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ABSTRACT
This study investigated the effects of acibenzolar-S-methyl (ASM), ethylene (ET) and jasmonic acid (JA) on the resistance of 

two wheat cultivars (BRS-229 and BR-18) to infection by Pyricularia oryzae. The treatments included spraying plants with ASM (300 
mg L-1), ET (0.5 mM), JA (0.1 mM) and distilled water (control) 48 h before inoculation with P. oryzae. Malondialdehyde concentration, 
an indicative of oxidative damage to the lipids in the leaf cells, was significantly higher for plants sprayed with ASM compared to plants 
sprayed with JA and ET. Plants sprayed with JA and ET showed reduced values for the number of lesions per cm2 of leaf area and area 
under blast progress curve, but these hormones had no effect on the incubation period and lesion size (in mm). Plants sprayed with JA and 
ET showed reduce blast symptoms in comparison to plants sprayed with ASM due to greater peroxidase, polyphenoloxidase, chitinase and 
β-1,3-glucanase activities.
Key words: Triticum aestivum, blast, hormones, host defense responses.

INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most 
important cereals for the world population (Arruda et al., 
2005) and the occurrence of diseases is the biggest factor 
that impedes to achieve high yield. Wheat blast, caused by 
the fungus Pyricularia oryzae (Cooke) Sacc., can cause yield 
loss of approximately 70% (Goulart & Paiva, 2007). The 
fungus can infect all aerial organs of the plants, including 
leaves, culms and cobs (Igarashi et al., 1986). On leaves, 
the symptoms are elliptical or rounded lesions with dark 
brown margins and gray center (Goulart & Paiva, 2007). 
In the ears, the symptoms are very distinctive, occurring 
bleaching and death of the tissue in the infection site and 
darkening of the rachis (Goulart & Paiva, 2007). Grains can 
become wrinkled, deformed and lower in size and weight 
when fungal infection occurs on ears (Goulart & Paiva, 
2007). The favorable conditions for blast epidemics are 
rainy periods, temperatures ranging from 21 to 27ºC, cloudy 
days and high relative humidity (Goulart & Paiva, 2007). 
The chemical control has low efficiency in controlling blast 
(Goulart & Paiva, 2007) and cultivars with desirable levels 
of resistance to the disease are not available yet (Urashima 
et al., 2004).

Plants are able to enhance their level of basal 
resistance against pathogen attack through a phenomenon 
known as induced resistance, which can be achieved by 
different abiotic and biotic stimuli (Pieterse et al., 2012). 
The classic examples of inducible plant defense are 

systemic acquired resistance (SAR) and induced systemic 
resistance (ISR), which differ according to the nature of 
the elicitor and the regulatory pathways involved (Knoester 
et al., 1999). In general, SAR is related to the production 
of pathogenesis-related proteins (PR-proteins) and is 
salicylic acid (SA) dependent (Knoester et al., 1999). In 
contrast, ISR is not related to PR-protein accumulation, is 
induced by nonpathogenic microorganisms and is signaled 
via ethylene (ET) and jasmonic acid (JA) (Knoester et al., 
1999). However, several recent studies have shown that 
these signaling pathways do not function independently 
but, rather, influence each other through a complex network 
of synergistic and antagonistic interactions (Conrath, 2006). 
Acibenzolar-S-methyl (ASM), an analog of salicylic acid, 
and JA and ET are known to play roles in the signaling 
pathways that result in the induction of host resistance 
(Glazebrook, 2005). JA is very important in solanaceous 
resistance to diseases because of its potential to trigger both 
local and systemic protection (Cohen et al., 1993). Vine 
leaves sprayed with ester methyl jasmonate (MeJA) show 
an increase in the activities of chitinase, glucanase, stilbene 
synthase and phenylalanine ammonia-lyase (Belhadj et al., 
2006). In addition to plant responses to abiotic and biotic 
stress, ET is involved in seed emergence, leaf and flower 
senescence, fruit ripening and organ abscission (Abeles, 
1992). Indeed, ET plays an important role in increasing 
host resistance to diseases mainly through an increase in 
the concentrations of phytoalexins, lignin and phenolic 
compounds and in the activity of chitinase, phenylalanine 
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ammonia-lyase and peroxidase (Khoel et al., 2002). An 
increase in the endogenous levels of SA in plants infected 
with pathogens is associated with the elevated expression of 
genes encoding for PR-proteins (Conrath, 2006).

Considering the low efficiency of fungicides and 
the absence of wheat cultivars with satisfactory levels of 
resistance to blast, the use of inducers of resistance has 
become an alternative to reduce the yield losses caused 
by this disease. Therefore, this study aimed to investigate 
the effect of ASM, ET and JA on the induction of wheat 
resistance against infection by P. oryzae.

MATERIAL AND METHODS

Plant growth
Wheat seeds from cultivars BR-18 and BRS-229 

were surface-sterilized in 10% NaOCl for 2 min, rinsed in 
sterilized water for 3 min, and sown in plastic pots (20-cm 
diameter) (Ecovaso) filled with 1 kg of substrate made from 
a 1:1:1 mixture of pine bark, peat and expanded vermiculite 
(Tropstrato; Vida Verde). These cultivars are susceptible and 
partially resistant to leaf blast at the vegetative growth stage 
(Debona et al., 2012). A total of 1.63 g of calcium phosphate 
monobasic was added to each plastic pot. A total of twelve 
seeds were sown per pot and five days after seedling 
emergence, each pot was thinned to two seedlings. The 
substrate in each pot was fertilized with a nutrient solution 
containing the following in g L-1: 6.4 KCl, 3.48 K2SO4, 5.01 
MgSO4.7H2O, 2.03 (NH2)2CO, 0.009 NH4MO7O24.4H2O, 
0.054 H3BO3, 0.222 ZnSO4.7H2O, 0.058 CuSO4.5H2O and 
0.137 MnCl2.4H2O (Debona et al., 2012). A volume of 15 
mL of nutrient solution containing 0.27 g L-1 FeSO4.7H2O 
and 0.37 g L-1 EDTA bisodic L-1 was also applied after 
seedlings emergence. The nutrient solution was prepared 
using deionized water. After seedling emergence, 30 ml of 
the nutrient solution was applied to each pot every week. 
The plants were watered as needed with deionized water.

Application of resistance inducers
The treatments used were T1 - distilled water (control), 

T2 - 0.1 mM jasmonic acid (JA) (Sigma-Aldrich), T3 - 300 
mg L-1 acibenzolar-S-methyl (ASM) (Bion; Syngenta) and 
T4 - 0.5 mM Ethephon (2-chloroethyl phosphonic acid) (ET) 
(Sigma-Aldrich). The plants were sprayed with distilled 
water and with the inducers using a manual atomizer 48 
h prior to inoculation with P. oryzae. The plants from the 
replications of each treatment were maintained in separate 
growth chambers during the application of the inducers and 
then transferred to independent chambers for 6 h.

Inoculation of plants with P. oryzae
Plants were inoculated with a conidial suspension 

of P. oryzae (105 conidia mL-1) at 30 days after emergence 
(growth stage 19) (Zadoks, 1974). Twenty-five milliliters 
of suspension was applied as a fine mist to the adaxial 
leaf blades of each plant until runoff using a VL Airbrush 

atomizer (Paasche Airbrush Co.). Gelatin (1%) was added 
to the suspension to aid conidial adhesion to the leaf blades. 
Immediately after inoculation, the plants were transferred 
to a growth chamber with a temperature of 25±2ºC and 
a relative humidity of 90±5% and were subjected to an 
initial 24 h dark period. After this period, the plants were 
transferred to a plastic mist growth chamber (MGC) inside 
a greenhouse for the duration of the experiment. The MGC 
was made of wood (2 m wide, 1.5 m high and 5 m long) 
and covered with 100-µm thick transparent plastic. The 
temperature inside the MGC ranged from 25±2ºC (day) 
to 20±2ºC (night). The relative humidity was maintained 
at 92±3% using a misting system in which nozzles (model 
NEB-100; KGF Company) sprayed mist every 30 min above 
the plant canopy. The relative humidity and temperature 
were measured with a TH-508 thermo-hygrograph (Impac). 
The maximum natural photon flux density at plant canopy 
height was approximately 900 μmol m-2 s-1.

Quantification of the components of resistance
The incubation period (IP), number of lesions (NL) 

per cm2 of leaf area, lesion size (LS) and blast severity were 
assessed in the fourth, fifth and sixth leaves (from the base 
to the top) of each plant. IP was assessed every 6 h from 24 
h after inoculation (hai). At 96 hai, the number of lesions 
per cm2 of leaf area was determined at three locations 
randomly chosen on each leaf. LS, in mm, was measured 
at 96 hai with the aid of a digital caliper (Worker). Three 
lesions randomly selected on the leaves of each plant were 
selected to perform the measurements. Blast severity was 
assessed at 72, 96, 120 and 144 hai using the scale proposed 
by Rios et al. (2013). The area under blast progress curve 
(AUBPC) for each plant was calculated using the trapezoidal 
integration of the blast progress curves, according to Shaner 
& Finney (1997).

Determination of the concentration of malondialdehyde 
(MDA)

Leaf samples from one plant per replication and 
treatment were collected at 48, 72, 96 and 120 hai; leaf 
samples were also collected from non-inoculated plants (0 h). 
The leaf samples were placed in liquid nitrogen (N2) during 
sampling and then stored at -80ºC until further analysis. 
Oxidative damage to the lipids in the leaf cells was estimated 
as the content of total 2-thiobarbituric acid (TBA) reactive 
substances and expressed as malondialdehyde (MDA) 
equivalents, according to Cakmak & Horst (1991), with a 
few modifications. Briefly, leaf tissue was ground into a fine 
powder in liquid nitrogen using a mortar and pestle, and the 
powder was homogenized in 2 ml 0.1% (w v-1) trichloroacetic 
acid (TCA) solution at 4ºC. After centrifugation at 10000 g 
for 15 min, 250 µL of the supernatant was mixed with 750 
µL of TBA (0.5% in 20% TCA) for 2 h in a boiling water 
bath. The reaction was stopped in an ice bath. The samples 
were centrifuged at 13000 g for 4 min, and the absorbance 
of the supernatant was measured at 540 nm (Evolution 60; 
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Thermo Scientific). The concentration of MDA formed in 
each sample was calculated using the extinction coefficient 
of 155 mM-1 cm-1, and the concentration was expressed as 
µmol MDA g-1 of fresh matter (FM).

Determination of the activities of peroxidase (POX, 
EC1.11.1.7), polyphenoloxidase (PPO, EC 1.10.3.1) 
phenylalanine ammonia-lyase (PAL, EC 4.3.1.5), 
chitinase (CHI, EC 3.2.1.14), β-1,3-glucanase (GLU, EC 
3.2.1.39) and lypoxigenase (LOX, EC 1.13.11.12)

Leaf samples from one plant per replication and 
treatment were collected at 48, 72, 96 and 120 hai. Leaf 
samples were also collected from non-inoculated plants (0 
h). The leaf samples were kept in liquid N2 during sampling 
and then stored at -80ºC until further analysis. To obtain the 
extracts used to determine the activities of POX, PPO, PAL, 
CHI and GLU, 0.2 g of leaf tissue was macerated with liquid 
N2 in a mortar with the addition of polyvinylpyrrolidone 
(PVP) 1% (w v-1) to obtain a fine powder. The powder 
was homogenized in 2 mL of 50 mM sodium phosphate 
(pH 6.5) containing 1 mM phenylmethylsulfonicfluoride 
(PMSF) and 0.1 mM acid etilenodiaminotetracetic (EDTA). 
The homogenized material was centrifuged at 20,000 g for 
25 min at 4ºC and the supernatant was used for enzyme 
determination.

POX and PPO activities were determined by the 
oxidation of pyrogallol according to the method of Kar & 
Miashra (1976). For POX activity, a mixture of 300 μL of 
distilled water, 250 μL of 100 mM potassium phosphate 
buffer (pH 6.8), 200 µL of 100 mM pyrogallol and 200 μL 
of 100 mM hydrogen peroxide was added to 50 µL of the 
extract. For PPO activity, the mixture was composed of 300 
μL of distilled water, 250 μL of 100 mM potassium phosphate 
buffer (pH 6.8) and 200 µL of 100 mM pyrogallol, which 
was added to 50 µL of the extract. The absorbance was 
measured in spectrophotometer at 420 nm every 10 seconds 
for 1 min after addition of the extract to the mixture in a 
total of five readings. A molar extinction coefficient of 2.47 
mM-1 cm-1 was used to calculate POX and PPO activities, 
which were expressed in mmol purpurogallin produced 
mmol min-1 mg-1 protein.

PAL activity was determinate adding 0.1 mL of the 
extract to a mixture containing 0.5 mL of Tris-HCl (pH 
8.8, 25 mM) and 0.4 mL of 100 mM L-phenylalanine. The 
reaction mixture was incubated in a water bath at 30ºC for 
3 h. In the control samples, L-phenylalanine was replaced 
with Tris-HCl buffer. The reaction was finalized by adding 
0.1 mL of 6 N HCl. The absorbance of the trans-cinnamic 
acid derivatives was measured in a spectrophotometer at 
290 nm and a molar extinction coefficient of 104 mM-1 cm-1 

was used to calculate PAL activity, which was expressed in 
μmol min-1 mg-1 protein.

The enzyme extracts for CHI were prepared 
following the method of Harman et al. (1993) with a few 
modifications. The reaction was started by the addition of 
20 µl of crude enzyme extract to a mixture containing 480 

µl 50 mM sodium acetate buffer (pH 5.0) and p-nitrofenil-
β-D-N-N’-diacetilquitobiose (Sigma-Aldrich) at 2 mg 
ml-1. The reaction mixture was incubated in a water bath 
at 37ºC for 2 h. Adding 500 µL of 0.2 M sodium carbonate 
terminated the reaction. The absorbance of the end products 
released by the CHI present in the crude enzyme extract 
was recorded at 410 nm. An extinction coefficient of 7 × 104 
mM-1 cm-1 was used to calculate CHI activity, which was 
expressed as mmol of p-nitrophenyl min-1 mg-1 protein.

GLU activity was determined as described by Lever 
(1972). The reaction was initiated by the addition of 20 µL 
aliquots of the supernatant to a mixture of 230 μL of 100 
mM sodium acetate (pH 5.0) and 250 µL of the substrate 
laminarin (Sigma-Aldrich) in a concentration of 4 mg mL-1. 
The reaction mixture was incubated in a water bath for 
30 min at 45ºC. After the incubation period, the amount 
of reducing sugars was determined by adding 500 µL of 
dinitrosalicylic acid to the mixture and then incubating the 
resulting mixture in a water bath for 15 min at 100ºC. The 
reaction was interrupted by cooling the samples in an ice 
bath. In the control samples, the reaction mixture was the 
same, except that the extract was added after heating the 
mixture at 100ºC. The absorbance of the product released 
by GLU was measured at 540 nm and the activity of GLU 
was expressed in absorbance min-1 mg-1 of protein.

To obtain the extract for enzymatic determination 
of LOX, 0.2 g of leaf tissue was macerated with liquid 
N2 in a mortar to obtain a fine powder. The powder was 
homogenized in 2 mL buffer of 20 mM sodium phosphate 
(pH 6.8) containing Triton-X 1% (v v-1) and PVP 1% (w 
v-1). The homogenized material was centrifuged at 15,000 g 
for 20 min at 4ºC. The supernatant was used as the extract 
for the determination of LOX activity. The reaction was 
started by adding 5 μL of the extract to a mixture containing 
780 μL of buffer 50 mM sodium phosphate (pH 6.5) and 15 
μL of 10 mM sodium linoleate substrate. LOX activity was 
determined according to the method described by Axelrod 
et al. (1981). The absorbance of the product released by 
LOX was measured in a spectrophotometer at 234 nm. A 
molar extinction coefficient of 25,000 M-1 cm-1 was used 
to determine LOX activity, which was expressed as µmol 
min-1 mg-1 protein.

The protein concentration in each sample was 
determined according to the method of Bradford (1976).

Experimental design and statistical analysis
Two 2 × 4 factorial experiments consisting of 

two cultivars and the inducers (ASM, AJ and ET) plus 
distilled water (control treatment) were arranged in a 
completely randomized design, with four replications. 
Each experimental unit consisted of one plastic container 
with two plants. Data for IP, NL, LS and AUBPC of the 
two experiments were combined for the statistical analysis 
after determining the homogeneity of variance (Gomes & 
Garcia, 2002). Only one experiment was performed for the 
biochemical evaluations. Data for the MDA concentration 
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and POX, PPO, PAL, CHI, GLU and LOX activities were 
subjected to an analysis of variance, and the treatment 
means were compared using Tukey’s test (P ≤ 0.05) with 
SAS software (SAS Institute).

RESULTS

Components of resistance
The factors cultivar and inducer were significant for 

IP, NL and AUBPC and the interaction cultivar × inducer 
for NL. There was no significant difference between the 
cultivars with regard to IP, LS and AUBPC (Table 1). NL was 
significantly higher for cultivar BRS-229 in comparison to 
cultivar BR-18 (Table 1). There was no significant difference 
among the treatments of distilled water, JA, ASM and ET 
for IP and LS (Table 1). NL was significantly reduced by 
66.8, 38.9 and 67.43%, respectively, with the JA, ASM and 
ET treatments in comparison to the distilled water treatment 
(Table 1). There was a significant decrease of 55, 35 and 
60% for AUBPC, respectively, for the treatments of JA, 
ASM and ET in comparison to the distilled water treatment 
(Table 1).

MDA concentration
The factors inducer and sampling time and the 

interaction inducer × sampling time were significant. The 
MDA concentration for the plants sprayed with ASM was 
significantly higher compared to the other treatments at 0, 
72, 96 and 120 hai for BRS-229 and at 0, 48, 72 and 96 hai 
for BR-18 (Table 2). There was no significant difference 
between the plants of cultivar BR-18 sprayed with ASM or 
distilled water at 120 hai (Table 2).

Activity of defense enzymes
The cultivar factor was significant for POX, PPO, 

CHI and LOX. The inducer factor was not significant 
for CHI and GLU, and the sampling time factor was not 
significant for CHI. Some interactions with two and three 
factors were also significant. For BRS-229, there was no 
significant difference for POX activity among the JA, ASM 
and ET treatments at 0, 48, 72 and 96 hai (Table 3). POX 
activity significantly increased in the plants sprayed with 
JA compared to the control treatment at 0 hai, JA, ASM 
and ET at 48 hai, ASM and ET at 72 hai and ET at 120 hai. 
No significant difference in POX activity occurred between 
the treatments at 96 hai (Table 3). For cultivar BR-18, there 
was no significant difference among the treatments for POX 
activity at 0, 48 and 96 hai (Table 3). At 72 hai, there was no 
significant difference among the JA, ASM and ET treatments 
with regard to POX activity. POX activity was significantly 
higher with the JA and ET treatments compared to the ASM 
treatment at 120 hai. There was no significant difference in 
POX activity for the JA, ASM and ET treatments in relation 
to the control treatment at 120 hai (Table 3).

For BRS-229, there was no significant difference 
among the treatments at 0, 48 and 120 hai with regard to PPO 
activity (Table 4). PPO activity was significantly greater 
with the ET treatment in comparison to the control and JA 
treatments at 72 and 96 hai (Table 4), and PPO activity was 
significantly higher with the JA treatment compared to the 
control and ASM treatments at 96 hai (Table 4). For cultivar 
BR-18, there was no significant difference among the 
control, JA and ET treatments with regard to PPO activity 
at 0 hai or among the AJ, ASM and ET treatments at 48, 72 
and 96 hai. PPO activity was significantly higher with the 
JA, ASM and ET treatments in comparison to the control 
treatment at 72 and 120 hai (Table 4).

For BRS-229, PAL activity was significantly higher 
with the ET treatment in comparison to the other treatments 
at 0 hai (Table 5). PAL activity was significantly higher for 
the control treatment in comparison to the JA, ASM and 
ET treatments at 48 hai, ASM at 72 hai and ASM and ET 
treatments at 96 hai (Table 5). There was no significant 
difference among the treatments for PAL activity at 120 hai 
(Table 5). For cultivar BR-18, PAL activity was significantly 
higher with the control and ET treatments in comparison to 
JA and ASM at 0 hai (Table 5). PAL activity was significantly 
higher with the control and JA treatments in comparison to 
the ASM treatment at 72 hai and in comparison to the ASM 
and ET treatments at 96 hai. For PAL activity, there was no 
significant difference among the treatments at 48 and 120 
hai (Table 5).

For BRS-229, CHI activity was significantly higher 
for the control and JA treatments in comparison to the ET 
treatment at 48 hai (Table 6). At 72 hai, CHI activity was 
significantly higher for the control and ASM treatments in 
comparison to the JA treatment (Table 6). There was no 
significant difference in CHI activity among the treatments 
at 0, 96 and 120 hai (Table 6). For cultivar BR-18, CHI 

Factors Components of Resistance
IP (h) NL LS (mm) AUBPC

Cultivars
BRS-229 62.46 14.21 1.62 532.48
BR-18 61.96 10.40 1.59 510.48
F values 1.73ns 2.09* 1.50ns 1.23ns

Inducers
Destilled water
JA
ASM
ET
CV (%)

61.31a 21.71 a 1.71 a 834.25 a
63.18 a 7.19 c 1.57 a 375.21 c
61.59 a 13.26 b 1.55 a 542.77 b
63.65 a 7.07 c 1.50 a 333.70 c
5.08 16.05 19.74 5.46

TABLE 1 - Incubation period (IP), number of lesions (NL) per 
cm2 of leaf area, lesion size (LS) and area under blast progress 
curve (AUBPC) on wheat plants from cultivars BRS-229 and BR-
18 sprayed with distilled water, jasmonic acid (JA), acibenzolar-S-
methyl (ASM) and ethylene (ET) and inoculated with Pyricularia 
oryzae.

Means within a column followed by the same letter are not significantly 
different (P = 0.05) according to the Tukey’s test.
CV, coefficient of variation; *, significant at P ≤ 0.05; ns, non 
significant.

Distilled water
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activity was significantly higher with the ET treatment 
compared to the control treatment at 0, 72 and 120 hai, for 
the JA treatment in comparison to ASM, ET and control 
treatments at 48 hai, for the JA and ASM treatments 
in relation to the ET treatment at 96 hai and for the ET 
treatment in comparison to the control and ASM treatments 
at 120 hai (Table 6).

For BRS-229, there was no significant difference 
among the treatments for GLU activity at 48 and 96 hai 
and for BR-18 at 0, 48 and 120 hai (Table 7). For BRS-229, 
GLU activity was significantly higher with the JA and ASM 
treatments in comparison to the control and ET treatments 
at 0 hai, for the ET treatment in comparison to the control 
and JA treatments at 72 hai and JA and the ET treatments in 
comparison to the control treatment at 120 hai (Table 7). For 
cultivar BR-18, GLU activity was significantly higher with 
the ASM and ET treatments in comparison to the control 
treatment at 72 hai and with the JA treatment in comparison 
to the control treatment at 96 hai (Table 7).

For both cultivars, LOX activity was significantly 
higher with the ASM treatment in comparison to the other 
treatments at all evaluation times (Table 8).

DISCUSSION

Many studies have investigated the use of ASM and 
the phytohormones AJ and ET to increase the basal level of 
resistance of various plant species against infection caused 
by root and foliar pathogens (Faize et al., 2004; Mandal et 
al., 2006; Belhadj et al., 2008; Vechet et al., 2009). However, 
with regard to the wheat-Pyricularia oryzae interaction, this 
is the first study, to the best of our knowledge, to present 
evidence that JA and ET can trigger wheat resistance to 
blast.

In the present study, spraying the plants of cultivars 
BRS-229 and BR-18 with JA and ET reduced NL and 
AUBPC, without affecting IP and LS, indicating that 
these phytohormones positively regulated the resistance of 
wheat to blast. Although the area under disease progress 
curve provides information on the effect of host defense 
mechanisms in reducing disease intensity during a certain 
period of time (Campbell & Madden, 1990), the decrease 
in NL suggests that mechanisms of resistance may be 
operating in P. oryzae pre-penetration and post-penetration 
events. Therefore, reductions in NL and AUBPC suggest 
that the phytohormones JA and ET can modulate wheat 
plant defense mechanisms to respond more quickly and 
in an effective way against P. oryzae infection, mainly by 
increasing the basal activity levels of POX, PPO, CHI and 
GLU. Mandal et al. (2006) observed a reduction of the 
karnal bunt symptoms, which is caused by Tilletia indica, 
on wheat plants sprayed with JA due to a balance between 
proteases and protease inhibitors in association with intense 
tissue lignification. Many other studies have demonstrated 
that ET can increase host resistance to diseases. As reported 
by Penmetsa et al. (2008), the EIN2 protein in the leaves 

of Medicago truncatula increased the resistance against 
Phytophthora infestans infection.

Even though the use of ASM can decrease the 
intensity of some diseases (Vechet et al., 2009; Dann et al., 
1998) by triggering SAR in the same spectrum of resistance 
as pathogen-induced SAR or through exogenous salicylic 
acid application (Ryals et al., 1996; Vlot et al., 2009), this SA 
analog was ineffective in decreasing the blast symptoms in 
comparison to JA and ET. Indeed, the SA and JA/ET defense 
pathways are often mutually antagonistic (Pieterse et al., 
2012), and this appeared to be case for the wheat-P. oryzae 
interaction. The results of the present study corroborate the 
finding that SAR is more effective against biotrophic and 
hemibiotrophic pathogens (Anderson et al., 2004; Vlot et 
al., 2009), considering that the hemibiotrophic phase of P. 
oryzae is shorter than 48 h after which the symptoms of 
chlorosis followed by leaf tissue necrosis begin to appear 
(Rodrigues et al., 2005; Debona et al., 2012). The spray 
of ASM showed low efficiency to reduce wheat blast 
symptoms in comparison to JA and ET which can be linked 
to the lower defense enzyme activities determined during 
the time course of fungal infection.

POX is involved in the polymerization of phenolics, 
resulting in an increase in tissue lignification and in the 
production of phytoalexins and reactive oxygen species 
(Higara et al., 2001). Xavier Filha et al. (2011) found that 
POX was important in increasing the resistance of wheat 
plants to blast. Spraying methyl jasmonate was found to be 
effective in reducing the severity of rust caused by Puccinia 
recondita f.sp. tritici on wheat due to the higher activities of 
POX and CHI and increase in phenolic compounds (Haggag 
& Abd-El- Kareem, 2009).

PPO participates in the oxidation of phenolic 
compounds, leading to the production of quinones, which 
are toxic to many pathogens (Campbell & Sederoff, 1996). 
There was an increase in PPO activity at the advanced 
stages of P. oryzae infection in the BRS-229 plants sprayed 
with ET and AJ. For cultivar BR-18, higher PPO activity 
was found throughout the P. oryzae infectious process in the 
plants sprayed with ASM, JA and ET. In contrast to POX, 
PPO was found to be important for wheat resistance against 
blast. Potato resistance to Pectobacterium atrosepticum, 
P. carotovorum subsp. brasiliensis and Dickeya spp. was 
associated with an increase in PPO and PAL activities 
(Ngadze et al., 2011).

CHI and GLU catalyze the hydrolysis of chitin and 
β-1,3-glucan, respectively, found in the cell wall of many 
fungi and may also release elicitors of defense responses 
(Keen & Yoshikawa, 1983). The activity of GLU increased 
in the plants sprayed with JA and ET, indicating the 
importance of this enzyme in wheat resistance to blast. 
According to Xue et al. (1998), POX and GLU are associated 
with the induction of bean resistance to infections caused 
by Rhizoctonia solani and Colletotrichum lindemuthianum. 
In the present study, CHI activity increased in the plants 
sprayed with ET. According to Xavier Filha et al. (2011), 
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CHI activity was maintained at a high level in wheat plants 
infected with P. oryzae. The application of Ethephon, a 
source of ethylene, to grape plants infected with Erysiphe 
necator increased the levels of CHI transcripts (Belhadj et 
al., 2006).

During pathogenesis, P. oryzae causes extensive 
damage to the leaf cells by secreting lytic enzymes and 
non-specific toxins into healthy leaf tissues, increasing 
cellular damage (Debona et al., 2012). The low production 
of MDA, an indirect indicator of lipid peroxidation in the 
cell wall membrane (Resende et al., 2012), corroborates 
the reduced blast symptoms on the leaves and, indirectly, 
the reduced colonization by P. oryzae of the leaf tissues of 
the wheat plants sprayed with JA and ET in comparison to 
ASM. Reduced lipid peroxidation in the plasma membrane 
can also be linked to an increase in POX activity in the two 
cultivars sprayed with AJ and ET. Upon fungal infection, 
the cell membrane suffers physical damage, with the 
sequential LOX-initiated degradation of lipids (Alami et 
al., 1999). The greater wheat blast symptoms on plants of 
the two cultivars sprayed with ASM was linked with the 
higher MDA concentration and also enhanced LOX activity. 
Von Gonne & Schlosser (1993) reported increased lipid 
peroxidation during the early colonization phase of oat leaf 
tissues by the necrotrophic fungi Drechslera avenae and D. 
siccans, which use reactive oxygen species to destroy leaf 
tissues, leading to necrosis.

The results obtained in this study indicate that 
spraying wheat plants with AJ and ET, in contrast to 
ASM, was effective in reducing blast symptoms and was 
associated with increased activities of the defense enzymes 
POX, PPO, CHI and GLU.
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