Journal Pre-proof

Function of the endophytic fungus Acrophialophora jodhpurensis, methionine, and
nitric oxide in wheat resistance induction against Fusarium graminearum via interplay
of reactive oxygen species and iron

Zoha Daroodi, Parissa Taheri

PII: S0885-5765(23)00187-X
DOI: https://doi.org/10.1016/j.pmpp.2023.102132
Reference: YPMPP 102132

To appearin:  Physiological and Molecular Plant Pathology

Received Date: 19 June 2023
Revised Date: 10 August 2023
Accepted Date: 26 August 2023

Please cite this article as: Daroodi Z, Taheri P, Function of the endophytic fungus Acrophialophora
jodhpurensis, methionine, and nitric oxide in wheat resistance induction against Fusarium graminearum
via interplay of reactive oxygen species and iron, Physiological and Molecular Plant Pathology (2023),
doi: https://doi.org/10.1016/j.pmpp.2023.102132.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2023 Published by Elsevier Ltd.


https://doi.org/10.1016/j.pmpp.2023.102132
https://doi.org/10.1016/j.pmpp.2023.102132

Function of the endophytic fungus Acrophialophora jodhpurensis, methionine, and
nitric oxide in wheat resistance induction against Fusarium graminearum via interplay

of reactive oxygen species and iron

Zoha Daroodi, Parissa Taheri*
Department of Plant Protection, Faculty of Agriculture, Ferdowsi University of Mashhad,

Mashhad, Iran

*Corresponding author:

P. Taheri (E- mail: p-taheri@um.ac.ir)

Tel: 0098 51 38805821

Fax: 0098 51 38787430


mailto:p-taheri@um.ac.ir

Abstract

In this study, the effect of Acrophialophora jodhpurensis, methionine, and sodium
nitroprusside (as a NO donor) in induction of resistance against Fusarium graminearum, as
a hemibiotrophic phytopathogenic fungus causing wheat root and crown rot, was investigated
in vivo. Also, the effect of A. jodhpurensis was investigated on the mycelial growth, spore
germination and hyphal structures of F. graminearum in vitro. The obtained results showed
that A. jodhpurensis reduced mycelial growth and spore germination of the pathogen. Also,
the spores and hyphae of the pathogen were swollen and deformed in the presence of A.
jodhpurensis. Wheat root colonization by A. jodhpurensis and foliar application of
methionine and sodium nitroprusside reduced the disease severity of F. graminearum and
increased the plant growth parameters, such as shoot and root weight compared to the
controls. Application of A. jodhpurensis, methionine and sodium nitroprusside had a
significant effect in induction of resistance against F. graminearum via increasing superoxide
(027), hydrogen peroxide (H202), iron ions, phenolic contents, induction of antioxidant
enzymes such as catalase (CAT), guaiacol peroxidase (GPX), ascorbate peroxidase (APX)
and superoxide dismutase (SOD) activities, membrane stability index (MSI) and relative
water content (RWC) compared to the plants only inoculated with F. graminearum and
uninoculated controls. Simultaneous application of A. jodhpurensis and sodium nitroprusside
was more effective than simultaneous application of A. jodhpurensis and methionine. Also,
simultaneous application of A. jodhpurensis, methionine and sodium nitroprusside treatments
showed more effect on the plant growth parameters and resistance induction against the

pathogen compared to the other treatments. Therefore, the combined A. jodhpurensis,
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methionine and sodium nitroprusside treatment can be used for increasing the plant growth
parameters and protecting wheat plants against F. graminearum.
Keywords: Root and crown rot, Triticum aestivum, Growth parameters, Disease index,

Defense responses

1. Introduction

The genus Fusarium is one of the most important pathogens on numerous agricultural crops
including small grain cereals, worldwide (Shahbazi et al. 2021; Zakaria, 2023). The fungus
Fusarium graminearum is the causal agent of serious diseases on wheat in many cereal-
producing regions of the world. This pathogen causes dry rot and necrosis of the crown, root
tissue, and basal stem (Chakraborty et al. 2010; Kazan and Gardiner, 2018).

Biocontrol is one of the effective and environmentally safe methods to control destructive
phytopathogens, such as F. graminearum. In this disease management strategy, beneficial
microorganisms protect plants from phytopathogens via direct and indirect mechanisms.
Direct interaction is between the biocontrol agent and the pathogen, which consists of several
mechanisms such as antibiosis, via secretion of lytic enzymes and production of toxins. But
indirect interaction occurs via different mechanisms, including production of
phytohormones, phosphate solubilization, stimulating plant secondary metabolites, and
induction of resistance, which leads to plant growth promotion and decreases the disease
progress in the plant tissues (Legein et al. 2020). The ability of plants to prevent or delay
colonization and development of the pathogen can be defined as disease resistance. Several

defense mechanisms are involved in resistance of plants under biotic and abiotic stresses,



such as strengthening the cell wall, production of reactive oxygen species (ROS), defense-
related enzymes, accumulation of phenolics and lignin, production of antimicrobial
metabolites, and activation of hypersensitive response (Llorens et al. 2017; Fontana et al.
2021).

Fungal endophytes live inside the tissues of plants for at least a part of their life cycle without
causing disease symptoms. These fungi induce the plant immune system against pathogen
attacks (Constantin et al. 2019; Daroodi et al. 20214, b), induced resistance using endophytic
fungi has been investigated against Fusarium spp. causing wheat root and crown rot by many
researchers. For example pre-inoculation of wheat plants with Piriformospora indica induced
resistance against F. graminearum and F. culmorum (Rabiey et al. 2015), and also against F.
pseudograminearum (Dehghanpour-Farashah et al. 2019b). Also, seed inoculation with the
fungal entomopathogen Metarhizium brunneum (Jaber, 2018), Trichoderma sp. (Kthiri et al.
2020) and Meyerozyma guilliermondii (Kthiri et al. 2021) induced wheat resistance against
F. culmorum.

Methionine is a sulfur-containing amino acid, which has nutritional importance and exists at
low levels in plants. Also, it has an important role in the initiation of mMRNA translation. In
addition, methionine is a fundamental metabolite in plant cells, which indirectly regulates
cellular processes. It is the precursor of S-adenosylmethionine (SAM), which SAM
participates in primary and secondary metabolism. Therefore, it controls the level of
important metabolites including polyamines, ethylene, and biotin (Amir, 2010). The
efficiency of methionine in induction of resistance has been investigated against several
fungal phytopathogens, such as the downy mildew pathogen Sclerospora graminicola in

pearl millet (Sarosh et al. 2005), Plasmopara viticola infection in grapevine (Boubakri et al.
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2013), powdery mildew caused by Sphaerotheca fuliginea in cucumber (Kang, 2008),
powdery mildew caused by Oidium neolycopersici and Fusarium oxysporum f. sp.
lycopersici in tomato (Saito et al. 2017 a, b), and postharvest black spot rot caused by
Alternaria alternata in jujube fruit (Liu et al. 2022). Also, it enhanced plant tolerance to
abiotic stresses, such as wounding in rice (Nakazato et al. 2000), salt in maize (Perveen and
Hussain, 2021), and water-deficiency in sunflower (Mehak et al. 2021).

Nitric oxide (NO), also called nitrogen monoxide, is a colorless toxic gas with a small size
and a very short half-life (Parankusam et al. 2017; Noorbakhsh and Taheri, 2016). It is
formed via oxidation of nitrogen. Nitric oxide has critical chemical signaling functions, and
it involves in growth, development, reproduction, biotic and abiotic stress responses, and
plant immunity (Keshavarz-Tohid et al. 2016; S&nchez-Vicente et al. 2019). Also, the
excessiveness of NO causes nitro-oxidative damage to lipids and proteins and inhibits
photosynthetic electron transport and thylakoid ascorbate peroxidase, which leads to plant
cell death (Misra et al. 2014). The role of NO was investigated in the induction of resistance
against phytopathogens in various plants. For example, against Botrytis cinerea in Nicotiana
benthamiana (Asai and Yoshioka, 2009), Sclerotinia sclerotiorum (Perchepied et al. 2010),
Golovinomyces and Erysiphe pisi (Schlicht and Kombrink, 2013) in Arabidopsis thaliana.
Also, against Macrophomina phaseolina in Corchorus capsularis (Sarkar et al. 2014),
Rhizoctonia solani in bean (Keshavarz-Tohid et al. 2016) and tomato (Noorbakhsh and
Taheri, 2016), and Fusarium pseudograminearum in wheat (Dehghanpour-Farashah et al.
2019b).

Many studies have been reported the synergistic effect of beneficial fungi and resistance

inducers in reducing disease severity of phytopathogens and increasing plant growth
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parameters. Several reports revealed that simultaneous application of beneficial fungi and
resistance inducers had more effect on protecting plants against pathogens and increasing
plant growth parameters compared to the single treatments. For example, simultaneous
application of sodium nitroprusside (SNP), polyamines and Piriformospora indica against
Fusarium pseudograminearum (Dehghanpour-Farashah et al., 2019b), zinc sulfate, thiamine
and P. indica against Rhizoctonia solani (Kheyri and Taheri, 2021), thiamine and P. indica
against Rhizoctonia solani (Kheyri et al. 2022) revealed higher level of protection and
defense activation against each pathogen compared to the single treatments.

To our knowledge, induction of resistance using A. jodhpurensis, methionine, and sodium
nitroprusside (SNP; as a NO donor) and the effect of simultaneous application of A.
jodhpurensis, methionine, and SNP against F. graminearum has not been investigated in any
pathosystem, till now. Thus, the aims of this study were to (i) investigate the effect of A.
jodhpurensis on the myecelial growth, spore germination and hyphal structures of F.
graminearum (ii) determine the possibility of increasing growth parameters and protecting
wheat plants against F. graminearum using the endophytic fungus A. jodhpurensis,
methionine, and SNP, (iii) examine the involvement of ROS, iron ions, enzymatic
antioxidants, total phenolics, cell membrane stability and relative water content in the

induced defense responses of wheat against F. graminearum.

2. Materials and methods
2.1. Fungal isolates
In this research, the isolates of Fusarium graminearum, Acrophialophora jodhpurensis, and

Serendipita indica (formerly Piriformospora indica) were obtained from culture collection



of Department of Plant Protection, Faculty of Agriculture, Ferdowsi University of Mashhad
in Iran. The isolate of F. graminearum was previously isolated from infected wheat plants
(Dehghanpour-Farashah et al. 2019a), and the isolate of A. jodhpurensis, was obtained from
healthy roots of tomato (Daroodi et al. 2022). The isolate of S. indica used in this study as a
positive control was previously used in our several studies on different pathosystems to
investigate its potential in induction of plant defense responses against various fungal
pathogens (Dehghanpour-Farasha et al. 2019, Kheyri et al. 2021 and 2022, Nassimi and

Taheri 2017).

2.2. Effect of methionine and SNP on the mycelial growth of F. graminearum and A.
jodhpurensis

The inhibitory effect of methionine and SNP on the mycelial growth of F. graminearum and
A. jodhpurensis was investigated. Different concentrations of SNP (100, 150, and 200 uM)
and methionine (10 and 20 mg/L) were added to the flasks containing sterilized PDA
medium. The PDA medium without these compounds was used as control. Then, the plates
were inoculated in the center with 5 mm diameter mycelial plugs taken from 7 days old
cultures of F. graminearum and A. jodhpurensis. The plates were incubated at 28°C, and the
colony diameter of F. graminearum and A. jodhpurensis was recorded before the control
plates were completely covered by the mycelia of each fungus. The experiment was repeated
three times with three replications for each repetition.

Inhibitory percentage of the compounds on mycelial growth of the fungi was calculated using
the following formula (Asran-Amal et al. 2010):

L=((C—-T)/C)x 100
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In this formula, L is the inhibition of radial mycelial growth, C and T are the colony diameters

of the fungi in the control and in presence of the compounds, respectively.

2.3. Effect of A. jodhpurensis on the mycelial growth of F. graminearum

The inhibitory effect of A. jodhpurensis on the mycelial growth of F. graminearum was
investigated using the dual culture method on PDA medium. Briefly, a 5 mm diameter
mycelial plug obtained from 7 days old cultures of A. jodhpurensis was cultured on one side
of the Petri dish containing PDA. The PDA medium without fungus was used as control.
After two days, a 5 mm diameter mycelial plug obtained from 7 days old cultures of F.
graminearum was cultured on the other side of each Petri dish in the opposite side of the A.
jodhpurensis. The plates were incubated at 28°C, and the colony diameter of F. graminearum
was recorded before the control plates were completely covered by the mycelia of F.
graminearum (S"anchez-Fern‘andez et al. 2016). The inhibitory percentage of A.
jodhpurensis on mycelial growth of F. graminearum was calculated as before. The

experiment was repeated three times with three replications for each repetition.

2.4. Effect of A. jodhpurensis on mycelial structure of F. graminearum

The mycelial structure of F. graminearum in dual culture with A. jodhpurensis was
investigated using light microscopy. A thin plug of F. graminearum from the edge of colony
in dual culture with A. jodhpurensis was investigated by an Olympus microscope (BH2,
Tokyo, Japon) after 7 days, before the control plates were completely covered with the
mycelia of F. graminearum. Then, the hyphal staining was carried out using aniline blue as

described by Koneman et al. (1978).


http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000067&Rec=572180&Fields=All
http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000067&Rec=572180&Fields=All
http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000067&Rec=572180&Fields=All
http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000067&Rec=572180&Fields=All
http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000067&Rec=572180&Fields=All
http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000067&Rec=572180&Fields=All
http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000067&Rec=572180&Fields=All
http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000067&Rec=572180&Fields=All
http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000067&Rec=572180&Fields=All

2.5. Effect of A. jodhpurensis on spore germination of the pathogen

For growth-free supernatant of A. jodhpurensis preparation, the fungus A. jodhpurensis was
cultured on PDA medium at 28°C for 7 days. Then, two mycelial plugs (10 mm x 10 mm) of
this fungus were transferred into a flask containing 100 mL potato dextrose broth (PDB)
medium. The flasks were incubated on a rotary shaker at 30°C and 150 rpm. After 10 days,
the culture was filtered by Whatman filter paper (no. 1) for removing mycelia, then a 0.2 um
pore biological membrane filter was used for sterilizing (Xiao et al. 2013).

For preparing the inoculum of F. graminearum, five grams of wheat straw powder were
mixed with 125 mL of tap water in a 250 mL Erlenmeyer flask. The flasks were autoclaved
at 121°C for 20 min during three days successively to sterilize completely and inhibit the
presence of heat-resistant microorganisms. Then, the flasks were inoculated with three
mycelial plugs of F. graminearum (one cm? diameter) obtained from 7 days old culture of
the pathogen and incubated on a rotary shaker at 30 “C and 150 rpm for 7 days (Taheri et al.
2022).

Then, the growth-free supernatant was mixed with spore suspensions of F. graminearum
(10° spores mL 1) at a ratio of 1:1, 2:1 5:1 and 10:1 (v:v) in tubes (Zhang et al. 2022). Also,
spore suspension of F. graminearum with only sterile water was used as control. The
mixtures were kept at 24°C with 90% relative humidity. After 12h, mixtures of F.
graminearum spore suspensions and the growth-free supernatant of A. jodhpurensis (100 pl)
were placed on a glass slide. Then, the germination of the spores was evaluated by
observation of 100 spores through the light microscope (BH2, Tokyo, Japon). The spore
germination (spores mL 1) was examined as a percentage using the following formula (Li et

al., 2015):
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Total germination rate (%) = (Germinated spores/Total spores) X 100
2.6. Preparation of inoculum
Inoculum of F. graminearum was prepared as mentioned above according to the method
described by Taheri et al. (2022). Fresh spores were harvested and spore concentration was

adjusted to 10° spores mL ! using a haemocytometer.

The 1/10-strength potato agar (PA) medium was used in order to induce sporulation of A.
jodhpurensis (Su et al. 2012). The ascospores were washed using sterile distilled water and

spore concentration was adjusted to 10° spores mL ™! using a haemocytometer.

The spore suspension of S. indica was obtained by using the method of Nassimi and Taheri
(2017). In this method, the surface of 14 days old PDA plate was flooded using sterile
distilled water, and chlamydospores were separated by a small spatula. The chlamydospore

concentration was adjusted to 10° spores mL™ using a haemocytometer.

2.7. Plant growth conditions and inoculation with A. jodhpurensis and S. indica

Seeds of wheat cultivar “Falat” were surface sterilized using 1% sodium hypochlorite for 2
min and washed three times using sterile distilled water. For germinating, the sterilized seeds
were placed on wet sterilized filter paper in a Petri dish at room temperature. Then, the
germinated seeds were transferred to cultivation trays containing sterilized perlite under

greenhouse conditions (30 + 4 “C; 16/8h light/dark photoperiod).

After one week, wheat seedlings were inoculated by immersing the roots of wheat seedlings

in A. jodhpurensis spore suspension (10° spores mL™ containing 0.05% Tween 20). For

10
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positive control, the roots of wheat seedlings were immersed in chlamydospore suspension
of S. indica (10° spores mL™* containing 0.05% Tween 20), also for negative control, the
roots of wheat seedlings were immersed in 0.05% Tween 20. Then, the seedlings were
planted in the 12 x 10 cm pots containing a mixture of sterilized perlite, farm soil, and sand

(1:2:1) and the pots were incubated under greenhouse conditions.

2.8. Detecting A. jodhpurensis and S. indica colonization in the wheat roots

Wheat roots were investigated using a light microscope for detecting hyphae of A.
jodhpurensis and S. indica at 14 and 21 days after inoculating the beneficial fungi. For this
purpose, the plants were removed from the soil and washed under running tap water. Staining
of the roots was done using cotton blue. The stained roots were investigated using an
Olympus microscope (BH2, Tokyo, Japan) (Vierheilig et al. 1998).

To evaluate wheat root colonization by the beneficial fungi, the hyphae of A. jodhpurensis
and S. indica reisolated from wheat roots. Briefly, the wheat roots were harvested at 14 and
21 days post-inoculation and were washed under running tap water. Then, the roots were
treated using 2% sodium hypochlorite (for 2 min) and then 70% ethanol (for 2 min). Then,
the roots were washed three times using sterile distilled water and dried in laminar flow, and
finally the roots were cut into 1 cm x 1 cm fragments. The root fragments were dried using
sterile filter paper and four pieces were placed in each Petri dish (10 cm diameter) containing
PDA medium supplemented with 0.05% streptomycin. The Petri dishes were incubated at
28°C for 10 days. Root colonization was determined by counting fungal colonies (Dingle and

Mcgee 2003).
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2.9. Effect of A. jodhpurensis, methionine and a NO donor (SNP) on wheat root and
crown rot caused by F. graminearum

For investigating effect of A. jodhpurensis, methionine, and SNP on progress of the disease
caused by F. graminearum in vivo, inoculation of wheat plants by A. jodhpurensis was done
using spore suspension as described above. After 21 days (when the plant roots were
colonized by the endophytic fungus very well), the 10 mg L™ concentration of methionine
and 100 uM concentration of SNP (which had no inhibitory effect on A. jodhpurensis and F.
graminearum growth in vitro) were used for spraying on wheat seedlings. At this time, the
stem base and leaf primordial of each seedling were treated with 250 uL of F. graminearum
spore suspension (10° spores mL™! containing 0.05% (v/v) tween 20) (Dehghanpour-
Farashah et al. 2019). The inoculated plants were kept in the greenhouse at 90% relative
humidity and 22°C temperature.

Disease evaluation was done 21 days after inoculating the pathogen. The plants were
carefully pulled out from the pots and washed. Disease severity was determined using the
scales described by Fernandez and Chen (2007), including 0= no necrotic lesion; 1 = necrosis
1 to 25%; 2 = necrosis 26 to 50%; 3 = necrosis 51 to 75%; 4 = necrosis longer than 75% and
5 = seedling damping-off. Disease index (DI) was calculated using the following formula
(Taheri and Tarighi, 2010):

DI (%) = [sum (frequency x score)]/ [(total number of plants) x (maximal score)] x 100

Each experiment was repeated three times with three replications for each repetition.

2.10. Effect of A. jodhpurensis, methionine, and SNP on the plant growth

12
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To evaluate the effect of A. jodhpurensis, methionine, and NO donor (SNP) on wheat growth
parameters, the wheat seeds were planted and seedlings were inoculated as described before.
After 21 days, fresh and dry weights of the seedlings were measured. To investigate the dry
weight, the samples were placed in an oven at 70 C temperature for 48 h. Three replications

and three repetitions were maintained for each treatment.

2.11. Histological detection of oxidative burst and iron accumulation

For detecting hydrogen peroxide (H202), superoxide (O27), and iron ions accumulation in
wheat seedlings, the leaf samples with different treatments at various time points (0, 6, 12,
24, 48, and 72 hpi) after F. graminearum inoculation were stained using 3, 3'-
diaminobenzidine (DAB), nitroblue tetrazolium (NBT), and potassium ferrocyanide staining,
respectively. Decolorizing the leaf segments was done using alcohol and glycerin (8:2) and
accumulation of H202, Oz, Fe3*, and Fe?* was evaluated using an Olympus microscope
(BH2, Tokyo, Japon). The image J software (http://rsb.info.nih.gov/ij/index.html) was used
for quantifying staining intensities. The experiments were performed using three leaf samples
for each treatment at each time point and each assay was repeated three times.

Detection of H202 was done according to the method described by Thordal-Christensen et
al. (2002). The leaf samples at various time points after inoculating the pathogen were floated
for 75 min in a solution of 1 mg/mL DAB-HCI (DAB: 3,3-diaminobenzidine; pH 3.8). A
reddish— brown polymer was produced by DAB polymerization at the site of H202
accumulation, which was macroscopically visible and microscopically checked by an

Olympus microscope (BH2, Tokyo, Japan).

13


http://www.mycobank.org/BioloMICS.aspx?TableKey=14682616000000067&Rec=572180&Fields=All
http://rsb.info.nih.gov/ij/index.html

For detection of Oz, the leaf samples were submerged for 1 h in a solution of 0.1 mg mL™*
nitroblue tetrazolium (NBT) (Sigma, St Louis, MO, USA), in 25 mM Hepes buffer, pH 7.6
at 22°C in the dark. The leaf samples were transferred to distilled water and washed several
times to stop the reaction. After decolorizing the leaf segments, a dark blue insoluble
formazan compound was produced by the reaction of NBT with O2°, which was
macroscopically visible and microscopically checked by an Olympus microscope (BH2,
Tokyo, Japan).

For iron ions staining, the leaf segments were submerged for 24 h in 7 % (w/v) potassium
ferrocyanide (for Fe** detection) or for 48 h in 7 % (w/v) potassium ferrocyanide (for Fe?*
detection) in aqueous 3 % (v/v) hydrochloric acid at room temperature (Smith et al. 1997).
When potassium ferrocyanide reacted with Fe** a dark blue precipitate was produced, and in
the reaction of potassium ferrocyanide with Fe?* a white precipitate was produced that was
converted to blue due to the oxidation by oxygen in the air. The blue precipitates were

microscopically checked by an Olympus microscope (BH2, Tokyo, Japan).

2.12. Measurement of cell death

Wheat seedlings were inoculated using A. jodhpurensis, methionine, SNP, and the F.
graminearum as described before. Cell death in the pieces of the plant crown (0.5 g) at 0, 6,
12, 24, 48, and 72 h post F. graminearum inoculation (hpi), was evaluated using the Evans
blue staining method (Baker and Mock, 1994). Briefly, the pieces of the plant crown (0.5 g)
with different treatments were immersed in 0.25 % (w/v) Evans blue solution (Sigma) for 20

min. Pieces of the plant crown were washed well with deionized water to remove unbound

14
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dye. Then, the pieces of the plant crown were homogenized in methanol 50 % (v/v) and SDS
1 % (wl/v) solution and were centrifuged at 14,000 g for 15 min. The optical density was
determined using a spectrophotometer at 600 nm and cell death was expressed as a
percentage, with 100 % corresponding to absorbance of dead crown (boiled for 30 min). At

least three replications and three repetitions were used for each treatment.

2.13. Extraction and measurement of total phenolics

Extraction of phenolic contents for each treatment was done at various time points (0, 6, 12,
24, 48, and 72 h) post the pathogen inoculation (hpi) using 80% methanol according to the
method described by Seevers and Daly (1970). The leaves of wheat plants (0.2 g) were
sampled and homogenized in 3.2 mL of 80% methanol. The mixture was centrifuged at
10000 g at room temperature for 5 min. The supernatant was collected as the phenolics source
and total phenol evaluation was done using Foline Ciocalteu reagent. Briefly, the extract
(62.5 pL) was added to 62.5 pL of Folin Ciocalteau reagent 50% and 1 mL of distilled water
and the solution was kept at 25°C. After 3 min, 125 pL saturated solution of 5% Na2CO3 was
added and the reaction mixture was incubated at 25°C for 1 h. The optical density of the blue
solution was investigated using a spectrophotometer at 725 nm. Gallic acid was used as a
standard solution. Then, the results of the analysis were expressed as mg gallic acid
equivalent (GAE) g* fresh weight. At least three replications and three repetitions were used

for each treatment (Seevers and Daly, 1970).

2.14. Protein extraction and activity assay of antioxidant enzymes
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Wheat plants were treated by A. jodhpurensis, methionine, SNP, and the F. graminearum as
described before. For each treatment, three replications and three repetitions were
maintained.

For extraction of total protein, the leaf segments (300 mg) were sampled at 0, 6, 12, 24, 48,
and 72 hpi. The leaf samples were ground in liquid nitrogen using mortar and pestle, 3 mL
of 100 mM potassium phosphate buffer (pH 6.8) was added, and homogenized thoroughly.
Then, the mixture was centrifuged at 14,000 g for 20 min at 4°C, and supernatant was used
as enzyme source. For measuring soluble protein concentration, bovine serum albumin (BSA,
Sigma) was used as a standard (Bradford, 1976).

Catalase (CAT) activity was assayed by measuring H202 consumption at 240 nm for 3 min.
The reaction mixture included potassium phosphate buffer (100 mM, pH 6.8), H202 (70 mM),
and enzyme extract (10 uL) in a total volume of 1.51 mL (Aebi, 1984).

Activity of guaiacol peroxidase (GPX) was calculated using guaiacol as a hydrogen donor
by determining absorbance of the mixture at 470 nm. The reaction mixture included
potassium phosphate buffer (100 mM, pH 6.8), guaiacol (10 mM), H202 (70 mM), and
enzyme extract (10 pL) in a total volume of 1.18 mL (Chance and Maehly, 1955).

Activity of ascorbate peroxidase (APX) was determined by measuring ascorbate
consumption via determining absorbance of the mixture at 290 nm for 3 min. The reaction
mixture contained potassium phosphate buffer (50 mM, pH 7), ascorbate (0.5 mM), H202
(0.1 mM), and EDTA (0.1 mM) in a total volume of 1 mL (Nakano and Asada, 1981).

The CAT, GPX, and APX activities were expressed as pmol min "t mg™* protein.

Activity of superoxide dismutase (SOD) was assayed by measuring the reduction of nitro

blue tetrazolium chloride (NBT) at 560 nm. The reaction mixture contained potassium
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phosphate buffer (50 mM, pH 7.8), methionine (13 mM), riboflavin (2 uM), EDTA (0.1 mM),
nitro blue tetrazolium (NBT: 75 uM), and enzyme extract (100 uL) in a total volume of 3
mL. The control was prepared without the enzyme extract, but a blank was prepared without
NBT and the enzyme extract. The SOD activity was expressed as U SOD mg—1 protein

(Sadasivam and Manickam, 1996).

2.15. Estimation of membrane stability index (MSI)

For evaluating the cell membrane stability, pieces of the plant crown (One cm?) with different
treatments were sampled at 21 hpi and washed using distilled water, then placed in test tubes
containing 25 mL distilled water at room temperature for 24 h. Electrical conductivity of the
solution (EC1) was measured using a conductivity meter (JENWAY, USA). The test tubes
were transferred to autoclave at 121°C for 20 min and after cooling to room temperature, the
final electrical conductivity (EC2) was measured by a conductivity meter. The percentage of
cell membrane stability index (MSI) was calculated by the following formula Singh et al.

(2008):

1-EC1

x 100
C2 )

2.16. Evaluation of relative water content
For investigating the relative water content, the weight of first leaf segments of wheat plants
with different treatments at 21 hpi was measured (fresh weight: FW). Then, the leaf samples

were immersed in distilled water and incubated at room temperature for 24 h. Then the
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samples were weighted (turgid weight: TW). Finally, the leaf segments were dried in oven at
70°C for 48 h and weighed (DW) (Wheatherley, 1950).

FW — DW

RWC = Gy—pw

) X 100

2.17. Statistical analysis

The experiments were done in a complete randomized design three times independently with
three replications in each repetition. The data were normalized for each experiment using
Minitab 17 software. Then, the mean of replications was calculated for each repetition. The
means of all data obtained for different treatments at various time points were analyzed by
Minitab 17 software using one-way analysis of variance (ANOVA). Also, a two-way
factorial design (time and treatment) was used for analyzing defense activities at various time
points. And also, the means were separated by Fisher test at the level of P<0.05. The
presented data for each assay were means (= standard error) of three experiments. All
diagrams  were  drawn using Excel 2013. The image J software
(http://rsb.info.nih.gov/ij/index.html) was used for quantifying staining intensities of H20z,

02", Fe?*, and Fe®* in the plant cells.

3. Results

3.1. Effect of methionine (Me) and sodium nitroprusside (SNP) on mycelial growth of
F. graminearum and A. jodhpurensis

The results showed that 20 mg L™ concentration of methionine inhibited the mycelial growth

of F. graminearum, while had no inhibitory effect on A. jodhpurensis. Also, 150 and 200 uM
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concentrations of SNP inhibited the mycelial growth of A. jodhpurensis, whereas only 200
uM concentration of SNP inhibited the mycelial growth of F. graminearum. Methionine at
concentration of 10 mg L™ and SNP at 100 uM concentration had no inhibitory effect on A.
jodhpurensis and F. graminearum growth. Therefore, 10 mg L™ concentration of methionine
and 100 uM concentration of SNP were selected for induction of resistance experiments

(Table 1).

3.2. Antagonistic activity of A. jodhpurensis against F. graminearum in dual culture

The isolate of A. jodhpurensis inhibited in vitro growth of F. graminearum in dual culture on
PDA. The inhibitory percentage (IP) of F. graminearum growth was 52%. Also, pigment
production decreased in hyphae of F. graminearum in dual culture by A. jodhpurensis on

PDA (Fig. 1A and 1B).

3.3. Microscopic observation of F. graminearum hyphae affected by A. jodhpurensis

Light microscopic analyses of the pathogen hyphae were carried out in dual culture with the
antagonistic fungus after 7 days. The results showed that the mycelium formation of F.
graminearum changed in presence of A. jodhpurensis. Deformed, vacuolated, empty,
fractured, lysed and swollen hyphae with balloon-shaped cells were observed in the mycelia
of F. graminearum treated with the antagonistic fungus (Figs 1C and 1D) compared to the

controls (Fig 1E).

3.4. Effect of metabolites produced by A. jodhpurensis on F. graminearum spore

germination
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The growth-free supernatant of A. jodhpurensis reduced the spore germination of F.
graminearum. The spores of F. graminearum in the presence of growth-free supernatant of
A. jodhpurensis were swollen and malformed (Figs 1F and 1G) compared to the controls,
which were normal (Fig 1H). Only 12% of F. graminearum spores treated with growth-free
supernatant of antagonistic fungus (1:10) produced germ tubes at 12 h, while 85.3% of spores
in the control produce germ tubes at 12h. The germination percent of spores in concentrations

of 1:1, 1:2, and 1:5 were 66, 49.3 and 34%, respectively.

3.5. Detecting A. jodhpurensis and S. indica in wheat roots and colonization estimation
Microscopic detection of A. jodhpurensis and S. indica was done in the inoculated wheat
roots using spore suspension of the endophytic fungi at 14 and 21 days post-inoculation (dpi).
Intracellular hyphae of A. jodhpurensis (Fig. 2A and 2B) and intracellular pear-shaped
chlamydospores of S. indica (Fig. 2C and 2D) were observed. Also, the colonization
percentage of wheat roots by A. jodhpurensis and S. indica in the roots inoculated using spore
suspension was 33.33 and 46.66%, respectively at 14 dpi and was 60 and 63.33%,

respectively at 21 dpi (Fig. 2E).

3.6. Effect of A. jodhpurensis (Aj), methionine (Me), and sodium nitroprusside (SNP)
on wheat root and crown rot caused by F. graminearum (Fg)

Investigating the effect of Aj, Me, and SNP treatments showed considerable protection
against F. graminearum in wheat seedlings compared to the plants without treatments. The
MeSNPA] treatment had a higher effect on the reduction of disease severity and the disease

index of F. graminearum decreased on wheat plants by more than 45% compared to the
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controls (without treatment). Also, the FgSi (Serendipita indica as positive control) and FgAj

treatments had no significant difference in reduction of the disease severity (Fig. 2F).

3.7. Effect of A. jodhpurensis (Aj), methionine (Me) and sodium nitroprusside (SNP) on
plant growth promotion

Treatment of wheat plants with Aj, Me, and SNP increased plant growth characteristics in
vivo. The biomass enhancement was obvious in the seedling treated with Aj, Me, and SNP
compared to the uninoculated controls. Shoot and root weight increased in the plants treated
with Aj, Me, and SNP compared to the controls. The MeSNPAj treatment had a higher effect
on plant growth parameters. Also, the shoot fresh weight in FgSi (Serendipita indica as
positive control) treatment was higher than FgAj, while shoot dry weight and root fresh and

dry weights had no significant difference (Figs. 2G, 2H, 21, 2J).

3.8. Hydrogen peroxide detection

In the Fg and FgMe treatments, an increasing trend of H202 production was observed until
24 hpi, and then decreased until 48 hpi, followed by an increase of H202 production from 48
to 72 hpi. In the FgA] treatment, production of H202 increased until 48 hpi and then decreased
until 72 hpi. In the FgSNP treatment, an increasing trend of H202 production was observed
until 6 hpi, but it decreased from 6 hpi to 12 hpi, followed by an increasing status till 24 hpi,
and finally decreased until 72 hpi. In the FgMeSNP, FgMeAj, FgSNPAj, FgMeSNPAj and
FgSi treatments, H202 production increased until 24 hpi, and then decreased until 72 hpi.

Also, production of H20: in the FgSi treatment was higher than that of the FgAj treatment at
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24 hpi, while in the FgA]j treatment was higher than the FgSi treatment at 48 hpi. In the

negative control treatment, production of H202 showed a stationary estate (Figs. 3A and 3B).

3.9. Superoxide detection

In the Fg, FgSNP, and FgMe treatments, production of Oz~ increased until 12 hpi, and then
decreased until 24 hpi, followed by an increase from 24 to 72 hpi. In the FgAj, FgMeSNP,
FgSNPA]j, FgMeSNPAj, and FgSi treatments, an increasing trend of Oz~ production was
observed until 12 hpi, and it decreased from 12 hpi to 48 hpi, followed by an increasing status
till 72 hpi. In the FgMeAj treatment, an increasing trend of Oz~ production was observed until
12 hpi, then it decreased until 24 hpi, followed by an increase of Oz~ production from 24 to
48 hpi, and finally decreased until 72 hpi. Also, production of Oz~ in both FgSi and FgAj
treatments was the same at 12 hpi, while the FgAi treatment was higher than the FgSi
treatment from 24 hpi to 72 hpi. In the negative control treatment, production of Oz~ had

stationary estate (Figs 4A and 4B).

3.10. Detection of Fe*" and Fe?*

In the FgAj, FgMeAj, FgSNPAj, and FgMeSNP treatments, production of Fe3* increased
until 12 hpi, and then decreased until 24 hpi, followed by an increase of Fe*" production from
24 to 72 hpi. In the Fg, FgSNP, FgMe, and FgMeSNP treatments, an increasing trend of Fe®*
production was observed until 12 hpi, but it decreased from 12 to 24 hpi, and then an increase
of Fe®" production was observed until 48 hpi, finally decreased until 72 hpi. In the FgSi

treatment, Fe3* production increased until 12 hpi and then decreased until 24 hpi, followed
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by a stationary estate until 72 hpi. Also, the production of Fe3* in both FgSi and FgAj
treatments was the same at 12 hpi, while in the FgAi treatment was higher than that of the
FgSi treatment from 24 hpi to 72 hpi. The highest Fe* production was observed in the Fg
treatment at 48 hpi. In the negative control treatment, the production of Fe®* had a stationary
estate (Figs. 5A and 5B).

In the Fg treatment, production of Fe?* increased until 24 hpi and then decreased until 72 hpi.
In the FgAj treatment, an increasing trend of Fe?* production was observed until 6 hpi, but it
decreased till 48 hpi, and then an increase of Fe?* production until 72 hpi was observed. In
the FgSNP, FgMe, FgSNPA)j, and FgMeSNPAj treatments, the production of Fe?* increased
until 6 hpi, and then it decreased until 24 hpi, and finally production of Fe?* increased until
72 hpi. The FgMeSNP and FgMeA] treatments had an increasing trend of Fe?* production
until 6 hpi, but it decreased until 12 hpi, and then it increased from 12 to 72 hpi. In the FgSi
treatment, Fe?* production increased until 6 hpi, followed by a decrease of Fe?" production
until 12 hpi was observed, then it increased from 12 to 48 hpi, and finally Fe?* production
decreased until 72 hpi. Also, the production of Fe?* in the FgSi and FgA| treatments was at
the same level. In the negative control treatment, the production of Fe?* had a stationary

estate (Figs 6A and 6B).

3.11. Measurement of cell death
Cell death in the treatments of Fg, FgSNP, FgMe, FgMeSNP, FgMeAj, FgSNPA]j,
FgMeSNPA|j, and FgSi increased until 6 hpi and then decreased until 12 hpi, followed by an

increasing status until 48 hpi, and then it decreased until 72 hpi. In the FgA] treatment, cell
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death increased until 24 hpi and then it decreased from 24 hpi to 72 hpi. In the negative

control treatment, cell death had a stationary estate (Figs 7A).

3.12. Total phenolics quantification

Accumulation of phenolics increased after inoculating wheat plants with F. graminearum
compared to the non-inoculated plants. Also, significantly higher phenolic contents were
observed in the plants treated with methionine, SNP and A. jodhpurensis. In the wheat plants
only treated with F. graminearum (Fg), phenolics increased from 0 to 6 hpi, then decreased
until 12 hpi followed by an increasing status until 24 hpi and then decreased until 72 hpi. In
the FgMe, FgSNP, FgMeSNP, FgSi, and MeAj treatments increase of phenolic contents was
observed from 0 to 6 hpi, then decreased until 12 hpi, followed by an increasing status until
48 hpi and finally decreased until 72 hpi. But in the FgA] treatment, increase of phenolics
was observed until 6 hpi and then decreased until 12 hpi, followed by an increasing trend
from 12 hpi to 24 hpi and finally decreased until 72 hpi. The FgMeSNPAj and FgSNPA|
treatments had an increasing trend of phenolics until 6 hpi, then decreased until 24 hpi
followed by an increasing status until 48 hpi, and then both treatments exhibited a decreasing
trend until 72 hpi. The highest level of total phenolics belonged to FgMeSNPA] and
FgSNPA|] treatments at 48 hpi. Also, the total phenolics in the FgSi and FgA]j treatments were
the same at 6 hpi, but that of the FgSi treatment was higher than the FgAi treatment at 12 hpi,
and in the FgAj treatment was higher than the FgSi treatment at 24 hpi. In plants without
treatment (the negative control) a stationary estate was observed at the lowest level in all

times points examined (Fig. 7B).
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3.13. Determination of antioxidant enzymes activity

The CAT activity in the wheat seedlings only inoculated with the pathogen (Fg) increased
until 24 hpi, but it decreased until 48 hpi, followed by an increase of the enzyme activity
from 48 to 72 hpi. The FgAj treatment caused an increasing trend of CAT activity until 6 hpi
and then it decreased until 12 hpi, followed by an increasing status of enzyme activity from
12 to 48 hpi was observed, and then it decreased until 72 hpi. In the FgSNP and FgMeSNP
treatments, the CAT activity increased until 48 hpi and then it decreased until 72 hpi. In the
FgMe treatment activity of this antioxidant increased until 12 hpi, but it decreased until 72
hpi. In the FgMeA], and FgMeSNPA| treatments, the enzyme activity increased until 12 hpi,
then it decreased until 48 hpi, and finally it increased until 72 hpi. The CAT activity in the
FgSNPA] treatment increased until 12 hpi and then it decreased until 24 hpi, followed by an
increasing trend of CAT activity from 24 to 72 hpi. The FgSi treatment showed an increasing
status until 12 hpi and then it decreased until 24 hpi, followed by an increasing trend of
enzyme activity from 24 to 48 hpi was observed, finally it decreased until 72 hpi. Also, the
CAT activity in the FgAj treatment was higher than the FgSi treatment at 6 hpi but the FgSi
treatment showed higher CAT activity than the FgAiI treatment at 12 hpi. In the negative
control treatment, the CAT activity had a stationary trend in all time points tested (Fig. 7C).
The GPX activity in the Fg and FgMeSNPA] treatments increased until 12 hpi, then it
decreased until 24 hpi, followed by an increasing trend of the enzyme activity from 24 to 48
hpi, and finally decreased until 72 hpi. But the FgA]j treatment had increasing status until 6
hpi, but it decreased until 48 hpi, followed by an increasing status of GPX activity from 48
to 72 hpi. Also, in the FgSNP and FgMeAj treatments, the GPX activity increased until 6 hpi,

then it decreased until 12 hpi, followed by an increasing trend of GPX activity until 48 hpi,
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finally it decreased until 72 hpi. In the FgMe treatment, the GPX activity increased until 48
hpi, then it decreased until 72 hpi. The FgMeSNP treatment had an increasing trend until 6
hpi and then it decreased until 24 hpi, followed by an increasing status of GPX activity until
48 hpi, finally it decreased until 72 hpi. In the FgSNPA] treatment, the GPX activity increased
until 6 hpi, followed by a decreasing status of enzyme activity from 6 to 12 hpi was observed,
then it increased until 72 hpi. In the FgSi treatment, the GPX activity increased until 12 hpi,
and then it decreased until 24 hpi, followed by an increasing trend of GPX activity from 24
to 48 hpi, finally it decreased until 72 hpi. Also, the GPX activity in the FgA] treatment was
higher than the FgSi treatment at 6 hpi and 72 hpi, while the FgSi treatment was higher than
the FgAi treatment at 12 hpi and 48 hpi. In the negative control treatment, activity of this
enzyme showed a stationary trend in all time points (Fig. 7D).

The APX activity in the Fg, FgAj, FgSNP, FgMe, FgMeSNP, FgSNPAj, and FgMeSNPAj
treatments increased until 12 hpi, but it decreased from 12 hpi to 24 hpi, followed by an
increasing trend of enzyme activity until 72 hpi. But the FgMeA] and FgSi treatments had an
increasing status of APX activity from O hpi to 12 hpi and then decreased until 48 hpi,
followed by an increasing trend until 72 hpi. Also, the APX activity in the FgA]j treatment
was higher than the FgSi treatment at 6, 12 and 72 hpi, while the FgSi treatment was higher
than the FgAi treatment at 24 hpi. However, in the negative control plants, considerable
changes were not observed in the APX activity (Fig. 7E).

The SOD activity in the Fg and FgMeAj treatments increased until 12 hpi and then decreased
from 12 hpi to 24 hpi, followed by an increasing trend of enzyme activity until 48 hpi, and
finally it decreased until 72 hpi. But the FgAj, FgSNP, FgMeSNP, and FgSi treatments had

an increase of the SOD activity until 12 hpi, but it decreased until 24 hpi, followed by an

26



increase of SOD activity from 24 to 72 hpi. In the FgMe, and FgSNPAj treatments, an
increase of SOD activity was observed until 6 hpi and then decreased until 24 hpi, followed
by an increasing status of enzyme activity until 48 hpi, and then it decreased until 72 hpi.
Also, in the FgMeSNPA] treatment, the SOD activity increased until 6 hpi, but it decreased
until 24 hpi, followed by an increase of enzyme activity until 48 hpi, and finally it decreased
until 72 hpi. Also, the SOD activity in the FgSi and FgAj treatments was nearly the same at
6 hpi and 72 hpi, but it was higher in the FgSi treatment compared to the FgA]j treatment at
12, 24 and 48 hpi. In the negative control treatment, the SOD activity showed a stationary

estate in all time points tested (Fig. 7F).

3.14. Relative water content (RWC) and cell membrane stability index (MSI)

Investigating the effect of A. jodhpurensis (Aj), methionine (Me), sodium nitroprusside
(SNP), and F. graminearum (Fg) on membrane stability index (MSI) and relative water
content (RWC) showed that RWC and MSI levels in the plants with Aj, Me and SNP
treatments were higher than those of the plants inoculated with Fg alone and negative control
plants only treated with water. In this study, S. indica (Si) was used as a positive control,
which results revealed that the RWC levels in the plants with FgAj, FgMeA|, FgSNPA|j, and
FgSi treatments had no significant differences. Also, the MSI levels in the plants with FgA],
FgMeAj, and FgSi treatments had no significant differences, but the MSI level in the
FgSNPA] treatment was higher than that of other treatments. The FgMeSNPAj and Fg
treatments had the highest and the lowest levels of RWC and MSI compared to the other

treatments, respectively (Figs. 7G and 7H).
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4. Discussion

In this research, the effects of biological and chemical defense activators such as A.
jodhpurensis (Aj), methionine (Me), and sodium nitroprusside (SNP) were investigated on
development of the disease caused by F. graminearum, activation of induced resistance and
plant growth parameters in wheat seedlings. Dual culture assay showed antagonistic effect
of A. jodhpurensis against F. graminearum. In agreement with our findings, the fungus A.
jodhpurensis was effective against Rhizoctonia solani (Daroodi et al. 2021a), Alternaria
alternata (Daroodi et al. 2022) and Fusarium equiseti (Han et al. 2022) in dual culture. Also,
the obtained data indicated that the fungus A. jodhpurensis was effective in decreasing spore
germination and altering hyphal structures of the pathogen, which these results were similar
to our previous studies against R. solani (Daroodi et al. 2021a), and A. alternata (Daroodi et
al. 2022).

The results revealed that the disease development was reduced significantly in the seedlings
inoculated with Aj, Me, and SNP treatments, which Aj treatment showed more effect than
Me and SNP. Also, the simultaneous application of A. jodhpurensis with methionine or
sodium nitroprusside treatments showed increasing the plant growth parameters and induced
resistance against pathogen higher than single treatments due to the synergistic effect of the
beneficial fungus and chemical inducers. The combined A. jodhpurensis and sodium
nitroprusside treatment was more effective than the combined A. jodhpurensis and
methionine treatment. And also the simultaneous application of A. jodhpurensis, methionine
and sodium nitroprusside showed the highest effect on the plant growth parameters and

induce resistance against pathogen compared to other treatments. Also, our previous studies

28



showed that the disease severity of R. solani (Daroodi et al. 2021a) and A. alternata (Daroodi
et al. 2021b; Daroodi et al. 2022) reduced on tomato plants via the Aj application.

Many studies reported the effects of endophytic fungi, Me, and SNP on reducing disease
development of various phytopathogens via induced resistance in various plants. For
example, effect of Penicillium citrinum against Fusarium wilt in banana plantlets (Ting et al.
2012), Phomopsis liguidambaris against Colletotrichum gloeosporioides in peanut (Zhang et
al. 2020), Piriformospora indica against R. solani in rice (Nassimi and Taheri, 2017), and
bean (Kheyri and Taheri, 2021), against Fusarium pseudograminearum (Dehghanpour-
Farashah et al., 2019b), and Zymoseptoria tritici (Ashrafi et al. 2021) in wheat were reported.
The Me was effective against Sclerospora graminicola in pearl millet (Sarosh et al. 2005),
Plasmopara viticola in grapevine (Boubakri et al. 2013), Sphaerotheca fuliginea in cucumber
(Kang, 2008), Oidium neolycopersici and Fusarium oxysporum f. sp. lycopersici in tomato
(Saito et al. 2017 a, b), and Alternaria alternata in jujube (Liu et al. 2022). Also, the SNP
was effective against Ralstonia solanacearum in tomato plants (Hong et al. 2013), R. solani
in tomato (Noorbakhsh and Taheri, 2016), tobacco mosaic virus in tobacco plants (Zhang et
al. 2019), and F. pseudograminearum in wheat (Dehghanpour-Farashah, et al. 2019b).
Also, the data obtained in this research showed that the Aj, Me, and SNP treatments increased
growth parameters in wheat seedlings. Consistent with these findings, our previous studies
revealed improvement of growth parameters using application of the endophytic fungus Aj
in tomato-R. solani (Daroodi et al. 2021a) and tomato-A. alternata (Daroodi et al. 2021b;
Daroodi et al. 2022) pathosystems. Also, enhancement of plant growth parameters were
reported against R. solani in rice via application of P. indica (Nassimi and Taheri, 2017), in

bean using thiamine and P. indica (Kheyri and Taheri, 2022), in wheat against Fusarium
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pseudograminearum using the SNP and P. indica (Dehghanpour-Farashah et al., 2019b), and
Byssochlamys spectabilis in the medicinal plant Bletilla striata (Chen et al. 2021). Also, the
SNP application improved plant growth parameters in safflower under drought stress
(Chavoushi et al. 2020), in soybean (Jabeen et al. 2021), and in lentil (Yasir et al. 2021) under
salt stress. Many researchers reported enhancement of growth parameters via application of
L-methionine in various plants such as Lettuce (Khan et al. 2019), white shrimp (Wang et al.
2019), cabbage (Haghighi et al. 2020), tomato (Almas et al. 2021), sunflower (Mehak et al.
2021), and wheat (Magsood et al. 2022).

The current study showed that Aj, Me, and SNP were capable of inducing defense responses
in wheat plants against F. graminearum. The accumulation of H202, O2~, Fe?*, and Fe**, and
production of total phenolics, antioxidative enzymes (including CAT, GPX, APX, and SOD
activity), MSI, and RWC increased in response to the host-pathogen interaction.
Furthermore, seedling treatment using Aj, Me, and SNP before the F. graminearum

inoculation primed these defense responses in wheat.

One of the earliest plant defense responses to abiotic and biotic stresses is ROS accumulation
(Torres et al., 2006), which causes oxidative stress. Then, the oxidative stress leads to lipid
peroxidation, damage to DNA or RNA, protein, and finally cell death (Mishra et al., 2011).
Also, ROS plays a key role as a second messenger in cellular processes (Yan et al., 2007).
The destructive or signaling role of ROS depends on the balance between ROS production
and their scavenging in living cells (Sharma et al., 2012). Enzymatic and non-enzymatic
antioxidant systems are involved in induction of plant defense against phytopathogens via

scavenging ROS and protecting plant cells from oxidative damage. The production of
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defensive H202 increased in Pinus sylvestris root against Heterobasidion annosum species
(Mucha et al. 2012), in cucumber plants against A. alternata (Wang et al. 2020), in tomato
seedlings against Botrytis cinerea (Asselbergh, 2007), Fusarium oxysporum f.sp. lycopersici
(Mandal et al. 2008) and R. solani (Nikraftar et al. 2013). Also, the accumulation of Oz~
increased in potato plants against Phytophthora infestans (Chai and Doke, 1987), in rice
against Pyricularia oryzae (Sekizawa et al. 1990), and in Pinus sylvestris root against

Heterobasidion annosum species (Mucha et al. 2012).

In this study accumulation of H202 and Oz~ increased in wheat plants treated with Aj, Me
and SNP after the pathogen inoculation. In FgMeSNPAj treatment, higher levels of H202and
Oz production were observed compared to the other treatments due to the synergistic effect
of the beneficial fungus and chemical inducers. Also, the Aj treatment had more effect on the
ROS accumulation than chemical inducers (Me and SNP). Similarly, accumulation of H202
increased in rice-R. solani pathosystem via application of the endophytic fungus P. indica
(Nassimi and Taheri, 2017), and also in wheat-Fusarium pseudograminearum pathosystem
using the SNP and P. indica (Dehghanpour-Farashah et al., 2019b). The production of Oz~
and H20:2 increased in bean-R. solani pathosystem via the application of thiamine and P.
indica (Kheyri et al. 2022), and the production of Oz~ and H20:2 increased against R. solani
(Daroodi et al. 2021a) and A. alternata (Daroodi et al. 2021b) in tomato plants inoculated
with Aj. Also, the application of methionine improved H202 contents in sunflower under

water deficit conditions (Mehak et al. 2021).

Also, the accumulation of H20:2 inhibits the growth of biotrophic pathogens (Glazebrook,

2005). Therefore, the accumulation of ROS can be helpful to reduce progress of the F.
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graminearum as a hemibiotrophic pathogen at the early time points after attack. While
accumulation of ROS could be facilitate colonization and plant infection by this
hemibiotrophic pathogen in its necrotrophic phase. Our results showed that H202 and Oz~
accumulation in plants inoculated with Aj, Me, SNP and Fg had an increasing trend in the
wheat tissues at the early time points after pathogen inoculation, when F. graminearum is in
the biotrophic phase of its life cycle, and this increasing trends in Aj, Me and SNP treatments
and pathogen were higher than only Fg treatment. But H202 and Oz~ accumulation in the
plants with Aj, Me and SNP treatments showed a decreasing trend at the later time points,
while H202 and Oz~ accumulation in the plants only inoculated with the pathogen showed an
increasing trend at the later time points, which could help the pathogen to develops its

necrotrophic phase.

Iron (Fe) is an essential micronutrient for plants and pathogenic fungi. It plays a vital role in
growth and development, and it is required for cellular processes like photosynthesis and

respiration (Connorton et al. 2017; anchez-Sanuy et al. 2022). Iron exists in two forms,

ferrous (Fe?*) and ferric (Fe®"), in nature. Liu et al. (2007) reported that iron is a central
mediator linking three phenomena of localized cell wall oppositions, the oxidative burst, and
production of pathogenesis-related proteins. Iron can catalyze dangerous free radicals
production via redox cycling (Santos et al. 2019), and the activities of antioxidant enzymes
like APX, GPX, CAT, and SOD are related to iron (Das and Roychoudhury, 2014, Taheri,
2022). The Fe?* can react with H202 during the Fenton reaction and produce harmful
hydroxyl radicals (Novo and Parola, 2008). Also, in response to the pathogen attack, Fe3* is

deposited in the cell wall, which mediates oxidative stress. Indeed, the secretion of Fe3*
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provokes and leads to intracellular iron depletion after a pathogen attack. Finally,
intracellular iron depletion promotes the transcription of pathogenesis-related genes in
concert with H202 (Liu et al. 2007). Also, Greenshields et al. (2007) reported that the
accumulation of free and reactive Fe3* in the apoplast mediates defensive H202 production.
Also, in this study the levels of ROS production were related to the levels of iron production
at the early time points after the pathogen attack. Production of H202, Oz, and iron have
been investigated in Pinus sylvestris root cortical cells infected with Heterobasidion
annosum, which the obtained results showed that H202 accumulation was positively
correlated with Fe?*, whereas was negatively associated with O2~ production (Mucha et al.

2012).

Iron equilibrium must be controlled in the living cells (Verbon et al. 2017). The iron ions can
delay or increase host defense responses, depending on the virulence strategy of the pathogen.
Generally, high levels of iron can facilitate ROS production and initiate hypersensitive
response (HR) cell death via ferroptosis or other mechanisms in plants infected with
biotrophic pathogens, but high levels of iron can increase susceptibility to necrotrophic
pathogens in plants and enhance ROS production and cell death, that would be useful in
resistance (Herlihy et al. 2020). Also, Ye et al. (2014) reported that high levels of iron at
infection sites can be considered as a critical immune response for many plants, particularly
in Poaceae, whereas maize plants under iron deficiency are unable to produce ROS at
infection sites of Colletotrichum, which correlates with enhanced susceptibility to this
hemibiotrophic fungal pathogen. In this research, we observed that resistance to F.

graminearum in wheat seedlings treated with Aj, Me and SNP is correlated with
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accumulation of H202, iron and Oz~ at the early time points after the pathogen inoculation,
when F. graminearum is in the biotrophic phase of its life cycle. The levels of iron in the
plants only inoculated with the pathogen showed an increasing trend at the later time points,
which could be involved in facilitating wheat infection by this hemibiotrophic pathogen at
its necrotrophic phase. Consistent with these findings, our previous studies revealed that
accumulation of iron increases defensive H202 production (Daroodi et al. 2021a, b). Also,
Kheyri et al (2022) investigated the role of iron in bean-R. solani pathosystem using thiamine
and P. indica pretreatments before the pathogen inoculation. Their results showed that H20:
accumulation was positively correlated with the levels of iron. Many researchers reported
that high levels of H202 in plant cells could be correlated to cell death and cellular defense
(Mandal et al. 2008; Taheri et al. 2014). Also, our data showed that the cell death in wheat
plants only inoculated with the pathogen was higher than that of the inoculated plants, which
were pretreated with Aj, Me and SNP. While, more levels of H202 accumulation were
observed in Aj, Me and SNP treatments compared to the plants only inoculated with the
pathogen. These results might be related to higher levels of antioxidant enzymes production
in Aj, Me and SNP treatments compared to the plants only inoculated with the pathogen.
Similarly, Murgia et al. (2004) reported that overexpression of the H202-detoxifying
enzymes such as ascorbate peroxidase can suppress the cell death induced by H202. In
addition, H202 might be used in lignification via the involvement of peroxidase, which is
previously reported as a main defense mechanism activated by riboflavin treatment in rice-

R. solani pathosystem (Taheri and Tarighi 2010).
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Phenolics are a group of secondary metabolites associated with plant defense against
phytopathogens (Taheri and Tarighi, 2011; Nikraftar et al. 2013). These defense compounds
act as radical scavengers (Grace, 2005) and diminish the toxic effects of oxidative stress,
leading to plant protection under stress conditions (Noctor and Foyer, 1998). Also, phenolics
and peroxidases were reported as defense components against R. solani (Taheri and Tarighi,
2012; Nikraftar et al. 2013). In this study, Aj, Me, and SNP treatments increased the
accumulation of phenolics in wheat plants. More levels of phenolics production were
observed in FgMeSNPA] treatment compared to the other treatments used in this study. Also,
these results were related to the ROS production. In agreement with this finding, the
endophytic fungus Aj increased phenolics accumulation against R. solani (Daroodi et al.
2021a), and A. alternata (Daroodi et al. 2021b) in tomato plants. Also, other beneficial fungi
and chemical defense inducers decreased the disease index of phytopathogens in various
plants by phenolics accumulation. Examples of this case include C. globosum against
Bipolaris sorokiniana in wheat (Biswas et al., 2003), and Cephalosporium maydis in maize
(Elshahawy and Khattab, 2022), T. atroviride against R. solani in cucumber (Nawrocka et
al., 2018), Epicoccum nigrum (as an endophyte) against Pectobacterium carotovora subsp.
atrosepticum in potato (Bagy et al., 2019), P. indica, SNP and polyamines against F.
pseudograminearum in wheat (Dehghanpour-Farashah et al., 2019b), and P. indica,
thiamine, and zinc sulfate against R. solani in bean (Kheiry and Taheri, 2021). Also, the
accumulation of phenolics was increased via exogenous application of L-methionine in bitter

gourd under drought stress (Akram et al. 2020).
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Results of the present study showed that the Aj, Me, and SNP treatments increased the
activity of antioxidant enzymes such as CAT, GPX, APX, and SOD in wheat seedlings. Also,
production of antioxidant enzymes was positively correlated with accumulation of ROS and
iron at the early time points after the pathogen attack. Antioxidant enzymes have a key role
in basal defense and induced resistance against phytopathogens via scavenging ROS,
therefore these enzymes protect plant cells from oxidative damage. Catalase and peroxidase
rapidly catalyze decomposition of H202 into water (Gaetani et al. 1996; Zhang and Kirkham,
1994), but The SOD catalyze decomposition of Oz~ into Oz and H202 (Boguszewska et al.
2010). Also, phenolics can be oxidized by peroxidases to form quinines, which are toxic
directly for fungal pathogens (Gogoi et al., 2001). Therefore, induction and accumulation of
antioxidant enzymes are often related to induction of resistance (Van Loon et al. 1998;

Dehghanpour-Farashah et al. 2019b).

Several authors reported that the activity of antioxidant enzymes increased via plant
treatment using beneficial fungi and chemical inducers. Increasing CAT and APX activities
have been reported using Trichoderma aureoviride and T. hamatum against Fusarium solani
in Cassava (da Silva et al., 2016). Increasing GPX activity is reported using P. indica against
R. solani in rice (Nassimi and Taheri, 2017). Also, increasing CAT and GPX activities are
demonstrated via P. indica, SNP and polyamines treatment against Fusarium
pseudograminearum in wheat (Dehghanpour-Farashah et al., 2019b). Inducing CAT, GPX,
APX, and SOD activities via P. indica, thiamine, and zinc sulfate (ZnSOa4.7H20) treatments

against R. solani in bean (Kheyri and Taheri, 2021), increasing CAT, GPX, APX, and SOD
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activities via application of A. jodhpurensis against R. solani (Daroodi et al. 2021a) and A.

alternata (Daroodi et al. 2021b) in tomato plants are also reported.

Accumulation of CAT, SOD and peroxidase (POD) in Lentil under salt stress (Yasir et al.
2021) increased using SNP treatment. Methionine induced activities of SOD, POD and CAT
enzymes in sunflower (Mehak et al. 2021) and wheat, both under water deficit conditions
(Magsood et al. 2022). Also, application of L-methionine induced new proteins activities
(peroxidase, chitinase and superoxide dismutase isozyme) and increased resistance against

Fusarium oxysporum f. sp. lycopersici in tomato plants (El-Fawy et al. 2021).

The RWC and MSI are physiological characteristics related to plant defense against biotic
and abiotic stresses. The RWC is an important indicator for describing water status in plants,
which indicates the balance between water supply to the leaf tissue and transpiration rate and
is related to the cell volume (Lugojan and Ciulca, 2011). Also, the RWC provides a
measurement of water deficiency in the leaves, which may show a degree of stress (Torres et
al. 2019). The MSI shows the stress tolerance ability of plant cells (Ahmad et al. 2022) and
is considered as one of the main selection indices of stress tolerance in cereals (Tripathy et
al. 2000). In this research, the levels of RWC and MSI were increased in plants treated by
Aj, Me and SNP compared to the uninoculated plants or the plants only inoculated by the
pathogen. Also, higher levels of RWC and MSI were observed in FgMeSNPA] treatment
compared to the other treatments, which these results were related to other defense responses
in wheat seedlings. Furthermore, the fungus Aj had more effect on the levels of RWC and
MSI compared to the chemical inducers (Me and SNP). Similarly, many studies reported

enhancement of RWC and MSI using beneficial fungi and/or chemical inducers in various
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plants. For instance, the arbuscular mycorrhizal fungus Glomus clarum increased RWC in
cowpea plants (Abdel-Fattah and Shabana, 2002), mycorrhizal biofertilizers improved RWC
and MSI in maize plants (Naghashzadeh, 2014), P. indica, SNP and polyamines increased
RWC and MSI in wheat (Dehghanpour-Farashah et al. 2019b) and P. indica, zinc and
thiamine increased these defense-related responses against R. solani in bean plants (Kheiry

and Taheri, 2021).

In overall, this research demonstrated that the endophytic fungus A. jodhpurensis and
exogenous application of methionine and SNP are capable of inducing resistance and
protecting wheat seedlings against F. graminearum. So, application of this beneficial
endophytic fungus together with chemical resistance inducers such as methionine and SNP
could be used as a novel and effective method for decreasing destructive effects of

phytopathogens.

CRediT authorship contribution statement

Zoha Daroodi: Methodology, Resources, Writing - original draft, Formal analysis,
Software, Visualization. Parissa Taheri: Conceptualization, Data curation, Project

administration, Formal analysis, Funding acquisition, Validation, Writing - review & editing.

Acknowledgments
Zoha Daroodi was partially supported by a grant from Ferdowsi University of Mashhad (No.

FUM- 5892).

38



References

Abdel-Fattah, G.M., Shabana, Y.M., 2002. Efficacy of the arbuscular mycorrhizal fungus
Glomus clarum in protection of cowpea plants against root rot pathogen Rhizoctonia
solani. JPDP 109 (2), 207-215.

Aebi, H., 1984. Catalase in vitro. Meth. Enzymol. 105, 121-126. https://doi.org/
10.1016/S0076-6879(84)05016-3.

Ahmad, H., Zafar, S.A., Naeem, M.K., Shokat, S., Inam, S., Naveed, S.A., Xu, J., Li, Z., Ali,
G.M., Khan, M.R., 2022. Impact of pre-anthesis drought stress on physiology, yield-
related traits, and drought-responsive genes in green super rice. Front Genet. 256.
https://doi.org/10.3389/fgene.2022.832542.

Akram, N.A., Ashraf, M., Ashraf, M., Sadiq, M., 2020. Exogenous application of L-
methionine mitigates the drought-induced oddities in biochemical and anatomical
responses of bitter gourd (Momordica charantia L.). Sci. Hortic. 267, 109333.
https://doi.org/10.1016/j.scienta.2020.109333.

Almas, H.1., Nisa, Z., Anwar, S., Kausar, A., Farhat, F., Munawar, M., Khalizadieh, R., 2021.
Exogenous application of methionine and phenylalanine confers salinity tolerance in
tomato by concerted regulation of metabolites and antioxidants. J. Soil Sci. Plant Nutr.
21(4), 3051-3064. https://doi.org/10.1007/s42729-021-00588-9.

Amir, R., 2010. Current understanding of the factors regulating methionine content in
vegetative  tissues of higher plants. Amino acids. 39, 917-931.

https://doi.org/10.1007/s00726-010-0482-x.

39


https://doi.org/10.3389/fgene.2022.832542
https://doi.org/10.1007/s42729-021-00588-9
https://doi.org/10.1007/s00726-010-0482-x

Asai, S., Yoshioka, H., 2009. Nitric oxide as a partner of reactive oxygen species participates
in disease resistance to necrotrophic pathogen Botrytis cinerea in Nicotiana
benthamiana. Mol. Plant Microbe Interact. 22(6), 619-629.

https://doi.org/10.1094/MPMI-22-6-0619.

Ashrafi, J., Rahnama, K., Babaeizad, V., Ramezanpour, S.S., Keel, C., 2021. Induction of
wheat resistance to STB by the endophytic fungus Serendipita indica and Pseudomonas
protegens. Iran. J. Biotechnol. 19(2), e2762. https://doi.org/10.30498/1JB.2021.2762.

Asran-Amal, A., Moustafa-Mahmoud, S.M., Sabet, K.K., El Banna, O.H., 2010. In vitro
antagonism of cotton seedlings fungi and characterization of chitinase isozyme
activities in Trichoderma harzianum. Saudi J. Biol. Sci. 17 (2), 153-157.
https://doi.org/10.1016/j.sjbs.2010.02.009.

Asselbergh, B., Curvers, K., Fran¢a, S.C., Audenaert, K., Vuylsteke, M., Van Breusegem,
F., Hofte, M., 2007. Resistance to Botrytis cinerea in sitiens, an abscisic acid-deficient
tomato mutant, involves timely production of hydrogen peroxide and cell wall
modifications in the epidermis. Plant Physiol. 144 (4), 1863-1877.
https://doi.org/10.1104/pp.107.099226.

Bagy, H.M.K., Hassan, E.A., Nafady, N.A., Dawood, M.F., 2019. Efficacy of arbuscular
mycorrhizal fungi and endophytic strain Epicoccum nigrum ASU11 as biocontrol
agents against blackleg disease of potato caused by bacterial strain Pectobacterium
carotovora subsp. atrosepticum PHY7. Biol Contr. 134, 103-113. https://doi.org/

10.1016/j.biocontrol.2019.03.005.

40


https://doi.org/10.1094/MPMI-22-6-0619
https://doi.org/10.30498%2FIJB.2021.2762
https://doi.org/10.1016/j.sjbs.2010.02.009
https://doi.org/10.1104/pp.107.099226

Baker, C.J., Mock, N.M., 1994. An improved method for monitoring cell death in cell
suspension and leaf disc assays using Evans blue. Plant Cell, Tissue Organ Cult. 39 (1),
7-12. https://doi.org/10.1007/BF00037585.

Biswas, S.K., Srivastava, K.D., Aggarwal, R., Praveen, S., Singh, D.V., 2003. Biochemical
changes in wheat induced by Chaetomium globosum against spot blotch pathogen.
Indian Phytopath. 56 (4), 374-379.

Boguszewska, D., Grudkowska, M., Zagda'nska, B., 2010. Drought-responsive antioxidant
enzymes in potato (Solanum tuberosum L.). Potato Res. 53 (4), 373-382.
https://doi.org/10.1007/s11540-010-9178-6.

Boubakri, H., Wahab, M.A., Chong, J., Gertz, C., Gandoura, S., Mliki, A., Bertsch, C.,
Soustre-Gacougnolle, 1., 2013. Methionine elicits H202 generation and defense gene
expression in grapevine and reduces Plasmopara viticola infection. J. Plant Physiol.
170(18), 1561-1568. https://doi.org/10.1016/j.jplph.2013.06.008.

Bradford, N., 1976. A rapid and sensitive method for the quantitation microgram quantities
of a protein isolated from red cell membranes. Anal Biochem. 72, 248-254.
https://doi.org/10.1016/0003-2697(76)90527-3.

Chai, H.B., Doke, N., 1987. Systemic activation of an Oz generating reaction, superoxide
dismutase and peroxidase in potato plant in relation to systemic induction of resistance
to Phytophthora infestans. Annals of the Phytopathological Society of Japan. 53, 585-
590. https://doi.org/10.3186/jjphytopath.53.585.

Chakraborty, S., Obanor, F., Westecott, R., Abeywickrama, K., 2010. Wheat crown rot
pathogen Fusarium graminearum and F. pseudograminearum lacks specialisation.

Phytopathology. 100, 1057-65. https://doi.org/10.1094/PHYTO-01-10-0007.

41


https://doi.org/10.1007/BF00037585
https://doi.org/10.1016/j.jplph.2013.06.008
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.3186/jjphytopath.53.585
https://doi.org/10.1094/PHYTO-01-10-0007

Chance, B., Maehly, A., 1955. Assay of catalases and peroxidases. Meth. Enzymol. 2, 764-
775. https://doi.org/10.1016/S0076-6879(55)02300-8.

Chavoushi, M., Najafi, F., Salimi, A., Angaji, S.A., 2020. Effect of salicylic acid and sodium
nitroprusside on growth parameters, photosynthetic pigments and secondary
metabolites of safflower under drought stress. Sci. Hortic. 259, 108823.

https://doi.org/10.1016/j.scienta.2019.108823.

Chen, J., Li, L., Tian, P., Xiang, W., Lu, X., Huang, R., Li, L., 2021. Fungal endophytes from
medicinal plant Bletilla striata (Thunb.) Reichb. F. promote the host plant growth and
phenolic accumulation. S. Afr. J. Bot. 143, 25-32.
https://doi.org/10.1016/j.sajb.2021.07.041.

Connorton, J.M., Balk, J., Rodriguez-Celma, J., 2017. Iron homeostasis in plants a brief
overview. Metallomics. 9, 813-823. https://doi.org/10.1039/c7mt00136c.

Constantin, M.E., de Lamo, F.J., Vlieger, B.V., Rep, M., Takken, F.L., 2019. Endophyte-
mediated resistance in tomato to Fusarium oxysporum is independent of ET, JA, and

SA. Front. plant sci. 10, 979. https://doi.org/10.3389/fpls.2019.00979.

da Silva, J.A.T., de Medeiros, E.V., da Silva, J.M., Ten"orio, D.D.A., Moreira, K.A.,
Nascimento, T.C.E.D.S., Souza-Motta, C., 2016. Trichoderma aureoviride URM 5158
and Trichoderma hamatum URM 6656 are biocontrol agents that act against cassava
root rot through different mechanisms. J. Phytopathol. 164 (11-12), 1003-1011.

https://doi.org/10.1111/jph.12521.

42


https://doi.org/10.1016/S0076-6879(55)02300-8
https://doi.org/10.1016/j.sajb.2021.07.041
https://doi.org/10.1039/c7mt00136c
https://doi.org/10.3389/fpls.2019.00979
https://doi.org/10.1111/jph.12521

Daroodi, Z., Taheri, P., Tarighi, S., 2021a. Direct antagonistic activity and tomato resistance
induction of the endophytic fungus Acrophialophora jodhpurensis against Rhizoctonia

solani. Biol. Control. 160, 104696. https://doi.org/10.1016/j.biocontrol.2021.104696.

Daroodi, Z., Taheri, P., Tarighi, S., 2021b. Endophytic fungus Acrophialophora jodhpurensis
induced resistance against tomato early blight via interplay of reactive oxygen species,
iron and antioxidants. Physiol. Mol. Plant Pathol. 115, 101681.

https://doi.org/10.1016/j.pmpp.2021.101681.

Daroodi, Z., Taheri, P., Tarighi, S., 2022. Acrophialophora jodhpurensis: an endophytic
plant growth promoting fungus with biocontrol effect against Alternaria alternata.

Front. Plant Sci. 13. https://doi.org/10.3389/fpls.2022.984583.

Das, K., Roychoudhury, A., 2014. Reactive oxygen species (ROS) and response of
antioxidants as ROS-scavengers during environmental stress in plants. Front. Environ.
Sci. 2, 53. https://doi.org/10.3389/fenvs.2014.00053.

Dehghanpour-Farashah, S., Taheri, P., Falahati-Rastegar, M., 2019a. Identification and
pathogenicity of Fusarium spp., the causal agent of wheat crown and root rot in Iran. J.
Plant Pathol. 102, 143-154. https://doi.org/10.1007/s42161-019-00400-9.

Dehghanpour-Farashah, S., Taheri, P., Falahati-Rastegar, M., 2019b. Effect of polyamines
and nitric oxide in Piriformospora indica-induced resistance and basal immunity of
wheat against Fusarium pseudograminearum. Biol. Control. 136, 104006

https://doi.org/10.1016/j.biocontrol.2019.104006.

43


https://scholar.google.com/scholar?cluster=1616875721406423829&hl=en&inst=2733342842941555958&oi=scholarr
https://scholar.google.com/scholar?cluster=1616875721406423829&hl=en&inst=2733342842941555958&oi=scholarr
https://doi.org/10.3389/fenvs.2014.00053
https://doi.org/10.1016/j.biocontrol.2019.104006

Dingle, J., Mcgee, P.A., 2003. Some endophytic fungi reduce the density of pustules of
Puccinia recondita f. Sp. Tritici in wheat. Mycol. Res. 107, 310-316.
https://doi.org/10.1017/S0953756203007512.

Dong, C.H., Zolman, B.K., Bartel, B., Lee, B.H., Stevenson, B., Agarwal, M., Zhu, J.K,,
2009. Disruption of Arabidopsis CHY1 reveals an important role of metabolic status in
plant cold stress signaling. Mol. Plant. 2 (1), 59-72. https://doi.org/10.1093/mp/
ssn063.

El-Fawy, M.M., Abdel-Fatah, B.E., Saeed, A.S., Abo-Elnaga, H.I., Amein, A.AM.M., 2021.
Effect of soil drenching with humic acid, L-methionine and phosphoric acid on
Fusarium wilt and induction of enzymes related to oxidative stress and defense in
tomato plants. Arch. Phytopathol. Plant Prot. 54(19-20), 1876-1895.
https://doi.org/10.1080/03235408.2021.1957404.

Elshahawy, I.E., Khattab, A.E.N.A., 2022. Endophyte Chaetomium globosum improves the
growth of maize plants and induces their resistance to late wilt disease. J Plant Dis Prot.
129(5), 1125-1144. https://doi.org/10.1007/s41348-022-00626-3.

Fernandez, M.R., Chen, Y., 2007. Pathogenicity of Fusarium species on different plant parts
of spring wheat under controlled conditions. Plant Dis. 89, 164-169.
https://doi.org/10.1094/PD-89-0164.

Fontana, D.C., de Paula, S., Torres, A.G., de Souza, V.H.M., Pascholati, S.F., Schmidt, D.,
Dourado Neto, D., 2021. Endophytic fungi: Biological control and induced resistance
to  phytopathogens and  abiotic  stresses.  Pathogens.  10(5), 570.

https://doi.org/10.3390/pathogens10050570.

44


https://doi.org/10.1017/S0953756203007512
https://doi.org/10.1080/03235408.2021.1957404
https://doi.org/10.1094/PD-89-0164
https://doi.org/10.3390/pathogens10050570

Gaetani, G.F., Ferraris, A.M., Rolfo, M., Mangerini, R., Arena, S., Kirkman, H.N., 1996.
Predominant role of catalase in the disposal of hydrogen peroxide within human
erythrocytes. Blood 87 (4), 1595-1599. https://doi.org/10.1182/blood.VV87.4.1595.
bloodjournal8741595.

Glazebrook, J., 2005. Contrasting mechanisms of defense against biotrophic and
necrotrophic pathogens. Annu. Rev. Phytopathol. 43, 205-227.
https://doi.org/10.1146/annurev.phyto.43.040204.135923.

Gogoi, R., Singh, D.V., Sivastava, K.D., 2001. Phenols as a biochemical basis of resistance
in wheat against Karnal bunt. Plant Pathol. 50 (4), 470-476. https://doi.org/
10.1046/j.1365-3059.2001.00583.x.

Grace, S.C., 2005. Phenolics as antioxidants. In: Smirnoff, N. (Ed.), Antioxidants and
Reactive Oxygen Species in Plants. Blackwell Publishing, United States.

Greenshields, D.L., Liu, G., Wei, Y., 2007. Roles of iron in plant defence and fungal
virulence. Plant Signal. Behav. 2(4), 300-302. https://doi.org/10.4161/psb.2.4.4042.

Haghighi, M., Saadat, S., Abbey, L., 2020. Effect of exogenous amino acids application on
growth and nutritional value of cabbage under drought stress. Sci. Hortic. 272, 109561.
https://doi.org/10.1016/j.scienta.2020.109561.

Han, Z., Cui, Y., Wang, Y., Wang, Y., Sun, Z., Han, M. and Yang, L., 2022. Effect of
Rhizospheric Fungus on Biological Control of Root Rot (Fusarium equiseti) Disease
of Saposhnikovia divaricata. Agronomy. 12(11), 2906. https://doi.org/

10.3390/agronomy12112906.

45


https://doi.org/10.1146/annurev.phyto.43.040204.135923
https://doi.org/10.4161/psb.2.4.4042
https://doi.org/10.1016/j.scienta.2020.109561
https://doi.org/

Herlihy, J.H., Long, T.A., McDowell, J.M., 2020. Iron homeostasis and plant immune
responses: recent insights and translational implications. J. Biol. Chem. 295(39),
13444-13457. https://doi.org/10.1074/jbc.REVV120.010856.

Hong, J.K., Kang, S.R., Kim, Y.H., Yoon, D.J., Kim, D.H., Kim, H.J., Sung, C.H., Kang,
H.S., Choi, C.W., Kim, S.H., Kim, Y.S., 2013. Hydrogen peroxide-and nitric oxide-
mediated disease control of bacterial wilt in tomato plants. Plant Pathol. J. 29(4), 386.
https://doi.org/10.5423/PPJ.0A.04.2013.0043.

Jabeen, Z., Fayyaz, H.A., Irshad, F., Hussain, N., Hassan, M. N., Li, J., Rehman, S., Haider,
W., Yasmin, H., Mumtaz, S., Bukhari, S.A.H., Khalofah, A., Al-Qthanin, R.N.,
Alsubeie, M.S., 2021. Sodium nitroprusside application improves morphological and
physiological attributes of soybean (Glycine max L.) under salinity stress. PLoS One.
16(4), e0248207. https://doi.org/10.1371/journal.pone.0248207.

Jaber, L.R., 2018. Seed inoculation with endophytic fungal entomopathogens promotes plant
growth and reduces crown and root rot (CRR) caused by Fusarium culmorum in wheat.

Planta. 248(6), 1525-1535. https://doi.org/10.1007/s00425-018-2991-x.

Kang, N.J., 2008. Inhibition of powdery mildew development and activation of antioxidant
enzymes by induction of oxidative stress with foliar application of a mixture of
riboflavin and methionine in cucumber. Sci. Hortic. 118(3), 181-188.
https://doi.org/10.1016/j.scienta.2008.05.041.

Kazan, K., Gardiner, D.M., 2018. Fusarium crown rot caused by Fusarium
pseudograminearum in cereal crops: recent progress and future prospects. Mol Plant

Pathol. 19(7), 1547-1562. https://doi.org/10.1111/mpp.12639.

46


https://doi.org/10.1074/jbc.REV120.010856
https://doi.org/10.5423/PPJ.OA.04.2013.0043
https://doi.org/10.1016/j.scienta.2008.05.041

Keshavarz- Tohid, V., Taheri, P., Taghavi, S.M., Tarighi, S., 2016. The role of nitric oxide
in basal and induced resistance in relation with hydrogen peroxide and antioxidant
enzymes. J. Plant Physiol. 199, 29-38. https://doi.org/10.1016/j.jplph.2016.05.005.

Khan, S., Yu, H., Li, Q., Gao, Y., Sallam, B.N., Wang, H., Liu, P., Jiang, W., 2019.
Exogenous application of amino acids improves the growth and yield of lettuce by
enhancing photosynthetic assimilation and nutrient availability. Agronomy. 9(5), 266.

https://doi.org/10.3390/agronomy9050266.

Kheyri, F., Taheri, P., 2021. The role of biological and chemical inducers in activating bean
defense responses against Rhizoctonia solani. Physiol. Mol. Plant Pathol. 116, 101718.
https://doi.org/10.1016/j.pmpp.2021.101718.

Kheyri, F., Taheri, P., Jafarinejad-Farsangi, S., 2022. Thiamine and Piriformospora indica
induce bean resistance against Rhizoctonia solani: The role of polyamines in
association with iron and reactive oxygen species. Biol. Control. 172, 104955.
https://doi.org/10.1016/j.biocontrol.2022.104955.

Kolbert, Z., Barroso, J.B., Brouquisse, R., Corpas, F.J., Gupta, K.J., Lindermayr, C., Loake,
G.J., Palma, J.M., Petiivalsky, M., Wendehenne, D., Hancock, J.T., 2019. A forty year
journey: the generation and roles of NO in plants. Nitric Oxide. 93, 53-70.
https://doi.org/10.1016/j.ni0x.2019.09.006.

Kthiri, Z., Jabeur, M.B., Chairi, F., Lopez-Cristoffanini, C., Lopez-Carbonell, M., Serret,
M.D., Araus, J.L., Karmous, C., Hamada, W., 2021. Exploring the potential of

Meyerozyma guilliermondii on physiological performances and defense response

47


https://doi.org/10.1016/j.jplph.2016.05.005
https://doi.org/10.1016/j.pmpp.2021.101718
https://doi.org/10.1016/j.biocontrol.2022.104955
https://doi.org/10.1016/j.niox.2019.09.006

against Fusarium crown rot on durum wheat. Pathogens. 10(1), 52.
https://doi.org/10.3390/pathogens10010052.

Kthiri, Z., Jabeur, M.B., Machraoui, M., Gargouri, S., Hiba, K., Hamada, W., 2020. Coating
seeds with Trichoderma strains promotes plant growth and enhance the systemic
resistance against Fusarium crown rot in durum wheat. Egypt J Biol Pest Control.

30(1), 1-10. https://doi.org/10.1186/s41938-020-00338-6.

Legein, M., Smets, W., Vandenheuvel, D., Eilers, T., Muyshondt, B., Prinsen, E., Samson,
R. and Lebeer, S., 2020. Modes of action of microbial biocontrol in the phyllosphere.

Front. Microbiol. 11, 1619. https://doi.org/10.3389/fmicb.2020.01619.

Li, Z., Guo, B., Wan, K., Cong, M., Huang, H., Ge, Y., 2015. Effects of bacteria-free filtrate
from Bacillus megaterium strain L2 on the mycelium growth and spore germination of
Alternaria alternata. Biotechnol. Equip. 29, 1062-1068.

https://doi.org/10.1080/13102818.2015.1068135.

Liu, G., Greenshields, D.L., Sammynaiken, R., Hirji, R.N., Selvaraj, G., Wei, Y. 2007.
Targeted alterations in iron homeostasis underlie plant defence responses. J. Cell Sci.
120, 596-605. https://doi.org/10.1242/jcs.001362.

Liu, Y., Lei, X., Deng, B., Chen, O., Deng, L., Zeng, K., 2022. Methionine enhances disease
resistance of jujube fruit against postharvest black spot rot by activating lignin
biosynthesis. Postharvest Biol. Technol. 190, 111935.

https://doi.org/10.1016/j.postharvbio.2022.111935.

48


https://doi.org/10.3390/pathogens10010052
https://doi.org/10.3389%2Ffmicb.2020.01619
https://doi.org/10.1242/jcs.001362
https://doi.org/10.1016/j.postharvbio.2022.111935

Llorens, E., Garcia-Agustin, P., Lapefia, L. 2017. Advances in induced resistance by natural
compounds: towards new options for woody crop protection. Sci. Agric. 74(1), 90-100.
https://doi.org/10.1590/1678-992x-2016-0012.

Lugojan, C., Ciulca, S., 2011. Evaluation of relative water content in winter wheat. J. Hortic.
Fores. Biotechnol. 15, 173-177.

Mandal, S., Mitra, A., Mallick, N., 2008. Biochemical characterization of oxidative burst
during interaction between Solanum lycopersicum and Fusarium oxysporum f. sp.
lycopersici, Physiol. Mol. Plant Pathol. 72(1-3), 56-61.
https://doi.org/10.1016/j.pmpp.2008.04.002.

Magsood, M.F., Shahbaz, M., Kanwal, S., Kaleem, M., Shah, S.M.R., Lugman, M., Iftikhar,
l., Zulfigar, U., Tarig, A., Naveed, S.A., Inayat, N., 2022. Methionine Promotes the
Growth and Yield of Wheat under Water Deficit Conditions by Regulating the
Antioxidant Enzymes, Reactive Oxygen Species, and lons. Life. 12(7), 969.
https://doi.org/10.3390/1ife12070969.

Mehak, G., Akram, N.A., Ashraf, M., Kaushik, P., EI-Sheikh, M.A., Ahmad, P., 2021.
Methionine-induced regulation of growth, secondary metabolites and oxidative defense
system in sunflower (Helianthus annuus L.) plants subjected to water deficit stress.
Plos one. 16(12), e0259585. https://doi.org/10.1371/journal.pone.0259585.

Mishra, S., Jha, A.B., Dubey, R.S., 2011. Arsenite treatment induces oxidative stress,
upregulates antioxidant system, and causes phytochelatin synthesis in rice seedlings.
Protoplasma. 248 (3), 565-577. https://doi.org/10.1007/s00709-010-0210-0.

Mucha, J., Guzicka, M., Lakomy, P., Zadworny, M., 2012. Iron and reactive oxygen

responses in Pinus sylvestris root cortical cells infected with different species of

49


https://doi.org/10.1590/1678-992x-2016-0012
https://doi.org/10.3390/life12070969
https://doi.org/10.1371/journal.pone.0259585

Heterobasidion annosum sensu lato. Planta 236 (4), 975-988. https://doi.org/
10.1007/s00425-012-1646-6.

Murgia, I., Tarantino, D., Vannini, C., Bracale, M., Carravieri, S., Soave, C., 2004.
Arabidopsis thaliana plants overexpressing thylakoidal ascorbate peroxidase show
increased resistance to Paraquat-induced photooxidative stress and to nitric oxide-
induced cell death. Plant J. 38(6), 940-953. https://doi.org/10.1111/j.1365-
313X.2004.02092.x.

Naghashzadeh, M., 2014. Response of relative water content and cell membrane stability to
mycorrhizal biofertilizer in maize. eJBio. 10 (3), 68-72.

Nakano, Y., Asada, K., 1981. Hydrogen peroxide is scavenged by ascorbate-specific
peroxidase in spinach chloroplasts. Plant cell physiol. 22 (5), 867-880. https://doi.
0rg/10.1093/oxfordjournals.pcp.a076232.

Nakazato, Y., Tamogami, S., Kawai, H., HASEGAwWA, M., KoDAMA, O., 2000.
Methionine-induced phytoalexin production in rice leaves. Biosci. Biotechnol.
Biochem. 64(3), 577-583. https://doi.org/10.1271/bbb.64.577.

Nassimi, Z., Taheri, P., 2017. Endophytic fungus Piriformospora indica induced systemic
resistance against rice sheath blight via affecting hydrogen peroxide and antioxidants.
Biocontrol ~ Sci.  Technol. 27 (2), 252-267. https://doi.org/10.1080/
09583157.2016.1277690.

Nawrocka, J., Matolepsza, U., Szymczak, K., Szczech, M., 2018. Involvement of metabolic
components, volatile compounds, PR proteins, and mechanical strengthening in

multilayer protection of cucumber plants against Rhizoctonia solani activated by

50


https://doi.org/10.1111/j.1365-313X.2004.02092.x
https://doi.org/10.1111/j.1365-313X.2004.02092.x
https://doi.org/10.1271/bbb.64.577

Trichoderma atroviride TRS25. Protoplasma 255, 359-373. https://doi.
0rg/10.1007/s00709-017-1157-1.

Nikraftar, F., Taheri, P., Rastegar, M.F., Tarighi, S., 2013. Tomato partial resistance to
Rhizoctonia solani involves antioxidative defense mechanisms. Physiol. Mol. Plant
Pathol. 81, 74-83. https://doi.org/10.1016/j.pmpp.2012.11.004.

Noctor, G., Foyer, C.H. 1998. Ascorbate and glutathione: keeping active oxygen under
control. Annu. Rev. Plant Physiol. 49(1), 249-279.
https://doi.org/10.1146/annurev.arplant.49.1.249.

Noorbakhsh, Z., Taheri, P., 2016. Nitric oxide: a signaling molecule which activates cell
wall-associated defense of tomato against Rhizoctonia solani. Eur. J. Plant Pathol. 144,
551-568. https://doi.org/10.1007/s10658-015-0794-5.

Novo, E., Parola, M., 2008. Redox mechanisms in hepatic chronic wound healing and
fibrogenesis. Fibrogenes. Tissue Repair. 1, 1-58. https://doi.org/10.1186/1755-1536-1-
o.

Perchepied, L., Balagué, C., Riou, C., Claudel-Renard, C., Riviére, N., Grezes-Besset, B.,
Roby, D., 2010. Nitric oxide participates in the complex interplay of defense-related
signaling pathways controlling disease resistance to Sclerotinia sclerotiorum in
Arabidopsis  thaliana. Mol. Plant  Microbe Interact. 23(7), 846-860.
https://doi.org/10.1094/MPMI-23-7-0846.

Perveen, S., Hussain, S.A., 2021. Methionine-induced changes in growth, glycinebetaine,
ascorbic acid, total soluble proteins and anthocyanin contents of two Zea mays L.

varieties under salt stress. J Anim Plant Sci. 31(1).

51


https://doi.org/10.1016/j.pmpp.2012.11.004
https://doi.org/10.1146/annurev.arplant.49.1.249
https://doi.org/10.1094/MPMI-23-7-0846

Rabiey, M., Ullah, I., Shaw, M.W., 2015. The endophytic fungus Piriformospora indica
protects wheat from Fusarium crown rot disease in simulated UK autumn condition.
Plant Pathol. 64, 1-12. https://doi.org/10.1111/ppa.12335.

Sadasivam, S., Manickam, A., 1996. Carbohydrates. In: Sadasivam, S., Manickam, A. (Eds.),
Methods in Biochemistry. New Age International Pvt Ltd. India.

Saito, M., Nakajima, M., Arie, T., Akutsu, K., 2017a. L-methionine induces resistance to
Fusarium wilt of tomato plants. JJP. 83(2), 3-9.
https://doi.org/10.3186/jjphytopath.83.3.

Saito, M., Yamamoto, Y., Nakajima, M., Akutsu, K., 2017b. L-methionine induces powdery
mildew resistance in tomato. JIP. 83(4), 251-256.
https://doi.org/10.3186/jjphytopath.83.251.

S anchez-Fern“andez, R.E., Diaz, D., Duarte, G., Lappe-Oliveras, P., S"anchez, S., Macias-
Rubalcava, M.L., 2016. Antifungal volatile organic compounds from the endophyte
Nodulisporium sp. strain GS4d2ll1a: a qualitative change in the intraspecific and
interspecific interactions with Pythium aphanidermatum. Microb Ecol. 71 (2), 347—
364. https://doi.org/10.1007/s00248-015-0679-3.

Sanchez-Sanuy, F., Mateluna-Cuadra, R., Tomita, K., Okada, K., Sacchi, G.A., Campo, S.,
San Segundo, B., 2022. Iron Induces Resistance against the Rice Blast Fungus
Magnaporthe oryzae Through Potentiation of Immune Responses. Rice. 15(1), 68.
https://doi.org/10.1186/512284-022-00609-w.

Santos, C.S., Ozgur, R., Uzilday, B., Turkan, I., Roriz, M., Rangel, A.O., Carvalho, S.M.,

Vasconcelos, M.W., 2019. Vasconcelous, understanding the role of the antioxidant

52


https://doi.org/10.1111/ppa.12335
http://dx.doi.org/10.3186/jjphytopath.83.3
http://dx.doi.org/10.3186/jjphytopath.83.251

system and the tetrapyrrole cycle in iron deficiency chlorosis. Plants. 8(9), 348.
https://doi.org/10.3390/plants8090348.

Sarkar, T.S., Biswas, P., Ghosh, S.K., Ghosh, S., 2014. Nitric oxide production by
necrotrophic pathogen Macrophomina phaseolina and the host plant in charcoal rot
disease of jute: complexity of the interplay between necrotroph—host plant interactions.
PLoS one. 9, 1-17. https://doi.org/10.1371/journal.pone.0107348.

Sarosh, B.R., Sivaramakrishnan, S., Shetty, H.S., 2005. Elicitation of defense related

enzymes and resistance by L-methionine in pearl millet against downy mildew disease

caused by Sclerospora graminicola. Plant Physiol. Biochem. 43(8), 808-815.

https://doi.org/10.1016/j.plaphy.2005.06.009.

Schlicht, M., Kombrink, E., 2013. The role of nitric oxide in the interaction of Arabidopsis
thaliana with the biotrophic fungi, Golovinomyces orontii and Erysiphe pisi. Front.
Plant Sci.4, 351. https://doi.org/10.3389/fpls.2013.00351.

Seevers, P., Daly, J., 1970. Studies on wheat stem rust resistance controlled at the Sr6 locus.
I. The role of phenolic compounds. Phytopathol. 60 (9), 1322-1328.
https://doi.org/10.1094/Phyto-60-1322.

Sekizawa, Y., Haga, M., Kanoh, H., 1990. A superoxide anion forming enzyme, NADPH
oxidase of rice blade tissue stimulated with a blast fungus elicitor. Annals of the
Phytopathological Society of Japan. 56, 565-567.

https://doi.org/10.3186/jjphytopath.56.565.

53


https://doi.org/10.3390/plants8090348
https://doi.org/10.1371/journal.pone.0107348
https://doi.org/10.1016/j.plaphy.2005.06.009
https://doi.org/10.3389/fpls.2013.00351
https://doi.org/10.1094/Phyto-60-1322
https://doi.org/10.3186/jjphytopath.56.565

Shahbazi, S., Zaker Tavallaie, F., Daroodi, Z., 2021. Morphological and molecular
identification of Fusarium spp. associated with carnation Dianthus caryophyllus in

Mahallat, Iran. J. Crop Prot. 10(3), 461-471.

Sharma, P., Jha, A.B., Dubey, R.S., Pessarakli, M., 2012. Reactive oxygen species, oxidative
damage, and antioxidative defense mechanism in plants under stressful conditions. J.
Bot. https://doi.org/10.1155/2012/217037.

Singh, A., Kumar, J., Kumar, P., 2008. Effects of plant growth regulators and sucrose on
post-harvest physiology, membrane stability and vase life of cut spikes of gladiolus.
Plant Growth Regul. 55 (3), 221. https://doi.org/10.1007/s10725-008-9278-3.

Smith, M.A., Harris, P.L., Sayre, L.M., Perry, G., 1997. Iron accumulation in Alzheimer
disease is a source of redox-generated free radicals. Proc. Natl. Acad. Sci. 94 (18),
9866-9868. https://doi.org/10.1073/pnas.94.18.986.

Su, Y.Y, Qi, Y.L, Cai, L., 2012. Induction of sporulation in plant pathogenic fungi.
Mycology. 3(3), 195-200. https://doi.org/10.1080/21501203.2012.719042.

Taheri, E., Tarighi, S., Taheri, P., 2022. Characterization of root endophytic Paenibacillus
polymyxa isolates with biocontrol activity against Xanthomonas translucens and
Fusarium graminearum. Biol. Control. 174, 105031.
https://doi.org/10.1016/j.biocontrol.2022.105031.

Taheri, P., 2022. Crosstalk of nitro-oxidative stress and iron in plant immunity. Free Radic.

Biol. Med. 191, 137-149. https://doi.org/10.1016/j.freeradbiomed.2022.08.040

54


https://doi.org/10.1155/2012/217037
https://doi.org/10.1007/s10725-008-9278-3
https://doi.org/10.1073/pnas.94.18.9866
https://doi.org/10.1080/21501203.2012.719042
https://doi.org/10.1016/j.biocontrol.2022.105031

Taheri, P., Irannejad, A., Goldani, M., Tarighi, S., 2014. Oxidative burst and enzymatic
antioxidant systems in rice plants during interaction with Alternaria alternata. Eur. J.
Plant Pathol. 140(4), 829-839. https://doi.org/10.1007/s10658-014-0512-8.

Taheri, P., Tarighi, S., 2010. Riboflavin induces resistance in rice against Rhizoctonia solani
via jasmonate-mediated priming of phenylpropanoid pathway. J Plant Physiol. 167 (3),
201-208. https://doi.org/10.1016/j.jplph.2009.08.003.

Taheri, P., Tarighi, S., 2011. A survey on basal resistance and riboflavin-induced defense
responses of sugar beet against Rhizoctonia solani. J. Plant Physiol. 168 (10), 1114-
1122. https://doi.org/10.1016/j.jplph.2011.01.001.

Taheri, P., Tarighi, S., 2012. The role of pathogenesis-related proteins in the tomato-
Rhizoctonia solani interaction. J. Bot. https://doi.org/10.1155/2012/137037.

Thordal-Christensen, H., Zhang, Z., Weli, Y., Collinge, D.B., 2002. Subcellular localization
of H202 in plants. H202 accumulation in papillae and hypersensitive response during
the barley-powdery mildew interaction. Plant J. 11 (6), 1187-1194.
https://doi.org/10.1046/j.1365-313X.1997.11061187.X.

Ting, A.S.Y., Mah, SW., Tee, C.S., 2012. Evaluating the feasibility of induced host
resistance by endophytic isolate Penicillium citrinum BTF08 as a control mechanism
for Fusarium wilt in banana plantlets. Biol. Control. 61(2), 155-159.
https://doi.org/10.1016/j.biocontrol.2012.01.010.

Torres, 1., Sanchez, M.T., Benlloch-Gonzalez, M., Perez-Marin, D., 2019. Irrigation decision
support based on leaf relative water content determination in olive grove using near
infrared spectroscopy. Biosyst Eng. 180, 50-58.

https://doi.org/10.1016/j.biosystemseng.2019.01.016.

55


https://doi.org/10.1007/s10658-014-0512-8
https://doi.org/10.1016/j.jplph.2009.08.003
https://doi.org/10.1016/j.jplph.2011.01.001
https://doi.org/10.1046/j.1365-313X.1997.11061187.x
https://doi.org/10.1016/j.biocontrol.2012.01.010
https://doi.org/10.1016/j.biosystemseng.2019.01.016

Torres, M.A., Jones, J.D., Dangl, J.L., 2006. Reactive oxygen species signaling in response
to pathogens. Plant Physiol. 141 (2), 373-378. https://doi.org/10.1104/ pp.106.079467.

Tripathy, J.N., Zhang, J., Robin, S., Nguyen, T.T., Nguyen, H.T., 2000. QTLs for cell-
membrane stability mapped in rice (Oryza sativa L.) under drought stress. Theor Appl
Genet. 100, 1197-1202. https://doi.org/10.1007/s001220051424.

Van Loon, L.C., Bakker, P.A.H.M., Pieterse, C.M.J., 1998. Systemic resistance induced by
rhizosphere bacteria. Annu. Rev. Phytopathol. 36 (1), 453-483. https://doi.org/
10.1146/annurev.phyto.36.1.453.

Verbon, E.H., Trapet, P.L., Stringlis, I.A., Kruijs, S., Bakker, P.A., Pieterse, C.M., 2017.
Iron and immunity. Annu. Rev. Phytopathol. 55: 355-375.
https://doi.org/10.1146/annurev-phyto-080516-035537.

Vierheilig, H., Coughlan, A.P., Wyss, U., Piche, Y., 1998. Ink and Vinegar, a simple staining
technique for arbuscular-mycorrhizal fungi. Appl. Environ. Microbiol. 64, 5004-5007.

Walters, D.R., 2000. Polyamines in plant-microbe interactions. Physiol. Mol. Plant Pathol.
57(4), 137-146. https://doi.org/10.1006/pmpp.2000.0286.

Wang, L., Ye, L., Hua, Y., Zhang, G., Li, Y., Zhang, J., He, J., Liu, M. and Shao, Q., 2019.
Effects of dietary dl-methionyl-dl-methionine (Met-Met) on growth performance, body
composition and haematological parameters of white shrimp (Litopenaeus vannamei)
fed with plant protein—based diets. Aquac. Res. 50(6), 1718-1730.
https://doi.org/10.1111/are.14064.

Wang, M., Xue, J., Ma, J., Feng, X., Ying, H., Xu, H., 2020. Streptomyces lydicus M01

regulates soil microbial community and alleviates foliar disease caused by Alternaria

56


https://doi.org/10.1146/annurev-phyto-080516-035537
https://doi.org/10.1006/pmpp.2000.0286

alternata on cucumber. Front. Microbiol. 11, 942. https://doi.org/10.3389/
fmicbh.2020.00942.

Whetherley, P., 1950. Studies in the water relations of cotton plants. I. The field measurement
of water deficit in leaves. New Phytol. 49, 81-87.

Xiao, Y., Li, H.X,, Li, C.,, Wang, J.X,, Li, J.,, Wang, M.H., Ye, Y.H., 2013. Antifungal
screening of endophytic fungi from Ginkgo biloba for discovery of potent anti-
phytopathogenic fungicides. FEMS Microbiol. Lett. 339 (2), 130-136.

Yan, J., Tsuichihara, N., Etoh, T., Iwai, S., 2007. Reactive oxygen species and nitric oxide
are involved in ABA inhibition of stomatal opening. Plant Cell Environ. 30 (10), 1320-
1325. https://doi.org/10.1111/5.1365-3040.2007.01711.x.

Yasir, T.A., Khan, A., Skalicky, M., Wasaya, A., Rehmani, M.I.A., Sarwar, N., Mubeen, K.,
Aziz, M., Hassan, M. M., Hassan, F. A. and Igbal, M.A., 2021. Exogenous sodium
nitroprusside mitigates salt stress in lentil (Lens culinaris medik.) by affecting the
growth, yield, and biochemical properties. Molecules. 26(9), 2576.
https://doi.org/10.3390/molecules26092576.

Ye, F., Albarouki, E., Lingam, B., Deising, H.B., von Wirén, N., 2014. An adequate Fe
nutritional status of maize suppresses infection and biotrophic growth of
Colletotrichum graminicola. Physiol. Plant. 151, 280-292.
https://doi.org/10.1111/ppl.12166.

Zakaria, L., 2023. Fusarium Species Associated with Diseases of Major Tropical Fruit Crops.

Horticulturae. 9(3), 322. https://doi.org/10.3390/horticulturae9030322.

57


https://doi.org/10.1111/j.1365-3040.2007.01711.x
https://doi.org/10.3390/molecules26092576
https://doi.org/10.3390/horticulturae9030322

Zhang, F.M., He, W., Wu, C.Y., Sun, K., Zhang, W., Dai, C.C., 2020. Phomopsis
liquidambaris inoculation induces resistance in peanut to leaf spot and root rot.
BioControl. 65, 475-488. https://doi.org/10.1007/s10526-020-10013-2.

Zhang, H., Yin, H,, Jin, G., 2019. Function of nitric oxide in chitosan oligosaccharide-
induced resistance to tobacco mosaic virus. Intl. J. Agric. Biol. 21, 85-92.
https://doi.org/10.17957/1JAB/15.0866.

Zhang, J., Kirkham, M.B., 1994. Drought-stress-induced changes in activities of superoxide
dismutase, catalase, and peroxidase in wheat species. Plant Cell Physiol. 35 (5), 785-
791. https://doi.org/10.1093/oxfordjournals.pcp.a078658.

Zhang, J., Zhu, W., Goodwin, P.H., Lin, Q., Xia, M., Xu, W., Sun, R., Liang, J., Wu, C., Li,
H., Wang, Q., 2022. Response of Fusarium pseudograminearum to biocontrol agent
Bacillus velezensis YB-185 by phenotypic and transcriptome analysis. J Fungi. 8(8),

763. https://doi.org/10.3390/j0f8080763.

58


https://doi.org/10.1007/s10526-020-10013-2

Table 1. Effect of methionine and sodium nitroprusside on mycelial growth of
Acrophialophora jodhpurensis and Fusarium graminearum, growth of fungi were
investigated when the control Petri dishes were completely covered with mycelium of fungi.
Statistical analysis was performed using Minitab 17 software according to Fisher analysis.

The presented data for each assay are the means (+ standard error) of three experiments.

Treatment Concentration Growth inhibition Growth inhibition percentage
percentage of A. of F. graminearum (%)

jodhpurensis

Methionine 10 mg/L Oc Oc

Methionine 20 mg/L Oc 9.69+ 0.6 a
Sodium nitroprusside 100 uM Oc Oc
Sodium nitroprusside 150 uM 19.39+1.21b Oc
Sodium nitroprusside 200 uM 31.51+2.64a 3.03£3.033b
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Figure caption

Fig. 1. Effect of Acrophialophora. jodhpurensis on the mycelial growth, spore germination
and hyphal structures of Fusarium graminearum. Biocontrol effect of A. jodhpurensis in dual
culture test on potato dextrose agar medium (A), the colony of F. graminearum in control
(B), cytoplasm lysis of F. graminearum mycelia (C) and deformed and swollen mycelia in
dual culture with A. jodhpurensis (D), the hyphae of F. graminearum in control (E), swollen
(F) and malformed (G) spores of F. graminearum in the presence of growth-free supernatant
of A. jodhpurensis, the spore of F. graminearum in control (H). Scale bar = 30 um. Error bars

correspond to standard error (SE) of three experiments.

Fig. 2. Detection of Acrophialophora jodhpurensis (A and B) and Serendipita indica
(formerly Piriformospora indica: C and D) in colonized roots of wheat at 14 (A and C) and
21 dpi (B and D), the colonization percentage of wheat roots by A. jodhpurensis and S. indica
(E), effect of different treatments, including Acrophialophora jodhpurensis (Aj), methionine
(Me), and sodium nitroprusside (SNP) on disease index of Fusarium graminearum (Fg: F),
shoot fresh weight (G), root fresh weight (H), shoot dry weight (1), and root dry weight (J)
on wheat seedlings at 21 post-inoculation (dpi) with F. graminearum. H: A. jodhpurensis
hyphae, Ch: chlamydospores of S. indica, Fg: F. graminearum, FgMe: F. graminearum and
methionine, FgSNP: F. graminearum and sodium nitroprusside, FgAj: F. graminearum and
A. jodhpurensis, FgMeA]: F. graminearum, methionine and A. jodhpurensis, FgSNPA|: F.
graminearum, sodium nitroprusside and A. jodhpurensis, FgMeSNPA]j: F. graminearum,
methionine, sodium nitroprusside and A. jodhpurensis, FgMeSNP: F. graminearum,

methionine and sodium nitroprusside, FgSi: F. graminearum and Serendipita indica
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(formerly Piriformospora indica: as positive control) and negative control: water treatment.

Scale bar = 50 pm. Error bars correspond to standard error (SE) of three experiments.

Fig. 3. Detection of H202 in wheat leaves with different treatments at various hours post
inoculation (hpi) by Fusarium graminearum. Detecting H202 by 3, 30-diaminobenzidine
(DAB) staining (scale bar = 50 um) (A) and the staining intensities of H202 using Image J
software (B). Fg: Fusarium graminearum, FgMe: F. graminearum and methionine, FgSNP:
F. graminearum and sodium nitroprusside, FgAj: F. graminearum and Acrophialophora
jodhpurensis, FgMeAj: F. graminearum, methionine and A. jodhpurensis, FgSNPA]: F.
graminearum, sodium nitroprusside and A. jodhpurensis, FgMeSNPA]j: F. graminearum,
methionine, sodium nitroprusside and A. jodhpurensis, FgMeSNP: F. graminearum,
methionine and sodium nitroprusside, FgSi: F. graminearum and Serendipita indica

(formerly Piriformospora indica: as positive control) and negative control: water treatment.

Fig. 4. Detection of Oz~ in wheat leaves with different treatments at various hours post
inoculation (hpi) by Fusarium graminearum. Detecting Oz by nitroblue tetrazolium (NBT)
staining (scale bar= 50 um) (A) and the staining intensities of Oz~ using Image J software
(B). Fg: Fusarium graminearum, FgMe: F. graminearum and methionine, FgSNP: F.
graminearum and sodium nitroprusside, FgAj: F. graminearum and Acrophialophora
jodhpurensis, FgMeAj: F. graminearum, methionine and A. jodhpurensis, FgSNPA]: F.
graminearum, sodium nitroprusside and A. jodhpurensis, FgMeSNPA|: F. graminearum,
methionine, sodium nitroprusside and A. jodhpurensis, FgMeSNP: F. graminearum,
methionine and sodium nitroprusside, FgSi: F. graminearum and Serendipita indica

(formerly Piriformospora indica: as positive control) and negative control: water treatment.
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Fig. 5. Investigation of Fe3* production in wheat leaves with different treatments at various
hours post inoculation (hpi) by Fusarium graminearum. Fe3* levels were detected by
potassium ferrocyanide stainings (A), and the staining intensities of Fe*" using Image J
software (B). Scale bar = 50 um. Error bars correspond to the standard error (SE) of three
experiments Fg: Fusarium graminearum, FgMe: F. graminearum and methionine, FgSNP:
F. graminearum and sodium nitroprusside, FgAj: F. graminearum and Acrophialophora
jodhpurensis, FgMeA]j: F. graminearum, methionine and A. jodhpurensis, FGSNPA]: F.
graminearum, sodium nitroprusside and A. jodhpurensis, FgMeSNPA]j: F. graminearum,
methionine, sodium nitroprusside and A. jodhpurensis, FgMeSNP: F. graminearum,
methionine and sodium nitroprusside, FgSi: F. graminearum and Serendipita indica

(formerly Piriformospora indica: as positive control) and negative control: water treatment.

Fig. 6. Investigation of Fe?* production in wheat leaves with different treatments at various
hours post inoculation (hpi) by Fusarium graminearum. Fe?* levels were detected by
potassium ferrocyanide stainings (A), and the staining intensities of Fe?* using Image J
software (B). Scale bar = 50 um. Error bars correspond to the standard error (SE) of three
experiments Fg: Fusarium graminearum, FgMe: F. graminearum and methionine, FgSNP:
F. graminearum and sodium nitroprusside, FgAj: F. graminearum and Acrophialophora
jodhpurensis, FgMeAj: F. graminearum, methionine and A. jodhpurensis, FGSNPA]: F.
graminearum, sodium nitroprusside and A. jodhpurensis, FgMeSNPA]j: F. graminearum,
methionine, sodium nitroprusside and A. jodhpurensis, FgMeSNP: F. graminearum,
methionine and sodium nitroprusside, FgSi: F. graminearum and Serendipita indica

(formerly Piriformospora indica: as positive control) and negative control: water treatment.
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Fig. 7. Cell death (A), total phenolics (B), catalase (CAT; C), guaiacol peroxidase (GPX; D),
ascorbate peroxidase (APX; E) superoxide dismutase (SOD; F) activity, membrane stability
index (MSI; G) and relative water content (RWC; H) in wheat seedlings with different
treatments at various hours post inoculation (hpi) by Fusarium graminearum. Fg: Fusarium
graminearum, FgMe: F. graminearum and methionine, FgSNP: F. graminearum and sodium
nitroprusside, FgAj: F. graminearum and Acrophialophora jodhpurensis, FgMeAj: F.
graminearum, methionine and A. jodhpurensis, FgSNPAj: F. graminearum, sodium
nitroprusside and A. jodhpurensis, FgMeSNPA]j: F. graminearum, methionine, sodium
nitroprusside and A. jodhpurensis, FgMeSNP: F. graminearum, methionine and sodium
nitroprusside, FgSi: F. graminearum and Serendipita indica (formerly Piriformospora

indica: as positive control) and negative control: water treatment.
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Fig. 1.
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Fig. 4.
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Fig. 5.
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Fig. 6.
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Highlights
« Application of methionine, sodium nitroprusside, and Acrophialophora jodhpurensis increased

wheat growth parameters.

 The application of methionine, sodium nitroprusside, and A. jodhpurensis partially protected

wheat plants against Fusarium graminearum.

» Wheat defense responses occurred via the application of methionine, sodium nitroprusside, and

A. jodhpurensis.
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