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The emerging role of silicon (Si) has attracted a great deal of interest from researchers because of the
numerous agronomic benefits of this element to plants. Indeed, silicon improves plant resistance to a range of
biotic and abiotic stresses, with consequent yield increases. Furthermore, it enhances resistance in several crops
of great economic importance to diseases and insect pests. Until recently, the exact nature of protective effects
of silicon in plants is uncertain. To date, two major defense mechanisms due to silicon application have been
documented: physical defense and biochemical defense. In this review, the interaction between silicon-treat-
ed-plants and reduced biotic stresses (disease and insect pests) incidence was explored. The current research
presents the agronomic importance of silicon in plants, the control of fungal and bacterial pathogens and insect
pests according to their lifestyle, and viral agents, and different mechanisms of silicon-enhanced resistance.
By regrouping the data presented in this paper, a good knowledge of the association between silicon treatment,
increasing plant resistance, and decreasing biotic stresses occurrence could be achieved.

Keywords: Diseases, insect pests, silicon application.

One of the major constraints of plant crop production is protecting the foliage
from diseases and insect pests (Semal, 1989; Ukwungwu, 1990). Chemicals and resistant
rootstocks are wildly used as traditional protecting methods to decrease the intensity of
diseases and insect pest infestation (Denholm and Rowland, 1992; Dubin and Rajaram,
1996; Shephard, 1997). However, chemical control limitations, high costs, equipment
needed and labor greatly contribute to the cost of production. Furthermore, toxicological
problems as persistence in food and/or environment and possibility of developing resist-
ant populations due to frequent use and/or overuse of the same conventional chemicals
reduce their effectiveness (Cooksey, 1990; Denholm and Rowland, 1992; Ma and Micha-
ilides, 2005). Also, intensive resistance selection pressure, if such resistant cultivars is
available, emerged new pathogenic strains, and hence resistance breakdown (Lindgren,
1997; Bayles et al., 2000). Other disease and insect pest control methods remain to be ur-
gently sought and investigated. Enhanced plant silicon nutrition can be a potential strategy
and an alternative environment-friendly approach to prevent or at least suppresses biotic
and abiotic stresses, with a consequent increase in yield (Datnoff et al., 2007). Silicon-
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improved plant resistance has been reported to a wide range of fungal, bacterial and viral
pathogens, and insect pests including borers and sap-feeding insects (Ma, 2004; Ma and
Yamaji, 2006; Datnoff et al., 2007; Liang et al., 2007, 2015a,b,c; Van Bockhaven et al.,
2013; Sakr 2016a,b, 2017; Reynolds et al., 2016).

In general, two mechanisms in which silicon can reduce the severity of diseases
and insect pests have been reviewed: physical defense and induced biochemical defense
(Fig. 1) (Ma, 2004; Liang et al., 2007, 2015a,b,c; Van Bockhaven et al., 2013; Reynolds
et al., 2016; Sakr, 2016a,b, 2017). The first one is associated with an accumulation of
absorbed silicon in the epidermal tissue, and the second one is related to an expression
of metabolic or pathogenesis-mediated host defense responses. Other silicon-enhanced
resistance mechanisms could be specific as described to some bacterium and viral patho-
gens (Sakr, 2016a).

To date, silicon application has been documented in controlling and reducing the
incidence and severity of fungal, bacterial and viral diseases, and insect growth and re-
production in both monocotyledons and dicotyledons (Table 1). Under a range of abiotic
and biotic stresses, the effect of silicon, its mode of action and its function are uncertain
and presently a subject of debate (Ma, 2004; Liang et al., 2007, 2015a,b,c). However,
silicon treatments induced physical and/or biochemical protection systems against all fun-
gal, bacterial and insect feeding guilds: necrotrophic, hemibiotrophic and biotrophic fun-
gal pathogens, epiphytic and endophytic bacterial pathogens, and lepidopteran borer and
sap-feeding pest insects (Van Bockhaven et al., 2013; Liang et al., 2015a,b; Reynolds et
al., 2016; Sakr, 2016a,b, 2017). Also, economically important viral diseases in crop plants
are efficiently controlled by silicon treatments. In order to understand the complex inter-
action between silicon applications and disease and insect pest resistance in plants, this
review aims to (1) underline the agricultural importance of silicon in plants, (2) refer to
the control of fungal and bacterial pathogens and insect pests according to their lifestyles,
and viral agents, and (3) explain several mechanisms of silicon-augmented resistance.

Silicon in plants

According to the classical definition of essentiality, Arnon and Stout (1939) defined three
universally criteria required for plant nutrition, and they recognized that silicon is not
essential for plants because it is not involved in the structure or metabolism of the plants.
However, silicon is considered as essential due to abnormalities in growth, development
and reproduction in silicon-deficient plants (Epstein and Bloom, 2005). In many plant
species, it enhances plant resistance against abiotic and biotic stresses, and the resistance
mechanisms are now beyond doubt because they may act in the soils, at the root surface
and in planta (roots and shoots) (Ma, 2004; Liang et al., 2007, 2015a,b,c).

Silicon is the second most abundant element in the earth’s crust mass (27.70%) and
in the soil (50 to 400 g Si kg™") (Kovda, 1973). In the soil, low solubility of silicon com-
pounds (present mainly as SiO,, up to 70% of the soil mass) is the main reason that silicon
is not available for plant uptake (Rizwan et al., 2012). In soil solution, silicon occurs pri-
marily as water-soluble monosilicic acid (H,SiO,) at concentrations ranging from 0.1 to
0.6 mM influenced by its solvation from inorganic substances and its adhesion or absorp-
tion by the soil (Epstein, 1994; Savant et al., 1997). Plant roots easily take up silicon in the
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form of uncharged monosilicic acid at pH below 9 through a passive process regulated by
transpiration stream (Epstein, 1994). Once absorbed, it is transported via xylem to all parts
of the plant and polymerized into insoluble silica (SiO,'nH,0) immediately below the
cuticle, and it forms a physical barrier called double layer silicon-cuticle (Ma et al., 2011).

Applications of silicon treatments have many agricultural benefits including im-
proved plant architecture, growth, yield and productivity, photosynthetic capacity, toler-
ance to frost and drought, enzyme activity, positive interactions with applied N, P and K
fertilizers (Savant et al., 1997). Silicon nutrition decreases the incidence and severity of
fungal, bacterial and viral diseases, and insect pest infestation in several crop plant species
(Ma, 2004; Silva et al., 2010; Zellner et al., 2011; Van Bockhaven et al., 2013; Liang et al.,
2015a,b; Reynolds et al., 2016; Sakr, 2016a,b, 2017). Most importantly, silicon improved
plant resistance against a multitude of stresses without the occurrence of resistance trade-
offs and/or growth and yield penalties (Ma, 2004; Ma and Yamaji, 2006; Epstein, 2009;
Van Bockhaven et al., 2013; Liang et al., 2015b).

Epstein (1994, 1999, 2009) reported that the absorption of silicon by plants from
the soil at differing rates depend on genotype, its concentration in the soil and environ-
mental conditions. Silicon absorption capacity from the soil recorded 300700 kg Si ha™
in sugarcane, 150-300 kg Si ha™' in rice, and 50-150 kg Si ha™' in wheat (Bazilevich,
1993). According to Ma and Yamaji’s (2006) agricultural point of view, plants can be
divided as silicon accumulators (silicon concentrations greater than 1%), silicon inter-
mediate and low accumulator (silicon concentrations less than 0.1%) or silicon-rejecters.
Silicon accumulation capacity among species is due to differences in silicon transporters
and distinct mechanisms of silicon transported via xylem (Ma and Yamaji, 2008). In gen-
eral, graminaceous plants, such as wheat, oat, rye, barley, sorgchum, maize, and sugarcane,
absorb and accumulate much higher silicon than dicotyledon plants, such as soybeans and
cucumber and other crops (Epstein, 1999; Ma and Yamaji, 2006).

Silicon in controlling diseases and insect pests

It is well established that silicon controls diseases and insect pests of economically
important crops. A positive relationship between silicon and reduced disease intensity
of fungal, bacterial and viral pathogens, and insect pest performance has been reported
in monocot and dicot host plants (Table 1). For disease and insect pest control, silicon
presents both economically viable method and environmentally friendly approach (Van
Bockhaven et al., 2013; Liang et al., 2015a,b; Reynolds et al., 2016; Sakr, 2016a,b, 2017).

In low-silicon soils, silicon fertilizer has been recommended for use due to enhanced
plant tolerance capacity to abiotic and biotic stresses, highlighting its critical function in
sustainable agricultural yield (Heckman, 2013). Ma and Yamaji (2006) noted that many im-
portant plant crops are not capable of both silicon absorption form the soil and its translo-
cation to higher organs as shoots and leaves (see the previous section on Silicon in plants).
Adding silicon to plants as a fertilizer made them more resistant to various pathogenic causal
agents and insect pests. So, two major sources of available silicon have been used to deliver
silicon to the plant: solid and liquid sources. Solid source as calcium silicate (CaSiO,) fer-
tilizers which incorporate into the soil. Liquid source including potassium silicate (K,SiO5)
or sodium silicates (Na,SiO,) which apply as a soil drench or as a foliar spray (Heckman,

Acta Phytopathologica et Entomologica Hungarica



Sakr: Silicon-enhanced resistance of plants to biotic stresses 129

2013; Datnoff and Heckman, 2014). A good source of silicate fertilizers to diseases and
insect pest control should provide a high content of soluble silicon, be inexpensive, have
physical characteristics facilitating storage ability and simple application, and have un-
contaminated ability with heavy metals (Heckman, 2013; Datnoff and Heckman, 2014).

Remarkable resistance of elicitors (the biocompatible molecules, biological agents
and synthetic compounds) in combined with silicon against disease and insect pest dam-
age has been the subject of several studies, for example, acibenzolar-S-methyl in min-
imizing the incidence of Phakopsora pachyrhizi (Asian rust) on soybean (Cruz et al.,
2014) and performance of the sunflower caterpillar Chlosyne lacinia saundersii Double-
day and Hewitson (Lepidoptera: Nymphalidae) larvae on sunflower (Assis et al., 2015),
antagonistic yeasts in reducing the severity of Blumeria graminis f. sp. tritici (powdery
mildew) on wheat (De Curtis et al., 2012) and Acidovorax citrulli (bacterial blotch) on
melon (Conceicao et al., 2014), and chitosan in decreasing the occurrence of Ralstonia
solanacearum (bacterial wilt) on tomato (Kiirika et al., 2013) and Botrytis cinerea (gray
mold) on strawberry (Lopes et al., 2014).

For diseases and insect pests, the mode of silicon action in a number of components
of host plant resistance could be summarized as follows (Sakr, 2016a,b, 2017): it de-
layed the incubation and latent periods, decreased conidial production, and reduced some
features of the lesions produced by the fungal, bacterial and viral diseases (expansion
rate, size and number), and decreased development, reproductive period, longevity, and
fecundity of insect pests. Subsequently, disease development and pest preference rates
were dramatically decreased, and the resistance of susceptible cultivars was in some cases
raised to nearly the same level as that of cultivars with complete or partial resistance.
Moreover, for susceptible and partial cultivars, the observed disease and insect pest re-
sistance was greatest when silicon was applied to the soil and was root-absorbed because
it increases the plant’s defense responses to both foliar and root infections as oppose to
when it applied to the foliage. This is mainly due to the silicon transporters which were
not expressed in the leaves. Regarding foliar sprays, the disease and insect pest suppres-
sive effects observed were probably due to silicon being deposited on the leaf surface and
hading an osmotic of pH effect. However, the underlying mechanisms that govern disease
and insect pest protection when silicon is root-absorbed remain largely unclear.

Fungal pathogens

Numerous studies have shown increased plant resistance to fungal pathogens dif-
ferent in their lifestyles as a response to silicon application (Table 1). Another interesting
association was the seemingly stronger efficacy of silicon against biotrophic and hemibi-
otrophic pathogens (e.g. rice blast, powdery mildews) compared to necrotrophs (Belanger
etal., 2014).

Necrotrophic fungal pathogens

It has been demonstrated that silicon increases host resistance to necrotrophs as ob-
served for barley-Alternaria spp. (black point) (Kunoh and Ishizaki, 1975), wheat-Septo-
ria nodorum (leaf and glume blotch) (Leusch and Buchenauer, 1989), cucumber-Pythium
ultimum, -Pythium aphanidermatu (root rot) (Cherif et al., 1992), maize-Pythium aphani-
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dermatum (damping off, root and stem rots) (Sun et al., 1994), pea-Mycospaerella pinodes
(ascochyta blight) (Dann and Muir, 2002), coffee-Cercospora coffeicola (Cercospora leaf
spot) (Pozza et al., 2004), cherry-Penicillium expansum (blue mold decay), -Monilinia
fructicola (brown rot decay) (Qin and Tian, 2005), melon-Pythium aphanidermatum (root
rot) (Heine et al., 2007), potato-Fusarium sulphureum (wilt) (Li et al., 2009), banana-
Mycosphaerella fijiensis (black sigatoka) (Kablan et al., 2012), and strawberry-Botrytis
cinerea (gray mold) (Lopes et al., 2014) interactions. Huang et al. (2011) showed that
foliar silicon application at the dose of 100 mg Si/L in tomato plants significantly reduced
the intensity of F. oxysporum f. sp. radicis-lycopersici (Fusarium crown and root rot);
data proposed that the slow beginning process of the initial infection of roots and limiting
movement of the pathogen from roots to stems may probably reduce the incidence of dis-
ease (Huang et al., 2011).

Hemibiotrophic fungal pathogens

Several studies observed a positive effect of silicon in decreasing the intensity of
hemibiotrophic fungal pathogens as recorded in the pathoysytems of Diplocarpon rosae
(black spot)-rose (Gillman et al., 2003), Phytophthora capsici (Phytophthora blight)-bell
pepper (French-Monar et al., 2010), Colletotrichum sublineolum (anthracnose)-sorghum
(Resende et al., 2013), C. lindemuthianum (anthracnose)-bean (Polanco et al., 2014), and
Pyricularia oryzae (blast)-wheat (Cruz et al., 2015). Domiciano et al. (2015) found that
silicon applications of 2 mM reduced the severity of blast disease (Magnaporthe oryzae,
anamorph Pyricularia grisea) in rice plants.

Biotrophic fungal pathogens

The association between silicon and reduced severity of biotrophic pathogens has
been documented in wheat-Erysiphe graminis (powdery mildew) (Leusch and Buchenauer,
1989), cucumber and muskmelon-Sphaerotheca fuliginea and zucchini squash-Erysiphe
cichoracearum (powdery mildew) (Menzies et al., 1992), grape-Uncinula necator (pow-
dery mildew) (Bowen et al., 1992), Arabidopsis-Erysiphe cichoracearum (powdery
mildew) (Ghanmi et al., 2004), pearl millet-Sclerospora graminicola (downy mildew)
(Deepak et al., 2008), sugarcane-Puccinia melanocephala (rust) (Naidoo et al., 2009),
bean-Pseudocercospora griseola (angular leaf spot) (Rodrigues et al., 2010), strawberry-
Pestalotia longisetula (Pestalotia leaf spot) (Carre-Missio et al., 2010), soybean-Phakop-
sora pachyrhizi (Asian rust) (Arsenault-Labrecque et al., 2012), coffee-Hemileia vasta-
trix (rust) (Carre-Missio et al., 2012), and rose-Podosphaera pannosa (powdery mildew)
(Shetty et al., 2012) interactions. Dallagnol et al. (2015) found that silicon root application
was more effective compared to foliar application in reducing the intensity of powdery
mildew (Podosphaera xanthii) on melon.

Bacterial pathogens

Successes in pathosystems in which the association between silicon and reduced
severity of bacterial diseases have been reported in epiphytic and endophytic bacterium
pathogens (Table 1).
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Epiphytic bacterial pathogens

Two studies showed that application of silicon to plants augmented resistance to
epiphytic bacterial pathogens as Pseudomonas syringae pv. syringae caused bacterial api-
cal necrosis on mango (Gutierrez-Barranquero et al., 2012) and P. syringae pv. tomato
caused bacterial speck on tomato (Andrade et al., 2013).

Endophytic bacterial pathogens

Effective silicon applications in controlling endophytic bacterial pathogens was
associated with bacterial wilt (Ralstonia solanacearum) on tomato (Diogo and Wydra,
2007), bacterial spot (Xanthomonas axonopodis pv. passiflorae) on passion fruit (Bran-
caglione et al., 2009), bacterial streak (X. translucens pv. undulosa) on wheat (Silva et al.,
2010), angular leaf spot (X. citri subsp. malvacearum) on cotton (Oliveira et al., 2012),
bacterial wilt (R. solanacearum) on sweet pepper (Alves et al., 2015), and bacterial blight
(X. oryzae pv. oryza) on rice (Song et al., 2016). Compared to control plants, reducing
of bacterial blotch incidence by 50%, disease index by 89%, and area under the disease
progress curve by 85% and increasing the incubation period by 192% was due to calcium
silicate soil incorporation at the dose of 1.41 g Si kg™, and covered protection for 20 days
to melon plants from infection by Acidovorax citrulli (Ferreira et al., 2015).

Viral pathogens

Silicon application suppresses some viral pathogens (Table 1) as Cucumber mosaic
virus (Holz et al., 2014) and Papaya ring spot virus (Elsharkawy and Mousa, 2015) on
cucumber. Silicon treatments at the dose of 0.1 mM to the majority of tobacco plants
caused an absence of systemic Tobacco ringspot virus symptoms in the majority of to-
bacco plants compared to controls, and the slow formation of virus systemic symptom
was observed in plants grown in higher silicon rates (Zellner et al., 2011).

Insect pests

Silicon can improve plant resistance to insect attack and infestation for lepidop-
teran borer and sap-feeding pest insects in spite of differences regarding reproductive and
feeding behaviour on crops of great economic importance (Table 1).

Lepidopteran borer insect pests

A number of studies have shown increased plant resistance to lepidopteran borer
pests as a response to silicon application as Asian borer Ostrinia furnacalis Guenee
(Crambidae) on maize (Horng and Chu, 1990), African borer Eldana saccharina Walker
(Pyralidae) on sugarcane (Kvedaras and Keeping, 2007), leaf-worm Alabama argillacea
Hubner (Noctuidae) on cotton (Tomquelski et al., 2007), African armyworm Spodoptera
exempta Walker (Noctuidae) on grass species (Massey and Hartley, 2009), and leaf-miner
Tuta absoluta Meyrick (Gelechiidae) on tomato (dos Santos et al., 2015). Low and high
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silicon levels applied to susceptible rice variety reduced larval survival rate and pupation
rate in the Cnaphalocrocis medinalis Guenee (Pyralidae) (Han et al., 2015).

Sap-feeding insect pests

Numerous studies have indicated that silicon application can reduce the perfor-
mance of sap-feeding pest insects as green bug Schizaphis graminum Rondani (Hemip-
tera: Aphididae) on sorghum (Carvalho et al., 1999), whitefly Bemisia tabaci Gennadius
(Hemiptera: Aleyrodidae) on cucumber (Correa et al., 2005), and on soybean (Ferreira
et al., 2011) green peach aphid Myzus persicae Sulzer (Hemiptera: Aphididae) on potato
(Gomes et al., 2008), spittlebug Mahanarva fimbriolata Stal (Hemiptera: Cercopidae) on
sugarcane (Korndorfer et al., 2011), Silvering thrips Enneothrips flavens Moulton (Thy-
sanoptera: Thripidae) on peanut (Dalastra et al., 2011), Mediterranean fruit fly Ceratitis
capitata Wiedemann (Diptera: Tephritidae) on lemon (Mditshwa et al., 2013), mealy-bug
Phenacoccus solenopsis Tinsley (Hemiptera: Pseudococcidae) on Portulaca grandiflora
plants (Huang et al., 2014), brown plant-hopper Nilaparvata lugens Stal (Hemiptera: Del-
phacidae) on rice (He et al., 2015), leaf aphid Rhopalosiphum maidis Fitch (Hemiptera:
Aphididae) on maize (Almeida et al., 2015), and citrus black-fly Aleurocanthus woglumi
Ashby (Homoptera: Aleyrodidae) on mandarin orange (Vieira et al., 2016). Positive ef-
fects of silicon treatment were evident as reduced preference, longevity and fecundity
rates, nymph production- and feeding times by nymphs of green bug Schizaphis grami-
num (Rondani) (Hemiptera: Aphididae) on wheat (Costa et al., 2011).

Mechanisms of silicon-enhanced resistance

The effect of silicon on the control of plant diseases and insect pests, its mode of
action, its properties, and its spectrum of efficacy in several biological systems is not
entirely understood and require more research both under farm conditions and as tissue
culture (Van Bockhaven et al., 2013; Liang et al., 2015a,b; Reynolds et al., 2016; Sakr,
2016a,b, 2017). In the absence of abiotic and/or biotic stresses, silicon was believed to
have a negligible effect on plant growth or development (Ma and Yamaji, 2006). How-
ever, beneficial and useful effects only manifest under stress conditions (Epstein, 2009).

In general, the effect of silicon on resistance of plants to diseases and insect pests is
considered to be due to either a deposition of silicon on cell walls acting as a mechanical
barrier difficult the pathogens and insect pests attack, or biochemical changes related to
plant defense (Fig. 1) (Van Bockhaven et al., 2013; Liang et al., 2015a,b; Reynolds et al.,
2016; Sakr, 2016a,b, 2017). Importance of the two mechanisms of defense in enhancing
silicon-treated-plant resistance may differ according to the biotic agents (Van Bockhaven
et al., 2013; Reynolds et al. 2016; Sakr, 2016a,b, 2017). On one hand, physical defense
is most widely accepted mechanism for the action of silicon in augmenting plant resist-
ance to insect pest infestation (Reynolds et al., 2016; Sakr, 2017). On the other hand, in-
duced biochemical defense is most involved in augmenting plant resistance to fungal and
bacterial pathogens (Van Bockhaven et al., 2013; Sakr, 2016a,b). Also, other resistance
mechanisms to some bacterium and viral pathogens have been reported. Foliar silicon
accumulation in tobacco leaves may be part of a defense response to Tobacco ringspot
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virus, and the silicon influence seemed to be virus-specific (Zellner et al., 2011). Andrade
et al. (2013) noticed that a direct effect of silicon treatments to tomato plants was associ-
ated with reducing bacterial speck symptoms, and the authors observed that host defense
enzymes did not contribute with resistance to Pseudomonas syringae pv. tomato.

Physical defense

For the first hypothesis of silicon-physical enhanced resistance, silicon deposited
on the tissue surface acts as a physical barrier that protects plants from pathogen infection
and pest invasion (Van Bockhaven et al., 2013; Liang et al., 2015a,b; Reynolds et al.,
2016; Sakr, 2016a,b, 2017). Silicon might form complexes with organic compounds in
the walls of the epidermal cells, therefore increasing their resistance to degradation by
enzymes released by pathogenic causal agents and insect pests. Furthermore, plant resist-
ance in restricting pest feeding may not be simply related to the total quantity of silicon
per se, but due to the site, arrangement and organization of silicon in the plant (Sakr,
2016a,b, 2017).

Three silicon mechanisms governed resistance in plants to infection of fungi and
bacteria have been proposed; the first one suggests that silicon prevented physical pen-
etration by pathogens, second one is related to strengthening of plant organs mechani-
cally by silicon application, and the third one is associated with decreasing of enzymatic
degradation by fungal and bacterial pathogens making the plant cell more hard. Bowen
et al. (1992) noticed that silicon layer formation in the leaf cuticle of vine seedlings due
to potassium silicate application at concentration of 17 mmol L™ reduced significantly
penetration of Uncinula necator (powdery mildew). Contrary, higher intensity of the dis-
ease was observed in non-treated leaf areas (Bowen et al., 1992). Also, Kim et al. (2002)
found that dilatation of penetration of Pyricularia grisea (blast) in rice leaves was due to
cuticle-silica double layer. Two silicon defense mechanisms by which silicon deposition
acts as a physical barrier to pest attack have been proposed. First, silicon decreases the
efficiency with which insect pests can digest plant leaves. Second, increased hardness and
abrasiveness of plant tissues due to silicon may increase the wear on insect pest mouth-
parts, both of which could potentially impact on insect pest performance. Chu and Horng
(1991) observed that increased hardness level in stems to Asian corn borer Ostrinia furn-
acalis Chillo suppressalis Walker (Lepidoptera: Crambidae) was due to calcium silicate
slag applied to corn plants, and tissue hardness rates decreased the consumption of the
leaves by pest, indicating that leaf hardness and abrasiveness due to high silica deposition
may be associated with the resistance to the borer. Rapid increasing in mandible wear of
the African armyworm Spodoptera exempta Walker (Lepidoptera: Noctuidae) was due to
silicon fertilization to grass species (Massey and Hartley, 2009).

Biochemical defense

Regarding the second hypothesis of silicon-biochemical enhanced resistance, the
soluble silicon in plant tissue may be associated with an increase in resistance to dis-
eases and insect pests (Van Bockhaven et al., 2013; Liang et al., 2015a,b; Reynolds et al.,
2016; Sakr, 2016a,b, 2017). Induced plant defenses could also be involved after silicon
absorption. A series of biochemical changes has been reported in silicon-treated plants.
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In this model, the soluble silicon in plant tissue may induce plant defense against dis-
ease and insect pest attack via (1) enhanced activity of defense-related enzymes, such as
polyphenoloxidase, peroxidase, phenylalanine ammonia-lyase, and glucanase in leaves,
(2) increased production of anti-disease and -insect compounds and defensive chemicals,
such as phenolic metabolism product (lignin), flavonoids, phytoalexins and pathogene-
sis-related proteins in plants, and (3) activation of some plant defense-related genes.

Silicon treatments to melon plants enhanced concentrations of chitinase, superox-
ide dismutase, peroxidase, f3-1,3-glucanase and lignin and consequently reduced intensity
of powdery mildew (Podosphaera xanthii) (Alves et al., 2015). Increased activation of
total protein, catalase, ascorbate peroxidase, and chitinase concentration decreased the
incidence of Ralstonia solanacearum on sweet pepper plants treated with calcium sili-
cate (Dallagnol et al., 2015). Increased activities of peroxidase and polyphenoloxidase in
seedlings of mandarin orange due to potassium silicate application reduced development
of citrus black-fly Aleurocanthus woglumi Ashby (Homoptera: Aleyrodidae) (Vieira et al.,
2016). Ghareeb et al. (2011) found that silicon application to tomato plant infected with
R. solanacearum induced changes in gene expression which prime the defense capacity.
Enhancing of the expression of all defense-related genes in response to Pyricularia oryzae
(blast) infection was due to silicon application to wheat plants (Cruz et al., 2015). Expres-
sion of the majority of various pathogen-related genes was meditated by silicon treatment
in cucumber plants to Papaya ring spot virus (Elsharkawy and Mousa, 2015).

Conclusion

In crops of great economic importance, silicon presents both economically via-
ble method and environmentally friendly approach for disease and insect pest control
in sustainable crop production. Two major defense mechanisms due to silicon applica-
tion to diseases and insect pests have been documented: physical defense and induced
biochemical defense. It seems that the physical defense due to silica deposition is more
acceptable mechanism than a biochemical resistance for the action of silicon in increasing
plant resistance to insect pest infestation. Induced biochemical defense is most involved
in augmenting plant resistance to fungal and bacterial pathogens over silicon function as
a mechanical barrier. Silicon effect to enhance plant resistance against diseases and insect
pests is not limited to high silicon-accumulators, and has been described in intermediate
and low accumulators. Recent progress in understanding the biological role of silicon in
plants will be valuable to the effective use of silicon to increase crop productivity and
enhance disease and insect pest resistance.
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