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Abstract

In the last decades, the concentration of atmospheric CO, and the average temperature have
been increasing and this trend is expected to become more severe in the near future.
Additionally, environmental stresses including drought, salinity, UV-radiation, heavy metals,
and toxic elements exposure represent a threat for ecosystems and agriculture. Climate and
environmental changes negatively affect plant growth, biomass and yield production, and also
enhance plant susceptibility to pests and diseases. Silicon (Si), as a beneficial element for plants,
is involved in plant tolerance and/or resistance to various abiotic and biotic stresses. The
beneficial role of Si has been proved in various plant species and its accumulation rely on roots
uptake capacity. However, Si uptake in plants depends on many biogeochemical factors that
may be substantially altered in the future affecting its functional role in plant protection. At
present, it is not clear whether Si accumulation in plants will be positively or negatively affected
by changing climate and environmental conditions. In this review, we focused on Si interaction
with the most important factors of global change and environmental hazards in plants,
discussing the potential role of its application as an alleviation strategy for climate and

environmental hazards based on current knowledge.
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Introduction
Climate change represents a serious problem at a global level, affecting the whole spectra of
living organisms, including plants. Climate determines the rate of organism’s growth and
distribution, what seems to be altered due to the pressure of global warming in tandem with
elevated CO2 (eCO2) concentration as was predicted by climate models (Newman 2011,
Pugnaire et al. 2019). The concentration of CO is currently 400 pmol CO, mol™ air and is
predicted to increase two-fold by the end of this century (Vaughan et al. 2018), whereas the
estimation of average temperature shows an increase of 0.1 — 0.4 °C per decade (Jump and
Pefiuelas 2005). The other impacts of climate change include an unequal distribution of
precipitation (that leads to long drought periods often followed by intensive rains) or exposure
of plants to temperature stress combined with increased ultraviolet (UV) radiation (Ban et al.
2015; Bloeschl et al. 2019). The increased average temperature is also responsible for spreading
of various plant pathogens. Biotic stresses induced by pests and diseases have been also a threat
to agriculture, causing considerable losses in crop yield and imposing the application of large
amounts of phytosanitary products (Bajwa et al. 2020). In a global scenario of food shortage
and pressing need for environmental conservation, these aspects pose a major global concern
to sustainable agricultural practices, further aggravated by the expansion of endemic pests and
pathogens to areas outside their native regions due to climate change phenomena (Bebber et al.
2013; Timmusk et al. 2020). However, there is limited information available about the
interaction between global changes and plant diseases. Climate change might be responsible for
the positive, neutral or negative relation between hosts and pathogens because of the specificity
of each pathosystem. This in turn might alter crop yield and quality (Ahanger et al. 2013).
Agriculture is an important sector of the world’s economy and is highly dependent on
climate, which ultimately constitutes an essential input to agricultural production. Assuring
optimal crop yield in the context of climate change while safeguarding natural resources is
deemed to be one of the biggest challenges in the current century (Le Gouis et al. 2020). In
times where environmental pressures are compounded by nutrient-depleted soils and eminent
biodiversity losses, sudden shocks to food production and supply chains pose severe threats to
global sustainability (Sattar et al. 2017; Scherer et al. 2020). Amongst the different food
commaodity types (crops, livestock, fisheries and aquaculture) crops are by far the most affected
by climate change, with losses of up to 50% (Cottrell et al. 2019). The latest prediction model
for crop growth and water productivity suggested a yield reduction of 3.4% - 8.6% during the
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period of 2018 — 2027 in seed corn crops (Liu et al. 2020). Changes in climate will inevitably
have a direct impact not only on agricultural productivity but also on farm incomes and prices
(Hertel 2018).

Only in Europe, more than 650,000 sites are considered as polluted due to various
inorganic and organic contaminants presented in the soil (Pérez and Rodriguez Eugenio 2018).
High demand for natural sources, fast speed of industrialisation and intensification of
agriculture lead to the release of heavy metals and other potentially toxic elements, like
cadmium (Cd), lead (Pb), copper (Cu), zinc (Zn), chromium (Cr), aluminium (Al), arsenic (As)
or antimony (Sb), as well as various organic pollutants, like polyaromated hydrocarbons (PAH),
polychlorinated biphenyls (PCB), various pesticides and antibiotics into the natural or man-
managed ecosystems (Huang et al. 2019; Kumar et al. 2019; Kopittke et al. 2019). Several
agriculturally important regions of the world are seriously threatened, and therefore, marginal
polluted land might play a key role in the future for food and feed production after proper
remediation (Rutkowska et al. 2020).

Silicon (Si), the second most predominant element in the earth crust (Liu et al. 2019),
has a beneficial effect on plants playing a functional role in the alleviation of several abiotic
and biotic stresses, which have been studied for more than two decades (Liska et al. 2017; Lux,
Lukacova, et al. 2020). So far there is little information about Si uptake and accumulation in
plants in response to climate changes and especially to global warming. As the positive effect
of Si on plants is restricted to its uptake and accumulation, the efficient transport of Si is an
essential criterion. The essentiality of Si for plants has never been proved, because there is no
evidence that Si is involved in cell metabolism or is component in organic compounds (Tubana
et al. 2016). Despite this fact, Si has been used widely in agriculture due to improved
productivity of several crop species and, also, Si serves as a valued element to humans (Tubana
et al. 2016). Important to note, crop plants may extract ca. 210 — 224 million tons of silicon
annually, depending on plant species (Tubana et al. 2016). Deposition of Si in the form of silica
is predominant in above-ground plant parts, however, there are some crop species with high
accumulation of silica in roots (Lux et al. 2020). The accumulation of Si in plants rely on root
capacity to take up silicon and other mineral nutrients dissolved in water. The water content in
soils will become probably less abundant in the future, so Si deposition in plants might be
altered.

This study aims to perform a comprehensive literature analysis and discussion on the
possible applications of Si on plants exposed to climate and environmental hazards including

eCOo, increased UV and temperature exposure that relates to drought, salinity effect, also metal
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and metalloid contamination involved in environmental hazard, as well as the effect of Si to
biotic stresses. The review is mainly focused on crops with agronomic importance, however

other model plants are also included.

General effects of climate change and environmental hazards on plant growth

Plant development generally increases linearly with temperature across a wide spectrum, with
the exact range being crop dependent. Outside specific temperature ranges, crops tend to be
severely impacted in terms of growth, quality and productivity. The reasons for these impacts
are linked to alterations in standard biochemical and metabolic processes, phenological
development stages (Piao et al. 2019), but also to alterations in basic processes of cell wall
reorganization and remodelling (Ezquer et al. 2020), or root elongation (Ding et al. 2019).
Elevated CO, commonly leads to an increase in internal leaf CO; levels and a reduction in
stomatal conductance, stimulating photosynthesis in C3 plants. This may lead to higher biomass
accumulation until acclimation takes place, but also may lead to nutritional losses in edible
plant parts (Soares et al. 2019). The classical view is still that carbon (photosynthetic CO>
uptake), ranks above any other drivers of plant growth (Kérner 2015), however, carbon does
not act alone. To realize increases in crop yields, soil nutrient levels, soil moisture, water
availability, and other conditions must also be met. Moreover, oftentimes crops face a series of
challenges at any given moment. For example, changes in the frequency and severity of
droughts and floods are often associated with periods of extreme temperatures (Masson-
Delmotte et al. 2018 2012). On another example, boron (B) toxicity and salinity stress are well
recognized as severe stress conditions for plants. However, their coexistence in arid and semi-
arid agricultural regions has shown ambiguous effects on plant growth and development
(Pandey et al. 2019).

Worsen environmental conditions, as the results of human activities, negatively affect
plant biology, especially when speaking about an agricultural point of view. One of the most
important factors of environmental pollution is excessive soil contamination by metals and
metalloids, typically present in wastewater used for crop irrigation serving as an environmental
hazard to plants (Papaioannou et al. 2019). These elements are toxic when its concentration
exceeds the threshold level, however, plants have evolved mechanisms to cope with metal and
metalloid stress (DalCorso et al. 2019). The most prevalent symptom of metal and metalloid
toxicity is decreased growth and biomass with subsequent alteration of yield production.

Taken together, climate and environmental variables defy several keystone aspects of

plant growth and development tightly connected with crop performance, such as: 1. plant
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development (root and shoot); 2. photosynthesis and respiration; 3. water stress adaptations; 4.

extreme temperature damage; 5. pest and disease susceptibilities.

Silicon transport in plants in response to altered climate and environmental conditions
For plants, silicic acid, Si(OH)a, represents a bioavailable form of silicon that is absorbed by
the root system and irreversibly polymerised into amorphous silica (Si02-nH20) at the final
location in the plant (Richmond and Sussman 2003; Currie and Perry 2007). Plant species differ
in their ability to accumulate Si in the shoots and this feature is mainly assigned to the uptake
ability of the root system (Takahashi et al. 1990; Ma and Takahashi 2002; Hodson et al. 2005).
The shoot concentration varies greatly between the plant species from 1% up to 10% of the dry
mass (Epstein 1999). Based on the molecular and genetic studies with low silicon mutant plants,
two silicon transporters in roots were discovered, i.e. channel protein Lsil responsible for
uptake of Si from the soil environment and active transporter Lsi2 involved in translocation of
Si from the root to the shoot (Ma et al. 2006, 2007). Subsequently, channel protein Lsi6
homologous to the Lsil plays a role in shoot Si distribution (Yamaji et al. 2008). However,
besides the molecular mechanism of Si transport and accumulation, shoot Si accumulation is to
a lesser content also related to transpiration process (Mitani and Ma 2005).

The concentration of silicic acid ranges from 0.1 to 0.6 mM in soil. So far there is little
information about Si uptake and accumulation in plants in response to climate changes and
especially to global warming. As the beneficial function of Si is restricted to uptake ability of
plants, high temperature may decrease plant Si uptake and accumulation due to lower level of
soil water as indicated by a recent study (Johnson et al. 2019). In this study, foliar Si
concentration (% of dry mass) decreased in plants of pasture grass without Si addition in
warmed conditions, however, it was not affected in plants supplied with Si grown upon
warming. Interestingly, warming had no impact on root Si concentration in plants of pasture
grass (Johnson et al. 2019). Other study showed that shoot Si concentration of several grass
species was not generally affected by elevated temperature, except species with natural lower
ability to accumulate Si (less than 1% of dry mass) (Johnson and Hartley 2018). In the case of
eCOo, Si accumulation of shoots was strongly decreased in grasses (Johnson and Hartley 2018).
This study showed evidence that eCO> is a stronger driver of silicon accumulation in
comparison to increased temperature in grasses. Thus, decreased accumulation of Si might be
responsible for higher susceptibility to herbivores or abiotic stresses (Johnson and Hartley
2018). On the other hand, Si concentration was not decreased in various tree species upon eCO;

(Fulweiler et al. 2014). However, the analysis of overall forest Si accumulation, based on net
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primary production and above-ground Si concentration of trees, showed increased Si
accumulation under eCO. treatment. Elevated CO2 might, thus, enhance terrestrial Si pumping
in forests and contribute to Si transfer from terrestrial systems to downstream ecosystems
(Fulweiler et al. 2014). Altered precipitations are also related to climate changes and may affect
Si uptake and accumulation in above-ground parts of the plants. The negative correlation
between Si and carbon (C) was found in arid conditions showing precipitation and soil nutrient
status as a key driver for silicification in leaves (Quigley et al. 2020). This recent paper revealed
that plants accumulate more Si when the level of soil water and nutrients is limiting. The cost
of Si for structural support is lower in comparison to investment in C-based leaf construction.
Except Si-based structural support, Si may be also involved in stress tolerance during water
deficient conditions, however, general beneficial role of Si is lost, when the water level is
restored (Quigley et al. 2020). Considering UV radiation, Si uptake and accumulation in shoots
might be lowered. In the study with wheat plants, UV-B exposure in ambient or enhanced
intensity caused decreased Si concentration in both below- and under-ground plant parts
(Tripathi et al. 2017b). However, exposure of UV does not seem to affect Si concentration in
leaves of millet, but together with decreased water availability Si concentration is slightly
lowered (Grasi¢ et al. 2019). Up to date, the number of experimental studies showing the
dynamics of Si uptake or pattern of Si accumulation in plants during altered climate conditions
is insufficient even if several stresses act simultaneously. At this point, it is not clear, whether
Si uptake and accumulation might be positively or negatively regulated by future environmental

changes and climate alterations.

Silicon in the fight against drought and salinity stress

Drought

Water stress is one of the major’s environmental constraints limiting plant growth and
agricultural productivity. Drought induces a range of physiological and biochemical processes
in plants that can reduce crop yields up to 70 %, resulting in serious economic losses (Osakabe
et al. 2014; Siracusa et al. 2018). Although plants have evolved different morpho-physiological
and biochemical strategies to cope with drought stress (Lamaoui et al. 2018), increasing
evidence suggests that the detrimental effects of drought can be mitigated by the adequate and
balanced supply of mineral nutrients (Waraich et al. 2011). One of the methods involving the
alleviation of negative water stress is the application of Si. The beneficial effect of Si on plant
water status has been extensively studied in various plant species subjected to drought stress

(Table 1). The improvements of relative water content and/or water potential by Si application
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occurred under both polyethylene glycol-induced osmotic stress (Hattori et al. 2007; Sonobe et
al. 2011; Ming et al. 2012) and potted soil drought conditions (Gong et al. 2003; Amin et al.
2018). Different compounds of Si, including Naz2SiOs, K2SiOz or H.SiO3 (Table 1), have been
applied either in the soil or the nutrient solution, being the first two the most studied compounds.
Although in most of the studies, Si application took place after seedlings emergence, the
priming of seeds with Si has been suggested as an alternative method to improve the drought
stress tolerance in plants. Some studies have shown that Si-seed priming enhances plant
resistance against future stress events and propose it as a promising and cost-effective procedure
in circumstances, where water scarcity might be a problem (Hameed et al. 2013; Ahmed et al.
2014; Biju et al. 2017).

Table 1 - Summary of different crops in which silicon (Si) application has shown beneficial effects for
drought stress mitigation

Si
Plant species Family Si Source Main Results Reference
Concentrations
1T growth parameters, net
assimilation rate, CO2
. 0.35,2.73 absorbance, relative water (Habibi
Brassica Na;Si0s Uk 1 content, root amino acid content, 2014
MMOYXE SO antioxidant enzymes activity )
napus L. . .
P Brassicaceae | intracellular CO2 concentration,
Rapeseed/ oxidative damage
Canola 1 photosynthetic pigments, ROS (Hasanuzza
scavenging capacity, leaf relative
1 mM VENgIng capacity, '« v man et al.
water content and proline content
| oxidative stress 2018)
1 growth, relative water content,
Cicer non-enzymatic antioxidant
activit (Gunes et
arietinum L. Fabaceae 100 ppm 4
. | oxidative damage, proline al. 2007)
Chickpea . o
content, enzymatic antioxidant
activity
1 biomass, net photosynthetic
Cucumis rate, leaf  water  content,
) chlorophyll content, antioxidant (Ma efal.
sativus L. Cucurbitaceae 120, 240 ppm enzymes activity 2004)
Cucumber | stomatal conductance, oxidative
damage, plasma membrane
permeability




Glycine max

i growth,
enzymes,

photosynthetic
chlorophyll and

. . (Shen et al.
L. Merrill Fabaceae 1.70 mM anthocyanin content, relative leaf
water content 2010)
Soybean
| oxidative damage, proline and
antioxidant enzymes
Helianthus | stomatal resistance, oxidative
damage, proline content, SOD (Gunes et
annuus L. Asteraceae 100 ppm and APX activity
al. 2008)
Sunflower 1 leaf relative water content, CAT
activity
Lens 1 germination and seedling
culinaris b vigour, Si content, antioxidants, (Biju et al.
Fabaceae 2 mM i ivi
Medik. hydrolytic enzymes activity 2017)
. | concentration of osmolytes and
Lentil ROS
1 growth, net assimilation rate,
relative water content,
. photosynthetic pigments, N, P, K
Mangifera and protein content, TAA, GA, (Helaly et
indica L. Anacardiaceae 1.5 mM and CK (promoters) endogenous 1 2017)
. : ; al.
Mango levels, yield and fruit quality
| ABA, accumulation of several
osmolytes and  antioxidant
enzyme activity
1 forage biomass, number of
Medicago branches, water use efficiency
— Liu and
sativa L. Fabaceae 4 kg/pot | transpiration rate and stomatal (
conductance Guo 2013)
Alfafa
No effect on leaf area and
photosynthetic rate
1t dry weight, root traits,
chlorophyll content,  water
0.5,1.0,1.5, potential, photosynthetic rate, (Chen et al.
transpiration rate, basal quantum
2.0 mM yield, and maximum quantum 2011)
Oryza sativa efficiency of PSII photochemistry
L Poaceac | K, Na, Ca, Mg, Fe content
Rice 1 growth parameters, total, free,
and bound water contents, water
and osmotic potential, turgor (Ming et al.
2.5mM . .
pressure, active accumulation of 2012)

several osmolytes, net
photosynthetic rate, transpiration,
and water-use efficiency




Poa
pratensis L.
Kentucky

Bluegrass

NapSiO3
Poaceae
‘OH>0O

200, 400, 800
mg/L

1 net photosynthesis, leaf water
contents, relative growth rate,
root/shoot ratio, instantaneous
water use efficiency, leaf green
color and turf quality.

| Stomatal conductance, C:N
ratio

(Saud et al.
2014)

Saccharum

spp. L.

Sugarcane

CaO-
SiO;

Poaceae

20, 40, 60, 80,
100 g/pot

T photosynthetic
CO; assimilation, stomatal
conductance, transpiration,
chlorophyll fluorescence, plant
growth, leaf relative water
content, biomass-yield,
photosynthetic pigments,
antioxidant enzymes activity
(CAT, POD, SOD),
phytohormones content (ABA,
IAA, GA3)

(Verma et

al. 2019)

Solanum
Iycopersicu
m L.

Tomato

NaQSiO3

06,12,1.8
mM

1 growth parameters,
photosynthetic efficiency of PSII,
electron transport rate, net
photosynthetic rate, antioxidant
enzymatic system

| oxidative damage, chlorophyll
degradation

(Cao et al.
2015)

K»SiO3

Solanaceae

2.5 mM

1 tomato growth, photosynthetic
and transpiration rate, water
status, root hydraulic
conductance, enzymatic and non-
enzymatic antioxidant system,

| oxidative damage and ROS
levels

No effect on the transcription of
plasma membrane aquaporin
genes or proline levels

(Shi et al.
2016)

NaZSiO3

50 ppm

1 K, Ca and Mg accumulation,
plant growth, RWC, fruit yield

| Na+ uptake, electrolyte leakage,
proline content

(Ullah et al.
2016)

Si(OH)4

1.5 mM

1 growth parameters, chlorophyll
content, uptake of sulfur and
ammonium, production of amino
acids (arginine, methionine, serine,
proline, alanine, threonine,
glutamic acid, GABA and glycine),
production of free polyamines
(putrescine and spermidine

| GSSG to GSH ratio

(Ali et al.
2018)




Na,SiO3

1.2 mM

1 growth parameters, hydraulic
conductivity in radial direction,
water uptake, solute accumulation
(proline, soluble sugar and
soluble protein) osmotic
adjustment ability of root, water
absorption and  antioxidant
activity,

| oxidative damage

(Cao et al.
2017)

Solanum
tuberosum CaMgSi
Solanaceae
L. Oy

Potato

284.4 mg/dm’

1T Si concentration in potato
leaves, mean tuber weight, tuber
yield and proline content.

| total sugars and soluble
proteins, stalk lodging

Crusciol et

al. 2009

Not
specified

1.78 mM

1 dry weight, root water uptake,
root amino acid and sugar content

| osmotic potential

No effect on root anatomical traits
related to water transport

(Sonobe et
al. 2010)

NaQSiO3

Sorghum
bicolor (L.)
Moench

Poaceae

1.67 mM

1 plant biomass, Si concentration,
photosynthetic  rate, stomatal
conductance, leaf and whole-
plant transpiration, relative water
content, whole-plant hydraulic
conductance and expression of
root aquaporin genes

| root hydraulic conductance,

No effect on osmotic potential of
root xylem sap, on leaf-specific
conductivity of stem and on root
surface area, vessel diameter and
number.

(Liu et al.
2014)

Sorghum

H,Si03

0.83 mM

1 growth parameters, chlorophyll
concentration, photosynthetic
rate, leaf RWC, transpiration rate,
soluble sugar contents, levels of
both free and conjugated
polyamines (putrescine,
spermidine and spermine) and of
several key polyamines (synthesis
genes

l proline and 1-
aminocyclopropane- 1-carboxylic
acid (ACC) content and osmotic
potential

(Yin et al.
2016)

NaQSiO3

7.14 mmol

1 biomass, leaf weight ratio, RWC,
water potential and leaf area

| specific leaf area

(Gong et al.
2003)
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1 growth parameters, chlorophyll

Triticum '
content, RWC, Si, K and Ca (Kaya efal
aestivum L. Poaceae Na,Si0; 1,2mM concentration 2006)
Wheat | proline accumulation and
oxidative damage
T growth parameters, (Ami ;
. : min ef al.
CasSiOs 100 ppm photosyn.thetlc rate, yield and
yield attributes, 2018)
| transpiration rate
Zea mays L.
) Poaceae tplant  growth  parameters,
Maize : ;
photosynthetic pigments, (
oxi i i Parveen et
N2,SiOs 4,6 mM antioxidant enzymatic activity

| oxidative damage, proline al. 2019)
levels, accumulation of glycine
betaine and total soluble sugars

1 (increase) or | (decrease) in relation to water stress treatments without Si application

Although the mechanisms behind the beneficial effects of Si are still largely unknown, Si-
drought improved plants’ resistance seems to be primarily related with its role in increasing
non-enzymatic antioxidant capacities, by activating antioxidant enzymes and decreasing 02"
production rate, H.O> content and malondialdehyde concentrations (Gong et al. 2003; Gunes et
al. 2007, 2008; Shi et al. 2014; Cao et al. 2017); maintaining photosynthetic machinery, through
the promotion of photosynthetic rate and increased activity of photosynthetic enzymes (Shen et
al. 2010) and delaying leaf senescence (Hosseini et al. 2017). Wang et al. (2019) observed that
Si treatment might play roles in absorption, transformation and transfer of light energy by
optimizing the thylakoid membrane protein components in rice seedlings under drought stress.
The impact of Si on chlorophyll fluorescence and the ultrastructure of chloroplasts of drought-
stressed tomato was also reported (Cao et al. 2015). Silicon played an important role in
suppressing the decline of the activities of ROS scavenging enzymes in the chloroplast,
therefore, protecting it from severe oxidative damage, such as the distortion of the grana
lamellae and stroma lamellae. Zhang et al. (2018) also demonstrated the positive beneficial
effects of exogenous Si on the chlorophyll fluorescence and expression of photosynthesis-
related genes in tomato seedlings under water stress. Increased concentrations of chlorophyll
and carotenoids were also observed, thus promoting photosynthesis. Silicon is also believed to
be important in reducing evaporation or controlling stomata conductance when taken up and
deposited in leaf cuticle, thereby reducing transpiration (Matoh et al.; Gao et al. 2006) and
consequently improving drought tolerance. It has also been shown to enhance radial hydraulic

conductivity and mediate stress tolerance in sorghum seedlings and tomato plants exposed to
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drought (Liu et al. 2014; Cao et al. 2017). In sorghum seedlings, the increased root hydraulic
conductance after Si addition was attributed to Si-mediated transcriptional up-regulation of
some aquaporin genes (Liu et al. 2014).

Several key conjugated polyamines synthesis genes were shown to be up-regulated by
Si under sorghum drought-stressed plants (Yin et al. 2014). It is suggested that Si improves
sorghum drought resistance by mediating the balance of conjugated polyamines and ethylene
levels. In leaves, the increased conjugated polyamines and decreased 1-aminocyclopropane-1-
carboxylic acid (ACC, the precursor of ethylene) help to retard leaf senescence. In roots, the
balance between conjugated polyamines and ACC participates in the modulation of root
plasticity, increasing the root/shoot ratio thus contributing to an increase in water uptake (Yin
et al. 2014).

Additionally, Si is pointed as responsible for maintenance of nutrient balance (Kaya et
al. 2006), stimulation of osmolyte accumulation (Ming et al. 2012; Cao et al. 2017), regulation
of growth substance levels (Zhu and Gong 2014) and sequestration of toxic ions (Rizwan et al.
2015) when plants are under drought stress.

Since water availability is a limited resource in many regions of the world and taking
into account the increased demand for water and food production, to fulfil the need of an
increased world population, sustainable approaches to promote water use efficiency (WUE) in
agriculture are highly required. Therefore, the application of Si may be an important strategy to
improve crop yield in arid or semi-arid areas under water-stress conditions. However, the
pathways by which Si regulates the plant water status still need further investigation, especially
regarding the molecular and biochemical. The proper way of Si application (i.e. doses, silicon
source and plant stage) and its performance under field conditions, as most of the studies were
conducted in lab trails or in hydroponic conditions, is another topic that still needs extensive

investigation.

Salinity

Like for drought stress, salinity is one of the major severe abiotic factors affecting crop growth
and productivity. Salt’s negative effects on plant growth have initially been associated with the
osmotic stress component caused by decreases in soil water potential and, consequently,
restriction of water uptake by roots (Munns and Tester 2008). High salt deposition in the soil
results in osmotic as well as specific ion effects, which further lead to secondary oxidative stress
in plants, thus causing a decrease on plant growth, biomass, yield, photosynthesis, WUE, and

nutrient uptake but also leads to physiological drought and ion toxicity in plants, thus reducing
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agricultural productivity and yields (Chinnusamy et al. 2005; Shahid et al. 2018; Rehman et al.
2019). In addition, it increases the uptake of toxic elements such as sodium (Na+) and chlorine
(ClI-), which have negative effects on plant growth and productivity (Ahanger et al. 2013).
Various mitigation and adaptation approaches have been proposed to overcome these negative
impacts (W Wang et al. 2019) and as for drought, Si application was shown to be involved in
the alleviation of salt stress, with several studies reporting the significant regulatory role of Si
in numerous plant physiological processes under these stress (Table 2). The exogenous
application of Si is believed to improve plant growth either directly, by blocking the transport
of Na+ ions into the plant, or indirectly, by activating different physiological processes to
ameliorate the effect of salinity stress (Khan et al. 2019). Briefly, the mechanisms by which
silicon mediates alleviation of salt stress include: (a) maintenance of optimal water content; (b)
enhancement of photosynthesis and restrained transpiration rate; (c) limiting oxidative stress by
alleviating ion toxicity; and (d) biosynthetic regulation of solutes and plant hormones (reviewed
by Zhu and Gong 2014; Coskun et al. 2016; Khan et al. 2019). However, following the same
pattern as for drought, the many different complex biological functions of Si reported by
different studies suggests that the mechanisms by which Si improves the salt tolerance of plants
are not yet fully understood (Khan et al. 2019). Nevertheless, Rios et al. (2017) proposed a
model where it is suggested that Si absorption alleviates stress in plants grown under saline
conditions through the conjugated action of different aquaporins. Moreover, recently,
Soleimannejad et al. (2019) reported that Si improves plasma membrane activity by lowering
electrolyte leakage, possibly via greater H + -ATPase activity, which could assist in Na+
exclusion from sensitive tissues. However, whether Si directly regulates the transport activity
or expression of the Na+/H+ antiporter under salt stress remains unclear. Thus, the effect of Si
on Na+ dynamics across membranes and through extracellular spaces in plants needs to be
further explored (Khan et al. 2019).

Although in most of the studies, Si application took place after seedlings emergence, some
studies are available regarding Si-mediated seed germination under salt stress. For example, the
application of Si increased germination percentage in salt-stressed wheat (Ahmad 2014),
tomato (Haghighi and Mozafarian 2012) and in momordica (Xiao-dong et al. 2010). However,
detailed mechanisms behind Si benefits on seed germination still need to be explored for better
understanding of the role of Si in plants under salt stress at early stages, especially in field
conditions (Rizwan et al. 2015). Also, recently seed priming with Si was shown to be an
efficient management technique that can be used to alleviate deleterious effects of salt-stressful

conditions on germination of lettuce seeds (Alves et al. 2020).
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The abovementioned studies (table 2) demonstrate that Si application could be a helpful tool to
enhance salt stress tolerance in various crop plants and to overcome salinity stress in the future.
However, many determinants and regulatory mechanisms have not been studied in detail, thus
needing further elucidation. Moreover, Si-associated molecular and transcriptional changes at
the plant level are yet to be elucidated, including the various metabolomic and proteomic
changes in different plant organs. To this end, more focus is needed on the effects of Si under
field conditions rather than greenhouse or laboratory studies.

Table 2 - Summary of different crops in which silicon (Si) application has shown beneficial effects for

salinity stress mitigation

Si
Plant species Family Si Source  Concentrati Main Results Reference

ons /doses

1 plant growth parameters, levels
of chlorophyll, ROS scavenging
capacity (HASHEMI

Na:SiO, 2 mmol/L
s mmol/ et al. 2010)

| lignification and the Na®
accumulation in shoots, oxidative

Brassica
damage
napus L. .
Brassicaceae
Rapeseed/ i
Canola 1 .fresh weight and length, leaf
thickness, chlorophyll content,
NasSiO, L7 mM antl(?x1dant enzyme a(ftwlty, K,  (Farshidi et
P, Si and Fe concentration al. 2012)
| oxidative damage, Na* and CI-
uptake
1 growth,  photosynthesis,
integral nutrient management,
Capsicum antioxidant enzyme metabolism, (Manivannan
annuum L. Solanaceae  K,SiO; 1.8 mM expression of proteins involved ¢ al. 2016)
. . etal.
Sweet Pepper in  photosynthesis,  cellular
metabolism, and stress resistance.
| oxidative damage
Gi 1 endogenous nutrients profile,
reer . growth characteristics, yield, leaf (Garg and
arietinum L. Fabaceae  K,SiO, 4 mM relative water content, K*:Na* Bhandari
Chickpea ratio, chlorophyll and RUBISCO 2016)

content
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1 growth, activity of antioxidant

Cucumis enzymes, Caz* alid Ki upt.ake and (Khoshgoftar
sativus L. Na,SiOs 1 mM concentration, K":Na" ratio manesh et al.
Cucumber o 2014)
| oxidative damage, Na* uptake
and concentration
Cucurbita 1 growth and yield,
photosynthesis
pepo L.
- K,Si0, 0.1, 1 mM (Savvas et al.
Zucchini INa®* and CI translocation, 2009)
squash expansion of a powdery mildew
(Podosphaera xanthii)
Gie s e S
gibberellins and  chlorophy Lee et al.
(L.) Merr. NaxSiOs  25mM  content ( ;g le O)a
Soybean
| ABA and proline content
Hordeum 1 antioxidant enzymes
. (Liang et al.
vulgare L. H,Si03 1 mmol/L 2003)
Barley | oxidative damage
Medicago 1 growth parameters, K*, Ca?*,
; ) 2+ (Wang and
sativa. L. K.SiO 1 y. Mg and Zn shoot content
227 mmol/ Han 2007)
Alfafa
| Na* content
Saccharum 1 K* concentrations, yield and
officinarum CarSiO 1.4,2.1,2.8 yield attributes and juice quality (Ashraf et al.
L. 2T mM 2010)
S | uptake and translocation of Na*
ugarcane
1 yield and healthier fruit (lower
K,SiO, 2 mmol/L,  Plossom end rot incidence), (Costan et al.
several fruit quality-related traits 2020)
Solanum (e,g. shelf-life)
Iycopersicum )
L 1 total chlorophyll and carotenoid
Tomato content, net-photosynthesis,

K,SiO, 2.5mM

transpiration ~ and  stomatal
conductance

| N*" concentration and oxidative
damage

(Muneer ef al.
2014)
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Na,SiO3

2mM

1 growth, photosynthetic
pigments, soluble protein
content, net photosynthetic rate,
leaf  transpiration  stomatal
conductance, root morphological
traits, leaf water status, root
hydraulic ~ conductance  and
antioxidant ability.

| Na* and CI concentration and
oxidative damage

(Li et al.
2015)

Sorghum
bicolor (L.)
Moench

Poaceae

Sorghum

Not
specified

1.44,1.92
g.kg/soil

1T dry matter accumulation,
antioxidant enzyme metabolism,
total antioxidant and phenol
contents, membrane stability
index and soluble sugar content.

(Kafi et al.
2011)

Spinacia
oleracea L.
cv. Matador

Spinach

NazSiO3

2 mmol/kg

1 fresh weight, chlorophyl
concentration and antioxidant
enzymes

| oxidative damage

(Eraslan et al.
2008)

Triticum
aestivum L.

Poaceae
Wheat

Na28i03 -9
H,O

0.78 mM

1 growth attributes, antioxidant
enzymes, K content, K":Na*
ratio, chlorophyll and carotenoids
content

| oxidative damage and Na+
content

(Daoud et al.
2018)

K, SiO,

2.1,4.2,6.3,
and 8.4 mg
Si/10 plants

1 biomass, grain yield, nutrient
grain concentration (N, P, and K)
and uptake, chlorophyll
carotenoids content

and

| Na* and proline concentrations

(Ibrahim, M
etal. 2016)

Cazsi03

50, 130 pg/g

1T dry matter and yield, K
concentration and K™:Na™ shoot
ratio

| Na* uptake

(Tabhir et al.
2006)

K,SiO,

75, 150 pg/g

1 growth, K uptake and K*/Na*
shoot ratio

| Na+ uptake

(Tahir et al.
2011)
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Triticum 1  plant dry matter and

durum and . 0.25,0.50  chlorophyll content, Ca>" and K*  (Tuna et al.
. Poaceae Na,Si0;
Triticum mM content 2008)
aestivum | Membrane  permeability,

T growth, chlorophyll and

i ci carotene, pod yield and seed
Vicia faba L. SiOy.nH, 250, 500, p y

o 1000 ppm

(Hellal et al.

number, K*  concentration,
2012)

K*:Na" ratio

Faba bean

| Na* content

1 growth, biomass, chlorophyll
and carotene content, leaf relative
water  content,  chlorophyll

fluorescence, gas exchange
Vigna radiata

(L.) Wilczek NaySiO3
Mung bean

parameters, K" and  Ca2t (Ahmad et al.
accumulation, K":Na" ratio, 2019)
enzymes, and proline, glycine

and betaine content

| oxidative damage and Na*

accumulation

1T dry weight, antioxidant
enzymes, photosynthetic activity,
Zea mays L. ) total proteins, and chlorophyll a (Moussa
Maize Na:810; 3 mM content 2006)
| oxidative damage and proline
concentration

1 (increase) or | (decrease) in relation to salinity stress treatments without Si application

Role of Si in mitigation of elevated COz stress

One of the main contributors to climate change is the rise in atmospheric CO2. Just 150 years
ago atmospheric COz levels were at 280 ppm and, given the registered trend for an increase in
the past years, it is predicted to rise to 550 ppm by 2050 (Long et al. 2006). As a consequence,
it has also been estimated that, by 2050, the nutrition status of 1.4 billion people will be
negatively impacted, particularly in sub-Saharan Africa, India, Asia, Central Latin America and
the Caribbean (Medek et al. 2017).

Elevated atmospheric CO2 severely impacts plant physiology. Early studies have shown
that eCO. results in increased plant growth and biomass, that are a consequence of higher
photosynthetic rates reached after acclimation. These effects are associated with a putative
positive effect in agriculture (referred to as the “CO: fertilization effect”). However, recent

studies found a significant negative effect of eCO2 levels in the concentration of zinc, iron and
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protein in certain grasses and legumes (as recently reviewed in Soares et al. 2019). This effect
can be explained by the alteration of important physiological processes, such as photosynthesis
stimulation (Long et al. 2006), improved water use efficiency (Owensby et al. 1993; Guo et al.
2015; Han et al. 2015; Li et al. 2018), decreased stomatal conductance and altered transpiration
efficiency (Drake et al. 1997; Christy et al. 2018). Elevated CO: is also reported to positively
impact root nodulation and biological nitrogen fixation (Fischinger et al. 2010; Guo et al. 2013).

Concomitantly, as Si acts in several of these physiological processes (Xie et al. 2014,
Kaushik and Saini 2019), there are evidence that its external application could act
synergistically with eCO> (Johnson et al. 2018), probably due to the fact that Si cycling helps
to control atmospheric CO2 concentrations (Song et al. 2012). However, the publications on
this matter are few. Increasing concentration of atmospheric CO2 might have a severe impact
on the regulation of plant Si homeostasis. For example, in Pinus species, it was reported that
while Si concentrations in plant tissues might decrease under eCO,, the total amount of Si
uptake is increased by this condition (Fulweiler et al. 2015). This response was also found in
grasses, which are Si-accumulators. It was demonstrated that, under eCO conditions, Si
accumulation in plant tissue is decreased with a consequent increase in Si uptake, although
genotypic variation in the vulnerability to eCO2 was found among species (Johnson and Hartley
2018). Recently, Hall et al. (2020) using Brachypodium distachyon as a model object found
that eCO2 reduced the natural Si concentration in plant tissues, and dramatically decreased the
endogenous JA content. Plants supplemented with extra Si had higher baseline JA levels
compared to control plants under control non-stressed conditions. Therefore, Hall et al. (2020)
suggest that predicted increases in CO; levels within this century may significantly reduce Si-
based mechanical defences against herbivory via a reduction of endogenous JA.

Foliar Si concentration decreases under eCO> conditions (Takahashi et al. 2008) also in
rice, that belong to Si-accumulator species (Alvarez and Datnoff 2001) highly impacted by the
changing atmospheric CO. concentration (Kimball 2016; Zhu et al. 2018). It was further
demonstrated that under eCO> conditions, Si content significantly decreases in all tissues of
fully developed plants due to decreased translocation of this element, similarly to the pattern of
essential nutrients such as calcium, manganese and copper (Ujiie et al. 2019). This is putatively
related to the fact that eCO> suppresses transpiration, altering Si flow rates and yield.

While studies looking at increasing atmospheric CO2 concentration describe a general scenario
of increased yield and decreased mineral, amino acid and protein concentrations (Zhu et al.
2018), the combination with other environmental challenges, such as drought and temperature,

can offset these expected outcomes (Osborne 2016). Given Si beneficial role in plant biological
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mechanisms, its supplementation is a potential alternative to maintain plants productivity under

climatic alterations, as recently demonstrated in legumes (Johnson et al. 2018).

Beneficial effects of Si against increased UV-light exposure and temperature stress

The solar UV-B radiation (280-315 nm) that reaches the Earth surface is able to damage plants
and also other organisms. Although this type of radiation is effectively absorbed by the ozone
layer, due to its depletion during the last decades as a result of increased air pollution, UV-B
intensity seems to become a more important issue in the future (Watanabe et al. 2011; Liska et
al. 2017). The prediction for the latter half of the 21% century is likely to be 15-20% increase
of UV-B in comparison to current levels (Watanabe et al. 2011). The UV radiation is also
indirectly responsible for global warming due to the stimulation of release of volatile molecules
from plant tissues (Bornman et al. 2015). The negative effect of increased UV-B exposure in
plants is well documented and is involved in decreased biomass and yield production,
generation of reactive oxygen species (ROS) affecting cell processes, membrane damage
caused by lipid peroxidation and electrolyte leakage, damage to photosynthetic pigments, etc.
(Shen et al. 2010; Liska et al. 2017).

Generally, silicon application to plants suffering from increased UV-B radiation showed
an ameliorative effect. Plants exposed to UV-B increase content of UV-absorbing molecules
such as anthocyanins and soluble phenols to protect various UV-sensitive cell targets.
Interaction of Si with UV-B exposure alleviates or decreases the content of UV-absorbing
compounds (Shen et al. 2010). It seems that Si is associated with phenolic biosynthesis under
UV radiation (Goto et al. 2003). It was also found that Si decreases H.O> concentration and
content of TBARSSs that represents the products of ROS-mediated oxidation of polyunsaturated
membrane lipids under increased UV radiation in maize plants (Mihalicova Mal¢ovska et al.
2014). Reduction of photosynthetic performance in wheat plants exposed to UV-B was
alleviated by Si application; however, when Si was used in the form of nanoparticles, the
mitigation effect was even more effective (Tripathi et al. 2017a). This protective role of Si may
be based on NO-mediating triggering of antioxidant defence, because under UV-B exposure
without Si, level of NO may not be sufficient (Tripathi et al. 2017a). The other mechanism
behind the positive effect of Si on UV-B exposure toxicity may be due to screening of UV
radiation by silica double-layer acting as a glass layer in leaf epidermis (Schaller et al. 2013).
In addition, the silica layer and also increased phytolith production in leaves contributes to plant

tolerance in the presence of UV radiation and thus may affect the leaf reflectance and
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transmittance in the UV region (Golob et al. 2017). Taking together, the application of Si as a
beneficial nutrient may be useful to protect plants and/or plant yield against the harmful effect
of increased UV-B radiation in the near future.

For the 20062015 period the mean land surface air temperature was 1.53 °C higher
than the average temperature in the preindustrial period 1850-1900, and 0.66 °C higher when
considered the global mean temperature (Shukla, P.R. et al. 2019). This has resulted in a higher
frequency of extreme weather events related to climate change. In the next decades, it will lead
to alternations in the arrangement of climate zones, precipitation patterns and regional crop
yield scarcity as a consequence of exposing plants to suboptimal conditions (Cogato et al. 2019;
Shukla, P.R. et al. 2019). Heat stress as a major climate change inducing factor may have severe
impacts on agriculture including the level of seed filling, yield and nutritional quality (Lamaoui
et al. 2018; Sehgal et al. 2018; Larmure and Munier-Jolain 2019). In this case of the negative
impact of heat stress in plants, Si seems to be promising in mitigation these effects in several
ways of action (Prasad et al. 2008; Liska et al. 2017; Artyszak 2018; Chiluwal et al. 2020).

According to Wang et al. (2005) biosilicified structures present in the leaf epidermis of
creeping bentgrass (Agrostis palustris) contribute to decreasing of leaf temperature about 3—
4.14 °C in plants exposed to 35-40 °C. This mechanism is based on the physical ability of Si
to disperse the radiation by mid-infrared emission. In this case, a higher efficiency was observed
in treatment with foliar-applicated Si nanoparticles compared to treatment with substrate-added
Si in Na2SiOz form. Furthermore, Si remaining in the cultivation substrate (not taken up by the
plants) resulted in cooling pots and consequently the plant root system. The application of
another form of Si (CaSiOs3) to soil during reproductive phase extensively improved
performance of two late sown wheat varieties (Sehar and Faislabad) under heat stress. These
plants treated with Si showed more than 20% increased net photosynthesis and stomatal
conductance and relative water content higher about 34% in comparison to Si-untreated plants
subjected to high temperatures (Sattar et al. 2017). Liu et al. (2019) proved the beneficial effect
of Si fertilizer on rice plant in the heading stage exposed to high daylight temperatures. In this
experiment, foliar application increased translocation rates of N, P and K and reduced grain
yield loss. Subirrigational application of K:SiOs to medium promoted growth and
photosynthetic rate of strawberries (Fragaria x ananassa) (Muneer et al. 2017; Park et al.
2018). Tomato plants are known as low Si accumulators (lack of functional root silicon efflux
transporter) significantly increased Si concentration in xylem sap and leaves after expressing
cucumber transporter CsLsi2 in tomato roots. Elevated Si accumulation leads to a decrease in

electrolyte leakage rate from leaf discs exposed to 38 °C for 6 and 12 hours (Sun et al. 2019).
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Moreover, the efficiency of Si supplementation resulting in inhibition of electrolyte leakage in
rice was proven by Agarie et al. (1998) more than two decades before. Agarie et al. (1998) also
suggested that decreased electrolyte leakage could be due to Si-improved thermal stability of
membrane lipids under heat stress. These findings are in agreement with Carneiro-Carvalho et
al. (2019) who found that when fertilizing chestnut (Castanea sativa) plants with Si at 32 °C
enhanced the ratio between saturated and unsaturated fatty acids, and thus increased
thermostability of membranes through maintaining their integrity and functions. The oxidative
membrane disruption might be also prevented by enhanced activity of antioxidative enzymes
of Si-treated plants. For late sown wheat (up to 36 °C during heading stage), Si addition
increased about 35 % of superoxide dismutase (SOD) and about 38 % of catalase (CAT) activity
when compared to untreated plants (Sattar et al. 2017). Muneer et al. (2017) documented
increased expression of SOD, CAT and ascorbate peroxidase (APX) at 33 °C and 41 °C in
strawberries with Si supplementation. In Salvia splendens, Si treatment (K.SiO3 form) during
heat stress changed total protein content, protein pattern and enhanced activity of guaiacol
peroxidase (GPX), SOD and APX (Soundararajan et al. 2014). Silicon mitigated extreme heat
stress (43 °C) in Solanum lycopersicum plants via upregulation of Si transporter genes and heat
transcription factors (Khan, Khan, et al. 2020). Finally, according to (Wu et al. 2014)
exogenous application of sodium silicate on rice effectively improved fertility parameters of
pollen grains that are generally decreased under heat stress conditions.

From the previous records, it might be concluded that silicon application may enhance
plant tolerance to increased temperature stress. As the prediction models suggest warming of

the atmosphere, application of Si for the agriculture crops seems to be a very promising way.

Silicon as a tool for remediation of metal or metalloid contaminated soil

Since the global industrial revolution in 18" century, and, especially intensive exploitation of
natural resources in 19" and 20" century, relatively large part of active or possible agricultural
land became contaminated by mining activity, ore processing, and different kinds of industrial
activities, and, especially in the last century also by the intensification of traffic and various
agricultural practices (Kopittke et al. 2019). Therefore, a relatively large percentage of the soils
are nowadays considered as not suitable for agricultural/horticultural use due to high
concentration of various dangerous heavy metals, other toxic metals or metalloids (Hanfi et al.
2019). Such areas are often considered as marginal lands and many years no attention has been

paid for their restoration or remediation. Especially now, when the area of usable land is
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decreasing every year, such areas may represent great importance after their remediation.
Therefore, in the last years the research about the finding the solutions and mechanisms
allowing soil restoration is gaining high importance (Gong et al. 2018; Song et al. 2019;
Rutkowska et al., 2020).

Heavy metals and other toxic metals and metalloids represent a serious threat for living
organisms, including plants. Although some of them are essential for the plants, when in excess
these may be very dangerous and together with non-essential ones may retard the growth and
greatly affect the physiological and metabolic processes. Silicon has been shown to positively
influence the growth of the whole spectra of plants exposed to metals and metalloids (Imtiaz et
al. 2016; Emamverdian et al. 2018; Bhat et al. 2019). Increment in the length of root and shoot
as well as the increase in root and shoot biomass after Si addition have been observed in
agricultural crops that were exposed to toxic doses of metals and metalloids, e.g. in rice (Song
et al. 2011; Tripathi et al. 2013), maize (Da Cunha et al. 2008; Vaculik et al. 2009; Lukacova
et al. 2013), barley (Ali et al. 2013), wheat (Keller et al. 2015; Tripathi et al. 2015), cucumber
(Feng et al. 2009, 2010); however also in many other important plant species, like cotton
(Farooq et al. 2013; Anwaar et al. 2015), peanut (Shi et al. 2010; Shen et al. 2014) or even
mangroves (Zhang et al. 2013, 2015). Several mechanisms behind the alleviative effect of Si
have been proposed (Vaculik et al. 2020). For example, restriction of root uptake and
immobilization of metals in the rhizosphere through root exudation (Huang et al. 2016; Wu et
al. 2016) or binding to root cap mucilage (Kopittke et al. 2017). Other Si-based mechanisms
attributed the lower toxicity of metals and metalloids to restriction in uptake and root to shoot
transfer by modification of apoplasmic movement (Vaculik et al. 2009, 2012; Vatehova et al.
2012; Lukacova et al. 2013), or restriction of toxic metals availability through binding to the
polymers of the cell walls (Cocker et al. 1997; Wang et al. 2004; Ma et al. 2015, 2017). Within
shoots, heavy metals may be encapsulated by silica phytoliths protecting aerial parts of the plant
(Delplace et al. 2020). Silicon was also shown to improve the permeability of cell membranes
that were damaged by heavy metals (Vaculikova et al. 2014; Bosni¢ et al. 2019; Chen et al.
2019), and influence the synthesis of various osmoprotectants (Howladar et al. 2018). The
antioxidant system, that plays a key role in homeostasis of the whole organism, has been shown
to react to Si presence, although the data vary from species to species, time and dose of Si, and
therefore should be considered in a whole context (Liska et al. 2017; Vaculik and Vaculikova
2017). Additionally, the positive effect of Si on the functioning of photosynthetic apparatus can
also support the better performance of Si affected plants (Ali et al. 2013; Vaculik et al. 2015;

Guo et al. 2018). Silicon has been also shown to affect the phytohormone signalling pathways
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in response to metal(loid) stress (Kim et al. 2016), although our knowledge within this field is
very limited. Kim et al. (2016) reported that the reduced uptake of metals in the roots modulated
the signalling of phytohormones involved in responses to stress and host defence, such as
abscisic acid (ABA), jasmonic acid (JA), and salicylic acid (SA). It was recently observed
(Khan, Bilal, et al. 2020) that although Si showed varying accumulation of SA, JA, and ABA
in plants stressed by Cd, Si markedly downregulated these phytohormones under combined
NaCl-Cd stress.

In the light of these findings, there is no doubt that exogenously applied Si might help
to overcome the stress caused by toxicity of various metals, metalloids and other toxic elements
and could be considered as one possibility for remediation and restoration of contaminated soils
and substrates. This is necessary as the growing demand for arable land might result to re-use
of slightly contaminated sites again for agricultural purposes in the future. Additionally, the
application of Si to metal contaminated soils and substrates would allow to grow various
sensitive species and obtain more yield and biomass. This might be one of the key aspects of
re-greening the marginal land and would allow increase the percentage of forests, help to keep
the moisture in urban and industrial land and support the biodiversity in changing global

environment.

Role of Si in increased tolerance to biotic stress
Great efforts have been made in the past decades to understand how Si could improve plant

tolerance to biotic stressors while maintaining their productivity. Several works have
demonstrated that Si application has a suppressive effect of various plant diseases in a vast
diversity of crops, including rice blast, brown spot and leaf scald (Van Bockhaven et al. 2015;
Domiciano et al. 2015; Tatagiba et al. 2016), barley and wheat powdery mildew (Wiese et al.
2005; Moldes et al. 2016), tomato and banana root rot (Huang et al. 2011; Vermeire et al. 2011),
and banana, cotton and lettuce Fusarium wilt (Fortunato et al. 2012; Chitarra et al. 2013; Whan
et al. 2016) (Fig. 1).
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531  Figure 1 — Summary of (A) plants/crops that positively responded to Si application under biotic stress, and
532  of (B) pest/pathogens that were negatively affected by Si treatment of their host plants. For a more detailed
533  description see Wang et al. (2017), Majumdar and Prakash (2020), Souri et al. (2020) and references therein.
534
535  Silicon application in has also proved to be beneficial in the control of leaf blast, caused by
536  Pyricularia grisea, in several finger millet genotypes, with specific genotypes showing higher
537  Siaccumulation with enhanced plant resistance (Jadhao and Rout 2020). These authors propose
538 that Si-accumulating genotypes could be used for selective breeding programs, further
539 increasing the potential of this element in mitigating biotic stresses. Additionally, silica nano-
540 particles produced using rice husk have been recently proposed as a green and eco-friendly
541 alternative to chemical fertilisers in the treatment of Fusarium fujikuroi in rice plants (Elamawi
542  etal. 2020). Seed priming with Si nanoparticles also resulted in increased resistance of beetroots
543  against Meloidogyne incognita, Pectobacterium betavasculorum and Rhizoctonia solani (Khan
544  and Siddiqui 2020). These pieces of evidence open the possibility for the further development
545  of Si-based methodologies that allow a more sustainable and effective control of plant pests and
546  diseases.
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547  Although the importance of Si in plant protection against pests and pathogens has been reported
548  from as early as 1917 (Onodera 1917), only more recently special focus on the defence-related
549  mechanisms activated by this element in plant tissues have been made. It is now recognized
550 that Si enhances plant tolerance to pests and diseases through the activation and/or upregulation
551  of both constitutive and induced resistance mechanisms (Fortunato et al. 2012; Whan et al.
552  2016), which include plant cell-wall modifications, increased synthesis of defence-related

553  molecules and compounds, and broad genome reprogramming (Fig.2).

Molecular
gene regulation

Biochemical
increase/de novo
synthesis of

Physical

cell-wall reinforcement

- phytolith deposition
- papillae formation
- waxaccumulation

- cell wall modifications
- defence mechanisms

- PR-proteins

- enzymes (PAL, PPO, POX)

- antioxidantenzymes
- phenols
- PR-proteins

- phytohormones
-wear down of insects

feeding mouthparts

- decrease plant palatability

and/or digestibility

- impair insect fecundity

and oviposition

- impair pathogen growth
- ROS scavenging
- cell-wall lignification

- hormones (SA, ET, JA)

- whole-organism response
- transcriptome regulation

- signalling

554
555

556  Figure 2 — Si-mediated physical, biochemical and molecular plant defence responses. Abbreviations:
557  pathogenesis related proteins (PR-proteins), reactive oxygen species (ROS), phenylalanine ammonia-lyase
558  (PAL), polyphenoloxidase (PPO), salicylic acid (SA), ethylene (ET) and jasmonic acid (JA).

559  The first layer of protection against invading organisms relies on the deposition of SiOz in the
560 form of biogenic opal, mainly in the epidermal cells of plant stems and leaves (Liang et al.
561  2015). Inrice, for example, Si is deposited beneath the cuticle layer (with 0.1 um of thickness),
562  forming a cuticle-silica double layer in leaf blades (of 2.5 um thickness) (Yoshida et al. 1962).
563  Phytolith deposition increases cell-wall rigidity and physical toughness, thus: i) acting as a
564  physical barrier against pathogen penetration (Kim et al. 2002), ii) wearing down the feeding
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mouthparts of insects (Massey and Hartley 2009), iii) decreasing plant digestibility (Massey
and Hartley 2006), or iv) impairing insect oviposition and fecundity activities (Handley et al.
2005). Silicon application to wheat infected with the fungus P. oryzae has been shown to
prevent hyphael entry in leaves, whereas in non-treated plants hyphae easily invaded several
neighbouring leaf cells (Sousa et al. 2013). A similar result was observed for the insect E.
saccharina, which showed reduced larval stalk penetration in sugarcane with increased Si
accumulation in plant tissues (Kvedaras and Keeping 2007).

In addition to the reinforcement of cell walls by phytoliths deposition, during pathogen
infection Si is also known to induce the formation of papillae, i.e. plant cell wall modifications
enriched with the (1,3)-B-glucan cell wall polymer callose. In fact, in rose plants, Si
supplementation increased the number of papillae in leaf cells in response to infection by the
fungus P. pannosa (Shetty et al. 2011). On the other hand, insect mouthpart wear due to Si
treatment was demonstrated for S. exempta larvae, for example, which showed increased
mandible wear when feeding in silica-rich diets (Massey and Hartley 2009). Moreover, high Si
concentrations in plant tissues may reduce their digestibility and palatability, thus slowing the
growth rate of insects such as S. exempta and E. saccharina (Kvedaras and Keeping 2007;
Massey and Hartley 2009). Silicon could also aid plant defence by reducing the mechanical
breakdown of the leaf, thus protecting the resources in the chlorenchyma cells and reducing
chlorophyll released after grinding (Keeping et al. 2009). Wax deposition on the abaxial surface
of coffee seedlings and formation of ladder-like structures in Arabidopsis thaliana trichomes
were also found to occur after Si supplementation, impairing the feeding ability of the desert
locust Schistocerca gregaria and the diamondback moth P. xylostella, respectively (Pozza et
al. 2004; Handley et al. 2005).

Si supplementation has also shown to enhance the yield, net photosynthesis rate and water
use efficiency, of rice plants infested with the Asiatic pink stem borer Sesamia inferens (Jeer et
al. 2020). Silicon-enhanced resistance against pests and pathogens has been associated not only
with the formation of mechanical barriers, but also with the reprogramming of plant primary
and secondary metabolism, including increased or de novo synthesis of several enzymes,
metabolites and proteins such as: (i) defence-related enzymes, such as superoxide dismutase
(SOD), catalase (CAT), polyphenoloxidase (PPO), glucanase, peroxidase, and phenylalanine
ammonia-lyase (PAL), (ii) antimicrobial compounds, including phenolics, flavonoids and
phytoalexins, iii) pathogenesis-related (PR) proteins, and (iv) phytohormones, such as SA, JA
and ethylene (ET) (Fauteux et al. 2005; Datnoff et al. 2007; Fortunato et al. 2012; Khan and
Siddiqui 2020)
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Silicon has been reported to stimulate the activity of defence-related enzymes in several
pathosystems, including rice blast (Domiciano et al. 2015), soybean target spot (Fortunato et
al. 2015), and melon powdery mildew (Dallagnol et al. 2015). These enzymes include
chitinases, peroxidases, polyphenoloxidases, B-1,3-glucanase, PAL, superoxide dismutase,
ascorbate peroxidase, glutathione reductase, catalase, lipoxygenases, and glucanases (Fauteux
et al. 2005; Datnoff et al. 2007; Dallagnol et al. 2015; Fortunato et al. 2015; Domiciano et al.
2015), which are involved not only in direct ROS scavenging (Han et al. 2016), but also in
degrading the cell wall of pathogenic fungi (Dallagnol et al. 2011), plant cell wall lignification
(Song et al. 2016) and regulation of secondary metabolites (Rahman et al. 2015). Silicon has
been described to stimulate the activity of several antimicrobial compounds, such as phenols,
flavonoids, and phytoalexins, during pathogen infection (Hao et al. 2011; Rahman et al. 2015),
which can impair the growth of the invading pathogen and increase plant resistance (Dallagnol
et al. 2011; Fortunato et al. 2015). Fast accumulation of phenols following Si application was
found in wheat plants infected with B. graminis f. sp. tritici (Rémus-Borel et al. 2005) and in
banana plants infected with F. oxysporum f. sp. cubense (Fortunato et al. 2014). Additionally,
leaf extracts from Si-supplemented chestnut plants showed higher inhibitory activity against
Phytophthora cinnamomi and Cryphonectria parasitica, possibly due to increased activity of
PAL and polyphenol oxidase (Carneiro-Carvalho et al. 2020).

Several studies have also suggested that Si may modulate plant defence strategies through
phytohormone homeostasis and signalling (Ghareeb et al. 2011; Chen et al. 2015; Reynolds et
al. 2016). Both JA and ET have been shown to accumulate in Si-treated plants rice plants and
increase their resistance against herbivory or pathogen invasion (Ye et al. 2013) and in tomato
plants infected with R. solanacearum (Ghareeb et al. 2011). However, Si deposition was found
to decrease when the JA signalling pathway was compromised, indicating not only a promotion
of Si accumulation by JA, but also a strong interaction between the JA-pathway and Si in plant
defence against biotic stress (Ye et al. 2013). On its turn, it has been recently demonstrated that
Si supplementation reduces JA concentrations in B. distachyon plants subjected to treatment
with methyl jasmonate or herbivory (H. armigera) and increases plant macrohairs density (Hall
et al. 2019). Therefore, Hall et al. (2020) proposed a model showing that Si acts as a physical
stimulus in the plant, which causes a small, transient increase in JA. Although +Si plants
potentially show a faster induction of JA due to this Si-priming after herbivore attack, they have
less utility for JA-induced defences and show lower levels of JA induction overall (Hall et al.
2020). The relationship between Si and phytohormones in biotic stress scenarios is not very

straightforward, needing to be further elucidated. Besides, knowledge of how pathogenesis-
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related (PR) proteins interfere in plant tolerance against pests and pathogen under Si
supplementation is also very scarce. A single study using two-dimensional electrophoresis
maps demonstrated that 26 proteins were altered (16 of them increased and 10 decreased) in the
roots of tomato plants supplied with Si and infected with R. solanacearum. Most of these
proteins were associated with plant metabolism and defence-related mechanisms, giving a cue
that PR-proteins may have important roles in increasing plant resistance against biotic stressors
under Si-supply (Chen et al. 2015).

Several genomic studies conducted during the last two decades have tried to elucidate the
genetic machinery involved in plant responses against pests and pathogens when under Si
supplementation. In general, this reported increased expression of genes related with: (i)
structural modifications of cell walls, (ii) general plant defence mechanisms, (iii) PR-proteins,
(iv) enzymes related with the production of phenylpropanoids, such as PAL, and (v) regulation
of systemic signals, including SA, ET and JA (Kauss et al. 2003; Shetty et al. 2011; Van
Bockhaven et al. 2015; Tatagiba et al. 2016).

In A. thaliana, infection with the powdery mildew fungus E. cichoracearum led to the down-
regulation of primary metabolism genes, but following Si-treatment downregulated genes were
found to be not as severely impacted (Fauteux et al. 2006). Similarly, in wheat plants, infection
with B. graminis f. sp. tritici up-regulated the expression of 900 genes related with pathogen
infection in non-supplemented plants, whereas in Si-supplied plants only a few genes were
significantly impacted by the pathogen (Chain et al. 2009). These findings were also supported
by another study (Brunings et al. 2009), which showed little transcriptomic alterations in Si-
supplemented rice plants inoculated with M. oryzae. Several genes related with pathogen
perception, such as CHI-II, GLU, PGIP, POD, were observed to be down-regulated in Si-
supplemented tomato plants infected with R. solanacearum, whereas genes related with defence
and response to stress, such as the late embryogenesis rich protein, trehalose phosphatase, and
WRKY1 transcription factor, were found to be upregulated (Ghareeb et al. 2011). Similar
observations were reported in tomato plants under Si-treatment inoculated with R.
solanacearum, in which most of the upregulated genes were involved in signal transduction,
defence, protein synthesis and metabolism, and downregulated genes mostly related with
photosynthesis and lipid metabolism (Kurabachew et al. 2013). More recently, Jadhao et al.
(2020) have demonstrated that Si amendment induces a synergistic response in plant defence
mechanisms by increasing the transcript level of not only silicon transporter genes (such as
EcLsil, EcLsi2 and EcLsi6) but also defence-related hormone regulating genes (ECSAM, EcPAL

and EcLOX) in finger millet plants infested with S. inferens. It is clear that the genetic responses
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against pest and pathogen invasion is extremely specific to each pathosystem and should be
more thoroughly explored to achieve the full potential of Si-supplementation in plant
protection.

Conclusion and future perspectives
To help mitigate climate change effects on plant growth and guarantee enough food production
for the growing population, innovative strategies need to be tested, including the application of
novel compounds that help plants cope with environmental hazards. In this study, we have
clearly shown that various chemical forms of Si have been proved to mitigate the negative
effects of many different abiotic stresses simulating global and environmental changes
(summarised in Fig. 3). Silicon plays a role in the induction of resistance to plants suffering
from drought, salinity, UV-radiation, temperature stress, eCO2 and heavy metal and toxic
element exposure. The effect of climate changes is also linked with biotic stresses in plants.
Interestingly, silicon application was also found to increase plant resistance to various biotic
stressors including bacterial, fungal, insect and other biological attacks. However, the fusion of
negative effects of several stresses on plants at the same time and also in interaction with Si
application have been poorly studied. Additionally, the mechanisms underlying plant responses
to Si application in response to the aforementioned stresses are not yet well explored, however,
some of them already described are summarised in Fig. 4. The uptake, translocation and
accumulation of Si by plants in response to climate change are not clear enough and need to be
studied more deeply in the future. Since climate change will threat several important
agricultural regions over the world, which will lose its significance, mankind should be ready
to utilise the so-called “marginal lands”. Therefore, the application of Si with its beneficial
effects on growth and improvement of plant resistance might play a key role in these processes
in the future.

Finally, whenever possible, strategies suggesting Si application should also help meet
three main global goals (Masson-Delmotte et al. 2018; Griscom et al. 2017; Ripple et al. 2019):
to reduce 45% of the emissions by 2030, to achieve climate neutrality by 2050 (net zero carbon

footprint), and to stabilize global temperature rise at 1.5 °C by the end of the century.

29



696

irrcgular rainfalls (droughts & floods)
heat waves & increased UV radiation
pests invasions & discascs cexpansion
clevated CO, concentration

mctal & mctalloid phytotoxicity

activation of stress mctabolism
PLANTS inhibition of growlth & yield production

cnhanced susceptibility to pests & discascs

CLIMATE CHANGE

FIELDS loss of agriculturally important arcas

&
ENVIRO-HAZARDS

MITIGATION SILICON APPLICATION

safety crops & incrcascd yicld

utilization of marginal lands
improvement of crop rcsistance

sustainable agriculture

697

698 Figure 3. The Summary of climate change and environmental hazards effect on plant
699  production and possibility of Si application.
700

cuticle-Si double

layer reflectance

membrane
stability

e 7 | [ accumulation of Si

4 A
~ f : S — - in silica cells
’
. ¢ (;"; & { ’ = | )
photosynthetic e P\ N
enzymes o W
G} Svwy, —
z 2 =
= 5 o
2 Z ‘ @
- v.
= 2% 8 e A : encapsulati f a
o L e S — - — psulation o ©
z antioxidant Wy . \ - - heavy metals in =
enzymes $ 3 ! y = 7 phytoliths
‘Jgh 3 ¥
’
PR proteins oS '
(] ~ S— - — —
2 nn op & @
bl mechanical
e Ak il resistance

30



701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

730
731
732

733

Figure 4. Schematic representation of the processes involved in increased plant
tolerance to wide spectrum of chemical hazards (heavy metals, salinity, eCOz2), physical
hazards (UV, heat, drought) and biohazards (pathogens & herbivores) in response to Si
application. Within root Si deposition in form of phytoliths increased mechanical resistance of
central cylinder. In above-ground parts, Si deposition in form of specialized silica cells
contribute to mitigation of stress caused by heavy metals by their encapsulation. Formation of
Si-cuticle layer in epidermis is involved in increased protection against biotic stress. This
double layer also increases leaf reflectance, thus contribute to reducing leaf temperature.
Furthermore, Si application increases stability of cell membranes. At protein level, Si
application enhances activity of pathogenesis related proteins (PR proteins), antioxidant
enzymes and photosynthetic enzymes.
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Introduction
Climate change represents a serious problem at a global level, affecting the whole spectra of
living organisms, including plants. Climate determines the rate of organism’s growth and
distribution, what seems to be altered due to the pressure of global warming in tandem with
elevated CO2 (eCO2) concentration as was predicted by climate models (Newman 2011,
Pugnaire et al. 2019). The concentration of CO is currently 400 pmol CO, mol™ air and is
predicted to increase two-fold by the end of this century (Vaughan et al. 2018), whereas the
estimation of average temperature shows an increase of 0.1 — 0.4 °C per decade (Jump and
Pefiuelas 2005). The other impacts of climate change include an unequal distribution of
precipitation (that leads to long drought periods often followed by intensive rains) or exposure
of plants to temperature stress combined with increased ultraviolet (UV) radiation (Ban et al.
2015; Bloeschl et al. 2019). The increased average temperature is also responsible for spreading
of various plant pathogens. Biotic stresses induced by pests and diseases have been also a threat
to agriculture, causing considerable losses in crop yield and imposing the application of large
amounts of phytosanitary products (Bajwa et al. 2020). In a global scenario of food shortage
and pressing need for environmental conservation, these aspects pose a major global concern
to sustainable agricultural practices, further aggravated by the expansion of endemic pests and
pathogens to areas outside their native regions due to climate change phenomena (Bebber et al.
2013; Timmusk et al. 2020). However, there is limited information available about the
interaction between global changes and plant diseases. Climate change might be responsible for
the positive, neutral or negative relation between hosts and pathogens because of the specificity
of each pathosystem. This in turn might alter crop yield and quality (Ahanger et al. 2013).
Agriculture is an important sector of the world’s economy and is highly dependent on
climate, which ultimately constitutes an essential input to agricultural production. Assuring
optimal crop yield in the context of climate change while safeguarding natural resources is
deemed to be one of the biggest challenges in the current century (Le Gouis et al. 2020). In
times where environmental pressures are compounded by nutrient-depleted soils and eminent
biodiversity losses, sudden shocks to food production and supply chains pose severe threats to
global sustainability (Sattar et al. 2017; Scherer et al. 2020). Amongst the different food
commaodity types (crops, livestock, fisheries and aquaculture) crops are by far the most affected
by climate change, with losses of up to 50% (Cottrell et al. 2019). The latest prediction model

for crop growth and water productivity suggested a yield reduction of 3.4% - 8.6% during the
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period of 2018 — 2027 in seed corn crops (Liu et al. 2020). Changes in climate will inevitably
have a direct impact not only on agricultural productivity but also on farm incomes and prices
(Hertel 2018).

Only in Europe, more than 650,000 sites are considered as polluted due to various
inorganic and organic contaminants presented in the soil (Pérez and Rodriguez Eugenio 2018).
High demand for natural sources, fast speed of industrialisation and intensification of
agriculture lead to the release of heavy metals and other potentially toxic elements, like
cadmium (Cd), lead (Pb), copper (Cu), zinc (Zn), chromium (Cr), aluminium (Al), arsenic (As)
or antimony (Sb), as well as various organic pollutants, like polyaromated hydrocarbons (PAH),
polychlorinated biphenyls (PCB), various pesticides and antibiotics into the natural or man-
managed ecosystems (Huang et al. 2019; Kumar et al. 2019; Kopittke et al. 2019). Several
agriculturally important regions of the world are seriously threatened, and therefore, marginal
polluted land might play a key role in the future for food and feed production after proper
remediation (Rutkowska et al. 2020).

Silicon (Si), the second most predominant element in the earth crust (Liu et al. 2019),
has a beneficial effect on plants playing a functional role in the alleviation of several abiotic
and biotic stresses, which have been studied for more than two decades (Liska et al. 2017; Lux,
Lukacova, et al. 2020). So far there is little information about Si uptake and accumulation in
plants in response to climate changes and especially to global warming. As the positive effect
of Si on plants is restricted to its uptake and accumulation, the efficient transport of Si is an
essential criterion. The essentiality of Si for plants has never been proved, because there is no
evidence that Si is involved in cell metabolism or is component in organic compounds (Tubana
et al. 2016). Despite this fact, Si has been used widely in agriculture due to improved
productivity of several crop species and, also, Si serves as a valued element to humans (Tubana
et al. 2016). Important to note, crop plants may extract ca. 210 — 224 million tons of silicon
annually, depending on plant species (Tubana et al. 2016). Deposition of Si in the form of silica
is predominant in above-ground plant parts, however, there are some crop species with high
accumulation of silica in roots (Lux et al. 2020). The accumulation of Si in plants rely on root
capacity to take up silicon and other mineral nutrients dissolved in water. The water content in
soils will become probably less abundant in the future, so Si deposition in plants might be
altered.

This study aims to perform a comprehensive literature analysis and discussion on the
possible applications of Si on plants exposed to climate and environmental hazards including

eCOo, increased UV and temperature exposure that relates to drought, salinity effect, also metal
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and metalloid contamination involved in environmental hazard, as well as the effect of Si to
biotic stresses. The review is mainly focused on crops with agronomic importance, however

other model plants are also included.

General effects of climate change and environmental hazards on plant growth

Plant development generally increases linearly with temperature across a wide spectrum, with
the exact range being crop dependent. Outside specific temperature ranges, crops tend to be
severely impacted in terms of growth, quality and productivity. The reasons for these impacts
are linked to alterations in standard biochemical and metabolic processes, phenological
development stages (Piao et al. 2019), but also to alterations in basic processes of cell wall
reorganization and remodelling (Ezquer et al. 2020), or root elongation (Ding et al. 2019).
Elevated CO, commonly leads to an increase in internal leaf CO; levels and a reduction in
stomatal conductance, stimulating photosynthesis in C3 plants. This may lead to higher biomass
accumulation until acclimation takes place, but also may lead to nutritional losses in edible
plant parts (Soares et al. 2019). The classical view is still that carbon (photosynthetic CO>
uptake), ranks above any other drivers of plant growth (Kérner 2015), however, carbon does
not act alone. To realize increases in crop yields, soil nutrient levels, soil moisture, water
availability, and other conditions must also be met. Moreover, oftentimes crops face a series of
challenges at any given moment. For example, changes in the frequency and severity of
droughts and floods are often associated with periods of extreme temperatures (Masson-
Delmotte et al. 2018 2012). On another example, boron (B) toxicity and salinity stress are well
recognized as severe stress conditions for plants. However, their coexistence in arid and semi-
arid agricultural regions has shown ambiguous effects on plant growth and development
(Pandey et al. 2019).

Worsen environmental conditions, as the results of human activities, negatively affect
plant biology, especially when speaking about an agricultural point of view. One of the most
important factors of environmental pollution is excessive soil contamination by metals and
metalloids, typically present in wastewater used for crop irrigation serving as an environmental
hazard to plants (Papaioannou et al. 2019). These elements are toxic when its concentration
exceeds the threshold level, however, plants have evolved mechanisms to cope with metal and
metalloid stress (DalCorso et al. 2019). The most prevalent symptom of metal and metalloid
toxicity is decreased growth and biomass with subsequent alteration of yield production.

Taken together, climate and environmental variables defy several keystone aspects of

plant growth and development tightly connected with crop performance, such as: 1. plant
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development (root and shoot); 2. photosynthesis and respiration; 3. water stress adaptations; 4.

extreme temperature damage; 5. pest and disease susceptibilities.

Silicon transport in plants in response to altered climate and environmental conditions
For plants, silicic acid, Si(OH)a, represents a bioavailable form of silicon that is absorbed by
the root system and irreversibly polymerised into amorphous silica (Si02-nH20) at the final
location in the plant (Richmond and Sussman 2003; Currie and Perry 2007). Plant species differ
in their ability to accumulate Si in the shoots and this feature is mainly assigned to the uptake
ability of the root system (Takahashi et al. 1990; Ma and Takahashi 2002; Hodson et al. 2005).
The shoot concentration varies greatly between the plant species from 1% up to 10% of the dry
mass (Epstein 1999). Based on the molecular and genetic studies with low silicon mutant plants,
two silicon transporters in roots were discovered, i.e. channel protein Lsil responsible for
uptake of Si from the soil environment and active transporter Lsi2 involved in translocation of
Si from the root to the shoot (Ma et al. 2006, 2007). Subsequently, channel protein Lsi6
homologous to the Lsil plays a role in shoot Si distribution (Yamaji et al. 2008). However,
besides the molecular mechanism of Si transport and accumulation, shoot Si accumulation is to
a lesser content also related to transpiration process (Mitani and Ma 2005).

The concentration of silicic acid ranges from 0.1 to 0.6 mM in soil. So far there is little
information about Si uptake and accumulation in plants in response to climate changes and
especially to global warming. As the beneficial function of Si is restricted to uptake ability of
plants, high temperature may decrease plant Si uptake and accumulation due to lower level of
soil water as indicated by a recent study (Johnson et al. 2019). In this study, foliar Si
concentration (% of dry mass) decreased in plants of pasture grass without Si addition in
warmed conditions, however, it was not affected in plants supplied with Si grown upon
warming. Interestingly, warming had no impact on root Si concentration in plants of pasture
grass (Johnson et al. 2019). Other study showed that shoot Si concentration of several grass
species was not generally affected by elevated temperature, except species with natural lower
ability to accumulate Si (less than 1% of dry mass) (Johnson and Hartley 2018). In the case of
eCOo, Si accumulation of shoots was strongly decreased in grasses (Johnson and Hartley 2018).
This study showed evidence that eCO> is a stronger driver of silicon accumulation in
comparison to increased temperature in grasses. Thus, decreased accumulation of Si might be
responsible for higher susceptibility to herbivores or abiotic stresses (Johnson and Hartley
2018). On the other hand, Si concentration was not decreased in various tree species upon eCO>

(Fulweiler et al. 2014). However, the analysis of overall forest Si accumulation, based on net
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primary production and above-ground Si concentration of trees, showed increased Si
accumulation under eCO. treatment. Elevated CO2 might, thus, enhance terrestrial Si pumping
in forests and contribute to Si transfer from terrestrial systems to downstream ecosystems
(Fulweiler et al. 2014). Altered precipitations are also related to climate changes and may affect
Si uptake and accumulation in above-ground parts of the plants. The negative correlation
between Si and carbon (C) was found in arid conditions showing precipitation and soil nutrient
status as a key driver for silicification in leaves (Quigley et al. 2020). This recent paper revealed
that plants accumulate more Si when the level of soil water and nutrients is limiting. The cost
of Si for structural support is lower in comparison to investment in C-based leaf construction.
Except Si-based structural support, Si may be also involved in stress tolerance during water
deficient conditions, however, general beneficial role of Si is lost, when the water level is
restored (Quigley et al. 2020). Considering UV radiation, Si uptake and accumulation in shoots
might be lowered. In the study with wheat plants, UV-B exposure in ambient or enhanced
intensity caused decreased Si concentration in both below- and under-ground plant parts
(Tripathi et al. 2017b). However, exposure of UV does not seem to affect Si concentration in
leaves of millet, but together with decreased water availability Si concentration is slightly
lowered (Grasi¢ et al. 2019). Up to date, the number of experimental studies showing the
dynamics of Si uptake or pattern of Si accumulation in plants during altered climate conditions
is insufficient even if several stresses act simultaneously. At this point, it is not clear, whether
Si uptake and accumulation might be positively or negatively regulated by future environmental

changes and climate alterations.

Silicon in the fight against drought and salinity stress

Drought

Water stress is one of the major’s environmental constraints limiting plant growth and
agricultural productivity. Drought induces a range of physiological and biochemical processes
in plants that can reduce crop yields up to 70 %, resulting in serious economic losses (Osakabe
et al. 2014; Siracusa et al. 2018). Although plants have evolved different morpho-physiological
and biochemical strategies to cope with drought stress (Lamaoui et al. 2018), increasing
evidence suggests that the detrimental effects of drought can be mitigated by the adequate and
balanced supply of mineral nutrients (Waraich et al. 2011). One of the methods involving the
alleviation of negative water stress is the application of Si. The beneficial effect of Si on plant
water status has been extensively studied in various plant species subjected to drought stress

(Table 1). The improvements of relative water content and/or water potential by Si application
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occurred under both polyethylene glycol-induced osmotic stress (Hattori et al. 2007; Sonobe et
al. 2011; Ming et al. 2012) and potted soil drought conditions (Gong et al. 2003; Amin et al.
2018). Different compounds of Si, including Na2SiOs, K2SiOz or H.SiO3 (Table 1), have been
applied either in the soil or the nutrient solution, being the first two the most studied compounds.
Although in most of the studies, Si application took place after seedlings emergence, the
priming of seeds with Si has been suggested as an alternative method to improve the drought
stress tolerance in plants. Some studies have shown that Si-seed priming enhances plant
resistance against future stress events and propose it as a promising and cost-effective procedure
in circumstances, where water scarcity might be a problem (Hameed et al. 2013; Ahmed et al.
2014; Biju et al. 2017).

Table 1 - Summary of different crops in which silicon (Si) application has shown beneficial effects for
drought stress mitigation

Si
Plant species Family Si Source Main Results Reference
Concentrations
T growth  parameters, net
assimilation rate, CcO2
0.35,2.73 absorbance, relative water (Habibi
Brassica NaxSi03 Uk 1 content, root amino acid content, 2014
MmOYXE SOl antioxidant enzymes activity )
napus L. . .
P Brassicaceae | intracellular CO2 concentration,
Rapeseed/ oxidative damage
Canola 1 photosynthetic pigments, ROS  (Hasanuzza
scavenging capacity, leaf relative
1 mM EINg capactly, man et al.
water content and proline content
S 201
| oxidative stress 018)
1 growth, relative water content,
Cicer non-enzymatic antioxidant
activit (Gunes et
arietinum L. Fabaceae 100 ppm 4
. | oxidative damage, proline al. 2007)
Chickpea . .
content, enzymatic antioxidant
activity
1 biomass, net photosynthetic
Cucumis rate, leaf  water content,
) chlorophyll content, antioxidant  (Ma efal.
sativus L. Cucurbitaceae 120, 240 ppm enzymes activity 2004)
Cucumber | stomatal conductance, oxidative
damage, plasma  membrane
permeability




Glycine max

T growth,
enzymes,

photosynthetic
chlorophyll and

. . (Shen et al.
L. Merrill Fabaceae 1.70 mM anthocyanin content, relative leaf
water content 2010)
Soybean
| oxidative damage, proline and
antioxidant enzymes
Helianthus | stomatal resistance, oxidative
damage, proline content, SOD (Gunes et
annuus L. Asteraceae 100 ppm and APX activity
al. 2008)
Sunflower 1 leaf relative water content, CAT
activity
Lens 1 germination and seedling
culinaris vigour, Si content, antioxidants, (Biju et al.
Medik Fabaceae 2 mM hydrolytic enzymes activity 2017)
. | concentration of osmolytes and
Lentil ROS
1 growth, net assimilation rate,
relative water content,
. photosynthetic pigments, N, P, K
Mangifera and protein content, TAA, GA, (Helaly et
indica L. Anacardiaceae 1.5 mM and CK (promoters) endogenous 1 2017)
. . . al.
Mango levels, yield and fruit quality
| ABA, accumulation of several
osmolytes and antioxidant
enzyme activity
1 forage biomass, number of
Medicago branches, water use efficiency
- (Liu and
sativa L. Fabaceae 4 kg/pot | transpiration rate and stomatal
conductance Guo 2013)
Alfafa
No effect on leaf area and
photosynthetic rate
1t dry weight, root traits,
chlorophyll content,  water
0.5,1.0,1.5, Ppotential, photosynthetic rate, (Chen et al.
transpiration rate, basal quantum
2.0 mM yield, and maximum quantum 2011)
Oryza sativa efficiency of PSII photochemistry
L Poaceae | K, Na, Ca, Mg, Fe content
Rice 1 growth parameters, total, free,
and bound water contents, water
and osmotic potential, turgor (Ming et al.
2.5 mM : :
pressure, active accumulation of 2012)

several osmolytes, net
photosynthetic rate, transpiration,
and water-use efficiency




Poa
pratensis L.
Kentucky

Bluegrass

NaSiO3
Poaceae
‘OH>0O

200, 400, 800
mg/L

1 net photosynthesis, leaf water
contents, relative growth rate,
root/shoot ratio, instantaneous
water use efficiency, leaf green
color and turf quality.

| Stomatal conductance, C:N
ratio

(Saud et al.
2014)

Saccharum

spp. L.

Sugarcane

CaO-
SiO;

Poaceae

20, 40, 60, 80,
100 g/pot

1 photosynthetic
CO; assimilation, stomatal
conductance, transpiration,
chlorophyll fluorescence, plant
growth, leaf relative water
content, biomass-yield,
photosynthetic pigments,
antioxidant enzymes activity
(CAT, POD, SOD),
phytohormones content (ABA,
TIAA, GA3)

(Verma et

al. 2019)

Solanum
Iycopersicu
m L.

Tomato

Nazsi03

06,12,1.8
mM

1 growth parameters,
photosynthetic efficiency of PSII,
electron transport rate, net
photosynthetic rate, antioxidant
enzymatic system

| oxidative damage, chlorophyll
degradation

(Cao et al.
2015)

K5Si03

Solanaceae

2.5mM

1 tomato growth, photosynthetic
and transpiration rate, water
status, root hydraulic
conductance, enzymatic and non-
enzymatic antioxidant system,

| oxidative damage and ROS
levels

No effect on the transcription of
plasma membrane aquaporin
genes or proline levels

(Shi et al.
2016)

Na,Si03

50 ppm

1t K, Ca and Mg accumulation,
plant growth, RWC, fruit yield

| Na+ uptake, electrolyte leakage,
proline content

(Ullah et al.
2016)

Si(OH),

1.5 mM

1 growth parameters, chlorophyll
content, uptake of sulfur and
ammonium, production of amino
acids (arginine, methionine, serine,
proline, alanine, threonine,
glutamic acid, GABA and glycine),
production of free polyamines
(putrescine and spermidine

| GSSG to GSH ratio

(Ali et al.
2018)




Nazsi03

1.2 mM

1 growth parameters, hydraulic
conductivity in radial direction,
water uptake, solute accumulation
(proline, soluble sugar and
soluble protein) osmotic
adjustment ability of root, water
absorption and  antioxidant
activity,

| oxidative damage

(Cao et al.
2017)

Solanum
tuberosum CaMgSi
Solanaceae
L. Oy

Potato

284.4 mg/dm’

T Si concentration in potato
leaves, mean tuber weight, tuber
yield and proline content.

| total sugars and soluble
proteins, stalk lodging

Crusciol et

al. 2009

Not
specified

1.78 mM

1 dry weight, root water uptake,
root amino acid and sugar content

| osmotic potential

No effect on root anatomical traits
related to water transport

(Sonobe et

al. 2010)

Nazsi03

Sorghum
bicolor (L.)
Moench

Poaceae

1.67 mM

1 plant biomass, Si concentration,
photosynthetic  rate, stomatal
conductance, leaf and whole-
plant transpiration, relative water
content, whole-plant hydraulic
conductance and expression of
root aquaporin genes

| root hydraulic conductance,

No effect on osmotic potential of
root xylem sap, on leaf-specific
conductivity of stem and on root
surface area, vessel diameter and
number.

(Liu et al.
2014)

Sorghum

H,Si03

0.83 mM

1 growth parameters, chlorophyll
concentration, photosynthetic
rate, leaf RWC, transpiration rate,
soluble sugar contents, levels of
both free and conjugated
polyamines (putrescine,
spermidine and spermine) and of
several key polyamines (synthesis
genes

l proline and 1-
aminocyclopropane- 1-carboxylic
acid (ACC) content and osmotic
potential

(Yin et al.
2016)

Na28i03

7.14 mmol

1 biomass, leaf weight ratio, RWC,
water potential and leaf area

| specific leaf area

(Gong et al.
2003)
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1 growth parameters, chlorophyll

Triticum .
content, RWC, Si, K and Ca (Kaya efal
aestivum L. Poaceae Na,SiO; 1,2 mM concentration 2006)
Wheat | proline accumulation and
oxidative damage
T growth parameters, (Ami /
. R min ef al.
CasSiOs 100 ppm photosynj[hctlc rate, yield and
yield attributes, 2018)
| transpiration rate
Zea mays L.
) Poaceae T plant growth parameters,
Maize : .
photosynthetic pigments,
Na,SiO; 4,6 mM antioxidant enzymatic activity (Parveen et

| oxidative damage, proline al. 2019)
levels, accumulation of glycine
betaine and total soluble sugars

1 (increase) or | (decrease) in relation to water stress treatments without Si application

Although the mechanisms behind the beneficial effects of Si are still largely unknown, Si-
drought improved plants’ resistance seems to be primarily related with its role in increasing
non-enzymatic antioxidant capacities, by activating antioxidant enzymes and decreasing 02"
production rate, H.O> content and malondialdehyde concentrations (Gong et al. 2003; Gunes et
al. 2007, 2008; Shi et al. 2014; Cao et al. 2017); maintaining photosynthetic machinery, through
the promotion of photosynthetic rate and increased activity of photosynthetic enzymes (Shen et
al. 2010) and delaying leaf senescence (Hosseini et al. 2017). Wang et al. (2019) observed that
Si treatment might play roles in absorption, transformation and transfer of light energy by
optimizing the thylakoid membrane protein components in rice seedlings under drought stress.
The impact of Si on chlorophyll fluorescence and the ultrastructure of chloroplasts of drought-
stressed tomato was also reported (Cao et al. 2015). Silicon played an important role in
suppressing the decline of the activities of ROS scavenging enzymes in the chloroplast,
therefore, protecting it from severe oxidative damage, such as the distortion of the grana
lamellae and stroma lamellae. Zhang et al. (2018) also demonstrated the positive beneficial
effects of exogenous Si on the chlorophyll fluorescence and expression of photosynthesis-
related genes in tomato seedlings under water stress. Increased concentrations of chlorophyll
and carotenoids were also observed, thus promoting photosynthesis. Silicon is also believed to
be important in reducing evaporation or controlling stomata conductance when taken up and
deposited in leaf cuticle, thereby reducing transpiration (Matoh et al.; Gao et al. 2006) and
consequently improving drought tolerance. It has also been shown to enhance radial hydraulic

conductivity and mediate stress tolerance in sorghum seedlings and tomato plants exposed to
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drought (Liu et al. 2014; Cao et al. 2017). In sorghum seedlings, the increased root hydraulic
conductance after Si addition was attributed to Si-mediated transcriptional up-regulation of
some aquaporin genes (Liu et al. 2014).

Several key conjugated polyamines synthesis genes were shown to be up-regulated by
Si under sorghum drought-stressed plants (Yin et al. 2014). It is suggested that Si improves
sorghum drought resistance by mediating the balance of conjugated polyamines and ethylene
levels. In leaves, the increased conjugated polyamines and decreased 1-aminocyclopropane-1-
carboxylic acid (ACC, the precursor of ethylene) help to retard leaf senescence. In roots, the
balance between conjugated polyamines and ACC participates in the modulation of root
plasticity, increasing the root/shoot ratio thus contributing to an increase in water uptake (Yin
et al. 2014).

Additionally, Si is pointed as responsible for maintenance of nutrient balance (Kaya et
al. 2006), stimulation of osmolyte accumulation (Ming et al. 2012; Cao et al. 2017), regulation
of growth substance levels (Zhu and Gong 2014) and sequestration of toxic ions (Rizwan et al.
2015) when plants are under drought stress.

Since water availability is a limited resource in many regions of the world and taking
into account the increased demand for water and food production, to fulfil the need of an
increased world population, sustainable approaches to promote water use efficiency (WUE) in
agriculture are highly required. Therefore, the application of Si may be an important strategy to
improve crop yield in arid or semi-arid areas under water-stress conditions. However, the
pathways by which Si regulates the plant water status still need further investigation, especially
regarding the molecular and biochemical. The proper way of Si application (i.e. doses, silicon
source and plant stage) and its performance under field conditions, as most of the studies were
conducted in lab trails or in hydroponic conditions, is another topic that still needs extensive

investigation.

Salinity

Like for drought stress, salinity is one of the major severe abiotic factors affecting crop growth
and productivity. Salt’s negative effects on plant growth have initially been associated with the
osmotic stress component caused by decreases in soil water potential and, consequently,
restriction of water uptake by roots (Munns and Tester 2008). High salt deposition in the soil
results in osmotic as well as specific ion effects, which further lead to secondary oxidative stress
in plants, thus causing a decrease on plant growth, biomass, yield, photosynthesis, WUE, and

nutrient uptake but also leads to physiological drought and ion toxicity in plants, thus reducing
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agricultural productivity and yields (Chinnusamy et al. 2005; Shahid et al. 2018; Rehman et al.
2019). In addition, it increases the uptake of toxic elements such as sodium (Na+) and chlorine
(ClI-), which have negative effects on plant growth and productivity (Ahanger et al. 2013).
Various mitigation and adaptation approaches have been proposed to overcome these negative
impacts (W Wang et al. 2019) and as for drought, Si application was shown to be involved in
the alleviation of salt stress, with several studies reporting the significant regulatory role of Si
in numerous plant physiological processes under these stress (Table 2). The exogenous
application of Si is believed to improve plant growth either directly, by blocking the transport
of Na+ ions into the plant, or indirectly, by activating different physiological processes to
ameliorate the effect of salinity stress (Khan et al. 2019). Briefly, the mechanisms by which
silicon mediates alleviation of salt stress include: (a) maintenance of optimal water content; (b)
enhancement of photosynthesis and restrained transpiration rate; (c) limiting oxidative stress by
alleviating ion toxicity; and (d) biosynthetic regulation of solutes and plant hormones (reviewed
by Zhu and Gong 2014; Coskun et al. 2016; Khan et al. 2019). However, following the same
pattern as for drought, the many different complex biological functions of Si reported by
different studies suggests that the mechanisms by which Si improves the salt tolerance of plants
are not yet fully understood (Khan et al. 2019). Nevertheless, Rios et al. (2017) proposed a
model where it is suggested that Si absorption alleviates stress in plants grown under saline
conditions through the conjugated action of different aquaporins. Moreover, recently,
Soleimannejad et al. (2019) reported that Si improves plasma membrane activity by lowering
electrolyte leakage, possibly via greater H + -ATPase activity, which could assist in Na+
exclusion from sensitive tissues. However, whether Si directly regulates the transport activity
or expression of the Na+/H+ antiporter under salt stress remains unclear. Thus, the effect of Si
on Na+ dynamics across membranes and through extracellular spaces in plants needs to be
further explored (Khan et al. 2019).

Although in most of the studies, Si application took place after seedlings emergence, some
studies are available regarding Si-mediated seed germination under salt stress. For example, the
application of Si increased germination percentage in salt-stressed wheat (Ahmad 2014),
tomato (Haghighi and Mozafarian 2012) and in momordica (Xiao-dong et al. 2010). However,
detailed mechanisms behind Si benefits on seed germination still need to be explored for better
understanding of the role of Si in plants under salt stress at early stages, especially in field
conditions (Rizwan et al. 2015). Also, recently seed priming with Si was shown to be an
efficient management technique that can be used to alleviate deleterious effects of salt-stressful

conditions on germination of lettuce seeds (Alves et al. 2020).
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The abovementioned studies (table 2) demonstrate that Si application could be a helpful tool to
enhance salt stress tolerance in various crop plants and to overcome salinity stress in the future.
However, many determinants and regulatory mechanisms have not been studied in detail, thus
needing further elucidation. Moreover, Si-associated molecular and transcriptional changes at
the plant level are yet to be elucidated, including the various metabolomic and proteomic
changes in different plant organs. To this end, more focus is needed on the effects of Si under
field conditions rather than greenhouse or laboratory studies.

Table 2 - Summary of different crops in which silicon (Si) application has shown beneficial effects for

salinity stress mitigation

Si
Plant species Family Si Source  Concentrati Main Results Reference

ons /doses

1 plant growth parameters, levels
of chlorophyll, ROS scavenging
capacity (HASHEMI

Na:SiO, 2 mmol/L
s mmol/ et al. 2010)

| lignification and the Na®
accumulation in shoots, oxidative

Brassica
damage
napus L. .
Brassicaceae
Rapeseed/ .
Canola 1 .fresh weight and length, leaf
thickness, chlorophyll content,
NasSiO, L7 mM antl(')x1dant enzyme a(ftwlty, K,  (Farshidi et
P, Si and Fe concentration al. 2012)
| oxidative damage, Na* and CI-
uptake
1 growth, photosynthesis,
integral nutrient management,
Capsicum antioxidant enzyme metabolism, (Manivannan
annuum L. Solanaceae  K,SiO; 1.8 mM expression of proteins involved ¢ al. 2016)
. . etal.
Sweet Pepper in  photosynthesis,  cellular
metabolism, and stress resistance.
| oxidative damage
Gi 1 endogenous nutrients profile,
reer . growth characteristics, yield, leaf (Garg and
arietinum L. Fabaceae  K,SiO, 4 mM relative water content, K*:Na* Bhandari
Chickpea ratio, chlorophyll and RUBISCO 2016)

content
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1 growth, activity of antioxidant

Cucumis enzymes, Ca” atid Ki upt.ake and (Khoshgoftar
sativus L. Na,SiOs 1 mM concentration, K":Na" ratio manesh et al.
Cucumber o 2014)
| oxidative damage, Na* uptake
and concentration
Cucurbita T growth and yield,
pepo L photosynthesis
. '. K,Si0, 0.1, 1 mM (Savvas et al.
Zucchini INa® and CI translocation, 2009)
squash expansion of a powdery mildew
(Podosphaera xanthii)
e s s
gibberellins and  chlorophy Lee et al.
(L.) Merr. NaxSiOs  25mM  content ( ;g le O)a
Soybean
| ABA and proline content
Hordeum 1 antioxidant enzymes
. Li tal.
vulgare L. H>Si03 1 mmol/L ( 13%%; “
Barley | oxidative damage
Medicago 1 growth parameters, K*, Ca?*,
) ) 2+ (Wang and
sativa. L. K_SiO 1 . Mg and Zn shoot content
227 mmol/ Han 2007)
Alfafa
| Na* content
Saccharum 1 K* concentrations, yield and
officinarum CanSiO 1.4,2.1,2.8 Yyield attributes and juice quality (Ashraf et al.
L. a1 mM 2010)
S | uptake and translocation of Na*
ugarcane
1 yield and healthier fruit (lower
K,SiO, 2 mmol/,  Plossom end rot incidence), (Costan et al.
several fruit quality-related traits 2020)
Solanum (e,g. shelf-life)
Iycopersicum )
L 1 total chlorophyll and carotenoid
Tomato content, net-photosynthesis,

K,SiO, 2.5mM

transpiration ~ and  stomatal
conductance

| N*" concentration and oxidative
damage

(Muneer et al.
2014)
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Na,SiO3

2 mM

1 growth, photosynthetic
pigments, soluble protein
content, net photosynthetic rate,
leaf  transpiration  stomatal
conductance, root morphological
traits, leaf water status, root
hydraulic ~ conductance  and
antioxidant ability.

| Na* and CI concentration and
oxidative damage

(Li et al.
2015)

Sorghum
bicolor (L.)
Moench

Poaceae

Sorghum

Not
specified

1.44,1.92
g.kg/soil

1T dry matter accumulation,
antioxidant enzyme metabolism,
total antioxidant and phenol
contents, membrane stability
index and soluble sugar content.

(Kafi et al.
2011)

Spinacia
oleracea L.
cv. Matador

Spinach

NazSiO3

2 mmol/kg

1 fresh weight, chlorophyl
concentration and antioxidant
enzymes

| oxidative damage

(Eraslan et al.
2008)

Triticum
aestivum L.

Poaceae
Wheat

NazSiO3 -9
H,O

0.78 mM

1 growth attributes, antioxidant
enzymes, K content, K":Na*
ratio, chlorophyll and carotenoids
content

| oxidative damage and Na+
content

(Daoud et al.
2018)

K,SiO,

2.1,4.2,6.3,
and 8.4 mg
Si/10 plants

1 biomass, grain yield, nutrient
grain concentration (N, P, and K)
and uptake, chlorophyll
carotenoids content

and

| Na* and proline concentrations

(Ibrahim, M
etal 2016)

Cazsi03

50, 130 pg/g

1T dry matter and yield, K
concentration and K™:Na™ shoot
ratio

| Na" uptake

(Tahir et al.
2006)

K,SiO,

75, 150 pg/g

1 growth, K uptake and K*/Na*
shoot ratio

| Na+ uptake

(Tahir et al.
2011)
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329
330
331

Triticum T  plant dry matter and
durum and _ 0.25,0.50  chlorophyll content, Ca*" and K (Tuna et al.
. Poaceae Na,Si0;
Triticum mM content 2008)
aestivum | Membrane  permeability,
T growth, chlorophyll and
Vicia faba L. ) carotene, pod yield and seed
: Si0,.nH» 250, 500, + . (Hellal ef al.
Faba bean number, K concentration,
o 1000 ppm K+Na ratio 2012)
| Na* content
1 growth, biomass, chlorophyll
and carotene content, leaf relative
water  content,  chlorophyll
) ) fluorescence, gas  exchange
Vignar 'adlata _ parameters, K" and Ca2t (Ahmad ef al.
(L.) Wilczek NazS8i0s accumulation, K":Na" ratio, 2019)
Mung bean enzymes, and proline, glycine
and betaine content
| oxidative damage and Na'
accumulation
1T dry weight, antioxidant
enzymes, photosynthetic activity,
Z s L. ) total proteins, and chlorophyll a M
e mflyb Na,Si03 3mM P PRy (Moussa
Maize content 2006)

| oxidative damage and proline
concentration

1 (increase) or | (decrease) in relation to salinity stress treatments without Si application

Role of Si in mitigation of elevated COz stress

One of the main contributors to climate change is the rise in atmospheric CO>. Just 150 years
ago atmospheric COz levels were at 280 ppm and, given the registered trend for an increase in
the past years, it is predicted to rise to 550 ppm by 2050 (Long et al. 2006). As a consequence,
it has also been estimated that, by 2050, the nutrition status of 1.4 billion people will be
negatively impacted, particularly in sub-Saharan Africa, India, Asia, Central Latin America and
the Caribbean (Medek et al. 2017).

Elevated atmospheric CO2 severely impacts plant physiology. Early studies have shown
that eCO. results in increased plant growth and biomass, that are a consequence of higher
photosynthetic rates reached after acclimation. These effects are associated with a putative
positive effect in agriculture (referred to as the “CO: fertilization effect”). However, recent

studies found a significant negative effect of eCO2 levels in the concentration of zinc, iron and
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protein in certain grasses and legumes (as recently reviewed in Soares et al. 2019). This effect
can be explained by the alteration of important physiological processes, such as photosynthesis
stimulation (Long et al. 2006), improved water use efficiency (Owensby et al. 1993; Guo et al.
2015; Han et al. 2015; Li et al. 2018), decreased stomatal conductance and altered transpiration
efficiency (Drake et al. 1997; Christy et al. 2018). Elevated CO: is also reported to positively
impact root nodulation and biological nitrogen fixation (Fischinger et al. 2010; Guo et al. 2013).

Concomitantly, as Si acts in several of these physiological processes (Xie et al. 2014;
Kaushik and Saini 2019), there are evidence that its external application could act
synergistically with eCO> (Johnson et al. 2018), probably due to the fact that Si cycling helps
to control atmospheric CO2 concentrations (Song et al. 2012). However, the publications on
this matter are few. Increasing concentration of atmospheric CO2 might have a severe impact
on the regulation of plant Si homeostasis. For example, in Pinus species, it was reported that
while Si concentrations in plant tissues might decrease under eCO,, the total amount of Si
uptake is increased by this condition (Fulweiler et al. 2015). This response was also found in
grasses, which are Si-accumulators. It was demonstrated that, under eCO conditions, Si
accumulation in plant tissue is decreased with a consequent increase in Si uptake, although
genotypic variation in the vulnerability to eCO> was found among species (Johnson and Hartley
2018). Recently, Hall et al. (2020) using Brachypodium distachyon as a model object found
that eCOz reduced the natural Si concentration in plant tissues, and dramatically decreased the
endogenous JA content. Plants supplemented with extra Si had higher baseline JA levels
compared to control plants under control non-stressed conditions. Therefore, Hall et al. (2020)
suggest that predicted increases in CO: levels within this century may significantly reduce Si-
based mechanical defences against herbivory via a reduction of endogenous JA.

Foliar Si concentration decreases under eCO> conditions (Takahashi et al. 2008) also in
rice, that belong to Si-accumulator species (Alvarez and Datnoff 2001) highly impacted by the
changing atmospheric CO. concentration (Kimball 2016; Zhu et al. 2018). It was further
demonstrated that under eCO conditions, Si content significantly decreases in all tissues of
fully developed plants due to decreased translocation of this element, similarly to the pattern of
essential nutrients such as calcium, manganese and copper (Ujiie et al. 2019). This is putatively
related to the fact that eCO> suppresses transpiration, altering Si flow rates and yield.

While studies looking at increasing atmospheric CO2 concentration describe a general scenario
of increased yield and decreased mineral, amino acid and protein concentrations (Zhu et al.
2018), the combination with other environmental challenges, such as drought and temperature,

can offset these expected outcomes (Osborne 2016). Given Si beneficial role in plant biological
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mechanisms, its supplementation is a potential alternative to maintain plants productivity under

climatic alterations, as recently demonstrated in legumes (Johnson et al. 2018).

Beneficial effects of Si against increased UV-light exposure and temperature stress

The solar UV-B radiation (280-315 nm) that reaches the Earth surface is able to damage plants
and also other organisms. Although this type of radiation is effectively absorbed by the ozone
layer, due to its depletion during the last decades as a result of increased air pollution, UV-B
intensity seems to become a more important issue in the future (Watanabe et al. 2011; Liska et
al. 2017). The prediction for the latter half of the 21% century is likely to be 15-20% increase
of UV-B in comparison to current levels (Watanabe et al. 2011). The UV radiation is also
indirectly responsible for global warming due to the stimulation of release of volatile molecules
from plant tissues (Bornman et al. 2015). The negative effect of increased UV-B exposure in
plants is well documented and is involved in decreased biomass and yield production,
generation of reactive oxygen species (ROS) affecting cell processes, membrane damage
caused by lipid peroxidation and electrolyte leakage, damage to photosynthetic pigments, etc.
(Shen et al. 2010; Liska et al. 2017).

Generally, silicon application to plants suffering from increased UV-B radiation showed
an ameliorative effect. Plants exposed to UV-B increase content of UV-absorbing molecules
such as anthocyanins and soluble phenols to protect various UV-sensitive cell targets.
Interaction of Si with UV-B exposure alleviates or decreases the content of UV-absorbing
compounds (Shen et al. 2010). It seems that Si is associated with phenolic biosynthesis under
UV radiation (Goto et al. 2003). It was also found that Si decreases H.O> concentration and
content of TBARSS that represents the products of ROS-mediated oxidation of polyunsaturated
membrane lipids under increased UV radiation in maize plants (Mihalicova Mal¢ovska et al.
2014). Reduction of photosynthetic performance in wheat plants exposed to UV-B was
alleviated by Si application; however, when Si was used in the form of nanoparticles, the
mitigation effect was even more effective (Tripathi et al. 2017a). This protective role of Si may
be based on NO-mediating triggering of antioxidant defence, because under UV-B exposure
without Si, level of NO may not be sufficient (Tripathi et al. 2017a). The other mechanism
behind the positive effect of Si on UV-B exposure toxicity may be due to screening of UV
radiation by silica double-layer acting as a glass layer in leaf epidermis (Schaller et al. 2013).
In addition, the silica layer and also increased phytolith production in leaves contributes to plant

tolerance in the presence of UV radiation and thus may affect the leaf reflectance and
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transmittance in the UV region (Golob et al. 2017). Taking together, the application of Si as a
beneficial nutrient may be useful to protect plants and/or plant yield against the harmful effect
of increased UV-B radiation in the near future.

For the 20062015 period the mean land surface air temperature was 1.53 °C higher
than the average temperature in the preindustrial period 1850-1900, and 0.66 °C higher when
considered the global mean temperature (Shukla, P.R. et al. 2019). This has resulted in a higher
frequency of extreme weather events related to climate change. In the next decades, it will lead
to alternations in the arrangement of climate zones, precipitation patterns and regional crop
yield scarcity as a consequence of exposing plants to suboptimal conditions (Cogato et al. 2019;
Shukla, P.R. et al. 2019). Heat stress as a major climate change inducing factor may have severe
impacts on agriculture including the level of seed filling, yield and nutritional quality (Lamaoui
et al. 2018; Sehgal et al. 2018; Larmure and Munier-Jolain 2019). In this case of the negative
impact of heat stress in plants, Si seems to be promising in mitigation these effects in several
ways of action (Prasad et al. 2008; Liska et al. 2017; Artyszak 2018; Chiluwal et al. 2020).

According to Wang et al. (2005) biosilicified structures present in the leaf epidermis of
creeping bentgrass (Agrostis palustris) contribute to decreasing of leaf temperature about 3—
4.14 °C in plants exposed to 35-40 °C. This mechanism is based on the physical ability of Si
to disperse the radiation by mid-infrared emission. In this case, a higher efficiency was observed
in treatment with foliar-applicated Si nanoparticles compared to treatment with substrate-added
Si in Na2SiOz form. Furthermore, Si remaining in the cultivation substrate (not taken up by the
plants) resulted in cooling pots and consequently the plant root system. The application of
another form of Si (CaSiOs3) to soil during reproductive phase extensively improved
performance of two late sown wheat varieties (Sehar and Faislabad) under heat stress. These
plants treated with Si showed more than 20% increased net photosynthesis and stomatal
conductance and relative water content higher about 34% in comparison to Si-untreated plants
subjected to high temperatures (Sattar et al. 2017). Liu et al. (2019) proved the beneficial effect
of Si fertilizer on rice plant in the heading stage exposed to high daylight temperatures. In this
experiment, foliar application increased translocation rates of N, P and K and reduced grain
yield loss. Subirrigational application of K:SiOs to medium promoted growth and
photosynthetic rate of strawberries (Fragaria x ananassa) (Muneer et al. 2017; Park et al.
2018). Tomato plants are known as low Si accumulators (lack of functional root silicon efflux
transporter) significantly increased Si concentration in xylem sap and leaves after expressing
cucumber transporter CsLsi2 in tomato roots. Elevated Si accumulation leads to a decrease in

electrolyte leakage rate from leaf discs exposed to 38 °C for 6 and 12 hours (Sun et al. 2019).
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Moreover, the efficiency of Si supplementation resulting in inhibition of electrolyte leakage in
rice was proven by Agarie et al. (1998) more than two decades before. Agarie et al. (1998) also
suggested that decreased electrolyte leakage could be due to Si-improved thermal stability of
membrane lipids under heat stress. These findings are in agreement with Carneiro-Carvalho et
al. (2019) who found that when fertilizing chestnut (Castanea sativa) plants with Si at 32 °C
enhanced the ratio between saturated and unsaturated fatty acids, and thus increased
thermostability of membranes through maintaining their integrity and functions. The oxidative
membrane disruption might be also prevented by enhanced activity of antioxidative enzymes
of Si-treated plants. For late sown wheat (up to 36 °C during heading stage), Si addition
increased about 35 % of superoxide dismutase (SOD) and about 38 % of catalase (CAT) activity
when compared to untreated plants (Sattar et al. 2017). Muneer et al. (2017) documented
increased expression of SOD, CAT and ascorbate peroxidase (APX) at 33 °C and 41 °C in
strawberries with Si supplementation. In Salvia splendens, Si treatment (K.SiO3 form) during
heat stress changed total protein content, protein pattern and enhanced activity of guaiacol
peroxidase (GPX), SOD and APX (Soundararajan et al. 2014). Silicon mitigated extreme heat
stress (43 °C) in Solanum lycopersicum plants via upregulation of Si transporter genes and heat
transcription factors (Khan, Khan, et al. 2020). Finally, according to (Wu et al. 2014)
exogenous application of sodium silicate on rice effectively improved fertility parameters of
pollen grains that are generally decreased under heat stress conditions.

From the previous records, it might be concluded that silicon application may enhance
plant tolerance to increased temperature stress. As the prediction models suggest warming of

the atmosphere, application of Si for the agriculture crops seems to be a very promising way.

Silicon as a tool for remediation of metal or metalloid contaminated soil

Since the global industrial revolution in 18" century, and, especially intensive exploitation of
natural resources in 19" and 20™ century, relatively large part of active or possible agricultural
land became contaminated by mining activity, ore processing, and different kinds of industrial
activities, and, especially in the last century also by the intensification of traffic and various
agricultural practices (Kopittke et al. 2019). Therefore, a relatively large percentage of the soils
are nowadays considered as not suitable for agricultural/horticultural use due to high
concentration of various dangerous heavy metals, other toxic metals or metalloids (Hanfi et al.
2019). Such areas are often considered as marginal lands and many years no attention has been

paid for their restoration or remediation. Especially now, when the area of usable land is
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decreasing every year, such areas may represent great importance after their remediation.
Therefore, in the last years the research about the finding the solutions and mechanisms
allowing soil restoration is gaining high importance (Gong et al. 2018; Song et al. 2019;
Rutkowska et al., 2020).

Heavy metals and other toxic metals and metalloids represent a serious threat for living
organisms, including plants. Although some of them are essential for the plants, when in excess
these may be very dangerous and together with non-essential ones may retard the growth and
greatly affect the physiological and metabolic processes. Silicon has been shown to positively
influence the growth of the whole spectra of plants exposed to metals and metalloids (Imtiaz et
al. 2016; Emamverdian et al. 2018; Bhat et al. 2019). Increment in the length of root and shoot
as well as the increase in root and shoot biomass after Si addition have been observed in
agricultural crops that were exposed to toxic doses of metals and metalloids, e.g. in rice (Song
et al. 2011; Tripathi et al. 2013), maize (Da Cunha et al. 2008; Vaculik et al. 2009; Lukacova
et al. 2013), barley (Ali et al. 2013), wheat (Keller et al. 2015; Tripathi et al. 2015), cucumber
(Feng et al. 2009, 2010); however also in many other important plant species, like cotton
(Farooq et al. 2013; Anwaar et al. 2015), peanut (Shi et al. 2010; Shen et al. 2014) or even
mangroves (Zhang et al. 2013, 2015). Several mechanisms behind the alleviative effect of Si
have been proposed (Vaculik et al. 2020). For example, restriction of root uptake and
immobilization of metals in the rhizosphere through root exudation (Huang et al. 2016; Wu et
al. 2016) or binding to root cap mucilage (Kopittke et al. 2017). Other Si-based mechanisms
attributed the lower toxicity of metals and metalloids to restriction in uptake and root to shoot
transfer by modification of apoplasmic movement (Vaculik et al. 2009, 2012; Vatehova et al.
2012; Lukacova et al. 2013), or restriction of toxic metals availability through binding to the
polymers of the cell walls (Cocker et al. 1997; Wang et al. 2004; Ma et al. 2015, 2017). Within
shoots, heavy metals may be encapsulated by silica phytoliths protecting aerial parts of the plant
(Delplace et al. 2020). Silicon was also shown to improve the permeability of cell membranes
that were damaged by heavy metals (Vaculikova et al. 2014; Bosni¢ et al. 2019; Chen et al.
2019), and influence the synthesis of various osmoprotectants (Howladar et al. 2018). The
antioxidant system, that plays a key role in homeostasis of the whole organism, has been shown
to react to Si presence, although the data vary from species to species, time and dose of Si, and
therefore should be considered in a whole context (Liska et al. 2017; Vaculik and Vaculikova
2017). Additionally, the positive effect of Si on the functioning of photosynthetic apparatus can
also support the better performance of Si affected plants (Ali et al. 2013; Vaculik et al. 2015;

Guo et al. 2018). Silicon has been also shown to affect the phytohormone signalling pathways
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in response to metal(loid) stress (Kim et al. 2016), although our knowledge within this field is
very limited. Kim et al. (2016) reported that the reduced uptake of metals in the roots modulated
the signalling of phytohormones involved in responses to stress and host defence, such as
abscisic acid (ABA), jasmonic acid (JA), and salicylic acid (SA). It was recently observed
(Khan, Bilal, et al. 2020) that although Si showed varying accumulation of SA, JA, and ABA
in plants stressed by Cd, Si markedly downregulated these phytohormones under combined
NaCl-Cd stress.

In the light of these findings, there is no doubt that exogenously applied Si might help
to overcome the stress caused by toxicity of various metals, metalloids and other toxic elements
and could be considered as one possibility for remediation and restoration of contaminated soils
and substrates. This is necessary as the growing demand for arable land might result to re-use
of slightly contaminated sites again for agricultural purposes in the future. Additionally, the
application of Si to metal contaminated soils and substrates would allow to grow various
sensitive species and obtain more yield and biomass. This might be one of the key aspects of
re-greening the marginal land and would allow increase the percentage of forests, help to keep
the moisture in urban and industrial land and support the biodiversity in changing global

environment.

Role of Si in increased tolerance to biotic stress
Great efforts have been made in the past decades to understand how Si could improve plant

tolerance to biotic stressors while maintaining their productivity. Several works have
demonstrated that Si application has a suppressive effect of various plant diseases in a vast
diversity of crops, including rice blast, brown spot and leaf scald (Van Bockhaven et al. 2015;
Domiciano et al. 2015; Tatagiba et al. 2016), barley and wheat powdery mildew (Wiese et al.
2005; Moldes et al. 2016), tomato and banana root rot (Huang et al. 2011; Vermeire et al. 2011),
and banana, cotton and lettuce Fusarium wilt (Fortunato et al. 2012; Chitarra et al. 2013; Whan
et al. 2016) (Fig. 1).
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Asparagus Passion fruit
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531  Figure 1 — Summary of (A) plants/crops that positively responded to Si application under biotic stress, and
532  of (B) pest/pathogens that were negatively affected by Si treatment of their host plants. For a more detailed
533  description see Wang et al. (2017), Majumdar and Prakash (2020), Souri et al. (2020) and references therein.

534

535  Silicon application in has also proved to be beneficial in the control of leaf blast, caused by
536  Pyricularia grisea, in several finger millet genotypes, with specific genotypes showing higher
537  Siaccumulation with enhanced plant resistance (Jadhao and Rout 2020). These authors propose
538 that Si-accumulating genotypes could be used for selective breeding programs, further
539 increasing the potential of this element in mitigating biotic stresses. Additionally, silica nano-
540  particles produced using rice husk have been recently proposed as a green and eco-friendly
541  alternative to chemical fertilisers in the treatment of Fusarium fujikuroi in rice plants (Elamawi
542  etal. 2020). Seed priming with Si nanoparticles also resulted in increased resistance of beetroots
543  against Meloidogyne incognita, Pectobacterium betavasculorum and Rhizoctonia solani (Khan
544  and Siddiqui 2020). These pieces of evidence open the possibility for the further development
545  of Si-based methodologies that allow a more sustainable and effective control of plant pests and

546  diseases.
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547  Although the importance of Si in plant protection against pests and pathogens has been reported
548  from as early as 1917 (Onodera 1917), only more recently special focus on the defence-related
549  mechanisms activated by this element in plant tissues have been made. It is now recognized
550 that Si enhances plant tolerance to pests and diseases through the activation and/or upregulation
551  of both constitutive and induced resistance mechanisms (Fortunato et al. 2012; Whan et al.
552  2016), which include plant cell-wall modifications, increased synthesis of defence-related

553  molecules and compounds, and broad genome reprogramming (Fig.2).

Molecular
gene regulation

Biochemical
increase/de novo
synthesis of

Physical

cell-wall reinforcement

- phytolith deposition
- papillae formation
- waxaccumulation

- cell wall modifications
- defence mechanisms

- PR-proteins

- enzymes (PAL, PPO, POX)

- antioxidantenzymes
- phenols
- PR-proteins

- phytohormones
-wear down of insects

feeding mouthparts

- decrease plant palatability

and/or digestibility

- impair insect fecundity

and oviposition

- impair pathogen growth
- ROS scavenging
- cell-wall lignification

- hormones (SA, ET, JA)

- whole-organism response
- transcriptome regulation

- signalling

554
555

556  Figure 2 — Si-mediated physical, biochemical and molecular plant defence responses. Abbreviations:
557  pathogenesis related proteins (PR-proteins), reactive oxygen species (ROS), phenylalanine ammonia-lyase
558  (PAL), polyphenoloxidase (PPO), salicylic acid (SA), ethylene (ET) and jasmonic acid (JA).

559  The first layer of protection against invading organisms relies on the deposition of SiOz in the
560 form of biogenic opal, mainly in the epidermal cells of plant stems and leaves (Liang et al.
561  2015). Inrice, for example, Si is deposited beneath the cuticle layer (with 0.1 um of thickness),
562  forming a cuticle-silica double layer in leaf blades (of 2.5 um thickness) (Yoshida et al. 1962).
563  Phytolith deposition increases cell-wall rigidity and physical toughness, thus: i) acting as a
564  physical barrier against pathogen penetration (Kim et al. 2002), ii) wearing down the feeding

25



565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
5901
592
593
594
595
596
597
598

mouthparts of insects (Massey and Hartley 2009), iii) decreasing plant digestibility (Massey
and Hartley 2006), or iv) impairing insect oviposition and fecundity activities (Handley et al.
2005). Silicon application to wheat infected with the fungus P. oryzae has been shown to
prevent hyphael entry in leaves, whereas in non-treated plants hyphae easily invaded several
neighbouring leaf cells (Sousa et al. 2013). A similar result was observed for the insect E.
saccharina, which showed reduced larval stalk penetration in sugarcane with increased Si
accumulation in plant tissues (Kvedaras and Keeping 2007).

In addition to the reinforcement of cell walls by phytoliths deposition, during pathogen
infection Si is also known to induce the formation of papillae, i.e. plant cell wall modifications
enriched with the (1,3)-B-glucan cell wall polymer callose. In fact, in rose plants, Si
supplementation increased the number of papillae in leaf cells in response to infection by the
fungus P. pannosa (Shetty et al. 2011). On the other hand, insect mouthpart wear due to Si
treatment was demonstrated for S. exempta larvae, for example, which showed increased
mandible wear when feeding in silica-rich diets (Massey and Hartley 2009). Moreover, high Si
concentrations in plant tissues may reduce their digestibility and palatability, thus slowing the
growth rate of insects such as S. exempta and E. saccharina (Kvedaras and Keeping 2007;
Massey and Hartley 2009). Silicon could also aid plant defence by reducing the mechanical
breakdown of the leaf, thus protecting the resources in the chlorenchyma cells and reducing
chlorophyll released after grinding (Keeping et al. 2009). Wax deposition on the abaxial surface
of coffee seedlings and formation of ladder-like structures in Arabidopsis thaliana trichomes
were also found to occur after Si supplementation, impairing the feeding ability of the desert
locust Schistocerca gregaria and the diamondback moth P. xylostella, respectively (Pozza et
al. 2004; Handley et al. 2005).

Si supplementation has also shown to enhance the yield, net photosynthesis rate and water
use efficiency, of rice plants infested with the Asiatic pink stem borer Sesamia inferens (Jeer et
al. 2020). Silicon-enhanced resistance against pests and pathogens has been associated not only
with the formation of mechanical barriers, but also with the reprogramming of plant primary
and secondary metabolism, including increased or de novo synthesis of several enzymes,
metabolites and proteins such as: (i) defence-related enzymes, such as superoxide dismutase
(SOD), catalase (CAT), polyphenoloxidase (PPO), glucanase, peroxidase, and phenylalanine
ammonia-lyase (PAL), (ii) antimicrobial compounds, including phenolics, flavonoids and
phytoalexins, iii) pathogenesis-related (PR) proteins, and (iv) phytohormones, such as SA, JA
and ethylene (ET) (Fauteux et al. 2005; Datnoff et al. 2007; Fortunato et al. 2012; Khan and
Siddiqui 2020)
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Silicon has been reported to stimulate the activity of defence-related enzymes in several
pathosystems, including rice blast (Domiciano et al. 2015), soybean target spot (Fortunato et
al. 2015), and melon powdery mildew (Dallagnol et al. 2015). These enzymes include
chitinases, peroxidases, polyphenoloxidases, B-1,3-glucanase, PAL, superoxide dismutase,
ascorbate peroxidase, glutathione reductase, catalase, lipoxygenases, and glucanases (Fauteux
et al. 2005; Datnoff et al. 2007; Dallagnol et al. 2015; Fortunato et al. 2015; Domiciano et al.
2015), which are involved not only in direct ROS scavenging (Han et al. 2016), but also in
degrading the cell wall of pathogenic fungi (Dallagnol et al. 2011), plant cell wall lignification
(Song et al. 2016) and regulation of secondary metabolites (Rahman et al. 2015). Silicon has
been described to stimulate the activity of several antimicrobial compounds, such as phenols,
flavonoids, and phytoalexins, during pathogen infection (Hao et al. 2011; Rahman et al. 2015),
which can impair the growth of the invading pathogen and increase plant resistance (Dallagnol
et al. 2011; Fortunato et al. 2015). Fast accumulation of phenols following Si application was
found in wheat plants infected with B. graminis f. sp. tritici (Rémus-Borel et al. 2005) and in
banana plants infected with F. oxysporum f. sp. cubense (Fortunato et al. 2014). Additionally,
leaf extracts from Si-supplemented chestnut plants showed higher inhibitory activity against
Phytophthora cinnamomi and Cryphonectria parasitica, possibly due to increased activity of
PAL and polyphenol oxidase (Carneiro-Carvalho et al. 2020).

Several studies have also suggested that Si may modulate plant defence strategies through
phytohormone homeostasis and signalling (Ghareeb et al. 2011; Chen et al. 2015; Reynolds et
al. 2016). Both JA and ET have been shown to accumulate in Si-treated plants rice plants and
increase their resistance against herbivory or pathogen invasion (Ye et al. 2013) and in tomato
plants infected with R. solanacearum (Ghareeb et al. 2011). However, Si deposition was found
to decrease when the JA signalling pathway was compromised, indicating not only a promotion
of Si accumulation by JA, but also a strong interaction between the JA-pathway and Si in plant
defence against biotic stress (Ye et al. 2013). On its turn, it has been recently demonstrated that
Si supplementation reduces JA concentrations in B. distachyon plants subjected to treatment
with methyl jasmonate or herbivory (H. armigera) and increases plant macrohairs density (Hall
et al. 2019). Therefore, Hall et al. (2020) proposed a model showing that Si acts as a physical
stimulus in the plant, which causes a small, transient increase in JA. Although +Si plants
potentially show a faster induction of JA due to this Si-priming after herbivore attack, they have
less utility for JA-induced defences and show lower levels of JA induction overall (Hall et al.
2020). The relationship between Si and phytohormones in biotic stress scenarios is not very

straightforward, needing to be further elucidated. Besides, knowledge of how pathogenesis-
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related (PR) proteins interfere in plant tolerance against pests and pathogen under Si
supplementation is also very scarce. A single study using two-dimensional electrophoresis
maps demonstrated that 26 proteins were altered (16 of them increased and 10 decreased) in the
roots of tomato plants supplied with Si and infected with R. solanacearum. Most of these
proteins were associated with plant metabolism and defence-related mechanisms, giving a cue
that PR-proteins may have important roles in increasing plant resistance against biotic stressors
under Si-supply (Chen et al. 2015).

Several genomic studies conducted during the last two decades have tried to elucidate the
genetic machinery involved in plant responses against pests and pathogens when under Si
supplementation. In general, this reported increased expression of genes related with: (i)
structural modifications of cell walls, (ii) general plant defence mechanisms, (iii) PR-proteins,
(iv) enzymes related with the production of phenylpropanoids, such as PAL, and (v) regulation
of systemic signals, including SA, ET and JA (Kauss et al. 2003; Shetty et al. 2011; Van
Bockhaven et al. 2015; Tatagiba et al. 2016).

In A. thaliana, infection with the powdery mildew fungus E. cichoracearum led to the down-
regulation of primary metabolism genes, but following Si-treatment downregulated genes were
found to be not as severely impacted (Fauteux et al. 2006). Similarly, in wheat plants, infection
with B. graminis f. sp. tritici up-regulated the expression of 900 genes related with pathogen
infection in non-supplemented plants, whereas in Si-supplied plants only a few genes were
significantly impacted by the pathogen (Chain et al. 2009). These findings were also supported
by another study (Brunings et al. 2009), which showed little transcriptomic alterations in Si-
supplemented rice plants inoculated with M. oryzae. Several genes related with pathogen
perception, such as CHI-II, GLU, PGIP, POD, were observed to be down-regulated in Si-
supplemented tomato plants infected with R. solanacearum, whereas genes related with defence
and response to stress, such as the late embryogenesis rich protein, trehalose phosphatase, and
WRKY1 transcription factor, were found to be upregulated (Ghareeb et al. 2011). Similar
observations were reported in tomato plants under Si-treatment inoculated with R.
solanacearum, in which most of the upregulated genes were involved in signal transduction,
defence, protein synthesis and metabolism, and downregulated genes mostly related with
photosynthesis and lipid metabolism (Kurabachew et al. 2013). More recently, Jadhao et al.
(2020) have demonstrated that Si amendment induces a synergistic response in plant defence
mechanisms by increasing the transcript level of not only silicon transporter genes (such as
EcLsil, EcLsi2 and EcLsi6) but also defence-related hormone regulating genes (ECSAM, EcPAL

and EcLOX) in finger millet plants infested with S. inferens. It is clear that the genetic responses
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against pest and pathogen invasion is extremely specific to each pathosystem and should be
more thoroughly explored to achieve the full potential of Si-supplementation in plant
protection.

Conclusion and future perspectives
To help mitigate climate change effects on plant growth and guarantee enough food production
for the growing population, innovative strategies need to be tested, including the application of
novel compounds that help plants cope with environmental hazards. In this study, we have
clearly shown that various chemical forms of Si have been proved to mitigate the negative
effects of many different abiotic stresses simulating global and environmental changes
(summarised in Fig. 3). Silicon plays a role in the induction of resistance to plants suffering
from drought, salinity, UV-radiation, temperature stress, eCO, and heavy metal and toxic
element exposure. The effect of climate changes is also linked with biotic stresses in plants.
Interestingly, silicon application was also found to increase plant resistance to various biotic
stressors including bacterial, fungal, insect and other biological attacks. However, the fusion of
negative effects of several stresses on plants at the same time and also in interaction with Si
application have been poorly studied. Additionally, the mechanisms underlying plant responses
to Si application in response to the aforementioned stresses are not yet well explored, however,
some of them already described are summarised in Fig. 4. The uptake, translocation and
accumulation of Si by plants in response to climate change are not clear enough and need to be
studied more deeply in the future. Since climate change will threat several important
agricultural regions over the world, which will lose its significance, mankind should be ready
to utilise the so-called “marginal lands”. Therefore, the application of Si with its beneficial
effects on growth and improvement of plant resistance might play a key role in these processes
in the future.

Finally, whenever possible, strategies suggesting Si application should also help meet
three main global goals (Masson-Delmotte et al. 2018; Griscom et al. 2017; Ripple et al. 2019):
to reduce 45% of the emissions by 2030, to achieve climate neutrality by 2050 (net zero carbon

footprint), and to stabilize global temperature rise at 1.5 °C by the end of the century.
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Figure 4. Schematic representation of the processes involved in increased plant
tolerance to wide spectrum of chemical hazards (heavy metals, salinity, eCO2), physical
hazards (UV, heat, drought) and biohazards (pathogens & herbivores) in response to Si
application. Within root Si deposition in form of phytoliths increased mechanical resistance of
central cylinder. In above-ground parts, Si deposition in form of specialized silica cells
contribute to mitigation of stress caused by heavy metals by their encapsulation. Formation of
Si-cuticle layer in epidermis is involved in increased protection against biotic stress. This
double layer also increases leaf reflectance, thus contribute to reducing leaf temperature.
Furthermore, Si application increases stability of cell membranes. At protein level, Si
application enhances activity of pathogenesis related proteins (PR proteins), antioxidant

enzymes and photosynthetic enzymes.

Acknowledgement:

This work was supported by the Slovak Research and Development Agency, the contracts
APVV SK-PT-18-0020 and No. APVV-17-0164, and by the Slovak Grant Agency VEGA
(VEGA grant 1/0605/17). This work was also the result of the project implementation:
Comenius University in Bratislava Science Park supported by the Research and Development
Operational Programme funded by the ERDF (Grant No. ITMS 26240220086). Authors would
also like to thank the scientific support of National Funds from FCT - Fundacédo para a Ciéncia
e a Tecnologia through projects: UID/Multi/50016/2019, UIDB/05748/2020,
UIDP/05748/2020 and FCT - 441.00 Acordo de Cooperacao Cientifica FCT/Eslovaquia —
2019/2020, DRI 5160.

References:

Agarie S, Hanaoka N, Ueno O, et al. 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.

Ahanger RA, Bhat HA, Bhat TA, Ganie SA, Lone AA, Imtiyaz A. 2013. Impact of climate
change on plant diseases. International Journal of Modern Plant & Animal Sciences 1: 105—
115.

Ahmad B. 2014. Interactive Effects of Silicon and Potassium Nitrate in Improving Salt

31



734

735
736
737
738

739
740
741

742
743
744

745
746
747

748
749

750
751
752

753
754

755
756
757

758
759

760
761
762

Tolerance of Wheat. Journal of Integrative Agriculture 13: 1889-1899.

Ahmad P, Ahanger MA, Alam P, et al. 2019. Silicon (Si) Supplementation Alleviates NaCl
Toxicity in Mung Bean [Vigna radiata (L.) Wilczek] Through the Modifications of Physio-
biochemical Attributes and Key Antioxidant Enzymes. Journal of Plant Growth Regulation
38: 70-82.

Ahmed M, Fayyaz-ul-Hassan, Asif M. 2014. Amelioration of Drought in Sorghum
(Sorghum bicolor L.) by Silicon. Communications in Soil Science and Plant Analysis 45:
470-486.

Ali S, Farooq MA, Yasmeen T, et al. 2013. The influence of silicon on barley growth,
photosynthesis and ultra-structure under chromium stress. Ecotoxicology and Environmental
Safety 89: 66—72.

Ali N, Schwarzenberg A, Yvin J-C, Hosseini SA. 2018. Regulatory Role of Silicon in
Mediating Differential Stress Tolerance Responses in Two Contrasting Tomato Genotypes
Under Osmotic Stress. Frontiers in plant science 9: 1475.

Alvarez J, Datnoff LE. 2001. The economic potential of silicon for integrated management
and sustainable rice production. Crop Protection 20: 43-48.

Alves R de C, Nicolau MCM, Checchio MV, et al. 2020. Salt stress alleviation by seed
priming with silicon in lettuce seedlings: an approach based on enhancing antioxidant
responses . Bragantia 79: 19-29.

Amin M, Ahmad R, Ali A, et al. 2018. Influence of Silicon Fertilization on Maize
Performance Under Limited Water Supply. Silicon 10: 177-183.

Anwaar SA, Ali Shafagat, Ali Skhawat, et al. 2015. Silicon (Si) alleviates cotton
(Gossypium hirsutum L.) from zinc (Zn) toxicity stress by limiting Zn uptake and oxidative

damage. Environmental Science and Pollution Research 22: 3441-3450.

Artyszak A. 2018. Effect of silicon fertilization on crop yield quantity and quality—A

literature review in Europe. Plants 7.

Ashraf M, Rahmatullah, Afzal M, et al. 2010. Alleviation of detrimental effects of NaCl by
silicon nutrition in salt-sensitive and salt-tolerant genotypes of sugarcane (Saccharum
officinarum L.). Plant and Soil 326: 381-391.

32



763
764

765
766

767
768

769
770

771
772
773

774
775

776
777
778

779
780
781
782

783
784

785
786
787

788
789
790

791

Bajwa AA, Faroog M, Al-Sadi AM, Nawaz A, Jabran K, Siddique KHM. 2020. Impact of
climate change on biology and management of wheat pests. CROP PROTECTION 137.

Ban N, Schmidli J, Schar C. 2015. Heavy precipitation in a changing climate: Does short-
term summer precipitation increase faster? Geophysical Research Letters 42: 1165-1172.

Bebber DP, Ramotowski MAT, Gurr SJ. 2013. Crop pests and pathogens move polewards
in a warming world. NATURE CLIMATE CHANGE 3: 985-988.

Bhat JA, Shivaraj SM, Singh P, et al. 2019. Role of Silicon in Mitigation of Heavy Metal

Stresses in Crop Plants. Plants (Basel, Switzerland) 8.

Biju S, Fuentes S, Gupta D. 2017. Silicon improves seed germination and alleviates drought
stress in lentil crops by regulating osmolytes, hydrolytic enzymes and antioxidant defense
system. Plant physiology and biochemistry : PPB 119: 250-264.

Bloeschl G, Hall J, Viglione A, et al. 2019. Changing climate both increases and decreases
European river floods. NATURE 573: 108+.

Van Bockhaven J, Spichal L, Novék O, et al. 2015. Silicon induces resistance to the brown
spot fungus Cochliobolus miyabeanus by preventing the pathogen from hijacking the rice
ethylene pathway. The New phytologist 206: 761-773.

Bornman JF, Barnes PW, Robinson SA, Ballare CL, Flint SD, Caldwell MM. 2015. Solar
ultraviolet radiation and ozone depletion-driven climate change: effects on terrestrial
ecosystems. Photochemical & photobiological sciences : Olfficial journal of the European

Photochemistry Association and the European Society for Photobiology 14: 88-107.

Bosni¢ D, Nikoli¢ D, Timotijevi¢ G, et al. 2019. Silicon alleviates copper (Cu) toxicity in

cucumber by increased Cu-binding capacity. Plant and Soil 441: 629-641.

Brunings AM, Datnoff LE, Ma JF, et al. 2009. Differential gene expression of rice in
response to silicon and rice blast fungus Magnaporthe oryzae. Annals of Applied Biology 155:
161-170.

Cao B, Ma Q, Zhao Q, Wang L, Xu K. 2015. Effects of silicon on absorbed light allocation,
antioxidant enzymes and ultrastructure of chloroplasts in tomato leaves under simulated

drought stress. Scientia Horticulturae 194: 53-62.

Cao B-L, Wang L, Gao S, Xia J, Xu K. 2017. Silicon-mediated changes in radial hydraulic

33



792
793

794
795
796

797
798
799

800
801
802

803
804
805

806
807
808

809
810
811

812
813
814

815
816

817
818
819

820
821

conductivity and cell wall stability are involved in silicon-induced drought resistance in
tomato. Protoplasma 254: 2295-2304.

Carneiro-Carvalho A, Aires A, Anjos R, et al. 2020. The role of silicon fertilization in the
synthesis of phenolic compounds on chestnut plants infected with P. cinnamomi and C.
parasitica. Journal of Plant Diseases and Protection 127: 211-227.

Carneiro-Carvalho A, Anjos R, Aires A, Marques T, Pinto T, Gomes-Laranjo J. 2019.
Ecophysiological study of the impact of sik® fertilization on castanea sativa mill. Seedling
tolerance to high temperature. Photosynthetica 57: 1165-1175.

Chain F, Coté-Beaulieu C, Belzile F, Menzies JG, Bélanger RR. 2009. A comprehensive
transcriptomic analysis of the effect of silicon on wheat plants under control and pathogen
stress conditions. Molecular plant-microbe interactions : MPMI 22: 1323-1330.

Chen Dongmei, Chen Daogian, Xue R, et al. 2019. Effects of boron, silicon and their
interactions on cadmium accumulation and toxicity in rice plants. Journal of hazardous
materials 367: 447-455.

ChenY, Liu M, Wang L, Lin W, Fan X, Cai K. 2015. Proteomic characterization of
silicon-mediated resistance against Ralstonia solanacearum in tomato. Plant and Soil 387:
425-440.

Chen W, Yao X, Cai K, Chen J. 2011. Silicon Alleviates Drought Stress of Rice Plants by
Improving Plant Water Status, Photosynthesis and Mineral Nutrient Absorption. Biological
Trace Element Research 142: 67-76.

Chiluwal A, Bheemanahalli R, Kanaganahalli V, et al. 2020. Deterioration of ovary plays a
key role in heat stress-induced spikelet sterility in sorghum. Plant Cell and Environment 43:
448-462.

Chinnusamy V, Jagendorf A, Zhu J-K. 2005. Understanding and Improving Salt Tolerance
in Plants. Crop Science 45: 437-448.

Chitarra W, Pugliese M, Gilardi G, Gullino ML, Garibaldi A. 2013. Effect of silicates and
electrical conductivity on Fusarium wilt of hydroponically grown lettuce. Communications in

agricultural and applied biological sciences 78: 555-557.

Christy B, Tausz-Posch S, Tausz M, et al. 2018. Benefits of increasing transpiration
efficiency in wheat under elevated CO2 for rainfed regions. Global change biology 24: 1965—

34



822

823
824

825
826

827
828

829
830
831
832

833
834

835
836
837

838
839

840
841
842

843
844
845

846
847
848

849
850

1977.

Cocker KM, Hodson MJ, Evans DE, Sangster AG. 1997. Interaction between silicon and

aluminum in Triticum aestivum L. (cv. Celtic). Israel Journal of Plant Sciences 45: 285-292.

Cogato A, Meggio F, Migliorati MDA, Marinello F. 2019. Extreme weather events in

agriculture: A systematic review. Sustainability (Switzerland) 11: 1-18.

Coskun D, Britto DT, Huynh WQ, Kronzucker HJ. 2016. The Role of Silicon in Higher
Plants under Salinity and Drought Stress . Frontiers in Plant Science 7: 1072.

Costan A, Stamatakis A, Chrysargyris A, Petropoulos SA, Tzortzakis N. 2020.
Interactive effects of salinity and silicon application on Solanum lycopersicum growth,
physiology and shelf-life of fruit produced hydroponically. Journal of the Science of Food
and Agriculture 100: 732-743.

Cottrell RS, Nash KL, Halpern BS, et al. 2019. Food production shocks across land and
sea. Nature Sustainability 2: 130-137.

Da Cunha KPV, Do Nascimento CWA, Da Silva AJ. 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 HA, Perry CC. 2007. Silica in plants: biological, biochemical and chemical studies.
Annals of botany 100: 1383-1389.

DalCorso G, Fasani E, Manara A, Visioli G, Furini A. 2019. Heavy Metal Pollutions: State
of the Art and Innovation in Phytoremediation. International journal of molecular sciences
20.

Dallagnol LJ, Rodrigues FA, DaMatta FM, Mielli MVB, Pereira SC. 2011. Deficiency in
silicon uptake affects cytological, physiological, and biochemical events in the rice--Bipolaris

oryzae interaction. Phytopathology 101: 92-104.

Dallagnol LJ, Rodrigues FA, Pascholati SF, Fortunato AA, Camargo LEA. 2015.
Comparison of root and foliar applications of potassium silicate in potentiating post-infection
defences of melon against powdery mildew. Plant Pathology 64: 1085-1093.

Daoud AM, Hemada, N. S, A.A. E-A, L. M. 2018. Effect of Silicon on the Tolerance of
Wheat (Triticum aestivum L.) to Salt Stress at Different Growth Stages: Case Study for the

35



851

852

853
854
855

856
857
858

859
860
861

862
863
864

865
866
867

868
869

870
871

872
873
874

875
876
877
878

879

Management of Irrigation Water. Plants 7.
Datnoff LE, EImer WH, Huber DM. 2007. Mineral nutrition and plant disease.

Delplace G, Schreck E, Pokrovsky OS, et al. 2020. Accumulation of heavy metals in
phytoliths from reeds growing on mining environments in Southern Europe. Science of The
Total Environment 712: 135595.

Ding Y, Schiestl-Aalto P, Helmisaari H-S, Makita N, Ryhti K, Kulmala L. 2019.
Temperature and moisture dependence of daily growth of Scots pine (Pinus sylvestris L.)
roots in Southern Finland. Tree Physiology 40: 272-283.

Domiciano GP, Cacique IS, Chagas Freitas C, et al. 2015. Alterations in Gas Exchange and
Oxidative Metabolism in Rice Leaves Infected by Pyricularia oryzae are Attenuated by
Silicon. Phytopathology 105: 738-747.

Drake BG, Gonzalez-Meler MA, Long SP. 1997. MORE EFFICIENT PLANTS: A
Consequence of Rising Atmospheric CO2? Annual review of plant physiology and plant
molecular biology 48: 609-639.

Elamawi RM, Tahoon AM, Elsharnoby DE, El-Shafey RA. 2020. Bio-production of silica
nanoparticles from rice husk and their impact on rice bakanae disease and grain yield.
Archives of Phytopathology and Plant Protection 53: 459-478.

Emamverdian A, Ding Y, Xie Y, Sangari S. 2018. Silicon Mechanisms to Ameliorate
Heavy Metal Stress in Plants (G Liu, Ed.). BioMed Research International 2018: 8492898.

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

Eraslan F, Inal A, Pilbeam DJ, Gunes A. 2008. Interactive effects of salicylic acid and
silicon on oxidative damage and antioxidant activity in spinach (Spinacia oleracea L. cv.

Matador) grown under boron toxicity and salinity. Plant Growth Regulation 55: 207.

Ezquer I, Salameh I, Colombo L, Kalaitzis P. 2020. Plant Cell Walls Tackling Climate
Change: Insights into Plant Cell Wall Remodeling, Its Regulation, and Biotechnological
Strategies to Improve Crop Adaptations and Photosynthesis in Response to Global Warming.

Plants (Basel, Switzerland) 9.

Farooq MA, Ali S, Hameed A, Ishaque W, Mahmood K, Igbal Z. 2013. Alleviation of

36



880
881
882

883
884
885

886
887
888

889
890

891
892
893

894
895
896

897
898
899

900
901

902
903
904

905
906
907

908
909

cadmium toxicity by silicon is related to elevated photosynthesis, antioxidant enzymes;
suppressed cadmium uptake and oxidative stress in cotton. Ecotoxicology and Environmental
Safety 96: 242—-249.

Farshidi M, Abdolzadeh A, Sadeghipour HR. 2012. Silicon nutrition alleviates
physiological disorders imposed by salinity in hydroponically grown canola (Brassica napus
L.) plants. Acta Physiologiae Plantarum 34: 1779-1788.

Fauteux F, Chain F, Belzile F, Menzies JG, Bélanger RR. 2006. The protective role of
silicon in the Arabidopsis-powdery mildew pathosystem. Proceedings of the National
Academy of Sciences of the United States of America 103: 17554-17559.

Fauteux F, Rémus-Borel W, Menzies JG, Bélanger RR. 2005. Silicon and plant disease
resistance against pathogenic fungi. FEMS microbiology letters 249: 1-6.

Feng J, Shi Q, Wang X. 2009. Effects of Exogenous Silicon on Photosynthetic Capacity and
Antioxidant Enzyme Activities in Chloroplast of Cucumber Seedlings Under Excess
Manganese. Agricultural Sciences in China 8: 40-50.

Feng J, Shi Q, Wang X, Wei M, Yang F, Xu H. 2010. Silicon supplementation ameliorated
the inhibition of photosynthesis and nitrate metabolism by cadmium (Cd) toxicity in Cucumis
sativus L. Scientia Horticulturae 123: 521-530.

Fischinger SA, Hristozkova M, Mainassara Z-A, Schulze J. 2010. Elevated CO2
concentration around alfalfa nodules increases N2 fixation. Journal of experimental botany
61: 121-130.

Fortunato AA, Debona D, Bernardeli AMA, Rodrigues FA. 2015. Defence-Related
Enzymes in Soybean Resistance to Target Spot. Journal of Phytopathology 163: 731-742.

Fortunato AA, Rodrigues FA, do Nascimento KJT. 2012. Physiological and biochemical
aspects of the resistance of banana plants to Fusarium wilt potentiated by silicon.
Phytopathology 102: 957-966.

Fortunato AA, da Silva WL, Rodrigues FA. 2014. Phenylpropanoid pathway is potentiated
by silicon in the roots of banana plants during the infection process of Fusarium oxysporum f.
sp. cubense. Phytopathology 104: 597-603.

Fulweiler RW, Maguire TJ, Carey JC, Finzi AC. 2014. Does elevated CO2 alter silica
uptake in trees? Frontiers in plant science 5: 793.

37



910
911

912
913
914
915

916
917
918

919
920
921

922
923

924
925
926

927
928

929
930

931
932
933

934
935

936
937
938

Gao X, Zou C, Wang L, Zhang F. 2006. Silicon Decreases Transpiration Rate and
Conductance from Stomata of Maize Plants. Journal of Plant Nutrition 29: 1637-1647.

Garg N, Bhandari P. 2016. Interactive effects of silicon and arbuscular mycorrhiza in
modulating ascorbate-glutathione cycle and antioxidant scavenging capacity in differentially
salt-tolerant Cicer arietinum L. genotypes subjected to long-term salinity. Protoplasma 253:
1325-1345.

Ghareeb H, Bozs6 Z, Ott PG, Repenning C, Stahl F, Wydra K. 2011. Transcriptome of
silicon-induced resistance against Ralstonia solanacearum in the silicon non-accumulator

tomato implicates priming effect. Physiological and Molecular Plant Pathology 75: 83-89.

Golob A, Kavcic J, Stibilj V, Gaberscik A, Vogel-Mikus K, Germ M. 2017. The effect of
selenium and UV radiation on leaf traits and biomass production in Triticum aestivum L.

Ecotoxicology and environmental safety 136: 142—-149.

Gong H, Chen K, Chen G, Wang S, Zhang C. 2003. Effects of Silicon on Growth of Wheat
Under Drought. Journal of Plant Nutrition 26: 1055-1063.

Gong X, Huang D, Liu Y, et al. 2018. Remediation of contaminated soils by biotechnology
with nanomaterials: bio-behavior, applications, and perspectives. Critical reviews in
biotechnology 38: 455-468.

Goto M, Ehara H, Karita S, et al. 2003. Protective effect of silicon on phenolic biosynthesis
and ultraviolet spectral stress in rice crop. Plant Science 164: 349-356.

Le Gouis J, Oury F-X, Charmet G. 2020. How changes in climate and agricultural practices
influenced wheat production in Western Europe. JOURNAL OF CEREAL SCIENCE 93.

Grasi¢ M, Malovrh U, Golob A, Vogel-Mikus$ K, Gabers¢ik A. 2019. Effects of water
availability and UV radiation on silicon accumulation in the C 4 crop proso millet.

Photochemical and Photobiological Sciences 18: 375-386.

Griscom BW, Adams J, Ellis PW, et al. 2017. Natural climate solutions. Proceedings of the
National Academy of Sciences 114: 11645-11650.

Gunes PDA, Pilbeam DJ, Inal A, Bagci EG, Coban S. 2007. Influence of silicon on
antioxidant mechanisms and lipid peroxidation in chickpea (Cicer arietinum L.) cultivars

under drought stress. Journal of Plant Interactions 2: 105-113.

38



939
940
941

942
943
944

945
946
947

948
949

950
951

952
953

954
955
956

957
958

959
960
961

962
963
964

965
966
967

Gunes A, Pilbeam DJ, Inal A, 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.

Guo L, Chen A, He N, Yang D, Liu M. 2018. Exogenous silicon alleviates cadmium
toxicity in rice seedlings in relation to Cd distribution and ultrastructure changes. Journal of
Soils and Sediments 18: 1691-1700.

Guo H, Sun Y, Li Y, etal. 2013. Elevated CO2 Modifies N Acquisition of Medicago
truncatula by Enhancing N Fixation and Reducing Nitrate Uptake from Soil. PLOS ONE 8: 1—
9.

Guo J, Zhang M, Wang X, Zhang W. 2015. A possible mechanism of mineral responses to
elevated atmospheric COZ2 in rice grains. Journal of Integrative Agriculture 14: 50-57.

Habibi G. 2014. Silicon supplementation improves drought tolerance in canola plants.

Russian Journal of Plant Physiology 61: 784—791.

Haghighi M, Mozafarian M. 2012. The Effect of N-Si on Tomato Seed Germination under
Salinity Levels. Journal of Biological and Environmental Sciences 6.

Hall CR, Mikhael M, Hartley SE, Johnson SN. 2020. Elevated atmospheric CO2
suppresses jasmonate and silicon-based defences without affecting herbivores. FUNCTIONAL
ECOLOGY 34: 993-1002.

Hall CR, Waterman JM, Vandegeer RK, Hartley SE, Johnson SN. 2019. The Role of

Silicon in Antiherbivore Phytohormonal Signalling. Frontiers in Plant Science 10: 1-7.

Han X, Hao X, Lam SK, et al. 2015. Yield and nitrogen accumulation and partitioning in
winter wheat under elevated CO2: A 3-year free-air CO2 enrichment experiment. Agriculture,
Ecosystems & Environment 209: 132-137.

Han Y, Li P, Gong S, Yang L, Wen L, Hou M. 2016. Defense Responses in Rice Induced
by Silicon Amendment against Infestation by the Leaf Folder Cnaphalocrocis medinalis. PloS
one 11: e0153918.

Handley R, Ekbom B, Agren J. 2005. Variation in trichome density and resistance against a
specialist insect herbivore in natural populations of Arabidopsis thaliana. Ecological
Entomology 30: 284—-292.

39



968
969
970

971
972
973

974
975
976

977
978
979

980
981
982

983
984
985

986
987
988

989
990

991
992

993
994
995
996

997

Hanfi MY, Mostafa MYA, Zhukovsky M V. 2019. Heavy metal contamination in urban
surface sediments: sources, distribution, contamination control, and remediation.

Environmental Monitoring and Assessment 192: 32.

Hao Z, Wang L, He Y, Liang J, Tao R. 2011. Expression of defense genes and activities of
antioxidant enzymes in rice resistance to rice stripe virus and small brown planthopper. Plant
physiology and biochemistry : PPB 49: 744—751.

Hasanuzzaman M, Nahar K, Anee T1, Khan MIR, Fujita M. 2018. Silicon-mediated
regulation of antioxidant defense and glyoxalase systems confers drought stress tolerance in
Brassica napus L. South African Journal of Botany 115: 50-57.

HASHEMI A, ABDOLZADEH A, SADEGHIPOUR HR. 2010. Beneficial effects of
silicon nutrition in alleviating salinity stress in hydroponically grown canola, Brassica napus
L., plants. Soil Science & Plant Nutrition 56: 244-253.

Hattori T, Sonobe K, Inanaga S, et al. 2007. Short term stomatal responses to light intensity
changes and osmotic stress in sorghum seedlings raised with and without silicon.

Environmental and Experimental Botany 60: 177-182.

Helaly MN, El-Hoseiny H, EI-Sheery NI, Rastogi A, Kalaji HM. 2017. Regulation and
physiological role of silicon in alleviating drought stress of mango. Plant physiology and
biochemistry : PPB 118: 31-44.

Hellal F, Abdelhameid M, Abo-Basha DMR, Zewainy RM. 2012. Alleviation of the
adverse effects of soil salinity stress by foliar application of silicon on Faba bean (Vica faba
L.). The Journal of Applied Sciences Research: 4428-4433.

Hertel TW. 2018. Climate Change, Agricultural Trade and Global Food Security. The State
of Agricultural Commodity Markets (SOCO) 2018: Background paper.

Hodson MJ, White PJ, Mead A, Broadley MR. 2005. Phylogenetic variation in the silicon
composition of plants. Annals of Botany 96: 1027—-1046.

Hosseini SA, Maillard A, Hajirezaei MR, et al. 2017. Induction of Barley Silicon
Transporter HvLsi1 and HvLsi2, increased silicon concentration in the shoot and regulated
Starch and ABA Homeostasis under Osmotic stress and Concomitant Potassium Deficiency.

Frontiers in plant science 8: 1359.
Howladar SM, Al-Robai SA, Al-Zahrani FS, Howladar MM, Aldhebiani AY. 2018.

40



998
999
1000

1001
1002

1003
1004

1005
1006
1007

1008
1009
1010

1011
1012
1013

1014
1015
1016

1017
1018

1019
1020
1021

1022
1023
1024

1025
1026
1027

Silicon and its application method effects on modulation of cadmium stress responses in
Triticum aestivum (L.) through improving the antioxidative defense system and polyamine
gene expression. Ecotoxicology and environmental safety 159: 143-152.

Huang YC, Chen H, Zhao WJ, et al. 2016. La presencia de Silice reduce la toxicidad del
Cadmio en Thujopsis dolabrata. Phyton 85: 283-290.

Huang C-H, Roberts PD, Datnoff LE. 2011. Silicon Suppresses Fusarium Crown and Root
Rot of Tomato. Journal of Phytopathology 159: 546-554.

Huang Y, Wang L, Wang W, Li T, He Z, Yang X. 2019. Current status of agricultural soil
pollution by heavy metals in China: A meta-analysis. SCIENCE OF THE TOTAL
ENVIRONMENT 651: 3034-3042.

Ibrahim, M A, Merwad, A M, Elnaka, E A, Burras, C L, Follett L. 2016. Application of
silicon ameliorated salinity stress and improved wheat yield. Journal of Soil Science and

Environmental Management 7: 81-91.

Imtiaz M, Rizwan MS, Mushtag MA, et al. 2016. Silicon occurrence, uptake, transport and
mechanisms of heavy metals, minerals and salinity enhanced tolerance in plants with future

prospects: A review. Journal of Environmental Management 183: 521-529.

Jadhao KR, Bansal A, Rout GR. 2020. Silicon amendment induces synergistic plant defense
mechanism against pink stem borer (Sesamia inferens Walker.) in finger millet (Eleusine
coracana Gaertn.). Scientific Reports 10: 4229.

Jadhao KR, Rout GR. 2020. Silicon (Si) enhances the resistance in finger millet genotypes
against blast disease. Journal of Plant Pathology.

Jeer M, Yele Y, Sharma KC, Prakash NB. 2020. Exogenous Application of Different
Silicon Sources and Potassium Reduces Pink Stem Borer Damage and Improves

Photosynthesis, Yield and Related Parameters in Wheat. Silicon.

Johnson SN, Hartley SE. 2018. Elevated carbon dioxide and warming impact silicon and
phenolic-based defences differently in native and exotic grasses. Global change biology 24:
3886-3896.

Johnson SN, Ryalls IMW, Barton CVM, Tjoelker MG, Wright 1J, Moore BD. 2019.
Climate warming and plant biomechanical defences: Silicon addition contributes to herbivore
suppression in a pasture grass. Functional Ecology 33: 587-596.

41



1028
1029
1030

1031
1032

1033
1034
1035

1036
1037

1038
1039
1040

1041
1042

1043
1044
1045

1046
1047
1048

1049
1050
1051

1052
1053
1054

1055
1056
1057

Johnson SN, Ryalls IMW, Gherlenda AN, Frew A, Hartley SE. 2018. Benefits from
Below: Silicon Supplementation Maintains Legume Productivity under Predicted Climate
Change Scenarios. Frontiers in plant science 9: 202.

Jump AS, Pefiuelas J. 2005. Running to stand still: Adaptation and the response of plants to
rapid climate change. Ecology Letters 8: 1010-1020.

Kafi M, Nabati J, Masoumi A, Mehrgerdi MZ. 2011. Effect of salinity and silicon
application on oxidative damage of sorghum [sorghum bicolor (L) moench]. Pakistan Journal
of Botany 43: 2457—-2462.

Kaushik P, Saini DK. 2019. Silicon as a Vegetable Crops Modulator-A Review. Plants
(Basel, Switzerland) 8: 148.

Kauss H, Seehaus K, Franke R, Gilbert S, Dietrich RA, Krdger N. 2003. Silica deposition
by a strongly cationic proline-rich protein from systemically resistant cucumber plants. The

Plant journal : for cell and molecular biology 33: 87-95.

Kaya C, Tuna L, Higgs D. 2006. Effect of Silicon on Plant Growth and Mineral Nutrition of
Maize Grown Under Water-Stress Conditions. Journal of Plant Nutrition 29: 1469-1480.

Keeping MG, Kvedaras OL, Bruton AG. 2009. Epidermal silicon in sugarcane: Cultivar
differences and role in resistance to sugarcane borer Eldana saccharina. Environmental and

Experimental Botany 66: 54—60.

Keller C, Rizwan M, Davidian JC, et al. 2015. Effect of silicon on wheat seedlings
(Triticum turgidum L.) grown in hydroponics and exposed to 0 to 30 uM Cu. Planta 241:
847-860.

Khan A, Bilal S, Khan AL, et al. 2020. Silicon-mediated alleviation of combined salinity
and cadmium stress in date palm (Phoenix dactylifera L.) by regulating physio-hormonal
alteration. ECOTOXICOLOGY AND ENVIRONMENTAL SAFETY 188.

Khan A, Khan AL, Imran M, et al. 2020. Silicon-induced thermotolerance in Solanum
lycopersicum L. via activation of antioxidant system, heat shock proteins, and endogenous
phytohormones. BMC Plant Biology 20: 248.

Khan A, Khan AL, Muneer S, Kim Y-H, Al-Rawahi A, Al-Harrasi A. 2019. Silicon and
Salinity: Crosstalk in Crop-Mediated Stress Tolerance Mechanisms . Frontiers in Plant
Science 10: 1429.

42



1058
1059
1060

1061
1062
1063

1064
1065
1066

1067
1068
1069

1070
1071

1072
1073
1074

1075
1076
1077

1078
1079

1080
1081

1082
1083
1084

1085
1086

Khan MR, Siddiqui ZA. 2020. Use of silicon dioxide nanoparticles for the management of
Meloidogyne incognita, Pectobacterium betavasculorum and Rhizoctonia solani disease
complex of beetroot (Beta vulgaris L.). Scientia Horticulturae 265: 109211.

Khoshgoftarmanesh AH, Khodarahmi S, Haghighi M. 2014. Effect of silicon nutrition on
lipid peroxidation and antioxidant response of cucumber plants exposed to salinity stress.

Archives of Agronomy and Soil Science 60: 639-653.

Kim Y-H, Khan AL, Lee I-J. 2016. Silicon: a duo synergy for regulating crop growth and
hormonal signaling under abiotic stress conditions. CRITICAL REVIEWS IN
BIOTECHNOLOGY 36: 1099-11009.

Kim SG, Kim KW, Park EW, Choi D. 2002. Silicon-induced cell wall fortification of rice
leaves: a possible cellular mechanism of enhanced host resistance to blast. Phytopathology
92: 1095-1103.

Kimball BA. 2016. Crop responses to elevated CO2 and interactions with H20, N, and
temperature. Current Opinion in Plant Biology 31: 36—43.

Kopittke PM, Gianoncelli A, Kourousias G, Green K, McKenna BA. 2017. Alleviation of
Al Toxicity by Si Is Associated with the Formation of Al-Si Complexes in Root Tissues of

Sorghum. Frontiers in plant science 8: 2189.

Kopittke PM, Menzies NW, Wang P, McKenna BA, Lombi E. 2019. Soil and the
intensification of agriculture for global food security. ENVIRONMENT INTERNATIONAL
132.

Korner C. 2015. Paradigm shift in plant growth control. Current Opinion in Plant Biology
25:107-114.

Kumar V, Sharma A, Kaur P, et al. 2019. Pollution assessment of heavy metals in soils of
India and ecological risk assessment: A state-of-the-art. CHEMOSPHERE 216: 449-462.

Kurabachew H, Stahl F, Wydra K. 2013. Global gene expression of rhizobacteria-silicon
mediated induced systemic resistance in tomato (Solanum lycopersicum) against Ralstonia

solanacearum. Physiological and Molecular Plant Pathology 84: 44-52.

Kvedaras OL, Keeping MG. 2007. Silicon impedes stalk penetration by the borer Eldana
saccharina in sugarcane. Entomologia Experimentalis et Applicata 125: 103-110.

43



1087
1088

1089
1090
1091

1092
1093
1094

1095
1096
1097

1098
1099

1100
1101
1102

1103
1104
1105

1106
1107

1108
1109
1110

1111
1112

1113
1114
1115

Lamaoui M, Jemo M, Datla R, Bekkaoui F. 2018. Heat and Drought Stresses in Crops and

Approaches for Their Mitigation. Frontiers in chemistry 6: 26.

Larmure A, Munier-Jolain NG. 2019. High Temperatures During the Seed-Filling Period
Decrease Seed Nitrogen Amount in Pea (Pisum sativum L.): Evidence for a Sink Limitation.
Frontiers in Plant Science 10: 1608.

Lee SK, Sohn EY, Hamayun M, Yoon JY, Lee 1J. 2010. Effect of silicon on growth and
salinity stress of soybean plant grown under hydroponic system. Agroforestry Systems 80:
333-340.

Li Z, Song Z, Cornelis J-T. 2014. Impact of rice cultivar and organ on elemental
composition of phytoliths and the release of bio-available silicon. Frontiers in plant science
5: 529.

LiY, Yu Z, Jin J, et al. 2018. Impact of Elevated CO(2) on Seed Quality of Soybean at the
Fresh Edible and Mature Stages. Frontiers in plant science 9: 1413.

Li H, Zhu Y, Hu Y, Han W, Gong H. 2015. Beneficial effects of silicon in alleviating
salinity stress of tomato seedlings grown under sand culture. Acta Physiologiae Plantarum 37:
71.

Liang Y, Chen Qi. n., Liu Q, Zhang W, Ding R. 2003. Exogenous silicon (Si) increases
antioxidant enzyme activity and reduces lipid peroxidation in roots of salt-stressed barley
(Hordeum vulgareL.). Journal of Plant Physiology 160: 1157-1164.

Liang Y, Nikolic M, Bélanger R, Gong H, Song A. 2015. Silicon in Agriculture. Silicon in

Agriculture.

Liska D, Soukup M, Lukacova Z, Bokor B, Vaculik M. 2017. Mechanisms of silicon-
mediated alleviation of abiotic stress in plants: Recent advances and future perspective In:

Silicon in Plants: Advances and Future Prospects. CRC Press, .

Liu HX, Guo ZG. 2013. Forage Yield and Water Use Efficiency of Alfalfa Applied with
Silicon under Water Deficit Conditions. The Philippine Agricultural Scientist 96: 2011-2012.

Liu Q, Ma H, Sun Z, Lin X, Zhou X. 2019. Translocation efficiencies and allocation of
nitrogen, phosphorous and potassium in rice as affected by silicon fertilizer under high

daytime temperature. Journal of Agronomy and Crop Science 205: 188-201.

44



1116
1117

1118
1119
1120

1121
1122
1123

1124
1125
1126

1127
1128
1129
1130

1131
1132

1133

1134
1135

1136
1137

1138
1139

1140

1141
1142

1143
1144

Liu B, Soundararajan P, Manivannan A. 2019. Mechanisms of Silicon-Mediated

Amelioration of Salt Stress in Plants. Plants (Basel, Switzerland) 8: 307.

Liu M, Xu X, Jiang Y, et al. 2020. Responses of crop growth and water productivity to
climate change and agricultural water-saving in arid region. Science of The Total Environment
703: 134621.

Liu P, Yin L, Deng X, Wang S, Tanaka K, Zhang S. 2014. Aquaporin-mediated increase in
root hydraulic conductance is involved in silicon-induced improved root water uptake under

osmotic stress in Sorghum bicolor L. Journal of Experimental Botany 65: 4747-4756.

Long SP, Ainsworth EA, Leakey ADB, Nosberger J, Ort DR. 2006. Food for thought:
lower-than-expected crop yield stimulation with rising CO2 concentrations. Science (New
York, N.Y.) 312: 1918-1921.

Lukadova Z, Svubova R, Kohanova J, Lux A. 2013. Silicon mitigates the Cd toxicity in
maize in relation to cadmium translocation, cell distribution, antioxidant enzymes stimulation
and enhanced endodermal apoplasmic barrier development. Plant Growth Regulation 70: 89—
103.

Lux A, Lukacova Z, Vaculik M, et al. 2020. Silicification of Root Tissues. Plants (Basel,

Switzerland) 9.
Lux A, Lukadova Z, Vaculik M, et al. 2020. Silicification of root tissues. Plants 9: 1-20.

Ma J, Cai H, He C, Zhang W, Wang L. 2015. A hemicellulose-bound form of silicon
inhibits cadmium ion uptake in rice (Oryza sativa) cells. New Phytologist 206: 1063-1074.

Ma CC, Li QF, Gao YB, Xin TR. 2004. Effects of silicon application on drought resistance
of cucumber plants. Soil Science and Plant Nutrition 50: 623-632.

Ma JF, Takahashi E (Eds.). 2002. Front Matter In: Soil, Fertilizer, and Plant Silicon

Research in Japan. Amsterdam: Elsevier Science, IlI.
Ma JF, Tamai K, Yamaji N, et al. 2006. A silicon transporter in rice. Nature 440: 688—691.

Ma JF, Yamaji N, Mitani N, et al. 2007. An efflux transporter of silicon in rice. Nature 448:
209-212.

Ma J, Zhang X, Wang L. 2017. Synergistic effects between [Si-hemicellulose matrix]

ligands and Zn ions in inhibiting Cd ion uptake in rice (Oryza sativa) cells. Planta 245: 965—

45



1145

1146
1147
1148

1149
1150
1151

1152
1153
1154

1155
1156
1157

1158
1159

1160
1161
1162

1163
1164
1165

1166
1167

1168
1169
1170

1171
1172

1173

976.

Majumdar S, Prakash NB. 2020. An Overview on the Potential of Silicon in Promoting
Defence Against Biotic and Abiotic Stresses in Sugarcane. Journal of Soil Science and Plant

Nutrition.

Manivannan A, Soundararajan P, Muneer S, Ko CH, Jeong BR. 2016. Silicon Mitigates
Salinity Stress by Regulating the Physiology, Antioxidant Enzyme Activities, and Protein
Expression in Capsicum annuum “Bugwang”. BioMed research international 2016: 3076357.

Massey FP, Hartley SE. 2006. Experimental demonstration of the antiherbivore effects of
silica in grasses: impacts on foliage digestibility and vole growth rates. Proceedings of the
Royal Society B: Biological Sciences 273: 2299-2304.

Massey FP, Hartley SE. 2009. Physical defences wear you down: progressive and
irreversible impacts of silica on insect herbivores. The Journal of animal ecology 78: 281
291.

Masson-Delmotte et al. 2018. 2012. Changes in climate extremes and their impacts on the

natural physical environment.

Matoh T (Kyoto U (Japan). C of A, Murata S, Takahashi E. Effect of silicate application
on photosynthesis of rice [Oryza sativa] plants. Japanese Journal of Soil Science and Plant

Nutrition (Japan) v. 62.

Medek DE, Schwartz J, Myers SS. 2017. Estimated Effects of Future Atmospheric CO2
Concentrations on Protein Intake and the Risk of Protein Deficiency by Country and Region.

Environmental health perspectives 125: 87002.

Mihali¢ova Malcovska S, Ducaiova Z, Backor M. 2014. Impact of silicon on maize

seedlings exposed to short-term UV-B irradiation. Biologia 69: 1349-1355.

Ming DF, Pei ZF, Naeem MS, Gong HJ, Zhou WJ. 2012. Silicon Alleviates PEG-Induced
Water-Deficit Stress in Upland Rice Seedlings by Enhancing Osmotic Adjustment. Journal of
Agronomy and Crop Science 198: 14-26.

Mitani N, Ma JF. 2005. Uptake system of silicon in different plant species. Journal of
experimental botany 56: 1255-1261.

Moldes CA, de Lima Filho OF, Merini LJ, Tsai SM, Camifia JM. 2016. Occurrence of

46



1174
1175

1176
1177

1178
1179
1180

1181
1182
1183

1184
1185

1186

1187
1188

1189
1190

1191

1192
1193
1194

1195
1196

1197
1198
1199

1200
1201
1202

powdery mildew disease in wheat fertilized with increasing silicon doses: a chemometric

analysis of antioxidant response. Acta Physiologiae Plantarum 38: 206.

Moussa H. 2006. Influence of exogenous application of silicon on physiological response of

salt-stressed maize (Zea mays L.). Int. J. Agric. Biol 8: 293-297.

Muneer S, Park YG, Kim S, Jeong BR. 2017. Foliar or Subirrigation Silicon Supply
Mitigates High Temperature Stress in Strawberry by Maintaining Photosynthetic and Stress-
Responsive Proteins. Journal of Plant Growth Regulation 36: 836—845.

Muneer S, Park YG, Manivannan A, Soundararajan P, Jeong BR. 2014. Physiological
and Proteomic Analysis in Chloroplasts of Solanum lycopersicum L. under Silicon Efficiency

and Salinity Stress. International Journal of Molecular Sciences 15.

Munns R, Tester M. 2008. Mechanisms of Salinity Tolerance. Annual Review of Plant
Biology 59: 651-681.

Newman JA. 2011. Climate Change Biology. CABI.

Onodera I. 1917. Chemical studies on rice blast. Journal of the Science of Food and
Agriculture 180: 606-617.

Osakabe Y, Osakabe K, Shinozaki K, Tran LSP. 2014. Response of plants to water stress.
Frontiers in Plant Science 5: 1-8.

Osborne CP. 2016. Crop yields: CO2 fertilization dries up. Nature plants 2: 16138.

Owensby CE, Coyne PI, Ham JM, Auen LM, Knapp AK. 1993. Biomass Production in a
Tallgrass Prairie Ecosystem Exposed to Ambient and Elevated CO"2. Ecological Applications
3: 644-653.

Pandey A, Khan MK, Hakki EE, Gezgin S, Hamurcu M. 2019. Combined Boron Toxicity

and Salinity Stress-An Insight into Its Interaction in Plants. Plants (Basel, Switzerland) 8.

Papaioannou D, Kalavrouziotis IK, Koukoulakis PH, Papadopoulos F, Psoma P, Mehra
A. 2019. Simulation of soil heavy metal pollution environmental stress on plant growth

characteristics in the presence of wastewater. Global Nest Journal 21: 23-29.

Park YG, Muneer S, Kim S, Hwang SJ, Jeong BR. 2018. Silicon application during
vegetative propagation affects photosynthetic protein expression in strawberry. Horticulture

Environment and Biotechnology 59: 167-177.

47



1203
1204
1205

1206
1207

1208
1209

1210
1211

1212
1213

1214
1215
1216

1217
1218

1219
1220

1221
1222
1223

1224
1225

1226
1227
1228

1229
1230

1231

Parveen A, Liu W, Hussain S, Asghar J, Perveen S, Xiong Y. 2019. Silicon Priming
Regulates Morpho-Physiological Growth and Oxidative Metabolism in Maize under Drought
Stress. Plants (Basel, Switzerland) 8.

Pérez AP, Rodriguez Eugenio N. 2018. Status of local soil contamination in Europe:

Revision of the indicator “Progress in the management Contaminated Sites in Europe.

Piao S, Liu Q, Chen A, et al. 2019. Plant phenology and global climate change: Current
progresses and challenges. Global Change Biology 25: 1922-1940.

Pozza AAA, Alves E, Pozza EA, et al. 2004. Efeito do silA\-cio no controle da cercosporiose

em trA\textordfemenines variedades de cafeeiro. Fitopatologia Brasileira 29: 185-188.

Prasad PV V., Staggenborg SA, Ristic Z, et al. 2008. Impacts of Drought and/or Heat Stress
on Physiological, Developmental, Growth, and Yield Processes of Crop Plants. : 301-356.

Pugnaire FI, Morillo JA, Penuelas J, et al. 2019. Climate change effects on plant-soil
feedbacks and consequences for biodiversity and functioning of terrestrial ecosystems. United
States.

Quigley KM, Griffith DM, Donati GL, Anderson TM. 2020. Soil nutrients and

precipitation are major drivers of global patterns of grass leaf silicification. Ecology 0: 1-10.

Rahman A, Wallis CM, Uddin W. 2015. Silicon-Induced Systemic Defense Responses in
Perennial Ryegrass Against Infection by Magnaporthe oryzae. Phytopathology 105: 748-757.

Rehman S, Abbas G, Shahid M, et al. 2019. Effect of salinity on cadmium tolerance, ionic
homeostasis and oxidative stress responses in conocarpus exposed to cadmium stress:

Implications for phytoremediation. Ecotoxicology and environmental safety 171: 146-153.

Rémus-Borel W, Menzies JG, Bélanger RR. 2005. Silicon induces antifungal compounds in
powdery mildew-infected wheat. Physiological and Molecular Plant Pathology 66: 108-115.

Reynolds OL, Padula MP, Zeng R, Gurr GM. 2016. Silicon: Potential to Promote Direct
and Indirect Effects on Plant Defense Against Arthropod Pests in Agriculture. Frontiers in
Plant Science 7: 744.

Richmond KE, Sussman M. 2003. Got silicon? The non-essential beneficial plant nutrient.

Current opinion in plant biology 6: 268-272.

Rios JJ, Martinez-Ballesta MC, Ruiz JM, Blasco B, Carvajal M. 2017. Silicon-mediated

48



1232
1233

1234
1235

1236
1237
1238

1239
1240
1241

1242
1243

1244
1245
1246

1247
1248
1249

1250
1251

1252
1253
1254

1255
1256
1257

1258
1259
1260
1261

Improvement in Plant Salinity Tolerance: The Role of Aquaporins . Frontiers in Plant
Science 8:948.

Ripple WJ, Wolf C, Newsome TM, Barnard P, Moomaw WR. 2019. World Scientists’
Warning of a Climate Emergency. BioScience 70: 8-12.

Rizwan M, Ali S, Ibrahim M, et al. 2015. Mechanisms of silicon-mediated alleviation of
drought and salt stress in plants: a review. Environmental Science and Pollution Research 22:
15416-15431.

Rutkowska B, Szulc W, Blaszczak E, Kazberuk W, Ptasinski D. 2020. Restoration of
marginal soils polluted with heavy metals to agricultural production. JOURNAL OF SOIL
AND WATER CONSERVATION 75: 610-616.

Sattar A, Cheema MA, Abbas T, et al. 2017. Physiological response of late sown wheat to

exogenous application of silicon. Cereal Research Communications 45: 202-213.

Saud S, Li X, Chen Yang, et al. 2014. Silicon application increases drought tolerance of
kentucky bluegrass by improving plant water relations and morphophysiological functions.
TheScientificWorldJournal 2014: 368694.

Savvas D, Giotis D, Chatzieustratiou E, Bakea M, Patakioutas G. 2009. Silicon supply in
soilless cultivations of zucchini alleviates stress induced by salinity and powdery mildew

infections. Environmental and Experimental Botany 65: 11-17.

Schaller J, Brackhage C, Baucker E, Dudel EG. 2013. UV-screening of grasses by plant

silica layer? Journal of biosciences 38: 413-416.

Scherer L, Svenning J-C, Huang J, et al. 2020. Global priorities of environmental issues to
combat food insecurity and biodiversity loss. SCIENCE OF THE TOTAL ENVIRONMENT
730.

Sehgal A, Sita K, Siddique KHM, et al. 2018. Drought or/and Heat-Stress Effects on Seed
Filling in Food Crops: Impacts on Functional Biochemistry, Seed Yields, and Nutritional

Quality. Frontiers in plant science 9: 1705.

Shahid SA, Zaman M, Heng L. 2018. Soil Salinity: Historical Perspectives and a World
Overview of the Problem BT - Guideline for Salinity Assessment, Mitigation and Adaptation
Using Nuclear and Related Techniques In: Zaman M, Shahid SA, Heng L, eds. Cham:
Springer International Publishing, 43-53.

49



1262
1263
1264

1265
1266
1267

1268
1269
1270
1271

1272
1273
1274

1275
1276

1277
1278
1279

1280
1281
1282
1283

1284
1285
1286

1287
1288
1289

1290
1291

Shen X, Xiao X, Dong Z, Chen Y. 2014. Silicon effects on antioxidative enzymes and lipid
peroxidation in leaves and roots of peanut under aluminum stress. Acta Physiologiae
Plantarum 36: 3063-3069.

Shen X, Zhou Y, Duan L, Li Z, Eneji AE, Li J. 2010. Silicon effects on photosynthesis and
antioxidant parameters of soybean seedlings under drought and ultraviolet-B radiation.
Journal of Plant Physiology 167: 1248-1252.

Shetty R, Fretté X, Jensen B, et al. 2011. Silicon-induced changes in antifungal phenolic
acids, flavonoids, and key phenylpropanoid pathway genes during the interaction between
miniature roses and the biotrophic pathogen Podosphaera pannosa. Plant physiology 157:
2194-2205.

Shi G, Cai Q, Liu C, Wu L. 2010. Silicon alleviates cadmium toxicity in peanut plants in
relation to cadmium distribution and stimulation of antioxidative enzymes. Plant Growth
Regulation 61: 45-52.

Shi Y, Zhang Y, Han W, et al. 2016. Silicon Enhances Water Stress Tolerance by Improving

Root Hydraulic Conductance in Solanum lycopersicum L. Frontiers in plant science 7: 196.

ShiY, Zhang Y, Yao H, Wu J, Sun H, Gong H. 2014. Silicon improves seed germination
and alleviates oxidative stress of bud seedlings in tomato under water deficit stress. Plant

Physiology and Biochemistry 78: 27-36.

Shukla, P.R., Skea J, Slade R, et al. 2019. Technical Summary, 2019. In: Climate Change
and Land: an IPCC special report on climate change, desertification, land degradation,
sustainable land management, food security, and greenhouse gas fluxes in terrestrial

ecosystems.

Siracusa L, Patane C, Rizzo V, Cosentino SL, Ruberto G. 2018. Targeted secondary
metabolic and physico-chemical traits analysis to assess genetic variability within a

germplasm collection of “long storage” tomatoes. Food Chemistry 244: 275-283.

Soares JC, Santos CS, Carvalho SMP, Pintado MM, Vasconcelos MW. 2019. Preserving
the nutritional quality of crop plants under a changing climate: importance and strategies.
Plant and Soil 443: 1-26.

Soleimannejad Z, Abdolzadeh A, Sadeghipour HR. 2019. Beneficial Effects of Silicon

Application in Alleviating Salinity Stress in Halophytic Puccinellia Distans Plants. Silicon 11:

50



1292

1293
1294
1295

1296
1297
1298

1299
1300
1301

1302
1303

1304
1305

1306
1307

1308
1309
1310

1311
1312

1313
1314
1315

1316
1317
1318

1319
1320

1001-1010.

Song Y, Kirkwood N, Maksimovi¢ C, et al. 2019. Nature based solutions for contaminated
land remediation and brownfield redevelopment in cities: A review. Science of The Total
Environment 663: 568-579.

Song A, Li P, Li Z, Fan F, Nikolic M, Liang Y. 2011. The alleviation of zinc toxicity by
silicon is related to zinc transport and antioxidative reactions in rice. Plant and Soil 344: 319—
333.

Song Z, Wang H, Strong PJ, Li Z, Jiang P. 2012. Plant impact on the coupled terrestrial
biogeochemical cycles of silicon and carbon: Implications for biogeochemical carbon

sequestration. Earth-Science Reviews 115: 319-331.

Song A, Xue G, Cui P, et al. 2016. The role of silicon in enhancing resistance to bacterial

blight of hydroponic- and soil-cultured rice. Scientific reports 6: 24640.

Sonobe K, Hattori T, An P, et al. 2010. Effect of silicon application on sorghum root

responses to water stress. Journal of Plant Nutrition 34: 71-82.

Sonobe K, Hattori T, An P, et al. 2011. Effect of silicon application on sorghum root

responses to water stress. Journal of Plant Nutrition 34: 71-82.

Soundararajan P, Sivanesan I, Jana S, Jeong BR. 2014. Influence of silicon
supplementation on the growth and tolerance to high temperature in Salvia splendens.

Horticulture Environment and Biotechnology 55: 271-279.

Souri Z, Khanna K, Karimi N, Ahmad P. 2020. Silicon and Plants: Current Knowledge and
Future Prospects. Journal of Plant Growth Regulation.

Sousa RS, Rodrigues FA, Schurt DA, Souza NFA, Cruz MFA. 2013. Cytological aspects
of the infection process of Pyricularia oryzae on leaves of wheat plants supplied with silicon.
Tropical Plant Pathology 38: 472-477.

Sun H, Duan Y, Mitani- Ueno N, et al. 2019. Tomato roots have a functional silicon influx
transporter, but not a functional silicon efflux transporter. Plant, Cell & Environment:
pce.13679.

Tahir MA, Aziz T, Rahmatullah. 2011. Silicon-Induced Growth and Yield Enhancement in
Two Wheat Genotypes Differing in Salinity Tolerance. Communications in Soil Science and

51



1321

1322
1323
1324

1325
1326
1327

1328
1329

1330
1331
1332

1333
1334

1335
1336
1337
1338

1339
1340
1341

1342
1343
1344

1345
1346
1347

1348
1349

Plant Analysis 42: 395-407.

Tahir MA, Rahmatullah, Aziz T, Ashraf M, Kanwal S, Magsood MA. 2006. Beneficial
effects of silicon in wheat (Triticum aestivum L.) under salinity stress. Pakistan Journal of
Botany 38: 1715-1722.

Takahashi N, Isogai A, Ling PP, Kato Y, Kurata K. 2008. Effects of Elevated Atmospheric
Carbon Dioxide Concentration on Silica Deposition in Rice (Oryza sativa L.) Panicle. Plant
Production Science 11: 307-315.

Takahashi E, Ma JF, Miyake Y. 1990. The possibility of silicon as an essential element for
higher plants. Comments on Agricultural and Food Chemistry 2: 99-102.

Tatagiba SD, DaMatta FM, Rodrigues FA. 2016. Silicon partially preserves the
photosynthetic performance of rice plants infected by Monographella albescens. Annals of
Applied Biology 168: 111-121.

Timmusk S, Nevo E, Ayele F, Noe S, Niinemets U. 2020. Fighting Fusarium Pathogens in
the Era of Climate Change: A Conceptual Approach. PATHOGENS 9.

Tripathi DK, Singh VP, Prasad SM, Chauhan DK, Dubey NK, Rai AK. 2015. Silicon-
mediated alleviation of Cr(V1) toxicity in wheat seedlings as evidenced by chlorophyll
florescence, laser induced breakdown spectroscopy and anatomical changes. Ecotoxicology
and Environmental Safety 113: 133-144.

Tripathi DK, Singh S, Singh VP, Prasad SM, Dubey NK, Chauhan DK. 2017a. Silicon
nanoparticles more effectively alleviated UV-B stress than silicon in wheat (Triticum

aestivum) seedlings. Plant Physiology and Biochemistry 110: 70-81.

Tripathi DK, Singh S, Singh VP, Prasad SM, Dubey NK, Chauhan DK. 2017b. Silicon
nanoparticles more effectively alleviated UV-B stress than silicon in wheat (Triticum

aestivum) seedlings. Plant Physiology and Biochemistry 110: 70-81.

Tripathi P, Tripathi RD, Singh RP, et al. 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 BS, Babu T, Datnoff L. 2016. A Review of Silicon in Soils and Plants and Its Role
in US Agriculture: History and Future Perspectives. Soil Science 181: 393_411.

52



1350
1351
1352

1353
1354

1355
1356
1357

1358
1359
1360

1361
1362
1363

1364
1365
1366

1367
1368
1369

1370
1371
1372

1373
1374
1375

1376
1377
1378

1379

Tuna AL, Kaya C, Higgs D, Murillo-Amador B, Aydemir S, Girgin AR. 2008. Silicon
improves salinity tolerance in wheat plants. Environmental and Experimental Botany 62: 10—
16.

Ujiie K, Ishimaru K, Hirotsu N, et al. 2019. How elevated CO2 affects our nutrition in rice,
and how we can deal with it. PLOS ONE 14: e0212840.

Ullah U, Ashraf M, Shahzad S, Siddiqui A, Piracha M, Suleman M. 2016. Growth
behavior of tomato (Solanum lycopersicum L.) under drought stress in the presence of silicon
and plant growth promoting rhizobacteria. Soil and Environment 35: 65-75.

Vaculik M, Landberg T, Greger M, Luxova M, Stolarikova M, Lux A. 2012. Silicon
modifies root anatomy, and uptake and subcellular distribution of cadmium in young maize
plants. Annals of Botany 110: 433-443.

Vaculik M, Lukacova Z, Bokor B, Martinka M, Tripathi DK, Lux A. 2020. Alleviation
mechanisms of metal(loid) stress in plants by silicon: a review. Journal of Experimental

Botany.

Vaculik M, Lux A, Luxova M, Tanimoto E, Lichtscheidl 1. 2009. Silicon mitigates
cadmium inhibitory effects in young maize plants. Environmental and Experimental Botany
67: 52-58.

Vaculik M, Pavlovic A, Lux A. 2015. Silicon alleviates cadmium toxicity by enhanced
photosynthetic rate and modified bundle sheath’s cell chloroplasts ultrastructure in maize.

Ecotoxicology and environmental safety 120: 66—73.

Vaculik M, Vaculikova M. 2017. vaculik vaculikova In: Tripathi DK, Singh VP, Ahmad P,
Chauhan DK, Prasad SM, eds. Silicon in Plants: Advances and Future Prospects. CRC Press,
Taylor & Francis, .

Vaculikova M, Vaculik M, Simkova L, et al. 2014. Influence of silicon on maize roots
exposed to antimony - Growth and antioxidative response. Plant Physiology and Biochemistry
83: 279-284.

Vatehovéa Z, Kollarova K, Zelko I, Richterova-Kuéerova D, Bujdo§ M, Liskova D. 2012.
Interaction of silicon and cadmium in Brassica juncea and Brassica napus. Biologia 67: 498—
504.

Vaughan MM, Block A, Christensen SA, Allen LH, Schmelz EA. 2018. The effects of

53



1380
1381

1382
1383

1384
1385
1386

1387
1388

1389
1390
1391

1392
1393

1394
1395

1396
1397
1398

1399
1400
1401

1402
1403

1404
1405
1406

1407
1408

climate change associated abiotic stresses on maize phytochemical defenses. Phytochemistry
Reviews 17: 37-49.

Verma KK, Liu X-H, Wu K-C, et al. 2019. The Impact of Silicon on Photosynthetic and
Biochemical Responses of Sugarcane under Different Soil Moisture Levels. Silicon.

Vermeire M-L, Kablan L, Dorel M, Delvaux B, Riséde J-M, Legreve A. 2011. Protective
role of silicon in the banana-Cylindrocladium spathiphylli pathosystem. European Journal of
Plant Pathology 131: 621.

Wang M, Gao L, Dong S, Sun Y, Shen Q, Guo S. 2017. Role of Silicon on Plant-Pathogen

Interactions. Frontiers in plant science 8: 701.

WANG XS, HAN JG. 2007. Effects of NaCl and silicon on ion distribution in the roots,
shoots and leaves of two alfalfa cultivars with different salt tolerance. Soil Science & Plant
Nutrition 53: 278-285.

Wang L, Nie Q, Li M, et al. 2005. Biosilicified structures for cooling plant leaves: A

mechanism of highly efficient midinfrared thermal emission. Applied Physics Letters 87: 1-3.

Wang Y, Stass A, Horst WJ. 2004. Apoplastic binding of aluminum is involved in silicon-

induced amelioration of aluminum toxicity in maize. Plant physiology 136: 3762-3770.

Wang W, Xu Y, Chen T, et al. 2019. Regulatory mechanisms underlying the maintenance of
homeostasis in Pyropia haitanensis under hypersaline stress conditions. Science of The Total
Environment 662: 168-179.

Wang Y, Zhang B, Jiang D, Chen G. 2019. Silicon improves photosynthetic performance
by optimizing thylakoid membrane protein components in rice under drought stress.
Environmental and Experimental Botany 158: 117-124.

Waraich E, Ullah S, Ashraf M, Ehsanullah. 2011. Role of mineral nutrition in alleviation

of drought stress in plants. Australian Journal of Crop Science 5.

Watanabe S, Sudo K, Nagashima T, Takemura T, Kawase H, Nozawa T. 2011. Future
projections of surface UV-B in a changing climate. Journal of Geophysical Research:
Atmospheres 116.

Whan JA, Dann EK, Aitken EAB. 2016. Effects of silicon treatment and inoculation with

Fusarium oxysporum f. sp. vasinfectum on cellular defences in root tissues of two cotton

54



1409

1410
1411
1412

1413
1414
1415

1416
1417
1418

1419
1420
1421

1422
1423
1424

1425
1426

1427
1428
1429

1430
1431
1432

1433
1434

1435
1436
1437

cultivars. Annals of botany 118: 219-226.

Wiese J, Wiese H, Schwartz J, Schubert S. 2005. Osmotic stress and silicon act additively
in enhancing pathogen resistance in barley against barley powdery mildew. Journal of Plant
Nutrition and Soil Science 168: 269-274.

Wu J, Geilfus C-M, Pitann B, Muhling K-H. 2016. Silicon-enhanced oxalate exudation
contributes to alleviation of cadmium toxicity in wheat. Environmental and Experimental
Botany 131: 10-18.

Wu C, Yao Y, Shao P, Wang Y, Wang Z, Tian X. 2014. Exogenous Silicon Alleviates
Spikelet Fertility Reduction of Hybrid Rice Induced by High Temperature under Field
Conditions. Zhongguo Shuidao Kexue 28: 71-77.

Xiao-dong W, Ouyang C, ZheRen F, Shu-n G, Fang C, Lin T. 2010. Effects of exogenous
silicon on seed germination and antioxidant enzyme activities of Momordica charantia under

salt stress. Journal of Animal and Plant Sciences 6: 700—708.

Xie Z, Song F, Xu H, Shao H, Song R. 2014. Effects of Silicon on Photosynthetic
Characteristics of Maize (Zea mays L.) on Alluvial Soil (X Gang, Ed.). The Scientific World
Journal 2014: 718716.

Yamaji N, Mitatni N, Ma JF. 2008. A Transporter Regulating Silicon Distribution in Rice
Shoots. The Plant Cell 20: 1381-1389.

Ye M, Song Y, Long J, et al. 2013. Priming of jasmonate-mediated antiherbivore defense
responses in rice by silicon. Proceedings of the National Academy of Sciences of the United
States of America 110: E3631-9.

Yin L, Wang S, Liu P, et al. 2014. Silicon-mediated changes in polyamine and 1-
aminocyclopropane-1-carboxylic acid are involved in silicon-induced drought resistance in

Sorghum bicolor L. Plant Physiology and Biochemistry 80: 268-277.

Yoshida S, Ohnishi Y, Kitagishi K. 1962. Histochemistry of Silicon in Rice Plant. Soil
Science and Plant Nutrition 8: 1-5.

Zhang Q, Liu J, Lu H, et al. 2015. Effects of silicon on growth, root anatomy, radial oxygen
loss (ROL) and Fe/Mn plaque of Aegiceras corniculatum (L.) Blanco seedlings exposed to

cadmium. Environmental Nanotechnology, Monitoring & Management 4: 6-11.

55



1438
1439

1440
1441
1442

1443
1444

1445
1446
1447

1448

Zhang Y, Shi Y, Gong H, et al. 2018. Beneficial effects of silicon on photosynthesis of
tomato seedlings under water stress. Journal of Integrative Agriculture 17: 2151-21509.

Zhang Q, Yan C, Liu J, et al. 2013. Silicon alleviates cadmium toxicity in Avicennia marina
(Forsk.) Vierh. seedlings in relation to root anatomy and radial oxygen loss. Marine Pollution
Bulletin 76: 187-193.

Zhu Y, Gong H. 2014. Beneficial effects of silicon on salt and drought tolerance in plants.

Agronomy for Sustainable Development 34: 455-472.

Zhu C, Kobayashi K, Loladze I, et al. 2018. Carbon dioxide (CO2) levels this century will
alter the protein, micronutrients, and vitamin content of rice grains with potential health

consequences for the poorest rice-dependent countries. Science advances 4: eaaq1012.

56



Graphical Abstract

Effects of climate change on plants

Elevated CO, %,

UV stress
°/~°\
s Metal(loid)
Drought stress g
contamination

moderated by silicon




