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Brown leaf spot disease of rice is a dominant lethal disease, caused by the fungus Bipolaris oryzae. The pathogen is an obligate parasite and causes qualitative and quantitative damage to rice crop. The objective of the present study was to investigate what extent the defense related biochemical compounds reflect the distinct categories of resistance phenotypes in rice against brown spot disease. This was done by determining the concentration of Catalase (CAT), Phenylalanine ammonia-lyase (PAL), Polyphenol oxidase (PPO), Peroxidase (POD), and β-1,3-Glucanase enzymes in resistant, moderately resistant and susceptible rice genotypes. The disease resistant phenotypes in rice line (PARC-7) reflect the higher accumulation of CAT, PAL, PPO, POD, and β-1,3-Glucanase. The pattern of enzyme accumulation was similar in all resistant genotypes. The rice genotypes with moderately resistant phenotypes showed significant difference with respect to the concentration of biochemical defense-related compounds. The difference in accumulation of defense related enzymes reflected the level of disease severity (% leaf area covered) on resistant and moderately resistant genotypes. The susceptible rice genotypes showed the minimum concentration of these enzymes, with the lowest concentrations found in the rice variety Bas-2000 (80% Disease Index). The differential defense response in resistant and susceptible genotypes suggests that these enzymes can be used as biochemical markers for early detection of disease resistant genotypes. The study of enzyme accumulation at different time points and at different levels of disease severity helps to understand the resistance mechanisms against brown spot disease in rice.
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INTRODUCTION

Rice (Oryza sativa) is a major food crop of Pakistan and staple food after wheat, and the third largest crop in terms of area sown (https://reliefweb.int/sites/reliefweb.int/files/resources/Pakistan_Food_Security_Bulletin_September_2016.pdf). Pakistani Basmati rice is famous and distinguished all around the world for its appearance and aroma, but unfortunately rice production is reduced because of the biotic and abiotic stresses. Among the biotic constraints, fungal and bacterial diseases play a vital role in damaging health of rice crops and lessening rice production. In Pakistan, reports reveal that there is a loss of $5 billion due to diseases of rice (Asghar et al., 2007). The three most important pathogens of rice are Pyricularia oryzae, Helminthosporium oryzae, and Xanthomonas oryzae, which causes blast, brown spot, and bacterial blight (Singh et al., 2013).

Brown leaf spot disease caused by Bipolaris oryzae is one of the distinctive and most damaging disease of rice in the world, because of the extensive distribution of numerous physiological races (Arshad et al., 2008). Brown spot disease is linked with many important epidemics in the world with the most destructive occurring in 1942 that resulted in the Great Bengal Famine. Reported yield losses vary broadly from 6 to 90% (Barnwal et al., 2013). The characteristic symptoms of brown spot on leaves and glumes include light reddish-brown lesions or lesions with a gray center surrounded by a dark to reddish-brown margin, and then by a bright yellow halo (Dallagnol et al., 2009). Spots have a distinctive shape and size on different parts of plant depending upon the environmental conditions (Don and Clayton, 2010). In adverse conditions, discoloration and poor grain filling occurs, resulting in a reduction of yield during the plant's reproductive stage (Huynh and Ashok, 2004). The symptoms are more apparent and severe when rice is sown in soil that is nutrient deficient (Nazari et al., 2015). The causal fungus Bipolaris oryzae remains in seeds for most of its lifecycle, but can also persist on infested rice stubble and straw. It spreads from plant to plant in the field by the airborne spores (Sato et al., 2008). Weeds that serve as alternative hosts and soils are important as sources of inoculum for this pathogen survival (Biswas et al., 2008).

Rice disease management strategies mainly relies on the deployment of host plant resistance and fungicides (Sarkar et al., 2014). Utilization of resistant varieties is the simple, harmless, effective, and the most economical approach for managing the brown spot disease. However, very few resistant cultivars are available for practical use (Biswas et al., 2011) and sometimes resistance is very unstable due to the presence of new and more virulent pathogen races (Katasntones et al., 2007). Therefore, it is necessary to develop and update resistant levels in each variety, every year and there is also a need to develop those strategies that will help in protecting the plant's resistance level over a longer period of time in a wide geographical area (Fengming and Robert, 2001). Host resistance is mediated by a complex network of molecular and biochemical events that determine a range between the susceptibility and resistance. Understanding of the host resistance mechanism and the biochemical interaction of host and pathogen plays a vital role in the identification of effective and durable resistance genotypes. Several defense-related enzymes are known to play a crucial role in the expression of rice disease resistance (Geetha et al., 2005). The most commonly studied defense compounds that act as first line of defense are mitogen activated protien kinases (MAPKs), peroxidase (POD), and phenylalanine ammonia lyase (PAL) (Eliahu et al., 2007). Together with the introduction and buildup of other pathogenesis-related (PR) proteins, like β-1,3-Glucanase (Kessmann et al., 1994) Catalase, Superoxide dismutases (Khan and Hemalatha, 2016), and PolyPhenol Oxidase (Canxing et al., 2013), these compounds contribute to systemic acquired resistance (SAR) by accumulating profusely at the site of infection. Most of these compounds accumulated in resistant rice genotypes under field conditions. However, the level and time of accumulation varied among different varieties. It is not well-known if the expression of specific defense compounds can act as biochemical marker for the detection of the resistance in diverse rice genotypes (Carella et al., 2019). Many previous studies investigated the role of defense related enzymes for understanding the resistance mechanisms (Sripriya et al., 2017; Minaeva et al., 2018; Aoki et al., 2020; Divya et al., 2020; Hoang Loc et al., 2020) but in Pakistan no such studies were carried out for the brown spot disease. The objective of the present study is to characterize the biochemical defense compounds with different levels of brown spot disease resistance in rice genotypes. The hypothesis investigated is to what extent the defense related compounds reflect specific phenotypes in rice against brown spot disease.



MATERIALS AND METHODS


Isolation and Purification of Pathogen

The fungal pathogen of brown spot disease Bipolaris oryzae was isolated from the infected rice plant samples preserved in the rice pathology lab, Nuclear Institute for Agriculture and Biology (NIAB) Faisalabad. The infected samples were collected by the rice pathologist from different rice growing areas of Punjab during the previous surveys. For the isolation of pathogen from infected rice samples, Potato Dextrose Agar (potato starch 20 g, glucose 20 g, agar 20 g in a 1 L distilled water) media was prepared in 1 L flask. The solution was slowly shaken by hand and autoclaved at 121°C 15–20 psi for 15–20 min. The PDA solution was allowed to cool in a laminar flow cabinet for 24 h at room temperature and media was poured in it and kept for solidification. Small cuttings of infected leaf portions along with healthy rice leaves were made followed by the surface sterilization with 2% (v/v) solution of sodium hypochlorite (NaHCl) in three sterilized tubes. The leaves were soaked for 2 min in NaHCl in the first tube, followed by two washes in sterile distilled water in the second and third tubes. After drying on sterilized tissue paper, 3–4 leaf pieces were aseptically placed on PDA plates, and incubated at 30°C for 3–4 days. Patterns of fungal growth were observed on daily basis. For purification, sub-culturing was done. A minute portion of the greenish colonies was collected using a sterilized inoculating needle, placed on the center of the new solidified PDA plates and incubated for at 30°C. After 3–4 days, once the new colonies had appeared, slides were prepared from pure fungal colonies and mycelia and the shape of the spores were observed under microscope (Labomed, USA). The identifying features are the observation of gray to dark greenish gray mycelium showing fluffy and cottony growth, with septate gray-greenish hyphae. Conidia are brown, usually curved, widest at the middle and tapering to rounded ends.



Rice Germplasm and Their Screening Against B. oryzae

Seventy-three (73) diverse genotypes of rice were screened against brown spot disease in this study. Among these 50 genotypes were obtained from International Rice Research Institute (IRRI), 16 types of rice germplasm from Pakistan Agriculture Research Council (PARC), 7 commercial varieties (Basmati-Super, Bas-370, Bas-385, Bas-198, Bas-2000, Bas-Pak, Bas-515, and Basmati C-622) were used. All genotypes were sown in the disease screening nursery at NIAB, according to the standard evaluation system of IRRI (2014). Seeds of each germplasm were sown on a raised bed of 30 cm in a single row and after two test rows, a highly susceptible variety (Basmati 2000) was sown in a single row to facilitate disease spread.

Each test genotype was sown in three replications with 10 cm distance between rows. The disease susceptible spreader variety was also sown in two parallel rows around the nursery. Seeds were covered by spreading thin layer of farm yard manure (FYM) and overhead watering took place three times per day. After 3 weeks, inoculum of the fungus B. oryzae was sprayed on the test plants. Inoculum was prepared by growing the fungus on rice seeds under laboratory conditions. For this, 1 kg of healthy rice seeds was placed in polythene bags, autoclaved and moisturized with distilled water. The top of the polythene bag was tightened by placing wooden disks, enclosed by cotton (Supplementary Figure 1) and incubated for 24 h at room temperature. The following day, fungal disks of 7-day old colonies were taken and 5 disks (5 mm) were added into seed bags and incubated for 7 days at room temperature. After this time, 250 ml distilled water was added into the seed bags and mixed well with hands covered with gloves, and then the resulting suspension was filtered through muslin cloth into a beaker. A slide was prepared from the spore suspension for microscopic observation and confirmed the presence of B. oryzae spores in suspension. The concentration of spores was adjusted to 1 × 106 using a haemocytometer. The spore suspension was added to a sterilized hand sprayer and sprayed on each rice plant. Disease data was recorded after 3 weeks of inoculation according to the standard disease rating scale of IRRI (2014) (Table 1). Ten plants of each genotype were observed for disease assessment and mean was used for statistical analysis. Similarly, disease data of 10 plants per genotype in each bed was recorded.


Table 1. Disease rating scale for brown spot disease of rice.
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Biochemical Characterization

Leaf samples (20–25 leaves) of the 10 rice genotypes having resistant and moderately resistant phenotypes were collected from the diseased screening nursery of NIAB. In the same way, leaf samples of 10 susceptible genotypes were also collected for their biochemical profiling and stored at −1°C. The same number of leaves were collected from each replicate and 0.1 g leaf tissue per genotype was used for biochemical profiling.

Determination of the total soluble protein was done by following Bradford (1976) method. Suspension preparation was completed by weighing 0.1 g chilled leaves and cut into small pieces for grinding. These samples were ground in a mortar and pestle with 2 ml (0.1M) Sodium Phosphate Buffer, pH 6.0, and centrifuged at 13,000 rpm for 10 min. Supernatant was taken and stored at −18°C until use and residues were discarded. Extract (100 μl) of enzyme was taken in each test tube along with 5 ml of Coomassie blue agent (100 mg). In another test tube, a blank was prepared by adding 5 ml of Coomassie blue agent along with 100 μl Sodium Phosphate Buffer. Mixtures in the test tubes were vortexed for 5 min, then absorbance was measured by spectrophotometer at 595 nm (Bradford Protein assay, USA). For the preparation of protein standard, 1 mg/mL Bovine serum albumin was dissolved in the distilled water and utilized as the stock solution. The specific protein concentration was determined in the standard solution by noting its absorbance at 595 nm through spectrophotometer.

Catalase (CAT) activity was determined according to the method of Zhang et al. (2007). The consumption of H2O2. Leaf tissue (0.1 g) was homogenized with 2 ml (0.1M) Sodium Phosphate Buffer, pH 6.0. The homogenate was centrifuge at 13,000 rpm for 10 min. Supernatant was taken and stored at −18°C until use, and residues were discarded. Samples (100 μl) were treated with the reaction mixture containing 200 ml of H2O2 along with 30 ml Buffer (Sodium Phosphate) having pH 6.0 at room temperature (25°C). In a cuvette, 1.9 ml of distilled water was added, along with 1 ml substrate and 100 μl sample. The change in the absorbance was measured after 1 min at 240 nm. Utilization of H2O2 was quantified by its molar extinction coefficient (36 mol/1 cm). The activity of CAT enzyme was presented as CAT units min−1 mg−1 of protein.

For the estimation of peroxidase (POD), the sample suspension was prepared by weighing 0.1 g chilled leaves, grinding them in mortar and pestle with 2 ml (0.1M) Sodium Phosphate Buffer, pH 6.0, then centrifuging at 13,000 rpm for 10 min. Supernatant was retained for analysis, and stored at −18°C. The activity was estimated by a method described by Chance and Maehly (1955). The substrate buffer was prepared by adding 2.8 ml of (50 mM) Sodium Phosphate Buffer, 800 μl (40 mM) H2O2, 200 μl guaiacol and 60 ml of distilled water. Substrate (3 ml) and 100 ul sample were placed in cuvettes and absorbance at 470 nm was measured before and after 1 min. The enzyme activity was described by a variation of 0.01 unit min−1.

The enzyme phenylalanine ammonia-lyase (PAL) activity was estimated following the Zucker (1965) method. Leaf tissue (0.1 g) of its weight was homogenized with 1 ml (0.1M) buffer (Sodium borate) having pH 8.8. The homogenate was centrifuge at 13,000 rpm for 10 min. Supernatant was taken and stored at −18°C until use and residues were discarded. The 62.5 μl enzyme extract and 800 μl of sodium borate buffer were added in each test tube, along with 700 μl of (12 mM) phenylalanine, and tubes were incubated at 40°C in a water bath for 1 h. To stop the reaction, 200 μl of 5N HCL was added. Then, 0.5 ml of Trans-cinnamic acid (TCA) (1M) was added and estimation of the light absorbance was done at 290 nm.

For the estimation of polyphenol oxidase (PPO), 0.1 g chilled leaves were ground in mortar and pestle with 2 ml of 0.1M Sodium Phosphate Buffer, pH 6.0 and centrifuged at 13,000 rpm for 10 min. Supernatant was retained and stored at −18°C, and residues were discarded. The activity of PPO was estimated by following procedure described by Mayer et al. (1965). In the cuvette 1.0 ml of 0.1M sodium phosphate buffer, pH 6.5 and 1.0 ml of (0.01M) L-tyrosine in HCl was also added along with 0.9 mL of distilled water. Then 100 μl of sample was added and the absorbance was measured at 280 nm. The change in absorbance was determined at 30 s for 2 min and activity of PPO was expressed in min−1g−1 of fresh tissue.

The activity of β-1,3-Glucanase enzyme was estimated by following the method described by Liang et al. (1995). Chilled leaves (0.1 g) were ground in a taken in mortar and pestle with 1 ml of 0.05M Sodium Acetate Buffer, pH 5.0 and centrifuged at 13,000 rpm for 10 min. Supernatant was stored at −18°C and residues were discarded. In each test tube the reaction mixture comprised 0.1 mL of 50 mM Sodium Acetate Buffer, pH 5.0, 62.5 μl of 4% laminarin substrate and 62.2 μl enzyme extract followed by the incubation at 40°C for 10 min. The reaction was paused by introduction of 375 μl of dinitro salicylic acid and the mixture was boiled for 5 min in water bath and 4.5 ml of distilled water was added. Enzyme activity was then measured at 500 nm.



Statistical Analysis

The mean of disease and enzyme data was subjected to one-way ANOVA through software of SAS statistical (SAS institute, 1990). Rice genotypes and their enzymes activity means were compared using Least Significant Difference (LSD) at 5% level of significance.




RESULTS


Symptomatology, Microscopic Identification of B. oryzae

Rice leaves infected by the brown spot disease exhibited lesions appeared on leaves that were originally dark brown in color ranging to purple-brown, with a light brown to grayish center and margins on the leaves were reddish-brown (Figure 1a, Supplementary Figure 2). Some leaves also showed spots with a typical yellow halo around the spot. Gray to dark greenish-gray, septate mycelia of brown spot pathogen were observed on PDA media (Figure 1b). The observed conidia were dark brown to olive-brown, curved or straight, fusiform with 6–16 transverse cell walls (Figure 1c, Supplementary Figure 3).
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FIGURE 1. Symptomology and microscopic identification of Bipolaris oryzae the causal organism of brown spot disease in rice. Typical lesions appeared as dark brown in color with grayish center and margins and typical yellow halo around the spot on rice leaves (a). Isolation and purification of B. oryzae with gray to dark greenish septate mycelia observed on PDA media (b). Microscopic observation showed dark brown to olivaceous brown conidia, curved or straight, fusiform with 6–16 transverse cell walls (c).




Phenotypic Characterization of Rice Germplasm

The disease data revealed diverse phenotypic response of seventy-three (73) genotypes screened against the brown leaf spot disease (Table 2). None of the rice genotypes were found to be completely immune or highly resistant. Among the 50 genotypes developed by IRRI, only one resistant source (IRRI-43) was identified. However, 21 genotypes with moderately resistant phenotypes were found. The rest of the genotypes showed moderately susceptible to susceptible response (Table 2). Among the 16 genotypes from PARC, 4 genotypes were found to be resistant while five showed a moderately resistant response (Table 2). The screening of commercial varieties revealed the absence of resistance against brown spot disease. However, Basmati-Pak and Basmati-370 exhibited a moderately resistant phenotype. The spreader variety Basmati-2000 was highly susceptible with the disease index of 80.1%. Overall, the phenotypes of screened rice germplasm revealed the absence of resistance sources in exotic as well as local germplasm.


Table 2. Phenotypic response of diverse rice germplasm against Brown spot disease.
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Biochemical Characterization of Disease Resistance

For biochemical characterization, five resistant genotypes, five moderately resistant (IRRI and PARC), and 10 susceptible genotypes were selected on the basis of their phenotypic response against the brown spot disease (Table 3). Defense related biochemical compounds were estimated and their expression was compared between resistant, moderately resistant and susceptible phenotypes (Table 3). The results showed that protein contents and defense related compounds were at maximum concentration in resistant genotypes, followed by the moderately resistant and susceptible rice lines. However, enzyme accumulation varied between the five resistant genotypes. The highest accumulation of total protein (2.45 mg/g.f.wt) and five defense related enzymes (CAT:1.72, POD:3.33, PAL:0.88, PPO: 13.30 and β-1,3-Glucanase: 3.70 U/mg protein) were recorded in resistant genotype PARC-7 followed by the PARC-13, PARC-8, PARC-1, and IRRI-43 (Table 3). All five genotypes showed a resistant phenotype, but had significantly different levels of the enzyme accumulation. The variation in the expression of defense enzymes suggest the induction of different biochemical pathways in each resistant genotype. Among the five moderately resistant genotypes, IRRI-11 showed highest enzyme accumulation (CAT:1.23, POD:1.70, PAL:0.78, PPO: 9.96, and β-1,3-Glucanase: 2.60 U/mg protein), followed by the PARC-14, IRRI-47, IRRI-36, and IRRI-27 (Table 3). The enzyme accumulation in all moderately resistant genotypes were significantly lower from the resistant lines. However, no significant difference in accumulation of CAT, POD, and β-1,3-Glucanase was observed between the IRRI-11, PARC-14, and IRRI-47 genotypes. The PAL and PPO accumulation were different in all five moderately resistant genotypes. Overall, the POD and PPO accumulation were ~2-fold lower in moderately resistant genotypes compared to the resistant lines (Table 3).


Table 3. Comparative analysis of total Protein and defense enzyme contents in disease resistant and susceptible rice germplasms.
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The susceptible and highly susceptible genotypes of rice germplasm mostly showed minor difference in enzyme accumulation, with the maximum expression in Basmati-515 followed by IRRI-15, PARC-4, and IRRI-9. The lowest accumulation of defense related enzymes was observed in PARC-9, IRRI-16, and Basmati-2000, which expressed the highly susceptible phenotypes. The most significant difference between the susceptible and the resistant genotypes were reflected in the accumulation of POD and PPO enzymes. The POD accumulation in resistant genotype PARC-7 (3.33 U/mg protein) was 10-fold lower in the highly susceptible variety Basmati-2000 (0.366 U/mg protein) (Table 3). Likewise, the PPO expression was 20-fold lower in Basmati-2000 (0.69 U/mg protein) compared to the resistant genotype PARC-7 (13.30 U/mg protein). The accumulation of β-1,3-Glucanase was highest in the resistant genotype (2.8–3.7 U/mg protein) was reduced (2.3–2.6 U/mg protein) in moderately resistant genotypes and least expressed in highly susceptible rice variety Basmati-2000 (1.31 U/mg protein).

The biochemical profile of 20 rice genotypes clearly can be used to differentiate the resistant, moderately resistant, susceptible, and highly susceptible phenotypes. The pattern of total protein and five defense related enzymes showed a gradual decrease from resistant to highly susceptible phenotypes. However, individual enzyme accumulation varied with respect to the host genotype and its phenotypic response. The range of the enzyme accumulation representing resistant phenotypes was 1.25–1.72, 1.8–3.3, 0.79–0.80, 10.0–13.3, and 2.8–3.7 U/mg protein for catalase, Peroxidase, Phenyl ammonium lyase, Polyphenol oxidase, and β-1,3-Glucanase, respectively. The enzymes spectrum reflecting moderately resistant phenotypes was 1.23–1.19, 1.7–1.4, 0.78–0.74, 9.96–6.7, and 2.6–2.3 U/mg protein for catalase, Peroxidase, Phenyl ammonium lyase, Polyphenol oxidase, and β-1,3-Glucanase, respectively.




DISCUSSION

The objective of the current study was the biochemical characterization of rice germplasm having resistant, moderately resistant and susceptible phenotypes against B. oryzae causing brown spot disease. It was achieved by determining the activity of five defense related enzymes at seedling stage after inoculation with prevailing population of B. oryzae. Increased activity of defense-related enzymes (CAT, PAL, PPO, POD, and beta-1,3-glucanase), correlated with higher levels of resistance to brown spot disease in rice cultivars, suggesting that these enzymes could be used as biochemical markers for early detection of disease-resistant genotypes. In addition, resistant and moderately resistant genotypes were also identified among the local and exotic rice germplasm against B.oryzae.

Brown spot (BS), caused by Bipolaris oryzae affects millions of acres of rice worldwide causing great yield losses yearly (~10% average) and reducing grain quality (Barnwal et al., 2013). The current study was carried out at rice seedlings on which small brownish lesions, typical of brown spot, were observed and leaf samples were collected for microscopic and biochemical characterization. The microscopic observation revealed the presence of fusiform and slightly curved bipolar conidia and these morphological observations are in line with the previous study (Wang et al., 2016). Bipolaris oryzae belongs to the ascomycetes family which is a very large group of fungi and Bipolaris has a broad host range. Although we isolated the fungus from rice and confirmed it through pathogenicity test and microscopy. The molecular confirmation of pathogen and genetic diversity in pathogen population through molecular markers is suggested in Pakistan as conducted earlier in Japan, Philippine and Iran (Ahmadpour et al., 2018). Such information will help to interpret the phenotypic diversity and variation in pathogen latent period and growth at multiple growth stages of rice.

Use of resistant varieties is an effective and durable way to protect crop from brown spot disease. Resistant varieties help to stabilize yield, but approaches for brown spot control through resistance are very scarce and not stable due to the presence of more severe races of pathogens (Katasntones et al., 2007). In the present study, 73 diverse and both local and exotic rice genotypes were evaluated against brown spot disease under inoculated field conditions. Five genotypes representing International Rice Research Institute (IRRI) and PARC showed resistant phenotype. The 50 genotypes provided by IRRI were high yielding yet were not tested at IRRI against brown spot disease. Out of 50, only 21 showed a moderately resistant phenotype. The result suggests the different genetic background of the germplasm. Another reason of contrasting phenotype could be the very different environmental conditions in Pakistan because the germplasm was not challenged against the prevailing B. oryzae pathogen population. The primary source of inoculum is likely through infected seeds and is perhaps a dominant process in many BS epidemics. There is the possibility that the rice seed provided by the IRRI is treated with fungicide which may inhibit seed infection. Four genotypes showed a resistant response and there were five moderately resistant phenotypes among the PARC material. Most of the genotypes were developed by crossing of the local varieties and exotic germplasm. However, the study for the confirmation of genes and/or QTLs in these genotypes for disease resistance has not be conducted yet. The results emphasize to adopt integrated approaches for the management of the brown spot disease.

Several previous studies identified resistant genotypes in rice collection under field conditions however very few genes or QTLs were identified against brown spot disease. Satija et al. (2005) identified 15 Oryza sativa entries out of 124 that were classified as resistant (<5% severity). Conversely, Hossain et al. (2004) identified one resistant variety out of 29 entries. Three quantitative trait loci (QTL) were detected in cultivar Tadukan (qBS2, qBS9, qBS11) on chromosomes 2, 9, and 11, respectively (Sato et al., 2008), and qBS11 is considered as having a major effect. Based on the phenotypic results, we can postulate that the resistant rice genotype may contain resistance genes, but validation through molecular markers or specific primers is required. The moderately resistant and moderately susceptible genotypes might carry minor QTLs but to support this hypothesis the germplasm needs to be evaluated at adult plant stages. It is generally accepted that the partial resistance is governed by the QTLs and is mostly expressed at adult plant stages. Our results also highlighted that none of the rice commercial variety showed a resistant reaction against brown spot disease. We are not certain whether the seed of the varieties used in this study was pathogen free. If seed of the commercial varieties carried Bipolaris oryzae spores, this could have increased the inoculum pressure resulting in the susceptible reaction of the rice varieties. Based on the results of our screening, the selected resistant germplasms can further be used in the breeding program as a source of resistance against brown leaf spot of rice. For future studies, it is suggested that the phenotyping of rice germplasm at multiple growth stages and against the diverse race of pathogen should be executed. It will not only improve our understanding of host-pathogen interaction but will also increase the resolution of rice resistance under field conditions.

Plants have evolved a sophisticated defense system which includes constitutive or induced, biochemical or structural mechanisms, to ward off pathogen attack. Among such mechanisms, some enzymes and compounds have been shown to be involved in rice defense against fungal infection. In the current study, accumulation of biochemical defense related enzymes was determined in resistant, moderately resistant and susceptible rice genotypes against brown spot disease. The results showed that the accumulation of total protein, catalase, peroxidase, phenyl ammonium lyase, polyphenol oxidase and β-1,3-Glucanase were higher in resistant genotypes followed by the moderately resistant rice lines. The results are in line with the previous studies in which the rice defense to B. oryzae was found to be related to higher activities of peroxidase (POD) (Dallagnol et al., 2011). In a similar study rice plants that displayed higher concentrations of POD, polyphenol oxidase (PPO), phenylalanine ammonia-lyase (PAL), and lipoxygenase (LOX) were more resistant to leaf scald (Tatagiba et al., 2014).

Involvement of protein components in plant disease resistance has been documented in many plants' pathogenic interactions (Tornero et al., 2002; Carvalho et al., 2006). In this study, we found that the higher amount of total protein in rice leaves correlated with lower disease incidence. However, the parameter of total protein cannot explain the total variation in phenotype because proteins are major constituents of the plant cell and are involved in many biochemical functions including host defense against diseases. Association of the total protein with plant defense against fungi and bacteria was earlier reported in wheat (Biswas et al., 2003), rice (Kumawat et al., 2008; Biswas et al., 2011), oat (Fink et al., 1988), maize (Nasser et al., 1990), and barley (Hoj et al., 1989).

We observed the reduction in the accumulation of all enzymes (CAT, POD, PAL, PPO, and β-1,3-Glucanase) as resistance level decreases. However, the reduction in POD and PPO in susceptible rice genotypes was very rapid and many-fold lower in comparison to the resistant ones. Supporting the data provided by Cruz et al. (2010), the present study brings novel evidence of efficient activation of defense enzymes in the leaves of resistant and the moderately resistance genotypes that removes the excess ROS, may be linked to the resistance. Among the enzymes involved in the removal of the excess ROS generated spontaneously, CAT also plays a key role (Mittler, 2002).

CAT is an oxygen-scavenging enzyme that protects cells from the toxic effects of substrates (H2O2) during development, which are otherwise lethal (Choodamani et al., 2009; Patel et al., 2011; Hameed and Iqbal, 2014). In the present study, the CAT activity only increased on leaves with resistant phenotype (<5% disease severity). Based on a previous study in tomato (Kuzniak and Sklodowska, 2005), CAT activities were increased during the initial stage of Botrytis cinerea infection and decreased after the necrotic lesion formation. The reduction in CAT activity in susceptible rice genotypes could be a consequence of enhanced proteolysis, which is induced during infection process (Palma et al., 2002), as is the case of Pyricularia orzyae infection. The investigation of CAT activity at multiple time points after inoculation is suggested for future studies for better understanding of the biochemical defense in rice against brown spot disease. The difference in the CAT activity between rice genotypes suggests that this enzyme plays a major role in the rice resistance to brown spot disease. This result is in agreement with Magbanua et al. (2007), who demonstrated that the CAT activity was higher in the leaves of maize lines resistant to Aspergillus flavus than in susceptible ones. The role of CAT in the plant–pathogen interaction seems to be more complex than for abiotic stress (Kuzniak and Sklodowska, 2005), which involves an association between CAT activity and plant tolerance (Miyagawa et al., 2000; Oksanen et al., 2003).

Peroxidase (PODs) is one of the first response enzymes which provides rapid defense against pathogen attack (Sulman et al., 2001). PODs are involved in the lignification, suberification, polymerization of hydroxy-proline-rich glycoproteins, and the resistance against pathogens in plants (Hammond-Kosack and Jones, 1996; Yoshida et al., 2003; Maksimov et al., 2014). The results of the present study showed that the peroxidase enzyme was accumulated in higher concentration in resistant and moderately resistant rice genotypes, with 10-fold less accumulation in highly susceptible rice variety Bas-2000. The results suggest that the POD played an important role in defense against brown spot disease. Infection with plant pathogens led to an induction in POD activity in plant tissues and a greater increase was recorded in resistant plants compared to the susceptible ones (Mydlarz and Harvell, 2006). A similar increase in POD activity was observed in tomato and bell pepper infected with tobacco mosaic virus and tomato mosaic tobamovirus (Madhusudhan et al., 2009) and tomato yellow leaf curl virus infected tomato plants (Dieng et al., 2011). In previous studies (Hong-xia et al., 2011) POD activity was found more important for resistant than for susceptible wheat cultivars when infected by Rhizoctonia cerealis. The higher POD activity in the leaves of wheat plants during the late stages of P.oryzae infection was detrimental to the resistance against blast (Xavier et al., 2011). These reports are in agreement with the data from the present study, which showed that the POD activity was maintained at a higher level in the leaves of resistant rice genotypes during seedling infection.

Phenyl ammonium lyase (PAL) is the primary enzyme in the phenylpropanoid metabolism and plays a significant role in the synthesis of several defense-related secondary compounds such as phenols and lignin (Hemm et al., 2004; Tahsili et al., 2014). In present study, PAL activity was higher in leaves of resistant genotypes and subsequently reduced as the resistance level decreased. PAL activity was found to change significantly in all four categories of host resistance. Similar results were reported by Ogawa et al. (2006) in tobacco leaves inoculated with tobacco mosaic virus. A previous study indicated that the presence of phenolic compounds in plants and their synthesis in response to infection is associated with disease resistance (Mandal et al., 2010). Another study highlighted that an increased accumulation of phenolics is due to increase in PAL activity that offered protection against diseases (Jayaraj et al., 2010).

Polyphenol oxidase (PPO) is important in the initial stage of plant defense where membrane damage causes release of phenols such as chlorogenic acid. PPO catalyzes the oxidation of phenolics to free radicals that can react with biological molecules, thus creating an unfavorable environment for pathogen development (Jockusch, 1966; Mohamed et al., 2012). PPO activity was significantly higher in resistant rice genotypes and rapidly decreased in susceptible genotype. Many studies have shown that PPO is induced in response to infection by different pathogens (Constabel et al., 2000; Stewart et al., 2001; Vanitha et al., 2009). Induction of PPO expression in resistant genotypes in the present study in response to Bipolaris oryzae infection might provide an additional line of defense to protect plants against further attack by pathogen and insects. There is a possibility that the resistant rice genotypes produce more secondary metabolites involved in plant defense mechanism than the susceptible genotypes. Similar findings were previously reported in other plant–pathogen interactions (Thipyapong et al., 1995; Stout et al., 1999).

β-1,3-Glucanase are the pathogenesis-related (PR) proteins associated with biotic stresses. They are coordinately induced, accumulate systemically and are linked to the development of systemic acquired response (SAR) (Ferreira et al., 2007). Plants produce enzymes such as β-1,3-glucanase and chitinase (Santos et al., 2004) that can break down the cell wall components of pathogens in a coordinated manner. These enzymes are important determinants of the resistance of plants to fungal diseases (Funnell et al., 2004). The results of this study indicated that the resistant genotypes displayed a significantly higher amount (3 times higher) of β-1,3-glucanase than the susceptible ones. The consistent and rapid increase in their activity in the resistant cultivar after pathogen infection suggests a possible role for β-1,3-glucanase in the defense mechanism of rice genotypes against B. oryzae. A direct role for β-1,3-glucanase in the defense of plants against pathogens has been proposed, because the substrate for the enzyme, β-1,3-glucan is a major component of the cell walls of many fungi (Wessels and Sietsma, 1981). However, β-1,3-glucanases can also play an indirect role in defense because they are known to release oligosaccharides from the walls of fungi, which in turn, act as signals in the elicitation of host defense responses (Poonam et al., 2013). In a previous study, enhanced activity of chitinase and β-1,3-glucanase was observed in rice plant infected with R. solani (Mondal et al., 2012). It has been reported earlier, that plants with elevated levels β-1,3-glucanase expression are more resistant to fungal pathogens (Datta et al., 2001). The results, therefore, suggest a possible role of β-1,3-glucanase in defense mechanism of Oryza sativa against the brown spot disease.



CONCLUSIONS

Overall, the results from the present study showed an elevated expression of defense enzyme activities in rice after the B. oryzae infection. Field based phenotyping identified the resistant and moderately resistant genotypes among the collection of 73 diverse rice germplasm. The biochemical profile of 20 diverse rice genotyped clearly reflect their phenotype. Our finding indicate that the elevated expression of various defense enzymes is an important feature of rice resistance to brown spot disease. We concluded that the total protein, CAT, POD, PAL, PPO, and β-1,3-Glucanase (PR proteins) play an active role in disease resistance against brown spot disease. However, the CAT, POD, and PPO were found to differ significantly in resistant and susceptible varieties after infection with B. oryzae. These enzymes can be used as biochemical markers for early detection of resistant during compatible and incompatible interactions. However, additional studies are needed to characterize these defense compounds at adult plant stages of the rice. On the basis of phenotypic and biochemical profiling of rice germplasm, the resistant and moderately resistance rice genotypes with elevated expression of defense enzymes can be used in rice breeding program for the development of disease resistant varieties.
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Mean values comparison with least significant difference test (LSD). Column with mean values sharing simiér letters do not differ significantly at P < 0.05.
MR, Moderately Resistant; MS, Moderately Susceptible; S, Susceptible; HS, Highly Susceptible.
“Represent the unit of enzymes in (U/mg protein).
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05 >50% Highly susceptible

Source: IRRI SES (IR, 2014).
R Resistant; MR, Moderately Resistant; MS, Moderately Susceptible; S, Susceptible; HS, Highly Susceptible.
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