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Abstract

Silicon (Si) is a benefic element for higher plants such as wheat (Triticum aestivum) 
in which it is accumulated in the shoot tissues. In this crop, leaf diseases and spike 
diseases are the cause of yield losses, and therefore several studies had been conducted 
under field and greenhouse conditions to demonstrate that plants supplied with Si 
reduced most of the diseases damage due to the amelioration of the plant defenses. 
However, the benefits of Si depend on its accumulation in the plant’s tissue, which is 
influenced by the availability of the element in the soil as well as the up-take ability of 
the wheat cultivar. In this chapter we present the current knowledge about the mecha-
nisms of Si absorption and its accumulation in different tissues of the wheat plant, the 
most studied options for silicate fertilization, and the benefits of Si on grain yield. We 
also present some insight of the effect of Si-supply in wheat on the reduction of main 
leaf and ear diseases, bringing evidence and explanation of the defense mechanisms 
involved. In addition, we provide an overview of the Si effect on the physiology (gas 
exchange, chlorophyll a fluorescence and carbohydrate metabolism) of the wheat 
plant. Finally, questions have been raised about the Si uses as fertilizer that still needs to 
be answered. We recognized that some studies have enhanced our understanding of Si 
providing evidence of the Si use as disease management strategy, but further research 
is needed to make the Si uses a simple task for wheat growers under field condition.

Keywords: disease control, diseases management, silicate fertilization, sustainable 
management, wheat diseases, wheat yield

1. Introduction

Wheat (Triticum aestivum L.) is the most cultivated crop on Earth [1, 2] being 
a key cereal for global food security. Wheat provides calories to 85% of the world 
population (contributing of 5 to 57% of daily consumed calories, depending of the 
country) and proteins to more than 82% of the world population (contributing 
of 6 to 60% of daily calories intake, depending of the country) [3]. Historically 
(1961–2009) the increase in the world production of wheat occurred primarily due 
to the increase in productivity which supplied the increase in the demand for this 
cereal [4]. As the global population continues to increase, the world demand for 
wheat is predicted to continue raising [2, 4], being forecast that in order to feed the 
world population in 2050 it will be necessary to almost double the current wheat 
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production [5]. The challenges to achieving this production target include abiotic 
(drought, heat and salinity) and biotic (insects, pathogens and weeds) stresses that 
can be enhanced by climate changes [5].

Pathogens are among the main threats to high yield of wheat and a threatening 
to food security. Wheat is affected by many pathogens, however their occurrence 
and yield loss, estimated for each disease, vary from country to country and season 
to season. The main aboveground wheat diseases worldwide are rusts (Puccinia 
spp.), septoria nodorum blotch (Parastagonospora nodorum), septoria tritici blotch 
(Zymoseptoria tritici), tan spot (Pyrenophora tritici-repentis), fusarium head blight 
(Fusarium graminearum species complex), powdery mildew (Blumeria graminis 
f. sp. tritici) and wheat blast (Magnaporthe oryzae Pathotype Triticum).

The control of these diseases is carried out preferably through resistant cultivars. 
However, for some of the diseases, there are no cultivars with sufficient resistance to 
contain the damage in yield or the resistance is ephemeral, especially when governed 
by race-specific resistance genes, due to the rapid evolution of the pathogen [6–9]. 
As a result, the use of fungicides is common in wheat crops, but it raises the cost of 
production and it does not always give the expected control for some diseases [10, 11]; 
furthermore there is risk of development of resistance in the fungal to fungicides [12].

In this scenario, silicon (Si) become as an attractive alternative to be included 
in the management of wheat crop. Silicon is a mineral element considered benefic 
to plants, however in many soils its concentration available for plants is low [13]. 
In these soils, fertilization with Si sources has shown positive results. Numerous 
studies demonstrate the beneficial effect of Si in relieving abiotic stresses and in 
the control of biotic diseases on Si-accumulator plants (reviewed by [14–17]). 
This chapter presents the current knowledge on Si up take by the wheat plant, its 
effects on grain productivity and wheat technological quality, physiological aspects, 
and biochemical and histological defenses enhanced by the element, on several 
wheat-pathogen interaction.

2. Silicon wheat absorption

The knowledge of Si absorption has been studied in different plants such as 
monocotyledonous and dicotyledonous species providing evidence to explain the 
process [18–21]. Initially was believed that the transpiration was the main factor 
determining Si uptake in plants. New evidence confirmed that the Si absorption and 
accumulation could be explained by the active transport mechanisms inherent to 
the roots and the shoots.

In wheat, the first evidences of active transport mechanisms come with studies 
showing that approximately 90% of the Si absorbed by the plant was transferred 
to the shoots, maintaining the roots in a relatively low-Si status [22, 23]. Later, 
Mayland et al. [24] reported that the amount of Si accumulated by the wheat plant 
was higher than expected to occur only via transpiration providing data to support 
the classification of wheat as a Si accumulator (accumulating Si in concentration 
up to 20 g kg-1 of dry weight). Advancing, Rafi and Epstein [25] reported that Si is 
rapidly absorbed by wheat plants from solution containing Si at 0.5 mM, a concen-
tration near of that of the element in soil solutions, and the uptake rate were similar 
between plants ‘preloaded’ with Si and plants grown previously in solutions without 
Si addition. Further studies demonstrated that Si uptake by wheat is under meta-
bolic control due to the absorption of Si show a concentration dependence obeying 
Michaelis–Menten kinetics and it is affected by metabolic inhibitors (dinitrophenol 
and potassium cyanide) [26]. Later, Montpetit et al. [21] cloned and functional 
characterized the TaLsi1, a wheat Si transporter gene, which is an ortholog of OsLsi1 
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from rice. The genes TaLsi1 and OsLsi1 belong to Nod26-like intrinsic proteins 
(NIPs) III subgroup of the aquaporin membrane protein family.

Thus, the Si absorption is facilitated by specific NIPs with a distinct selectivity 
that facilitate the passive transport of water and/or small uncharged solutes such as 
monosilicic acid [Si(OH)4] [27]. According to Ma and Yamaji [19] specific NIPs as 
Lsi1 (Si influx transporter) facilitates the passive transport of Si across the plasma 
membrane from the environment (external solution) to the plant cell in the form of 
[Si(OH)4], and efflux transporters known as Lsi2 mediate the loading of Si into the 
xylem to facilitate root-to-shoot translocation, which, in turn, moves Si to the aerial 
parts where it is deposit as amorphous Si (SiO2). According to the authors, these Si 
transporters are localized to the plasma membrane, but, in different plant spe-
cies, show different expression patterns and tissue or cellular localizations that are 
associated with different levels of Si accumulation [19]. In this context, the molecu-
lar characterization and phylogeny of the Si permeable channel, TaLsi1, which is 
expressed only in the roots and independent from Si concentrations, can explain the 
Si absorption by wheat plants [14, 21].

The concentration of Si on wheat tissue varies according to the soil and  cultivar. 
For example, a study conducted in two locations (Abed and Sejet, Denmark) 
showed that Si concentration in the wheat straw ranged from 11.3 g kg-1 to 23.4 g 
kg-1 of dry weight. The study performed with 20 genotypes, showed that on aver-
age wheat grown in Abed contained 25% more Si than wheat grown in Sejet, which 
as attributed to variation in edaphic factors such as soil pH or silicate mineral 
composition which affect the Si availability to plants [28]. In regarding to wheat 
genotypes, the difference between the lowest and highest Si concentration was 75% 
at Abed and 44% at Sejet reflecting differences in the ability of roots to take up Si 
from the soil solution [28]. Carter et al. [29] and Ranjbar et al. [30] also observed 
difference among wheat cultivars regarding Si concentration in the shoot. Ranjbar 
et al. [30] also showed that there is a relationship between shoot Si concentration 
and Si acquisition efficiency. These studies clearly indicated that accumulation of Si 
in the wheat shoot is variable among cultivars which may influenced by the cultivar 
ability to absorption and also by the availability of Si in the soil.

After uptake by roots, Si follow the transpiration flow and it is accumulated 
beneath cuticle forming a double layer Si-cuticle, associated to cell wall and in 
Si-accumulating cells [31]. Furthermore, it was been previously reported that the 
highest Si concentration was present in major transpiration parts of the plants fol-
lowed by the other parts of the plants [32]. In wheat, the highest silicified cells were 
present in leaf blade followed by the awn, leaf sheath, lemma, rachilla and stem, thus 
leaf blade contains the highest Si concentration [33]. In agreement, another study 
showed that the accumulation of Si was highest in vegetative tissue (leaf blades > leaf 
sheaths > stem) and lowest in grain followed by roots, increasing with increasing 
stomata density in the tissues [34]. In awns, the number of silicified cells was linearly 
correlated to Si concentration in dry weight which suggests cellular control over 
silicification [35]. Using scanning electron microscopic, authors found a continuous 
silica layer under the cuticle, extended silicification in the epidermis cell wall and in 
sclerenchyma cells near the vascular bundles, but not in the stomata, suggesting that 
an active process directs the soluble Si away from the water evaporation stream [35]. 
On the leaves, X-ray microanalysis revealed that Si was deposited in a linear pattern 
that corresponded to the silica cells, being greater the amounts of Si in the linear areas 
of silica cells from plants grown in soil supplied with silicate fertilizer [36, 37]. Another 
study showed that Si was predominantly deposited in the epidermis cells of the leaves 
and their cell walls [38].

As wheat is a Si-accumulating species, it may remove considerable amount of 
Si if straw is removed from the field. In this context, a study considering long-term 
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cultivated field analyzed the impact of Si accumulating plants on the biogeochemi-
cal cycle of Si and indicated that the concentration of amorphous silica is lower 
in cultivated soils compared to natural ecosystems, due to the amorphous Si pool 
decreases with time particularly in surface soil, contrary to natural ecosystems [39]. 
For instance, an estimation of shoot Si uptake by wheat based on 10-year average 
of harvested area, production level, reported biomass/harvested portion ratio 
and shoot Si content in United States indicated that the annual shoot Si uptake of 
wheat is 2.144,278 tons and 108 kg ha−1 [40]. In this sense, in crop systems in which 
the straw is removed from the field, the available Si in soils do not sustain high Si 
concentrations not only for wheat but also other crops in the long term [39]. Under 
this condition, it is clear the concern on the Si reduction from field pointing out the 
necessity of Si sources as fertilizers and eventually the management of the wheat 
straw to obtain the benefits of Si to wheat plants.

2.1 Silicon fertilization

Orthosilicic is the second most abundant element in the earths crust and plays 
a number of important roles in the plants. The silicic acid is present in the soil as an 
uncharged monomeric molecule below pH 9 [19]; their concentration in soil vary-
ing between 0.1 to 0.6 mM [41]. In the past 20 years, the scientific documentation 
on the benefits of Si to crops has helped establish Si fertilization as an agronomic 
practice in many agricultural lands worldwide [40]. Thus, it is recognized that Si 
fertilization confers benefits to wheat crop.

In this context, the most common Si fertilizers are wollastonite and slag (calcium 
silicate). In the case of wollastonite which is a natural calcium silicate [42], that 
contains higher fractions of easily soluble Si compared to slags [40]. It is considered 
to be the most efficient Si fertilizer for soil application due to that it can release the 
largest amount of plant available Si (2.31–3.6%) into soil solution [43, 44]; however, 
its use is often limited because of its relatively high cost [45]. Calcium silicate slags 
are by-products of the metallurgical smelting process, contain varying percentages 
of Si [46], and have been observed positive effects on correcting soil acidity [47], 
plant growth and alleviation of stresses [48–50]. Other commonly used Si fertilizers 
are sodium metasilicate and potassium silicate. These Si fertilizers have been found 
very helpful in improving growth parameters in biotic, drought and salt stress in 
wheat [38, 51].

In the case of pyrolitic fine silica particles, sodium metasilicate or silica gel is 
used for agricultural purposes. In soil, wheat plants grown under identical grow-
ing conditions, the efficiency of the Si compounds to increase the Si concentration 
on the plants increased in the order sodium metasilicate > silica gel >pyrolitic fine 
silica particles and seemed to correlate with the ease of formation of orthosilicic 
acid from these compounds [38]. For instance, the application of liquid and powder 
silicate fertilizers in the soil contributed similarly to the concentration of Si to the 
soil solution and doubled the Si concentration on wheat tissue [52]. Furthermore, Si 
uptake by wheat plant as well as its growth is significantly affected by the type of Si 
pool in the soil and factors controlling its solubility [53].

On the other hand, foliar application, mainly as sodium metasilicate and potas-
sium silicate, is cause of debate due to the major portion of the Si uptake come 
from to the roots; however, some effects under biotic and abiotic stress have been 
observed (see below).

The demand of Si fertilizer due to the necessity in different agricultural environ-
ments allow the introduction and application of nano-Si fertilizer with some kind 
of efficient. The nano-Si is high bioavailability as smaller particle size that can be 
rapidly and completely form to absorb by plants and form a thick silicated layer on 
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leaf surface [54]. In this case a study showed that addition of potassium silicate or 
nano-Si fertilizer in a Calcaric Cambisols increased the concentration of Si in wheat 
tissue, mainly in the shoot, but there is a significant relationship between the Si 
level/source and wheat cultivars [30].

3. Silicon and wheat yield

Silicon fertilization in the soil resulted in positive effect on grain yield and its 
quality, mainly under stress. In China, a four-year field experiment in Calcareous 
Paddy soils indicated that Si fertilization increased the wheat yield by 4.1 to 9.3% 
under biotic stress [55], while other studies obtained increased in the grain yield 
due to silicate slag fertilization ranging from 5 to 12% [55, 56].

In New Jersey, in a three consecutive years of field experiment, calcium silicate 
(steel slag by-product) was added on a Quakertown Silt Loam soil increasing 
yield up to 10%, but only under biotic stress imposed by powdery mildew [57]. A 
two consecutive growing seasons experiment performed in Idaho evaluated the 
application of Si in the form of amorphous volcanic tuff in the Greenleaf-Owyhee 
Silt Loam soil indicated that there was no significant effect of Si on plant height, 
nutrient uptake, grain yield and grain protein content of winter wheat grown in 
non-stressed conditions [58]. A three site-years experiment was conducted on 
the Alluvial Floodplain soils in Louisiana to evaluated silicate slag applications 
on productivity of wheat under sufficient and high nitrogen application rates 
showed a numerical trends of grain yield increase increasing silicate slag rate, but 
significant increase was only observed in one site and year [59]. According authors, 
the inconsistencies observed in responses to Si treatments could be due to varying 
physicochemical properties of soils and more research is need to better understand 
the effect of silicate slag use in wheat production in Louisiana.

In Brazil, calcium silicate was used as a source of soluble Si in a three-years field 
experiment to control shoot diseases. The results showed that wheat plants grown in 
soil fertilized with calcium silicate that received one application of fungicide at the 
stem elongation stage showed a reduction on the biotic stress increasing grain yield 
by 1.0 t ha−1 (Pazdiora, P. C. – unpublished data). Grains from these experiments 
was used to determine the wheat technological quality through physicochemical 
and rheological analyses. The data indicated that calcium silicate showed little 
effect on the wheat technological quality under lower disease intensity, but under 
higher disease intensity, it ameliorated the damage caused, keeping the technologi-
cal quality near the expected level of each cultivar (Dallagnol, L. J. – unpublished 
data). Pot experiment evaluating three soils (Rhodic Acrudox, Rhodic Hapludox 
and Arenic Hapludult) indicated that application of calcium/magnesium silicate in 
an acid clayey Rhodic Hapludox improves the development and yield of wheat, but 
the silicate application in soil with pH higher to 5.3 and high Si availability does not 
affect the agronomic characteristics and grain yield of wheat [60].

In Poland, a two-year field experiment evaluated different methods of applica-
tion of powder (diatomaceous earth) and liquid (solution of monosilicic acid) 
forms of Si to soil, leaves and combined methods of application (to soil and leaves) 
on growth parameters and yielding [61]. Authors observed that the most efficient 
form of Si was a liquid formulation, while powder was less effective and only in 
combined application achieved similar effects such as liquid Si, increasing the 
number of seedling emergence, the height of plants and density of spikes and 
yield. Furthermore, according authors, soil and foliar Si application is more effec-
tive than soil or foliar application [61]. In Germany, an experiment performed 
in substrate showed that Si applied in the form of an engineered nanomaterial 
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(amorphous pyrogenic hydrophilic SiO2) was readily taken up by the wheat plants 
increasing the aboveground biomass production at low (1 g SiO2 pot−1) to medium 
(10 g SiO2 pot−1) supply levels of Si; and grain yield at medium Si supply, probably 
due to increased plant phosphorus availability and nutrition [34].

Foliar Si treatment also provided some effect on wheat growth and/or yield. In 
Canada, foliar application of potassium silicate increased the high of wheat plants, 
compared to control plants, but only under biotic stress and variable according 
Si-based product [62]. A study performed in Iran, under greenhouse, showed that 
wheat plant grown in pots that received foliar application of 6 mM sodium meta-
silicate significantly increased biomass and grain yield, being the highest positive 
effect of treatment observed with the application both at the tillering and anthesis 
stages, especially under drought stress [63]. Also, field experiment conducted in 
two seasons in Egypt to evaluate the effect of two nitrogen source combined with 
foliar spray of Si (diatomite) indicated that organic nitrogen (farm yard manure) 
combined to diatomite at rate of 0.4% produced the highest values of grain yield, 
weight of 100 grains and straw yield [64]. In Brazil, foliar application of Si (0.8% 
of soluble Si, as stabilized orthosilicic acid) increased mass of wheat seed without 
effect on its germination or vigor [65].

The fertilization results with Si sources on the yield and quality of wheat indi-
cate that there is a trend of significant gains, especially under some kind of stress. 
However, the results among different studies are variable due to the differences in 
Si sources, the genetic variations of the wheat cultivars used and the stress levels 
imposed on the plant.

4. Wheat diseases affected by silicon

The positive effect of Si fertilization on the control of diseases has been 
reported for pathosystems, mainly involving fungi as pathogens, around the world 
(Figure 1).

For blast (Magnaporthe oryzae pathotype Triticum), greenhouse experiments 
showed reduction of leaf blast severity up to 70% and up to 78% on the area 
under diseases progress curve (AUDPC) on plants grown in media containing 
2 mM of Si compared to plants grown in media without addition of Si source 
[66, 67]. This effect of Si was associated to the increase in the incubation period 
by 28% and reduction up to 45% for the number of lesions per cm2 of leaf [37]. 
The reduction on blast severity by Si was also associated to the restriction on the 
host cell colonization by the pathogen [68]. According to authors, in Si-supplied 
plants the fungal hyphae was restrict to the first-invaded epidermal cell com-
pared to plants not amended with Si in which the fungal hyphae grew success-
fully and formed an extensive branched mycelium in the first-invaded epidermal 
cell and several neighboring cells. Leaf application of potassium silicate reduced 
blast severity, but the positive effect was variable among cultivars [51]. Another 
study evaluating leaf application of potassium silicate indicated blast severity 
reduction on the same proportion of fungicide treatment, but no additive or 
synergistic effect was observed mixing fungicide and potassium silicate [69]. 
Two-years field experiment showed that Si, applied in the soil as calcium and 
magnesium silicate in the furrow, and as potassium silicate applied on the leaves, 
reduced the incidence and severity of blast in the spike, but it effect was variable 
both with years and cultivars [70].

Powdery mildew (Blumeria graminis f. sp. tritici) was the first wheat disease 
reported to be affected by Si [71]. In a three-years experiment evaluating the straw 
incorporated in the soil conferred the reduction of several wheat disease including 
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powdery mildew [72]. Authors attributed this effect to the increase in the Si 
availability in the soil conferred by the straw incorporated, being this effect of Si 
increased in the soil confirmed under greenhouse experiment [72, 73]. Bélanger 
et al. [74] reported that on wheat plants not supplied with Si the first signs of B. 
graminis f. sp. tritici infection were observed at five days after inoculation developing 
rapidly thereafter reaching to disease severity of up to 40% after five weeks, while 
plants supplied with Si, colonies of B. graminis f. sp. tritici were reduced even after 
five weeks with severity lesser than 5%, indicating very limited fungal colonization 
on leaf tissue. Later, another study reported reduction on powdery mildew severity 
up to 80% when Si was supplied via the roots, but leaf spray was less effective reduc-
ing the disease severity up to 40% [62]. Field experiment during three consecutive 
years indicated that calcium silicate (steel slag by-product) reduced powdery mildew 
severity, in all season that disease occurred, up to 44% [57]. Wheat plants grown in 

Figure 1. 
Examples of the effect of silicon (Si) on wheat diseases through root or foliar application (Si supply) in 
experiments conducted under greenhouse or field environments (Environ.) in different regions (Country) 
through evaluating disease incidence (Inc.), disease severity (Sev.) or area under disease progress curve 
(AUDPC) and the percentage of control obtained by silicon treatment. Credits of blast photos to Amanda 
Baseggio.
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nutrient solution containing different doses of soluble sodium metasilicate showed 
that the increase of Si concentration in plant showed inverse proportionality to 
pathogen index indicating an effective action of Si against B. graminis f. sp. tritici 
infection in the foliar surface [75].

For spot blotch (Bipolaris sorokiniana) the AUDPC was reduced by 59% due 
soil fertilization with calcium silicate (wollastonite) [76]. The effect of Si on the 
AUDPC of spot blotch was associated to an increase in the incubation period and 
decrease in the number of lesions per cm2 of leaf area and disease severity [77, 
78]. This effect of Si on the infectious process of B. sorokiniana indicated a limited 
fungal growth in tissue of Si-supplied plants because authors detected only a sparse 
network of hypha colonizing the cells as well as a reduced number of epidermal 
cells showing browning [79].

For tan spot (Pyrenophora tritici-repentis), greenhouse experiment using calcium 
and magnesium silicate (steel slag by-product) incorporated in the soil increased 
leaf Si concentration which was correlated to longer incubation period and reduced 
infection efficiency, final number of lesions per cm2, rate of lesion expansion, lesion 
size, disease severity and AUDPC [80–82].

For fusarium head blight (Fusarium graminearum specie complex), greenhouse 
experiment indicated that calcium and magnesium silicate incorporated in the soil 
increased the incubation period in 15% and reduced up to 32% de disease severity 
and up to 53% de concentration of deoxynivaleonol (a harmful mycotoxin produced 
by Fusarium species) [83]. As the chemical control of fusarium head blight is closely 
linked to the timing of fungicide application at spike and not all tillers start anthesis 
at the same time, Si showed a potential to increase the time of fungicide application 
and still providing a good control of the disease due a longer incubation period and 
lower rate of colonization (Pazdiora, P. C. Unpublished data).

Field experiment during three years indicated that calcium and magnesium sili-
cate fertilization increased the Si concentration in the soil and wheat leaf and spike 
tissues, which was associated to the reduction in the severity of both tan spot and 
fusarium head blight. The reduction of disease severity conferred by Si was greater 
for tan spot than to fusarium head blight. The greatest control of tan spot and 
fusarium head blight was obtained with the moderately resistant cultivar treated 
with two fungicide sprayings. On the other hand, wheat plants grown in soil fertil-
ized with calcium and magnesium silicate that received one application of fungicide 
at the stem elongation stage showed a reduction up to 50% on tan spot severity and 
an increase of grain yield by 1 t ha−1 compared to the same fungicide treatment on 
plants grown on soil that received limestone (Pazdiora, P. C. – unpublished data).

Another wheat disease that was affected by Si are leaf blotch (Parastagnospora 
nodorum) under both field and greenhouse trials [72, 73], septoria leaf blotch 
(Zymoseptoria tritici) and eyespot (Oculimacula yallundae). However, the efficiency 
of Si in reducing these diseases was variable and attributed to the type of grow-
ing substrate used in the experiments [73]. Furthermore, for bacterial leaf streak 
(Xanthomonas translucens pv. undulosa), the Si treatment in the soil not affected the 
incubation period, latent period, necrotic leaf area, and severity, but reduced up to 
50% the chlorotic leaf area [84].

5.  Defense responses of wheat activated against pathogens in the 
presence of Silicon

Several researches have demonstrated the potential of Si in increasing the 
resistance of wheat against a range of pathogens. Several diseases were reduced on 
wheat plants supplied with Si through roots or foliar and the mechanism of defense 
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studied. The role of Si on wheat-pathogen interactions is related to its action to 
increase the plant’s defense against to the stressor agent [85].

For blast, in which the pathogen infection leads to increase in the production of 
reactive oxygen species (ROS) and damage to cell membranes [86], in Si-supplied 
plants occurred lower concentrations of hydrogen peroxide(H2O2) and malondi-
aldehyde indicating, therefore, that the ROS generation and cellular damage were 
greatly limited [87]. According to authors, the activities of enzymes superoxide 
dismutase (SOD), catalase (CAT), peroxidase (POX), ascorbate peroxidase (APX) 
and glutathione-S-transferase (GST) were higher in the leaves of the plants not 
supplied with Si, while in leaves from Si-supplied plants the glutathione metabo-
lism seemed to play a role in such defense because glutathione reductase activity 
was increased. In line with this hypothesis, the higher expression levels of the 
defense-related genes pathogenesis-related 1, chitinase (CHI), POX and phenyl-
alanine ammonia-lyase (PAL), as well as the higher activities of CHI and POX at 
intermediate and advanced stages of M. oryzae infection, respectively, associated to 
an increase on the concentration of ligninthioglycolic acid derivatives was reported 
contributing to defense against blast in Si-supplied plants [37, 88]. Cytological and 
histochemical analysis revealed that in Si-supplied plants the pathogen hyphae 
were restricted to in the invaded cells, delaying the colonization of the neighboring 
cells and consequently reducing the progress of the disease [68]. In another study, 
M. oryzae colonization was constrained in the cells on the leaves of Si-supplied 
plants in association with intense deposition of phenolic-like compounds (fla-
vonoids) [36]. Phenolic-like material was also detected in the parenchyma cells 
of spikes, and scanning electron micrographs showed that fungal hyphae were 
scarcely observed in the epidermis, parenchyma and collenchyma cells indicating 
that these tissues were less colonized by fungal in comparison to the plants not 
supplied with Si [88].

In the wheat–B. graminis f. sp. tritici pathosystem, Si increased the resistance to 
fungus infection by specific defense reactions including papilla formation, produc-
tion of callose, fungitoxic phenolic compounds and Si deposition at the site of infec-
tion [74]. The release of glycosilated phenolics along the cell wall and in association 
with the compromised haustoria was associated to the degradation of B. graminis 
haustoria [74, 89]. These defense responses potentiated by Si resulted in growth 
restriction to 10% of epidermal cells and poorly development of haustoria contrast-
ing to leaves of wheat plants not treated with Si that had abundant hyphae of B. 
graminis on epidermal surface and typical haustoria formation in 90% of epidermal 
cells [74]. The study performed by Rémus-Borel et al. [89] verified that necrotic 
zones were not detected on B. graminis infected tissue, indicating that the response 
to infection potentiated by Si was not associated with a hypersensitive response, but 
the newly produced compounds of phenolic-like material that were associated with 
degraded B. graminis haustoria and collapsed conidial chains which interfered with 
pathogen development. In addition, biochemical defense response to B. graminis 
infection was reported to be associated to production of phytoalexins linked to 
metabolism of aconitate, which limited the diseases development [90]. A transcrip-
tomic analysis revealed that wheat plants reacted to inoculation with B. graminis by 
an upregulation of many genes linked to stress and metabolic processes and a down-
regulation of genes linked to photosynthesis, but in Si-supplied plants the disease 
development is reduced fact that is translated into a nearly perfect reversal of genes 
regulated by the effect of B. graminis [91]. Another study revealed that B. graminis 
development established a close relationship with the antioxidant response of 
wheat plants [75]. According authors, the activity of SOD, CAT and APX decreases 
as Si doses increases indicating a relationship between the applied doses of Si and 
decrease in B. graminis infection due to the reduction of basal antioxidant enzyme 
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activity and ROS. Thus, the decrease of antioxidant enzymes influenced by Si could 
generate ROS status for more efficient responses of defense to B. graminis [75].

On the spot blotch, Si-supply to wheat plants caused a reduction in the rate of 
infection of B. sorokiniana in wheat epidermal cells, due to the physical barrier 
formed by the cuticle-Si double layer [79]. According to authors, this physical bar-
rier may have reduced the diffusion of lytic enzymes and selective non-host toxins 
released by the pathogen on the leaf surface, as shown by the reduction of the wax 
layer degradation. However, even evident the potential of Si accumulated in the 
plant tissue (cell wall, beneath the cuticle and cell cumulating Si) in inhibiting or 
delaying the pathogen infection process, this deposition is not homogeneous in the 
epidermal tissue, which allows the formation of successful infection sites. At this 
infection sites, others defense potentiated by Si played an important role. Indeed, 
the increase in the activity of the enzyme POX and increase on the concentration of 
ligninthioglycolic acid derivatives were related as defense mechanisms, triggered 
by Si, in the wheat - B. sorokiana pathosystem [76].

For tan spot, Si-supply to wheat plants increased biochemical defense 
 mechanisms and histo-cytological defense responses [80, 81]. The most promi-
nent responses from Si-supplied plants were: the accumulation of H2O2 in the 
epidermal cells that occurred early, more intensely and in more epidermal cells, 
mainly at the beginning of pathogenesis; the alteration of enzyme activities such as 
SOD, CAT, POX, CHI and PAL; and the accumulation of phenylpropanoid deriva-
tives at the infection site [80, 81]. Together, these defense responses restricted the 
spread of the pathogen and the damage caused in the plant tissues resulting in a 
reduction in cell death at P. tritici-repentis infection sites [80]. In regarding to the 
fast and greater accumulation of H2O2 in the epidermal cells of the Si-supplied 
plants is important highlight that the accumulation of H2O2 is known to be a 
mechanism of pathogen attack inducing cell death through P. tritici-repentis toxins 
[92]. However, the early (<12 hours after inoculation) accumulation of H2O2 in the 
epidermal cell of the Si-supplied plants of moderately resistant cultivar, compared 
to late accumulation (>24 after inoculation) in the mesophyll and epidermal cells 
of the non supplied plants, indicated that H2O2 was a defense mechanism. This 
inference is because accumulation of H2O2 occurred before pathogen penetration 
into the leaf tissue and was related to lower infection efficiency (the ratio between 
the number of conidia on the leaf surface and the number of lesions formed). 
Furthermore, on the Si-supplied plants, early fluorescence in epidermal cells, in 
neighboring cells and in the cell in which P. tritici-repentis attempted to penetrate, 
indicated that phenylpropanoid derivative accumulation were also contributing to 
disease resistance [81].

6. Physiological effects of silicon in wheat under pathogen stress

The photosynthesis is the major physiological process in plants; therefore, if 
plants are infected by pathogens some process in their physiology can be negatively 
affected. The pathogen infection can be responsible to decrease photosynthesis at 
different levels [93], modification or damage of the photosynthetic apparatus [94] 
and interfering with normal source-sink relationships in plants [95, 96].

In this sense exist a general consensus that Si improves the plant resistance to 
various biotic and abiotic stresses. Thus, the effect of Si on plant physiology it 
has been observed mainly when plant is under some kind of stress. For example, 
under biotic stress imposed by B. graminis f. sp. tritici, an analysis of around 55,000 
transcripts indicated that around 3000 genes were differentially expressed on 
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pathogen-inoculated plants, but a nearly perfect reversal in the transcript profile of 
downregulated stress-related genes occurred when Si was supplied [91]. This result 
indicated that Si rather than being involved directly in the regulation of gene 
expression, prevented or attenuated the effects on transcription imposed by patho-
gen [91]. Furthermore, several studies revealed that wheat plants supplied with Si 
when challenged by pathogens showed lower affectation and/or ameliorative on 
photosynthetic process as assessed via measurements of the leaf gas exchange and 
the chlorophyll a (Chla) fluorescence kinetics.

In this regard, some studies showed that concentration of photosynthetic 
pigments and structural and functional damage of chloroplasts produce altera-
tions on photochemical machinery with losses in the amount of chlorophylls and 
carotenoids, as a result it has been observed decreased values for the net photosyn-
thesis rate [93]. In a study on wheat-Magnaporthe oryzae interaction, in Si-supplied 
plants occurred a maintaining the concentration of photosynthetic pigments such 
as total chlorophyll, violanxanthin + antheraxanthin + zeaxanthin, β-carotene and 
α-carotene which helped to maintain the structural and functional viability of the 
photosynthetic machinery minimizing, therefore, lipid peroxidation and the pro-
duction of ROS to ensure the integrity of the leaf cells [97]. In the same pathosys-
tem, photosynthetic performance was studied in Si-supplied plants which showed 
higher values for net photosynthesis rate coupled with improved photochemistry 
associated to Chla fluorescence parameters, and also increased concentrations of 
total chlorophylls [66, 98]. Also, Si-supplied plant showed less functional damage 
to the photosystem II (PSII) without reductions in the values of maximum quantum 
quenching, photochemical yield of PSII and electron transport rate, but higher 
values for quenching non-photochemical [97].

Likewise, the impairment caused by blast on the photosynthetic process, 
primarily related to the Fv/Fm parameter, on wheat leaves, was in lesser extent on 
the plants sprayed with potassium silicate [69]. Furthermore, authors did not detect 
any significant alteration on the gas exchange and Chla fluorescence parameter 
for plants sprayed three times (every 96 h interval) as the potassium silicate rates 
increased from 2.5 to 12.5 g L−1 indicating that potassium silicate do not cause 
perturbation to the photosynthetic machinery of wheat plants.

In addition, the pathogen infection usually leads to the development of symp-
toms that result in a decrease on the photoassimilates production [99], resulting in 
low performance of photochemical reactions associated to PSII, that mainly influ-
ence the reduction in CO2 assimilation [93] producing alteration in some parameters 
of leaf gas exchange. In this way, alterations with diffusional limitations and 
significant losses both in the electron transport rate and biochemical capacity for 
carboxylation associated with losses in ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco) activity have been measured on the leaves of wheat plants infected 
with M. oryzae [87]. In this pathosystem, Aucique Perez [66] observed that these 
dysfunctions could largely be avoided in the presence of Si, which might directly 
be associated with lower blast symptoms on Si-supplied plants; in those plants net 
CO2 assimilation rate, stomatal conductance to water vapor, and transpiration rate 
were significantly higher, showing that Si improving gas exchange performance. 
Furthermore, Araujo et al. [95] measured several parameters of Chla fluorescence, 
sugars (glucose, fructose and sucrose) and starch concentration, the activities 
of enzymes acid invertase and sucrose phosphate synthase in leaves and spike of 
wheat challenged by M. oryzae showing evidences of the beneficial effects of Si in 
improving the source-sink relationship on infected leaves and spikes by preserving 
the alteration in assimilates production and partitioning during the grains filling 
process.
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Overall, in all the experiments the authors agreed that the effect of Si on photo-
synthesis process is major in plants challenged by the pathogen. Indeed, transcrip-
tomic studies performed on several plant species submitted to different types of biotic 
stress showed a reduction in transcript levels of genes related to photochemistry, 
Calvin cycle and the synthesis of chlorophylls [100]. Observations in non-inoculated 
plants, in general, does no showed significant difference between the non-supplied 
and Si-supplied plants for the values of leaf gas exchanges, photochemical parameters 
associated with Chla fluorescence, soluble sugars and some enzymes of sucrose 
metabolism [95]. These findings are in line with previous study in which was not 
found any differences on the photosynthetic activity of rice plants with and without 
Si supply [46]. In this context, Coskun et al. [14] pointing out to the question of Si’s 
role in the absence of stress having little or no effect, however remains a contentious 
issue. Probably Si is indirectly involved in the nutrition of the plant and it is undeni-
able that Si prevents or mitigates the strains imposed by stress, and this, ultimately, is 
reflected in improvements in plant growth, function and metabolic activity.

7. Conclusion and perspectives

The importance of Si and Si fertilization for improving plant health are 
 recognized. Several studies clearly demonstrate that silicate fertilization for wheat 
plants increases grain yield and its quality, especially under both biotic and abiotic 
stress. In the case of biotic stress, the Si effect reduces the intensity of the diseases 
due to the enhancement of the defense mechanisms that are earlier expressed and 
better coordinated. In addition to the effect on defenses against the pathogen, 
plants supplied with Si also show less physiological damage, in fact this is associated 
with increased on the yield. These effects are clearly evident and largely accepted, 
indicating that Si fertilization could be incorporated in the wheat management.

Nevertheless, for silicate fertilization to become widely used by wheat growers, 
several issues still need to be clarified. Initially, an important point is that most of 
the studies demonstrating the effect of Si on disease control and the reduction of 
physiological damage was carried out in a controlled environment with only a single 
stress imposed on the plant, and few studies were carried out in field conditions 
with multiple stresses simultaneously. Therefore, more studies need to be carried 
out under field conditions to obtain a greater amount of data of the silicate fertiliza-
tion effect and with all these data should be analyzed through meta-analyzes to 
provide a holistic view of the effect.

Taking into account that we can mostly use two forms of Si application: leaf or 
root, there are still many unanswered questions. For example, in soil fertilization 
we can consider the following questions.

1. What is the best form of application? In this sense, we can consider situations 
in which the farmer plows the soil and the silicate fertilizer can be incorporated 
during this procedure. However, for wheat growers who use no-till, incorpora-
tion is not possible. In this case, the application of the Si source can be carried 
out on the soil surface or in the sowing line. For application to the surface 
without incorporation, we still do not know clearly how long it takes for Si to 
be available in the soil solution in sufficient quantity to meet the demand of the 
wheat plant. With respect to the application in the sowing line, there is still not 
enough data to indicate which is the best source or dose of Si to supply to the 
plant without interfering in the initial stages of seedling development, and also 
is still unknown which is the amount to applied without compromising the lo-
gistic yield of the sowing procedure to obtain the Si benefits as well as possible.
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2. How often should silicate fertilization be carried out? Evidently, this informa-
tion can be obtained by analyzing the amount of Si available in the soil. How-
ever, for the wheat growers to adopt silicate fertilization it will be necessary to 
know the cost benefit of the application and the frequency of application. In 
the case of fertilization in the sowing line, the financial impact for the produc-
er is easier to be determined. However, in surface or incorporated applications, 
where specific activities are required for this procedure, more information is 
needed. For example, how many crop cycles/years should the reapplication be 
carried out? What dose should be applied and/or reapplied? What is the best 
product for reapplication: soluble or powder? Can we make a basic application 
to increase the Si pool in the soil and the reapplications be carried out via the 
seeding line? Does crop rotation or succession affect the frequency and/or rate 
that we should be used when reapplying silicate fertilization? These are ques-
tions that remain unanswered to wheat growers.

3. Considering the great variation in the ability of Si absorption among different 
wheat cultivars, it is important that this factor to be considered in breeding 
programs, aiming to obtain cultivars that present a higher efficiency Si ab-
sorption for different soils and climates it will be expected. This is important 
to maximize the use of silicate fertilization and consequently maximize the 
economic return to the producer. Furthermore, according to Ranjbar et al. 
[30] the selection and modification of silicon-efficient wheat cultivars can be 
a successful and promising strategy to maintain production in low-input and 
environmentally friendly agricultural systems.

4. With regard to foliar application, we agree with the consideration pointed 
out by Puppe and Sommer [101] that, there is little knowledge on Si foliar 
application and Si fertilizers for different purposes (biotic and abiotic 
stress). The foliar application needs further detailed studies, especially on 
the knowledge on concentrations of foliar Si fertilizers application, type of 
fertilizers, frequency of application and the timing of spraying.

Further research should be done to answer these questions, even though we will 
be closer to being able to clearly demonstrate to wheat growers the real benefit, in 
economic terms, and the routinely adopt silicate fertilization for wheat crop.
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