. 2018. Weekly water quality monitoring data 
for the River Thames (UK) and its major tributaries (2009-2013): the 
Thames Initiative research platform. Earth Systems Science Data 
10:1637-1653.

Bristow, L.A., Mohr, W., Ahmerkamp, S. and Kuypers, M.M.M. 2017. Nutrients 
that limit growth in the ocean. Current Biology 27(11):R474-R478.

Burbey, A., Rizaldi, B. and Yulizar, Z. 1988. Response of upland rice to 
potassium and silicate application on Ultisol. Pemberitaan Penelitian 
Sukarami 15:26-31.

Buurman, P. and Soepraptohardjo, M. 1980. Oxisols and associated soils on 
ultramafic and felsic volcanic rocks in Indonesia. In: Buurman, P. (Ed.), 
Red Soils in Indonesia, Soil Research Institute, Bogor, Bulletin No. 5. 
Centre for Agricultural Publication and Documentation, Wageningen, 
Netherlands, pp. 71-88.

Bzdek, B., Horan, A.J., Pennington, M.R., Janechek, N.J., Baek, J., Stanier, 
C.O. and Johnston, M.V. 2014. Silicon is a frequent component of 

atmospheric nano particles. Environmental Science and Technology 
48(19):11137-11145.

Calandral, I., Zub, K., Szafranska, P.A., Andrzej Zalewski, A. and Merceron, 
G. 2016. Silicon-based plant defenses, tooth wear and voles. Journal 
of Experimental Biology 219:501-507.

Catling, D.C. and Kasting, J.F. 2017. Atmospheric Evolution on Inhabited and 
Lifeless Worlds, Cambridge, UK, Cambridge University Press, pp. 299-326.

Chen, D., Wang, S., Yin, L. and Deng, X. 2018. How does silicon mediate 
plant water uptake and loss under water deficiency? Frontiers in 
Plant Science 9:281.

Chen, N., Wu, Y., Wu, J., Yan, X. and Hong, H. 2014. Natural and human 
influences on dissolved silica export from watershed to coast in 
Southeast China. Journal of Geophysical Research: Biogeosciences 
119:95-109.

Ciecierski W. 2016. Effect of silicon on biotic and abiotic stress mitigation 
in horticultural and field crops, Proceedings International Symposium 
“Mikroelementy w rolnictwie i środowisku”, Kudowa-Zdrój; Poland, 
21-24 June 2016, pp. 25.

Ciecierski, W. and Kardasz, H. 2014. Impact of silicon based fertilizer Optysil 
on abiotic stress reduction and yield improvement in field crops. 
Proceedings of the 6th International Conference on Silicon in Agriculture, 
Stockholm, Sweden, 26-30 August 2014, pp. 54-55.

Ciecierski, W., Korbas, M. and Horoszkiewicz-Janka, J. 2017. Effectiveness 
of silicon application on mycotoxins reduction in maize. Proceedings 
7th International Conference on Silicon in Agriculture, Bengaluru, India, 
24-28 October 2017, pp. 96.

Clements, H.F. 1965a. The roles of calcium silicate slag in sugar cane growth. 
Hawaiian Sugar Technical Reports 25:103-126.

Clements, H.F. 1965b. Effects of silicate on the growth and freckle of 
sugarcane in Hawaii. Proceedings of International Society of Sugar 
Cane Technologists, Puerto Rico 12:197-215.

Cocker, K.M., Evans, D.E. and Hodson. M.J. 1998. The amelioration of 
aluminum toxicity by silicon in higher plants: solution chemistry or 
an in planta mechanism? Physiologia Plantarium 104:608-614.

Corrales, I., Poschenrieder, C. and Barcelo. J. 1997. Influence of Silicon 
pretreatment on aluminum toxicity in maize roots. Plant Soil 
190:203-209.

Crusciol, C.A.C., Pulz, A.L., Lemos, L.B., Soratto, R.P. and Lima, G.P.P. 
2009. Effects of silicon and drought stress on tuber yield and leaf 
biochemical characteristics in potato. Crop Science 49:949-954. 

Cunha, K., Nascimento, C. and Silva. A.J. 2008. Silicon alleviates the toxicity 
of cadmium and zinc for maize (Zea mays L.) grown on a contaminated 
soil. Journal of Plant Nutrition and Soil Science 171:849-853.

Currie, A. and Perry, C.C. 2007. Silica in Plants: Biological, Biochemical and 
Chemical Studies. Annals of Botany 100(7):1383-1389.

Daoud, A.M., Hemada, M.M., Saber, N., El-Araby, A.A. and 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 (Basel) 7(2):29.

Datnoff, L., Deren, C. and Snyder, G. 1997. Silicon fertilization for disease 
management of rice in Florida. Crop Protection 16:525-531.

Datnoff, L.E., Snyder, G.H. and Korndorfer, G.H. (Ed.) 2001. Silicon in 
Agriculture-Studies in Plant Science Volume 8. Elsevier Science, 
Amsterdam, pp. 424.

De Vos, M., Van Oosten, V.R., Van Poecke, R.M.P., Van Pelt, J.A. and Pozo, M.J. 
2005. Signal signature and transcriptome changes of Arabidopsis 
during pathogen and insect attack. Molecular Plant Microbe 
Interaction 18:923-937.

Dinesh J., Shiva D., Anchal D. and Sharma V.K. 2017. Silicon and phosphorus 
fertilization in aerobic rice-wheat system; Proceedings International 
Conference on Silicon in Agriculture, Bengaluru, India, 24-28 October 
2017, pp. 130.

Dorairaj, D. and Ismail, M.R. 2017. Distribution of silicified microstructures, 
regulation of cinnamyl alcohol dehydrogenase and lodging 
resistance in silicon and paclobutrazol mediated Oryza sativa. 
Frontiers in Physiology 8:491.

Dorairaj, D., Ismail, M.R., Sinniah, U.R. and Ban, T.K. 2017. Influence of silicon 
on growth, yield, and lodging resistance of MR219, a lowland rice of 
Malaysia. Journal of Plant Nutrition 40(8):1111-1124.



Silicon in Plant Structure and Inorganic C-Sequestration

International Journal of Plant and Environment, Volume 05 Issue 02 (2019)74

Dos Santos, M., Junqueira, A.R., de Sá, V.M., Zanúncio, J. and Serrão, J. 2015. 
Effect of silicon on the morphology of the midgut and mandible of 
tomato leaf miner Tuta absoluta (Lepidoptera: Gelechiidae) larvae. 
Information Systems Journal 12:158-165.

Draycott, A.P. (Ed.) 2006. Sugarbeet - World Agriculture Series, Blackwell 
Publishing, pp. 444.

Elawad, S.H., Allen, J.R. and Gascho, G.J. 1985. Influence of UV-B radiation 
and soluble silicates on the growth and nutrient concentration of 
sugarcane. Proceedings Soil and Crop Science Society, Florida 44:134-
141.

Epstein, E. 1999. Silicon. Annual Review. Plant Physiology and Plant Molecular 
Biology 50:641-664.

Epstein, E. and Bloom, A.J. 2005. Mineral Nutrition of Plants: Principles and 
Perspectives 2nd Ed. Sinauer Associates, Sunderland, MA, USA.

Fallah, A. 2012. Silicon effect on lodging parameters of rice plants under 
hydroponic culture. International Journal of AgriScience 2(7):630-634.

Fauteux, F., Remus-Borel, W., Menzies, J.G., Belanger, R.R. 2005. Silicon and 
plant disease resistance against pathogenic fungi. FEMS Microbiology 
Letters 249:1-6.

Fennell, A. 2004. Freezing tolerance and injury in grapevines. Journal of 
Crop Improvement 10:1-2.

Field, C.B., Behrenfeld, M.J., Randerson, J.T. and Falkowski, P. 1998. Primary 
production of the biosphere: Integrating terrestrial and oceanic 
compounds. Science 281:237-246.

Fleck, A.T., Mattusch, J. and Schnek, M.K. 2013. Silicon decreases the arsenic 
level in rice grain by limiting arsenite transport. Journal of Plant 
Nutrition and Soil Sciences 176:785-794.

Fortunato A.A., Rodrigues F. and Do Nascimento, K.J. 2012. Physiological and 
biochemical aspects of the resistance of banana plants to Fusarium 
wilt potentiated by silicon. Phytopathology 102:957-966. 

Fox, R.L., Silva Younge, O.R., Plucknet, D.L. and Sherman, G.D. 1967. Soil and 
plant silicate response by sugarcane. Soil Science Society of America 
Proceedings 6:775-779.

Foy, C.D. 1992. Soil chemical factors limiting plant root growth. Advances 
in Soil Science 19:97-149.

Fraysse, F., Pokrovsky, O.S., Schott, J., Meunier, J.D. 2006. Surface properties, 
solubility and dissolution kinetics of bamboo Phytoliths. Geochimica 
et Cosmochimica Acta 70:1939-1951.

Frew, A., Weston, L.A., Reynolds, O.L. and Gurr, G.M. 2018. The role of silicon 
in plant biology: a paradigm shift in research approach. Annals of 
Botany 121(7):1265-1273.

Frings, P.J., Clymans, W., Fontorbe, G., Gray, W., Chakrapani, G.J., Conley, D. 
and De La Rocha, C. 2015. Silicate weathering in the Ganges alluvial 
plain. Earth and Planetary Science Letters 427:136-148.

Gascho, G.J. and Andries, H.J. 1974. Sugarcane response to calcium silicate 
slag applied to organic and sandy soils. Proceedings International 
Society of Sugarcane Technologists 15:543-551.

Gomes, F.A.L., Araújo1, R.H.C.R., Nóbrega, J.S. , de Fátima, R.T., da Silva, M.S., 
Santos, A.S., de Medeiros Teodósio, A.E.M. and Oliveira, C.J.A. 2018. 
Application of silicon to alleviate irrigation water salinity in melon 
growth. Journal of Experimental Agriculture International 25(6):1-9.

Gong, H., Chen, K.G., Wang S. and Zhang, C. 2003. Effects of silicon on growth 
of wheat under drought. Journal of Plant Nutrition 26:1055-1063.

Gunes, A., Pilbeam, D.J., Inal, A. and Coban, S. 2008. Influence of silicon 
on sunflower cultivars under drought stress, I: growth, antioxidant 
mechanisms, and lipid peroxidation. Communications in Soil Science 
and Plant Analysis 39:1885-1903.

Habibi, G. 2015. Effects of soil- and foliar-applied silicon on the resistance 
of grapevine plants to freezing stress. Acta Biologica Szegediensis 
59(2):109-117.

Halais, P. and Parish, D.H. 1963. Silica and manganese contents of cane 
leaf sheaths in relation to soil and nutrition. Mauritius Sugar Industry 
Research Institute Report 11:74-76.

Hartley, S.E. 2015. Round and round in cycles? Silicon-based plant defences 
and vole population dynamics. Functional Ecology 29:151-153.

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

Hayat, S., Hayat, Q., Alyemeni, M.N., Wani, A.S., Pichtel, J. and Ahmad, A. 

2012. Role of proline under changing environments: A review. Plant 
Signal and Behavior 7(11): 1456-1466.

Haysom, M.B.C. and Chapman, L.S. 1975. Some aspects of the calcium 
silicate trials at Mackay. Proceedings Queensland Society of Sugar Cane 
Technologists 42:117-122.

Hellal, F.A., Zeweny, R.M. and Yassen, A.A. 2012. Evaluation of nitrogen 
and silicon application for enhancing yield production and nutrient 
uptake by wheat in clay soil. Journal of Applied Scientific Research 
8:686-692.

Herrera, C.M. 1985. Grass/grazer radiations: An interpretation of silica-body 
diversity. Oikos 45:446-447.

Hodson, M.J., White, P.J., Mead, A. and Broadley, M.R. 2005.Phylogenetic 
variation in the silicon composition of plants. Annals of Botany 
96:1027-1046.

Holmes, R.S. and Hearn, W.E. 1938. The chemical composition of soils and 
colloids of the Norfolk and related oil series. USDA, Washington DC. 
Technical Bulletin No. 594, pp. 34.

Hughes, H.J., Sondag, F., Santos, R.V., Andre, L. and Cardinal, D. 2013. The 
riverine silicon isotope composition of the Amazon Basin. Geochimica 
et Cosmochimica Acta 121:637-651.

Hunt, J.W., Dean, A.P., Webster, R.E., Johnson, G.N. and Ennos, A.R. 2008. A 
novel mechanism by which silica defends grasses against herbivory. 
Annals of Botany 102(4):653-656.

Hurney, A.P. 1973. A progress report on calcium silicate investigations. 
Proceedings Queensland Society of Sugar Cane Technologists 40:109-
113.

Ichinose, T., Yoshida, S., Sadakane, K., Takano, H., Yanagisawa, R., Inoue, 
K., Nishikawa, M., Mori, I., Kawazato, H., Yasuda, A. and Shibamoto, 
T. 2008. Effects of Asian sand dust, Arizona sand dust, amorphous 
silica and aluminum oxide on allergic inflammation in the murine 
lung. Inhalation Toxicology 20:685-694.

Idris, Md., M.M. Hossain, M.M. and Choudhury, F.A. 1975. The effect of 
silicon on lodging of rice in presence of added nitrogen. Plant and 
Soil 43(3):691-695.

Ishibashi, H. 1937. The effect of silica on the growth of cultivated plants. V. 
Journal of Science of Soil and Manure, Japan 11:S35-S49.

Jawahar, S., Kalaiyarasan, C., Sriramachandrasekharan, M.V., Neeru, J. 
and Naveenkumar M. 2017. Effect of orthosilisic acid formulations 
on growth and field of maize in different soils. Proceedings 7th 
International Conference on Silicon in Agriculture, Bengaluru, India, 
24-28 October 2017, pp. 132. 

Kadalli, G.G., Rudresha, B.A. and Prakash, N.B. 2017. Effect of diatomite as 
a silicon source on growth, yield and quality of potato. Proceedings 
7th International Conference on Silicon in Agriculture, Bengaluru, India, 
24-28 October 2017, pp. 136.

Kanatani, K.T., Ito, I., Al-Delaimy, W.K. , Adachi, Y., Mathews, W.C. and 
Ramsdell, J.W. 2010. Desert dust exposure is associated with increased 
risk of asthma hospitalization in children. American Journal of 
Respiratory and Critical Care Medicine 182(12):1475-1481.

Kang, J., Zhao, W., Su, P., Zhao, M. and Yang, Z. 2014. Sodium (Na+) and silicon 
(Si) coexistence promotes growth and enhances drought resistance 
of the succulent xerophyte Haloxylon ammodendron. Soil Science and 
Plant Nutrition 60(5):659-669.

Keeping, M.G., Kvedaras, O.L. and Bruton, A.G. 2009. Epidermal silicon in 
sugarcane: Cultivar differences and role in resistance to sugarcane 
borer Eldana saccharina. Environmental and Experimental Botany 
66:54-60.

Kim, Y.T., Khan, A.L., Shinwari, Z.K., Kim, D.-H., Waqas, M., Kamran, M.A. and 
Lee, I.-J. 2012. Silicon treatment to rice (Oryza sativa cv Gopumbyeo) 
plants during different growth periods of its effect on growth and 
grain yield. Pakistan Journal of Botany 44(3):891-897.

Klotzbücher, A., Klotzbücher, T., Jahn, R., Xuan, L.D., Cuong, L.Q., Chien, H.V., 
Hinrichs, M., Sann, C. and Vetterlein, D. 2017. Effects of Si fertilization 
on Si in soil solution, Si uptake by rice, and resistance of rice to 
biotic stresses in Southern Vietnam. Paddy and Water Environment 
16(2):243-252.

Kobayashi, J. 1960. A chemical study of the average quality and 
characteristics of river waters of Japan. Berichte Des Ohara Institute 
Landwirtschaftliche Biologie (Okayama University) 11:313-356.



Silicon in Plant Structure and Inorganic C-Sequestration

International Journal of Plant and Environment, Volume 05 Issue 02 (2019) 75

Kristiansen, S. and Hoe1l, E.E. 2002. The importance of silicon for marine 
production. Hydrobiologia 484(1-3):21-31.

Kröger, N., Duetzmann, R. and Sumper, M. 1999. Polycationic peptides from 
diatom biosilica that direct silica nanosphere formation. Science 
286:1129-1132.

Lal, R., Smith, P., Jungkunst, H.F., Mitsch, W.J., Lehmann, J., Ramachandran 
Nair, P.K., McBratney, A.B.,  De Moraes Sá, J.C., Schneider, J., Zinn, 
Y.L., Skorupa, A.L.A., Zhang, H.L., Minasny, B., Srinivasrao, C. and 
Ravindranath, N.H. 2018. The carbon sequestration potential 
of terrestrial ecosystems. Journal of Soil and Water Conservation 
73(6):145A-152A.

Lau, E.M., Goldoftas, V.D. and Baldwin, P. 1978. Structure and localization 
of silica in the leaf and internodal epidermal system of the marsh 
grass Phragmites australis. Canadian Journal of Botany 56:1696-1701.

Lewin, J.C. 1961. Silicon as an essential element for diatom cultures. In 
Recent Advances in Botany, University of Toronto Press, Toronto, 
Canada, 1: 253-254.

Li, P., Song, A.L., Li, Z.J., Fan, F.L. and Liang, Y.C. 2011. Silicon ameliorates 
manganese toxicity by regulating manganese transport and 
antioxidant reactions in rice (Oryza sativa L.). Plant Soil 354:407-419.

Liang, Y., Nikolic, M., Bélanger, R., Gong, H. and Song A. 2015. Effect of silicon 
on crop growth, yield and quality. InSilicon in Agriculture, Springer 
Science + Business Media; Dordrecht, Netherlands, pp. 209-224. 

Liang, Y.C., Ma, T.S., Li, F.J. and Feng, Y.J. 1994. Silicon availability and response 
of rice and wheat to silicon in calcareous soils. Communications in Soil 
Science and Plant Analysis 25:2285-2297.

Lux, A., Luxová, M., Hattori, T., Inanaga, S. and Sugimoto, Y. 2002. Silicification 
in sorghum (Sorghum bicolor) cultivars with different drought 
tolerance. Physiologia Plantarum 115(1):87-92.

Ma, J.F. 2004. Role of silicon in enhancing the resistance of plants to biotic 
and abiotic stresses. Soil Science and Plant Nutrition 50:11-18.

Ma, J.F., Kazuo Nishimura, K. and Takahashi, E. 1989. Effect of silicon on the 
growth of rice plant at different growth stages. Soil Science and Plant 
Nutrition 35:347-356.

Ma, J.F., Tamai, K., Yamaji, N., Mitani, N., Konishi, S., Katsuhara, M., Ishiguro, 
M., Murata, Y. and Yano, M. 2006. A silicon transporter in rice. Nature 
440(7084):688-691.

Ma, J.F., Yamaji, N., Mitani, N., Tamai, K., Konishi, S., Fujiwara, T., Katsuhara, 
M. and Yano, M. 2007. An efflux transporter of silicon in rice. Nature 
448:209-212.

MacMillan, A. 2016. Global Warming IOI, Natural Resources Defense Council 
(Nrdc.org) March 11, 2016.

Makabe-Sasaki, S., Kakuda, K., Sasaki, Y., Ando, T., Fujii, H. and Ando, H. 
2009. Relationship between mineral composition or soil texture and 
available silicon in alluvial paddy soils on the Shounai Plain. Japan. 
Soil Science and Plant Nutrition 55:300-308.

Massey, F.P., Ennos, A.R. and Hartley, S.E. 2007. Grasses and the resource 
availability hypothesis: the importance of silica-based defenses. 
Journal of Ecology 95:414-424.

Massey, F.P., Massey, K., Roland, E.A. and Hartley, S.E. 2009. Impacts of silica-
based defenses in grasses on the feeding preferences of sheep. Basic 
and Applied Ecology 10:622-630.

Matichenkov, V.V. and Calvert, D.V. 2002. Silicon as a beneficial element for 
sugarcane. Journal of American Society of Sugarcane Technologists 
22(5):102-202. 

Mauad, M., Crusciol, C.A.C., Filho, H.G. and Corrêa, J.C. 2003. Nitrogen and 
siliconfertilization of upland rice. Scientia Agricola 60(4):761-765.

Meena, V.D., Dotaniya, M.L., Coumar, V.S., Rajendiran, S., Ajay, Kundu, S. and 
Subba Rao, A. 2014. A Case for silicon fertilization to improve crop 
yields in tropical soils. Proceedings National Academy of Sciences, India, 
Sect. B Biological Science 84(3):505-518.

Menzies, J.G., Ehret, D.L., Glass, A.D.M. and Samuels, A.L. 1991. The influence 
of silicon on cytological interaction between Sphaerotheca fuliginea 
and Cucumis sativus. Physiological and Molecular Plant Pathology 
39:403-414.

Meyer, J.H. and Keeping, M.G. 2000. Review of research into the role of 
silicon for sugarcane production. Proceedings South African Sugar 
Technologists Association 74:29-40.

Meyer, J.H. and Keeping, M.G. 2001. Past, present and future research of 
the role of silicon for sugar cane in southern Africa. In: Datnoff, L.E., 
Snyder, G.H., Korndörfer, G.H. (Eds.), Silicon in Agriculture, Vol. 8, Studies 
in Plant Science. Amsterdam, Netherlands, Elsevier, pp. 257-275.

Miyake, Y. and Takahashi, E. 1983. Effect of silicon on the growth of solution-
cultured cucumber plant. Soil Science and Plant Nutrition 29:71-83.

Monger H. C. and Kelly E. F. 2002. Silica minerals. In: Dixon, J.B., Schulze, D.G. 
(Eds.), Soil Mineralogy with Environmental Applications. Soil Science 
Society of America, Madison, USA, pp. 611-636.

Moradtalab, N., Weinmann, M., Walker, F., Höglinger, B., Ludewig, U. and 
Neumann, G. 2018. Silicon improves chilling tolerance during early 
growth of maize by effects on micronutrient homeostasis and 
hormonal balances. Frontiers in Plant Science 9:420.

Morikawa, C.K. and Saigusa, M. 2004. Mineral composition and accumulation 
of silicon in tissues of blueberry (Vaccinum corymbosus cv. Bluecrop) 
cuttings. Plant Soil 258:1-8.

Muller, J., Clauss, M., Codron, D., Schulz, E., Hummel, J., Fortelius, M., Kircher, 
P. and Hatt, J.M. 2014. Growth and wear of incisor and cheek teeth in 
domestic rabbits (Oryctolagus cuniculus) fed diets of different. Journal 
of Experimental Zoology Part A-Ecology, Genetics and Physiology 
321:283-298.

Narayanaswamy, C. and Prakash, N.B. 2009. Calibration and categorization 
of plant available silicon in rice soils of South India. Journal of Plant 
Nutrition 32(8):1237-1254.

Neu, S., Schaller, J. and Dudel, E.G. 2017. Silicon availability modifies nutrient 
use efficiency and content, C: N: P stoichiometry, and productivity of 
winter wheat (Triticum aestivum L.). Scientific Report 7:40829.

Nwugo, C.C. and Huerta, A.J. 2008. Effects of silicon nutrition on cadmium 
uptake, growth and photosynthesis of rice plants exposed to low-
level cadmium. Plant Soil 311:73-86.

Okawa, I. 1936. Investigations on the physiological action of silicic acid for 
plants. Journal of Science of Soil and Manure, Japan 10:95-110.

Pal, D.K. 2017. A Treatise of Indian and Tropical Soils. Springer, Cham, 
Switzerland.

Pan, Y.C, Eow, K.L. and Ling, S.H. 1979. The effect of bagasse furnace ash on 
the growth of plant cane. Sugar Journal 42(7):14-16.

Patel, K.S., Gupta, S., Ramateke, S., Rajhans, K.P., Nava, S. and Lucarelli, F. 2015. 
Silica particulate pollution in Central India. Journal of Environmental 
Protection 7(2):170-175.

Pati, S., Pal, B., Badole, S. et al. 2016. Effect of silicon fertilization on growth, 
yield, and nutrient uptake of rice. Communications in Soil Science and 
Plant Analysis 47(3):284-290.

Prabagar, S., Hodson, M.J. and Evans, D.E. 2011. Silicon amelioration of 
aluminum toxicity and cell death in suspension cultures of Norway 
spruce [Picea abies (L.) Karst.]. Environmental Experimental Botany 
70:266-276.

Pradeep, K., Nepolian, M., Anandhan, P., Chandran, Kaviyarasan, R., 
Prasanna, M.V. and Chidambaram, S. 2016. A study on variation in 
dissolved silica concentration in groundwater of hard rock aquifers 
in Southeast coast of India. IOP Conference Series: Materials Science 
and Engineering 121:012008.

Prakash, N.B., Savant, N.K. and Sonar, K.R. 2018. Silicon in Indian Agriculture. 
Westville Publishing House, New Delhi, pp. 204.

Prentice, P. 2017. Efficacy of silica in increasing fields in Marocco. Proceedings 
7th International Conference on Silicon in Agriculture, Bengaluru, India. 
24-28 October 2017, pp. 107.

Prifti, D. and Maçi, A. 2017. Effect of Herbagreen nano-particles on 
biochemical and technological parameters of cereals (wheat and 
corn). European Science Journal 13:72-83.

Radrigo, D.M. 1964. Response of rice to silica. Tropical Agriculturist 120:219-
226.

Raid, R.N, Anderson, D.L. and Ulloa, M.F. 1992. Influence of cultivar and 
amendment of soil with calcium silicate slag on foliar disease 
development and yield of sugarcane. Crop Protection 11(1):84-88.

Rao, S.D.V. 1967. Hardness of sugarcane varieties in relation to shoot borer 
infestation. Andhra Agricultural Journal 14:99-105.

Raven, J.A. 1983. The transport and functions of silicon in plants. Biological 
Reviews 58:157-207.



Silicon in Plant Structure and Inorganic C-Sequestration

International Journal of Plant and Environment, Volume 05 Issue 02 (2019)76

Remus-Borel, W., Menzies, J.G. and Belanger, R.R. 2005. Silicon induces 
antifungal compounds in powdery mildew-infected wheat. 
Physiological and Molecular Plant Pathology 66:108-115.

Rios, J.J., Martínez-Ballesta, M.C., Ruiz, J.M., Blasco, B. and Carvajal, M. 2017. 
Silicon-mediated improvement in plant salinity tolerance: the role 
of aquaporins. Frontiers in Plant Science 8:948.

Rizwan, M., Meunier, J.D., Miche, H. and Keller, C. 2012. Effect of silicon on 
reducing cadmium toxicity in durum wheat (Triticum turgidum L. 
cv. Claudio W.) grown in a soil with aged contamination. Journal of 
Hazardous Materials 209-210:326-334.

Rodgers‐Gray, B.S. and Shaw, M.W. 2004. Effects of straw and silicon soil 
amendments on some foliar and stem‐base diseases in pot‐grown 
winter wheat. Plant Pathology 53(6):733-740.

Ross, L.P., Nababsing, Y. and Cheong, W.Y. 1974. Residual effect of calcium 
silicate applied to cane soils. Proceedings International Congress of 
Sugar Cane Technologists 15(2):539-542.

Rudd, A. and Berthelsen, S. 1998. Increased yield from silicon additions to 
a Mossman plant crop. Proceedings Australian Society of Sugar Cane 
Technologists 20:557.

Samuels, G. 1969. Silicon and sugar. Sugary Azucar 65:25-29.
Samuels, G. and Alexander, A.G. 1969. Influence of variable manganese 

and silicon on the nutrition, sugar production and enzyme activity 
of immature sugarcane. Proceedings of the International Society of 
Sugarcane Technologists Congress 1968. 13:544-555.

Savant, N.K., Korndorfer, G.H., Datnoff, L.E. and Snyder, G.H. 1999. Silicon 
nutrition and sugarcane production: a review. Journal of Plant 
Nutrition 22:1853-1903.

Savant, N.K., Snyder, G.H. and Datnoff, L.E. 1997. Silicon management and 
sustainable rice production. Advances in Agronomy 58:151-199.

Shi, Q.H., Bao, Z.Y., Zhu, Z.J. et al. 2005. Silicon-mediated alleviation of 
Mn toxicity in Cucumis sativus in relation to activities of superoxide 
dismutase and ascorbate peroxidase. Phytochemistry 66:1551-1559.

Shwethakumari, U. and Prakash, N.B. 2018. Effect of foliar application of 
silicic acid on soybean yield and seed quality under field conditions. 
Journal of the Indian Society of Soil Science 66(4):406-414.

Sidhu, J.K., Stout, M.J., Blouin, D.C. and Datnoff, L.E. 2013. Effect of silicon 
soil amendment on performance of sugarcane borer, Diatraea 
saccharalis (Lepidoptera: Crambidae) on rice. Bulletin Entomology 
Research 103:656-664.

Silva, I.T., Rodrigues, F.A., Oliveira, J.R. et al. 2010a. Wheat resistance to 
bacterial leaf streak mediated by silicon. Journal of Phytopathology 
158:253-262. 

Silva, R., Oliveira, R., Nascimento, K. and Rodrigues, F. 2010b. Biochemical 
responses of coffee resistance against Meloidogyne exigua mediated 
by silicon. Plant Patholology 59:586-593.

Singh, K., Singh, R., Singh, J.P., Singh, Y. and Singh, K.K. 2006. Effect of level 
and time of silicon application on growth, yield and its uptake by 
rice (Oryza sativa). Indian Journal of Agricultural Science 76(7):410-413 

Snyder, G.H., Jones, D.B. and Gascho, G.J. 1986. Silicon fertilization of 
rice on Everglades Histosols. Soil Science Society of America Journal 
50:1259-1263.

Soltani, M., Kafi, M., Nezami, A. and Taghiyari, H.R. 2018. Effects of silicon 
application at nano and micro scales on the growth and nutrient 
uptake of potato minitubers (Solanum tuberosum var. Agria) in 
greenhouse conditions. BioNanoScience 8:218-228.

Song, A., Li, P., Fan, F., Li, Z. and Liang, Y. 2014. The effect of silicon on 
photosynthesis and expression of its relevant genes in rice (Oryza 
sativa L.) under High-Zinc Stress. PLoS One 9(11):e113782.

Song, A.L., Li, Z.J. and Zhang, J. 2009. Silicon-enhanced resistance to 
cadmium toxicity in Brassica chinensis L. is attributed to Si-suppressed 
cadmium uptake and transport and Si-enhanced antioxidant defense 
capacity. Journal of Hazardous Materials 172:74-83.

Sposito, G. 1989. The Chemistry of Soils. Oxford University Press, New York, 
USA.

Subramaniam, S. and Gopalswamy, A. 1991. Effect of moisture, organic 
matter, phosphate and silicate on availability on silicon and 
phosphorus in rice soils. Journal of the Indian Society of Soil Science 
39:99-103.

Taiz, L. and Zeiger, E. 2006. Plant Physiology. 4th Ed. Sinauer Associates, 
Sunderland, MA, USA.

Takahashi, E., Ma, J.F. and Miyake, Y. 1990. The possibility of silicon as an 
essential element for higher plants. Comments on Agricultural and 
Food Chemistry 2:99-122.

Thamatrakoln, K., Alverson, A.J. and Hildebrand, M. 2006. Comparative 
sequence analysis of diatom silicon transporters: toward a mechanic 
model of silicon transport. Journal of Phycology 42(4):822-834.

Trawczyński, C. 2013. The effect of foliar fertilization with Herbagreen on 
potato yielding. Ziemniak Polski 2:29-33.

Tréguer, P.J., De La Rocha, D.L. and Christina L. 2013. The World Ocean Silica 
Cycle. Annual Review of Marine Science 5(1):477-501.

Tripathi, P., Tripathi, R.D., Singh, R.P., Dwivedi, S., Goutam, D., Shri, M., Trivedi, 
P.K. and Chakrabarty, D. 2013. Silicon mediates arsenic tolerance in rice 
(Oryza sativa L.) through lowering of arsenic uptake and improved 
antioxidant defence system. Ecological Engineering 52:96-103.

Tubana B.S., Narayanaswamy C. and Lofton J. 2012. Impact of silicon 
fertilization to sugarcane grown on alluvial soils in Louisiana. Journal 
of the American Society of Sugarcane Technologists 32:75-79.

Tubana, B.S., Babu, T. and Datnoff, L.E. 2016. A review of silicon in soils and 
plants and its role in US agriculture: history and future perspectives. 
Soil Science 181(9/10):393-411.

Tuna, A.L., Kaya, C., Higgs, D. et al. 2008. Silicon improves salinity tolerance 
in wheat plants. Environmental and Experimental Botany 62(1):110-116.

Turner, R.E., Rabalais, N.N., Justic, D. and Dortch, Q. 2003. Global patterns 
of dissolved N, P and Si in large rivers. Biogeochemistry 64(3):297-317.

Ulloa, M.F. and Anderson, D.L. 1991. Sugarcane cultivar response to calcium 
silicate slag on Everglades Histosols. Paper presented at American 
Society of Sugar Cane Technologists (ASSCT) Annual Meetings, New 
Orleans, LA.

USEPA 2017. Climate Change Science-Causes of Climate Change. Search 
Snapshot 1/19/17 (via internet)

Van Hoest, P.J. 2006. Rice straw, the role of silica and treatments to improve 
quality. Animal Feed Science and Technology 130:137-171.

Van Oudenhove, L., Mailleret, L. and Fauvergue, X. 2017. Infochemical use 
and dietary specialization in parasitoids: A meta-analysis. Ecology 
and Evolution 7:4804-4811.

Van Poecke, R.M.P. and Dicke, M. 2004. Indirect defense of plants against 
herbivores: Using Arabidopsis thaliana as a model plant. Plant Biology 
6:387-401.

Vasanthi, N., Saleena, L.M. and Anthonia Raj, S. 2012. Silicon in day today 
life. World applied Science journal 17(11):1425-1440.

Viator, H., Richard, J. and Williams, G. 2004. The response of LCP 85-384 to 
silicate slag application. Louisinana State University AgCenter Sugar 
Research Station Annual Report 2004.

Vulavala, V.K.R., Elbaum, R., Yermiyahu, U. et al. 2016. Silicon fertilization of 
potato: Expression of putative transporters and tuber skin quality. 
Planta243:217-229.

Waewthongrak, W., Pisuchpen S. and Leelasuphakul W. 2015. Effect of 
Bacillus subtilis and chitosan applications on green mold (Penicillium 
digitatum Sacc.) decay in citrus fruit. Postharvest Biology and 
Technology 99:44-49.

Wagner, F. 1940. Die bedeutung der Kieselsaure fur das Wachstum einiger 
Kulturpflanzen, ihren Nahrstoffhaushalt und ihre Anfalligkeit gegen 
echte Mehltaupilze. Phytopathologische Zeitschrift 12:427-479.

Walker, J.C.G., Hays, P.B. and Kasting, J.F. 1981. A negative feedback mechanism 
for the long-term stabilization of Earth’s surface temperature. Journal 
of Geophysical Research: Oceans 86(C10):9776-9782.

Walsh, O.S., Shafian, S., McClintick-Chess, J.R., Belmont, K.M. and Blanscet, 
S.M. 2018. Potential of silicon amendment for improved wheat 
production. Plants 7:26.

Wang, M., Gao, L. and Dong, S. 2017. Role of silicon on plant-pathogen 
interactions, Frontiers in Plant Science 8:701.

Wang, Y.X., Stass, A. and Horst, W.J. 2004. Apoplastic binding of aluminum 
is involved in silicon-induced amelioration of aluminum toxicity in 
maize. Plant Physiology 136:3762-3770.

Werner, D. and Roth, R. 1983. Silica Metabolism. In: Lauch, A. and Bielseski, 
R.L. (Eds.), Encyclopedia of Plant Physiology, New Series Vol. 15B, 
Springer-Verlag, Berlin and New York, pp. 682-694.

White, B., Tubana, B.S., Babu, T. et al. 2017. Effect of silicate slag application 
on wheat grown under two nitrogen rates. Plants 6:47.



Silicon in Plant Structure and Inorganic C-Sequestration

International Journal of Plant and Environment, Volume 05 Issue 02 (2019) 77

Wright, C.R., Waddell, E.A. and Setzer, W.N. 2014. Accumulation of silicon in 
cacti native to the United States: characterization of silica bodies and 
cyclic oligosiloxanes in Stenocereus thurberi, Opuntia littoralis, Opuntia 
ficus-indica and Opuntia stricta. Natural Product Communications 
9(6):873-878.

Yamaji, N., Mitatni, N. and Ma, J.F. 2008. A transporter regulating silicon 
distribution in rice shoots. Plant Cell 20(5):1381-1389.

Yool, A. and Tyrrell, T. 2003. Role of diatoms in regulating the ocean’s silicon 
cycle. Global Biogeochemical Cycles 17(4):14.1-14.22.

Yoshida, S., Ohnishi, Y. and Kitagishi, K. 1962. Histochemistry of silicon in rice 
plant III. The presence of cuticle-silica double layer in the epidermal 
tissue. Journal of Soil Science and Plant Nutrition 8(2):1-5.

Yuan, H.F. and Chang, Y.S. 1978. Effect of available silicon in paddy soil on 
the growth of rice plants. Botanical Bulletin of Academia 19:125-138.


	1 99 Rajesh Kumar Tewari

