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Abstract: Wheat blast caused by the hemibiotroph fungal pathogen Magnaporthe oryzae Triticum
(MoT) pathotype, is a destructive disease of wheat in South America and Bangladesh. Generation
of reactive oxygen species (ROS) is one of the defense responses in plants during the infection process by a pathogen. However, empirical evidence on regulation of ROS in wheat and other host and
non-host plants towards MoT is limited. This study aimed to determine the susceptibility of some
major cereals and weeds of Bangladesh and compare the antioxidant enzyme activities in host and
non-host plants in response to artificial inoculation by MoT. Seedlings of wheat, maize, barley and
swamp rice grass were susceptible to MoT and produced considerable number of conidia on infected leaves (host). Rice seedlings showed a resistant response in our laboratory conditions (nonhost). The activities of ROS-detoxifying enzymes; catalase (CAT), ascorbate peroxidase (APX), Glutathione peroxidase (GPX), Glutathione S-transferase (GST), Peroxidase (POX) increased in all
plants after inoculation by MoT with a few exceptions. Interestingly, an early and very high accumulation of CAT was observed within 24 hours of inoculation (hai) in wheat, barley, maize and
swamp rice grass while H2O2 concentration was low during that time and immediately after that
(24-48 hai). In contrast, an early and high accumulation of H2O2 was observed in rice at 48 hai with
little CAT activity only at a late stage. The APX, GST and POD activity was also increased due to
the inoculation of MoT at the early stage of infection in rice but were very high at the disease progression stage in wheat, barley, maize and swamp rice grass. GPX activity gradually decreased with
the increase of time in rice. Taken together, our results suggest that a robust and late induction of
most of the antioxidant enzyme activities occurs in susceptible/host plants whereas an early induction of antioxidant enzyme activities occurs in resistant/ non-host plant but with slow kinetics.
Keywords: Antioxidant enzymes; hemibiotroph; reactive oxygen species; host-pathogen interaction; sporulation
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1. Introduction
Wheat blast disease caused by the filamentous fungus Magnaporthe oryzae Triticum
(MoT) pathotype is a recurrent problem in wheat-growing regions. After its first emergence in Brazil, this disease spread to other neighboring countries of South America. Although the disease was mainly restricted in the tropical regions of South America [1], increasing trend of greenhouse gases and climatic change associated with global warming
triggered its spread to other parts of the world. It spotted for the first time in Bangladesh
in February 2016 devastating 1500 hectares of wheat crop with yield loss up to 100%[2].
Field pathogenomics revealed that the pathogen is a lineage of South American M. oryzae
isolate and probably introduced in the country by seed trading [2, 3]. A recent report
showed that wheat blast pathogen MoT pathotype also caused disease on rain-fed grown
wheat in Zambia where the disease incidence ranged from 50 to 100% [4].
M. oryzae is generally classiﬁed as a hemibiotrophic pathogen, which has a long biotrophic (asymptomatic) phase followed by a necrotrophic phase that leads to tissue collapse, necrosis and cell death [5, 6]. The infection cycle of M. oryzae starts when three celled
pyriform conidia germinate and produce appressorium after landing on the leaf surface
and establish a biotrophic interaction with host plant [6]. Initial blast symptoms on leaves
appear as diamond-shaped water-soaked lesions that gradually turn necrotic with the
progression of time. Symptoms on wheat head become visible when M. oryzae colonize at
the rachis and block nutrient translocation to the grains causing shriveled, small and underweight seeds [7, 8]. Infected seeds are considered the primary source of long-range
inoculum dispersal of M. oryzae from one place to another [9]. Besides seed, alternative
hosts are also considered as a reservoir of overwintering inoculum of blast pathogen for
disease outbreak [10]. A striking example is wheat blast outbreak in Brazil, which was the
consequence of host jump of MoT isolates from perennial ryegrass due to loss of a host
specificity determinant [11]. Wheat infecting M. oryzae isolate can infect some other Poaceae family plant species including barley, rye, oat and Setaria indica. Rice is considered
a non-host for M. oryzae isolate of wheat and genetically distinct from each other [12, 13].
Host resistance of rice and wheat to M. oryzae is attributed to the gene for gene interactions
[14] whereas non-host resistance of plants largely depends on a complex combination of
constitutive and induced defense components [15]. For an efficient management strategy,
it is important to determine the susceptibility of other plants especially close relatives of
wheat to MoT isolates. These plants may serve as an overwintering reservoir of the pathogen and produce copious amount of conidia as alternative host plant [10]. We have previously shown that Bangladesh MoT isolates could develop symptoms on barley [2]. In
this study, we tested the potential of some other cereals and grasses as alternative hosts
for MoT.
Whether a plant would be susceptible or resistant to a pathogen depends on both
pathogen and host/plant factors [16]. In response to a pathogen attack, plant triggers a
series of defense reactions. Generation of reactive oxygen species (ROS) in plant cells by
the attack of the pathogen is one of the earliest defense responses by the plant. The rapid
accumulation of plant ROS at the pathogen attack site is a phenomenon known as oxidative burst, which causes direct toxicity to pathogens [17, 18]. Among ROS, hydrogen peroxide (H2O2) is one of the most stable and important players in determining plant cell
redox state and signalling [19, 20]. To remove the excess H 2O2 generated during the hostpathogen interaction, several antioxidative enzymes are induced to scavenge H2O2
thereby keeping the concentration low in a plant cell for the continuity of cell function [19,
21]. Among the H2O2 scavenging enzymes, catalase (CAT) plays an important role in the
rapid removal of this ROS with high capacity. Other antioxidative enzymes such as glutathione S-transferase (GST), ascorbate peroxidase (APX), glutathione reductase (GR),
glutathione peroxidase (GPX) and peroxidase (POX) also contribute to H2O2 removal in
the host defense mechanism against oxidative stress. However, the precise role POX, in
the removal of H2O2 is still not clear but some studies showed that this enzyme generates
H2O2 rather than removal [22].
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H2O2 is produced differentially in plants during resistance responses to biotrophic
pathogens and susceptible responses to necrotrophic and hemibiotrophic pathogens. It
has been shown that H2O2 inhibits pathogen at biotrophic stage whereas large accumulation of H2O2 is required for subsequent cell death and pathogen reproduction [23]. Removal of H2O2 by catalase at both early and late stages makes wheat plants more susceptible, whereas H2O2 infiltration makes plants more resistant by the infection of hemibiotrophic pathogens such as Septoria tritici [24]. An increased concentration of H 2O2 was
observed in susceptible wheat varieties inoculated with M. oryzae at a later stage while the
resistant variety maintained a constant level of H2O2 concentration [25]. Biochemical studies of wheat-M. oryzae pathosystem also showed that a more pronounced increase of POD,
APX, GPX, GST, GR activity in resistant wheat variety compared to susceptible variety,
which might play a key role to keep the H2O2 concentration lower [25]. Although a few
studies documented enzymatic regulations of MoT infection and subsequent disease progression in the wheat plant, there is very little information available on similar processes
that may take place during interactions of MoT with its alternative host or non-host in
regards to their enzymatic regulations. Since M. oryzae can infect more than 50 plant species of Poaceae family, it is divided into several subspecies depending on their specific
host. The research question is; how differently an alternative host or non-host plant defend itself when a different subspecies of M. oryzae attack it? Whether they employ their
enzymatic regulation in a similar way to defend against MoT like a resistant one does or
in a different way to cope with the pathogen? Therefore, it is important to know the enzymatic regulation of host, alternative host and non-host to MoT for a better understanding
of the defense mechanism. In this study, we assessed the susceptibility of wheat, maize,
barley, rice and swamp rice grass to MoT isolate and compared different antioxidant enzyme activity in the host and non-host plant during pathogen interaction to better understand the role of antioxidant enzymes in plant defense against M. oryzae.
2. Materials and Methods
2.1. Plant Materials Collection and Growth Conditions
The seeds of wheat, rice, barley and maize were collected from Plant Breeding Division, Bangladesh Agriculture Research Institute (BARI), Joydebpur, Gazipur. Seeds of
swamp rice grass (Leersia hexandra), jungle rice (Echinochloa colonum), crowfoot grass (Dactyloctenium aegyptiacum), scrab grass (Digitaria sanguinalis), nutsedge (Cyperus rotundus)
were collected from the agronomy field of Bangabandhu Sheikh Mujibur Rahman Agricultural University (BSMRAU) campus, Gazipur. Seeds were sown on a mixture of coarse
sand and autoclaved soil in 20 × 30 cm pots and kept in laboratory conditions for germination. In case of burmuda grass (Cynodon dactylon), young and fresh plantlets were collected from BSMRAU campus and 3-4 plantlets were planted in each of 20 × 30 cm diameter pot. Seedlings were watered at regular intervals or as needed. The experiment was
replicated three times.
2.2. Conidia Production, Pathogenicity Assay in Plant and Determination of Inoculum Potential
One virulent M. oryzae isolate of wheat BTJP4-5 was used for pathogenicity assay in
this study. The isolate BTJP4-5 was collected from wheat blast infected field of the southwestern part of Bangladesh during the year 2016 and stored in dry filter paper at −20 °C.
The filter paper pieces containing fungal conidia/mycelia were revived by spreading them
on PDA medium followed by incubating at 25 °C for 7 days. The inoculum was prepared
following the method described by Gupta et al. [26] and pathogenicity assay was performed following the procedure described by Islam et al. [2]. Briefly, all seedlings at the
20-day-old growth stage were sprayed with sterilized water before 1 h of inoculation of
conidia to maintain 80-90% humidity. M. oryzae conidial suspension was sprayed on all
seedlings using a sprayer until run off. Immediately after inoculation, seedlings were covered with polythene for 24 h at room temperature (22-30 °C) to maintain high humidity
for fungal infection. After that polythene bags were removed, and plant were kept in natural conditions for symptom development. Plants were examined daily for lesion development. The disease severity index was calculated using an ordinal scale from 0 to 5 as
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previously described [27]. The disease severity index (DI) was scored as follows: lesion
type 0 = no visible reaction; 1 = minute, pinhead-sized spots; 2 = small brown to dark
brown lesions with no distinguishable centers; 3 = small eyespot shaped lesions with grey
centers; 4 = typical elliptical blast lesions with grey centers; 5 = completely dead plant.
Index values 0 and 1 were considered incompatible (no sporulation) and index values 2,
3, 4 and 5 were considered compatible (sporulation). When different types of lesions were
prevalent on a single leaf, the most abundant lesion type was considered for indexing.
Inoculum potential of host plants was determined following the method described by
Cruz et al. [28].
2.3. Determination of Protein
The protein concentration in leaf extracts was determined according to Bradford
method [29] using BSA as a protein standard. For this method, 5 µL extract of each sample
was mixed with Bradford solution. Standard protein value was measured by a series of 5,
10, 15, 20, 25 µL BSA with Bradford solution. All absorbance values were recorded spectrophotometrically.
2.4. Measurement of H2O2
H2O2 accumulation in leaves was measured according to the method described by Yu
et al. [30]. The extract was prepared by homogenizing 0.5 g of leaf tissue with 3 mL of 50
mM K-phosphate buffer (pH 6.5) at 4 °C. The homogenate was centrifuged at 11,500 × g
for 15 min. The supernatant (3 mL) was mixed with 1 mL of 0.1% TiCl4 in 20% H2SO4 (v/v),
and the mixture was then centrifuged at 11,500×g for 15 min at room temperature. The
absorption of the supernatant was measured at 410 nM to determine the H2O2 content and
expressed as micromole g−1 FW.
2.5. Enzymes Extraction and Activity Assay
For enzyme assay, leaf samples were collected at 0, 24, 48, 72 and 96 h after inoculation (hai) by MoT. To extract enzymes, 0.5 g of fresh leaf tissue was homogenized in 1 mL
of 50 mM ice-cold K-phosphate buffer (pH 7.0) containing 100 mM KCl, 1 mM ascorbate,
5 mM β-mercaptoethanol, and 10% (w/v) glycerol in a pre-cooled mortar. The homogenates were centrifuged at 11,500×g for 12 min, and the supernatants were used for determination of enzymes activity and protein content. All procedures were performed at 4 °C.
Enzyme activity from each sample was determined in 3 replications, and the each measurement was taken twice.
CAT (EC: 1.11.1.6) activity was measured according to the method described by
Hossain et al. [31] by monitoring the decrease of absorbance at 240 nm for 1 min caused
by the decomposition of H2O2. The reaction mixture contained 50 mM K-P buffer (pH 7.0),
15 mM H2O2, and enzyme solution in a final volume of 0.7 mL. The reaction was initiated
with enzyme extract, and the activity was calculated using the extinction coefficient of
39.4 M−1 cm−1.
APX (EC: 1.11.1.11) activity was assayed following the method of Nakano and Asada
[32]. The activity was measured by observing the decrease in absorbance at 290 nm as AsA
was oxidized using an extinction coefficient of 2.8 mM −1 cm−1.
GPX (EC: 1.11.1.9) activity was measured as described by Hasanuzzaman et al. [33]
using H2O2 as a substrate. The oxidation of NADPH was recorded at 340 nM for 1 min,
and the activity was calculated using the extinction coefficient of 6.62 mM −1 cm−1.
GST (EC: 2.5.1.18) activity was determined spectrophotometrically by the method of
Hossain et al. [31]. The increase in absorbance was measured at 340 nM for 1 min. The
activity was calculated using the extinction coefficient of 9.6 mM –1cm–1.
POX (EC 1.11.1.7) activity was estimated according to Hemeda and Klein [34]. Activity was determined by the increase in absorbance at 470 nM due to guaiacol oxidation for
1 min using extinction coefficient of 26.6 mM −1 cm−1.
2.6. Statistical Analysis
The SPSS version 16 and Microsoft Office Excel 2010 program package were used for
statistical analysis. The experimental design was completely randomized consisting of
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three replications for each treatment. Means comparison of the treatments was performed
by LSD test (P  0.05).
3. Results
3.1. Susceptibility of Different Plant Species to MoT Isolate
Wheat seedlings were highly susceptible to MoT isolates BTJP4-5. Diamond-shaped
water-soaked lesions appeared on leaves of wheat seedlings at 72 hai by MoT. At the later
stage, symptoms manifested as elliptical eye-shaped lesions with grey centres (> 4 mm
diam), usually coalescing with each other and causing seedling death (Figure 1). Seedlings
of barley were found highly susceptible (lesion type 4 and 5) when inoculated with MoT
isolate BTJP4-5 Seedlings were completely dead at 15 days after inoculation. Unlike wheat
and barley, rice seedlings did not show any lesion due to inoculation with MoT isolate
(lesion type 0) indicating that MoT isolate not pathogenic on rice. However, seedlings of
maize exhibited low to medium level of susceptibility (lesion type 2) to MoT isolate and
only diamond-shaped water-soaked lesions were formed on the leaves but no collapsed
or dead plants were observed even after one month of inoculation. We also tested the
pathogenicity of MoT isolate on some grasses generally found in wheat and rice field.
Among them, only swamp rice grass was susceptible (lesion type 4-5) to MoT isolate (Figure 1).

Figure 1. Development of disease symptoms (A) and sporulation potential of MoT isolate on leaves
of wheat (B), barley (C), maize (D) and swamp rice grass (E). Plants were inoculated with MoT
isolate BTJP4-5 and development of disease symptoms were recoded 7-days after inoculation.
Symptomatic leaves were cut and incubated for 24 h in a moist chamber to induce sporulation and
photographs were taken under a microscope.

The sporulation potential of a pathogen is an important factor for a disease outbreak
[28]. We estimated the sporulation potential of the MoT isolates on rice, wheat, barley,
maize and swamp rice grass by counting the number of conidia under a microscope. MoT
produced conidia on infected wheat, barley, maize and swamp rice grass (compatible interaction). The rate of conidia production was higher with infected wheat leaves in an
average of 13,00,000-15,00,000 conidia per gram fresh leaf. Infected barley leaf produced
310000-370000 conidia per gram fresh leaf, whereas, infected swamp rice grass and maize
leaf produced 280000-310000 and 1000-1400 conidia per gram fresh leaf, respectively (Figure 1B-E). No conidia were observed on rice leaves (incompatible interaction) (data are
not shown).
3.2. Activities of Antioxidant Enzymes
The CAT activity was increased in all plants inoculated with MoT compared to their
control (0 hai) but at different time points. In wheat, barley and swamp rice grass the
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highest CAT activity was observed at 24 hai of MoT inoculation the plant and it was 48,
47 and 50% higher than the control and decreased after that. Although rice and maize
maintained a steady increase of CAT activity compared to their control increase of CAT
activity (108%) was higher in maize plant compared to rice (6%) at 96 hai (Figure 2).

Figure 2. Activities of catalase (CAT) in leaves of rice, wheat, maize, barley and swamp rice grass
plants inoculated with MoT isolate. Bars represent the mean values ± standard error obtained for
three independent experiments. Mean values in each treatment with the same letter(s) are not significantly different as assessed by Fisher’s protected least significant difference (LSD) test at p ≤ 0.05.

The APX activity increased in all plants inoculated with MoT in all the sampling
times compared to control. APX activity in rice plant was 43% higher over control at 24
hai and decreased after that. In wheat, maize and swamp rice grass, enhancement of APX
activity started form 24 hai and reached a maximum at 96 hai, which was 50, 186, and
399%, respectively, higher than control. Although the highest APX activity was observed
in barley at 48 hai it stayed almost at the same level till 96 hai (Figure 3). Although the
level decreased slightly after 48 hai, the difference was not statistically different (Figure
3).

Figure 3. Activities of ascorbate peroxidase (APX) in leaves of rice, wheat, maize, barley and swamp
rice grass plants inoculated with MoT isolate. Bars represent the mean values ± standard error
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obtained for three independent experiments. Mean values in each treatment with the same letter(s)
are not significantly different as assessed by Fisher’s protected least significant difference (LSD) test
at p ≤ 0.05.

Increased GPX activity was observed in wheat, maize, barley and swamp rice grass
after inoculation with MoT. The increase of GPX activity was higher in swamp rice grass
(203%) followed by barley (202%), maize (167%) and wheat (52%) at 96 hai compared to
control plant. Unlike the other plants included in this study, rice showed decreased GPX
activity after inoculation with MoT (Figure 4).

Figure 4. Activities of glutathione peroxidase (GPX) in leaves of rice, wheat, maize, barley and
swamp rice grass plants inoculated with MoT isolate. Bars represent the mean values ± standard
error obtained for three independent experiments. Mean values in each treatment with the same
letter(s) are not significantly different as assessed by Fisher’s protected least significant difference
(LSD) test at p ≤ 0.05.

The activity of GST increased in all plants due to the inoculation by MoT. Swamp rice
grass inoculated with MoT showed a significant increase in the GST activity (227%) at 96
hai compared to the control plants. Increased GST activity was also recorded in, wheat,
maize and barley plant which was 74%, 66%, 167%, respectively, at 96 hai compared to
their respective controls. However, only a little increased GST activity was observed in
rice at 96 hai, which was 21% higher than the control (Figure 5).

Figure 5. Activities of glutathione S-transferase (GST) in leaves of rice, wheat, maize, barley and
swamp rice grass plants inoculated with MoT isolate. Bars represent the mean values ± standard
error obtained for three independent experiments. Mean values in each treatment with the same
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letter(s) are not significantly different as assessed by Fisher’s protected least significant difference
(LSD) test at p ≤ 0.05.

Enhanced POX activity was observed in all plants treated with MoT compared to the
control. The highest POX activity was observed at 96 hai in all plants except rice. Wheat,
maize, barley and swamp rice grass showed 517, 538, 885 and 404% higher POX activity
over control. In rice, increased POX activity (118%) was observed at 48 hai but decreased
with the progression of time after inoculation (Figure 6).

Figure 6. Activities of peroxidase (POX) in leaves of rice, wheat, maize, barley and swamp rice grass
plants inoculated with MoT isolate. Bars represent the mean values ± standard error obtained for
three independent experiments. Mean values in each treatment with the same letter(s) are not significantly different as assessed by Fisher’s protected least significant difference (LSD) test at p ≤ 0.05.

3.3. Concentration of H2O2
The concentration of H2O2 in different plants varied at different sampling times after
MoT inoculation. A significant increase of H2O2 concentration was observed in rice plant
after inoculation of MoT and the maximum concentration (87%) was recorded at 48 hai
over control and then decreased. However, H2O2 concentrations in wheat, maize and barley also increased at 24 hai and decreased at 48 hai and then again increased with the
progression time after inoculation. In case of swamp rice grass, a lower concentration of
H2O2 was observed at 24 h after inoculation and then increased with the progression of
infection time (Figure 7).

Figure 7. The concentration of hydrogen peroxide (H2O2) in leaves of rice, wheat, maize, barley and
swamp rice grass plants inoculated with MoT isolate. Bars represent the mean values ± standard
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error obtained for three independent experiments. Mean values in each treatment with the same
letter(s) are not significantly different as assessed by Fisher’s protected least significant difference
(LSD) test at p ≤ 0.05.

3.4. Correlations and Principal Component Analysis
The correlation study revealed that the enzymes CAT, APX, GPX, GST and POX had
moderate to high correlation (Fig. 8A). Importantly, GPX had the strongest influence on
detoxifying H2O2. However, the principal component analysis showed the similarities
among the different studied attributes (Figure 8B). The activities of the antioxidant enzymes are highly affected by hosts; the exceptions were CAT, which was not substantially
affected.

Figure 8. Correlation matrix (Pearson) and Principal component analysis (PCA) of different studied
attributes.

4. Discussion
Wheat blast has emerged as a serious threat to wheat production in South Asia as the
pathogen can move by seed or by air or reside in another host for overwintering [7]. In
this study, we assessed the susceptibility of some cereals and weeds to MoT fungus and
with concurrent determination of sporulation potentials. Seedlings of wheat, barley,
maize and swamp grass were susceptible to MoT and produced variable number of conidia, therefore, considered as a host for MoT. However, we did not find any interaction
(hypersensitivity induced cell death) of this pathogen with rice plant in our laboratory
conditions hence considered as non-host of MoT. Under both biotic and abiotic stresses,
plants react by overgeneration of ROS, especially H2O2, which is not only a sign of oxidative damage but also initiates a signaling cascade. However, the role of ROS will be a boon
or bane depends on the performance of the antioxidant defense system [35, 36, 37]. In this
study, we also determined some of the H2O2-detoxifying enzymes’ activities in plants inoculated by MoT. Our result showed that APX, GPX, GST and POX activities significantly
increased after inoculation of plants by MoT in the late stage of infection in the host plant
whereas APX, GPX and POX activities were increased at an early stage of infection in nonhost plants but at a slow rate. Only GPX activity was decreased in rice plant after inoculation by MoT. Early induction of H2O2 concentration was observed in rice plant, whereas
the late accumulation occurred in other plants, which indicates that early accumulation of
H2O2 in the plant might be important for resistant response to MoT.
MoT are generally dispersed from one place to another by air or seeds and overwinters in a diverse host for their survival. We showed that MoT isolates infecting wheat
could also infect barley and swamp grass and produced typical blast symptoms hence
considered as highly susceptible (host). In maize, MoT produced diamond-shaped symptoms but no defined elliptical or eye-shaped lesion was developed and considered as moderately resistant. However, MoT isolate did not produce any symptom on rice plant, thus
considered as resistant to MoT isolate. Our result is consistent with the result reported by
Araujo et al. [38] that the rice plant did not produce any necrosis or hypersensitive response cell death when inoculated with wheat-infecting M. oryzae isolates (non-host). In
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Bangladesh, maize is the third important cereals crops after rice and wheat [39] and barley
is a non-major cereal but widely grown in north Bengal of Bangladesh [40]. Wheat, barley
and maize are grown during winter in Bangladesh. Therefore, there is a high chance of
host jump of MoT from a contaminated wheat field to maize and barley field. It has been
shown that the wheat blast isolates collected from a wheat neck of Kentucky, USA in 2011,
was evolved from annual ryegrass through host jump [41]. Jia et al. [42] reported that M.
oryzae isolates of rice could produce earlier symptoms on Carolina foxtail millet than some
susceptible cultivar of rice, suggesting a potential alternative host of rice blast pathogen.
Although MoT infects leaf but infection at heading stage is more destructive [7]. Whether
this pathogen can also infect at the heading stage of barley and maize also need to be
tested. As the pathogen can infect several grass species, weeds host in the field play a key
role as a source of primary and secondary inoculum by functioning as bridges between
wheat fields and cropping seasons [43]. We tested several weeds grown in wheat fields.
Among the grasses, only swamp rice grass was susceptible to MoT isolate. Swamp rice
grass is a common weed of Bangladesh that grows in both rice and wheat field. Our results
suggest that MoT could potentially use barley, maize and swamp grass as a host or alternative host for their survival.
It is proposed that the number of conidia produced by the pathogen may play a role
in disease outbreaks [28]. Although MoT can infect wheat, maize, barley and swamp grass
there were significant differences in the conidia production among the hosts. Wheat produced ten times more conidia/g leaf than barley and swamp rice grass and a hundred
times more conidia/g leaf than maize. Wheat is the major host of MoT, therefore, it is likely
to produce more conidia than other crops tested. However, both barley (310000-370000)
and swamp rice grass (280000-310000) produced ten times lower conidia than wheat
(13,00,000-15,00,000), but this number is significant enough for disease development. Laboratory experiments showed that a concentration of 24 000 conidia/spike can cause high
levels of blast severity on highly susceptible cultivars [44]. Maize seedlings showed moderate resistance to MoT that produced a significantly lower number of conidia (1000-1400)
than barley and swamp grass. Cruz et al. [28] reported that a susceptible wheat cultivar
produced a greater number of conidia than a resistant one.
Production of ROS, especially H2O2, is an important plant defense response against
pathogen infection [45]. However, the concentration of H2O2 in the plant cell is crucial for
proper biological activities; otherwise, it damages cell. To protect the plant from this, damaging plant employed enzymatic and non-enzymatic mechanisms to remove excess H2O2
from the cell. [46, 47, 48]. Among the enzymes, CAT has the highest turnover rate and
plays a key role in removing H2O2 from cells. In our study, we observed enhanced catalase
activity after inoculation of all plants by MoT. However, in different hosts, the enhancement of CAT activity was observed at various time points after inoculation of MoT. In
wheat, barley and swamp rice grass, CAT activity increased transiently at an early stage
(24 hai) of infection and then decreased at the disease development stage (96 hai). A similar pattern of CAT activity was observed in other pathosystems, including B. cinerea-Tomato, M. oryzae-Wheat [25, 49]. It has been reported that in an incompatible reaction, CAT
activities were increased during the initial stage of infection and decreased after the formation of necrotic lesion. Moreover, host CAT enzymes activity depends on the interacting partners and spatial and temporal parameters during disease development [49, 50].
However, down-regulation of CAT activity in the susceptible host could be a consequence
of enhanced proteolysis that is induced by oxidative stress [51]. Although a continuous
increase of CAT activity was observed in rice plant until 96 hai but it was nonsignificant
suggesting that enhanced CAT activity more related with susceptibility of the plant rather
than resistance.
A consistent increase of APX, GST and POD activities were observed during the infection process of MoT. In wheat, barley maize and swamp rice grass APX showed an
enhanced activity from 24-96 hai, whereas, in rice, the APX activity increased from 24-48
hai and then decreased slowly (Figure 3). This result is very much similar to rice-M. grisea
pathosystem where mRNA expression of two isoforms of APX genes were up-regulated
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in both compatible and incompatible interactions but earlier in incompatible interactions.
The early accumulation of APX in incompatible interaction is probably involved in HR
response in plant [52].
The plant GSTs are multifunctional enzymes encoded by large gene families [53]. The
expression of GST gene is highly induced in the early phase of pathogen attack, whereas
silencing or overexpression of these genes modified the disease symptoms and pathogen
multiplication rate. In our study, we observed increased GST activity at a late stage (96
hai) after MoT inoculation of all plants. However, % increase of GST activity in susceptible
plants was higher than resistant. GST activity has been shown to induce in both the susceptible and resistant plant by the attack of hemibiotrophic pathogens. Some of the genes
of this family have shown important for resistance response, while some of them are indispensable for the susceptibility of many plants. Dean et al. [54] reported that silencing
of a GST gene, namely, NbGSTU1 induces 67% more colonization and 130% more lesion
formation in Nicotiana benthamiana plant inoculated with Colletotrichum orbiculare. In contrast, silencing of a GST gene from tobacco increase resistance towards a hemibiotrophic
oomycete Phytophthora parasitica suggesting that individual GST genes provide an antioxidative capacity that favored the fungal growth and suppress plant resistance [55].
GPX is non-heme-thiol peroxidase that plays an important role in ROS detoxification
by scavenging H2O2 [56]. Hydrogen peroxide, produced during an incompatible pathogen
interaction, was found to induce GPX expression in soybean [57]. In this study, GPX enzyme activity in wheat, barley, maize and swamp rice grass increased as time progressed,
while a reduction in the enzyme activity was observed in rice plants. Agrawal et al. [58]
reported that M. grisea inoculation in rice induced a phospholipid hydroperoxide GPX
expression in both compatible and incompatible interactions initially and later, the expression decreased in incompatible interaction. A similar pattern of GPX gene expression was
also observed in M. grieasea-Finger millet pathosystem. The relative expression of GPX
increased in incompatible interaction with the progress of time, whereas it decreased in
resistant genotypes [59].
POX is one of the most important enzymes involved in the production of apoplastic
reactive oxygen species, thereby creating a toxic environment for the pathogens to grow
and participate in cell wall lignification [60]. Several researchers reported that POX activity enhanced in the plant due to the inoculation of pathogen both in compatible and incompatible interactions. However, the % increase of POX activity is higher in the resistant
plant than susceptible [25]. In our study, we observed a decreased POX activity in rice
plants after 48 h of MoT inoculation, while increased POD activity was observed in other
plants at a late stage (96 hai). Jacob et al. [59] reported a similar phenomenon when working with M. oryzae-finger millet pathosystem. POX gene expression was decreased in incompatible interaction and increased incompatible interactions at the disease progression
stage. The author concluded that different members of peroxidase gene family might be
differentially expressed in different genotypes in response to pathogen attack or other environmental factors.
The H2O2 has been reported to inhibit biotrophic pathogens but provided beneﬁt to
necrotrophs. However, in hemibiotrophic, H2O2 inhibit pathogen during the biotrophs
phase but accumulated in the host massively during the reproduction stage of the pathogen [24]. In wheat, barley, maize and swamp rice grass, H 2O2 concentration was slightly
increased after pathogen inoculation then decreased and largely accumulated at the disease development stage (96 hai) (Figure 7). On the other hand, in rice, H 2O2 concentration
was higher at an early stage of infection (48 hai) but decreased at the disease development
stage. Poudel et al. [61] reported that early accumulation of H2O2 is directly correlated
with lignification of the host plant to protect the plant from the pathogen penetration.
However, the large accumulation of H2O2 at a later stage is attributed to peroxisomal damage during the general tissue collapse [24]. Importantly, these enzymes showed a diverse
association with the level of H2O2 in regards to the treatment duration and plant species
(Figure 8).
5. Conclusions
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The antioxidant enzymes activities such as APX, GST, GPX and POX was higher at
the later stages of infection in host plants while the activities were enhanced in the early
stage of infection in a non-host plant (rice) but very slowly. In hemibiotrophic interactions,
some defense genes were found to be up-regulated earlier incompatible interactions but
more strongly at a later stage in incompatible interactions [62]. The mechanisms of rice
non-host resistance against MoT is very similar to non-host resistance of Arabidopsis
against Pseudomonas syringae pv phaseolicola where defense genes are up regulated earlier
in Arabidopsis is similar to resistant plant but at a slower rate [63]. The very early inducible
defense does not proceed to a step that induced hypersensitive cell death in rice. Interestingly, we observed an early CAT activity in all susceptible plants (compatible interaction)
with concurrent reduction of H2O2 concentration implying the removal of H2O2 by catalase. A very little induction of CAT activity was observed in the resistant plant, whereas
higher accumulation of H2O2 was observed at an early stage of MoT inoculation. It has
been suggested that H2O2 accumulation makes the plant resistant, while both early and
late accumulation CAT makes the plant more susceptible. Probably H2O2 participates in
active defense by arresting the growth of pathogen by massive accumulation during an
early stage of infection in incompatible interaction [64]. Whereas, very little accumulation
of H2O2 induces conidial penetration and hyphal growth in host tissues during the initial
biotrophic phase of the interaction incompatible interactions. However, a detailed study
of individual host-pathogen interactions is required to understand the role of specific antioxidant enzyme in a host and non-host interactions involving a deadly pathogen [65]. It
is also possible that apart from the antioxidant enzymes the nonenzymatic antioxidants
might play a vital role in the modulation of H2O2 content and a better survival of plants
under wheat blast pathogen attack. Therefore, further research should focus on the coordinated defense mechanisms in wheat.
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