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Abstract: Silicon plays an important role in providing tolerance to various abiotic stresses and augmenting plant resistance against 
diseases. However, there is a paucity of reports about the effect of silicon on bacterial and viral pathogens of plants. In general, the ef-
fect of silicon on plant resistance against bacterial diseases is considered to be due to either physical defense or increased biochemical 
defense. In this study, the interaction between silicon foliar or soil-treatments and reduced bacterial and viral severity was reviewed. 
The current review explains the agricultural importance of silicon in plants, refers to the control of bacterial pathogens in different 
crop plants by silicon application, and underlines the different mechanisms of silicon-enhanced resistance. A section about the effect 
of silicon in decreasing viral disease intensity was highlighted. By combining the data presented in this study, a better comprehension 
of the complex interaction between silicon foliar- or soil-applications and bacterial and viral plant diseases could be achieved. 
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Introduction
Diseases caused by different bacterial pathogens are 
among the most potentially destructive and devastating 
diseases in all plant-growing areas of the world (Semal 
1989). Yield losses reaching up to 100% and limiting 
crop production depend on bacterial causal agents, host 
plants and favorable environmental conditions. Control 
strategies using chemicals are unusable, not efficient or 
applicable according to host plant-bacterium pathosys-
tems (Cooksey 1990). In some cases, breeding for host re-
sistance is not available to growers, and a breakdown of 
usable resistance has frequently been reported due to ge-
netic diversity of the strain as well as local environmental 
conditions (Lindgren 1997). Other bacterial control meth-
ods remain to be urgently investigated. Soil amendments 
that enhance host plant resistance were shown to have 
significant effects in reducing disease incidence (Datnoff 
et al. 2007). Therefore, silicon can contribute to the man-
agement of different crops by improving tolerance to 
environmental stress, giving lower intensity of diseases 
and pests, and enhancing crop growth, yield and quality 
(Fauteux et al. 2005; Cai et al. 2009; Van Bockhaven et al. 
2013; Sahebi et al. 2014; 2015a,b; 2016). Moreover, silicon 
application has been gaining attention in the control of 
certain bacterial diseases (Chang et al. 2002; Diogo and 
Wydra 2007; Silva et al. 2010; Oliveira et al. 2012; Andrade 
et al. 2013; Conceico et al. 2014; Song et al. 2016). 

Based on the literature, two mechanisms in which 
silicon can reduce the severity of bacterial diseases have 
been reviewed (Fig. 1). The first one is associated with 
an accumulation of absorbed silicon in the epidermal tis-

sue acting as a physical barrier (Gutierrez-Barranquero 
et al. 2012), and the second one is related to an expression 
of metabolic or pathogenesis-mediated host defense re-
sponses (Chang et al. 2002; Diogo and Wydra 2007; Silva 
et al. 2010; Oliveira et al. 2012; Conceico et al. 2014; Song 
et al. 2016). To date, a paucity of reports has documented 
the ability of silicon application to improve plant resis-
tance to bacterial and viral diseases (Table 1). The ben-
eficial effects of silicon in enhancing tolerance to a range 
of abiotic stresses and preventing plant diseases are not 
fully understood and need further research (Liang et al. 
2015; Sahebi et al. 2016). In order to understand the com-
plex interaction between silicon foliar- or soil-applica-
tions and bacteria resistance in plants, this review aims 
to explain the agricultural importance of silicon in plants, 
to refer to the control of bacterial pathogens in different 
crop plants by silicon application, and to investigate the 
different mechanisms of silicon-enhanced resistance. 
A section about the direct effect of silicon in decreasing 
viral disease intensity will be highlighted. 

Agricultural importance of silicon in plants

According to the classical definition of essentiality (Ar-
non and Stout 1939), silicon has not been considered 
as an essential nutrient for plant growth and nutrition. 
However, it stands out for its potential as one of the 
most prevalent macro-elements, performing an essential 
function in augmenting plant resistance against abiotic 
and biotic stresses (Liang et al. 2007, 2015). The silicon-
enhanced resistance mechanisms to biotic and abiotic 
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stresses are misunderstood because of many intricacies 
surrounding silicon properties, absorption and efficien-
cy (Liang et al. 2015). 

Silicon is the second most abundant element in the 
earth’s crust mass (27.70%). In soil solution, silicon occurs 
mainly as monosilicic acid (H4SiO4) at concentrations 
ranging from 0.1 to 0.6 mM. It is taken up by plant roots as 
noncharged monosilicic acid (Ma and Yamaji 2006), when 
the pH of the soil solution is below 9 (Ma and Takahashi  
2002). After its uptake, monosilicic acid is polymerized 
into the form of silica gel or biogenetic opal as amorphous 
SiO2.nH2O in cell walls, intercellular spaces of root and 
leaf cells as well as in bracts (Mitani et al. 2005). 

Applications of silicon treatments have many agri-
cultural benefits including enhanced yield, growth and 
plant production, structure design (height, stature, root 
penetration into the soil, photosynthetic capacity, resis-
tance to environment, and tolerance to frost) (Datnofft 
et al. 2007). Silicon reduced transpiration and augmented 
plant resistance to drought stress, salinity and metal tox-
icity, and increased enzyme activity (Datnofft et al. 2007). 
On the other hand, the suppressive effects of silicon on 
the intensity of fungal, bacterial and viral pathogens, and 
insect pest infestation have been widely reported in crops 
of great economic importance (Fauteux et al. 2005; Reyn-
olds et al. 2009; Silva et al. 2010; Zellner et al. 2011; Van 

Fig. 1. Possible mechanisms of silicon enhanced resistance to bacterial pathogens

Table 1. Bacterial and viral diseases in affected crops on which the role of silicon in decreasing the incidence has been observed

Hosts Pathogens References

Rice Xanthomonas oryzae pv. oryza Chang et al. (2002); Xue et al. (2010); Song et al. (2016)

Tomato

Ralstonia solanacearum Diogo and Wydra (2007); Ayana et al. (2011)

Pseudomonas syringae pv. tomato Andrade et al. (2013)

X. euvesicatoria, X. vesicatoria, X. gardneri and X. perforans Anjos et al. (2014)

Melon Acidovorax citrulli Ferreira (2009); Conceico et al. (2014); Ferreira et al. (2015)

Passion fruit X. axonopodis pv. passiflorae Brancaglione et al. (2009)

Wheat X. translucens pv. undulosa Silva et al. (2010)

Cotton X. citri subsp. malvacearum Oliveira et al. (2012)

Mango P. syringae pv. syringae Gutierrez-Barranquero et al. (2012)

Sweet pepper R. solanacearum Alves et al. (2015)

Tobacco Tobacco ringspot virus Zellner et al. (2011)

Cucumber
Cucumber mosaic virus Holz et al. (2014)

Papaya ringspot virus Elsharkawy and Mousa (2015)
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Bockhaven et al. 2013; Liang et al. 2015; Sakr 2016). Most 
importantly, silicon enhanced plant resistance against 
a multitude of stresses without the occurrence of resis-
tance trade-offs and/or growth and yield penalties (Ma 
and Yamaji 2006; Epstein 2009; Liang et al. 2015). 

Plant species and different genotypes of the same 
species differ significantly in their ability to absorb 
silicon. Also, silicon concentration in the soil and envi-
ronmental conditions affect the ability of plant roots to 
absorb silicon (Epstein 1994, 1999, 2009). All terrestrial 
plants contain silicon in their tissues although its content 
varies considerably with the species, ranging from 0.1 
to 10% silicon on a dry weight basis (Ma and Takahashi 
2002). According to Ma and Yamaji’s (2006) agricultural 
point of view, plants can be classified as silicon accu-
mulators, silicon neutral or silicon-rejecters. In general, 
silicon uptake in graminaceous plants, such as wheat, 
oat, rye, barley, sorghum, maize, and sugarcane, is much 
higher than its uptake in dicotyledonous plants, such as 
tomatoes, beans, and other plant species (Epstein 1999; 
Ma and Yamaji 2006).

Role of silicon in controlling bacterial pathogens

A positive relationship between silicon and reduced se-
verity of bacterial diseases has been reported in monocot 
and dicot host plants. Adding silicon fertilizers (solid and 
liquid) made plants more resistant to various bacterial 
pathogens. Solid calcium silicate (CaSiO3) fertilizers in-
corporate into the soil. Liquid potassium silicate (K2SiO3) 
or sodium silicates (Na2SiO3) are applied as a soil drench 
or as a foliar spray (Datnofft et al. 2007). 

It has been demonstrated that the elicitors (the bio-
compatible molecules and biological agents) combined 
with silicon can exhibit remarkable resistance against bac-
terial pathogens. For example, the chitosan (Kiirika et al. 
2013) and the rhizobacteria strain Bacillus pumilis (Kura-
bachew and Wydra 2014) reduces the severity of bacterial 
wilt (Ralstonia solanacearum) on tomato, and the antagonis-
tic yeasts Rhodotorula aurantiaca, R. glutinis and Pichia ano-
mala decreases the intensity of bacterial blotch (Acidovorax 
citrulli) on melon (Conceico et al. 2014). 

Silicon does not inhibit the growth of bacterial patho-
gens in vitro. For example, Ferreria (2009) observed that 
silicon solutions (0.25, 0.50, 1.50, or 3.00 g CaSiO2) did not 
affect A. citrulli growth in vitro (Ferreria 2009). Also, Fer-
reria et al. (2015) found that silicon did not affect A. citrulli 
directly. Oliveira et al. (2012) found that calcium silicate did 
not inhibit Xanthomonas citri subsp. malvacearum growth in 
culture medium at any of the tested silicon concentrations. 
However, a high pH of the silicon solution at rates of 0, 
0.125, 0.25, 0.5 and 1 µl inhibited growth of Pseudomonas 
syringae pv. tomato in vitro (Andrade et al. 2013).

Regarding monocot host plants, Chang et al. (2002) 
treated four rice varieties with different degrees of re-
sistance to bacterial blight (Xanthomonas oryzae pv. oryza) 
with silicon slag (0.2 to 0.4 t · ha–1) in the field, and they 
found that silicon application reduced significantly the 
length of the lesions by 5 to 22%. The severity index of 
X. oryzae pv. oryza in infected rice plants treated with 
silicon was decreased by 11.83–52.12% compared to the 

control (Xue et al. 2010). Moreover, Song et al. (2016) 
found that the bacterial blight severity was 24.3% lower 
in the silicon-amended plants than in the non-silicon-
amended plants. In the pathosystem of Xanthomonas 
translucens pv. undulosa and wheat plants, Silva et al. 
(2010) studied the resistance of plant to bacterial streak 
and observed a reduction of 50.2% in the chlorotic leaf 
area when 0.3 g · kg–1 of wollastonite (silicon source) was 
added to the soil.

As dicot host plants, Diogo and Wydra (2007) treat-
ed tomato genotypes with potassium silicate solution 
(K2SiO2) at the rate of 1 g · l–1 substrate against bacterial 
wilt (R. solanacearum), and they observed that the disease 
incidence was reduced by 38.1% and 100% in moderately 
resistant tomato and the resistant genotype grown un-
der growth chamber conditions. In a field study, Ayana 
et al. (2011) reported that silicon fertilizer at a rate of 
15 kg per 100 m2 significantly reduced the mean wilt inci-
dence caused by R. solanacearum. Silicon fertil izer as a soil 
amendment has been recommended under field condi-
tions to augment resistance in moderately resistant culti-
vars where bacterial wilt disease problems prevail (Ayana 
et al. 2011). Potassium silicate at concentrations of 40 and 
50 g · l–1 reduced tomato bacterial leaf spot disease caused 
by Xanthomonas spp. (Anjos et al. 2014). For bacterial wilt 
(R. solanacearum) of sweet pepper, Alves et al. (2015) found 
that 2.95 g silicon · kg–1 substrate increased the latent pe-
riod (33.6%) and reduced the disease index (98%) and 
area under the disease progress curve (AUDPC) (93.7%) 
in comparison to the control. To study A. citrulli and 
melon plants, Ferreira (2009) treated plants with different 
doses of calcium silicate for the control of bacterial blotch 
(A. citrulli). The application of 3.0 g of SiO2 · kg–1 of soil 
significantly reduced the disease index and the AUDPC 
and increased the incubation period. Also, Conceico et al. 
(2014) found that the incorporation of 1.41 g Si · kg−1 (cal-
cium silicate) into the substrate and foliar spraying with 
17 mM Si (potassium silicate) reduced severity of bac-
terial blotch and AUDCP compared to the control, and 
protected melon plants from infection by A. citrulli for 
29 days. Also, Ferreira et al. (2015) found that the incor-
poration of 1.41 g Si · kg−1 into the soil reduced incidence 
(50%), the disease index (89%), and AUDPC (85%) and 
increased the incubation period (192%) in comparison to 
the control, and protected melon plants from infection by 
A. citrulli for 20 days. The severity of bacterial spot (Xan-
thomonas axonopodis pv. passiflorae) of passion fruit was re-
duced by silicate clay at concentrations between 1 and 2% 
by 70% (Brancaglione et al. 2009). The application of po-
tassium silicate at a concentration of 1.50 g of SiO2 · kg–1 
of soil decreased the severity of angular leaf spot (54.9%) 
in cotton plants previously inoculated with X. citri subsp. 
malvacearum (Oliveira et al. 2012). In the pathosystem of 
P. syringae pv. syringae and mango plants, Gutierrez-Bar-
ranquero et al. (2012) found that tress treated with silicon 
gel showed significantly fewer necrotic buds and leaves. 
Andrade et al. (2013) found that the symptoms of bacte-
rial speck (P. syringae pv. tomato) were reduced when to-
mato plants were sprayed with silicon at concentration 
of 2 ml · l–1.
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Mechanisms of silicon enhanced resistance

The effect of silicon on the control of plant bacterial dis-
eases, its mode of action, its properties, and its spectrum 
of efficacy in several pathosystems require more research 
both under farm conditions and as tissue culture (Sahebi 
et al. 2014, 2015a,b, 2016). Generally, the effect of silicon 
on plant resistance to bacterial pathogens is considered 
to be due to either a deposition of silicon on cell walls 
acting as a physical barrier making bacteria penetration 
difficult when soil amendment is applied, or biochemical 
changes related to plant defenses when a foliar spray or 
soil amendment is applied (Fig. 1). 

Although foliar-applied silicon is effective in reduc-
ing bacterial blotch on melon and bacterial speck and 
bacterial leaf spot on tomato, applying silicon to the roots 
is more effective in decreasing several bacterial diseases 
(bacterial blight and bacterial streak on rice, bacterial 
streak on wheat, bacterial wilt on tomato and sweet pep-
per, bacterial spot on passion fruit, and bacterial blotch on 
melon) because it increases the plant’s defense responses 
to both foliar and root infections.

Physical defense

In a study on of P. syringae pv. syringae and mango plants, 
silicon gel failed to reduce the bacterial populations 
on plant tissues, but it reduced disease levels, suggest-
ing a non-bactericidal mode of action of this compound 
(Gutierrez-Barranquero et al. 2012). These authors pro-
posed that the accumulation of absorbed silicon in the 
epidermal tissue forms a physical barrier preventing the 
entry of P. syringae pv. syringae into mango plants. 

Biochemical defense

Soluble silicon in plant tissue may be associated with an 
increase in resistance to bacterial pathogens (Chang et al. 
2002; Diogo and Wydra 2007; Silva et al. 2010; Ghareeb 
et al. 2011; Oliveira et al. 2012; Conceico et al. 2014; Song 
et al. 2016). In this model, the augmentation of resistance 
was due to (1) increased activity of defensive enzymes 
and chemicals, (2) changes in cell wall structures, and (3) 
increased expression of genes related to defense. Studies 
demonstrating the suppressive effect of silicon on bacte-
rial pathogens make it evident that the role of increased 
plant defense response was more important than physical 
defense. 

Chang et al. (2002) found that the decreased soluble 
sugar content in rice leaves applied with silicon increased 
field resistance to bacterial blight (X. oryzae pv. oryza). En-
hanced β-1,3-glucanase, exochitinase and endochitinase 
activities in rice plants supplied with silicon decreased 
the intensity of X. oryzae pv. oryza (Xue et al. 2010). Song 
et al. (2016) found that the total concentrations of soluble 
phenolics and lignin, and activities of polyphenoloxidase 
and phenylalanine ammonia-lyase in rice leaves were 
higher in the plants treated with silicon. Among molecu-
lar features associated with reduction in bacterial blight 
symptoms in rice plants treated with silicon, silicon in-
creased phenylalanine ammonia-lyase Pal transcription, 

and inhibited catalase CatA expression in the earlier and 
later stages of bacterial inoculation, respectively (Song et 
al. 2016). In the pathosystem of R. solanacearum and toma-
to plants, Diogo and Wydra (2007) observed that silicon 
induced changes in the pectic polysaccharide structure in 
the cell walls of tomato plants after infection with R. sola-
nacearum. Changes in cell wall structure may strengthen 
the pit membranes of the xylem vessels and the cell walls 
of parenchyma cells, reduce tissue degradation, limit 
movement of bacteria from vessel to vessel, and conse-
quently decrease the severity of bacterial wilt on tomato 
(Diogo and Wydra 2007). Among molecular features as-
sociated with reduction in bacterial wilt severity in sili-
con-amended tomato plants, Ghareeb et al. (2011) found 
that silicon primed the defense capacity of the plant by 
changes in gene expression. A major role of the jasmonic 
acid/ethylene (JA/ET) signaling pathway, mediated by 
a cross-talk between reactive oxygen reaction (ROS), ET 
and JA signaling is involved in tomato defense capacity to 
R. solanacearum (Ghareeb et al. 2011). Alves et al. (2015) ob-
served that the enhanced concentrations of total protein, 
catalase, ascorbate peroxidase, and chitinase decreased 
the severity of R. solanacearum on sweet pepper plants 
treated with calcium silicate. Increased chitinase activity 
and tissue lignification, and probably peroxidase activity 
with the highest concentration of the total soluble phe-
nolics and lignin-thioglycolic acid derivatives in silicon-
treated wheat plants decreased the severity of leaf streak 
(Silva et al. 2010). In the pathosystem of X. citri subsp. 
malvacearum and cotton plants, Oliveira et al. (2012) found 
that decreased levels of angular leaf spot in plants treated 
with silicon were due to enhanced accumulation of sol-
uble proteins, superoxide dismutase, ascorbate peroxi-
dase, guaiacol-peroxidase, phenylalanine ammonia-lyase 
and β-1,3-glucanase, and reduced levels of H2O2. Possible 
cell wall lignification processes due to silicon gel appli-
cation to mango plants reduced levels of bacterial apical 
necrosis caused by P. syringae pv. syringae (Gutierrez- 
-Barranquero et al. 2012). Higher levels of polyphenol oxi-
dase and ascorbate peroxidase in melon plants supplied 
with silicon decreased the severity of bacterial blotch by 
A. citrulli (Conceico et al. 2014).

Role of silicon in controlling viral pathogens

Up to now, the role of silicon in relation to viral patho-
gens has been attracting little attention. Zellner et al. 
(2011) found that the majority of tobacco plants treated 
with 0.1 mM K2SiO3 did not exhibit levels of systemic To-
bacco ringspot virus symptoms to the same extent as the 
controls, and plants grown in elevated levels of silicon 
showed a delay in Tobacco ringspot virus systemic symp-
tom formation. Zellner et al. (2011) noticed that the foliar 
accumulation of silicon may be part of a defense response 
in tobacco to Tobacco ringspot virus. Silicon supplementa-
tion in cucumber plants infected with Cucumber mosaic 
virus caused a shift in gene expression (Holz et al. 2014). 
Elsharkawy and Mousa (2015) found that silicon applica-
tion to cucumber plants significantly reduced the severity 
of Papaya ring spot virus and its accumulation in leaves. 
The expression of the majority of various pathogen-re-
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lated genes was meditated by silicon treatment. On the 
other hand, silicon was shown to increase viral incidence 
in tobacco infected with Belladonna mottle virus (Bengsch 
et al. 1989), and elevated levels of silicon did not alter 
Tobacco mosaic virus symptoms (Zellner et al. 2011). Data 
presented in this section suggested that the silicon effect 
may be virus-specific.

Conclusions
Supplying silicon to plants ideally fits in with environ-
mental friendly strategies for sustainable crop produc-
tion. In spite of a paucity of reports about the ability of 
silicon application to suppress bacterial and viral patho-
gens, economically important bacterial and viral diseases 
in wheat, rice, tomato, cucumber, tobacco, and melon are 
efficiently controlled by silicon treatments. The role of in-
creasing plant defense response is more important than 
a physical barrier to bacterial pathogens. However, its ef-
fect in enhancing plant resistance against bacterial patho-
gens is not limited to silicon accumulators, and has been 
described in silicon neutral plants. Silicon does not seem 
to directly affect bacterial pathogens and therefore exerts 
no selective pressure. Silicon specifically reduces viral 
symptomatic area and delays systemic symptom forma-
tion. Recent progress in understanding the biological role 
of silicon in plants will be helpful in increasing crop yield 
and enhancing bacterial and viral pathogen resistance. 

Acknowledgements

I would like to thank Professor Ibrahim Othman, Director 
General of Atomic Energy Commission of Syria and Pro-
fessor Fawaz Kurdali the Head of the Agriculture Depart-
ment for their support of this research. 

References
Alves A.O., Santos M.M.B., Souza L.J.N., Souza E.B., Mariano 

R.L.R. 2015. Use of silicon for reducing the severity of bac-
terial wilt of sweet pepper. Journal of Plant Pathology 97 
(3): 419–429. 

Andrade C.C.L., Resende R.S., Rodrigues F.A., Ferraz H.G.M., 
Moreira W.R., Oliveira J.R., Mariano RLR. 2013. Silicon 
reduces bacterial speck development on tomato leaves. 
Tropical Plant Pathology 38 (5): 436–442. 

Anjos T.V., Tebaldi N.D., Mota L.C.B.M., Coelho L. 2014. Silicate 
sources for the control of tomato bacterial spot (Xanthomon-
as spp.). Summa Phytopathologica 40 (4): 365–367.

Arnon D.I., Stout P.R. 1939. The essenciality of certain elements 
in minute quantity for plants with special reference to cop-
per. Plant Physiology 14 (2): 371–375. 

Ayana G., Fininsa C., Ahmed S., Wydra K. 2011. Effects of soil 
amendment on bacterial wilt caused by Ralstonia solanac-
erum and tomato yields in Ethiopia. Journal of Plant Protec-
tion Research 51 (1): 72–73. 

Bengsch E., Korte F., Polster J., Schwenk M., Zinkernagel V. 1989. 
Reduction in symptom expression of Belladonna mottle virus 
infection on tobacco plants by boron supply and the an-
tagonistic action of silicon. Zeitschrift für Naturforschung 
C 44 (9–10): 777–780. 

Brancaglione P., Sampaio A.C., Fischer I., Almeida A.M., Fumis 
T.F. 2009. Analysis of the efficiency of controlling silicate 
clay Xanthomonas axonopodis pv. passiflorae in vitro and in 
seedlings of yellow passion fruit contaminated. Revista 
Brasileira de Fruticultura 31 (3): 718–724. 

Cai K., Gao D., Chen J., Shiming L. 2009. Probing the mecha-
nisms of silicon-mediated pathogen resistance. Plant Sig-
naling and Behavior 4 (1): 1–3.

Chang S.J., Tzeng D.D.S., Li C.C. 2002. Effect of silicon nutrient on 
bacterial blight resistance of rice (Oryza sativa L.). p. 31–33. 
In: Proceedings of the Second Silicon in Agriculture Confer-
ence, Tsuruoka, Yamagata, Japan, 22–26 August 2002.

Conceicao C.S., Felix K.C.S., Mariano R.L.R., Medeiros E.V., Sou-
za E.B. 2014. Combined effect of yeast and silicon on the 
control of bacterial fruit blotch in melon. Scientia Horticul-
turae 174 (1): 164–170. 

Cooksey D.A. 1990. Genetics of bactericide resistance in plant 
pathogenic bacteria. Annual Review of Phytopathology 28 
(1): 201–219. 

Datnoff L.E., Elmer W.H., Huber D.M. 2007. Mineral Nutrition 
and Plant Disease. The American Phytopathological Soci-
ety Press, St. Paul, MN, USA, 278 pp.

Diogo R.V.C., Wydra K. 2007. Silicon-induced basal resistance in 
tomato against Ralstonia solanacearum is related to modifi-
cation of pectic cell wall polysaccharide structure. Physi-
ological and Molecular Plant Pathology 70 (4–6): 120–129.

Elsharkawy M.M., Mousa K.M. 2015. Induction of systemic re-
sistance against Papaya ring spot virus (PRSV) and its vec-
tor Myzus persicae by Penicillium simplicissimum GP17-2 
and silica (SiO2) nanopowder. International Journal of Pest 
Management 61 (4): 353–358.

Epstein E. 1994. The anomaly of silicon in plant biology. Proceed-
ings of the National Academy of Sciences of the United 
States of America 91 (1): 11–17.

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

Epstein E. 2009. Silicon: its manifold roles in plants. Annals of 
Applied Biology 155 (2): 155–160. 

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

Ferreira H.A. 2009. Silício no controle da mancha-aquosa em 
meloeiro (Cucumis melo L.) [Silicon in the control of bac-
teria fruit blotch in melon (Cucumis melo L.)]. Ph.D. thesis, 
Departamento de Agronomia, Universidade Federal Rural 
de Pernambuco, Recife, Brasil, 82 pp. 

Ferreira H.A., do Nascimento C.W.A., Datnoff L.E., de Sousa 
Nunes G.H., Preston W., de Souza E.B., de Lima Ramos 
Mariano R. 2015. Effects of silicon on resistance to bacte-
rial fruit blotch and growth of melon. Crop Protection 78: 
277–283.

Ghareeb H., Bozso Z., Ott P.G., Repenning C., Stahl F., Wydra K. 
2011. Transcriptome of silicon-induced resistance against 
Ralstonia solanacearum in the silicon non-accumulator toma-
to implicates priming effect. Physiological and Molecular 
Plant Pathology 75 (3): 83–89. 

Gutierrez-Barranquero J.A., Arrebola E., Bonilla N., Sarmiento 
D., Cazorla F.M., de Vicente A. 2012. Environmentally 
friendly treatment alternatives to Bordeaux mixture for 
controlling bacterial apical necrosis (BAN) of mango. Plant 
Pathology 61 (4): 665–676. 



336 Journal of Plant Protection Research 56 (4), 2016

Holz S., Zeise I., Bartoszewski G., Kneipp J., Kube M., Buttner C. 
2014. Insights into molecular impact of silica on virus in-
fected cucumber cultures. p. 88. In: Proceedings of the 6th 
International Conference on Silicon in Agriculture, Stock-
holm, Sweden, 26–30 August 2014, 205 pp.

Kiirika L.M., Stahl F., Wydra K. 2013. Phenotypic and molecular 
characterization of resistance induction by single and com-
bined application of chitosan and silicon in tomato against 
Ralstonia solanacearum. Physiological and Molecular Plant 
Pathology 81: 1–12. 

Kurabachew H., Wydra K. 2014. Induction of systemic resistance 
and defense-related enzymes after elicitation of resistance 
by rhizobacteria and silicon application against Ralstonia 
solanacearum in tomato (Solanum lycopersicum). Crop Pro-
tection 57: 1–7. 

Liang Y., Nikolic M., Belanger R., Gong H., Song A. 2015. Silicon 
in agriculture: From theory to practice. Springer, Amster-
dam, Netherlands, 325 pp. 

Lindgren P.B. 1997. The role of hrp genes during plant-bacterial 
interactions. Annual Review of Phytopathology 35 (1): 
129–152. 

Ma J.F., Takahashi E. 2002. Soil, Fertilizer, and Plant Silicon 
Research in Japan. Elsevier Science, Amsterdam, Nether-
lands, 294 pp. 

Ma J.F., Yamaji N. 2006. Silicon uptake and accumulation in high-
er plants. Trends in Plant Science 11 (8): 392–397.

Mitani N., Ma J.F., Iwashita T. 2005. Identification of the silicon 
form in xylem sap of rice (Oryza sativa L.). Plant and Cell 
Physiology 46 (2): 279–283.

Oliveira J.C., Albuquerque G.M.R., Mariano R.L.R., Gondim 
D.M.F., Oliveira  J.T.A., Souza E.B. 2012. Reduction of the 
severity of angular leaf spot of cotton mediated by silicon. 
Journal of Plant Pathology 94 (2): 297–304.

Reynolds O.L., Keeping M.G., Meyer J.H. 2009. Silicon-augment-
ed resistance of plants to herbivorous insects: a review. An-
nals of Applied Biology 155 (2): 171–186. 

Sahebi M., Hanafi M.M., Azizi P. 2016. Application of silicon in 
plant tissue culture. In Vitro Cellular and Developmental 
Biology – Plant 52 (3): 226–232.

Sahebi M., Hanafi M.M., Siti Nor Akmar A., Rafii M.Y., Azizi P., 
Nejat N., Abu Seman Idris A.S. 2014. Isolation and expres-

sion analysis of novel silicon absorption gene from roots 
of mangrove (Rhizophora apiculata) via suppression subtrac-
tive hybridization. BioMed Research International Article 
2014, 11 pp. DOI: 10.1155/2014/971985

Sahebi M., Hanafi M.M., Siti Nor Akmar A., Rafii M.Y., Azizi 
P., Idris A.S. 2015a. Serine-rich protein is a novel positive 
regulator for silicon accumulation in mangrove. Gene 556 
(2): 170–181.

Sahebi M., Hanafi M.M., Siti Nor Akmar A., Rafii M.Y., Azizi P., 
Tengoua F.F., Azwa J.N.M., Shabanimofrad M. 2015b. Im-
portance of silicon and mechanisms of biosilica formation 
in plants. BioMed Research International 2015, 16 pp. DOI: 
10.1155/2015/396010

Sakr N. 2016. The role of silicon (Si) in increasing plant resistance 
against fungal diseases. Hellenic Plant Protection Journal 
9 (1): 1–15.

Semal J. 1989. Traité de Pathologie Végétale [Treaty of Plant Pa-
thology]. Les Presses Agronomiques de Gembloux, Gem-
bloux, Belgium, 621 pp. 

Silva I.T., Rodrigues F.A., Oliveira J.R., Pereira S.C., Andrade 
C.C.L., Silveira P.R., Conceicao M.M. 2010. Wheat resis-
tance to bacterial leaf streak mediated by silicon. Journal of 
Phytopathology 158 (4): 253–262. 

Song A., Xue G., Cui P., Fan F., Liu H., Yin C., Sun W., Liang Y. 
2016. The role of silicon in enhancing resistance to bacte-
rial blight of hydroponic- and soil-cultured rice. Scientific 
Reports 19 (6): 24640. 

Van Bockhaven J., De Vleesschauwer D., Hofte M. 2013. Towards 
establishing broad-spectrum disease resistance in plants: 
silicon leads the way. Journal of Experimental Botany 64 
(5): 1281–1293. 

Xue G.F., Sun W.C., Song A.L., Li Z.J., Fan F.L., Liang Y.C. 2010. 
Influence of silicon on rice growth, resistance to bacterial 
blight and activity of pathogenesis-related proteins. China 
Agriculture Science 43 (4): 690–697.

Zellner W., Frantz J., Leisner S. 2011. Silicon delays Tobacco 
ringspot virus systemic symptoms in Nicotiana tabacum. 
Journal of Plant Physiology 168 (15): 1866–1869.


