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A B S T R A C T   

Rhizoctonia root rot is an important bean disease that causes significant yield losses. Increasing the levels of plant 
resistance using biological and chemical inducers is a sustainable strategy for plant disease management. In this 
study, the efficiency of thiamine, riboflavin, pyridoxine, folic acid, menadione, quercetin, naringenin, humic 
acid, fulvic acid, boric acid, zinc sulfate, manganese sulfate, Piriformospora indica and binucleate Rhizoctonia 
were evaluated to improve bean resistance to root rot pathogen Rhizoctonia solani AG-4 HGII. Under laboratory 
conditions, effect of various biological agents and chemical compounds on mycelial growth of the pathogen was 
evaluated. Results showed that applying boric acid, zinc sulfate and manganese sulfate at 1000 and 2000 mg L− 1 

concentrations and menadione at 2000, 5000, 10000 and 20000 μM completely inhibited the pathogen growth 
and 10000 and 20000 μM concentrations of thiamine reduced linear growth of R. solani. Under greenhouse 
conditions, application of the inducers significantly reduced the disease progress on treated plants compared to 
the non-treated plants. The highest level of disease reduction was observed using zinc sulfate and thiamine 
applied at 3 days before the pathogen inoculation, and also by using P. indica 14 days before inoculation with the 
pathogen. Thiamine, zinc sulfate and P. indica significantly reduced the disease index and improved plant growth 
parameters compared to the controls. Induction of resistance against R. solani by individual and combined 
treatments using thiamine, zinc sulfate and P. indica was associated with increased activity of various antioxi-
dants and increased levels of membrane stability index (MSI), relative water content (RWC), lignin accumulation 
and total soluble phenolics in bean seedlings. Our findings revealed a practical possibility of inducing resistance 
and protection of bean plants against Rhizoctonia root rot with the help of biological and chemical resistance 
inducers.   

1. Introduction 

Common bean (Phaseolus vulgaris L.) is one of the most important 
leguminous crops and its production has a worldwide importance [1–3]. 
This plant species is a main source of protein, micronutrients, vitamins 
and dietary fibre [4,5]. Root and stem rot disease caused by Rhizoctonia 
solani is a major restriction affecting significant yield losses, which is 
reported in most bean growing regions, worldwide [6,7]. Initial symp-
toms appear as linear or circular reddish, sunken lesions with a brown to 
reddish-brown border on stems or roots [8,9]. 

Rhizoctonia solani (teleomorph: Thanatephorus cucumeris) is a soil-
borne fungal pathogen and it has a wide host range including monocot 
and dicot plants [9,10]. This fungal species is classified into 14 different 
anastomosis groups (AGs) based on mycelial compatibility between the 
isolates [11]. The AG-4 is a major AG infecting bean [7,12,13]. Control 

measures used are partially effective because R. solani is able to produce 
pseudosclerotia which can persist in soil for at least two years [14]. 
There are currently no bean varieties with a high level of resistance to 
R. solani [13] and the use of chemical control also leads to the increased 
costs, health hazards and environmental contamination [14]. Consid-
ering these limitations, using resistance inducers can be an alternative 
approach for controlling phytopathogens. A wide range of biological and 
chemical agents can induce resistance against pathogen infections in 
various plant species [15,16]. 

Many natural compounds have been demonstrated to be plant de-
fense inducers [17]. Induction of resistance via application of vitamins 
have been reported in some plants against different pathogens [17–19]. 
Thiamine (vitamin B1), riboflavin (vitamin B2), pyridoxine (vitamin 
B6), folic acid (vitamin B9) and menadione sodium bisulfite (MSB, 
vitamin K3) are capable of inducing resistance in plants such as 
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Arabidopsis, rice, cucumber, grapevine and tobacco plants [17,19–21]. 
Pearl millet seed treatments with pyridoxine, folic acid, riboflavin, 
niacin, D-biotin and MSB provided an efficient protection against downy 
mildew pathogen, Sclerospora graminicola, through induced resistance 
[22]. Riboflavin treatment enhanced resistance to Xanthomonas oryzae 
pv. oryzae in rice [23], Pyricularia oryzae in rice [24] and Botrytis cinerea 
in bean [25]. 

Humic substances such as humic acid (HA) and fulvic acid (FA) can 
be applied successfully in controlling plant diseases, such as Fusarium 
wilt caused by Fusarium oxysporum in soybean, tomato [26] and cu-
cumber plants [27]. It has been reported that exogenous application of 
FA restricted bean root rot disease caused by R. solani [28]. [29] found 
that foliar application of FA improved controlling powdery (Podosphaera 
fusca) and downy (Pseudoperonospora cubensis) mildews diseases on cu-
cumber. In potato, HA treatment induced resistance against early blight 
caused by Alternaria solani by increasing chitinase activity, in addition to 
increasing potato yield under field conditions [30]. Exogenous appli-
cation of HA offered resistance against root rot and Alternaria leaf spot 
on bean, also increased the crop yield under field conditions (Abd-El--
Kareem., 2007). 

Nutrients are important for plant growth and development and they 
can affect disease resistance or tolerance of plants to various pathogens 
[31,32]. Micronutrients such as, Boron (B), Zinc (Zn) and Manganese 
(Mn) are involved in plant physiology and biochemistry, so they can 
affect plant defense responses against pathogens [33]; Dordas., 2008; 
[32]. For example, there are evidences of reducing powdery mildew 
disease (Oidium eucalypti) in eucalyptus by zinc phosphite [34], tan spot 
disease (Drechslera tritici-repentis) in wheat by Mn, Zn and B [35] and 
common scab of potato, Fusarium spp. infections in cotton and Sclerotinia 
sclerotiorum in squash by Mn (Dordas., 2008) [32]. reported that treating 
wheat plants by B, Zn and Mn significantly reduced the incidence and 
severity of leaf rust disease caused by Puccinia triticina. Micronutrients, 
such as B, Zn and Mn decreased severity of rust caused by Hemileia 
vastatrix on coffee plants. The three micronutrients significantly affected 
concentration of total phenols and lignin [36]. Soil application of Mn 
can reduce severity of root-rot diseases caused by R. solani and 
R. bataticola in cowpea [37]. 

Flavonoids are an important group of secondary metabolites in 
plants. They play an important role in plant resistance against various 
biotic and abiotic stresses [38–40]. Flavonoids are involved in protect-
ing cereals against various stresses, such as host response against Fusaria 
[41]. A study indicated that flavonoids can affect resistance of barley 
against Fusarium species [42]. 

Use of beneficial microorganisms can be a suitable option for plant 
diseases management [14]. Some of endophytic fungi are effective in 
inducing resistance, which increases the plant’s ability to defend itself 
against attacking pathogens [43]. For example, root colonization by the 
endophytic basidiomycete fungus Piriformospora indica protects wheat 
plant against F. pseudograminearum by increasing stress-related enzymes 
(guaiacol peroxidase and catalase), H2O2 levels, callose deposition and 
membrane stability index (MSI) [16]. 

Expression rate of defense-related genes increased in barley plants 
inoculated with P. indica [44]. [45] reported that P. indica could be an 
effective inducer of resistance against Botrytis cinerea by enhancing the 
activity of enzymatic antioxidants, such as glutathione-S-transferase, 
glutathione reductases, catalase and superoxide dismutase in chickpea. 

The ability of nonpathogenic isolates of Rhizoctonia spp. to induce 
plant resistance against the diseases caused by R. solani has been 
demonstrated in different plants including tomato [46], pine [47], 
poinsettia [48], Chinese mustard [49]. [50] reported that treatment of 
cotton seedlings with nonpathogenic strains of binucleate Rhizoctonia 
spp. (np-BNR) significantly reduced progress of the diseases and the 
symptoms caused by R. solani and Alternaria macrospora. Inoculation of 
geranium with binucleate Rhizoctonia (BNR) caused suppression of 
Botrytis blight on geranium plants [51]. [52] reported that BNR can 
improve bean resistance to R. solani by priming antioxidant enzymes and 

reactive oxygen species (ROS). 
The overall objective of this study was to evaluate the induced 

resistance for protecting bean plants against R. solani AG-4 HGII. Spe-
cific objectives of this research were: (i) selection of appropriate in-
ducers by screening chemical compounds and biological agents for their 
effectiveness in inducing resistance against R. solani AG-4 HGII in bean 
seedlings, (ii) investigating efficiency of various time points of applying 
inducers in inducing resistance against R. solani AG-4 HGII and selecting 
the best time for application of the inducers, and (iii) evaluating the 
effect of inducers on the activity of enzymatic antioxidants, phenol and 
lignin contents, membrane stability index (MSI), relative water content 
(RWC) and growth parameters. 

2. Material and methods 

2. 1. Source of fungal isolates 

Fungal isolates, including R. solani AG-4 HGII, binucleate Rhizoctonia 
AG-Ba, and P. indica were previously isolated from bean plants in the 
north east region of Iran and deposited in the fungal culture collection of 
Department of Plant Protection, Ferdowsi University of Mashhad, Iran. 
The fungal isolates were grown on Potato Dextrose Agar (PDA) plates 
and incubated at 28 ◦C, until used. 

2.2. Effect of inducers on the mycelial growth of R. solani AG-4 HGII 

Possible inhibitory effect of chemical defense-inducers on the 
mycelial growth of R. solani AG-4 HGII was evaluated. Different con-
centrations of thiamine, riboflavin, pyridoxine, folic acid, menadione, 
quercetin and naringenin (10, 50, 100, 200, 500, 1000, 2000, 5000, 
10000, 20000 μM), HA, FA, boric acid (H3BO3), zinc sulfate 
(ZnSO4.7H2O) and manganese sulfate (MnSO4) (10, 100, 500, 1000, 
2000 mg L− 1) were added to the flasks containing sterilized PDA me-
dium. The PDA plates were inoculated with the pathogen using mycelial 
disks (5 mm diameter) obtained from 5 days old culture of R. solani AG-4 
HGII and incubated at 28 ◦C. Mycelial growth was determined by 
measuring colony diameters after 3 days (when the Control plates were 
completely covered with mycelia of the pathogen). The following 
equation was used for calculating of inhibition percentage of the fungal 
growth [53]:  

I = [(C – T)/ C)] × 100                                                                          

Where I = inhibition percentage, C = radial growth in the control, T =
radial growth in the treatment. 

Interaction of P. indica and/or BNR with R. solani AG-4 HGII was 
tested using dual culture on PDA medium. Mycelial discs of BNR and 
R. solani AG-4 HGII with 5 mm diameter (from 5 days old cultures) were 
placed at opposite sides of each plate. For P. indica, a mycelial disk of 
P. indica (5 mm diameter) was placed at one side of a PDA plate and 
incubated at 28 ◦C. After 4 days, a mycelial disk of R. solani AG-4 HGII 
(from 5 days old cultures) with the same size was placed at the opposite 
side of the plate. Inoculated plates were incubated at 28 ◦C. After 3 days, 
the plates were investigated macroscopically [16]. 

2.3. Preparation of inoculum 

For preparing P. indica inoculum, wheat grains were soaked in water 
for 12 h. Then, the seeds were autoclaved in three consecutive days at 
121 ◦C and 15 psi pressure for 15 min. The inoculum of P. indica was 
produced by inoculation and colonization of 200 g sterilized wheat 
grains in 500 ml flasks with five plugs (5 mm diameter) of 7 days old 
cultures of P. indica and incubated at 28 ◦C for two weeks [16]. 

The inocula of biocontrol and virulent isolates of Rhizoctonia were 
prepared using the method described by Ref. [54]. Wheat grains were 
sterilized similar to those described above. Then, three plugs (5 mm 
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diameter) of 3 days old cultures of BNR and/or R. solani AG-4 HG-II were 
transferred to the flasks containing sterilized wheat grains and incu-
bated at 28 ◦C for 15 days. 

2.4. Plant growth conditions 

Seed of bean (Phaseolus vulgaris) cultivar (cv.) Akhtar was obtained 
from the National Station of Bean Research in Khomein (Markazi 
province, Iran). Bean seeds were surface-sterilized for 1 min using so-
dium hypochlorite solution (1%), then rinsed 3 times with sterile 
distilled water. The seeds were germinated on wet sterilized filter papers 
in a Petri dish for 72 h at 28 ◦C in an incubator. In order to prepare the 
pots, a mixture of sand, soil and leaf mould (1:1:1) were sterilized in 
three successive days at 121 ◦C and 15 psi for 30 min. Then the germi-
nated seeds were sown in the pots (six bean seeds per pot). The pots 
maintained in greenhouse at 30 ± 4 ◦C; 16/8h light/dark photoperiod 
and 50% relative humidity. 

2.4.1. Colonization of bean roots by P. indica and BNR 
Evaluation of bean root colonization by P. indica was carried out at 0, 

7 and 14 days post inoculation (dpi). The roots were placed in 10% KOH 
solution for 15 min and washed in sterile water, followed by treatment 
with 1 N HCl. The samples were stained with cotton blue [55] and 
checked microscopically (Olympus BX51, Japan). Percentage of root 
colonization by P. indica chlamydospores was calculated according to 
the method described by Ref. [56] where % colonization = (number of 
colonized root pieces/total number of root pieces observed) × 100. 

To investigate bean root colonization by BNR, the whole root system 
was collected at 0, 1, 3 and 5 dpi. The root samples were washed under 
running tap water for 1 min. Washed roots were blotted dry and 1 g of 
root pieces per plant were dissected 1 cm long. Then the root pieces were 
divided and placed on the plates containing alkaline water agar with 
antibiotics (15 g of agar per liter of water; streptomycin sulfate, 0.15 mg 
ml− 1) [57]. The plates were incubated at 28 ◦C for 3–5 days. Root 
colonization was assayed by counting single propagules of BNR origi-
nating from root pieces using a dissecting microscope [48]. 

2.4.2. Effect of the inducers on disease index 
For the screening purpose, four experiments were conducted. (i) 

Roots of three-day-old bean seedlings were inoculated with 5 g of wheat 
seeds colonized with P. indica (the seeds were mixed with the surface 
layer of the soil in each pot without disturbing the seedling roots). At 7 
and 14 dpi with P. indica, the stem base of each seedling was inoculated 
with the wheat seeds colonized by R. solani AG-4 HGII. (ii) For the BNR 
inoculation, 0.3 g of wheat seeds colonized by the BNR were placed near 
the stem base of each 10 days old seedling and inoculation of the 
pathogen was performed at 0, 1, 3, and 5 days after the BNR inoculation. 
(iii) As control treatment, one set of seedlings were inoculated with 
sterile wheat seeds. (iv) Ten days old bean seedlings (four leaves stage) 
were sprayed with various concentrations of thiamine, riboflavin, pyr-
idoxine, folic acid (10, 50, 100, 200, 500, 1000, 2000 μM), menadione 
(10 μM), quercetin and naringenin (10, 50, 100, 200 μM), HA, FA (10, 
100, 500, 1000, 2000 mg L− 1), boric acid, zinc sulfate and manganese 
sulfate (10, 100, L− 1) (Sigma–Aldrich, Inc.). The inducers were applied 
with 0.05% (v/v) tween 20 as a surfactant to allow longer adhesion. At 
1, 3, 5 days after spraying, the seedlings were inoculated with R. solani 
AG-4 HGII. Sterile distilled water containing 0.05% (v/v) tween 20 was 
applied to the control plants. 

The stem base of each seedling was inoculated with 0.3 g wheat seeds 
colonized by R. solani AG-4 HGII and each pot was covered with a plastic 
bag to prepare high level of moisture. One week after the inoculation, 
disease evaluation was done and each plant was pulled out and washed. 
Effect of various chemical and biological treatments to induce resistance 
in order to select the most efficient inducers and the best time interval 
between treating bean seedlings with chemical and/or biological agents 
and the pathogen inoculation was determined by calculating the lesion 

length and disease progress as described by Ref. [54]. Disease progress 
was graded into five classes on the basis of necrotic lesion development 
(0 = no lesions on seedlings, 1 = lesions ≤2.5 cm long, 2 = lesions 
2.5–5.0 cm long, 3 = lesions ≥5.0 cm long, 4 = lesions girdling the 
seedling, and 5 = seedling is damped-off). The disease index was 
calculated as described by Ref. [58]. 

2.5. Effect of zinc sulfate and thiamine on the mycelial growth of P. indica 

Effect of 100 mg L− 1 zinc sulfate and 200 μM thiamine on the 
mycelial growth of P. indica was tested in vitro using potato dextrose 
agar (PDA) amended with thiamine and zinc sulfate. The PDA plates 
were incubated at 28 ◦C. Mycelial growth was determined by measuring 
colony diameters after 10 days (when the Control plates were 
completely covered with mycelia of the P. indica). Inhibition percentage 
of the fungal growth was performed similar to that previously described 
for the R. solani. 

2.6. Investigating effect of integrated treatments on root rot disease 

Effect of zinc sulfate (Zn), thiamine (T) and P. indica (Pi) (as the most 
effective inducers) individually or in combinations for controlling bean 
root rot disease was investigated. The treatments included: Zn, T, Pi, Zn 
+ T, Zn + Pi, T + Pi, Zn + T + Pi, R. solani AG-4 HGII and control. 

Inoculation of bean seedlings by the pathogen was carried out at 14 
days after infection with P. indica. The 100 mg L− 1 zinc sulfate and 200 
μM thiamine were used for spraying on 10 days old bean seedlings (four 
leaves stage) at 3 days before infection with R. solani AG-4 HGII. The 
lesion length and disease index were evaluated and for each seedling 7 
dpi with the pathogen. Following disease assessment, wet and dry 
weight of the roots and shoots, shoots and roots length and relative 
growth rate (RGR) were measured. 

2.7. Evaluation of relative growth rate (RGR) 

From each treatment, three plants were initially harvested at 0 dpi 
with the pathogen. The next harvest was done at 7 dpi with R. solani AG- 
4 HGII. The plant samples were dried in oven (68 ◦C) and dry wights 
were recorded. The relative growth rate (RGR) was calculated by using 
the following formula as described by Ref. [59]:  

RGR = ln W2- ln W1/ t2 -t1                                                                     

Where W2– W1 represents the difference between the sample weights at 
the first and second harvests and t2 -t1 is the time interval in days be-
tween those harvests. 

2.8. Estimation of relative water content (RWC) 

Relative water content was determined at 7 dpi by the pathogen for 
different treatments. The first leaves from each plant were collected, 
then three leaf discs (10 mm diameter) were punched using a cork borer. 
Fresh weight (FW) of the discs was measured, then the leaf discs were 
immersed in distilled water for 24 h at room temperature. The turgid 
weight (TW) of the discs was recorded. In the next step, leaf discs were 
oven-dried at 80 ◦C for 48 h and weighed (DW). The RWC was deter-
mined according to the equation as below [60]:  

RWC = (FW − DW) / (TW − DW) × 100                                                

2.9. Determination of membrane stability index (MSI) 

The method of [61] was used for determination of membrane sta-
bility index. Crowns of bean plants (for different treatments) at 7 dpi 
with R. solani AG-4 HGII were placed in 25 mL deionized water at room 
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temperature for 24 h. The electrical conductivity of the solution (EC1) 
was measured using hand-held conductivity meter (JENWAY, USA). 
Next, the solution was transferred to autoclave with 121 ◦C for 20 min 
and after cooling to room temperature, the electrolyte conductivity 
(EC2) was determined. The percentage of MSI was calculated using the 
following formula:  

MSI = [1-(EC1/EC2)] × 100                                                                   

2.10. Protein extraction and activity assay of antioxidant enzymes 

Total protein was determined at 0, 6, 12, 24, 48 and 72 hpi with 
R. solani AG-4 HGII for different treatments. The first leaves of bean 
plants (300 mg) were ground in liquid nitrogen 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 and the supernatant was 
used for the enzyme assays [62]. The protein content in the extract was 
estimated using bovine serum albumin as a standard [63]. 

The enzyme activity of catalase (CAT) was calculated spectropho-
tometrically (Biowave II vrw company USA) by measuring H2O2 con-
sumption at 240 nm for 3 min [64]. The reaction mixture (1.51 mL) 
contained potassium phosphate buffer (100 mM, pH 6.8), H2O2 (70 mM) 
and enzyme extract (10 μL). 

Superoxide dismutase (SOD) activity was determined by measuring 
the reduction of nitrotetrazolium blue chloride (NBT) at 560 nm [65]. 
The reaction mixture (3 mL) contained potassium phosphate buffer (50 
mM, pH 7.8), methionine (13 mM), riboflavin (2 μM), EDTA (0.1 mM), 
NBT (75 μM) and enzyme extract (100 μL). Final volume of reaction 
mixture was made equal by adding distilled water. 

The activity of Guaiacol peroxidase (GPX) was assayed by absorption 
changes at 470 nm for 3 min [66]. The reaction mixture (1.18 mL) 
included potassium phosphate buffer (100 mM, pH 6.8), guaiacol (10 
mM), H2O2 (70 mM), enzyme extract (10 μL). 

Ascorbate peroxidase (APX) activity was determined by measuring 
ascorbate consumption by absorbance at 290 nm for 3 min [67]. The 
reaction mixture (1 mL) included potassium phosphate buffer (50 mM, 
pH 7.0), ascorbate (0.5 mM), H2O2 (0.1 mM), EDTA (0.1 mM) and 
enzyme extract (100 μL). 

The GPX, APX and CAT activity were expressed as μmol min− 1 mg − 1 

protein and the SOD activity was expressed as U SOD mg − 1 protein. 

2.11. Assessment of lignin and total soluble phenols 

The first leaves of bean plants (200 mg) with different treatments 
were sampled at different time points and homogenized in 3.2 ml of 80% 
methanol. Subsequently, the mixture was centrifuged at 10000 g at 
room temperature for 5 min and supernatant was collected and used as 
phenol source. Total phenol estimation was carried out using Foline 
Ciocalteu reagent according to the method described by Ref. [68]. Gallic 
acid acted as a standard solution with the series of concentrations 
similar to soluble phenol. The results of the analysis were expressed in 
mg gallic acid equivalent per mg sample. 

The evaluation of lignin content for each treatment was carried out at 
various time points. Lignin was extracted following the protocol of [69] 
using thioglycolic acid (TGA). Changes in lignin content was measured 
spectrophotometrically (Biowave II vrw company, USA) at 280 nm. 

2.12. Statistical analysis 

All experiments were performed three times independently and three 
replicates were used for each treatment in a experiment. The statistical 
analyses were carried out by Excel and Minitab (version 18). Data were 
analyzed using analysis of variance (ANOVA) and means were compared 
using the Fisher’s least significant difference (LSD) test (P < 0.05). 

3. Results 

3.1. Effect of inducers on mycelial growth of the pathogen 

The results presented in Table 1 showed that increasing menadione, 
boric acid, zinc sulfate and manganese sulfate concentrations led to 
significant decrease in the mycelial growth of R. solani AG-4 HGII 
compared to the control treatment. Boric acid, zinc sulfate and manga-
nese sulfate at concentrations of 1000 and 2000 mg L− 1 and menadione 
at concentrations of 2000, 5000, 10000 and 20000 μM completely 
inhibited the growth of R. solani AG-4 HGII. Mycelial growth of the 
pathogen was not affected by thiamine up to 5000 μM in PDA medium. 
Whereas, at 10000 and 20000 μM concentrations of thiamine reduction 
in the mycelial growth was observed by 11.1 and 14.4%, respectively. 
The inhibitory effect on the mycelial growth was gradually increased by 
increasing Menadione concentration, being 6.6, 12.7, 33.3, 56.6, 68.8 
and 100% at 50, 100, 200, 500, 1000 and 2000 μM, respectively. Boric 
acid, zinc sulfate and manganese sulfate at concentration of 500 mg L− 1 

had inhibitory effect on the mycelial growth of R. solani AG-4 HGII and 
reduced 61.6, 90 and 66.6% of mycelial growth, respectively. All the 
tested concentrations of pyridoxine, riboflavin, folic acid, quercetin, 
naringenin, fulvic acid and humic acid had no inhibitory effect on linear 
growth of R. solani AG-4 HGII. Mycelial growth of the pathogen was not 
affected by both BNR and P. indica (Fig. 1). 

3.2. Colonization of bean roots by the beneficial fungi 

Successful root colonization of bean seedlings with P. indica was 
observed by microscopic examination. Fungal colonization was distin-
guished by intracellular pear-shaped chlamydospores (Fig. 2A). Micro-
scopic investigations showed that root colonization by P. indica in 0, 7 
and 14 dpi was 0, 8.33 and 42.85%, respectively. Assessment of bean 
root colonization by the BNR at 0, 1, 3 and 5 dpi revealed the range of 
0–42 propagules of BNR in the investigated roots. Root colonization was 
detected at 1 and 3 dpi with 6 and 27 propagules g− 1 root, respectively. 
The BNR population in bean root system increased to 42 propagules g− 1 

root at 5 dpi (Fig. 2D). 

Table 1 
Effective compounds in reducing mycelial growth of Rhizoctonia solani AG-4 
HGII, 3 days after incubation.  

Treatment Concentration Inhibition (%) 

Thiamine 10000 μM 11.1 ± 1.49 c 
Thiamine 20000 μM 14.4 ± 3.15 d 
Menadione 50 μM 6.6 ± 3.92 b 
Menadione 100 μM 12.7 ± 2.04 cd 
Menadione 200 μM 33.3 ± 4.9 e 
Menadione 500 μM 56.6 ± 0.98 f 
Menadione 1000 μM 68.8 ± 3.96 h 
Menadione 2000 μM 100 j 
Menadione 5000 μM 100 j 
Menadione 10000 μM 100 j 
Menadione 20000 μM 100 j 
Boric acid 500 mg L− 1 61.6 ± 1.96g 
Boric acid 1000 mg L− 1l 100 j 
Boric acid 2000 mg L− 1 100 j 
Zinc sulfate 500 mg L− 1 90 ± 0.98 i 
Zinc sulfate 1000 mg L− 1 100 j 
Zinc sulfate 2000 mg L− 1 100 j 
Manganese sulfate 500 mg L− 1 66.6 ± 0.98h 
Manganese sulfate 1000 mg L− 1 100 j 
Manganese sulfate 2000 mg L− 1 100 j 

Results are mean ± SD of three separate experiments done in triplicate (n = 9). 
Different letters within the column indicate significant differences according to 
Fisher’s LSD analysis (P < 0.05). 
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3.3. Selection of the most effective inducers 

Results of the greenhouse experiments revealed that disease progress 
in bean seedlings treated with thiamine, riboflavin, boric acid, manga-
nese sulfate, zinc sulfate and the plants inoculated by P. indica strongly 
(P < 0.05) reduced compared to the control plants. 

The best results of protecting bean seedlings against R. solani AG-4 
HGII were obtained by foliar application of 200 μM thiamine and 100 
mg L− 1 zinc sulfate at 3 days before inoculation with R. solani AG-4 HGII 
and P. indica 14 days before inoculation with the pathogen, which 
reduced the disease 75, 62.5 and 66.7%, respectively (Tables 2 and 3). 

3.4. Effect of zinc sulfate and thiamine on the mycelial growth of P. indica 

Investigating the effect of zinc sulfate and thiamine on the mycelial 
growth of P. indica revealed that mycelial growth of the fungus was not 
affected by 100 mg L− 1 zinc sulfate. Whereas, thiamine at 200 μM 
concentration showed a significant (77%) decrease in the mycelial 
growth (Fig. 3). 

3.5. Investigating effect of integrated treatments on the disease using the 
most effective inducers 

Effects of individual and combined treatments using the most 
effective inducers, including P. indica, 100 mg L− 1 zinc sulfate and 200 

Fig. 1. Interaction of Rhizoctonia solani AG-4 HGII with Piriformospora indica (A) and binucleate Rhizoctonia (BNR) AG-Ba on potato dextrose agar plates (B).  

Fig. 2. Microscopic view of Piriformospora indica chlamydospores (A) and binucleate Rhizoctonia AG-Ba hyphae in bean roots (B) and linear regression analysis of 
colonization percentage of bean roots by Piriformospora indica 0, 7and 14 days (C) and linear regression analysis of colonization dynamics of binucleate Rhizoctonia 
(AG-Ba) at 0, 1, 3 and 5 days (D) post inoculation (dpi). 
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μM thiamine on the disease development were investigated. Results 
reveal that all treatments significantly reduced the disease index (DI; 
Fig. 4). The greatest reduction in disease progress was observed in the T 
treatment, which reduced the DI to 10, compared to the control plants 
only inoculated by the pathogen (with the DI of 60). The Zn + T + Pi and 
T + Pi treatments decreased the DI to 20. The Pi, Zn and Zn + Pi 
treatments showed moderate effect, with the DI of 30. The least reduc-
tion was obtained by Zn + T which showed the DI of 40. 

3.6. Estimation of relative water content (RWC), membrane stability 
index (MSI) and growth parameters 

Different treatments, including P. indica, 100 mg L− 1 zinc sulfate and 
200 μM thiamine, were applied individually and in combination to 
examine their effect on RGR, RWC, MSI and seedling growth parameters 

of the bean plants. 
The effect of various treatments, inducing Pi, zinc sulfate and thia-

mine was different on the RGR. This data indicated that plants treated 
with Zn + T + Pi had the highest RGR (73.76 mg g− 1 day− 1) and plants 
only inoculated with R. solani AG-4 HGII had the lowest in relative 
growth rate (28.71 mg g− 1 day− 1) (Fig. 5A). 

The results showed that all treatments had significant effect on RWC 
of bean plants compared to the seedlings only inoculated with R. solani 
AG-4 HGII and uninoculated controls. Within the treatments, the 
treatment of Zn + T + Pi had the highest increase in RWC (84.34%) 
(Fig. 5B). The control plants only inoculated with R. solani AG-4 HGII 
had the lowest RWC (52.54%). In addition, the highest level of MSI was 
obtained in plants treated with thiamine (18.58%). However, the lowest 
MSI was observed in the plants only inoculated with R. solani AG-4 HGII 
(3.27%) (Fig. 5C). 

Investigating the effects of different treatments of P. indica, zinc 
sulfate and thiamine on growth parameters, including wet and dry 
weights of stems and roots, stem and root length of bean seedlings 
indicated that the treatments significantly increased growth parameters 
of bean seedlings compared to the seedlings only inoculated with the 
pathogen. Among these treatments, Zn + T + Pi was the superior in 
increasing the growth parameters (Fig. 6). 

3.7. Assay of antioxidant enzymes 

Effects of various treatments on the activity of antioxidant enzymes, 
including CAT, SOD, GPX and APX were studied in bean seedlings at 0, 
6, 12, 24, 48 and 72 hpi (Fig. 7). For GPX activity, in treatment of Zn + T, 
an increasing trend was recorded until 24 hpi, then decreased until 72 
hpi. In the treatment of Pi, an increasing trend of the GPX activity was 
recorded until 24 hpi, but it decreased until 48 hpi and afterwards 
increased until 72 hpi. The GPX activity in the treatment of T + Pi and 
seedlings only inoculated with the pathogen increased until 48 hpi, then 
decreased until 72 hpi. In the treatment of Zn + Pi, an increasing trend of 
GPX activity from 0 to 12 hpi followed by a stationary state until 48 hpi 
and then a decreasing trend until 72 hpi were observed. In the seedlings 
treated with Zn + T + Pi, increase of the GPX activity from 0 to 12 hpi 
was recorded but it decreased until 24 hpi and then increasing trend 
until 48 hpi followed by a decreasing trend until 72 hpi were recorded. 
In control samples stationary state at all time points tested was observed. 
Maximum activity of the GPX was detected in the treatment of Zn + T +
Pi at 12 hpi and minimum activity of this enzyme was observed in the 
control plants. 

For the APX activity, the treatment of T showed a decrease in the 
activity of this antioxidant from 0 to 6 hpi, then displayed an increasing 
trend until 48 hpi followed by a decreasing trend until 72 hpi. In the Zn 
treatment, the activity of APX had an increasing trend from 0 to 24 hpi, 
followed by a decreasing trend until 48 hpi, then displayed an incre-
mental step until 72 hpi. The APX activity in Pi, Zn + Pi, Zn + T and Zn 
+ T + Pi treatments had a stationary trend from 0 to 12 hpi and 
significantly increased until 24 hpi. Then in Zn + T, Zn + Pi and Zn + T 

Table 2 
The best concentration of each compound in reducing disease index on bean 
plants pre-treated with various compounds. Disease was evaluated at 7 days 
after inoculating the treated bean plants with Rhizoctonia solani AG-4 HGII. The 
time intervals of 1, 3 and 5 days between each treatment and the pathogen 
inoculation were used in this assay.  

Treatment Disease index (different time intervals 
between treatment and the pathogen 
inoculation) 

Disease reduction (%) 

day 5 day 3 day 1 day 
5 

day 
3 

day 
1 

Pyridoxine 
(2000 μM) 

33.3 ±
0.33cde 

33.3 ±
0.33bcd 

26.7 ±
0.33def 

37.5 37.5 55.5 

Riboflavin (500 
μM) 

40bcd 26.7 ±
0.33def 

33.3 ±
0.33cde 

25 50 44.4 

Folic acid (2000 
μM) 

33.3 ±
0.33cde 

26.7 ±
0.33def 

26.7 ±
0.33def 

37.5 50 55.5 

Thiamine (200 
μM) 

40bcd 13.3 ±
0.33 fg 

40bcd 25 75 33.3 

Quercetin (2000 
μM) 

46.7 ±
0.33abc 

26.7 ±
0.33def 

26.7 ±
0.33def 

12.5 50 55.5 

Naringenin (500 
μM) 

40 ±
0.58bcd 

26.7 ±
0.33def 

33.3 ±
0.33cde 

25 50 44.4 

Humic acid 
(2000 mg L− 1) 

26.67 ±
0.33def 

33.3 ±
0.33cde 

53.3 ±
0.33 ab 

50 37.5 11.1 

Fulvic acid 
(2000 mg L− 1) 

26.67 ±
0.33def 

40bcd 46.7 ±
0.33abc 

50 25 22.2 

Boric acid (10 
mg L− 1) 

46.7 ±
0.33abc 

26.7 ±
0.33cde 

40bcd 12.5 25 33.3 

Zinc sulfate 
(100 mg L− 1) 

40bcd 20ef 40 ±
0.58bcd 

25 62.5 33.3 

Manganese 
sulfate (100 
mg L− 1) 

46.7 ±
0.33abc 

26.7 ±
0.33def 

33.3 ±
0.33cde 

12.5 50 44.4 

Control 
pathogen 

53.3 ±
0.33 ab 

53.3 ±
0.33 ab 

60a 0 0 0 

Control water 0g 0g 0g – – – 

Results are mean ± SD of three separate experiments done in triplicate (n = 9). 
Different letters within the column indicate significant differences according to 
Fisher’s LSD analysis (P < 0.05). 

Table 3 
Disease index on bean plants inoculated with the binucleate Rhizoctonia sp. AG-Ba (BNR) and Piriformospora indica at different days before inoculation with Rhizoctonia 
solani AG-4 HGII, which are indicated in the table. Disease evaluation was performed at 7 days after inoculation with the pathogen.  

Biological agents Disease index Disease reduction (%) 

Day0 Day1 Day3 Day5 Day0 Day1 Day3 Day5 

BNR 33.3 ± 0.33ac 46.7 ± 0.33 ab 40 bc 60a 16.7 12.5 14.3 0 
control 40 c 53.3 ± 0.33 ab 46.7 ± 0.33abc 60a 0 0 0 0           

Day0 Day7 Day14  Day0 Day7 Day14  
P. indica 46.7 ± 0.33 ab 40b 20c  0 14.3 66.7  
control 46.7 ± 0.33 ab 46.7 ± 0.33 ab 60a  0 0 0  

Results are mean ± SD of three separate experiments done in triplicate (n = 9). Different letters indicate significant differences according to Fisher’s LSD analysis (P <
0.05). 
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+ Pi treatments decreased until 72 hpi, but it in Pi treatment displayed a 
decreasing trend to 48 hpi followed by a stationary state until 72 hpi. In 
the T + Pi treatment, the APX activity showed a stationary state from 
0 to 12 hpi, then revealed an increasing trend until 48 hpi followed by 
decreasing trend until 72 hpi. In seedlings only inoculated with the 
pathogen an increasing trend of the APX activity was observed at all 
time points. In control samples stationary state was observed at all time 
points studied. Maximum activity of the APX was detected in the 
treatment of Zn + Pi at 24 hpi and minimum activity of this enzyme was 
observed in control treatment. 

For the CAT activity, in Zn, Pi, Zn + T and Zn + T + Pi treatments and 
bean seedlings only inoculated with the pathogen revealed an increasing 
trend from 0 to 24 hpi followed by a decreasing trend until 72 hpi. In the 
treatment of T, activity of the CAT increased from 0 to 24 hpi, but it 
decreased until 48 hpi and exhibited a stationary status until 72 hpi. The 
CAT enzyme in T + Pi treatment recorded an increased activity of 0–12 
hpi, then displayed a decreased activity until 24 hpi which followed by 
stationary state until 72 hpi. In Zn + Pi treatment, the CAT activity 
increased from 0 to 6 hpi, then decreased until 72 hpi. In control plants 
stationary state was observed at all time points tested. The highest level 
of CAT activity was observed in the Zn + Pi treatment and lowest level of 
this enzyme activity was recorded for the control treatment. 

For the SOD activity, all treatments showed a sudden increase in the 
enzyme activity at the initial time and reached the maximum level at 6 
hpi, but the level showed a gradual decrease until 24 hpi. Reduction of 
SOD activity in the plants treated with zinc sulfate continued until 72 
hpi. In Pi treatment and in the bean seedlings only inoculated with the 
pathogen, the level of SOD activity went up again until 72 hpi. The 

activity of SOD in T, Zn + T, T + Pi and Zn + Pi treatments increased 
until 48 hpi and afterwards dropped until 72 hpi. The level of SOD ac-
tivity in Zn + T + Pi treatment indicated a stationary trend until 72 hpi. 
In the control plants, SOD activity increased until 12 hpi and afterwards 
had a stationary trend until 48 hpi, but it reduced until 72 hpi. Maximum 
activity of the SOD was observed in the treatment of T + Pi at 6 hpi and 
minimum activity of this enzyme was observed in the control plants. 

3.8. Assessment of lignin and total soluble phenolics 

To examine the effect of P. indica, thiamine and zinc sulfate in 
inducing bean defense responses, changes of lignin and total soluble 
phenolics were analyzed. As shown in Fig. 8A, total soluble phenolics in 
T-treated seedlings continuously increased until 24 hpi, then showed a 
stationary trend until 48 hpi but it increased until 72 hpi. In Zn, Zn + Pi 
and Zn + T + Pi treatments, the phenolic contents had an increasing 
trend until 24 hpi, but it suddenly decreased until 48 hpi and afterwards 
rapidly increased until 72 hpi. Total phenolics in Pi and Zn + T treat-
ments decreased in the initial time of treatment at 6 hpi, then continu-
ously increased and reached the maximum level at 24 hpi and 
afterwards in Zn + T treatment significantly reduceed until 72 hpi, but in 
Pi treatment the level of phenolics suddenly decreased until 48 hpi, then 
quickly increased until 72 hpi. In T + Pi treatment and bean seedlings 
only inoculated with the pathogen, the phenolic contents increased 
steadily until 12 hpi, but it decreased suddenly until 24 hpi and then 
increased until 72 hpi. The content of total phenolics exhibited a sta-
tionary level in the control plants. Plants treated with Pi displayed the 
highest level of phenolic content at 24 hpi, while control plants showed 

Fig. 3. Effect of 200 μM thiamine (A) and 100 mg L− 1 zinc sulfate (B) on the mycelial growth of Piriformospora indica, 10 days after incubation. C: control.  

F. Kheyri and P. Taheri                                                                                                                                                                                                                       



Physiological and Molecular Plant Pathology 116 (2021) 101718

8

Fig. 4. Effect of different treatments, including Piriformospora indica, zinc sulfate and thiamine, on progress of the disease on the bean plants (A) and the disease 
symptoms on the plant tissues with various treatments on the plants (B) at 7 days post inoculation with Rhizoctonia solani AG-4 HGII. The time interval between plant 
treatment with P. indica and R. solani inoculation was 14 days, and for treatment with chemical inducers was 3 days. Different letters on the bars indicate significant 
differences according to Fisher’s LSD analysis (P < 0.05). The bars indicate standard errors (SE). R: R. solani AG-4 HGII, T: thiamine, Pi: P. indica, Zn: zinc sulfate, 
C: Control. 
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the lowest phenolic content (Fig. 8A). 
Individually and in combination, all three inducers increased the 

accumulation of lignin in the bean seedlings, compared with untreated 
plants (control) (Fig. 8B). In T, Zn + T, Pi, Zn + Pi, Zn + T + Pi treat-
ments, accumulation of lignin showed an increasing trend from 0 to 24 
hpi, but it suddenly reduced until 48 hpi and then remarkably increased 
until 72 hpi. Lignin accumulation in the seedlings treated with zinc 
sulfate showed a stationary state from 0 to 6 hpi but it displayed an 

increasing trend until 12 hpi followed by continuously decreased rate. In 
T + Pi treatment, an increasing trend of the accumulation of lignin from 
0 to 6 hpi followed by a decreasing trend until 12 hpi was observed and 
then increased until 72 hpi. Lignin accumulation continuously increased 
until 24 hpi and then reduced until 72 hpi in the bean plants only 
inoculated with the pathogen but in the control plants showed a sta-
tionary status. The plants treated with T showed the highest accumu-
lation of lignin, whereas control plants exhibited the lowest level of 
lignin accumulation (Fig. 8B). 

4. Discussion 

Plants live in complex environments, in which they are subjected to a 
broad range of biotic and abiotic stresses. Different plants species pro-
tect themselves against stresses by various defense strategies. Inducers 
stimulate the plant’s defense system, which can accelerate and intensify 
defense reactions to subsequent stresses [70]. In the present study, ef-
fects of various chemical and biological defense activators was evalu-
ated on reducing disease symptoms caused by R. solani AG-4 HGII on 
bean plant and activation resistance components. 

We have demonstrated that riboflavin, humic acid and fulvic acid did 
not directly suppress mycelial growth of the pathogen. Other studies 
showed no inhibitory effect of riboflavin on Plasmopara viticola [71,72] 
and Fusarium oxysporum f. sp. ciceri [73], humic acid on Alternaria solani 
[30,74], R. solani, F. solani and A. alternata [75]. [76] described that 
fulvic acid did not restrict the mycelial growth of Botrytis cinerea. 
However, antifungal activity of fulvic acid on R. solani and F. oxysporum 
f. sp. cucumerinum was reported by Refs. [27,28]. Pyridoxine, folic acid, 
quercetin and naringenin did not alter mycelial growth of the pathogen. 
Thiamine had low effect in reducing radial growth of the pathogen at the 
highest concentration tested (2000 μM). There are many reports on the 
antifungal activity of thiamine in vitro on many fungi [19,77–79]. Also, 
menadione significantly reduced radial growth of the pathogen. Previ-
ous studies indicated that menadione significantly inhibited the radial 
growth of B. cinerea [19,80]. Boric acid, zinc sulfate and manganese 
sulfate strongly restricted growth of the pathogen that the inhibitory 
effect was gradually increased by increasing the concentration. 

In dual culture on PDA plate any direct antagonistic effect of P. 
indica on the pathogen was not observed and there was no zone of in-
hibition at the contact point of the fungal colonies. Similar studies 
showed that P. indica did not have any direct antagonistic effect on 
Phytophthora cinnamomi and P. plurivora [81], F. pseudograminearum 
[16] and R. solani AG1- IA [82]. Dual culture tests of BNR and R. solani 
AG-4 HGII showed no capability of either fungus to inhibit the other and 
no direct antagonistic activities. Similar finding was observed by 
Ref. [83]. Contrary to this [84], found inhibitory effect of BNR AG-A on 
R. solani AG-4. 

In this study, inducers were used on bean plants that did not have a 
negative effect on mycelial growth of the pathogen in vitro. Among all 
the inducers tested under greenhouse conditions, 200 μM thiamine, 100 
mg L− 1 zinc sulfate at 3 days before inoculation with R. solani AG-4 HGII 
and P. indica 14 days before inoculation with the pathogen showed the 
best results in reducing the disease progress (Tables 2 and 3). To the best 
of our knowledge, this is the first report on investigating the effect of this 
P. indica in this pathosystem. In some plants like barley, chickpea, 
Arabidopsis, P. indica caused reduction in level of different diseases, 
such as powdery mildew [85], grey mould [45], and Verticillium wilt 
[86], respectively [87]. reported that pre-colonization of tomato roots 
by P. indica 21 days before inoculation with fungal pathogen systemi-
cally induced resistance against Alternaria solani. Also, pre-inoculation 
of wheat by this endophyte 14 days before inoculation with 
F. pseudograminearum activated systemic resistance against crown rot 
disease [16]. 

Many studies have evaluated effect of thiamine on inducing systemic 
resistance, to different pathogenic fungi. For example, there is evidence 
of increasing resistance of Arabidopsis to Sclerotinia sclerotiorum [88], 

Fig. 5. Effect of treatments of Piriformospora indica, zinc sulfate and thiamine, 
on relative growth rate (RGR) (A), relative water content (RWC) (B) and 
membrane stability index (MSI) (C) in bean plants at 7 days post inoculation 
with Rhizoctonia solani AG-4 HGII. The time interval between plant treatment 
with P. indica and R. solani inoculation was 14 days, and for treatment with 
chemical inducers was 3 days. Different letters on the bars indicate significant 
differences according to Fisher’s LSD analysis (P < 0.05). The bars indicate 
standard errors (SE). R: R. solani AG-4 HGII, T: thiamine, Pi: P. indica, Zn: zinc 
sulfate, C: Control. 
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rice to Magnaporthe grisea [89] and grapevine to Plasmopara viticola [78] 
via application of thiamine at 4 h and 1day prior to these fungal path-
ogens, respectively [26]. found a significant reduction in damping-off, 
root rot and/or charcoal rot caused by Macrophomina phaseolina when 
the soybean seedlings were treated with thiamine 3 days before the 
pathogen inoculation [32]. demonstrated that spraying wheat plants 
with 4 gL-1 zinc 72 h before infection with P. triticina caused high 
reduction in rust disease incidence and severity. 

In our plate experiments, where the effect of zinc sulfate and thia-
mine on the mycelial growth of P. indica was investigated, zinc had no 
inhibitory effect on the mycelial growth of P. indica, but thiamine sig-
nificantly reduced the growth of mycelium of the fungus (Fig. 3). To the 
best of our knowledge, this is the first report about the effect of zinc 
sulfate and thiamine on the mycelial growth of P. indica. 

To our knowledge, the effect of combined treatment with P. indica, 
zinc and thiamine in inducing plant resistance has not been studied in 
any pathosystem. In this work, effects of simultaneously application of 

P. indica, zinc and thiamine on bean plants against R. solani AG-4 HGII in 
greenhouse were investigated. Our results demonstrated that all treat-
ments decreased disease progress and increased bean growth parameters 
compared to the plants only inoculated with the pathogen (Figs. 4 and 
6). Similar to these results, a wide range of plants inoculated with 
P. indica showed significant increase in growth parameters [44,90,91]. 
Several reports demonstrated that exogenous application of thiamine 
significantly increased the growth characteristics of soybean [26], saf-
flower [77] and basil [92] plants. In the studies carried out by Refs. [93, 
94]; application of zinc increased growth parameters of potato and 
clusterbean plants. Also, application of zinc as a foliar spray improved 
wheat growth parameters [32]. 

MSI and RWC are physical parameters related to the plant defense in 
abiotic and biotic stress conditions [16]. Our results indicated that the 
RWC and MSI levels increased in bean plants with various treatments of 
thiamine, zinc sulfate and P. indica compared to the plants only inocu-
lated with the pathogen and untreated controls (Fig. 5). Similar results 

Fig. 6. Effect of various treatments of Piriformospora indica, zinc sulfate and thiamine, on bean seedlings growth parameters including, stem length (A), stem wet 
weight (B), stem dry weight (C), root length (D), root wet weight (E), root dry weight (F) which were investigated at 7 days post inoculation with Rhizoctonia solani 
AG-4 HGII. The time interval between plant treatment with P. indica and R. solani inoculation was 14 days, and for treatment with chemical inducers was 3 days. 
Different letters on the bars indicate significant differences according to Fisher’s LSD analysis (P < 0.05). The bars indicate standard errors (SE). R: R. solani AG-4 
HGII, T: thiamine, Pi: P.indica, Zn: zinc sulfate, C: Control. 
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revealed the positive effect of P. indica in enhancing RWC and MSI levels 
in wheat plants [16,95]. [96] found an increase in the RWC and MSI 
levels of maize plants when inoculated with mycorrhizal biofertilizers 
(Glomus intraradices). The mycorrhizal biofertilizers increased nutrient 
uptake, extension of the root systems and water status of the hosts, 
which would probably increase the RWC and MSI [96]. [97] reported 
that root or shoot application of thiamine enhanced the RWC levels in 
sunflower [98]. demonstrated similar results in thiamine - Pisum sativum 
interaction. Reports have indicated that zinc has the capacity to increase 
leaf relative water content in soybean plants via osmotically active 
solutes accumulation in roots under unfavorable stress conditions [99]. 
[100] observed that zinc application increased RWC and MSI in the 
pistachio seedlings under NaCl stress condition. Other researchers 
demonstrated that Zn improved RWC and MSI in many plants during 
salinity [101,102] and drought [103] stress conditions, which are 
similar to our findings in bean plants under biotic stress. 

In the present study, zinc sulfate, thiamine and P. indica increased the 
CAT, APX and GPX activity in bean plants compared to the controls and 
plants only inoculated with the pathogen (Fig. 7). The data were 
consistent with an earlier report by Ref. [79] suggesting that application 
of thiamine increased activities of CAT and APX in muskmelon fruit 
[104]. found that application of zinc increased CAT activity in pepper 
seedlings under cadmium (Cd) stress. Study on bean plants also showed 
that application of zinc increased activity of APX and POD during Cd 
stress [105]. [106] found an increase in CAT and POD activities when 
Anthurium plants colonized with P. indica [107]. reported that P. indica 
is able to increase antioxidant enzymes such as APX, CAT, dehy-
droascorbate reductase (DHAR) and glutathione reductase (GR) in 
colonized barley plants under salt stress. Induction of the enzymatic 
antioxidants is important for protecting plant cells against oxidative 
damage by scavenging ROS [108]. The SOD is in the first line of defense 
that converts superoxide radical to hydrogen peroxide (H2O2). 

Phenolics are plant secondary metabolites that play a key role in 
defense. Lignin is a phenolic complex polymer, which is known as one of 
the most important defense-related metabolites produced in plants 
[109]. Lignin deposition can be actively involved in response of plants to 
various biotic and abiotic stresses [110]. Recent studies demonstrated 
that overexpression of SOD and APX genes improved the tolerance of 
Arabidopsis by increasing the lignin deposition via maintaining the level 
of H2O2 [111]. Similarly, our results revealed that the increase in APX 
and SOD activity was accompanied by an increase in the accumulation 
of lignin in various treatments of zinc, thiamine and P. indica [26]. 
outlined the effective role of thiamine in increasing lignin accumulation 
when soybean seedlings were sprayed with this vitamin and inoculated 
with Macrophomina phaseolina. Also [79], found an increasing trend in 
the lignin content against Trichothecium roseum and Alternaria alternata 
when muskmelon fruits were treated with thiamine [56]. observed that 
soybean root colonization with P. indica significantly enhanced upre-
gulation of the genes involved in lignin biosynthesis. 

Micronutrients contribute to plant health and reduce the damage 
caused by pathogens. The effect of micronutrients on protecting plants 
against diseases can result from various direct mechanisms against 
pathogens such as antagonism or indirectly by strengthening the plant’s 
physiological defense mechanisms including induction of systemic 
resistance [112]. For example, phenolics and lignin are defense prod-
ucts, which require boron (B), zinc (Zn), manganese (Mn) and other 
essential minerals for the function of enzymes involved in their 
biosynthesis [36,112]. Our data showed that foliar applications of zinc 
sulfate improved lignin content in bean plants compared to the plants 
only inoculated with the pathogen and untreated controls (Fig. 8B). 
Similarly [36], found an increasing trend of lignin content in coffee 
plants due to application of manganese treatment. 

P. indica treatments enhanced total soluble phenol in bean plants. 
Also, treatments of zinc sulfate + thiamine and zinc increased total 

Fig. 7. Guaiacol peroxidase (GPX) (A), Catalase (CAT) (B), Ascorbate peroxidase (APX) (C) and Superoxide dismutase (SOD) (D) activity in bean plants with various 
treatments at different time points after inoculation with Rhizoctonia solani AG-4 HGII. The time interval between plant treatment with Piriformospora indica and R. 
solani inoculation was 14 days, and for treatment with chemical inducers was 3 days. R: R. solani AG-4 HGII, T: thiamine, Pi: P. indica, Zn: zinc sulfate, C: Control. 
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soluble phenol in bean plants (Fig. A). Similar results have been reported 
regarding increase in the total phenolics in peppermint plants colonized 
with P. indica in saline stress conditions [113]. It was also observed that 
alfalfa root inoculation with P. indica resulted in increasing phenolics 
under water deficiency stress [114]. Foliar spray of zinc improved 
concentration of total phenols and decreased rust disease incidence on 
wheat plants. Such increase in total phenols may play a role in con-
trolling leaf rust disease in wheat [32]. Similarly, it has been reported 
that exogenous treatment of zinc improved total soluble phenols in 
coffee plants [36]. The phenolic content in thiamine-treated plants 
inoculated with R. solani was lower than pathogen-inoculated plants at 
all time points investigated. These findings indicated that thiamine 
might not have an important role in induction of phenolics accumulation 
in bean-R. solani pathosystem, although it increases the phenolic content 
in various plants under stress conditions [79,115,116]. 

In summary, P. indica, zinc and thiamine effectively protected bean 
plants against R. solani AG-4 HGII. These treatments could activate bean 
defense responses by increasing lignin accumulation, phenolics, anti-
oxidant enzymes and enhanced RWC and MSI which are associated with 
increasing resistance level of the host plant against the pathogen. 
Furthermore, P. indica, zinc and thiamine improved plant growth. 
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