
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=cbst20

Download by: [Kungliga Tekniska Hogskola] Date: 08 March 2017, At: 04:38

Biocontrol Science and Technology

ISSN: 0958-3157 (Print) 1360-0478 (Online) Journal homepage: http://www.tandfonline.com/loi/cbst20

Endophytic fungus Piriformospora indica induced
systemic resistance against rice sheath blight via
affecting hydrogen peroxide and antioxidants

Zohreh Nassimi & Parissa Taheri

To cite this article: Zohreh Nassimi & Parissa Taheri (2017) Endophytic fungus Piriformospora
indica induced systemic resistance against rice sheath blight via affecting hydrogen
peroxide and antioxidants, Biocontrol Science and Technology, 27:2, 252-267, DOI:
10.1080/09583157.2016.1277690

To link to this article:  http://dx.doi.org/10.1080/09583157.2016.1277690

Accepted author version posted online: 11
Jan 2017.
Published online: 08 Feb 2017.

Submit your article to this journal 

Article views: 14

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=cbst20
http://www.tandfonline.com/loi/cbst20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/09583157.2016.1277690
http://dx.doi.org/10.1080/09583157.2016.1277690
http://www.tandfonline.com/action/authorSubmission?journalCode=cbst20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=cbst20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/09583157.2016.1277690
http://www.tandfonline.com/doi/mlt/10.1080/09583157.2016.1277690
http://crossmark.crossref.org/dialog/?doi=10.1080/09583157.2016.1277690&domain=pdf&date_stamp=2017-01-11
http://crossmark.crossref.org/dialog/?doi=10.1080/09583157.2016.1277690&domain=pdf&date_stamp=2017-01-11


RESEARCH ARTICLE

Endophytic fungus Piriformospora indica induced systemic
resistance against rice sheath blight via affecting hydrogen
peroxide and antioxidants
Zohreh Nassimi and Parissa Taheri

Department of Plant Protection, Faculty of Agriculture, Ferdowsi University of Mashhad, Mashhad, Iran

ABSTRACT
In this study, the effect of endophytic fungus Piriformospora indica
on Rhizoctonia solani AG1-IA, causal agent of sheath blight
disease, was investigated. In addition, plant defence responses
activated in P. indica-inoculated rice plants were analysed. Two-
week-old seedlings were inoculated by dipping their roots in
P. indica chlamydospore suspension and transferred to pots
containing sterilized soil. After two weeks, the seedlings pre-
inoculated with P. indica were inoculated with R. solani. Statistical
analysis of biological indicators showed that application of
P. indica increased both fresh and dry weight of rice shoots and
roots, compared to those of uninoculated healthy controls and
the samples only inoculated with R. solani. Accumulation of
hydrogen peroxide (H2O2) and activity of antioxidants such as
superoxide dismutase (SOD) and guaiacol peroxidase (GPX) in
plants inoculated with P. indica, R. solani, and P. indica-R. solani
were investigated. The obtained results revealed that P. indica not
only increased the plant biomass, but also delayed the infection
process of R. solani and decreased sheath blight severity.
Decreased severity of the disease was associated with decreased
levels of H2O2 and increased SOD activity. Considering the
necessity of reducing fungicide application, using P. indica in
seedling bed before transplantation to the field could be a novel
and effective method to increase rice production and decrease
sheath blight progress.
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1. Introduction

Endophytes are those organisms which are found within a plant for at least a part of their
life cycle without causing obvious disease symptoms (Varma, Abbot, Werner, & Hampp,
2003). In overall, 33% of the endophytes stimulate growth parameters of various plant
species, 29% of them reduce plant growth, and 38% do not have any visible effect on
plant growth (Zhang, Song, & Tan, 2006). Plants infected with those endophytic fungi
which stimulate growth have a distinct advantage against biotic and abiotic stresses com-
pared to the endophyte-free plants. Endophytes enhance resistance to unfavorable
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challenges such as drought stress, microbial infection, herbivores, insect pests, high sal-
inity, and low pH. (Zhang et al., 2006).

Piriformospora indica belongs to Sebacinales (Basidiomycota), which is phylogeneti-
cally close to mycorrhizal endosymbionts of orchid and ericoid roots. This endophytic
fungus promotes growth of several plant species (Sirrenberg et al., 2007; Varma,
Verma, Sahay, Butehorn, & Franken, 1999; Weissm, Selosse, Rexer, Urban, & Oberwink-
ler, 2004). It was named P. indica, based on its pear-shaped chlamydospores. P. indica is
similar to arbuscular mycorrhizal fungi (AMF) in terms of symbiosis and frequently forms
inter and intracellular hyphae in the root cortex, which differentiate into compact hyphal
coils and chlamydospores. Hyphae of P. indica similar to AMF proliferate in cortical
tissues and never traverse in endoderm. Furthermore, the hyphae of P. indica do not
invade the aerial part of plant (Varma et al., 2003). Becard and Fortin (1988) observed
that the preferred site for primary infection by the germ tubes of germinating AMF
spores, and P. indica is the elongation zone of the main root, where lateral root primordia
form (Varma et al., 2003). Differentiation zones of the roots are heavily colonized by inter
and intracellular hyphae and intracellular chlamydospores of P. indica. This endophytic
fungus, unlike obligate biotrophic AMF, is capable of colonizing dead cells of plant
roots and can be cultured on artificial media (Das et al., 2013; Deshmukh et al., 2006).

Host range of P. indica is wider than that of AMF. Plant families such as Brassicaceae,
Chenopodiaceae, and Amaranthaceae (Singh, Singh, Kumari, Rai, & Varma, 2003; Varma
et al., 2001) are the hosts of P. indica, while they cannot be colonized by AMF. Not only
monocot and dicot vascular plants, but also mosses are the hosts of P. indica. Therefore,
this endosymbiont has evolved highly effective colonization strategies (Gill et al., 2016;
Qiang, Weiss, Kogel, & Schäfer, 2011).

Inoculating rice roots with P. indica could be an effective inducer of resistance against
root pathogens such as Fusarium culmorum and Fusarium graminearum, and shoot
pathogens such as Blumeria graminis f. sp. hordei, Golovinomyces orontii, and Magna-
porthe oryzae (Hajipour, Sohani, Babaeizad, & Hassani-Kumleh, 2015; Mousavi, Babaee-
zad, Sharifnabi, Tajik-Ghanbari, & Alavi, 2014; Stein, Molitor, Kogel, & Waller, 2008;
Waller et al., 2005). Expression rate of defence genes such as PR1b, LOX, NPR1, and
WRKY85 increased in rice plants inoculated with P. indica before M. oryzae infection
(Mousavi et al., 2014). In wheat, P. indica protected plants against F. culmorum and
F. graminearum, the causal agents of root and crown rot diseases, and reduced Fusarium
head blight disease severity (Rabiey, Ullah, & Shaw, 2014; Rabiey & Shaw, 2015). In
addition, P. indica-induced barley resistance against root and leaf pathogens, including
F. culmorum and B. graminis f. sp. hordei (Waller et al., 2005). Furthermore, P. indica-
induced tomato defence responses against Verticillium dahliae, which led to reduced
disease progress (Fakhro et al., 2010).

Mechanisms of P. indica-induced resistance are largely unknown and our knowledge
on cellular, molecular, and biochemical defence responses activated by this endophytic
fungus related to plant protection against biotic and abiotic stresses is so far limited
(Gill et al., 2016). Increased nutrient absorption by P. indica could be involved in
enhanced plant resistance against phytopathogens or unfavourable conditions (Kumar,
Yadav, Tuteja, & Kumar, 2009). Various studies revealed that mechanisms of growth pro-
motion by P. indica include induction of phytohormones production such as ethylene,
auxin, and cytokinin (Fakhro et al., 2010). Stein et al. (2008) showed that P. indica requires
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jasmonic acid signalling and cytoplasmic function of Nonexpressor of Pathogenesis-
Related 1 (NPR1) for inducing systemic resistance in Arabidopsis against powdery
mildew caused by G. orontii.

Enhanced generation of various reactive oxygen species (ROS; including superoxide
radical, O2

−; hydroxyl radical, OH−; perhydroxyl radicals, HO2
−; singlet oxygen, O2

. , and
hydrogen peroxide, H2O2) is a common plant response to biotic and abiotic stresses
(Keshavarz-Tohida, Taheri, Taghavi, & Tarighi, 2016; Taheri and Tarighi, 2011a). Impor-
tant signal transduction functions and triggering plant defence responses to biotic stresses
can be possible with minimal levels of ROS. However, accumulation of ROS and their
harmful reaction products may disturb the ROS homeostasis, leading to critical
damages to DNA, protein, and lipids in plant cells (Gill & Tuteja, 2010; Noorbakhsh &
Taheri, 2016). Antioxidant systems are involved in basal defence and induced resistance
of plant species against various pathogens via balancing and fine-tuning of ROS accumu-
lation. Superoxide dismutase (SOD: EC 1.15.1.1) and guaiacol peroxidase (GPX: EC
1.11.1.7) are among the key enzymatic antioxidants involved in plant defence responses
to various stresses.

In this study, we investigated the possibility of protecting rice plants against sheath
blight, as one of the most serious fungal diseases of this important monocot crop, using
the endophytic fungus P. indica. In addition, the effects of this endosymbiont on cellular
and biochemical rice defence responses, including H2O2 accumulation and activity of SOD
and GPX, were examined for determining a part of ROS-related mechanisms involved in
P. indica-induced resistance in the Oryza sativa-Rhizoctonia solani pathosystem.

2. Materials and methods

2.1. Plant growth conditions

Rice plant (O. sativa L. cv. Domsiah) was used in this study. The seeds were surface-dis-
infected by sodium hypochlorite (10%) for 2 min, followed by three times washing in
sterile distilled water and germinating on wet sterilized filter paper in a Petri dish at 28°
C in the incubator. The germinated seeds were transferred to the cultivation trays contain-
ing sand under greenhouse conditions (30 ± 4°C with 16/8 h light/dark photoperiod).
Two- and four-week-old plants were used for P. indica and R. solani inoculation,
respectively.

2.2. Inoculum preparation, inoculation, and disease evaluation

P. indica was cultured on Potato Dextrose Agar (PDA) medium and incubated at 28°C.
Chlamydospores were collected from the agar plate, by scratching the surface of
medium after two weeks, and used for inoculating rice seedlings. Chlamydospores and
mycelia were mixed with vortex and filtered through sterile cheesecloth. Concentration
of chlamydospores was adjusted to 106 chlamydospore ml−1 using a haemocytometer.
The chlamydospore suspension was used to inoculate two-week-old rice seedlings. The
root system of seedlings was dipped in the suspension of chlamydospores and then trans-
ferred to the six-inch pots (six seeds per pot), filled with a 1:1 (V:V) mixture of sand and
soil, which was sterilized at 121°C for 1 h.
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Two weeks after inoculation with P. indica, plants were inoculated with R. solani.
Inoculum of R. solani consisted of toothpicks, 2 cm in length, which had been sterilized
and colonized by R. solani on PDA (Taheri, Gnanamanickam, & Höfte, 2007). In each
Petri dish, 15 sterilized toothpick pieces (SQ-092) were arranged around a 5-mm-diameter
mycelial plug of R. solani, which was obtained from the edge of a 5-day-old PDA culture of
this pathogenic fungus. For R. solani inoculation, one colonized toothpick was placed into
the lowest inner sheath of the main tiller, 10 cm above the soil surface. Disease evaluation
was carried out seven days post-inoculation by measuring the lesion length. In all assays,
control plants were inoculated with a sterile (non-colonized) toothpick, which was placed
on PDA without the fungal pathogen (Taheri et al., 2007).

2.3. Detection of P. indica in colonized rice roots

Three, seven, and fourteen days after inoculation with P. indica, three plants (as the repli-
cates of each treatment) were removed from the soil, washed with running tap water.
Then, the root was separated from the shoot system for staining. Root staining was
carried out according to the method of Vierheilig, Coughlan, Wyss, and Piche (1998)
using cotton blue and then examined by an Olympus microscope (BH2, Tokyo, Japan).

2.4. R. solani infection process on plants with or without P. indica
pre-inoculation

The infection process of R. solani was compared on the leaves of rice plants with or
without P. indica pre-inoculation by staining R. solani hyphae and infection structures
with aniline blue according to the method described by Nikraftar, Taheri, Flahati-
Rastgar, and Tarighi (2013). Rice leaf segments were fixed overnight in the Acetic acid-
Formaldehyde-Ethanol solution (63% ethanol, 5% acetic acid, and 2%formaldehyde).
Then, the leaf tissues were de-stained by incubation in lactophenol at 37°C until complete
clearing. Finally, the infection structures of R. solani were stained by incubating leaf tissues
in 1% aniline blue in lactophenol and examined using an Olympus microscope (BH2,
Tokyo, Japan).

2.5. Determining the best time interval between inoculating rice plants with
P. indica and R. solani for inducing resistance

Two-weeks-old rice seedlings were inoculated by chlamydospore suspension of P. indica
as described before. Then, these seedlings were infected with R. solani at 0, 7, and 14 days
after inoculating P. indica. At seven days after inoculating the pathogenic fungus, sheath
blight symptoms were evaluated and disease severity was estimated by measuring the
lesion length (Taheri & Tarighi, 2010).

2.6. Antagonistic activity assay

To investigate the direct effect of P. indica on vegetative growth of R. solani in vitro, 5 mm
mycelial discs obtained from active colonies of P. indica and R. solani were placed on two
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sides of a PDA plate and incubated at room temperature (25°C). After 10 days, the inter-
action of 2 fungi was examined macroscopically and microscopically.

2.7. Determination of biomass parameters

To investigate the effects of P. indica on rice biomass parameters, fresh and dry weight of
the root and shoot systems of the seedlings infected with P. indica, R. solani, P. indica–R.
solani, and uninoculated control plants were measured for the 5-weeks-old rice seedlings
(Mousavi et al., 2014; Taheri & Höfte, 2007).

2.8. Hydrogen peroxide detection

The 3,3-diaminobenzidine (DAB) staining was performed to examine the impact of
P. indica and R. solani on rice defence responses at various time points after inoculation.
The leaf blades of inoculated plants, located next to the infection site, were harvested at 6,
15, 21, 24, 48, and 72 hours post-inoculation (hpi) with R. solani and floated in a solution
of 1 mg ml−1 DAB-HCl (pH 3.8) overnight. H2O2 accumulation and peroxidase activity
resulted in a reddish-brown polymer, which was macroscopically visible and microscopi-
cally analysed by an Olympus microscope (BH2, Tokyo, Japan). Accumulation of H2O2

was investigated in three leaves for each treatment in each time point and the assay was
repeated three times. Intensity of DAB staining was quantified by the Image J software
(National Institutes of Health, USA).

2.9. Protein extraction and antioxidant enzyme activity assay

Leaf tissues were sampled at various time points after R. solani inoculation and used for
protein extraction. Extraction of total protein was done according to the method
described by Kar and Mishra (1976), with some modifications. The leaf samples
(200 mg) were ground in liquid nitrogen with mortar and pestle. Then, 5 ml of
100 mM potassium phosphate buffer (pH 6.8) was added and homogenized. The hom-
ogenate was centrifuged at 14,000 g for 20 min at 4°C. The supernatant was taken as the
enzyme source. Enzyme extracts were stored at −20°C until use. Soluble protein concen-
tration was measured by protein-dye binding method using bovine serum albumin as a
standard (Bradford, 1976).

The SOD activity was assayed by monitoring the inhibition of photochemical
reduction of nitro blue tetrazolium (NBT). Riboflavin was used as a starter of reaction,
which produced O2

− in presence of O2 and methionine (as an electron donor). The O2
−

reacted with NBT and generated a blue-colored formazan, which can be measured at
560 nm. Absorption increased at 560 nm due to the production of NBT-formazan.
One SOD unit was defined as amount of the enzyme that inhibited the rate of NBT
reduction by 50%. The SOD activity was expressed as U SOD mg−1 protein (Beauchamp
& Fridovich, 1971).

The GPX activity was measured using the method of Hammerschmidt, Nuckles, and
Kuc (1982), with some modifications. Activity of GPX was investigated using guaiacol
as a hydrogen donor. The reaction mixture consisted of guaiacol 900 mM, H2O2

500 mM, and potassium phosphate buffer (100 mM, pH 6.8). The extracted enzymatic
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solution was added to initiate the reaction and the GPX activity was measured spectropho-
tometrically at 470 nm. Activity of GPX was expressed as µmol min−1 mg−1 protein of
oxidized guaiacol (Hammerschmidt et al., 1982).

2.10. Statistical analysis

Effects of P. indica on biomass parameters and disease severity after R. solani infection
were analysed by MSTATC version 1.42 (Michigan State University, UAA). All assays
were repeated three times with three replications in each repetition. Experimental data
were processed by analysis of variance (ANOVA) procedures. Means of the data obtained
for different time points were separated by Duncan’s Multiple Range test at P≤ .05. Sig-
nificant differences were presented by various letters on the figures. The experiments were
performed using completely randomized design (CRD). Data were subjected to ANOVA
using the MSTATC 1.42 software. When ANOVA showed significant treatment effects,
the Duncan test was applied to make comparisons among the means at P < .05.

3. Results

3.1. Effect of P. indica in inducing resistance against rice sheath blight disease

Infecting the seedlings with R. solani at 0, 7, and 14 days after P. indica inoculation
revealed that the best time interval between inoculating rice plant with these fungi was
14 days, in which pre-inoculation by P. indica significantly decreased the disease progress
and induced resistance against R. solani. When the rice seedlings were simultaneously
inoculated with P. indica and R. solani or infected with these fungi using seven days inter-
val, no significant reduction in the lesion length was observed in the plants inoculated with
both fungi (PiRs) compared to the plants only inoculated with R. solani (Rs) as shown in
Figure 1 (A). In rice plants pre-inoculated with P. indica and infected by R. solani with 14
days interval, considerably decreased disease progress was observed compared to the
plants only inoculated with the pathogen (Figure 1 (A, B). Dual culture of P. indica and
R. solani on PDA plates revealed no direct antagonistic effect of these endophytic and phy-
topathogenic fungi on each other (data not shown).

3.2. Microscopic analyses for detecting P. indica in roots and investigating
R. solani infection process in rice plants with or without the endophyte
pre-inoculation

Detection of P. indica after 3, 7, and 14 days post-inoculation (dpi) showed that chlamy-
dospores of P. indica in root tissues were not produced until 3 and 7 dpi (data not shown).
At 14 dpi, intracellular chlamydospores were observed in the root cells (Figure 2(A)).

Microscopic analysis of R. solani infection processes on the plants only inoculated with
this pathogen compared to the plants challenged with both P. indica and R. solani showed
that infection on the plants only infected with the pathogen was faster. High intensity of
infection cushions was observed at 48 hours post-inoculation (hpi) (Figure 2(B)). On
plants inoculated with P. indica-R. solani, just hyphae were observed without production
of any infection structure at the same timepoint after the pathogen inoculation (Figure 2(C)).
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3.3. Effect of P. indica on rice growth parameters

Evaluation of growth indicators such as fresh and dry weight of shoot and root systems
showed enhanced biomass in the plants inoculatedwithP. indica and also in the plants inocu-
lated with both P. indica and R. solani compared to the controls and plants only inoculated
with R. solani. In terms of growth factors as the biological indicators, the plants inoculated
withR. solaniwerenot significantly different atP≤ .05 compared to the uninoculated controls
for both shoot (Figure 3(A) and (B)) and root systems (Figure 3(C) and (D)).

Figure 1. Determining the best time interval between inoculating rice seedlingswithP. indica and R. solani
AG1 IA for inducing resistance (A), and sheath blight lesions on rice plants inoculated with R. solani 14 days
after inoculating P. indica (B). Two-weeks-old seedlings were inoculated with P. indica, and then infected
with R. solani at 0, 7, or 14 days after inoculating P. indica. Disease evaluation (A) and taking the images (B)
were performed at seven days after R. solani inoculation. Arrows on the images (B) are pointing at sheath
blight lesions. Statistical analysis was performed using CRD. Means were separated by Duncan’s Multiple
Range test at P≤ .05. Error bars represented standard deviation (SD) for three replications in each rep-
etition. The experiment was repeated three times with similar results.
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3.4. H2O2 accumulation and antioxidant assays in rice plants

Accumulation of H2O2 in rice plants inoculated with R. solaniwas more than that of plants
inoculated with P. indica–R. solani at all time points investigated. In the plants inoculated
with R. solani, the highest level of H2O2 accumulation was observed at 15 hpi. On the

Figure 2. Colonization of rice roots by P. indica 14 days after inoculating this endophytic fungus (A),
and microscopic analysis of R. solani infection processes on the leaves of rice seedlings only inoculated
with R. solani (B), compared to the plant pretreated with P. indica and then inoculated with R. solani
with 14 days interval (C). Investigating the infection process was carried out at 48 hours after inoculat-
ing the pathogen. CH: chlamydospores of P. indica; H: hyphae of R. solani on the plant surface, IC: infec-
tion cushions produced by R. solani. Scale bar on images A and C: 10 µm, Scale bar on image B: 30 µm.
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Figure 3. Effect of different treatments (inoculation with P. indica, R. solani, P. indica together with
R. solani and uninoculated control on fresh shoot weight (A), dry shoot weight (B), fresh root
weight (C), and dry root weight of rice seedlings in greenhouse conditions. Pi: inoculation with
P. indica, Rs: inoculation with R. solani, PiRs: inoculation with P. indica and then R. solani with 14
days interval, C: uninoculated control. Statistical analysis was performed with CRD. Means of different
treatments were separated by Duncan’s Multiple Range test at P≤ .05. Error bars represent SD for three
replicates in each repetition. The experiment was repeated three times with similar results.
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Figure 4. Detection of H2O2 accumulation in the leaf blades of O. sativa cv. Domsiah at various time
points after inoculation on the plants only inoculated with P. indica (Pi), pre-inoculated with P. indica
and then infected with R. solani with 2 weeks interval (PiRs), plants only inoculated with R. solani (Rs),
and in uninoculated control plants (C). H2O2 levels were detected by 3,3- diaminobenzidine (DAB) stain-
ing (A) and the staining intensities were quantified using Image J software (B). Error bars represent SD
for three replications in each repetition of the experiment. The experiment was repeated three times
with similar results. The arbitrary unit (A.U.) is a relative unit of measurement to show the ratio of
amount of substance, intensity, or other quantities, to a predetermined reference measurement.
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contrary, in plants inoculated with P. indica–R. solani, H2O2 production at 6 hpi was
higher than other time points tested and its lowest level was observed at 15 hpi. Intensity
and distribution of stained cells in plants inoculated with R. solani increased from 6 to
15 hpi, then decreased until 21 hpi and had a stationary status afterward. (Figure 4(A)
and (B)). In plants infected with P. indica–R. solani, H2O2 accumulation considerably
decreased from 0.3 A.U. at 6 hpi to 0.14 A.U. at 15 hpi, followed by an increasing trend
until 21 hpi, which slightly decreased from 21 to 24 hpi and then showed a stationary
estate. Inoculating the rice plants only with P. indica led to a slight increase in H2O2

Figure 5. Superoxide dismutase (SOD) activity (A) and guaiacol peroxidase (GPX) activity (B) in rice
seedlings with or without pre-inoculation by P. indica at various time points after inoculating R.
solani. Rs: inoculation with R. solani, PiRs: inoculation with P. indica and then R. solani with 14 days
interval, C: uninoculated control.
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accumulation from 21 to 24 hpi compared to the uninoculated control and then remained
stationary (Figure 4(B)).

The SOD assay in various time points, including 6, 24, 48, and 72 hours after inoculat-
ing R. solani, showed that the activity of this antioxidant in plants inoculated with R. solani
decreased from 64 U mg−1 protein at 6 hpi to 9 U mg−1 protein at 24 hpi and increased
afterward. Increase in SOD activity was observed in plants inoculated with P. indica–R.
solani from 6 to 48 hpi and then decreased. Furthermore, the SOD activity in plants inocu-
lated with R. solani and/or R. solani–P. indica was more than that of control plants at
various time points tested (Figure 5(A)).

The GPX assay showed that at all time points except 72 hpi, the level of GPX activity in
plants inoculated with R. solani was more than that of plants inoculated with R. solani two
weeks after P. indica inoculation and uninoculated controls. In both Rs and PiRs treat-
ments, the GPX activity increased from 6 to 24 hpi, followed by a decreasing trend
until 48 hpi and then increased until 72 hpi. However, in control plants without fungal
inoculation, considerable changes were not observed in the GPX activity and it had a
stationary estate in the time period examined (Figure 5(B)).

4. Discussion

In this study, we investigated the possibility of protecting rice plants against sheath blight,
as one of the most destructive and worldwide fungal diseases of this monocot caused by
R. solani, using the endophytic fungus P. indica. Control of sheath blight is complicated
due to the low inherent level of rice innate immunity against this disease, wide host
range of the pathogen, its ability to survive in soil for a long time as a ubiquitous soil-
borne fungus, and its high genetic variability (Taheri et al., 2007). Application of fungal bio-
control agents have become a focused subject of many researchers for designing novel,
effective, and environmentally safe disease management strategies. Biological control can
be achieved by one or a combination of various mechanisms, such as mycoparasitism, anti-
biosis, competition, and induced resistance (Buxdorf, Rahat, Gafni, & Levy, 2013).

Dual culture of P. indica and R. solani showed that P. indica did not exhibit direct
antagonistic effect against R. solani. On the other hand, colonization of rice tissues by
P. indica occurred only in the root system, whereas, R. solani inoculation resulted in colo-
nization of the aerial parts of rice plants. Therefore, it can be concluded that the endophy-
tic fungus activated plant defence responses and induced systemic resistance against
sheath blight. Similar results have also been observed by Waller et al. (2005) and
Kumar et al. (2009) in the case of P. indica and its interaction with F. culmorum and
B. graminis f. sp. hordei in barley and Fusarium verticillioides in maize, respectively.⍰
Rabiey et al. (2015) showed infrequent loose coiling of P. indica around Fusarium
hyphae, but no clear evidence of mycoparasitism were reported, so far. Also, in a dual
culture experiment between P. indica and Gaeumannomyces graminis, initially the
mycelia were not able to overcome. After prolonged incubation, P. indica started to
invade into the growth area of G. graminis and caused lysis of the root pathogen
hyphae (Varma et al., 2001). To our knowledge, direct effect of P. indica on R. solani vege-
tative growth and its capability for resistance induction in rice and other host plants were
not investigated till now. Therefore, the effect of P. indica on rice sheath blight has been
demonstrated in this study for the first time by providing evidence on reducing the disease
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severity, together with cellular and biochemical changes of the host plant in presence of the
endophytic fungus, as an effective biocontrol agent for controlling sheath blight. Reduced
disease development in rice plants inoculated with P. indica–R. solani compared to the
plants only inoculated with R. solani represented the impact of P. indica on lowering
disease severity. In accordance with this finding, Kumar et al. (2009) showed that inocu-
lation of maize by P. indica before infection with F. verticillioides reduced the host plant
colonization by F. verticillioides and decreased disease severity. Similarly, Waller et al.
(2005) showed that devastating effect of F. culmorum infection and disease severity of
powdery mildew caused by B. graminis f. sp. hordei was strongly diminished in the pres-
ence of P. indica. This study is the first report on delaying the infection process of R. solani
on rice tissues by P. indica, which resulted in decreased sheath blight severity.

Comparison of different growth parameters in P. indica-inoculated plants and controls
showed positive influence of P. indica on root and shoot growth of rice, which was similar
to the results of Deshmukh et al. (2006) on barley and medicinal plants, respectively. So,
this endophyte could be used as a biological fertilizer for enhancing growth of various
plant species belonging to monocots and dicots.

Detection of P. indica after 3, 7, and 14 dpi showed that at 3 and 7 dpi, P. indica struc-
tures were not produced in the root tissues. At 14 dpi, intracellular chlamydospores were
observed in the rice root cells. These data are in accordance with the observations of
Kumar et al. (2009), who reported that P. indica colonization in plants is a time-dependent
procedure. The obtained data revealed that P. indica was capable of partially protecting
rice plants against the pathogen, by inoculating the plants with this endophytic fungus
14 days prior to the pathogen infection. P. indica-induced resistance in this pathosystem
was associated with delaying R. solani infection process and activating defence responses
associated with redox estate of the host plant. The SODs are metalloenzymes that catalyse
dismutation of superoxide radical into hydrogen peroxide and molecular oxygen, provid-
ing an important defence against oxidative damage. Higher level of SOD activity in the
plants pre-inoculated with P. indica before R. solani infection at most of the time
points tested could be correlated with results of Waller et al. (2005), which showed
increased activity of antioxidant enzymes such as glutathione reductase in interaction
between P. indica and barley plants. Similar to the data obtained in this research, Ruiz-
Lozano, Azcon, and Palma (1996) reported higher levels of SOD activity in plants inocu-
lated with mycorrhizal fungi compared to non-mycorrhizal controls. Also, our results are
in accordance with observations of Harrach, Baltruschat, Barna, Fodor, and Kogel (2012)
in barley-F. culmorum pathosystem, suggesting that P. indica partially protects monocots
from necrotrophic fungal pathogens via priming the antioxidant systems in plant tissues.
Elevated levels of SOD activity could not be correlated with reduced H2O2 accumulation in
rice plants inoculated with P. indica prior to the pathogen infection. Reduction of H2O2

production in plants inoculates with P. indica–R. solani might be associated with acti-
vation of other antioxioxidants such as catalase (CAT), various types of peroxidases
(POXs), and non-enzymatic antioxidants, which are known as potent scavengers of
H2O2. So, it could be an interesting objective for future research to investigate the role
of other antioxidants in protecting rice plants against R. solani by using P. indica.

Peroxidases are among the major antioxidative enzymes, which could be involved in
peroxidation or antioxidation. Several types of peroxidases with differences in their struc-
ture, function, or substrate are reported in plants, till now. Guaiacol peroxidase (GPX) is
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an important type of peroxidase, which oxidizes guaiacol (o-methoxyphenol) as a sub-
strate. Despite the fact that peroxidases are among the most studied defence-related
enzymes in various plant species and are thought to be related with host defence responses
against biotic and abiotic stresses, our knowledge on their involvement in plant defence
network activated by fungal biocontrol agents as resistance inducers is very limited. In
rice-R. solani pathosystem, we observed that the endophytic fungus P. indica might not
have a critical role in priming the activity of GPX, as the levels of this enzymatic antiox-
idant in plants inoculated with P. indica–R. solani were less than that of plants only inocu-
lated with R. solani at most of the time points investigated. Therefore, lower levels of H2O2

in plants inoculated with both endophytic and phytopathogenic fungi tested compared to
that of the plants only inoculated with R. solani could not be due to the role of GPX as an
antioxidant. However, other kinds of rice peroxidases such as cationic peroxidases are
known to be involved in defence mechanisms of this monocot model plant against
R. solani (Taheri & Höfte, 2007).

Producing high levels of H2O2 in plant cells could be associated with oxidative burst,
which resulted in cell death. This phenomenon might be involved in suppressing the
plant infection by biotrophic pathogens. But for necrotrophics, it could be a helper in
accelerating infection process or might be a second messenger in defence signalling
(Glazebrook, 2005; Nikraftar et al., 2013; Taheri, Irannejad, Goldani, & Tarighi, 2014).
Therefore, it can be concluded that decreased H2O2 accumulation in rice plants pre-inocu-
lated with P. indica before inoculating R. solani (PiRs) compared to the plants only inocu-
lated with R. solani could be correlated with delayed infection process of the pathogen and
decreased disease progress in the PiRs-inoculated plants.

According to the obtained results, it can be concluded that, the necrotrophic phyto-
pathogen had an impact on increasing the activity of SOD, GPX, and H2O2 accumulation
in rice-R. solani pathosystem, leading to the occurrence of sheath blight disease symptoms.
Whereas in P. indica-R. solani (PiRs)-rice interaction in which the plants were inoculated
with P. indica before R. solani infection, no induction of H2O2 levels and priming SOD
activity resulted in decreasing the disease severity.

In this study, we showed that rice root colonizationwithP. indica led to increased growth
and delayed the infection process ofR. solani and decreased severity of sheath blight. To our
knowledge, this is the first demonstration of P. indica-induced resistance in a plant species
against R. solani, as a necrotrophic soil-borne phytopathogen with a wide host range. The
obtained data revealed that P. indica is a poweful plant-growth-promoting fungus and bio-
control agent, which is activating plant defence machinery against R. solani. Application of
P. indica in sustainable agriculture for treating the seedling bed before transplantation to the
field might be a successful method to increase rice production, reduce the use of synthetic
fungicides, and protect rice plants against this destructive disease.
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