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ABSTRACT

All essential nutrients canfatt the incidence and severity of plant diseasisough silicon (Si) is not considered
as an essential nutrient for plants, it stands out for its potential to decrease disease intensity in many crops. The
mechanism of Si action in plant resistance is still uncleiadeposition in plant cell walls raised the hypothesis of
a possible physical barrier to pathogen penetration. Howéverincreased activity of phenolic compounds,
polyphenol oxidases and peroxidases in plants treated with Si demonstrates the involvement of this element in the
induction of plant defense responses. The studies examined in this review address the role of Si in disease control
and the possible mechanisms involved in the mode of Si action in disease resistance in plants.
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RESUMO

O Silicio no controle de doencgas de plantas

Todos os nutrientes essenciais podem influenciar a incidéncia e a severidade das doencgas de plantas. O silicio
(Si), embora nédo seja considerado nutriente essencial para plantas, destaca-se por seu potencial para diminuir a
intensidade de doencas em varias culturas. O mecanismo de acdo do Si na resisténcia de plantas ainda nao est:
totalmente esclarecidé. forma de deposicdo do Si na parede celular de plantas gerou a hip6tese de uma possivel
barreira fisica, dificultando a penetracdo do patégeno. No entanto, o aumento da atividade de compostos fendlicos,
polifenoloxidases e peroxidases em plantas tratadas com Si demonstra o envolvimento deste elemento na inducéo
de reacbes de defesa da plaAtaresente revisdo visa abordar o papel do Si no controle de doencgas e os possiveis
mecanismos envolvidos no modo de acdo do Si na resisténcia de plantas as doencas.
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téncia.
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INTRODUCTION activity of enzymes involved in plant defense such as

eroxidase, polyphenoloxidase, phenylalanine ammonia

th Slllctohg (Si) |ts éh? second mozt ablunt()jant eIemeTtt F‘ase and lipoxygenase (Chéef al, 1994; Fauteuet
€ eartls Crust, being surpassed only by OXygen. 113, “5q05. caiet al, 2008; Shettet al, 201L: Polanco

presen.tler the .SO” sqlutlon N .the form of monome.nc Lt al, 2012), which, in this case, is considered as a
monosilicic acid (HSiO,) and is readily absorbed into . . . - .
4 o g . chemical barriefTherefore, Si application can contribute
the root systemAlthough it is not considered essential. .
. i . in the management of plant diseases, among other
nutrient for plants, Si is classified by many authors a§ractices
beneficial or useful as it improves tolerance to drought, A number of other studies relate the silicon

gives greater resistance to metal toxicity and IOWEfrrnerference with absorption of essential nutrients to

intensity of diseases and pests. Silicon, therefore, €Al nts (Pozzat al, 2007; Moraest al, 2009: Botelho

contribute as part of the management of different crogz? al, 2005)

0 w;crea_llsfe ¥.'Iild’ zs long ?s other crop ?eed_sl tSUCh 3SBecause the ability to contribute to the formation of
?00 Sb(TI (T_r ! |ty P correct;:)n, ahppro%rla € SO't ype'disease resistance barriers and studies conducted both
avoraple climate, among others have been met. in monocotyledonous and dicotyledonous plants, the

The beneficial effect of Si was associated withypyiective of this review was to add information about
reducing disease intensjtynitially in monocots, e interaction of silicon with plant diseases.
including grasses or poaceae, in the 60s (Jones &

Handreck, 1967), because of its ease of uptake, Silicon in disease control in monocotyledons

translocation and accumulation (Marschnk995). In Studies on silicon-induced disease control initiated
rice, it was associated with lower incidence and severifyith monocotyledons, particularly in rice and some

of rice blast, brown spot and sheath bligbatnoffet grasses classified as accumulators of Si (Jones &
al., 1997; Zanao Juniat al, 2009a eb; Prabhwet al,  Handreck, 1967).

2012). It was associated with rusPyccinia In rice, several authors have reported promising
melanocephalpin sugarcane (Naidoet al, 2009), results with Si application in disease control
control of Blumeria graminisf. sp. tritici in wheat (Rodrigueset al.,, 2004; Prahbtet al, 2012). Si
(Belangeret al, 2003) and control oErysiphe fertjlization (0 and 2 t h&of calcium silicate) was
graminis in barley (Carveret al, 1987). Then, compared with the application of the fungicides
promising results in reducing disease intensity wetgenomyl and Propiconazole for the control of rice blast
found in various pathosystems, also in dicots, includingayricmaria grisea) and brown spotRipolaris
Cercospora leaf spot and rust in coffee (Poazal, oryzag and similar effects were observed for both the
2004; Botelhcet al, 2005;Amaralet al, 2008; Carre- application of Si and fungicides on the control of these
Missio et al, 2014), pestalotiopsis leaf spot andjiseases (Datnoft al, 1997). In rice brown spot, the
powdery mildew in strawberry (Palmet al, 2006; sj application (0.402 g pé} in the soil decreased by
Kantoet al, 2006; Kantcet al, 2007; Carre-Missiet  approximately 55% disease severity compared with the
al., 2010), powdery mildew in melon, squash an@ontrol (Zan&o Junicet al, 2009). Howeverccording
cucumber (Menziest al, 1991; Samuelst al, 1991), o Rezendet al. (2009) and Zan&o Juniet al. (2009),
rust in soybean (Pereied al, 2009; Limaet al, 2010), the management of rice brown spot with Si is effective
anthracnose in common-bean and sorghum (Mogtesyhen it is applied in the soil. The severity of sheath
al., 2009; Polancet al, 2012; Resendet al, 2013) pjight, caused byhe fungusRhizoctonia solanin rice
and root rot in tomato and avocado (Heét@l, 2007; plants grown in nutrient solution, was also reduced
Bekkeret al, 2006). (Schurtet al, 2012).

The effect of silicon on the control of plant diseases, The application of Si in other monocot pathosystems
its mode of action and its function in severahlso showed promising results. Reserteal (2013)
pathosystems are not yet fully understood. There is theported that sorghum grown in nutrient solution added
hypothesis of a possible physical barrier formationyith Si (2 mmol L') had severity of anthracnose
which is based on the form of Si accumulation in plant$Colletotrichum sublineoluinaround 20%, while the
mainly in the cell wall. In its upward movement, viacontrol was 93%, at 10 days after inoculation. There are
apoplast, from the roots to the leaves, silicoalso reports of reduction of disease severity in sugarcane
polymerization occurs in the extracellular spacesust (Puccinia melanocepha)aNaidooet al, 2009),
accumulating on the walls of the epidermal cells of leavesntrol of Blumeria graminisf.sp.. sp.tritici on wheat
and xylem vessels (Samueds al, 1991; Faweet al, (Belangeret al, 2003) andErysiphe graminisn barley
2001; Kimet al, 2002). There may also be increase@Carveret al, 1987).
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Silicon in plant disease control 325

Silicon in disease control in dicotyledons The effect of calcium silicate applied to the substrate

Studies on Si disease control in dicotyledonous plafft tubes on the intensity of the Cercospora leaf spot in
pathosystems began with research on powdery milddffee coffee cultivars (Red Catuai, Novo Mundo and

and damping-off in cucumber (Adatia & Besford, 1986lcatl) was evaluated by X ray microanalysis. Cultivar
Samuelset al, 1991; Cherifet al, 1994) and vine Catuai fertilized with silicate and maintained for at least

(Bowenet al, 1992), among others. six months in the substrate showed reduction by 63.2%
Several studies confirmed the effective action of S the damaged leaves and 43% in total lesions per plant
in controlling powdery mildew $phaeotheca compared with the control. There was uptake and
fuligined) in cucurbits (Samuelst al, 1991; Menzies translocation of silicon according to mapping by X-ray
et al, 1992; Belangeet al, 2003). Cucumber plants microanalysis (MAX) (Figure 3). The leaf silicon content
inoculated withS. fuligineaand grown in nutrient obtained through chemical analysis in Catuai seedlings
solution supplemented with sodium silicate showed ¥@ried from 1.5 g kgin the control to 4.7 g kgin the

reduction in spore germination and the number and arégbstrate added With 1 gkgasiq (Pozzaet _al.,_ 2004).
of colonies per leaf compared with the control plants The above mentioned contents were similar to those

without Si (Menziest al, 1991). obtained in the shoots of plants of CatAaiarelo by

Another important disease influenced by fertilizatiof-unhaet al. (2012). These authors found contents of 5
with Si is the bean anthracnos€dlletotrichum 9 kg* of Siiin plants treated with 2 mmot'lof SiG, in
lindemuthianun). Plants in nutrient solution nutrient solution and 1.83 g ®gn the control at 33 days
supplemented with Si (2 mmofi).had higher incubation after the treatments have initiated. HowevEarré-
period compared with plants without Si (Polamtal, Missio et al. (2009) found no difference in the silicon
2012). In the same pathosystem, Moraesl., (2009) application in nutrient solution for translocation to
observed a linear decrease of 7% in the area under 8{0ts, although the contents ranged from 4.3 to 4.5 g
progress curve of bean anthracnose incidence wikg in the treatments without and with addition of 2 mmol
calcium silicate doses ranging from zero to 1.89 § kd—’l of Si in the form of monosilicic acid, respectively
Si0, applied to the soil (Figure 1). The silicon content Studying the same pathosystem, Botedhal (2005)
in bean shoots increased from 0.86 to 1.14 my kg observed a linear decrease of 10.8% in the area under

The spodogram, or image from the ashes of bedlpe progress curve of the number of diseased plants with
leaves made after the last anthracnose assessmépireased doses of Sj@rom 0 to 1.22 g kg and a
showed the greatest accumulation of silica in the rigiecrease in total damage for 0.85 ¢ IO, applied to
(Figure 2B), precisely where the initial infection©f the substrate (Figure 4).

lindemuthianumoccurs in treatments with the addition According to Carré-Missi@t al (2012), the foliar
of this element. application of 15 g &£ potassium silicate can reduce the

In coffee, promising results were reported fofoffee rust severityHowever according to these authors,
Cercospora leaf spoiCercospora coffeicolp rust coffee plants were inefficient to translocate the Si from
(Hemileia vastatrix and phoma/ascochyta leaf spof 00ts 0 shoots when grown in nutrient solution,
(Phoma tada) (Pozzaet al, 2004; Reiset al, 2008; restricting it exclusively to the root system.

Botelhoet al, 2005; Carré-Missiet al, 2012 b; Carré- ~ Other crops such as strawbesgybean, tomato and
Missio et al, 2014). rose also showed promising results in reducing disease
with Si application (Kante@t al, 2006; Carré-Missiet
12601 al., 2010; Limeet al, 2010; Ghareeét al, 2011; Shetty
et al, 2011). Conidia ofSphaeotheca aphanis/ar.
1230 aphanis(causal agent of strawberry powdery mildew)
_ . had germination percentage reduced in leaves of
é 1200 strawberry grown with potassium silicate (Kaetoal,
< " 2007). Carré-Missicet al. (2010) observed 61%
1170 reduction in the severity of pestalotiopsis leaf spot
(Pestalotia longisetulaon strawberry plants sprayed
1140 : : » with 30 g L* potassium silicate compared with the
0 0,63 1,26 1,89 control treatment (plants sprayed with water).
Doses de SiO, (g kg™ de solo) Soybean plants grown in nutrient solution with

Figure 1:Area under the progress curve of incidence (AACPI)DO'[":ISSIL”‘n silicate doses (0, 521168, 224 and 280

as a function of calcium silicate doses applied to the soil (Morad89 L*) with decreasing K addition to the treatments, so
etal, 2009). to obtain the same element concentration in all
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treatments, were inoculated witPhakopsora controlling bacterial wilt of tomato Ralstonia

pachyrhiziand showed a 27.5% reduction in the aresolanaceaunm) (Dannon &W\ydra, 2004; Ghareedt al,

under the progress curve of the number of rust lesio2811; Wanget al, 2013).

(AACNL) with increasing doses of silicon in the nutrient . . i

solution (Limaet al, 2010) (Figure 5). Modes of silicon action in plant disease control
The reduction in disease intensity is not limited to The mode of silicon action in plant disease control

fungal diseases. Studies reported the Si efficacy i not yet completely understood. Studies attribute its

Figure 2 -Spodogram of bean leavés Si non-treated plants; B. Plants treated with 1.89'@k§iO,; arrows indicate Si accumulation
in the ribs (Moraest al, 2009).

Figure 3 -Si mapping by X-ray microanalysis (MAX), leaf blade area of leaves of cultivar Cat@dintrol; B. CaSiQfertilized.
(Photo: Eduardélves)
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effect on disease reduction to the formation of bottranspiration stream and deposited beneath the cuticle,
physical barriers, by deposition of Si (Sangsteal, forming a cuticle-silica double layer (Sangsggral.,
2001; Kimet al, 2002; Pozzeat al, 2004; Carré- 2001).According to Kimet al. (2002), this double
Missio et al, 2012b), and chemical barriers such akyer delayed penetration Biyricularia griseain rice
defense enzymes (Cheset al, 1994; Fauteuet al, leaves.
2005; Caiet al, 2008; Shettyet al, 2011; Polancoet Vine seedlings sprayed with potassium silicate (17
al., 2012). The joint action of these barriers in diseasamol L* of Si) showed a significantly reduced
control in plants fertilized with Si was observed by Capenetration ofUncinula necator due to the Si layer
et al. (2008) and Resendet al (2013). Moreover formation in the leaf cuticle. In contrast, there was a
silicon is reported to interfere with the absorption ohigher intensity of the disease in non-treated leaf areas
essential nutrients to plants, including horizonta(Bowen et al., 1992). Polymerization of potassium
resistance to form barriers as the wax layer and the csilicate on the leaf surface of cucumperelon and
wall, among others (Pozz al., 2007; Morae®t al, pumpkin was also observed by Menz¢sal (1992) who
2009; Botelhoet al, 2005). reported that this physical barrier reduced the penetration
. . . of the fungusSphaeotheca fuliginea
Physical barrier formation Pozzaet al (2004) observed the presence of a well-
The hypothesis of a possible physical barriefieveloped wax layer on the abaxial surface of coffee
formation is based on the form of Si accumulation igeedlings grown in plastic tube substrate and Leel
plants. In its upward movement, via the apoplast, fro2010), to a lesser extent, on soybean in nutrient
the roots to the leaves, silicon undergoesolution. The reduction in the intensity of Cercospora
polymerization in the extracellular spaces of the wallgaf spot in coffee was attributed to the formation of a
of leaf epidermal cells and xylem vessels (Fate thicker epicuticular wax layemwhich hampers the
al., 2001). Si is absorbed in roots, in the form opathogen penetration (Figure 6). The combined effect
monosilicic acid, and is transported passively througsf calcium was isolated by the addition of calcium oxi-
de at the zero dose of CaSi®o produce this wax layer

40 - A the seedlings remained in tubes with silicate for 7
35 N months, from the “jaguar ear” stage to the harvest of the
A .
2 experiment.
The presence of Si in the outer epidermal layer was
251 y =-7,367x + 36,016 reported by Carvest al (1987). These authors observed
Q 20 R%= 086" the complexation of phenolic compounds with silicon
§ 15 in the wall of epidermal cells so as to reduce and hamper
< 404 the expansion of lesions and the disease intensity by
5 making the cells more rigid, which was later confirmed
by Rodrigueset al. (2011).
0 T T T 1
0 0,315 0,63 0,945 1,26
Doses de SiO,(g kg1 de substrato) 520 -
[ ]
400 B 500 1
1 y = 312,66x2 - 530,89x + 352,5 480 4
300 7 R*=0,99™ 1 460 -
- )
K 200 - < 4401
Q
< 420 |
100
4004y L= 506,801 - 0,0861x2 0,01322x
0 T T T 1 380 - R2= 96,06** .
0 0,315 0,63 0,945 1,26
Doses de SiOy (g kg'1 de substrato) 360 0 50 100 150 200 250 300
— Silicato de sodio Doses de Si (mg/l)

Figure 4 -Area under the progress curve of the number of diseasE@jure 5 -Area under the progress curve of the number of rust
plants (AACPPD) (A) and area under the progress curve of thesions Phakopsora pachyrhigcn? of leaf area (AACNL) of
total number of lesions (AACPTL) (B), as a function of the silicorsoybean@lycine maxas a function of increasing concentration
dose applied to the substrate. of silicon in nutrient solution.
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Biochemical mechanisms of passive mechanical barriers - deposition and
resistance associated with Si include the increas@d Piochemical reactions (production of phenolic
production of phenolic compounds, phytoalexins angompounds), but results from the combined action of
lignin, the activity of enzymes related to defesseh these two mechanisms. Sorghum leaves inoculated with
as chitinases arfdt1, 3 - glucanaseas weel as increased Colletotrichum sublineolunand supplemented with Si
expression of genes associated with plant resistanceSfwed high Si deposition on infection sites and fewer

pests and diseases (Chestfal, 1994; Dann & Muir and smaller acervuli compared with the non-treated
2002; Lianget al, 2005; Limaet al, 2010). leaves. In addition, there was a higher concentration of

The application of 3.6 mmol-LSi on rose Rosa plant defense enzymes, peroxidases and polyphenol, and
hybrida) increased the concentration of antimicrobiafnthocyanin in Si-treated leaves (Reseetal, 2013).
flavonoids and phenolic compounds in response tthe authors also reported the joint action of physical
inoculation withPodosphaera pannos@ausal agent and biochemical barriers promoted by Si action, reducing
of downy mildew of rose). Simultaneoustpere was C- sublineoluminfection.
the expression of genes that encode key enzymes in the
pathway of phenylpropanoids (phenylalanine ammoniaSilicon influence on the absorption of essential
lyase, cinnamyl alcohol dehydrogenase and chalcone nutrients to plants
synthase). The authors discussed that the mode of SiSilicon is usually provided as calcium silicate
action in controlling rose diseases is by production afissociated into silicate and calcium. It influences the
antifungal phenolic compounds (She#iy al, 2011). absorption of both the silicate anion and thé*Cation.
Studies on cucumber leaves treated with Si showed tHaellowing the application, it acts on the soil as a
the resistance to infection may be involved in theompetitive anion for adsorption site&dsorption
expression of the gene encoding proline-rich proteireactions occur mainly in the clay fraction and soil
(PRP1) (Kauset al, 2003). organic matterand aluminum, iron and manganese oxi-

] ) ) ) ] ) des, among others, are the most representative reactive

Joint action of physical barrier and biochemical jnorganic surfaces in soils of variable charge in Brazil.
mechanisms The silicon adsorption on mineral reactive surfaces, prior

Some studies have described the joint action @b the application of phosphate, increases the availability
physical barrier and activation of enzymes related to plaof phosphate, sulfate and nitrate in soils with high
defense. Caet al (2008) discussed that the reductiorcapacity of retaining these anions, becaugi® is a
in severity of rice diseases such as rice blast, by Si, isreolecule that competes with these ions for soil
complex process which is not limited to the formatioradsorption sites (Pozzt al, 2009). Such competition

Figure 6 -Absence of wax layer (A) on control plant leaves and wax deposits on leaveteefsaddlings treated with calcium
silicate in the soil (B). (Photo: Eduardtves)
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may cause the silicic acid to promote the phosphasies, render the plants deficient in these minerals and
desorption, for example, and vice versa (Camatgd, unbalance plant nutrition. Studies in this line were
2005). Phosphorus desorbed from the reactive surfacsried out in coffee (Garcia Juniet al., 2003),
of the soil becomes available in the soil solution ansoybean (Pinheiret al, 2011) and corn (Carvalhet
can be absorbed by plants and, thus, enter into metaballc 2013).
pathways to increase the resistance of plants to diseases.
Sulfate retention in soil is lower than the phosphate
in a wide pH range, which helps explain the higher sulfate Undoubtedly silicon can contribute to reduce the
movement in the soil after P fertilization and,intensity of diseases in the field. Silicon is absorbed and
consequentlythe silicate fertilization. Nitrate adsorptiontranslocated and can be found at the infection sites,
in variable charge soils tends to increase in depth aggpecially in monocotyledons, forming both physical and
this phenomenon is associated with an increased numibéechemical resistance barriers. Several studies have also
of positive electric charges in this direction (Dymia reported the effect of Si on reducing disease in
al., 2006). This phenomenon tends to hamper thicotyledons. Knowing its effects, it can be included in
oxyanion leaching (Aradjet al, 2004), implying less disease management plans, not as the only method able
eutrophication of water bodies. to solve all pest problems, but as an important
Assays with competitive adsorption and desorptioRomponent of the integrated pest management, that is, it
of anions on natural soil gibbsite have demonstrated ts&n contribute. The balanced plant nutrition, with Ca, Mg
increasing adsorption sequenceand K and the supply of Si, is not able in most cases to
sulfate<nitrate<<<silicate<phosphate, hence, thi@duce drastically the disease, when compared with a
proximity of the adsorption strength of phosphate ani@ingicide, which should always be added to the
silicate anions, assays were set with the displacementeyferiment as a positive contréhother important fact
phosphate adsorbed by the previous silicate applicatida.the source of Si and other elements present in the trade
The silicon adsorption on mineral reactive surfaces, prigoduct, which is usually calcium silicate, and both
to phosphate application, can increase the phosph&iicon and Ca are responsible for forming resistance
availability in soils with high capacity of anion retentionparriers. There are silicates with other cations in the
such as oxidic anions. The silicate anions are consider@@rket, in this case, when the product is tested or used
as competitors with phosphate for the same soit experimentation, one should take care to isolate or
adsorption sites, so that silicon can move (desorSgparate the effects of each product component.
phosphate or being moved by it, from the solid to thiloreover the particle size of the product to be purchased
liquid phase. The same can occur with nitrate and sulfatBust be taken into account. In general, coarse grained
thus providing these essential nutrients to the sodroducts take longer to react in the soil. Products based
solution and hence to plants (Poztaal, 2007). These on slag must always be chemically analyzed to determi-
anions released into the soil solution will be absorbete the presence and amount of metals. In conclusion,
by plants which will be able to build resistance barriersilicon can contribute to the management of plant
with these nutrients. diseases, but always knowing its real effects and its
Another mode of silicon action in plant diseaséource.
resistance is the effect on plant mineral nutrition. Mi-
neral nutrients, in general, influence plant resistance REFERENCES
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Final considerations
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