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Direct antagonistic activity and tomato resistance induction of the 
endophytic fungus Acrophialophora jodhpurensis against Rhizoctonia solani 
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H I G H L I G H T S  

• The endophytic fungus Acrophialophora jodhpurensis was isolated from tomato roots. 
• A. jodhpurensis exhibited high antagonistic activity against Rhizoctinia solani. 
• The endophyte decreased sclerotia production and germination of R. solani. 
• Priming tomato defense responses occurred via A. jodhpurensis application. 
• The endophyte partially protected tomato plants against R. solani.  
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A B S T R A C T   

In this study, potential of Acrophialophora jodhpurensis (Chaetomium jodhpurense Lodha) in suppressing Rhizoc-
tonia solani, as a necrotrophic phytopathogenic fungus causing tomato root and crown rot, was investigated in 
vitro and in vivo conditions. The isolate of A. jodhpurensis inhibited growth of R. solani AG4-HG II in dual culture, 
and produced volatile and non-volatile metabolites. Light and electron microscopy revealed alternations in the 
pathogen structures in presence of A. jodhpurensis. Root colonization by A. jodhpurensis reduced the disease index 
more than 40% compared to the controls. This endophytic fungus reduced the disease index not only via direct 
antagonism on the pathogen, but also indirectly via inducing resistance mechanisms in the host plant. Indirect 
effects of A. jodhpurensis against the pathogen in vivo were due to activation of tomato defense responses, such as 
induction of antioxidant enzymes (including guaiacol peroxidase (GPX), catalase (CAT), superoxide dismutase 
(SOD), and ascorbate peroxidase (APX) activities), phenolic contents, lignin accumulation, relative water con-
tent, cell membrane stability, accumulations of hydrogen peroxide (H2O2), superoxide (O2

− ) and iron ions. 
Therefore, application of A. jodhpurensis can be applied as a biocontrol agent for protecting tomato plants against 
R. solani.   

1. Introduction 

Tomato (Solanum lycopersicum L.) is one of the most important eco-
nomic vegetable crops in the world. Different fungal pathogens, such as 
Rhizoctonia solani, cause destructive diseases on tomato with high levels 
of yield loss (Pourmahdi and Taheri, 2014). Root and crown rot caused 
by R. solani is a serious tomato disease worldwide (Solanki et al., 2012; 
Taheri and Tarighi, 2012). Also, R. solani is the main causal agent of 
damping-off disease on tomato in both greenhouse and field conditions 
(De Curtis et al., 2010). Teleomorph of R. solani is Thanatephorus cucu-
meris, which is classified in the phylum Basidiomycota. This pathogen is 

a ubiquitous soilborne necrotroph, which is known as a complex species 
and has been grouped into 14 anastomosis groups (AGs), so far (Ajayi- 
Oyetunde and Bradley, 2018). Various AGs of the pathogen are different 
in morphological characteristics, pathogenicity and DNA sequences 
(Carling et al., 2002). The AGs 1, 2, 3, and 4 have been reported to be 
pathogenic on tomato (Misawa and Kuninaga, 2010; Pourmahdi and 
Taheri, 2014). This pathogen has high level of genetic variability, wide 
host range and long-term survival in soil by sclerotia production. Also, 
complete resistance to R. solani is not reported in any cultivar of various 
plant species and some cultivars have only partial resistance to this 
pathogen. Therefore, management of the diseases caused by R. solani is 
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difficult and needs more scientific attention (Taheri et al., 2007). 
This fungal pathogen is generally controlled by chemical fungicides, 

which may cause several problems, such as toxicity on non-target or-
ganisms, environmental pollution and development of resistance in the 
pathogen populations. Therefore, biocontrol can be considered as an 
effective and safe approach to control this destructive phytopathogen. 

Numerous endophytic fungi help to protect plant species against 
pathogens and also maintain soil fertility (White et al., 2019; Rana et al., 
2020). Fungal endophytes live inside plant tissues for at least a part of 
their life cycle, without causing apparent disease symptoms. These fungi 
can be considered as beneficial microorganisms due to their valuable 
effects, including plant growth promotion, induction of plant defense 
responses and producing anti-herbivore and antimicrobial products 
(Murthy et al., 2014). 

The genus Acrophialophora is widely distributed in temperate and 
tropical regions. This fungus has been classified in Ascomycota and 
belonged to Chaetomiaceae. The type species of this genus is A. nainiana, 
which was isolated from soil (Edward, 1959). Previous reports indicated 
effect of endophytic Acrophialophora spp. isolates as biocontrol agents 
against several fungal pathogens, including Pythium aphanidermatum 
(Sharma et al., 1981; Ramzan et al., 2014), Fusarium udum (Upadhyay 
and Rai, 1983), Phythium debaryanum, Phytophthora capsica, Sclerotinia 
sclerotiorum, Botrytis cinerea, Gaeomannomyces graminis, R. solani and 
other fungi (Turhan and Grossmann, 1989), Macrophomina phaseolina 
(Siddiqui and Mahmood, 1992; Ramzan et al., 2014), Fusarium solani 
(Ramzan et al., 2014), and Alternaria porri (Abdel-hafez et al., 2015). 

Various endophytes are capable of inducing plant defense responses 
against pathogen attacks (Constantin et al., 2019), including activity of 
defense-related enzymes, cell wall reinforcement, production of reactive 
oxygen species (ROS), accumulation of phenolics and lignin (Llorens 
et al., 2017). Many researchers studied crop protection via induced host 
resistance using beneficial fungi against R. solani on different plant 
species, such as Trichoderma virens in cotton (Howell et al., 2000), 
T. harzianum in tomato (Manganiello et al., 2018) and sunflower (Singh 
et al., 2014), and Piriformospora indica in rice (Nassimi and Taheri, 
2017) and wheat (Dehghanpour-Farashah et al., 2019). 

Cell Membrane stability index (MSI) and relative water content 
(RWC) are physiological characters related to plant defense responses 
against biotic and abiotic stresses. Involvement of the MSI and RWC in 
plant resistance at various stress conditions, such as salinity (Sairam 
et al., 2002), drought (Arasimowicz and Floryszak-Wieczorek, 2009; 
Naghashzadeh, 2014), chilling (Li et al., 2013), infection with Fusarium 
pseudograminearum and also their induction via application of endo-
phytic fungi (Dehghanpour-Farashah et al., 2019) is reported, so far. 

To our knowledge, effect and mode of action of A. jodhpurensis 
against R. solani have not been investigated in vitro and in vivo, till now. 
Therefore, the aims of this study were to (i) study inhibitory effect of 
A. jodhpurensis on the growth and sclerotia production of R. solani in 
vitro, (ii) determine effect of this endophyte on development of the 
diseases caused by R. solani on tomato seedlings, and (iii) to examine the 
mechanisms involved in A. jodhpurensis-induced resistance in tomato- 
R. solani pathosystem. 

2. Materials and methods 

2.1. Fungal isolates 

The isolates of R. solani AG4-HG II and A. jodhpurensis used in this 
study were obtained from Department of Plant Protection, Faculty of 
Agriculture, Ferdowsi University of Mashhad in Iran, which were pre-
viously isolated from infected and healthy tomato plants, respectively. 
Pathogenic capability of the isolate of R. solani AG4-HG II used in this 
study was previously investigated by Pourmahdi and Taheri (2014). 
These fungi were kept on potato dextrose agar (PDA) medium and 
lyophilized filter papers for short-term and long-term storage. 

2.2. Antagonistic activity assay 

Dual culture method on PDA medium was used to investigate 
antagonistic activity of A. jodhpurensis against R. solani. Breifly, 
A. jodhpurensis and the pathogen were separately grown on PDA at 28 ◦C 
for 7 days. Then, a 9 mm diameter disc of the fungal antagonist was 
placed on one side of the Petri dish containing PDA. Also, a 9 mm disc of 
PDA without fungal antagonist was used as control. After 2 days, a 9 mm 
disc of the pathogen was placed opposite to the antagonist in each Petri 
dish. Growth of the pathogen was compared to the control and measured 
when the control Petri dishes were completely covered with mycelium 
of the pathogen (Sánchez-Fernández et al., 2016). Efficiency of 
A. jodhpurensis in suppressing radial growth of the pathogen was 
determined as described by Asran-Amal et al. (2010). 

2.3. Effect of A. jodhpurensis on mycelial structure of the pathogen 

Mycelial structure of R. solani in dual culture with A. jodhpurensis was 
investigated using light microscopy, scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). The mycelia of 
R. solani were collected from the edge of 3 days old cultures on PDA with 
A. jodhpurensis and without the antagonist as control. 

2.3.1. Light microscopy observation 
A thin plug of the pathogen from the edge of colony in dual culture 

with A. jodhpurensis was checked by an Olympus microscope (BH2, 
Tokyo, Japon) when the control Petri dishes were covered with the 
pathogen mycelia (after 3 days). Hyphal staining was done using aniline 
blue according to the method of Koneman et al. (1978). 

2.3.2. Scanning electron microscopy (SEM) analysis 
The SEM assay was done according to the method described by Alves 

et al. (2013). The discs (0.5 cm diameter) of a solid medium with fungal 
mycelia were fixed by fixative solution, containing 2.5% glutaralde-
hyde, 2.5% paraformaldehyde, 0.05 M cacodylate buffer, 0.001 M CaCl2 
at pH 7.2 and kept for 24 h in a refrigerator. Then, the samples were 
washed by cacodylate buffer and fixed using 1% osmium tetroxide 
aqueous in water for 1 to 4 h at room temperature. The samples were 
rinsed three times with distilled water and then dehydrated by series of 
acetone. The solid samples were transfered on aluminium stubs with 
carbon tape coated by gold and kept in desiccator with silica gel until 
observing by scanning electron microscope. 

2.3.3. Transmission electron microscopy (TEM) analysis 
The TEM analysis was done as described by Chen et al. (2015). 

Mycelia of the pathogen were placed in a fixative solution, containing 
4% glutaraldehyde and 3% paraformaldehyde for 22 h, postfixed in 
osmium tetroxide. Then, the samples were dehydrated using series of 
ethanol, infiltrated and embedded in Epon 812 resin, and polymerized 
for 48 h at 60 ◦C. Thin sections were cut with a microtome and stained 
using ethanolic uranyl acetate and lead citrate, examined, and photo-
graphed using transmission electron microscope. 

2.4. Effect of volatile and non-volatile metabolites of A. jodhpurensis on 
the pathogen 

Antifungal activity of volatile compounds released from mycelia of 
A. jodhpurensis was investigated as described by Nishino et al. (2013). 
Breifly, A. jodhpurensis and R. solani AG4-HG II were grown on PDA 
medium at 28 ◦C for 7 days. Then, a 5 mm mycelial plug of 
A. jodhpurensis was cultured on the center of each PDA plate, and a 5 mm 
mycelial plug of R. solani was placed in the center of a second PDA plate. 
The plate containing A. jodhpurensis was immediately inverted over the 
R. solani plate. The plates were rapidly sealed with parafilm and incu-
bated at 28 ◦C in the dark. The colony diameter of R. solani was 
measured and compared to the control. 
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For investigating biocontrol effect of non-volatile metabolites, the 
isolate of A. jodhpurensis was cultured by transferring 2 plugs (1 cm × 1 
cm) of this fungus from 7 days old culture into a flask containing 100 mL 
PDB medium. The flasks were incubated on a rotary shaker at 30 ◦C and 
150 rpm for 10 days (Xiao et al., 2013). Control flasks were not inocu-
lated with A. jodhpurensis. The liquid culture was filtered using What-
man filter paper for removing mycelia, then was sterilized by a 0.2 μm 
pore biological membrane filter (Xiao et al., 2013). Growth-free super-
natant was added to PDA medium with concentrations of 3%, 6%, 10% 
and 15% (v/v) (Li et al., 2015). Then, a mycelial plug (9 mm diameter) 
from 7 days old culture of the pathogen was placed in the center of each 
PDA plate supplemented with growth-free supernatant and incubated at 
28 ◦C and growth of the pathogen was investigated after 3 days. Each 
experiment was repeated three times with three replications for each 
repetition. 

2.5. Effects of A. jodhpurensis on production and germination of R. solani 
sclerotia 

The effect of A. jodhpurensis on the growth and differentiation of 
R. solani sclerotia was evaluated by addition of growth-free supernatant 
at 0%, 3%, 6%, 10% and 15% (v/v) concentrations to PDA medium. 
Then, a mycelial plug (9 mm diameter) from 7 days old culture of the 
pathogen was placed in the center of each PDA plate supplemented with 
growth-free supernatant and incubated at 28 ◦C for 14 days. Then, fresh 
and dry weights of sclerotia were determined. Dry weight was deter-
mined by placing fresh sclerotia into 70 ◦C oven until a stable weight 
was reached (Lu et al., 2016). Each experiment was repeated three times 
with three replications for each repetition. 

Investigating effect of A. jodhpurensis on germination of sclerotia was 
done using sclerotia produced on PDA containing growth-free super-
natant (0%, 3%, 6%, 10% and 15% (v/v)) as described before. After 30 
days, ten sclerotia were transferred onto water agar medium. Resulted 
mycelial growth from these sclerotia was assessed using the light mi-
croscope (Olympus, BH2, Tokyo, Japan) (Mukherjee et al., 1999). Each 
experiment was repeated three times with three replications for each 
repetition. 

2.6. Inoculum preparation 

The endophytic fungus A. jodhpurensis was cultured on 1/10-strength 
PDA medium at 28 ◦C for 10 days. This medium was used to induce 
sporulation of A. jodhpurensis (Su et al., 2012). The sexual spores (as-
cospores) were washed by sterile distilled water and spore concentration 
was adjusted to 107 spore ml− 1 using a haemocytometer. 

Inoculation of R. solani AG4- HGII was done using colonized tooth-
picks, 2 cm in length, which were placed next to tomato stem base at 2 
cm distance from soil surface. In this method, surface of PDA was 
covered by 15 sterilized toothpick pieces and a mycelial plug of R. solani 
was placed in the center of each Petri dish and incubated at 28 ◦C for one 
week (Taheri et al., 2007). 

2.7. Plant growth conditions and inoculation of A. jodhpurensis 

The seeds of tomato cultivar “Mobil” were surface-sterilized using 
1% sodium hypochlorite for 2 min, then washed three times by sterile 
distilled water. The sterilized seeds were placed in pots containing 
sterilized soil, perlite and sand (2:1:1) under greenhouse conditions (30 
± 4 ◦C with 16/8h light/dark photoperiod). After 4 weeks, tomato 
seedlings were inoculated by adding 10 mL of A. jodhpurensis spore 
suspension to a 3 cm deep hole near the plant (Chen et al., 2006). 

2.8. Evaluation of root colonization by A. jodhpurensis 

For detecting A. jodhpurensis in the colonized tomato roots, root 
staining was done using cotton blue. The plants were removed from soil 

at 30 and 50 days post inoculation (dpi) and washed using running tap 
water. Then, the tomato roots were separated from the shoot system, 
stained and investigated by an Olympus microscope (BH2, Tokyo, 
Japan) (Vierheilig et al., 1998). 

Colonization of tomato roots was investigated using the method of 
Dingle and Mcgee (2003). Breifly, tomato seedlings were harvested and 
the roots were separated. Then the roots were washed under running tap 
water and they were surface-sterilized using 2% sodium hypochlorite for 
2 min and then 70% ethanol for 2 min. The roots were cut into 1 cm × 1 
cm fragments. These pieces were dried on sterile filter paper and four 
pieces were placed in each Petri dish (10 cm diameter) containing PDA 
medium amended with streptomycin (0.05%) to prevent any bacterial 
growth and incubated at 25 ◦C for 10 days. Root colonization was 
evaluated by counting fungal colonies obtained. 

2.9. Effect of A. jodhpurensis on biocontrol of tomato diseases caused by 
R. solani 

For investigating effect of A. jodhpurensis on biocontroling R. solani 
AG4-HG II in vivo, inoculation of tomato plants was done using spore 
suspension of the biocontrol agent as described above. After 50 days 
(when the plant roots were colonized by the endophytic fungus very 
well), the plants were inoculated with R. solani AG4-HG II. The inocu-
lated plants were kept in greenhouse at 90% relative humidity and 22 ◦C 
temperature. 

Disease evaluation was done at 7 days after inoculating the path-
ogen. The plants were carefully pulled out from the pots and washed. 
Disease severity was determined using the scales described by Wen et al. 
(2005), including 0 = no necrotic lesion; 1 = root necrosis up to 2.5 mm 
in length; 2 = necrosis 2.5 to 5.0 mm in length; 3 = necrosis longer than 
5.0 mm; 4 = lesions covering the crown and shoots; and 5 = seedling 
damping-off. Disease index (DI) was calculated using the following 
formula: 

DI =
(

1n1 + 2n2 + 3n3 + 4n4 + 5n1

5N

)

× 100  

with n1, the number of plants with score 1; n2 the number of plants with 
score 2; etc.; n5 the number of plants with score 5; and N, total number of 
plants used in the experiment (Taheri and Tarighi, 2010). Each experi-
ment was repeated at least three times with three replications for each 
repetition. 

In the leaf disc bioassay, 2 cm diameter leaf discs were prepared from 
the oldest leaves of tomato plants. The leaf discs were prepared 50 days 
after inoculating tomato plants by A. jodhpurensis. Each leaf disc was 
placed on a glass slide inside a sterile Petri dish containing a moist filter 
paper. Then, a 9 mm diameter disc of the pathogen was placed in the 
center of each leaf disc. In control, the leaf discs were inoculated using a 
9 mm diameter disc of PDA medium without the pathogen. The Petri 
dishes were incubated under laboratory conditions (25 ◦C; 12/12 h 
light/dark photoperiod). Disease evaluation was done at 5 days post the 
pathogen inoculation (dpi). Disease severity was graded into five classes 
based on the leaf area infected, then the DI was calculated as described 
before (Taheri and Tarighi, 2010). 

2.10. Infection process of R. solani on tomato plants with or without 
A. jodhpurensis pre-inoculation 

The infection process of R. solani AG 4-HG II on the leaves of tomato 
plants with or without 

A. jodhpurensis pre-inoculation was observed by staining hyphae 
using aniline blue according to the method of Nikraftar et al. (2013). 
Tomato leaf segments were fixed overnight in 70% AFE solution (aon-
taining 5% acetic acid, 2% formaldehyde, and 63% ethanol). Then, the 
tissues were incubated in lactophenol at 37 ◦C. Finally, infection struc-
tures of the pathogen were stained using 1% aniline blue in lactophenol 
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and investigated using an Olympus microscope (BH2, Tokyo, Japan). 

2.11. Histological detection of oxidative burst and iron ions 

For investigating superoxide (O2
− ), hydrogen peroxide (H2O2) and 

iron ions accumulation, the leaf disc bioassays were performed as 
described before. Petri dishes containing the leaf discs were incubated 
under laboratory conditions (25 ◦C; 12/12 h light/dark photoperiod). 

Detection of O2
− was done according to the method described by 

Dong et al. (2009). The leaf discs were submerged for 1 h in a solution of 
0.1 mg mL− 1 nitroblue tetrazolium (NBT) (Sigma, St Louis, MO, USA), in 
25 mM Hepes buffer, pH 7.6 at 22 ◦C in the dark. To stop the reaction, 
the leaf discs were transferred to distilled water and washed several 
times. Then, the leaf discs were transferred to 80% ethanol and treated 
at 70 ◦C for 10 min. When NBT reacted with O2

− a dark blue insoluble 
foramazan compound was produced, which was macroscopically visible 
and checked by an Olympus microscope (BH2, Tokyo, Japan). 

For detecting H2O2 accumulation, tomato leaf discs were immerged 
in a solution of 1 mg mL− 1 DAB-HCl (DAB: 3,3-diaminobenzidine; pH 
3.8) at various time periods after inoculating the pathogen and incu-
bated for 75 min at room temperature (Thordal-Christensen et al., 
2002). Polymerization of the DAB molecule at the site of H2O2 accu-
mulation results in a reddish-brown polymer, which was microscopi-
cally checked by an Olympus microscope (BH2, Tokyo, Japan). Staining 
intensities were quantified using Image J software (http://rsb.info.nih. 
gov/ij/index.html). Accumulation of H2O2 was investigated in three 
leaves for each treatment at each time period and the assay was repeated 
three times. 

For double staining of iron and H2O2, iron staining was done after the 
DAB reaction (Smith et al., 1997). The leaf discs were washed twice in 
distilled water after the DAB reaction and incubated for 24 h in 7% (w/ 
v) potassium ferrocyanide (for Fe3+ detection) or for 48 h in 7% (w/v) 
potassium ferricyanide (for Fe2+ detection) in aqueous 3% (v/v) hy-
drochloric acid at room temperature. Percentage of the plant cells 
stained was calculated according to Mucha et al. (2012) using the 
following formula: 

The number of stained cells taken from one optical layer/the number 
of all cells from the same optical layer × 100. 

2.12. Extraction and measurement of total phenolics 

Phenolic contents were extracted and evaluated using 80% meth-
anol. Briefly, 0.2 g of the oldest leaf of tomato plants sampled at various 
time periods (0, 6, 12, 24 and 48 h) post pathogen inoculation was 
dissolved in 3.2 mL of 80% methanol and homogenized. The mixture 
was centrifuged at 10,000 g for 5 min. The supernatant was taken as the 
phenolics source. The extract (62.5 µL) was added to 1 mL distilled water 
and 62.5 µL Folin Ciocalteau reagent 50% and the solution was kept at 
25 ◦C. After 3 min, 125 µL saturated solution of 5% Na2CO3 was added 
and the reaction mixture was incubated at 25 ◦C for 1 h. Absorbance of 
the blue solution was measured at 725 nm against water-reagent blank. 
Phenolic content of each sample was measured using gallic acid stan-
dard curve. Then, the results were expressed as mg gallic acid equivalent 
(GAE) g− 1 fresh weight. For each treatment, at least three replications 
and three repetitions were used (Seevers and Daly, 1970). 

2.13. Lignin assay 

Changes of lignin levels were measured using thioglycolic acid (TGA) 
assay. Lignin was bound to TGA to form lignin thioglycolic acid (LTGA) 
derivatives, which can easily be extracted from the plant tissue using 
sodium hydroxide and quantified spectrophotometrically. Briefly, in 
various time periods after the pathogen inoculation, 0.5 g of the oldest 
leaves of tomato plants were collected at different time periods after the 
pathogen inoculation. Then, each sample was ground in liquid nitrogen. 
The LTGA derivatives were purified and dissolved in 1 M NaOH and 

absorbance of the samples was recorded at 280 nm using a spectro-
photometer (Suzuki et al., 2009). For each treatment, at least three 
replications and three repetitions were used in this assay. 

2.14. Protein extraction and antioxidant enzymes activity assay 

Tomato seedlings were inoculated by A. jodhpurensis (using spore 
suspension) prior to R. solani AG4- HGII inoculation (via colonized 
toothpicks) as described above. In this method, there was no direct 
contact between the two used fungi. For each treatment, at least three 
replications and three repetitions were performed. 

Total protein extraction was done according to the method described 
by Kar and Mishra (1976). The oldest leaves of tomato plants (300 mg) 
were sampled at 0, 6, 12, 24 and 48 hpi after R. solani AG4-HG II 
inoculation and the leaf samples were ground in liquid nitrogen using 
mortar and pestle and homogenized in 3 mL of 100 mM potassium 
phosphate buffer (pH 6.8). The mixture was centrifuged at 14,000g for 
20 min at 4 ◦C, then supernatant was used as enzyme source. Soluble 
protein concentration was measured using bovine serum albumin (BSA, 
sigma) as a standard. The standard was prepared with a range of 5 to 100 
µg protein in 100 µL total volume. Diluted samples were obtained be-
tween 5 and 100 µg protein in assay tubes containing 100 µL samples. 
Five mL of the dye reagent was added to the tubes, incubated 5 min and 
the absorbance was measured using a spectrophotometer (Biowave II, 
vrw company, USA) at 595 nm (Bradford, 1976). 

Catalase (CAT) activity was measured using the method of Aebi 
(1984). The reaction mixture (1.51 mL) contained potassium phosphate 
buffer (100 mM, pH 6.8), H2O2 (70 mM) and enzyme extract (10 μL). 
The CAT activity was recorded spectrophotometrically at 240 nm. 

Ascorbate peroxidase (APX) activity was assayed using the method of 
Nakano and Asada (1981). The reaction mixture included potassium 
phosphate buffer (50 mM, pH 7), ascorbate (0.5 mM), H2O2 (0.1 mM), 
EDTA (0.1 mM) in a total volume of 1 mL. The reaction was started by 
adding the enzyme extract and the absorbance decrease was recorded at 
290 nm. 

Activity of guaiacol peroxidase (GPX) was calculated using the 
method of Chance and Maehly (1955). The reaction mixture (1.18 mL) 
contained potassium phosphate buffer (100 mM, pH 6.8), guaiacol (10 
mM), H2O2 (70 mM), enzyme extract (10 μL) and absorbance of the 
mixture was measured at 470 nm (Chance and Maehly, 1955). The CAT, 
APX and GPX activities were expressed as μmol min− 1 mg− 1 protein. 

Superoxide dismutase (SOD) activity was determined using the 
method described by Sadasivam and Manickam (1996). The reaction 
mixture (3 mL) contained potassium phosphate buffer (50 mM, pH 7.8), 
methionine (13 mM), riboflavin (2 μM), EDTA (0.1 mM), nitroblue 
tetrazolium (NBT: 75 μM) and enzyme extract (100 μL). A blank had no 
enzyme and NBT, also control was perpared with NBT but without the 
enzyme extract. The SOD reaction was investigated by exposing the 
reaction mixture to white light for 15 min at room temperature. After 15 
min incubation, the SOD activity was recorded spectrophotometrically 
at 560 nm. The SOD activity was expressed as U SOD mg− 1 protein. One 
unit (U) of SOD activity was defined as the amount of enzyme causing 
50% inhibition of photochemical reduction of NBT. 

2.15. Measurement of cell death 

Tomato plants were inoculated using A. jodhpurensis prior to the 
pathogen inoculation as described above. At various time periods (0, 6, 
12, 24 and 48 h) post the pathogen inoculation (hpi), effect of 
A. jodhpurensis on cell death due to attack of the pathogen was investi-
gated according to the method of Baker and Mock (1994). The pieces of 
plant crown (0.5 g) with different treatments were washed three times 
by distilled water and submerged in 0.25% (w/v) Evans blue solution for 
20 min. Then, the plant tissues were washed to remove unbound dye. 
The pieces of crown were homogenised in 1.2 mL of methanol 50% (v/v) 
and sodium dodecyl sulfate (SDS) 1% (w/v) solution. The mixture was 
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centrifuged at 14,000g for 15 min, supernatant was taken and the optical 
density was determined at 600 nm. Measurements were expressed as a 
percentage, with 100% corresponding to absorbance of dead tissues 
(boiled for 30 min). For each treatment, at least three replications and 
three repetitions were used. 

2.16. Relative water content measurement and evaluation of electrolyte 
leakage (EL) 

The RWC in tomato seedlings with different treatments was inves-
tigated using the following equation: 

RWC =

(
FW − DW
TW − DW

)

× 100 

The weight of oldest leaves of tomato plants treated with 
A. jodhpurensis and controls were calculated at 7 days after inoculation 
by the pathogen (fresh weight: FW). Then, the leaf samples were 
immersed in distilled water and incubated at room temperature. After 
24 h, the samples were weighted (turgid weight: TW). Finally, the 
weight of leaf segments dried in oven (70 ◦C for 48 h) were recorded as 
dry weight (DW) (Whetherley, 1950). 

Cell membrane stability was evaluated using the method of Singh 
et al. (2008). One cm2 pieces of the plant crown with different treat-
ments were washed three times by distilled water and then placed in test 
tubes containing 25 mL distilled water at room temperature for 24 h. 
Then, the electrical conductivity of the solution (EC1) was recorded by 
conductivity meter (JENWAY, USA). The same was autoclaved at 121 ◦C 
for 20 min and after cooling to room temperature, the final electrical 
conductivity (EC2) was recorded by conductivity meter. Cell membrane 
stability index (MSI) percentage was measured by the following 
formula: 

MSI =
(

1 − EC1
EC2

)

× 100  

2.17. Statistical analysis 

The experiments were conducted in a complete randomized design. 
All data were analyzed by Minitab 18 software using one-way analysis of 
variance (ANOVA). The means were separated by Fisher test at the level 
of P ≤ 0.05. All diagrams were drawn using Excel 2013. Staining in-
tensities of H2O2 and O2

− were quantified using Image J software 
(http://rsb.info.nih.gov/ij/index.html). The assays were repeated at 
least three times with three replications in each repetition. The pre-
sented data for each assay were means (±standard error) of three 
experiments. 

3. Results 

3.1. Antagonistic activity of A. jodhpurensis against R. solani in dual 
culture 

The isolate of A. jodhpurensis inhibited in vitro growth of R. solani 
AG4-HG II in dual culture on PDA. The biocontrol agent limited the 
mean growth of R. solani to only 53 mm at 120 h after inoculation, 
compared to 95 mm in the control (Fig. 1A and 1B). 

3.2. Microscopic observations of the pathogen hyphae affected by 
A. jodhpurensis 

3.2.1. Light microscopy 
Light microscopic analyses were done using dual cultures of the 

pathogen with the antagonistic fungus on PDA, when the control Petri 
dishes completely covered by the pathogen mycelia (after 3 days). Ob-
servations showed that mycelium formation changed in presence of the 
antagonist. Deformation of the hyphae and cytoplasm lysis were 

observed in the mycelia of R. solani compared to the controls, which had 
normal mycelia (Fig. 1C and D). 

3.2.2. Scanning electron microscopy 
Scanning electron microscopy (SEM) analysis of 3 days old culture of 

R. solani AG 4-HG II grown in PDA medium with A. jodhpurensis and 
without the antagonistic fungus as control (Fig. 1E and F), showed lysis 
of the mycelia grown in PDA containing the antagonist and the mycelia 
were dense with a rough surface and appeared severely distorted 
compared to the controls, which had normal mycelia, smooth surface 
and an intact structure. 

3.2.3. Transmission electron microscopy 
Transmission electron microscopy (TEM) analysis was performed 

using 3 days old culture of R. solani AG 4-HG II grown in PDA with 
A. jodhpurensis and without it as control (Fig. 1G to 1L). Clear alterations 
in hyphal cells of the pathogen, including changes in the structure of 
nucleus, nuclear membrane, cell wall, cell membrane, parenthesome, 
septum, septal pore, mitocondria and cytoplasm were observed 
compared to the controls. However, ultrastructure analysis of the 
pathogen hyphae grown in PDA containing the antagonist revealed or-
ganelles disorganization and profound changes, such as cell wall thick-
ening and destruction of nucleus, cell membrane, parenthesome, septal 
pore and cytoplasm. 

3.3. Antifungal effect of volatile and non-volatile metabolites against 
R. solani 

The results indicated that A. jodhpurensis produced volatile (Fig. 2A) 
and non-volatile metabolites (Fig. 2B) which inhibited mycelial growth 
of R. solani AG 4-HG II. Investigating the effect of growth free super-
natant of A. jodhpurensis at various concentrations revealed its inhibitory 
effect on vegetative growth of the pathogen in a dose dependent manner. 
The highest concentration used in the bioassay (15%) was superior to 
the other concentrations in preventing mycelial growth of R. solani 
(Fig. 2B). 

3.4. Effects of A. jodhpurensis on production and germination of R. solani 
sclerotia 

The effect of A. jodhpurensis on the growth, differentiation and 
germination of R. solani AG4-HG II sclerotia was evaluated by adding 
growth-free supernatant at 0%, 3%, 6%, 10% and 15% (v/v) concen-
trations to PDA medium. Growth patterns and sclerotia production 
levels of R. solani AG4-HG II were different in the control and in the 
presence of growth-free supernatant (Fig. 2C). In the control (0% con-
centrations) more sclerotia were produced compared to the Petri dishes 
treated with growth-free supernatant of A. jodhpurensis (Fig. 2C). Also, 
fresh (Fig. 2D) and dry (Fig. 2E) weights of the sclerotia produced in the 
presence of growth-free supernatant of the antagonist were lower than 
those of the control. Concentration of 15% was superior to the other 
concentrations tested in reducing sclerotia production of the pathogen 
(Fig. 2D and 2E). Also, the obtained results revealed that the growth-free 
supernatant at 10% and 15% concentrations significantly reduced 
sclerotia germination of R. solani AG4-HG II. But 3% and 6% concen-
trations did not decrease sclerotia germination compared to the control 
(Fig. 2F). 

3.5. Detecting A. jodhpurensis in tomato roots and colonization 
estimation 

Microscopic detection of A. jodhpurensis was performed in the inoc-
ulated tomato roots at 30 and 50 days post inoculation (dpi). Intracel-
lular hyphae of A. jodhpurensis were observed (Fig. 3A and 3B). 
Colonization percentage of tomato roots by this endophytic fungus in 
the roots inoculated using spore suspension of A. jodhpurensis at 50 dpi 
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Fig. 1. Effect of Acrophialophora jodhpurensis on mycelial 
growth and structure of 3 days old culture of Rhizoctonia 
solani AG4-HG II in PDA (potato dextrose agar). Mycelial 
growth of R. solani in control (A), effect of A. jodhpurensis on 
mycelial growth of R. solani in dual culture (DC) (B), light 
microscopy of the mycelial structure of R. solani in control 
(C), light microscopy of the mycelium formation of R. solani 
in DC with A. jodhpurensis isolate (D), scanning electron 
microscopy (SEM) of R. solani hyphae in control (E), the SEM 
of R. solani hyphae in dual culture with A. jodhpurensis (F), 
transmission electron microscopy (TEM) of R. solani in con-
trol (G, H and I) and the TEM of R. solani in dual culture with 
A. jodhpurensis (J, K and L). N = nucleus; CW = cell wall; CM 
= cell membrane; P = parenthesome; S = septum; SP =
septal pore; M = mitochondria; and V = vacuole.   
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was higher than 30 dpi (Fig. 3C). 

3.6. Effect of A. jodhpurensis on biocontrol of R. solani in vivo conditions 

Inoculating tomato roots with A. jodhpurensis prior to the pathogen 
infection showed efficiency of this fungal endophyte in controlling 
R. solani AG4-HG II on tomato seedlings and detached leaf discs 
compared to the treatments without inoculation of the endophyte. The 

beneficial fungus decreased disease index of R. solani on tomato seed-
lings more than 40% compared to the controls (without A. jodhpurensis 
treatment) (Fig. 3D and 3E). 

3.7. Investigating R. solani infection process on tomato plants with or 
without the endophyte pre-inoculation 

Microscopic analysis of R. solani AG4-HG II infection processes on the 

Fig. 2. Effect of Acrophialophora jodhpurensis on mycelial growth and production and germination of sclerotium of Rhizoctonia solani AG4. The effect of volatile 
metabolites on mycelial growth (A), the effect of growth-free supernatant (non-volatile metabolites) with concentrations of 0%, 3%, 6%, 10% and 15% (v/v) (left to 
right) on mycelial growth (B), production of sclerotia (C), fresh weight of sclerotia (D), dry weight of sclerotia (E) and germination of sclerotium (F). C = control and 
V = volatile metabolites. 
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Fig. 3. Detection of Acrophialophora jodhpurensis in colonized roots of tomato at 30 and 50 dpi (A and B), colonization of tomato roots by A. jodhpurensis (C), effect of 
A. jodhpurensis on disease index of Rhizoctonia solani AG4-HG II on the leaf discs (D) and tomato seedlings (E), microscopic analysis of Rhizoctonia solani AG 4-HG II 
infection processes on the leaves of tomato using detached leaf disc bioassay (penetration of fungal hyphae via stomata or cuticle at the site of intercellular spaces (F 
and G), formation of fungal hyphae on the plants pre-treated by Acrophialophora jodhpurensis before the pathogen inoculation at 3 dpi (H), formation of lobate 
appressoria and infection cushion on control leaves at 3 dpi (I)). H: hyphae, S: stomata; IC: infection cushion, ICS: intercellular space, LA: lobate appressorium. Error 
bars correspond to standard error (SE) of three experiments. H: A. jodhpurensis hyphae. 
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plants only inoculated with the pathogen compared to the plants inoc-
ulated with both A. jodhpurensis and the pathogen indicated that infec-
tion on the plants only infected with R. solani AG4-HG II was faster. The 
pathogen hyphae penetrated via stomata (Fig. 3F) or cuticle at the site of 
intercellular spaces (Fig. 3F and 3G). At 3 dpi, on plants inoculated with 
A. jodhpurensis and the pathogen, just hyphae were observed (Fig. 3H), 
but lobate appressoria and infection cushions were formed on the leaves 
only infected with R. solani at the same time point (Fig. 3I). 

3.8. Superoxide and hydrogen peroxide detection 

In the R. solani (Rs) and R. solani + A. jodhpurensis (RsAj) treatments, 
production of O2

− increased until 6 hpi and then decreased until 12 hpi, 
followed by an increasing status till 24 hpi, finally decreased until 48 
hpi. But in the Aj treatment and the plants without fungal inoculation 
(control) production of O2

− had stationary estate (Fig. 4A and 4B). 
Polymerization of the DAB molecule at the site of H2O2 accumulation 

Fig. 4. Detection of O2
− and H2O2 in tomato leaves with different treatments at various hours post inoculation (hpi) by R. solani AG4- HGII. Detecting O2

− by nitroblue 
tetrazolium (NBT) staining (scale bar = 20 μm) (A) and the staining intensities of O2

− using Image J software (B), Detecting H2O2 by 3,30-diaminobenzidine (DAB) 
staining (C), and the staining intensities of H2O2 using Image J software (D). Error bars correspond to standard error (SE) of three experiments. Rs: inoculation with 
R. solani AG4- HGII, Rs Aj: inoculation with A. jodhpurensis and then R. solani AG4- HGII with 50 days interval, Aj: inoculation with A. jodhpurensis and C: unin-
oculated control. 
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results in a reddish-brown polymer (Fig. 4C). In the plants with Rs 
treatment, production of H2O2 increased until 6 hpi, followed by a 
decreasing status till 12 hpi, and then increased until 48 hpi. But in the 
RsAj treatment, production of H2O2 increased from 0 to 48 hpi. Also, 

H2O2 levels had stationary estate in both control and Aj treatments 
(Fig. 4D). 

Fig. 5. Investigation of co-localisation of H2O2 with Fe2+ in tomato leaves with different treatments at various hours post inoculation (hpi) by Rhizoctonia solani AG4- 
HGII⋅H2O2 and Fe2+ levels were detected by 3,30-diaminobenzidine (DAB) and potassium ferrocyanide stainings, respectively (A), percentage of cells with Fe2+ (B), 
and percentage of cells with H2O2 (C). Scale bar = 30 μm. Error bars correspond to standard error (SE) of three experiments. Rs: inoculation with R. solani AG4- HGII, 
Rs Aj: inoculation with A. jodhpurensis and then R. solani AG4- HGII with 50 days interval, Aj: inoculation with A. jodhpurensis and C: uninoculated control. 
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3.9. Double detection of H2O2 with Fe3+ or Fe2+

In Rs and RsAj treatments, production of Fe2+increased from 0 to 48 
hpi, and also percentage of cells with H2O2 accumulation increased from 
0 to 48 hpi (Fig. 5A, 5B, 5C). Also, in both control and Aj treatments, 
production of Fe2+ (Fig. 5B) and percentage of the cells with H2O2 
generation (Fig. 5C) had stationary estate. 

In the RsAj treatment, an increasing trend of Fe3+ production was 
observed until 12 hpi, but it decreased until 24 hpi, and then increase of 
Fe3+ production from 24 to 48 hpi was observed. The Rs treatment 
caused an increasing trend of Fe3+ production until 12 hpi, and then 
decreased until 24 hpi, followed by a stationary estate until 48 hpi 
(Fig. 6A and 6B). In Rs and RsAj treatments, the percentage of cells with 

H2O2 production increased from 0 to 48 hpi. In control and Aj treat-
ments, production of Fe3+ (Fig. 6B) and percentage of cells with H2O2 
accumulation (Fig. 6C) had stationary estate. 

3.10. Total phenolics and lignin quantifications 

Accumulated phenolic compounds were increased in infected tomato 
tissues compared to healthy ones. Also, significantly higher phenolic 
contents were observed in the plants treated with A. jodhpurensis. In 
tomato seedlings only treated with R. solani, phenolics increased early 
from 0 to 12 hpi and followed by a decreasing status until 24 hpi and 
then increased until 48 hpi. But in the RsAj treatment, increase of phe-
nolics was observed from 0 to 24 hpi and then decreased until 48 hpi. In 

Fig. 6. Investigating co-localization of H2O2 and Fe3+ in tomato leaves with different treatments at various hours post inoculation (hpi) by Rhizoctonia solani AG4- 
HGII⋅H2O2 and Fe3+ levels were detected by 3,30-diaminobenzidine (DAB) and potassium ferrocyanide stainings, respectively (A), percentage of cells with Fe3+ (B), 
and percentage of cells with H2O2 (C). Scale bar = 20 μm. Error bars correspond to standard error (SE) of three experiments. Rs: inoculation with R. solani AG4-HGII, 
Rs Aj: inoculation with A. jodhpurensis and then R. solani AG4-HGII with 50 days interval, Aj: inoculation with A. jodhpurensis and C: uninoculated control. 
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uninfected tomato plants a stationary estate was observed at the lowest 
level in all time periods after inoculation examined (Fig. 7A). 

Changes of lignin levels in various treatments was investigated by 
measuring the optical density at 280 nm. The data showed that lignifi-
cation in the RsAj treatment was higher than that of the Rs treatment at 
0 to 24 hpi. Optical density in the Rs and RsAj treatments increased from 
0 to 12 hpi, then decreased until 24 hpi. Lignin production in the control 
plants without fungal inoculation and Aj treatment had a stationary 
estate at most of the tested time periods (Fig. 7B). 

3.11. Determination of antioxidant enzymes activity 

In tomato seedlings only infected with the pathogen and the RsAj 
treatment, the CAT activity increased from 0 to 48 hpi (Fig. 7C). How-
ever, in the control and Aj treatment, considerable changes were not 
observed in the CAT activity and it had a stationary trend at all time 
periods investigated (Fig. 7C). 

The APX activity in tomato seedlings only inoculated with R. solani 
AG4- HGII increased early from 0 to 6 hpi and then decreased until 48 
hpi. The RsAj treatment had an increasing trend of APX activity until 6 
hpi, followed by a decreasing status until 24 hpi and then the enzyme 
activity increased until 48 hpi. Control plants and Aj treatment showed a 
stationary estate of APX activity at all tested time periods (Fig. 7D). 

The GPX activity in tomato seedlings only inoculated with the 
pathogen increased early from 0 to 24 hpi and then decreased until 48 
hpi. The RsAj treatment had an increasing trend of GPX activity until 6 
hpi, followed by a decreasing status until 24 hpi and then the enzyme 
activity increased until 48 hpi. In control plants, considerable changes 
were not observed in the GPX activity and it had a stationary trend in all 
time periods (Fig. 7E). 

In tomato seedlings only treated with the pathogen, the SOD activity 
increased from 0 to 24 hpi and then decreased until 48 hpi. Also, in the 
RsAj treatment, early increase of SOD activity from 0 to 6 hpi was 
observed, followed by a decreasing status until 24 hpi and then it had a 
stationary trend until 48 hpi. However, in the control plants, consider-
able changes were not observed in the SOD activity (Fig. 7F). 

3.12. Measurement of cell death 

Cell death in the Rs and RsAj treatments increased until 6 hpi and 
then decreased until 12 hpi, followed by an increasing status until 48 
hpi. However, inoculating tomato plants by the endophytic fungus prior 
the pathogen inoculaton decreased cell death compared to the level of 
cell death detected in the plants only infected by R. solani. Also, in the 
plants without fungal inoculation (control) and in Aj treatment a sta-
tionary estate was observed at the lowest level (Fig. 7G). 

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

Investigating effect of A. jodhpurensis on relative water content 
(RWC) and cell membrane stability index (MSI) revealed that both RWC 
and MSI levels in the plants with RsAj treatment were higher than those 
of plants only inoculated with the pathogen and control (Fig. 7H and 7I). 

4. Discussion 

In this study, biological control capability of A. jodhpurensis isolated 
from tomato root, was investigated against R. solani AG4-HG II as a 
destructive pathogen on this economic crop. Dual culture assay showed 
antagonistic effect of A. jodhpurensis against the pathogen. To our 
knowledge, this is the first report on the antagonistic effects of 
A. jodhpurensis against phytopathogenic fungi. There is only little in-
formation about antagonistic activities of other Acrophialophora species, 
such as A. fusispora which was effective against Fusarium udum (Upad-
hyay and Rai, 1983), Macrophomina phaseolina (Siddiqui and Mahmood, 

1992), R. solani (Demirci et al., 2011), Fusarium solani, Macrophomina 
phaseolina, Pythium aphanidermatum, Rhizoctonia solani and Sclerotium 
rolfsii (Ramzan et al., 2015), and Alternaria porri (Abdel-hafez et al., 
2015). Also, isolates of A. levis revealed biocontrol activity against 
Phythium debaryanum, Phytophthora capsica, Sclerotinia sclerotiorum, 
Botrytis cinerea, Gaeomannomyces graminis, R. solani and other fungi 
(Turhan and Grossmann, 1989). 

Antagonistic fungi have various direct and indirect biocontrol 
mechanisms against phytopathogens, such as competition, mycopar-
asitism, antibiosis, production of enzymes and antibiotics, and induction 
of plant resistance. Many studies reported that Acrophialophora can 
produce useful enzymes. Kluczek-Turpeinen (2007) reported that 
Acrophialophora species may play an important role in cellulose degra-
dation. Also, some species produced laccase (Liang et al., 2007), pecti-
nase (Celestino et al., 2006; Silveira et al., 2014), cellulases (Barros 
et al., 2010; Silveira et al., 2014), xylanases (Medeiros et al., 2000; Salles 
et al., 2000; Barros et al., 2010; Silveira et al., 2014), and β-mannanase 
(Soni et al., 2017). 

To our knowledge, this is the first report on production of antifungal 
volatile and non-volatile metabolites of A. jodhpurensis. Growth free 
supernatant of A. jodhpurensis reduced mycelial growth of the pathogen. 
Similar to our results, sterilized filtrates of A. nainiana delayed symp-
toms of fruit rot caused by Pythium spp. on cucurbit when fruits were 
immersed in sterilized filtrates prior to the pathogen inoculation 
(Sharma et al., 1981). 

Effect of A. jodhpurensis on decreasing development of the diseases 
caused by R. solani AG4-HG II was investigated by inoculating tomato 
roots using spore suspension of the beneficial endophytic fungus. The 
obtained results revealed that A. jodhpurensis significantly reduced 
progress of the diseases caused by R. solani AG4-HG II on tomato. In 
agreement with our findings, many studies demonstrated efficiency of 
various beneficial fungi in tomato plant protection against R. solani, such 
as application of Glomus mossae (Berta et al., 2005), Trichoderma har-
zianum (El-Mohamedy et al., 2013; Youssef et al., 2016; Manganiello 
et al., 2018), Talaromyces flavus (Bahramiyan et al., 2016), and Hypocrea 
sp. (Kashyap et al., 2020). 

The current study revealed that antagonistic A. jodhpurensis was 
capable of inducing defense responses in tomato plants against R. solani 
AG4- HGII. Total phenolics, the antioxidative enzymes (including POX, 
CAT, SOD and APX activity), lignification, RWC, MSI and accumulation 
of iron, H2O2 and O2

− increased in response to the host-pathogen inter-
action. Furthermore, seedling treatment using A. jodhpurensis prior to 
the pathogen inoculation primed these defense responses in tomato. Pre- 
inoculation of various plant species with beneficial fungi have been 
studied for induction of resistance, which revealed their effect in acti-
vation of plant defense responses (Nassimi and Taheri, 2017; Man-
ganiello et al., 2018; Dehghanpour-Farashah et al., 2019). 

Increased production of various reactive oxygen species (ROS) is one 
of the earliest plant responses to abiotic and biotic stresses (Torres et al., 
2006), which cause oxidative stress and ultimately cell death (Mishra 
et al., 2011). Also, the ROS are as second messengers in cellular pro-
cesses (Yan et al., 2007). The role of ROS as signaling molecules or 
destructive in the living cells depends on the equilibrium between ROS 
production and their scavenging (Sharma et al., 2012). Antioxidant 
systems are involved in induced resistance and basal defence of plant 
species against phytopathogens via scavenging ROS and protecting plant 
cells from oxidative damage. Also, Activities of antioxidants such as 
CAT, SOD, APX and GPX are related to iron (Das and Roychoudhury, 
2014). These antioxidants are heme containing enzymes involved in 
ROS homeostasis (Taheri and Kakooee, 2017). Catalase is frequently 
used by living cells to rapidly catalyze the decomposition of hydrogen 
peroxide to water and oxygen (Gaetani et al., 1996). The SOD is known 
to catalyze decomposition of superoxide radical (O−

2) into O2 and H2O2 
(Boguszewska et al., 2010). Peroxidase (POX) reacts by mechanisms 
similar to catalase, but the reaction catalyzed is the oxidation of a wide 
variety of organic and inorganic substrates by H2O2 (Zhang and 
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Fig. 7. Total phenolics (A), lignin levels (B), catalase (CAT; C), ascorbate peroxidase (APX; D) Guaiacol peroxidase (GPX; E), superoxide dismutase (SOD; F), activity, 
cell death (G), relative water content (RWC) (H) and membrane stability index (MSI) (I) in tomato seedlings with or without pre-inoculation by Acrophialophora 
jodhpurensis after inoculating Rhizoctonia solani AG4- HGII. Rs: inoculation with R. solani AG4- HGII, Aj + Rs: inoculation with A. jodhpurensis and then R. solani AG4- 
HGII with 50 days interval, Total phenolics were expressed as mg gallic acid g− 1 of fresh weight (FW), C: uninoculated control. 
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Kirkham, 1994). Induction and accumulation of these enzymes is often 
related to induction of resistance, suggesting an active role for CAT and 
POX in defense against pathogenic fungi (Van Loon et al., 1998; Nassimi 
and Taheri, 2017; Dehghanpour-Farashah et al., 2019). In this study, we 
observed that resistance to R. solani in tomato seedlings treated with 
A. jodhpurensis is correlated with enhanced CAT, SOD, APX, GPX acti-
vites and accumulation of iron, H2O2 and O2

− . Consistent with these 
findings, enhanced ROS accumulation by application of the endophytic 
fungus Piriformospora indica was observed in rice-R. solani (Nassimi and 
Taheri, 2017), wheat-Fusarium pseudograminearum (Dehghanpour-Far-
ashah et al., 2019) pathosystems. Also, enhanced levels of iron, H2O2 
and O2

− have been detected in Pinus sylvestris root cells infected with 
Heterobasidion annosum (Mucha et al., 2012). 

Also, increased antioxidant enzymes activity during via plant treat-
ment by beneficial fungi have been previously reported by several au-
thors. Trichoderma aureoviride and T. hamatum increased antioxidative 
enzymes production, such as APX, CAT, and polyphenol oxidase (PPO) 
in Fusarium solani–Cassava pathosystem (da Silva et al., 2016). Tricho-
derma virens stimulated systemic defense responses in tomato plants 
against R. solani by activating GPX and phenolics (Małolepsza et al., 
2017). Various fungal and bacterial biocontrol agents, such as Tricho-
derma viride, T. hamatum, T. lignorum, Pseudomonas fluorescens and Ba-
cillus subtilis, increased POX and PPO activities in Alternaria 
solani–tomato pathosystem (EL-Tanany et al., 2018). Piriformospora 
indica increased GPX activity against R. solani in rice, (Nassimi and 
Taheri, 2017). Also, P. indica increased GPX and CAT activities against 
Fusarium pseudograminearum in wheat (Dehghanpour-Farashah et al., 
2019), which were related to induction of resistance in these plant 
species. 

Also, peroxidases oxidise phenolics to form quinines, which are 
directly toxic for fungal pathogens (Gogoi et al., 2001). Phenolics are 
secondary metabolites involved in plant defense against various path-
ogens (Taheri and Tarighi, 2011; Nikraftar et al., 2013; Alonso-Ramírez 
et al., 2014). Peroxidases and phenolics are previously reported as major 
defense components against R. solani (Taheri and Tarighi, 2012; Nik-
raftar et al., 2013). Several reports revealed the major role of POX in 
phenolics accumulation, which leads to tomato resistance to wounding 
and necrotrophic fungi, such as R. solani (Nikraftar et al., 2013), Alter-
naria alternata and Fusarium solani (Kesanakurti et al., 2012). 

Also, phenolics act as radical scavengers (Grace, 2005) and reduce 
toxic effects of ROS (Noctor and Foyer, 1998). In this study, 
A. jodhpurensis increased phenolics accumulation in treated tomato 
plants. In agreement with this finding, other beneficial fungi reduced 
severity of various plant diseases via activating phenolics accumulation, 
including application of C. globosum against Bipolaris sorokiniana in 
wheat (Biswas et al., 2003), T. harzianum against Macrophomina pha-
seolina in soybean (Khaledi and Taheri, 2016), T. atroviride against 
R. solani in cucumber (Nawrocka et al., 2018), arbuscular mycorrhizae 
fungi (AMF) and Epicoccum nigrum (as an endophyte) in potato plants 
infected by Pectobacterium carotovora subsp. atrosepticum (Bagy et al., 
2019), and Piriformospora indica against F. pseudograminearum in wheat 
(Dehghanpour-Farashah et al., 2019). Also, effect of some phenolics was 
tested on R. solani growth and development in vitro, which revealed their 
direct antifungal effect on the pathogen (Prasad and Kumar, 2016). 

Lignin is a natural phenolic polymer with high molecular weight, 
which it is produced by the phenylalanine/tyrosine metabolic pathway 
(Ralph et al., 2004). Lignin accumulation is one of the main plant de-
fense responses against pathogen infection (Zhu et al., 2019). In agree-
ment with the findings of the present work, many studies reported that 
pre-inoculation of plants with endophytic fungi reduced disease prog-
ress via enhancing lignin accumulation, including the endophytic fungus 
Fusarium solani which reduced Verticillium dahlia infection in cotton 
plants (Wei et al., 2019), and Trichoderma hamatum, T. harzianum and 
Paecilomyces lilacinus against Fusarium oxysporum and Pythium 
debaryanum in cotton roots (Abo-Elyousr et al., 2009). 

Also, A. jodhpurensis increased the levels of RWC and MSI compared 

to the uninoculated plants or the plants only infected by R. solani. 
Similar to our results, the arbuscular mycorrhizal fungus Glomus clarum 
reduced cowpea root rot caused by R. solani and increased RWC of the 
host plant (Abdel-Fattah and Shabana, 2002), and P. indica increased 
RWC and MSI in wheat plants (Dehghanpour-Farashah et al., 2019). 

In overall, this study demonstrated that A. jodhpurensis is capable of 
protecting tomato plants against R. solani AG4-HG II. So, this beneficial 
endophytic fungus could be used as a novel and effective biocontrol 
agent for decreasing harmfull effects of destructive phytopathogens. 
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