
INTRODUCTION

Si is a second most abundant element both on the surface of
the earth and in the soil (Olle, 2014). Most Si in soil is in-
soluble and not available to plants because of formation of
oxides or silicates in combination with other elements (Ali
et al., 2013; Balakhnina Borkowska, 2013). The occurrence
of Si in plants is a result of its uptake in the form of soluble
Si(OH)4 (Ma Yamaji, 2006) or Si(OH)3O2, from the soil
and its controlled polymerisation at the final location. How-
ever, the ability of a plant to accumulate Si varies greatly
between species (0.1–10% of dry weight) (D’Imperio et al.,
2016).

Si is beneficial for mostly higher plants, especially in a
stressful environment, although it is not considered to be re-
quired by higher plants (Chen et al., 2011).

Si uptake in plants leads to an increase in horticulture pro-
duction (D’Imperio et al., 2016). It has been demonstrated
to have multiple direct and indirect beneficial effects on
growth and development of many plants, particularly of
gramineous and some cyperaceous plants (Ali et al., 2013).
Si has been shown to enhance growth of various plants
(Jana and Jeong, 2014). The beneficial effects of Si are es-
pecially pronounced in plants exposed to abiotic and biotic

stress (Ma, 2004; Gomes et al., 2005; Epstein, 2009;
Vaculik et al., 2012; Ali et al., 2013; D’Imperio et al.,
2016; Reynolds et al., 2016). Si enhances tolerance of
plants to metal toxicity (Richmond and Sussman, 2003), in-
cluding aluminum (Al), boron (B), cadmium (Cd), manga-
nese (Mn), and zinc (Zn) (Ali et al., 2013). Si uptake by
plants improves agricultural crop quality and yield (Rich-
mond and Sussman, 2003). Si application could therefore
improve crop production under adverse climate and soil
conditions (Zhu Gong, 2014, Guntzer et al., 2012).

The purpose of this investigation was to show the impor-
tance of Si in agricultural production.

OVERVIEW OF THE SI CYCLE BETWEEN SOIL AND
PLANTS

Presence of Si both in soil and plants protects plants against
biotic and abiotic stresses are as follows (Farooq and Dietz,
2015).

Si associated ex planta benefits:

– alleviation of heavy metal toxicity e.g. Fe, Al, Mn, As,
Cd etc.;
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– alleviation of P deficiency.

Si associated in planta benefits are increase of resistance
against:

– abiotic stressors: drought, lodging, low and high tempera-
ture, UV light, heavy metals, and salinity;

– biotic stressors: diseases, fungi, pathogens, herbivores.

Si uptake in higher plants can be active, passive and rejec-
tive uptake. Si uptake by rice, a typical Si-accumulator, is
an active process that is not affected by transpiration, but is
severely inhibited by respiratory inhibitors like NaCN and
metabolic inhibitors such as 2,4-dinitrophenol (2,4-DNP),
iodo-acetate and 2,4-dichlorophenoxyacetic acid (Liang et

al., 2005). Some dicots, such as cucumber, melon, straw-
berry and soybean, take up Si passively, and bean excludes
Si. Plants with an active Si uptake process have much
higher intake of Si than of water, resulting in Si depletion in
nutrient solutions (Liang et al., 2005). Those with a passive
or rejective Si uptake system take up Si at a rate similar to
or even much lower than water. In addition to rice, some
graminaceous plants and some cyperaceous plants take up
Si actively, while uptaqke of some other Gramineae is pas-
sive (Liang et al., 2005).

Si nutrition was shown to ameliorate the deleterious effects
of salinity on growth of canola plants, by lower tissue Na+

contents, which maintained the membrane integrity of root
cells, increased reactive oxygen species scavenging capacity
and reduced lignification (Hashemi et al., 2010).

Si supplementation leaves no insecticide residues in food or
the environment, is relatively cheap, and could easily be in-
tegrated with other pest management practices, including
biological, chemical, and cultural practices (Laing et al.,
2006).

Converting silicic acid to silica in higher plants. Most im-
portant role of photosynthetic organisms in the Si cycle is
conversion of silicates to silicic acid on land and silicic
acid to silica in the ocean. However, terrestrial higher
plants are also involved in the conversion of silicic acid to
silica. Silicic acid enters the plants, as does water, and is
carried through the plant with water flow via transpiration.
As water evaporates, silicic acid becomes supersaturated
with respect to solid hydrated silica, which is precipitated as
phytoliths. These phytoliths are resolubilised and join the
flux of silicic acid to the ocean. Silica deposits provide in-
creased resistance to parasites and alter leaf posture in many
plants (Raven, 2003).

Si uptake, transport and accumulation in plants. There
have been some recent advances on understanding of Si up-
take, transport, and accumulation in plants and on how Si
alleviates salinity toxicity and drought stress. The major
points are the following (Zhu Gong, 2014):

1) both passive and active Si uptake may coexist in
plants;

2) although Si transporters have been identified in some
plants, more Si transporters remain to be identified, and
the process of Si transport needs further clarification;

3) the mechanisms for Si-mediated tolerance of salinity
and drought have been extensively investigated at both
physiological and biochemical levels. The physiological
aspects include increasing water uptake by roots, main-
taining nutrient balance, decreasing water loss from
leaves, and promoting photosynthetic rate. At the bio-
chemical level, Si may improve antioxidant defence
abilities by increasing the activities of antioxidant en-
zymes and the contents of non enzymatic antioxidants;
Si may also contribute to osmotic adjustment and in-
crease photosynthetic enzymatic activities;

4) Si can regulate the levels of endogenous plant hor-
mones under stress conditions, whereas Si involvement
in signalling and regulation of gene expression related to
increasing stress tolerance remains to be explored.

SIGNIFICANCE OF SI FOR PLANT GROWTH AND

YIELD

Si is applied to improve plant growth and yield, also under

stress conditions. Several functions have been attributed to

Si: improvement of nutrient imbalance, reduction of mineral

toxicities, improvement of mechanical properties of plant

tissues and enhancement of resistance to other various

abiotic (salt, metal toxicity, nutrient imbalance, lodging,

drought, radiation, high temperature, freezing, UV) and bi-

otic stresses. The protective role of Si in plants may be con-

nected with accumulation of polysilicic acids inside cells.

An increase in the concentration of polysilicic acid in plant

tissues has been shown to increase stress tolerance (Balakh-

nina and Borkowska, 2013).

Si application increased seed germination, plant growth,

biomass, and photosynthesis under drought and salt stress.

This Si-mediated increase in plant growth and biomass un-

der drought and salt stress might be due to followed rea-

sons. Si-mediated alleviation of both drought and salt stress

include nutrient homeostasis, modification in gas exchange

attributes and phytohormones, osmotic adjustment and

higher leaf water content, reduction in oxidative stress by

enhancing the activities of antioxidant enzymes, and

upregulation of gene expression. In addition, Si-mediated

increase in plant growth and biomass might be due to reduc-

tion in Na
+

uptake and translocation and increase in K
+

up-

take and translocation as well as reduction of free Na
+

in

plants (Rizwan et al., 2015).

Similarly, it was reported that Si improves water storage

within plant tissues, which allows a higher growth rate that,

in turn, contributes to salt dilution in the plant, mitigating

salt toxicity effects (Romero-Aranda et al., 2006).
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INTERACTION OF SI WITH THE UPTAKE OF MIN-
ERAL ELEMENTS

Olle (2017) showed that the content of NO3, N, P, Ca was
higher in Si-treated plants. Similarly, Smith (2011) found
that applied Si fertilisers interacted positively with applied
major and trace elements improving plant agronomic per-
formance and efficiency. Bent (2014) observed that Si acid
increases nutrient uptake in plants.

Increased nitrate uptake can influence plants negatively.
High nitrate accumulation in plants might be undesirable,
because it results in nitrite production, which is converted to
nitric oxide by nitrate reductase and further into the ex-
tremely toxic compound peroxynitrite under aerobic condi-
tions, which is harmful for plant growth (Reddy and
Menary, 1990).

Olle (2017) showed that when plants were treated with sili-
cic acid solution, the phosphorus (P) content was higher
than in the untreated control. Greger et al. (2011) found
that when lettuce plants were treated with silicic acid solu-
tion, the P content was lower. This observed decrease of P
was mainly a dilution effect; in fact the amount of P was
unchanged or increased, as there was Si-induced increase of
biomass (Greger et al. 2011). Increased P content is impor-
tant, because it results in good root growth (Durner, 2013).

Si treatment increased calcium contents in iceberg lettuce
plants (Olle, 2017). A higher Ca content is beneficial, sup-
pressing insect and disease attack and increasing transport-
ability and storage quality (Olle, 2013; 2015).

Plants absorb Si as H4SiO4. At the pH levels of most agri-
cultural soils, H4SiO4 concentration in soil solution ranges
from 0.1 to 0.6 mM. Absorption of H4SiO4 takes place at
the lateral roots via active, passive, and rejective mecha-
nisms. It is believed that in high Si accumulators the
amount of H4SiO4 taken up by active mechanisms is greater
than concentrations taken by mass flow, because of the high
density of Si transporters in roots and shoots facilitating
H4SiO4 movement across root cell membranes (Tubana et

al., 2016).

Cucumber and courgette could benefit from enhanced Si
concentration in the root environment, it can promote total
yield and suppress powdery mildew. Despite minor uptake
of Si in lettuce, it was found that Si uptake affected the Mn
distribution, thereby, alleviating Mn toxicity in the plant
(Datnoff et al., 2001).

INTERACTION BETWEEN SI AND STRESS FACTORS

The presence of Si in plants has been found to alleviate
many abiotic and biotic stresses, leading to the incorpora-
tion of silicates into many fertilisers (Currie and Perry,
2007). Si interacts with polyphenols in xylem cell walls and
affects lignin deposition and biosynthesis. In rice, under wa-
ter deficit induced by polyethylene glycerol, addition of Si
was observed to decrease the transpiration rate and mem-

brane permeability. In sorghum, application of Si increased
the relative water content and dry mass of plants (Balakh-
nina and Borkowska, 2013). Si has been reported to pro-
mote resistance of wheat to freezing stress. Physiological
and cytological studies suggested that the Si-induced de-
fence response and cell silicification of rice leaves alto-
gether contribute to the Si-induced rice resistance to blast
disease (Chen et al., 2011). Si also can alleviate the effects
of salt stress, high temperature, and heavy metals toxicity
on plants. The improvement of drought tolerance in sor-
ghum achieved by adding Si might be associated with en-
hancement of water uptake ability. Si uptake also can im-
prove water status and increase dry mass of wheat plants in
pots under drought (Balakhnina and Borkowska, 2013). In
the context of organic farming, the application of Si to not
only cereals, millets, sugarcane etc. but also to vegetables
and pulses may pave a way for increasing the yield and re-
ducing the use of chemical fertilisers, pesticides and fungi-
cides (Vasanthi et al., 2014).

Possible mechanisms of beneficial action of Si on cell
physiology and stress acclimation (Farooq and Dietz, 2015)
are:

– Si at high concentrations changes physicochemical prop-
erties, which affect solubility, binding and sequestration
of other elements ex planta and in planta;

– Si may bind to proteins such as effector proteins and re-
ceptors or compete with other binding processes in the
cell or on the cell surface.

The beneficial effects of Si are high deposition in plant tis-
sues, enhancing their strength and rigidity. Si might play an
active role in promoting host resistance to plant diseases by
stimulating defence reaction mechanisms (Ma and Yamaji,
2006).

Biotic stresses. The beneficial role of Si in promoting plant
resistance to various biotic (i.e. pest attack and pathogen in-
fection) is particularly evident. Si is deposited mainly in the
cell lumen and cell wall in the form of SiO2*nH2O. Plants
take up Si in the form of monosilicic acid. There are numer-
ous reports on Si suppressing plant diseases and pests. Si
mediated resistance to the pathogen is associated with
higher deposition of Si in leaves and the activation of host
defence response (Gao et al., 2011).

Photosynthetic traits such as gas exchange and chlorophyll
fluorescence parameters have been considered to be very
useful, non-invasive indicators to investigate the behaviour
of the photosynthetic apparatus under environmental stress,
including pathogen attack. When plants were infected by
pathogens, physiological and photosynthetic properties and
growth of plants were negatively influenced. Pathogen in-
fection led to a decrease in photosynthesis and modification
or damage of the photosynthetic apparatus, which might be
the result of down-regulation of photosynthesis or damage
of the photosynthetic apparatus. Both maximum/potential
quantum efficiency (Fv/Fm) and the maximum primary
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yield (Fv/F0) of photochemistry of PS II are related to pho-
tosynthetic efficiency of plant leaves. Chlorophyll fluores-
cence analyses showed that PSII photochemical efficiency
is decreased by viral infection (Gao et al., 2011).

Numerous studies have shown enhanced resistance of plants
to insect herbivores. Si may act directly on insect herbi-
vores, leading to a reduction in insect performance and
plant damage. A further indirect effect of Si may be to in-
crease tolerance of plants to abiotic stresses, notably water
stress, which can lead to a reduction in insect numbers and
plant damage. Increased physical resistance based on solid
amorphous silica has long been considered the major
mechanism of Si-mediated defences of plants. Physical re-
sistance involves reduced digestibility and/or increased
hardness and abrasiveness of plant tissues because of silica
deposition, mainly as opaline phytoliths, in various tissues,
including epidermal silica cells (Reynolds et al., 2009).

Diseases incidence. Scientists have tested the effects of Si
on several components of resistance to blast using suscepti-
ble, partially resistant, and completely resistant rice culti-
vars. They found that, regardless of the cultivar resistance,
Si application increased the incubation period and decreased
the number of sporulating lesions, lesion size, rate of lesion
expansion, and the number of spores per lesion (Ma, 2004).

Foliar application of Si has been reported to be effective in
inhibiting powdery mildew development on cucumber,
muskmelon, and grape. Si applied to leaves may deposit on
the surface of leaves and play a similar role to that of Si
taken up from the roots (Ma, 2004).

Si is also effective in increasing resistance to fungal dis-
eases caused by Pythium ultimum and P. aphanidermatum

in cucumber roots (Ma, 2004).

Diseases suppressed by Si nutrition (Meena et al., 2014) in-
clude:

– rice – leaf and neck blast, brown spot, sheat blight,
leaf scald, grain, discoloration, stem rot;,

– sugarcane – sugar rust, ring spot,

– banana – Panama wilt,

– grape – powdery mildew,

– cucumber – powdery mildew,

– wheat – powdery midlew,

– cowpea – rust,

– cucumber – root disease,

– barley – powdery mildew,

– pea – leaf spot.

Pests incidence. In a field study, a positive relationship be-
tween the Si content of rice and resistance to the brown
planthopper has been observed (Ma, 2004).

Pests suppressed by Si nutrition (Meena et al., 2014) in-
clude:

– rice – stem maggot, green leaf hopper, brown plant
hopper, leaf spider, stem borer, grey garden slug,
mites,

– wheat – green bug, red flour beetle,

– sorghum – green bug,

– corn – leaf aphid, borer,

– sugercane – stalk borer, stem borer,

– grape – fruit cracking.

Abiotic stresses. Si is known to effectively mitigate various
abiotic stresses such as manganese, aluminum and heavy
metal toxicity, and salinity, drought, chilling and freezing
stresses. The key mechanisms of Si-mediated alleviation of
abiotic stresses in higher plants include (Liang et al., 2007):

– stimulation of antioxidant systems in plants,

– complexation or co-precipitation of toxic metal ions
with Si,

– immobilisation of toxic metal ions in growth media,

– uptake processes, and

– compartmentation of metal ions within plants.

Si can help to mitigate the followed abiotic stress factors in
plants (Meena et al., 2014):

– physical stress – lodging, drought, radiation, high
temperature, freezing, UV etc.;

– chemical stress – salinity in rice and wheat, Mn toxic-
ity in bean, Al toxicity in rice, Fe toxicity in sugar-
cane, Cd toxicity in wheat, rice and maize.

BIOFORTIFICATION

There is a green line through the mode of action of Si in re-
sponse to abiotic and biotic stress, which includes fortifica-
tion of the structural integrity of cell walls, the stimulation
of synthesis of defence components, and contribution to os-
motic adjustment together with ion balance (homeostasis)
(Haneklaus et al., 2018). Homeostasis is maintained most
efficiently by balanced nutrient ratios in plant tissues, which
then foster crop productivity, quality, and plant health,
while excessive loads of minerals will reduce yield. A
unique characteristic of Si is that it is taken up as a weak
acid, Si(OH)4, and by biomineralisation through a succes-
sive loss of water; heavy metals are bound in phytoliths,
and SiO2 is finally deposited in cell walls (Haneklaus et al.,
2018).

The application of 50 or 100 mg·l–1 of Si to nutrient solu-
tion allows to obtain Si biofortified leafy vegetables for
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fresh-cut (ready to use) products. Bioaccessibility values
were found to be higher compared to plants that were not
biofortified; this would allow a greater uptake during the di-
gestion process. Si-biofortified foods are a valuable co-
adjuvant in the prevention of bone health (D’Imperio et al.,
2016).

Biofortification can be achieved through two mechanisms
(D’Imperio et al., 2016):

– modifying the content of some microelements in the
edible parts of the plant,

– increasing bioavailability by reducing anti-nutritional
factors and favouring or increasing expression of nu-
tritional factors.

SILICIC ACID AGROTECHNOLOGY (SAAT)

The application of stabilised silicic acid is called silicic acid
agro technology (SAAT). This technology was developed
by Dr. Henk-Maarten Laane (Bent, 2014). SAAT has been
shown to be very effective on almost every crop, with in-
creased root system size, longer stem/tillers, leaf area and
chlorophyll content and nutrient uptake, resulting in
15–50% more yield and higher quality (Bent, 2014). SAAT
also decreases biotic and abiotic stresses. Due to a (much)
lower infection rate, pesticide use can be reduced by (at
least) 50%. The product is safe (for the plant, the soil, the
farmer and the consumer) and ecologically friendly.

Many studies have been conducted to determine if Si has an
effect on tomato plants (Bent, 2014). Bent reported that
SAAT technology can increase the yield of tomatoes up to
31% based on research done in Asia and Europe in
2012–2013. For tomato, Bent (2014) recommended to use
SAAT technology from transplant age to full production of
fruit after every 8–12 days. Si effects on young transplanted
tomato plants include increased stem length and diameter at
early growing stages (Olle and Schnug, 2016a). Similarly,
Olle (2014) observed the same results with cucumber in
early growing stages. For later growing stages this was
confirmed earlier by Bent (2014). Experiments confirm also
earlier findings from Olle and Schnug (2016b), who ob-
served that foliar applied Si increased plants concentration
of P and K, giving the plant a better supply for the higher
demand in early growing stages.

SUMMARY

Si is the second most abundant element both on the surface
of the earth and in the soil. Si in plants leads to increased
yield in horticulture production. This nutrient has multiple
direct and indirect beneficial effects on growth and develop-
ment of many plants. Si has beneficial effects on plants that
are exposed to abiotic and biotic stresses. Si enhances toler-
ance of plants to metals toxicity. Si uptake by plants im-
proves agricultural crop quality and yield. Si application
could therefore improve crop production under adverse cli-

mate and soil conditions. Si can influence positively plant
growth and yield, in particular, under stress conditions. Si
may increase uptake and translocation of mineral elements
in plants. The application of stabilised silicic acid is called
the ‘silicic acid agro technology’ (SAAT). SAAT has been
shown to increase root system size, length of stem/tillers,
leaf area and chlorophyll content and nutrient uptake, result-
ing in higher yield and improved quality. SAAT also de-
creases biotic and abiotic stresses.
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SILÎCIJS ILGTSPÇJÎGÂ AUGKOPÎBAS SISTÇMÂ

Apskatâ aplûkota silîcija nozîme augkopîbâ. Ðî elementa klâtbûtne paaugstina augu produktivitâti un kvalitâti, îpaði biotiska un abiotiska
stresa apstâkïos. Silîcija lietoðana stabilâs silîcijskâbes veidâ (silîcijskâbes agrotehnika) ir svarîgs elements ilgtspçjîgâ augkopîbas
stratçìijâ.
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