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A B S T R A C T

Fusarium crown rot of wheat is an important disease worldwide. The lack of commercial resistant cultivars and
effective fungicides against Fusarium, make controlling the disease very difficult. Biocontrol can be an en-
vironmentally friendly method to reduce the progress of various diseases caused by Fusarium species.
Piriformospora indica is a root endophytic fungus with a wide range of host plants, which increases their growth
and tolerance to biotic and abiotic stresses. In this study, capability of P. indica to protect wheat seedlings against
Fusarium pseudograminearum, causing crown rot, was investigated and the role of polyamines (PAs) and nitric
oxide (NO) as signal molecules involved in plant defense pathways in induced resistance by this endophytic
fungus was evaluated in this pathosystem for the first time. Our results showed that P. indica did not have any
antagonistic effect on F. pseudograminearum in vitro but considerably reduced the disease progress on wheat
seedlings and detached leaves. Also, P. indica increased plant growth parameters compared to the controls in
greenhouse. Application of spermidine (Spd; a polyamine) and sodium nitroprusside (SNP; a NO donor) revealed
that PAs and NO had significant effect on basal immunity and P. indica-induced resistance (Pi-IR) via elevation of
H2O2 levels, guaiacol peroxidase (GPX) and catalase (CAT) activity, callose deposition, relative water content
(RWC) and membrane stability index (MSI) compared to the plants only inoculated with F. pseudograminearum
and uninoculated controls. In addition, our data demonstrated that PAs and NO synergistically enhanced basal
resistance and Pi-IR against Fusarium crown rot in wheat plants.

1. Introduction

Crown rot is an important disease on cereals worldwide. Fusarium
species cause browning and rotting of the subcrown internodes and
crowns of wheat, which reduce the grain yield (Zhang et al., 2015). This
disease have been reported from different geographical regions of the
world such as Asia (Braun et al., 2004; Besharati Fard et al., 2017),
North Africa (Nicol et al., 2004), South Africa (Lamprecht et al., 2006),
Europe (Pettitt and Parry, 2001), Australia (Burgess et al., 2001), North
America (Smiley et al., 2005) and South America (Burgess et al., 2001).

Biological control is one of the environmentally safe methods for
controlling phytopathogens. There are only a few studies on biocontrol
of Fusarium spp. causing wheat crown rot and Piriformospora indica is
considered as a promising agent in the biocontrol of this disease. The
effect of P. indica was evaluated against F. graminearum and F. cul-
morum, causing wheat crown rot by Rabiey et al. (2015), but the me-
chanisms of plant protection by this beneficial endophytic fungus were
not investigated, so far. To our knowledge, this is the first detailed study
on the effect of P. indica on wheat - F. pseudograminearum pathosystem.

P. indica (Pi) is a cultivable Basidiomycete belonging to Sebacinales,
which colonizes the roots of a wide range of plants and increases their
growth, biomass, seed production, tolerance to abiotic stresses and re-
sistance against microbial pathogens (Oelmüller et al., 2009; Qiang
et al., 2012; Sun et al., 2014; Saddique et al., 2018). Information on the
mechanisms of P. indica interaction with plants are scarce, yet. Various
studies demonstrated that P. indica activates different mechanisms in
the host plants, including growth promotion via higher production of
phytohormones such as auxins and cytokinins by P. indica (Hilbert
et al., 2013), systemic resistance against the biotrophic leaf pathogens
such as Blumeria graminis f. sp. hordei and Golovinomyces orontii by af-
fecting levels of jasmonic acid (JA), ethylene, abscisic acid (ABA) and
salicylic acid (SA) (Molitor et al., 2011), elevating intracellular calcium
and stimulating ROS production in Arabidopsis roots (Vadassery and
Oelmueller, 2009; Vahabi et al., 2015), increasing antioxidative re-
sponses in barley, maize and rice against F. culmorum, F. verticilloides
and R. solani (Harrach et al., 2013; Nassimi and Taheri, 2017).

Polyamines (PAs), mainly diamine putrescine (put), triamine sper-
midine (spd) and tetraamine spermine (spm) are aliphatic, polycationic
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compounds, which are ubiquitous in all living organisms. The PAs are
involved in a range of cellular processes in plants, such as cell division,
elongation, morphogenesis, embryogenesis, organogenesis, flowering,
senescence, xylem development and seed germination (Kusano et al.,
2007; Gupta et al., 2013). Also, the PAs can enhance plant tolerance to
abiotic stresses, such as injury, salinity, drought and biotic stresses in-
cluding pathogen infection (Alcázar et al., 2010; Pal et al., 2018). The
PAs carry a positive charge on each nitrogen atom at neutral pH and
can interact with negatively charged molecules in the cell membrane
and can thereby stabilize structure of cell membrane under stress
conditions (Groppa and Benavides, 2008). Recent reports have in-
dicated that the PAs induce H2O2 production (as a main type of reactive
oxygen species; ROS) and NO (a gaseous signaling molecule). The PAs
are reported to be involved in increasing NO biosynthesis in the seed-
lings of Arabidopsis thaliana (Tun et al., 2006). On the other hand, Diao
et al. (2017) elucidated that exogenous application of SNP elevated Put
and Spd levels in chilling stress. Interaction of the PAs and NO plays an
important role in stress management (Tun et al., 2006; Groppa et al.,
2008; Filippou et al., 2013; Yang et al., 2014). Formation of H2O2 in the
PAs catabolism process has a role in PA-related signaling pathways (Pal
and Janda, 2017).

Nitric Oxide (NO) is a hydrophobic and highly reactive gaseous
molecule with a broad spectrum of regulatory physiological processes,
including germination, metabolism, flowering, ripping of fruit and se-
nescence (Neill et al., 2003; Besson-Bard et al., 2008). Furthermore,
recent studies indicate that because of chemical characteristics of NO,
such as its small size, short half-life, absence of charge and high dif-
fusivity, this gaseous molecule plays a key role as a signal in plant re-
sponses to a variety of biotic and abiotic stresses (Hung et al., 2002;
Wang et al., 2005; Besson-Bard et al., 2008; Li et al., 2013). The NO is
known to be involved in defense responses during plant-pathogen in-
teractions via defense gene activation, hypersensitive cell death, pro-
duction of phytoalexins (Durner et al., 1998; Ganjewala et al., 2008),
cell wall modification by priming lignifications, callose deposition and
phenolics accumulation (Wang and Higgins, 2006; Keshavarz-Tohid
et al., 2016; Noorbakhsh and Taheri, 2016). In addition, NO acts in
concert with the PAs and both elevate antioxidative compounds,
thereby can protect plants against stress conditions (Alcázar et al.,
2010).

Membrane stability index (MSI) and relative water content (RWC)
are physiological characters, which are reported to be related with
plant defense in abiotic stress conditions, such as drought
(Arasimowicz-Jelonek and Floryszak-Wieczorek, 2009; Naghashzadeh,
2014), salinity (Sairam et al., 2002) and chilling (Li et al., 2014).
However, their involvement in plant responses against biotic stresses
caused by phytopathogens is not known, till now. In this work, the role
of MSI and RWC in basal immunity and Pi-IR in wheat-F. pseudo-
graminearum interaction, and also effects of NO and PA on these values
were investigated.

To our knowledge, the effect of simultaneously application of NO
and PAs in basal resistance has not been investigated in any patho-
system, so far. In this study, effects of NO and PAs on basal resistance
against F. pseudograminearum causing wheat crown rot and on re-
sistance responses induced by P. indica in this pathosystem were eval-
uated for the first time.

2. Materials and methods

2.1. Fungal inoculums preparation, inoculation and disease evaluation

F. pseudograminearum isolated from wheat plants showing the
symptoms of crown and root rot in Yazd province of Iran was used in
this study (the manuscript associated with identification and patho-
genicity of this species is under publication. The isolate of P. Indica was
obtained from the fungal culture collection of Ferdowsi university of
Mashhad, Iran. The fungal isolates were grown on Potato Dextrose Agar

(PDA) plates and incubated at 28 °C, until used.
The inoculum of F. pseudograminearum was prepared using the

method described by Gargouri-Kammoun et al. (2009). At the two to
three leaf stage of wheat seedlings (Zadoks’ growth stage (ZGS) 12 to
13), 250 μL of spore suspension (1×105 conidia mL−1) containing
0.05% (v/v) tween 20 was placed at the stem base and leaf primordial
of each plant. The plants used as controls were inoculated in a similar
manner with sterile distilled water containing 0.05% (v/v) tween 20.
The inoculated plants were kept at dark conditions at 90% relative
humidity and 22 °C for 24 h. For disease evaluation, each plant was
carefully pulled out and washed. Disease severity was graded into five
classes based on the proportion of stem discoloration (0=no dis-
coloration; 1=1 to 25%; 2=26 to 50%; 3=51 to 75%; 4=more
than 75%; 5= dead plant) as described by Fernandez and Chen (2005)
and the disease index (DI) was calculated as described previously
(Taheri and Tarighi, 2010).

Two methods were used to prepare P. indica inocula as followed: (i)
spore suspension technique: in this method, the chlamydospores of P.
indica were collected by flooding the surface of 14 days old PDA plate
with sterile distilled water by a spatula. Chlamydospore suspension was
filtered through sterile cheesecloth and concentration was adjusted to
1×105chlamydosporesper mL using haemocytometer (Nassimi and
Taheri, 2017). (ii) Inoculation of wheat seeds: the inoculum of P. indica
was prepared through inoculation and colonization of wheat seeds,
which were soaked in water for 12 h and then 200 g of the seeds were
transferred into 500mL flasks and autoclaved at 121 °C and 15 psi for
1 h. The seeds in each flask were inoculated with five plugs (5mm
diameter) of 7 days old cultures of P. indica and incubated at 28 °C for
two weeks.

2.2. Antagonistic activity assay

For examination of interaction between P. indica and F. pseudo-
graminearum, a P. indica plug with 5mm diameter was placed on a side
of a PDA plate and incubated at 28 °C. After 3 to 4 days, a F. pseudo-
graminearum plug of the same size from the margins of 5 days old cul-
ture was placed at the other side of the plate. After 7 days, the inter-
action of two fungi was investigated macroscopically and
microscopically (Rabiey et al., 2015).

2.3. Plant materials

Seeds of wheat (Triticum aestivum L.) cultivar (cv.) Falat were sur-
face sterilized by 10% sodium hypochlorite for 2min and rinsed thor-
oughly with sterile distilled water. The seeds were germinated on wet
sterilized filter paper in a Petri dish at room temperature. The germi-
nated seeds were transferred to cultivation trays containing sterilized
sand (121 °C and 15 psifor 1 h) under greenhouse conditions
(30 ± 4 °C; 16/8h light/dark photoperiod).

The roots of one week old wheat seedlings were inoculated with two
methods including: (i) seedling roots were immersed in chlamydospore
suspension (1×105mL−1) of P. indica containing 0.05% Tween 20 and
then the seedlings were planted in the 6 in. diameter pots (five seedlings
per pot) filled with a 1:1 (v:v) mixture of sand and soil, which were
sterilized in three successive days at 121 °C and 15 psi for 30min. (ii)
Five grams of wheat seeds colonized with P. indica were mixed with the
surface layer of the soil in each pot without disturbing the seedling
roots.

The stem base and leaf primordial of each seedling were inoculated
with F. pseudograminearum spore suspension simultaneously, 7 and
14 days post inoculation (dpi) with P. indica under the same conditions
as described above. The best time interval between inoculating wheat
plants with P. indica and F. pseudograminearum was determined by
calculating disease index (DI) at 21 dpi with F. pseudograminearum as
described by Fernandez and Chen (2005).

Following disease assessment, root volume, wet and dry weight of
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the roots and shoots were measured.

2.4. Detection of P. Indica in colonized wheat roots

Root samples were checked microscopically for P. indica coloniza-
tion after staining the root fragments, using cotton blue according to the
method of Vierheilig et al. (1998) at 0, 7 and 14 dpi.

2.5. Investigating the role of NO and PAs in basal defense and Pi-IR

The effect of NO and PAs on basal resistance and Pi-IR against F.
pseudograminearum, causing wheat crown rot, was investigated in this
study. Sodium nitroprusside (SNP, Merck) and spermidine (Spd, Sigma-
Aldrich) were used as NO donor and polyamine, respectively. Progress
of the disease on the wheat seedlings and also leaf segments with dif-
ferents treatments, including F. pseudograminearum (Fp), Spd+ Fp,
SNP+ Fp, Spd+ SNP+Fp, Pi+ Fp, Pi+ Spd+ Fp, Pi+ SNP+Fp,
Pi+ Spd+SNP+Fp and uninoculated controls was investigated.
Inoculation of the seedlings by the pathogen and P. indica and disease
evaluation were performed similar to those previously described at
21 days after inoculation with F. pseudograminearum. The 200 µM con-
centration of SNP and Spd were used for spraying on all leaves of each
21 days old wheat seedling (Keshavarz-Tohid et al., 2016).

The growth parameters such as, root volume, stem wet weight, root
wet weight, stem dry weight and root dry weight were measured and
recorded for each seedling at 21 days after inoculation with F. pseudo-
graminearum.

Also, interaction of Pi, NO, PAs and Fp were assayed on the wheat
detached leaf discs. In treatments with P. indica inoculation (Pi+ Fp,
Pi+ Spd+Fp, Pi+ SNP+Fp and Pi+ Spd+ SNP+Fp), 7 cm leaf
segments were sampled from seedlings 14 days after inoculation by P.
indica and in other treatments (Fp, Spd+Fp, SNP+Fp and
Spd+ SNP+Fp), 7 cm leaf segments were selected from 21 days
seedlings. To investigate the role of NO and PAs in basal resistance and
Pi-IR in this pathosystem, leaf segments were pretreated with 200 µM
SNP and 200 µM Spd for 1 h. Pretreated leaf segments with P. indica,
SNP and Spd were instantly inoculated at the center of the adaxial
surface with 10 μL F. pseudograminearum inoculum suspension of
1× 105 conidia mL−1 containing 0.05% (v/v) Tween 20. Ten μL Sterile
distilled water containing 0.05% (v/v) Tween 20 was applied on the
control leaves. Petri dishes containing the detached leaves were in-
cubated at 28 °C with a 12 h:12 h light: dark cycle. After 7 days, lesion
diameter at the point of inoculation on the wheat leaves was measured.
This assay included three replicates for each treatment and the ex-
periment was repeated three times.

2.6. Relative water content (RWC) measurement

The RWC displays the amount of water fraction in plant leaves and
can be estimated by using the following formula as described by
Wheatherley (1950):

RWC=FW-DW/TW-DW×100
The weight of first leaf segments of wheat from each treatment and

control plants were measured at 21 days after inoculation with F.
pseudograminearum as fresh weight (FW). Afterwards, leaf samples were
immersed in distilled water at room temperature for 24 h and were
weighted as turgid weight (TW) and the weights of leaf segments dried
in oven (70 °C for 48 h) were recorded as dry weight (DW).

2.7. Electrolyte leakage determination

Cell membrane stability was estimated by the electrolyte leakage
from crowns of wheat plants with different treatments. Wheat crowns
without fungal inoculation were used as controls. Crown samples at
21 days after inoculation by the pathogen were washed three times by
distilled water and then kept in 25mL distilled water at room

temperature for 24 h. The electrical conductivity of solution (EC1) was
calculated by conductivity meter (JENWAY, USA). Then, the solution
containing the leaves was transferred to autoclave at 121 °C for 20min
and after cooling to room temperature, the final electrical conductivity
(EC2) was measured by conductivity meter (JENWAY, USA). Membrane
stability index (MSI) percentage was measured by the following equa-
tion (Singh et al., 2008):

MSI= 1-EC1/EC2×100

2.8. Histochemical detection of H2O2

Production of H2O2 in wheat plants was investigated using 3, 3′-
diaminobenzidine (DAB) staining. The leaf samples with different
treatments and controls without any inoculation or treatment were
obtained at different time points and floated in the DAB solution
(1mgmL−1 DAB-HCL, pH 3.8) overnight. Alcohol and glycerin at the
ratio of 8:2 were used to decolorize the leaf segments. DAB poly-
merization at the site of H2O2 accumulation produced in a reddish–-
brown polymer, which was microscopically investigated (Olympus
BX51, Japan). The intensities of DAB staining were quantified by
ImageJ software (http://rsb.info.nih.gov/ij/index. html).

2.9. Protein extraction and antioxidant analysis

Total protein extraction was done according to the method de-
scribed by Kar and Mishra (1976). Leaf tissues (300mg) were sampled
at 0, 6, 12, 24, 48 and 72 hpi with F. pseudograminearum for different
treatments. The samples were ground in liquid nitrogen and homo-
genized in 3mL of 100mM potassium phosphate buffer (pH 6.8). The
mixture was centrifuged at 14,000 g for 20min at 4 °C and supernatant
was used as enzyme source. Soluble protein concentration was in-
vestigated using bovine serum albumin as a standard (Bradford, 1976).
Guaiacol peroxidase (GPX) activity was determined using guaiacol as a
hydrogen donor. The reaction mixture (1.18mL) contained potassium
phosphate buffer (100mM, pH 6.8), guaiacol (10mM), H2O2 (70mM),
enzyme extract (10 µL) and absorbance of the mixture was recorded at
470 nm for 3min (Chance and Maehly 1955).

Activity of catalase (CAT) was calculated as described by Aebi
(1984). The reaction mixture (1.51mL) included potassium phosphate
buffer (100mM, pH 6.8), H2O2 (70mM) and enzyme extract (10 µL).
The CAT activity was measured spectrophotometrically at 240 nm for
3min (Aebi, 1984). The GPX and CAT activity were expressed as µmol
min−1 mg−1 protein.

2.10. Callose deposition assay

Callose deposition in wheat leaves inoculated with various treat-
ments at different time points as described previously was determined
using aniline blue staining according to the method of Nguyen et al.
(2010). Briefly, leaf discs of different treatments and control plants
were immersed in 95% ethanol to bleach chlorophyll and incubated for
1 h in 150mM phosphate buffer (pH 9.5) containing 1% aniline blue
(Sigma). The discs were washed in 150mM phosphate buffer (pH 9.5)
and were detected by epifluorescence microscopy (Olympus BX51,
Japan) using UV filter. Callose intensity was measured by Image J
software.

2.11. Statistical analysis

At least three replications for each treatment in an assay and three
independent repetitions were used for each assay. All statistical ana-
lyses were performed by Excel and SPSS (version 22). The data were
analyzed by one-way analysis of variance (ANOVA) and comparison of
means was carried out using the Duncan’s Multiple Range Test at the
level of P≤ 0.05.
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3. Results

3.1. Antagonistic effect of P. Indica on F. Pseudograminearum

The results of dual culture of P. indica and F. pseudograminearum on
PDA plate demonstrated no antagonistic effect of this endophytic

fungus on F. pseudograminearum and no obvious inhibition zone at the
encounter point of two fungal colonies (Fig. 1A). However microscopic
observations showed coiled hyphae of P. indica around F. pseudo-
graminearum hyphae at the contact points (Fig. 1B, C).

Fig. 1. Interaction of Piriformospora indica and Fusarium pseudograminearum on
PDA plates (A) and formation of coiled hyphae of P. indica around F. pseudo-
graminearum hyphae at the conflict point (B and C).

Fig. 2. Colonization of wheat roots by Piriformospora indica 14 days post in-
oculation (dpi) with this endophytic fungus by using wheat seeds coated with
the chlamydospores of P. indica (method i; A) and its chlamydospores suspen-
sion (method ii, B and C).
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3.2. Interaction of P. Indica and F. Pseudograminearum in greenhouse

Microscopic detection of P. indica in the inoculated wheat roots
revealed that highest colonization occurred at 14 days post inoculation.
Comparison of using (i) spore suspension and (ii) inoculation of wheat
seeds by P. indica to inoculate wheat roots revealed the intracellular
chlamydospores of P. indica were observed at 7 days post inoculation
(dpi) in method (ii). Whereas, in using spore suspension of P. indica
(methodi) observation of P. indica structures occurred at 14 dpi.
Furthermore, the root colonization rate by P. indica in the second
method (ii) was higher than the first method (i) at 14 dpi (Fig. 2A, B, C).

Investigating of wheat seedlings revealed that disease severity on
the plants inoculated with F. pseudograminearum simultaneously, 7 and
14 days post inoculation by P. indica reduced the disease development
compared to the seedlings without inoculation of the endophytic fungus
(Fig. 3A, B, C). The lowest disease progress was observed on the wheat
seedlings inoculated by the pathogen at 14 days post inoculation with P.
indica (Fig. 4A).

3.3. Effect of P. Indicaon wheat growth

P. indica had significant effect on growth characteristics of wheat
seedlings such as root volume, stem wet and dry weight of root and
shoot systems. The biomass enhancement was obvious in the plants
inoculated with P. indica and both P. indica and F. pseudograminearum
compared to the controls and plants only inoculated with F. pseudo-
graminearum (Fig. 4B, C, D, E, F).

3.4. Effect of P. Indica (Pi), NO donor (SNP) and polyamine (Spd) on
wheat crown rot caused by F. Pseudograminearum and seedling growth
parameters

Investigating the effect of Pi, SNP and Spd treatments on progress of
the disease caused by F. pseudograminearum revealed considerable
protection of wheat seedlings (Fig. 5A, B) and detached leaves (5C, 5D)
by these treatments. The SNP+Spd+Fp treatment and application of
SNP and Spd on seedlings pre-inoculated with Pi had higher effect on
reduction of disease severity. The highest level of induced resistance

was observed on the seedlings and leaf segments treated with
Pi+ SNP+ Spd+Fp (Fig. 5A, C).

Investigating growth parameters, including root volume, wet and
dry weights of stems and rootsof wheat seedlings showed a significant
increase in growth parameters of the seedlings treated with Pi, SNP and
Spd compared to the seedlings only inoculated with F. pseudo-
graminearum and controls without any inoculation. The highest increase
in growth parameters was observed in the plants treated with
Pi+ SNP+ Spd+Fp (Fig. 6A, B, C, D, E).

3.5. Relative water content (RWC) and membrane stability index (MSI)
determination

In this study, the effect of various treatments, inducing Pi, SNP, Spd
and Fp was evaluated on cell membrane stability (MSI) by measuring
electrolyte leakage of wheat crowns and relative water content (RWC)
of plant leaves (Fig. 6F and G).

The obtained results revealed that MSI and RWC in plants in-
oculated with Pi, SNP and Spd were higher than that of plants in-
oculated with F. pseudograminearum alone and control plants. The
maximum levels of RWC (Fig. 6F) and MSI (Fig. 6G) were estimated in
Pi+ Spd+ Fp, Pi+ SNP+Fp and Pi+ Spd+ SNP+Fp treatments
compared to the other treatments studied.

3.6. Detection of H2O2 in wheat plants

The capability of Fp, Pi, SNP and Spd treatments for inducing H2O2

accumulation in wheat leaves, was investigated at 0, 6, 12, 24, 48 and
72 hpi (Fig. 7A, B).

The highest levels of H2O2 were detected in the leaves treated with
Pi+ Spd+ Fp and Pi+ Spd+SNP+Fp at 12 and 48 hpi, respectively
and then exhibited a decreasing trend in both treatments. In Pi+ Fp
and Pi+ SNP+Fp treatments the highest level of H2O2 accumulation
was observed at 24 hpi and the level of H2O2 production in Pi+ Fp
treatment was more than Pi+ SNP+Fp treatment in this time point.
Then, a decreasing trend was detected in both Pi+ Fp and
Pi+ SNP+Fp treatments (Fig. 7B).

Accumulation of H2O2in wheat plants with Spd+ Fp and SNP+ Fp

Fig. 3. Evaluation of disease severity on wheat roots inoculated by Fusarium pseudograminearum (A), F. pseudograminearum 14 days post inoculation by P. indica (B),
and negative control (C).
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treatments was observed at 24 hpi and then showed a decreasing trend.
But the level of H2O2production in Spd+ Fp at this time point was
more than SNP+Fp treatment. The highest level of H2O2 generation in
the Spd+ SNP+Fp treatment was observed at 48 hpi and until 72 hpi
had a decreasing trend·H2O2accumulation in this treatment was more
than the seedlings with Spd+Fp, SNP+Fp and Fp treatments at the
time points investigated. Also Spd+ SNP+Fp treatment had the
highest level of H2O2production at 72 hpi compared to other treatments
studied (Fig. 7B).

In the seedlings only inoculated with F. pseudograminearum, the
highest level of H2O2 accumulation was detected at 24 hpi and then
exposed a decreasing trend (Fig. 7B).

The lowest level of H2O2 production was observed in healthy con-
trol plants at the time points compared to other treatments tested
(Fig. 7B).

3.7. Determination of antioxidant enzymes activity

To investigate the effect of various treatments on enzymatic anti-
oxidants, activities of GPX and CAT were assayed in wheat seedlings at
0, 6,12,24,48 and 72 hpi (Fig. 8A and B).

The GPX activity in control plants without fungal inoculation had a
stationary trend and was at the lowest level at all time points compared
to other treatments tested. In plants only inoculated with F. pseudo-
graminearum, GPX activity increased from 0 to 24 hpi and then de-
creased until 72 hpi (Fig. 8A). The SNP+Fp treatment had an in-
creasing trend of GPX activity until 24 hpi, followed by a decreasing
status until 48 hpi and then revealed a stationary estate. The GPX ac-
tivity in the Spd+Fp treatment increased from 0 to 48 hpi and then
decreased until 72 hpi. The results revealed GPX activity in the
Spd+Fp treatment was higher than that of SNP+Fp treatment. In the
Spd+ SNP+Fp treatment, an increasing trend of GPX activity was
observed until 48 hpi and then considerably increased until 72 hpi. The

Fig. 4. Determining the best time interval between inoculating wheat seedlings with Piriformospora indica and Fusarium pseudograminearum (A) and effect of different
treatments (inoculation with P. indica, F. pseudograminearum, P. indica together with F. pseudograminearum (method ii) and non inoculated control) on root volume
(B), stem wet weight (C), stem dry weight (D), root wet weight (E) and root dry weight (F). Letters on the bars indicate significant differences according to Duncan
analysis using SPSS software (P≤ 0.05). The bars indicate standard errors (SE). Pi: Piriformospora indica, Pi Fp: P. indica+ Fusarium pseudograminearum, Fp: F.
pseudograminearum, C: Control.
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highest level of GPX activity was observed at 72 hpi compared to other
treatments investigated (Fig. 8A).

The highest level of GPX activity belonged to Pi+ Fp and
Pi+ Spd+Fp treatments at 48 and 24 hpi, respectively, and then both
treatments exhibited a decreasing trend until 72 hpi. The GPX activity
in the Pi+ SNP+Fp treatment increased from 0 to 48 hpi and then
decreased until 72 hpi. The Pi+ Spd+ SNP+Fp treatment showed an
increasing trend of GPX activity at all time points studied (Fig. 8A).

The CAT activity in control plants exposed stationary estate and had
the lowest level compared to other treatments tested. In the seedlings
only inoculated with F. pseudograminearum, CAT activity increased from
0 to 12 hpi followed by a decreasing trend until 24 hpi and then dis-
played a stationary estate until 72 hpi (Fig. 8B).

In SNP+Fp treatment, an increasing trend of CAT activity was
observed until 48 hpi and then decreased until 72 hpi. In the wheat
plants treated with Spd+ Fp, significant increase of CAT activity from
0 to 6 hpi was observed but it decreased until 48 hpi and then displayed
a stationary status until 72 hpi. The Spd+ SNP+Fp treatment showed
an increasing trend of CAT activity from 0 to 6 hpi followed by a de-
creasing trend until 12 hpi and then showed a stationary estate to 72
hpi. The highest level of CAT activity was observed at 72 hpi in this
treatment compared to other treatments investigated (Fig. 8B).

The CAT activity in Pi+ Fp treatment increased from 0 to 48 hpi
and then remained approximately at the same level. In Pi+ Spd+ Fp,

Pi+ SNP+Fp and Pi+ Spd+ SNP+Fp treatments, CAT activity in-
creased from 0 to 24 hpi and then decreased in Pi+ SNP+Fp and
Pi+ Spd+ SNP+Fp treatments, but in Pi+ Spd+Fp treatment ex-
hibited a decreasing trend to 48 hpi, followed by a stationary estate
until 72 hpi. The highest level of CAT activity was observed in the
Pi+ Spd+ SNP+Fp treatment at 24 hpi compared to the other
treatments tested (Fig. 8B).

3.8. Investigating callose deposition

In this study, callose deposition at the site of penetration as a
common defense response of plants to microbial pathogens, was in-
vestigated in wheat seedlings with different treatments at various time
points after the pathogen inoculation (Fig. 9A, B).

The level of callose deposition in plants only inoculated with F.
pseudograminearum was more than the control plants and less than other
treatments investigated. The highest level of callose deposition was
observed in Pi+ Fp, Pi+ Spd+ Fp, Pi+ SNP+Fp and
Pi+ Spd+ SNP+Fp treatments at 24 hpi compared to the other
treatments tested (Fig. 9B).

4. Discussion

In this study, biological control capability of P. indica and the role of

Fig. 5. Effect of different treatments, including spermidine (Spd), Sodium nitroprusside (SNP), P. indica (Pi) and Fusarium pseudograminearum (Fp), on progress of the
disease on the wheat seedlings (A) and leaf segments (C) and the disease symptoms on the plant tissues with various treatments on the seedlings (B) and detached
leaves (D) at 21 and 7 days post inoculation (dpi) with F. pseudograminearum, respectively. Fp: F. pseudograminearum, Spd Fp: Spermidine+ F. pseudograminearum,
SNP Fp: Sodium nitroprusside+ F. pseudograminearum, Spd SNP Fp: Spermidine+ Sodium nitroprusside+ F. pseudograminearum, Pi Fp: Piriformospora indica+ F.
pseudograminearum, Pi Spd Fp: P. indica+Spermidine+ F. pseudograminearum, Pi SNP Fp: P. indica+Sodium nitroprusside+ F. pseudograminearum, Pi Spd SNP
Fp: P. indica+Spermidine+ Sodium nitroprusside+ F. pseudograminearum, C: Control.
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different plant defense components, were investigated in basal im-
munity and Pi-IR in wheat against crown rot caused by F. pseudo-
graminearum. Our data demonstrated that dual culture on agar plate did
not show any direct antagonistic effect of P. indica on F.

pseudograminearum (Fig. 1A). Other studies consistent with our data,
reported no direct inhibition effect of P. indica on F. graminearum
(Deshmukh and Kogel, 2007), F. verticillioides (Kumar et al., 2009), F.
culmorum (Rabiey et al., 2015) and Rhizoctonia solani (Nassimi and

Fig. 6. Effect of various treatments of Spd, SNP, Pi and Fp on wheat seedlings growth parameters including, stem wet weight (A), stem dry weight (B), root wet
weight (C) root dry weight (D)root volume (E) and on relative water content (RWC) (F) and membrane stability index (MSI) (G), which were investigated at 21 dpi
with Fusarium pseudograminearum. Fp: F. pseudograminearum, Spd Fp: Spermidine+ F. pseudograminearum, SNP Fp: Sodium nitroprusside+ F. pseudograminearum,
Spd SNP Fp: Spermidine+ Sodium nitroprusside+ F. pseudograminearum, Pi Fp: Piriformospora indica+ F. pseudograminearum, Pi Spd Fp: P.
indica+Spermidine+ F. pseudograminearum, Pi SNP Fp: P. indica+Sodium nitroprusside+ F. pseudograminearum, Pi Spd SNP Fp: P.
indica+Spermidine+ Sodium nitroprusside+ F. pseudograminearum, C: Control.
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Taheri, 2017) in vitro. However, Sun et al. (2014) described that P.
indica strongly restricted growth of Verticillium dahliae colony and
Ghahfarokhi and Goltapeh (2010) observed a clear inhibition zone in
dual culture of P. indica and Gaeumannomyces graminis var. tritici on
PDA plates. Microscopic analysis revealed that hyphae of P. indica were
coiled around F. pseudograminearum hyphae at encounter points in dual
culture of these fungi (Fig. 1B and 1C). This is in accordance with the
findings of Rabiey et al. (2015), who found loose coiling of P. indica
around F. graminearum and F. culmorum hyphae without obvious evi-
dence of mycoparasitism effect (Rabiey et al., 2015).

Comparison of two methods, including application of P. indica
chlamydospores suspension (method i) and colonized wheat seeds

(method ii) for inoculation of wheat seedlings led to the observation of
pear shaped chlamydospores of P. indica in methods (i) and (ii), which
were produced at 14 and 7dpi, respectively. The rate of chlamydospore
formation in the method (ii) was higher than the method (i). This could
be due to the large number of P. indica chlamydospores around the
roots in the method (ii) compared to the method (i) (Fig. 2A, B and C).
Similarly, Nassimi and Taheri (2017) observed P. indica structures at 14
dpi by dipping the rice roots in P. indica chlamydospore suspension
(Nassimi and Taheri, 2017).

P. indica restricted the disease caused by F. pseudograminearum when
wheat seedlings were first colonized by P. indica prior to inoculation
with F. pseudograminearum (Fig. 3B). The lowest disease severity on the

Fig. 7. Detection of H2O2 in wheat leaf segments with different treatments using 3, 3- diaminobenzidine (DAB) (A) and intensity quantification of DAB staining using
Image J software (B) at various hours post inoculation (hpi) with Fusarium pseudograminearum. Bar= 200 µM, Fp: F. pseudograminearum, Spd Fp: Spermidine+ F.
pseudograminearum, SNP Fp: Sodium nitroprusside+ F. pseudograminearum, Spd SNP Fp: Spermidine+ Sodium nitroprusside+ F. pseudograminearum, Pi Fp:
Piriformospora indica+ F. pseudograminearum, Pi Spd Fp: P. indica+Spermidine+ F. pseudograminearum, Pi SNP Fp: P. indica+Sodium nitroprusside+ F. pseu-
dograminearum, Pi Spd SNP Fp: P. indica+Spermidine+ Sodium, nitroprusside+ F. pseudograminearum, C: Control.
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seedlings was observed when the seedlings were infected by the pa-
thogen at 14 dpi with P. indica (Fig. 4A). Consistent with this finding,
growing evidence suggested that P. indica did not inhibit F. culmorum
and F. graminearum colony growth in vitro but induced resistance
against these pathogens (Waller et al., 2005; Deshmukh and Kogel,
2007; Harrach et al., 2013). Nassimi and Taheri (2017) reported that
rice seedlings inoculated with P. indica 14 days before infection with R.
solani showed decreased level of disease, which is in agreement with
our findings. Also, evidence have been found that pre-inoculation of
Arabidopsis, maize and barely by P. indica decreased severity of the
diseases caused by Verticillium dahliae, F. verticillioides, F. culmorum and
Blumeria graminis f. sp. hordei, respectively (Waller et al., 2005; Kumar
et al., 2009; Sun et al., 2014).

Growth parameters in the plants inoculated with P. indica were
significantly higher than the controls (non inoculated with P. indica or
F. pseudograminearum) and the plants infected with F. pseudo-
graminearum alone. Similar to these results, other studies confirmed a

comparable increase in the growth characteristics when the plants were
exposed to P. indica and this endophytic fungus can be considered as a
biofertilizer in plant production (Waller et al., 2005; Deshmukh and
Kogel, 2007; Sun et al., 2014; Nassimi and Taheri, 2017).

In this work, the interaction of Pi, SNP and Spd on wheat plants
against F. pseudograminearum was investigated. Our results revealed
that the disease development significantly reduced on the inoculated
seedlings or detached leaves with different treatments of Pi, SNP and
Spd. Also, increased growth parameters were observed on wheat
seedlings via these treatments.

In other studies, the effect of NO donors, such as SNAP and SNP, on
reduction of plant disease caused by R. solani (Keshavarz-Tohid et al.,
2016; Noorbakhsh and Taheri, 2016), Botrytis cinerea (Asai and
Yoshioka, 2009), Sclerotinia sclerotiorum (Perchepied et al., 2010),
Macrophomina phaseolina (Sarkar et al., 2014), Golvinomyces orontii and
Erysiphe pisi (Schlicht and Kombrink, 2013) has been proven. It has also
been reported that exogenous treatment of PAs reduced the diseases

Fig. 8. Determination of Guaiacol peroxidase (GPX) (A) and Catalase (CAT) (B) activity in wheat seedlings with various treatments at different time points after
inoculation with Fusarium pseudograminearum. Fp: F. pseudograminearum, Spd Fp: Spermidine+ F.pseudograminearum, SNP Fp: Sodium nitroprusside+ F. pseudo-
graminearum, Spd SNP Fp: Spermidine+ Sodium nitroprusside+ F. pseudograminearum, Pi Fp: Piriformospora indica+ F. pseudograminearum, Pi Spd Fp: P.
indica+Spermidine+ F. pseudograminearum, Pi SNP Fp: P. indica+Sodium nitroprusside+ F. pseudograminearum, Pi Spd SNP Fp: P.
indica+Spermidine+ Sodium nitroprusside+ F. pseudograminearum, C: Control.
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caused by several plant pathogens, such as Phytophthora capsici (Koc
et al. 2016), F. culmorum (Wojtasik et al. 2015), Colletotrichum gloe-
sporoides (Ahn et al., 2003), Puccinia coronate f.sp. avenae (Montilla
Bascon et al., 2015), Sclerotinia sclerotiorum, Pseudomonas viridiflava
(Marina et al., 2008), Xanthomonas campestris (Kim et al., 2013) and
Tobacco mosaic virus (Negrel et al., 1984). To our knowledge, this is
the first report describing the effect of Pi, SNP and Spd on inducing
resistance against F. pseudograminearum in wheat.

Our study showed that RWC and MSI levels increased in various
treatments of Pi, SNP, Spd and F. pseudograminearum compared to the
plants only inoculated with the pathogen and the controls (Fig. 10).
Several evidences demonstrated that pretreatment with PAs and NO
increased RWC and MSI in stressed plants. Furthermore, co-application
of SNP and Spd exhibited more effects than the use of each treatment
alone in decreasing electrolyte leakage in plants during stress

conditions, which are in agreement with our data (Lin et al., 2012; Li
et al., 2013; Li et al., 2014). The NO and PAs are capable of inducing
stomatal closure and decreasing transpiration rate, which led to en-
hancement of the RWC level (Mata and Lamattina, 2001; Yamaguchi
et al., 2007). Polycationic nature of PAs enabled them to bind strongly
to anionic sites in cellular components, such as membrane phospholi-
pids and may stabilize plasma membrane, leading to prevent the elec-
trolytes leakage from plant roots and shoots under stress conditions
(Chattopadhayay et al., 2002; Zhang et al., 2006). Kaya et al. (2009)
reported that arbuscular mycorrhizal plants have higher electrolyte
concentration than non-mycorrhizal plants by improving the integrity
and stability of membrane. In addition, Naghashzadeh (2014) showed
that application of mycorrhizal biofertilizers improved RWC and MSI in
maize plants via increasing nutrient uptake, extension of the root sys-
tems and water status of the hosts.

Fig. 9. Detection ofcallose deposition in wheat leaves by aniline blue staining (A) and intensity quantification of callose deposition using Image J software (B) at
various time points after inoculation with Fusarium pseudograminearum. Bar=200 µM, Fp: F. pseudograminearum, Spd Fp: Spermidine+ F.pseudograminearum, SNP
Fp: Sodium nitroprusside+ F. pseudograminearum, Spd SNP Fp: Spermidine+ Sodium nitroprusside+ F. pseudograminearum, Pi Fp: Piriformospora indica+ F.
pseudograminearum, Pi Spd Fp: P. indica+Spermidine+ F. pseudograminearum, Pi SNP Fp: P. indica+Sodium nitroprusside+ F. pseudograminearum, Pi Spd SNP
Fp: P. indica+Spermidine+ Sodium nitroprusside+ F. pseudograminearum, C: Control. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Similar to our findings, previous studies demonstrated that PAs,
such as Spd and Spm, enhanced H2O2 generation in plants under stress
conditions (Diao et al., 2017). In addition, it has been indicated that NO
and PAs had interlinked functions and similar physiological effect in
signaling cross talk pathways, such as increase of antioxidant enzymes
and regulation of ROS detoxification in plants under stress conditions
(Alcázar et al., 2010; Li et al., 2014). Noorbakhsh and Taheri (2016)
reported that pretreatment of tomato seedlings with SNP reduced the
disease severity of R. solani via stimulating ROS production and callose
deposition in tomato plants. The findings of Keshavarz-Tohid et al.
(2016) revealed the involvement of NO in basal defense and Pseudo-
monas fluorescent induced resistance in bean plants against R. solani via
H2O2 generation and regulation of redox state.

Recent findings demonstrated that simultaneous application of SNP
and Spd considerably increased antioxidant enzymes such as CAT and
GPX, in plants under chilling stress compared to application of these
treatments alone (Li et al., 2014). Similarly, the present research clar-
ified that exogenous application of SNP and Spd enhanced H2O2 ac-
cumulation, CAT and GPX activity and callose deposition in wheat
seedlings compared to the controls and plants only inoculated with F.
pseudograminearum. It has been illustrated that co-application of SNP
and Spd had more considerable effects on defense enhancement of
stressed plants by synergistic effect of these compounds compared to
use of them alone (Li et al., 2014).

It is elucidated that soil borne pathogens exerted ROS and oxidative
stress to enhance cell death in plants (Desmond et al., 2008; Cuzick
et al., 2009). Harrach et al. (2013) reported that P. indica is able to
protect barley roots from loss of antioxidant enzymes caused by F.
culmorum. It has been also demonstrated that P. indica is able to in-
tercept microbe associated molecular pattern (MAMP)-induced immune
responses in Arabidopsis roots including oxidative burst, induction of
defense related genes and callose deposition by participating in phy-
tohormon related pathways (Schäfer et al., 2009; Jacobs et al., 2011).
In overall, our results revealed that P. indica can be able to reduce

progress of the disease caused by F. pseudograminearum on wheat.
Furthermore, it was clarified that NO and PAs not only increased the
level of basal resistance, but also significantly enhanced the effect of P.
indicaon induced resistance in this pathosystem by increasing H2O2

accumulation, antioxidant enzymes and callose deposition and im-
proved the plant growth factors. Also, the obtained data revealed that
interaction of Spd, SNP and Pi increased RWC and MSI in the infected
plants in this pathosystem, which are effective in increasing resistance
level of the host plant to this destructive disease. Further research on
the role of other defense components and their relationships with var-
ious types of reactive oxygen and nitrogen species, antioxidant systems,
PAs and callose in basal immunity and Pi-IR in this pathosystem will
help us to design novel and effective disease management strategies to
protect wheat plants against this destructive fungal pathogen.
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