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Abstract
Blast, caused by the fungus Pyricularia oryzae, is the most important fungal disease of rice. The effect of silicon (Si) and man-
ganese (Mn), and their interaction, on rice resistance to blast was investigated. Rice plants (cultivar “Metica 1”) were grown in 
hydroponic solution with 0 or 2 mmol L-1 of Si and with 0.5, 2.5, and 10 mmol L-1 of Mn. Sixty-day-old plants were inoculated 
with a conidial suspension of P. oryzae and the incubation period (IP), the number of lesions (NL) per cm2 of leaf area, the 
lesion size (LS), and blast severity were evaluated. Blast severity was scored at 48, 72, 96, and 144 hours after inoculation 
and data were used to obtain the area under blast progress curve (AUBPC). Silicon concentration was significantly higher in 
leaf tissues of plants supplied with this element than on its absence, regardless of Mn rates. There was no significant dif-
ference in Si concentration among the Mn rates for both – Si and +Si treatments. The Mn concentration was significantly 
higher in the tissues of plants from the – Si treatment as compared to plants of the +Si treatment, but only at the rate of 
10 mmol L-1 of Mn. There was a significant increase in Mn concentration as the rates of this micronutrient increased from 0.5 
to 10 mmol L-1 regardless of the Si treatments. The IP significantly increased in the +Si treatment. The Mn rates had no effect 
on the IP regardless of the Si treatments. The NL was significantly lower in the presence of Si regardless of the Mn rates. The 
Mn rates had no effect on NL regardless of the Si treatments. The addition of Si to the nutrient solution significantly reduced 
both LS and AUBPC regardless of Mn rates. However, in the absence of Si, the values for LS and AUBPC were significantly 
lower at the Mn rate of 10 µmol L-1 as compared to the rate of 0.5 µmol L-1. Overall, the results from this study showed the 
potential of Si to decrease blast development on rice regardless of the foliar concentration of Mn.
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Silício e manganês na resistência do arroz à brusone
Resumo

A brusone, causada pelo fungo Pyricularia oryzae, é a doença fúngica mais importante do arroz. O efeito do silício (Si), do 
manganês (Mn) e da interação deles na resistência do arroz à brusone foi investigado. Plantas de arroz da cultivar Metica 
1 foram cultivadas em solução nutritiva contendo 0 ou 2 mmol L-1 de Si e 0,5, 2,5 e 10 mmol L-1 de Mn. Aos 60 dias, as plantas 
foram submetidas à inoculação com uma suspensão de conídios de P. oryzae e foram avaliados o período de incubação (PI), 
o número de lesões (NL) por cm2 de área foliar, o tamanho de lesão (TL) e a severidade da brusone. A severidade da brusone 
foi avaliada às 48, 72, 96 e 144 horas após a inoculação e os dados foram usados para calcular a área abaixo da curva do 
progresso da brusone (AACPB). A concentração foliar de Si foi maior nas plantas supridas com Si. A concentração de Mn na 
solução nutritiva não interferiu na concentração de Si nas folhas das plantas de arroz. Houve aumento na concentração foliar 
de Mn à medida que a concentração desse micronutriente na solução nutritiva aumentou, independentemente da presença 
do Si. A presença de Si na solução nutritiva reduziu a concentração de Mn nas plantas cultivadas na dose de 10 mmol L-1 
de Mn. O fornecimento de Si aumentou PI e reduziu o NL, o Tl e a AACPB. As doses de Mn não tiveram efeito no PI e no NL, 
independentemente da presença ou não do Si. Na ausência de Si, os valores do TL e da AACPB foram significativamente 
menores para a dose de 10 µmol L-1 de Mn em comparação com a dose de 0,5 µmol L-1 de Mn. Os resultados deste estudo 
reforçam o potencial do Si em reduzir o progresso da brusone em arroz independentemente da concentração foliar de Mn.

Palavras-chave: Oryza sativa, Pyricularia oryzae, mancha foliar, nutrição mineral.
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1. INTRODUCTION

Blast, caused by the fungus Pyricularia oryzae (Cooke) 
Sacc., is the most important fungal disease of rice (Oryza 
sativa L.) and causes significant yield losses worldwide 
(Ou, 1985). An integrated control strategy for implemen-
tation in environments with high epidemic potential to 
blast includes the use of partially resistant cultivars, early 
sowing or seedlings transplanting, water and nitrogen 
management as well as seed treatment with fungicides or 
their foliar application (Ou, 1985). Silicon (Si) can de-
crease the intensity of blast as effectively as some fungi-
cides, mainly because it has the potential to increase the 
partial resistance of cultivars to the same level observed in 
cultivars with complete resistance (Datnoff et al., 1991). 
In this context, soil amendment with Si can be considered 
an effective strategy to decrease blast intensity, especially 
when rice is cultivated in Si-deficient soils. Some eco-
nomically important rice diseases such as sheath blight, 
stem rot, leaf scald, leaf blight, and grain discoloration 
also had their intensities reduced with Si application on 
soil (Datnoff et al., 2007).

Many studies had investigated the mode of action of 
Si in reducing the intensities of diseases on several crops 
(Datnoff et al., 2007). In rice, Si application has been as-
sociated with an increase in the density of silicified buliform 
cells in the leaf epidermis that helped to increase resistance 
against blast (Kim et al., 2002). According to Rodrigues 
et al. (2003), Si-mediated resistance to Pyricularia grisea in 
rice was related to the great accumulation of phenolic com-
pounds. Rodrigues et al. (2005) also showed that in rice 
plants supplied with Si, a differential accumulation of gluca-
nase, peroxidases, and PR-1 transcripts was found in associa-
tion with a higher concentration of phenolics compounds 
and lignin in plants supplied with Si. Brunings et al. (2009) 
also found that the involvement of chitinase genes in rice 
defense response against P. grisea and also that phenylalanine 
ammonia-lyase and peroxidases genes were up-regulated af-
ter fungal infection in the absence of Si.

Many important biochemical and physiological 
mechanisms in plants are affected by the Mn content on 
plant tissues (Thompson and Huber, 2007). Several en-
zymes in plants, such as the peroxidases, related to the 
production of phenolic compounds and flavonoids are 
dependent on Mn as co-factor (Hamond-Kosak and 
Jones, 2000). Root rot, take-all, powdery mildew, leaf 
and stem rust on cereals; damping-off and wilt on cotton; 
late blight and scab on potato; leaf spots on soybean, and 
many other diseases in different crops had their intensities 
decreased by Mn (Thompson and Huber, 2007). Brown 
spot severity is negatively correlated with the content of 
Mn on rice leaf tissues (Kaur et  al., 1979). However, 
the deficiency or toxicity of Mn can increase or decrease 
plant resistance against pathogens infection (El-Jaoual 
and Cox, 1998). Rice plants supplied with Si showed 

reduction on brown spot severity regardless of the pres-
ence of either low or high Mn rates (Zanão et al., 2009). 
It is also known that plant tolerance to Mn toxicity can be 
increased in the presence of Si (Horiguchi, 1988).

The current study was undertaken to investigate 
the effects of Si and Mn, and their interaction, on rice 
blast development.

2. MATERIAL AND METHODS

Nutrient solution preparation

The nutrient solution used in this study was prepared ac-
cording to Zanão et al. (2009). The Mn rates used in this 
study were 0.5, 2.5, and 10 mmol L-1. Silicon was sup-
plied as silicic acid, which was prepared by passing potas-
sium silicate through a cation-exchange resin (Amberlite 
IR-120B, H+ form; Sigma-Aldrich, São Paulo) (Ma et al., 
2001). The Si rates used were 0 and 2 mmol L-1. The ad-
dition of silicic acid to the nutrient solution did not alter 
the pH.

Plant growth

Rice seeds (cultivar ‘Metica-1’) were germinated on dis-
tilled water-soaked germitest paper (Fisher Scientific Inc., 
Pittsburgh, PA, USA) in a germination chamber at 25 ºC 
for five days. Germinated seedlings were transferred to 
plastic containers (25 cm in diameter) with one-half-
strength of the nutrient solution without the presence of 
Si or Mn for three days. After this period, plants were 
transferred to new plastic containers with 4 L of nutrient 
solution prepared using the different Mn and Si rates. The 
nutrient solution, without aeration, was changed every 
four days. The pH was checked daily and kept around 5.5 
by using NaOH or HCl (1 M) when needed.

Experimental design

A two × three factorial experiment, consisting of two Si 
rates (referred thereafter as -Si and +Si treatments, respec-
tively) and three Mn rates was arranged in a completely 
randomized design with four replications. The experi-
ment was repeated and each experimental unit consisted 
of one plastic container with 4 L of nutrient solution and 
four rice plants.

Inoculation procedure

Plants were inoculated with P. oryzae after 60 days in hy-
droponic culture with the treatments. A pathogenic isolate 
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of P. oryzae (CNPAF-1048) obtained from symptomatic 
rice plants and provided by Dr. Marta Cristina C. Filippi 
(Embrapa, Rice and Beans Research Center) was used to 
inoculate the plants. This isolate was preserved on filter 
paper at -80 ºC (Dhingra and Sinclair, 1995). Pieces of 
filter paper containing fungal mycelia were transferred to 
Petri dishes with potato dextrose agar (PDA). After three 
days, PDA plugs containing fungal mycelia were trans-
ferred to Petri dishes with oat medium. Petri dishes were 
kept in a growth chamber at 25 ºC with a 12 h photoperi-
od for 15 days. A conidial suspension of P. oryzae (1.2×105 
conidia mL-1) was applied as a fine mist to the adaxial leaf 
blades of three marked leaves per plant until runoff using 
a VL Airbrush atomizer (Paasche Airbrusch Co., Chicago, 
USA). Gelatin (1%, w⁄v) was added to the sterile water 
to aid conidial adhesion to the leaf blades. Immediately 
after inoculation, plants were transferred to a mist cham-
ber at 25±2 ºC with an initial 24 h dark period. After 
this period, plants were incubated using a 12 h photope-
riod under ca. 160 mmol m-2 s-1 provided by cool-white 
fluorescent lamps. The relative humidity inside the mist 
chamber was 95±2% throughout the experiments. Plants 
were kept inside the mist chamber for the duration of the 
experiments.

Quantification of some components of 
host resistance

The incubation period (IP), the number of lesions (NL) 
per cm2 of leaf area, the lesion size (LS), and disease sever-
ity were evaluated on the 5th and 6th leaves from the main 
tiller of each plant. The IP (in hours) was scored by ex-
amining these leaves every 6 hours after inoculation (hai). 
The NL was counted at five randomized places on the 
two marked leaves per plant using a handheld microscope 
(20 ×) at 72 hai. Blast severity on the leaves of each plant 
was scored at 48, 72, 96, and 144 hours after inoculation 
(hai) by using a scale based on the percentage of diseased 
leaf area (Irri, 1996). Area under blast progress curve 
(AUBPC) for each leaf in each plant was computed us-
ing the trapezoidal integration of blast progress curve over 
time according to Shaner and Finney (1977).

Leaf tissue analysis for Si and Mn 
concentrations

After the experiments, leaves were collected from plants 
of each treatment, washed in deionized water, dried dur-
ing 72 h at 65 ºC and ground to pass through a 40-mesh 
screen with a Thomas-Wiley mill (Thomas Scientific, 
Swedesboro, NJ, USA). Silicon in leaf tissue was deter-
mined by a colorimetric analysis on 0.1 g of dried and 
alkali digested tissue (Korndörfer et al., 2004). Dried 

leaf tissue was digested with a nitric-perchloric solution 
(3:1, v/v) and the concentration of Mn was determined 
by atomic absorption spectrophotometry.

Data analysis

Cochran’s test for homogeneity of variance (Gomez and 
Gomez, 1994) indicated that the data from the two exper-
iments could be pooled for data analysis. The experiment-
treatment interactions were not significant (p>0.05). Data 
were subjected to the analysis of variance (ANOVA) and 
the treatment means compared with Tukey’s test (p≤0.05) 
using the software SAEG 5.0 (UFV, Viçosa, Minas Gerais 
State, Brasil). Data from Si and Mn concentrations in leaf 
tissues were correlated with the components of resistance 
evaluated.

3. RESULTS

The Si concentration was higher in the tissues of plants 
supplied with Si as compared to those that were not sup-
plied with this element, regardless of Mn rates (Table 1). 
There was no significant difference in Si concentration 
among the Mn rates for both -Si and +Si treatments. The 
Mn concentration was higher in the tissues of plants from 
the -Si treatment as compared to plants of the +Si treat-
ment, but only at the rate of 10 mmol L-1 of Mn. There 
was a significant increase in Mn concentration as the rates 
of this micronutrient increased from 0.5 to 10 mmol L-1 
regardless of the Si treatment (Table 1).

The IP on rice leaves increased in the +Si treatment 
(Table 2). The NL was significantly lower in the pres-
ence of Si regardless of the Mn rates (Table 2). The Mn 
rates had no effect on the IP and on NL regardless of 
the Si treatments (Table 2). The addition of Si to the 
nutrient solution reduced both LS and AUBPC regard-
less of Mn rates (Table 2). However, in the absence 
of Si, the values for LS and AUBPC were significantly 
lower at the Mn rate of 10 µmol L-1 as compared to the 
rate of 0.5 µmol L-1.

Table 1. Concentrations of silicon (Si) and manganese (Mn) in 
leaf tissue of rice plants grown in hydroponic culture containing 
different rates of these elements

Mn
(µmol L-1)

Si (g kg-1) Mn (mg kg-1)
-Si +Si -Si +Si

0.5 6.36 aB 30.02 aA 49.70 cA 48.30 cA
2.5 6.37 aB 34.12 aA 98.08 bA 89.85 bA

10.0 6.43 aB 33.32 aA 338.23 aA 230.53 aB
CV (%) 13.3 25.2

For each variable, means within a column followed by the same lower-case letter 
or means within a row followed by the same upper-case letter are not significantly 
different (p=0.05) as determined by Tukey’s test. Data shown are from two pooled 
experiments. CV: coefficient of variation. (n=48).
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The concentration of Si was negatively and signifi-
cantly correlated with the variables NL, LS, and AUBPC 
and positively correlated with IP (Table 3). The concen-
tration of Mn did not correlate with any of these variables.

4. DISCUSSION

This study not only brings support to the concept that 
Si can increase rice resistance to blast, but also provides 
the first data showing the effect of Si interacting with the 
micronutrient Mn on blast development. It is known 
that rice resistance to blast can be significantly increased 
when Si concentration on leaf tissues are kept within ad-
equate levels (Datnoff et al., 2007). The Si concentra-
tion of 16 g kg-1 was sufficient to decrease blast severity 
on rice plants (Seebold et al., 2001). In the present study, 
Si concentration on leaf tissues of plants supplied with 
this element was, on average, 33 g kg-1, across Mn rates, 
which was sufficient to negatively impact blast develop-
ment. The Mn concentrations on leaf tissues at the high-
est Mn rate were kept within adequate levels according 
to Fageria (1984), which ranges from 30 to 600 mg kg-1 
and no symptoms of Mn toxicity were observed on leaves 
of rice plants grown at the rate of 10 mmol L-1 of Mn.

All components of resistance evaluated were affected 
by the highest concentration of Si on leaf tissues. For in-
stance, the LS and the AUBPC were the only components 
of resistance affected by the highest Mn rate. The IP was 
longest at the highest Si concentration on leaf tissue, but 
was not affected by Mn. The increase in IP may indirectly 
reflect a delay in the time needed by P. oryzae to ensure 

penetration at the epidermal cell. According to Seebold 
et al. (2001), the IP for rice blast increased as the rates 
of Si added to the soil increased. On the other hand, 
Rodrigues et al. (2001) did not observe any significant 
effect of Si in increasing the IP of sheath blight in rice, 
probably because Rhizoctonia solani was able to penetrate 
through the stomata. In the case of P. grisea, the infections 
take place through the epidermal cells with the forma-
tion of an apressorium (Howard, 1991) and the high Si 
concentration on rice leaf tissues may negatively impact 
fungus penetration because of its polymerization beneath 
the cuticle (Yoshida et al., 1962). Kim et al. (2002) in-
vestigated some of the cellular features of Si-mediated re-
sistance to blast and observed that the epidermal cell wall 
thickness was not significantly affected by Si. However, 
the thickness ratios of silica layers to epidermal cell walls 
were much higher in the resistant cultivar than in the sus-
ceptible cultivar. Although the fortification of epidermal 
cell walls was considered the main cause for the reduced 
number of leaf blast lesions, no evidence in relation to 
the physical impedance offered by the fortified cell wall 
was given to the penetration peg of P. grisea (Kim et al., 
2002). The number of lesions of brown spot and their size 
were reduced on leaves of rice plants grown in different 
soils containing high levels of Mn (Baba and Takahashi, 
1957). Rodrigues et al. (2005) showed that in rice plants 
supplied with Si, differential accumulations of glucanases, 
peroxidases, and PR-1 transcripts were found in associa-
tion with high concentrations of phenolic compounds 
and lignin. Brunings et al. (2009) reported the involve-
ment of chitinase genes in rice defense response against 
infection by P. grisea and also that phenylalanine ammo-
nia-lyases and peroxidases genes were up-regulated after 
fungal infection in the absence of Si.

In the presence of Si, Mn had no effect on the com-
ponents of resistance evaluated. However, on the absence 
of Si, blast was negatively affected in the highest Mn rate. 
Zanão et al. (2009) observed that rice plants supplied with 
Si showed reduction on brown spot severity even at the low-
est Mn rate. In the presence of Si, some plant species show 
tolerance to Mn toxicity (Horiguchi, 1988). Blast sever-
ity on rice can be reduced by Si (Datnoff et al., 2007). 
The partial resistance of rice cultivars can be increased by 
Si to levels comparable to those observed in cultivars with 

Table 2. Incubation period (IP), number of lesions per cm2 of leaf area (NL), lesion size (LS) and area under blast progress curve (AUBPC) 
in rice plants grown in nutrient solution made with different rates of silicon (Si) and manganese (Mn)

Mn rates  
(mmol L-1)

Components of host resistance
IP (h) NL LS (mm) AUBPC

-Si +Si -Si +Si -Si +Si -Si +Si
0.5 37.0 aB 42.3 aA 14.9 aA 2.8 aB 1.16 bA 0.31 aB 402.7 aA 27.5 aB
2.5 37.7 aB 42.1 aA 12.4 aA 2.6 aB 1.33 cA 0.25 aB 207.6 bA 38.3 aB

10.0 38.0 aB 42.7 aA 11.6 aA 2.4 aB 0.93 aA 0.24 aB 233.1 bA 39.2 aB
CV (%) 3.7 36.0 16.4 27.5

For each variable, means within a column followed by the same lower-case letter or means within a row followed by the same upper-case letter are not significantly different 
(p=0.05) as determined by Tukey’s test. Data shown are from two pooled experiments. CV: coefficient of variation. (n=48).

Table 3. Pearson correlation coefficients between the incubation 
period (IP), number of lesions (NL) per cm2 of leaf area, lesion 
size (LS), and area under blast progress curve (AUBPC) with 
the concentrations of silicon (Si) and manganese (Mn) in rice 
leaf tissue

Components of resistance Si Mn
IP  0.95** -0.06ns

NL -0.83** -0.10ns

LS -0.92** -0.05ns

AUBPC -0.84** -0.01ns

**Significant at p≤0.05. nsnon significant. Data are from pooled experiments. 
(n=48).
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complete resistance (Rodrigues et al., 2001). Seebold 
et al. (2001) demonstrated for rice blast that the number of 
sporulating lesions, lesion size, lesion expansion rate, sever-
ity, and the number of conidia per lesion were significantly 
reduced as the Si rates increased in the soil. An increase 
in lignin and soluble phenolic compounds production and 
the inhibition of lytic enzymes produced by the pathogen 
promoted by high content of Mn on rice leaf tissues was as-
sociated with the decrease in brown spot severity (Graham 
and Webb, 1991). The use of an intermediate Mn rate when 
Si was absent of the nutrient solution helped to reduced 
the brown spot symptoms while rice plants supplied with 
Si were resistant to blast regardless of Mn rates. It appears 
that the concentration of Mn in plant tissue must be at an 
adequate level to confer host resistance to diseases. A re-
duced concentration of aminoacids, phenolic compounds, 
and lignin were found to be low on plants deficient in Mn 
making them more susceptible to diseases (Brown et al., 
1984; Burnell, 1988). Indeed, isolates of P grisea unable 
to oxidize Mn were less aggressive on rice leaves similarly to 
what was reported by the wheat-Gaeumannomyces graminis 
var. tritici pathosystem (Thompson and Huber, 2007).

5. CONCLUSION

Blast progress was lower in leaves of rice plants supplied 
with Si regardless of the foliar concentration of Mn. In 
the absence of Si, high Mn concentration on leaf tissues 
contributed to decrease blast symptoms.
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