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Endophytic fungus Acrophialophora jodhpurensis induced resistance 
against tomato early blight via interplay of reactive oxygen species, iron 
and antioxidants 
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A B S T R A C T   

In this study, potential of the endophytic fungus Acrophialophora jodhpurensis in induction of tomato resistance 
against Alternaria alternata the causal agent of early blight disease, was investigated. The obtained results 
revealed that colonization of tomato roots by A. jodhpurensis reduced progress of the disease caused by 
A. alternata on the leaves. Activity of antioxidant enzymes, phenolic contents, lignin accumulation, relative water 
content, cell membrane stability, accumulations of superoxide (O2-) and hydrogen peroxide (H2O2) increased, 
also iron ions and cell death reduced in the plants inoculated with A. jodhpurensis prior to the pathogen 
infection. Therefore, the beneficial root colonizing fungus A. jodhpurensis might be an appropriate candidate for 
plant protection against A. Alternata via induction of systemic resistance in the plant tissues, which is related to 
activation of various defense mechanisms.   

1. Introduction 

Root endophytes can protect plants from pathogens by direct and 
indirect mechanisms. Direct mechanisms include antibiosis, lytic 
enzyme secretion, phosphate solubilization, competition and production 
of phytohormones and siderophore. Indirect mechanisms consist of 
inducing resistance, stimulating plant secondary metabolites, promotion 
of plant growth and physiology [1]. Indirect mechanisms describe effect 
of endophytes on the pathogen, which is mediated by the host plant and 
induction of plant defense against future pathogen attacks [2]. Induced 
resistance using beneficial fungi has been studied against Alternaria spp. 
as destructive necrotrophic pathogens on tomato plants by many re-
searchers. For example pre-inoculation with nonpathogenic A. alternata 
isolate against the pathogenic isolate of A. alternata [3], and application 
of Trichoderma spp. against A. solani [4] activated plant defense re-
sponses, which let to plant protection against the pathogen. 

Early defense mechanisms after the pathogen attack in plants include 
production of reactive oxygen species (ROS), activity of defense-related 
enzymes, cell wall reinforcement, accumulation of phenolics and lignin 
[5], which variation in the host response is related to the life style and 
nutrition strategies of pathogenic fungi [6]. The ROS include free radi-
cals, such as superoxide (O2

•− ) and hydroxyl radical (OH•), and 

non-radicals like hydrogen peroxide (H2O2) and singlet oxygen (1O2) 
[7]. The excessiveness of ROS causes oxidative damage to protein, DNA 
and lipids, which leads to the changes in cellular function. The ROS are 
not only known as toxic products of aerobic metabolism, but also as 
signal molecules and second messengers in plant defense pathways. The 
ROS control processes such as growth, development and response to 
biotic and abiotic stress in various plant species. Therefore, they act as 
secondary messengers in various key physiological phenomena, and also 
induce oxidative damages under several environmental stress conditions 
[8]. 

Various types of ROS can be produced under both normal and 
stressful conditions in the chloroplasts, mitochondria, peroxisomes, 
plasma membranes, endoplasmic reticulum and cell wall. The major 
sources of ROS production are chloroplasts and peroxisomes in presence 
of light, and the mitochondrion under dark conditions [9]. Asselbergh 
et al. [10] reported critical role of ROS in defense mechanisms against 
Botrytis cinerea as a necrotrophic pathogen, which produced as a first 
line of defense and involved in oxidative cross-linking of cell wall 
components, induced hypersensitive response, and activated an array of 
protective genes involved in plant defense signaling. 

Changes in the ROS levels cause oxidative stress, therefore ROS 
scavenging systems are essential for managing the ROS levels both in 
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plants and in pathogens. Destructive, protective, or signaling roles of 
ROS in the living cells depends on the equilibrium between ROS pro-
duction and scavenging at appropriate time points and locations. 
Necrotrophic fungal pathogens kill the host cells to access nutrients via 
activating ROS production [11], but biotrophic fungi benefit from living 
cells. Therefore, induced ROS accumulation in the plant tissues might be 
involved in suppressing the growth of biotrophic pathogens and limit 
the spread of biotrophics, but not necrotrophic fungi and reported as a 
helper during the necrotrophics infection process [6]. 

Production of H2O2 was studied in the interaction of endophytic 
fungus Piriformospora indica and Rhizoctonia solani as a necrotrophic 
pathogen in rice [12]. The effect of P. indica in production of H2O2 was 
investigated against Fusarium pseudograminearum in wheat [13]. Also, 
H2O2 and O2

− accumulations were evaluated in the cucumber plants 
inoculated with A. alternata and Streptomyces lydicus compared to the 
leaf discs only inoculated with A. alternata [14]. These investigations 
revealed that decreased disease progress was associated with decreased 
levels of ROS in the host plants via application of beneficial microor-
ganisms [12–14]. 

Iron is an essential component for both plants and pathogenic fungi. 
In the nature, iron is present in two important forms, which are ferrous 
(Fe2+) and ferric (Fe3+). Redox cycling between two forms of iron can 
catalyse the production of dangerous free radicals [15]. Also, excess iron 
can lead to the formation of harmful hydroxyl radicals. Therefore, the 
iron balance in living cells must be controlled. Plants use various stra-
tegies to reduce pathogen virulence as iron-withholding, and also acti-
vate a toxic oxidative burst using locally increased iron levels [16]. 
Herlihy et al. [17] reported that iron has a critical role in ROS generation 
during plant immunity, therefore could increase or delay host defense 
responses, depending on virulence strategy of the pathogen. Systemi-
cally high iron levels could make plants more susceptible to necrotro-
phic pathogens and lead to production of ROS and cell death. But for 
biotrophics, it could facilitate production of ROS and initiate hyper-
sensitive response (HR) cell death using ferroptosis or other mecha-
nisms, that would be effective in resistance [17]. 

Plants have developed effective enzymatic and non-enzymatic anti-
oxidant systems, which both work as ROS scavengers. Enzymatic anti-
oxidants, such as superoxide dismutase (SOD), catalase (CAT), 
peroxidase (POD), polyphenol oxidase (PPO), guaiacol peroxidase 
(GPX), glutathione reductase (GR), monodehydroascorbate reductase 
(MDHAR) and dehydroascorbate reductase (DHAR), are capable of 
scavenging ROS and protecting plant cells from oxidative damage [8]. 
Activation of various antioxidants is known to be related with the ROS 
homeostasis and induction of resistance in different pathosystems via 
application of beneficial fungi [12,13]. 

To our knowledge, induction of resistance using A. jodhpurensis 
against phytopathogens has not been investigated in any pathosystem, 
till now. Thus, the aims of this study were to (i) determine the possibility 
of increasing growth parameters and protecting tomato plants against 
A. alternata using the endophytic fungus A. jodhpurensis, (ii) examine the 
involvement of ROS, iron ions and enzymatic antioxidants in the 
induced defense responses of tomato against the pathogen, and to (iii) 
determine effect of the beneficial fungus on the levels of phenolics, 
lignin, relative water content, and cell membrane stability in tomato 
plants infected with A. alternata. 

2. Materials and methods 

2.1. Fungal isolates 

The isolates of Alternaria alternata and Acrophialophora jodhpurensis 
used in this study were obtained from Department of Plant Protection, 
Faculty of Agriculture, Ferdowsi University of Mashhad in Iran, which 
were previously isolated from infected and healthy tomato plants, 
respectively. These fungi were kept on potato dextrose agar (PDA) me-
dium and lyophilized filter papers for short-term and long-term storage, 

respectively. 

2.2. Inoculum preparation 

For preparing A. alternata inoculum, this fungal pathogen was grown 
on potato carrot agar (PCA) medium at 28 ◦C for 7 days. The spores were 
washed by sterile distilled water and spore concentration was adjusted 
to 106 spore mL− 1 using a haemocytometer. The spore suspension sup-
plemented with 0.05% tween 20 was used to inoculate tomato seedlings. 

The isolate of A. jodhpurensis was grown on 1/10-strength potato 
agar (PA) medium (for inducing sporulation) at 28 ◦C for 10 days. The 
ascospores were washed by sterile distilled water and spore concentra-
tion was adjusted to 107 spore mL− 1 using a haemocytometer. 

2.3. Plant growth conditions and inoculation with A. jodhpurensis 

The seeds of tomato cultivar “Mobil” were surface-sterilized in 1% 
sodium hypochlorite for 2 min, followed by three times washing in 
sterile distilled water. Tomato seeds were placed in pots containing 
sterilized soil, perlite and sand (2:1:1) under greenhouse conditions (30 
± 4 ◦C with 16/8 h light/dark photoperiod). After 4 weeks, tomato 
seedlings were inoculated with 10 mL spore suspension of 
A. jodhpurensis by adding the spore suspension to a 3 cm deep hole near 
the plant [18]. 

2.4. Detection of A. jodhpurensis in the colonized roots and determining 
root colonization percentage 

Tomato roots were observed microscopically for investigating 
A. jodhpurensis colonization. For this purpose, root staining was done 
using cotton blue according to the method of Vierheilig et al. [19] at 50 
days post inoculation (dpi), then investigated by an Olympus micro-
scope (BH2, Tokyo, Japan). 

To determine percentage of root colonization by the endophytic 
fungus, tomato seedlings were harvested at 30 and 50 days post inocu-
lation with A. jodhpurensis. The roots were washed under running tap 
water and surface-sterilized using 2% sodium hypochlorite for 2 min, 
and then by 70% ethanol for 2 min. The roots were cut into 1 cm × 1 cm 
fragments. These pieces were dried on sterile filter papers and four 
pieces were placed in each petri dish (10 cm diameter) containing potato 
dextrose agar (PDA) medium amended with streptomycin (0.05%) and 
incubated at 25 ◦C for 10 days. Root colonization was evaluated by 
counting A. jodhpurensis colonies [20]. 

2.5. Pathogen inoculation and disease evaluation 

For investigating the effect of A. jodhpurensis on progress of the 
disease caused by A. alternata, tomato plants were inoculated with the 
pathogen at 50 days after inoculating with A. jodhpurensis, when the 
plant roots were colonized by the endophytic fungus very well. Inocu-
lation of the plants with A. alternata was performed by spraying spore 
suspension of the pathogen at 106 spore mL− 1 concentration containing 
0.05% tween 20. Control plants were sprayed with sterile distilled water 
containing 0.05% tween 20, without spores of the pathogen. The inoc-
ulated plants were kept in greenhouse at 90% relative humidity and 
22 ◦C temperature. At least three replications and three repetitions were 
used for each treatment. 

In the leaf disc bioassay, 2 cm diameter leaf discs were prepared from 
the first 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, spore suspension of A. alternata (106 spore mL− 1) was 
placed in the center of each leaf disc. In control, leaf discs were inocu-
lated using sterile distilled water without the pathogen. The petri dishes 
were incubated under laboratory conditions (25 ◦C; 12 h of light and 12 
h of darkness). 
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Disease evaluation was done at 7 days after the pathogen inocula-
tion. Disease severity was determined using the scores described by 
Kumar et al. [21], including 0 = no leaf spot symptoms; 1 = 1–25% leaf 
area covered by disease symptoms; 2 = 26–50%; 3 = 51–75%; 4 =
76–99% and 5 = 100% leaf area covered by the symptoms. Disease index 
(DI) was calculated in each case using the following formula: 

DI =(
1n1 + 2n2 + 3n3 + 4n4 + 5n1

5N
) × 100 

In which, n1 is 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 [22]. 

2.6. Effect of A. jodhpurensis on plant growth promotion 

For investigating effect of A. jodhpurensis on plant growth, the 
seedlings were inoculated with A. jodhpurensis and A. alternata as 
described before. The inoculated plants were kept in greenhouse at 90% 
relative humidity and 22 ◦C temperature. At least, three replications and 
three repetitions were used for each treatment. After 7 days, the plants 
were harvested and growth parameters, such as fresh and dry weight, 
shoot and root length, were investigated and compared to the controls. 
For investigating growth parameters, the shoots and roots were sepa-
rated and placed in paper bags, then the paper bags were placed in an 
oven with 70 ◦C temperature. After 48 h, the dry weight of each sample 
was determined. 

2.7. Histological detection of oxidative burst and iron accumulation 

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

iron ions accumulation, the leaf disc bioassays were performed as 
described before. Petri dishes containing the leaf discs were incubated 
under laboratory conditions. At various time points after A. alternara 
inoculation, 3,3-diaminobenzidine (DAB), nitroblue tetrazolium (NBT), 
and potassium ferrocyanide staining were performed for detecting H2O2, 
O2
− and Fe ions, respectively. Accumulation of H2O2, O2

− , Fe3+ and Fe2+

was investigated by an Olympus microscope (BH2, Tokyo, Japon). 

2.7.1. Hydrogen peroxide detection 
For detecting H2O2 accumulation, tomato leaf discs at various time 

points after inoculation of A. alternara were floated in a solution of 1 
mg/mL DAB-HCl (pH 3.8) and incubated for 75 min [23]. Polymeriza-
tion of the DAB molecule at the site of H2O2 accumulation results in a 
reddish-brown polymer, which was microscopically checked by an 
Olympus microscope (BH2, Tokyo, Japan). Accumulation of H2O2 was 
investigated in three leaves for each treatment at each time point and the 
assay was repeated at least three times. 

2.7.2. Superoxide detection 
Detection of O2

− was done according to the method described by 
Dong et al. [24]. The leaf discs 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. 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 microscopically checked by an Olympus microscope (BH2, Tokyo, 
Japan). 

2.7.3. Double detection of H2O2 together with Fe3+ or Fe2+

Decomposition of H2O2 can be catalyzes by iron. Therefore, we 
performed double detection of H2O2 with iron ions. For double staining 
of iron and H2O2, iron staining was done after the DAB reaction [25]. 
Leaf discs after the DAB reaction were washed twice in distilled water 
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) hydrochloric acid at room temperature. 
Percentage of the stained cells was calculated as described by Mucha 
et al. [26], using the following formula: 

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

2.8. Protein extraction and antioxidant enzyme activity assay 

Total protein extraction was performed according to the method 
described by Kar and Mishra [27]. The first leaves of tomato plants were 
sampled at various time points (0, 6, 12, 24 and 48 h) after A. alternata 
inoculation. Inoculating the pathogen was done 50 days after inocula-
tion of A. jodhpurensis, when the plant roots were colonized by the 
endophytic fungus very well. The leaf samples (300 mg) were ground in 
liquid nitrogen using mortar and pestle and homogenized in 3 mL of 100 
mM potassium phosphate buffer (pH 6.8). The homogenate was 
centrifuged at 14,000 g for 20 min at 4 ◦C, then the supernatant was used 
as enzyme source. Soluble protein concentration was measured using 
bovine serum albumin (BSA, sigma) as a standard and the absorbance 
was measured at 595 nm using a spectrophotometer (Biowave II, vrw 
company, USA) [28]. 

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

Activity of guaiacol peroxidase (GPX) was determined using the 
method of Chance and Maehly [30]. The GPX activity was investigated 
using guaiacol as a hydrogen donor. 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 recorded at 470 nm [30]. 

Superoxide dismutase (SOD) activity was measured using the 
method of Sadasivam and Manickam [31]. 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 was prepared without the 
enzyme and NBT. Also, the control was prepared 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 measured spectrophotometrically 
at 560 nm. The SOD activity was expressed as U SOD mg− 1 protein. One 
unit (U) of SOD activity was defined as amount of the enzyme causing 
50% inhibition of NBT photochemical reduction. 

Ascorbate peroxidase (APX) activity was investigated using the 
method of Nakano and Asada [32]. The reaction mixture contained 
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 decrease of the absorbance 
was measured at 290 nm. The GPX, CAT and APX activities were 
expressed as μmol min− 1 mg− 1 protein. 

2.9. Extraction and measurement of total phenolics 

Phenolic contents were extracted and investigated using the method 
of Seevers and Daly [33] using 80% methanol. Briefly, at various time 
points (0, 6, 12, 24 and 48 h) post A. alternata inoculation (hpi), 0.2 g of 
the leaf samples were dissolved in 3.2 mL of 80% methanol and ho-
mogenized. 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 of distilled water and 62.5 μL of 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 incu-
bated 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 
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was measured using the gallic acid standard curve. Then, the results 
were expressed as mg gallic acid equivalent (GAE) g− 1 fresh weight [33]. 
For each treatment, at least three replications and three repetitions were 
used. 

2.10. Lignin assay 

Changes of lignin levels were measured using thioglycolic acid (TGA) 
assay as described by Suzuki et al. [34]. 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 points after the path-
ogen inoculation, 0.5 g of the first leaves of tomato plants were collected 
at different time points after the pathogen inoculation. Then, each 
sample was ground in liquid nitrogen. The LTGA derivatives were pu-
rified and dissolved in 1 M NaOH and absorbance of the samples was 
recorded at 280 nm using a spectrophotometer [34]. 

2.11. Measurement of cell death 

Effect of A. jodhpurensis on the cell death due to attack of A. alternata 
was investigated using Evans blue according to the method of Baker and 
Mock [35]. The optical density was determined at 600 nm. Measure-
ments were expressed as a percentage, with 100% corresponding to 
absorbance of dead roots (boiled for 30 min). For each treatment, at least 
three replications and three repetitions were used. 

2.12. Relative water content measurement 

Relative water content (RWC) is widely used to describe plant water 
status. The RWC in tomato seedlings was investigated according to the 
method described by Wheatherley [36], using the following equation: 

RWC=(
FW − DW
TW − DW

) × 100 

The weight of first leaves of tomato plants treated with 
A. jodhpurensis and controls were calculated at 7 days after inoculation 
with A. alternata (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). 

2.13. Evaluation of electrolyte leakage (EL) 

The cell membrane stability was evaluated to investigate the possi-
bility of its activation by A. jodhpurensis and involvement of this defense 
related mechanism in protecting tomato plants against the pathogen. 
Cell membrane stability was determined by the electrolyte leakage from 
the leaves [37]. One cm2 pieces of the plant leaves with different 
treatments 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 recor-
ded by conductivity meter (JENWAY, USA). The same was transferred to 
autoclave 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 as described by Singh et al. [37]: 

MSI =(
1 − EC1

EC2
) × 100  

2.14. Statistical analysis 

The assays were repeated at least three times with three replications 
in each repetition. Data were analyzed by the Minitab 18 software using 

ANOVA (analysis of variance) and via general linear model analysis of 
variance, followed by a Fisher test at the level of P ≤ 0.05. All diagrams 
were drawn using Excel 2013. Staining intensities of H2O2 and O2

− were 
quantified using Image J software (http://rsb.info.nih.gov/ij/index. 
html). 

3. Results 

3.1. Detection of A. jodhpurensis in tomato roots and percentage of root 
colonization 

Microscopic detection of A. jodhpurensis was carried out at 50 dpi in 
tomato roots inoculated by spore suspension of the endophytic fungus. 
Intracellular hyphae of A. jodhpurensis were observed in tomato roots 
(Fig. 1A). Colonization percentage of tomato roots by the endophytic 
fungus was 86% at 50 dpi, compared to 50% colonization at 30 dpi 
(Fig. 1B). 

3.2. Effect of A. jodhpurensis on protecting tomato plants and the leaf 
discs against A. alternata 

Inoculating tomato roots with A. jodhpurensis led to significant 
reduction in the disease index of A. alternata on tomato leaves. The 
beneficial fungus considerably reduced the disease index (Fig. 1C and D) 
and the symptoms (Fig. 1E and F) on tomato seedlings and detached leaf 
discs compared to the plants without inoculation of the endophytic 
fungus. Disease index (DI) on tomato seedlings and the leaf discs treated 
with A. jodhpurensis and A. alternata were 25 and 20 compared to the DI 
on the seedlings and leaf discs only treated with the pathogen, which 
were 75 and 46, respectively. 

3.3. Effect of A. jodhpurensis on plant growth promotion 

Inoculation of tomato roots with A. jodhpurensis increased plant 
growth characteristics in vivo. The biomass enhancement was obvious in 
the plants inoculated with A. jodhpurensis compared to the uninoculated 
controls. Shoot length and weight, and also root length and weight 
increased in the plants inoculated with A. jodhpurensis compared to the 
controls (Fig. 2A–H). 

3.4. Hydrogen peroxide detection 

Polymerization of the DAB molecule at the site of H2O2 accumulation 
results in a reddish-brown polymer (Fig. 3A). In the A. alternata (Aa) 
treatment, production of H2O2 increased until 48 hpi. But in the 
A. jodhpurensis and A. alternata (AaAj) treatment, production of H2O2 
increased until 12 hpi and then decreased until 24 hpi, followed by an 
increasing status until 48 hpi. In tomato plants without fungal inocu-
lation (control), production of H2O2 was at the lowest level in all times 
points examined (Fig. 3B). 

3.5. Superoxide detection 

In Aa treatment, production of O2
− increased until 6 hpi and then 

decreased until 12 hpi, followed by an increasing status till 48 hpi. But in 
the AaAj treatment, production of O2

− increased until 12 hpi, followed by 
a decreasing status up to 24 hpi and then increased until 48 hpi. In Aj 
treated plants, production of O2

− increased compared to the plants 
without fungal inoculation (control), and in the control production of 
O2
− was at the lowest level at all times points examined. Also, the O2

−

levels had stationary estate in both control and Aj treatments (Fig. 3C 
and D). 

3.6. Double detection of H2O2 with Fe3+ or Fe2+

In the Aa treatment, an increasing trend of Fe3+ production was 
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observed until 6 hpi, but it decreased until 12 hpi, and then increase of 
Fe3+ production from 12 to 24 hpi was observed, and decreased till 48 
hpi. But percentage of the cells with H2O2 increased from 0 to 48 hpi. 
The AaAj treatment had an increasing trend of Fe3+ production until 6 
hpi, followed by a stationary estate until 24 hpi and then increased till 
48 hpi. In AaAj treatment, percentage of the cells with H2O2 increased 
from 0 to 6 hpi, and then decreased until 48 hpi (Fig. 4A and B). 

In Aa treatment, production of Fe2+increased from 0 to 48 hpi, and 
also percentage of the cells with H2O2 increased from 0 to 48 hpi. But in 
AaAj treatment, production of Fe2+increased from 0 to 12 hpi, then 
decreased until 48 hpi, and percentage of the plant cells showing H2O2 

accumulation increased from 0 to 48 hpi (Fig. 5A and B). 

3.7. Antioxidant enzymes activity 

To investigate the effect of A. jodhpurensis on enzymatic antioxidants 
involved in plant defense, activities of the GPX, CAT, SOD and APX were 
quantified in tomato seedlings at different time points after inoculation 
with A. alternata (Fig. 6A to D). 

The GPX activity in tomato seedlings only inoculated with 
A. alternata increased from 0 to 48 hpi (Fig. 6A). But in Aj + Aa treat-
ment, an increasing trend of GPX activity was observed until 6 hpi, 

Fig. 1. Detection of Acrophialophora jodhpurensis in the colonized tomato roots at 50 days post inoculation (A), colonization of tomato roots by A. jodhpurensis (B), 
effect of A. jodhpurensis on disease index of Alternaria alternata on tomato seedlings (C), and on the leaf discs (D), development of the disease symptoms on tomato 
seedlings (E), and on detached leaf discs (F). Error bars correspond to standard error (SE) of three experiments. Aa: inoculation with A. alternata, AaAj: inoculation 
with A. jodhpurensis and then A. alternata with 50 days interval, Aj: inoculation with A. jodhpurensis, and H: hyphae. 
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followed by a decreasing status until 24 hpi and then the enzyme activity 
increased till 48 hpi. Control plants without fungal inoculation had a 
stationary estate and showed the lowest level of GPX activity at all times 
points examined (Fig. 6A). 

In tomato seedlings only treated with the pathogen, the CAT activity 
increased from 0 to 48 hpi (Fig. 6B). In the Aj + Aa treatment, an 
increasing trend of CAT activity was observed until 6 hpi but it 
decreased until 12 hpi, and then considerable increase of CAT activity 
from 12 to 24 hpi was observed which decreased until 48 hpi. However, 
in the control plants without fungal inoculation, considerable changes 
were not observed in the CAT activity and it had a stationary trend in all 
times points compared to the other treatments tested (Fig. 6B). 

The SOD activity in tomato seedlings only inoculated with 
A. alternata increased from 12 to 24 hpi and then decreased until 48 hpi. 
But in Aj + Aa treatment, the SOD activity increased until 6 hpi, fol-
lowed by a decreasing status until 12 hpi and then the enzyme activity 
increased until 24 hpi, followed by a decreasing status until 48 hpi. 
Control plants without fungal inoculation did not show considerable 
changes in the SOD activity (Fig. 6C). 

In the Aa and Aj + Aa treatments, APX activity increased until 6 hpi 

and then decreased until 12 hpi, followed by an increasing status till 24 
hpi and then the enzyme activity decreased until 48 hpi. But in the Aj +
Aa treatment, the APX was higher than that of the Aa treatment. In to-
mato plants without fungal inoculation (control), the APX activity was at 
the lowest level in all times points examined (Fig. 6D). 

3.8. Total phenolics and lignin quantifications 

Phenolics are secondary metabolites and plants need phenolic com-
pounds for pigmentation, growth, reproduction, resistance to pathogens 
and for many other functions. Our data showed significant differences in 
the phenolic contents of tomato plants with various treatments used in 
this study (Fig. 7A). Accumulation of phenolics increased after inocu-
lating the plants with A. alternata compared to non-inoculated controls. 
Also, considerably higher phenolics were observed in the plants treated 
with A. jodhpurensis. Phenolics in A. jodhpurensis and A. alternata treat-
ment (Aj + Aa) and the plants only inoculated with A. alternata 
increased from 0 to 24 hpi, followed by a decreasing trend until 48 hpi. 
In plants without fungal inoculation a stationary estate was observed at 
the lowest level at all times points examined (Fig. 7A). 

Fig. 2. Effect of Acrophialophora jodhpurensis on plant growth-promotion using spore suspension of A. jodhpurensis. Shoot fresh weight (A), shoot dry weight (B), root 
fresh weight (C), root dry weight (D), shoot height (E), root height (F), plant shoot (G), and plant root (H). Error bars correspond to standard error (SE) of three 
experiments. Aj, inoculation with A. jodhpurensis; Aa, inoculation with A. alternata; C, uninoculated control. 
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Investigating changes of lignin in various time points after inocu-
lating A. alternata was done by measuring the optical density at 280 nm. 
The results indicated that lignin levels in the Aj + Aa treatment was 
higher than the Aa and control treatments at 6 hpi, but then decreased 
until 12 hpi, followed by an increasing status until 24 hpi, then 
decreased until 48 hpi. Optical density in the Aa treatment decreased 
from 0 to 12 hpi, then increased until 48 hpi. Also, the optical density 
was lower than that of the control at 12 to 48 hpi. Lignin production in 
the control plants without fungal inoculation and Aj treatment showed a 
stationary estate at most of the time points tested (Fig. 7B). 

3.9. Measurement of cell death 

Cell death increased after inoculating tomato plants with the path-
ogen compared to non-inoculated controls. Cell death in the Aa treat-
ment increased until 12 hpi and then decreased until 24 hpi, followed by 
an increasing status until 48 hpi. But in the Aj + Aa treatment increased 

from 0 to 6 hpi, followed by a decreasing trend until 12 hpi, then 
increased until 48 hpi. Also, in the Aa treatment, cell death was higher 
than the Aa + Aj treatment at all times points examined and in Aj 
treatment, cell death was lower than the all treatments. In plants 
without fungal inoculation a stationary estate was observed at the 
lowest level (Fig. 7C). 

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

Effect of A. jodhpurensis was investigated on relative water content 
(RWC) and cell membrane stability index (MSI). The obtained data 
revealed that RWC and MSI levels in plants treated with A. jodhpurensis 
and infected with the pathogen were higher than those of the plants only 
inoculated with A. alternata and the healthy controls (Fig. 8A and B). 

Fig. 3. Detection of H2O2 and O2- in tomato leaves with different treatments at various hours post inoculation (hpi) by Alternaria alternata. H2O2 was detected by 
3,30-diaminobenzidine (DAB) staining (A), and the staining intensities of H2O2 were quantified using Image J software (B). O2- was detected by nitroblue tetra-
zolium (NBT) staining (scale bar = 20 μm) (C) and the staining intensities of O2- were quantified using Image J software (D). Error bars correspond to standard error 
(SE) of three experiments. Aa: inoculation with A. alternata, AaAj: inoculation with A. jodhpurensis and then A. alternata with 50 days interval, Aj: inoculation with A. 
jodhpurensis, and C: uninoculated control. 
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4. Discussion 

This is the first report on effect of the endophytic fungus 
A. jodhpurensis (C. jodhpurense Lodha) on defense responses involved in 
induction of resistance against A. alternata in tomato. The role of 
A. jodhpurensis on plant defense mechanisms such as accumulations of 
ROS and iron ions, lignification, total phenolics, antioxidant enzymes 
(such as POX, CAT, SOD and APX), RWC and MSI in tomato -A. alternata 
interaction was investigated in the present research. Our results 
revealed that the beneficial root colonizing fungus reduced the Fe ions, 
but increased activities of the antioxidative enzymes, such as POX, CAT, 
SOD and APX and ROS accumulation. Also, this endophyte increased 
total phenolics, lignification, RWC and MSI, which are related to in-
duction of resistance in this pathosystem (Fig. 9). 

In this study, colonization of tomato roots by the endophytic fungus 
reduced severity of the diseases caused by A. alternata in tomato leaves 
in both greenhouse and leaf disc bioassays compared to the controls. 
Similar to our results, application of other beneficial fungi reduced 
progress of the disease caused by Alternaria spp. in tomato plants [3,4]. 

One of the earliest cellular responses after successful pathogen 
recognition is ROS production [38]. Induction of ROS accumulation in 
plants might be involved in suppressing the growth of biotrophic path-
ogens and limit the spread of biotrophics but in necrotrophic fungi re-
ported as a helper during the necrotrophics infection process [6]. Also, 
previous studies revealed that H2O2 accumulation at early time points 
after necrotrophic pathogens infection is necessary as a second 
messenger in defense signaling pathways of tomato against necrotrophic 
fungi such as Botrytis cinerea, Fusariumn oxysporum f. sp. lycopersici and 

Fig. 4. Investigating co-localization of H2O2 and Fe3+ in tomato leaves with different treatments at various hours post inoculation (hpi) by Alternaria alternata. 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. Aa: inoculation with A. alternata, AaAj: 
inoculation with A. jodhpurensis and then A. alternata with 50 days interval, Aj: inoculation with A. jodhpurensis and C: uninoculated control. 
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R. solani [10,39,40]. 
Iron plays a key role in ROS detoxification and is a necessary cofactor 

for the proper functioning of ROS-detoxifying enzymes [15]. Activities 
of antioxidants such as CAT, APX and SOD are related to iron and these 
enzymes are heme containing proteins which use iron as a cofactor [8]. 
Also, excess iron can lead to the formation of harmful hydroxyl radicals, 
therefore the iron balance in living cells must be controlled [16]. Iron 
has a critical role in the production of reactive oxygen intermediates 
during plant immunity, therefore could increase or impede host im-
munity, depending on the virulence strategy of the pathogen [17]. In 
this study production of Fe2+ decreased in tomato leaf discs inoculated 
with A. jodhpurensis and A. alternata compared to the leaf discs only 
inoculated with the pathogen, but production of Fe3+ increased in 48 
hpi. Similar to our results, Mucha et al. [26] investigated production of 
iron, H2O2 and O2

− in Pinus sylvestris root cortical cells infected with 
different species of Heterobasidion annosum sensu lato, and showed that 

H2O2 accumulation was correlated negatively with O2
− and correlated 

positively with ferrous iron. 
The obtained data revealed that the isolate of A. jodhpurensis 

increased lignification, total phenolics, POX, CAT, SOD and APX activ-
ities, RWC and MSI in tomato plants pre-inoculated with A. jodhpurensis 
before inoculating A. alternata compared to the plants only inoculated 
with the pathogen. Therefore, it can be concluded that tomato plant 
protection and resistance induction against A. alternata in the seedlings 
inoculated with A. jodhpurensis is correlated with enhanced POX, CAT, 
SOD and APX activities, phenolics, lignin accumulation, RWC and MSI 
(Fig. 8). Similar to our findings, pre-inoculation of various plant species 
with beneficial microorganisms have been used for induction of resis-
tance in several pathosystems [12–14]. Antioxidants are important 
defense-related compounds, which are associated with eliminating ROS 
and activate other defense-related signaling pathways in plants against 
various pathogens [8]. 

Fig. 5. Investigation of co-localization of H2O2 with Fe2+ in tomato leaves with different treatments at various hours post inoculation (hpi) by Alternaria alternata. 
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. Aa: inoculation with A. alternata, AaAj: 
inoculation with A. jodhpurensis and then A. alternata with 50 days interval, Aj: inoculation with A. jodhpurensis and C: uninoculated control. 

Z. Daroodi et al.                                                                                                                                                                                                                                



Physiological and Molecular Plant Pathology 115 (2021) 101681

10

In accordance with our data, increased antioxidant activities via 
application of beneficial microorganisms in various pathosystems have 
been previously reported by several authors. An isolate of Cryptococcus 
laurentii, as a beneficial yeast, activated defense-related enzymes in 
cherry tomato and reduced disease incidences of Botrytis cinerea and 
A. alternata [41]. The endophytic fungus Piriformospora indica increased 
GPX activity and decreased H2O2 accumulation in rice and induced 
resistance in this plant species against R. solani [12]. The fungus P. indica 
increased GPX and CAT activities in wheat as effective defense mecha-
nisms against Fusarium pseudograminearum [13]. Also, Streptomyces 
lydicus increased SOD, peroxidase (POD) and polyphenol oxidase (PPO) 
activities and decreased ROS accumulations in cucumber plants inocu-
lated with A. alternata compared to leaf discs only inoculated with 
A. alternata [14]. 

Accumulation of lignin along the cell walls is one of the main plant 
defense responses against pathogen infection [42]. Pre-inoculation of 
cotton plants with the endophytic fungus F. solani upregulated lignin 
biosynthesis pathway and reduced Verticillium dahlia infection compared 
to the plants only inoculated with V. dahliae [43]. Application of Tri-
choderma hamatum, T. harzianum and Paecilomyces lilacinus significantly 
increased lignin and free phenolics against F. oxysporum and Pythium 
debaryanum in cotton roots [44]. 

Phenolics are secondary metabolites associated with plant defense 
against phytopathogens, and protect plants at stress conditions. Also, 
phenolics have antioxidant role, which act as radical scavengers and 
reduce toxic effects of oxidative stress on metabolism of living cells [45]. 
The fungus Trichoderma atroviride enhanced synthesis of phenolics in 
cucumber plants as a defense mechanism and reduced the disease 
caused by R. solani [46]. The endophytic fungus Piriformospora indica 
increased basal immunity against Fusarium pseudograminearum in wheat 
via activating phenolics accumulation [13], which is similar to the 

findings of present study. 
The data showed that cell death in tomato plants only inoculated 

with A. alternata was higher than the plants inoculated with 
A. jodhpurensis and A. alternata. The obtained results demonstrated that 
cell death occurrence was correlated with production of H2O2. Many 
researchers reported that production of high levels of H2O2 in plant cells 
after the pathogen attack could be correlated with oxidative burst, 
which leads to cell death and cellular defense [39,47]. 

In this study, increased levels of RWC and MSI were observed in the 
plants treated with A. jodhpurensis and infected by the pathogen 
compared to the controls or the plants only infected by the pathogen. 
Similar to these findings, application of mycorrhizal biofertilizers 
improved RWC and MSI in maize plants via increasing nutrient uptake, 
extension of the root systems and water status of the hosts [48]. Also, 
application of biofertilizers, such as Pseudomonas fluorescent, Azotobacter 
chrococum together with Azospirillm brasilense, Azotobacter [49] and 
Piriformospora indica [13], increased the RWC and MSI levels. The 
findings of this research were consistent with other reports on the MSI, 
which suggest the role of A. jodhpurensis in enhancing membrane sta-
bility of the plant cells as a mechanism involved in defense against 
phytopathogens. 

In this study, application of A. jodhpurensis stimulated plant systemic 
resistance via increasing activity of antioxidative enzymes (such as POX, 
CAT, SOD and APX), total phenolics, lignification, RWC, MSI, and ROS 
accumulations also via reducing iron ions accumulations. Therefore, the 
beneficial root colonizing fungus could decrease progress of the disease 
caused by A. alternata on the aerial parts of tomato plants via inducing 
systemic resistance. Similar to our results, application of other beneficial 
fungi stimulated systemic resistance and reduced progress of the disease 
caused by Alternaria spp. in tomato plants, such as application of Peni-
cillium oxalicum spore suspension in pot soil, which increased POD, 

Fig. 6. Guaiacol peroxidase (GPX; A), catalase (CAT; B), superoxide dismutase (SOD; C) and ascorbate peroxidase (APX; D) activities in tomato seedlings with or 
without pre-inoculation by Acrophialophora jodhpurensis at various hours post inoculation (hpi) by Alternaria alternata. Error bars correspond to standard error (SE) 
of three experiments. Aa, inoculation with A. alternata; Aj + Aa, inoculation with A. jodhpurensis and then A. alternata with 50 days interval; Aj, inoculation with A. 
jodhpurensis; C, uninoculated control. 
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phenolics, alkaloids and terpenoids [50]. 

5. Conclusions 

In overall, the endophytic fungus A. jodhpurensis is capable of 
inducing tomato resistance against A. alternata by increasing activity of 
antioxidative enzymes (such as POX, CAT, SOD and APX), total phe-
nolics, lignification, RWC, MSI, ROS accumulations and also via 
reducing iron ions accumulations. Therefore, this beneficial fungus 

could be suggested as a powerful candidate for plant protection against 
A. alternata. Future researches seems to be necessary to investigate the 
effect of A. jodhpurensis not only on other Alternaria species pathogenic 
on tomato and other host plants, but also against other destructive 
phyopathogens with different types of life style. Information on the 
mechanisms involved in plant protection against various pathogens via 
application of beneficial microorganisms could be used for designing 
novel and effective disease management strategies, which are safe for 
the environment. 

Fig. 7. Total phenolics (A), lignin levels (B) and cell death (C) in tomato seedlings with or without pre-inoculation by Acrophialophora jodhpurensis at various hours 
post inoculation (hpi) by Alternaria alternata. Total phenolics were expressed as mg gallic acid g–1 of fresh weight (FW). Error bars correspond to standard error (SE) 
of three experiments. Aa, inoculation with A. alternata; Aj + Aa, inoculation with A. jodhpurensis and then A. alternata with 50 days interval; Aj, inoculation with 
A. jodhpurensis; C, uninoculated control. 

Fig. 8. Relative water content (RWC; A) and membrane stability index (MSI; B) in tomato seedlings with or without pre-inoculation by Acrophialophora jodhpurensis 
at 7 days after inoculating Alternaria alternata. Aa, inoculation with A. alternata; AaAj, inoculation with A. jodhpurensis and then A. alternata with 50 days interval; Aj, 
inoculation with A. jodhpurensis; C, uninoculated control. 
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