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Abstract
Web blight/wet root rot caused by Rhizoctonia solani is one of the major constraints for mung bean (Vigna radiata) produc-
tion. Growing of resistant varieties and use of biocontrol agents are the feasible options available to manage the disease. The 
present study was conducted to determine the variation in the expression of various defense-related genes in susceptible and 
resistant mung bean varieties in response to biocontrol agent Trichoderma virens and R. solani interactions. The primers 
were designed using sequences of defense-related genes, namely PR 10, epoxide hydrolase (EH), catalase and calmodulin 
available in NCBI database and evaluated against cDNA obtained from both susceptible and resistant mung bean plants 
at 1–4 days post-inoculation (dpi) with the test pathogen R. solani and biocontrol agent T. virens using conventional PCR 
and qPCR analyses. R. solani inoculation upregulated the mean expression of PR 10 and calmodulin in susceptible and 
resistant varieties, respectively, whereas downregulated in the rest of the treatments. Quantitative PCR analysis showed that 
except catalase in the susceptible variety, which is downregulated, the expression of PR 10, EH, catalase and calmodulin 
was upregulated in both resistant and susceptible varieties in response to T. virens alone and in the presence of R. solani. In 
general, the expression of PR 10 and calmodulin was highest at 1 dpi whereas EH and catalase expression were maximum 
at 4 dpi. The application of T. virens suppressed the development of disease in the presence of R. solani in both susceptible 
and resistant varieties with more pronounced effect in resistant variety. Thus, the application of biocontrol agent T. virens 
upregulated the expression of defense-related genes and reduced disease development.

Keywords  Real-time PCR · Systemic acquired resistance (SAR) · Induced systemic resistance (ISR) · Mung bean–T. 
virens–R. solani interaction

Introduction

Mung bean [Vigna radiata (L.) Wilczek] is one of the most 
important pulse crops in India and considered as a major 
source of dietary protein for the vegetarian population 
(Khattak et al. 2002). As a legume crop, mung bean also sus-
tains soil fertility by improving soil physical properties and 
fixing atmospheric nitrogen. The crop is susceptible to vari-
ous diseases, of which, wet root rot or web blight caused by 

Rhizoctonia solani Kühn [Thanatephorus cucumeris (Frank) 
Donk] is one of the most devastating soil- and seed-borne 
diseases (Dubey 2003; Dubey et al. 2011). The management 
of diseases caused by R. solani is difficult using fungicides, 
which provide inadequate protection to the expanding root 
zone of the plants hence ineffective in controlling the root-
rot phase of the pathogen (Abawi 1989).

In response to pathogen invasion or association with bio-
control agents, plants are induced to express genes asso-
ciated with plant defense responses, which include patho-
genesis-related (PR) and antimicrobial genes involved in 
biological activities related to disease resistance. The PR10 
proteins are typically intracellular (Liu and Ekramoddoul-
lah 2006) and their homologues are found in both dicotyle-
donous and monocotyledonous plant species (Walter et al. 
1990). They have various functions including antimicrobial 
and RNase activity which play a potential role in defense 

 *	 Sunil C. Dubey 
	 scdube2002@yahoo.co.in

1	 Division of Plant Quarantine, ICAR-National Bureau 
of Plant Genetic Resources, New Delhi 110012, India

2	 Division of Plant Pathology, ICAR-Indian Agricultural 
Research Institute, New Delhi 110012, India

http://orcid.org/0000-0003-2633-3607
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-018-1453-2&domain=pdf


	 3 Biotech (2018) 8:432

1 3

432  Page 2 of 8

against pathogenic infections (Liu and Ekramoddoullah 
2006). The pathogens (viruses, bacteria and fungus) trigger 
a PR-10 response and PR 10 is also reported to act against 
fungal invasion (Jacobs et al. 1999; Dowd et al. 2004; Liu 
and Ekramoddoullah 2006). Enzymes such as superoxide 
dismutase, peroxidase, catalase and ascorbate peroxidase are 
included in the antioxidant system of plants to counteract 
the toxicity of reactive oxygen species (Foyer et al. 1994). 
The susceptibility of plants to pathogens was positively cor-
related with the activities of catalase (Conrath et al. 1995). 
Epoxide hydrolase is involved in the biosynthesis of cutin 
(Pinot et al. 1992) and repair of damaged cuticle caused by 
pathogens. Epoxy fatty acids, the products of epoxide hydro-
lase, are also known to inhibit spore germination and germ 
tube growth of Pyricularia oryzae causing rice blast (Kato 
et al. 1983). Calmodulin (CaM) is a major calcium-binding 
protein in plants (Means and Dedman 1980).

A seed dressing formulation Pusa5SD and soil appli-
cation formulations Pusa Biogranule 6 (PBG6) and Pusa 
Biopellet 16G (PBP16G) developed from Trichoderma 
virens (IARI-P3) alone and in combination were found effec-
tive in increasing seed germination, shoot and root lengths, 
grain yield and reducing wet root rot (R. solani) incidence 
in mung bean (Dubey et al. 2011), but the mechanism of 
interaction related to induction of defense was not studied. 
Nogueira-Lopez et al. (2018) reported that T. virens has the 
capacity to behave as an opportunistic plant endophyte and 
colonized the maize roots under hydroponic conditions. 
The proteins secreted by T. virens were mainly involved in 
cell wall hydrolysis, scavenging of reactive oxygen species 
and secondary metabolism, as well as putative effector-like 
proteins. Thus, T. virens may be used to manipulate host 
immune responses. Therefore, the aim of the present study 
was to investigate the differences in expression of defense-
related genes in the resistant and susceptible mung bean 
varieties in the presence of T. virens alone and in the pres-
ence of R. solani infection.

Materials and methods

Plant material

Mung bean seeds of variety Ratna, susceptible and HUM-1, 
resistant to R. solani, used in the present study were obtained 
from Pulse Laboratory, Division of Plant Pathology, ICAR-
IARI, New Delhi. Seeds were surface sterilized in 2.0% 
sodium hypochlorite solution for 1 min and thoroughly 
washed twice with sterile distilled water. Seeds were sown 
in 15-cm pot (10 seeds/pot) containing sterile (autoclaved) 
ProMix soil (peat moss: sand: vermiculite; 1:1:1) in a con-
trolled environmental condition (Phytotron, ICAR-IARI, 
New Delhi) with 32 °C temperature and 80% humidity.

Trichoderma virens and Rhizoctonia solani cultures

The culture of T. virens (IARI-P3) was obtained from Pulse 
Laboratory, Division of Plant Pathology, ICAR-IARI, New 
Delhi. The isolate of T. virens (IARI-P3) used in the pre-
sent study has been proved effective against wet root rot of 
mung bean caused by R. solani (Dubey et al. 2011). Highly 
virulent isolate of R. solani obtained from Pulse Laboratory, 
Division of Plant Pathology, ICAR-IARI, New Delhi, was 
used for seedling inoculation. The fungal culture was grown 
in potato dextrose broth (PDB) at 25 ± 1 °C for 5 days. The 
broth containing culture was macerated and 25 ml of inocu-
lum having 105 cfu/ml was added in the pot for root drench-
ing inoculation. The culture of T. virens was multiplied on 
PDB at 25 ± 1 °C for 7 days and 108 cfu/ml was used for 
inoculation.

Pre‑treatment/inoculation

Mung bean seedlings of both the varieties at two- to three-
leaf stage were drenched with T. virens having 108 cfu/ml 
(25 ml/pot) 4 days prior to R. solani inoculation. The myce-
lial suspension of R. solani multiplied on PDB was prepared 
by gently macerating 5-day-old mycelial mat along with the 
medium with sterilized pestle and mortar and used at 25 ml/
pot (105 cfu/ml) for inoculation. Four treatments as T. virens 
alone, with R. solani, R. solani alone and control (un-inocu-
lated) were maintained for each variety. Plants (eight plants, 
four from each replication) were uprooted at 1–4 days post-
inoculation (dpi) and stored at − 80 °C or further use.

Reverse transcription PCR

Total RNA was isolated using RNA sure plant kit (Nucleo-
pore, UK). After quantification, 1 µg of total RNA was used 
for cDNA synthesis using Verso cDNA kit (Thermo Sci-
entific, UK) according to the manufacturer’s instructions. 
These cDNAs served as templates in PCRs using 10 pmol 
gene-specific primers, 0.2 mM dNTPs and 1 U Taq polymer-
ase (Bangalore Genei, India). The most common defense-
related genes were selected for primer designing. The prim-
ers for various defense-related genes were designed using 
the sequences of mung bean defense genes available in the 
NCBI database. The gene-specific primers (Table 1) were 
used for conventional as well as quantitative PCR analysis.

Conventional PCR

Conventional PCR was performed in 25 µl reaction mix-
ture consisting of 30 ng cDNA, 2.5 mM MgCl2, 150 µM 
dNTPs, 5 pmol of each gene-specific primer, and 1.5 U Taq 



3 Biotech (2018) 8:432	

1 3

Page 3 of 8  432

polymerase (Bangalore Genei, India) in 1 × Taq buffer. The 
PCR conditions were as follows: initial denaturation at 95 °C 
for 5 min followed by 35 cycles of denaturation at 94 °C for 
45 s, annealing at 60 °C for 45 s for PR 10, epoxide hydro-
lase and catalase, whereas 62 °C for 45 s for calmodulin, 
extension at 72 °C for 30 s and final extension at 72 °C for 
5 min. The experiment was repeated twice.

Quantitative real‑time PCR

PCRs were carried out in eight-well PCR strips (20 µl per 
well) in a reaction buffer containing 1 × Eva green super-
mix (BioRad Laboratories, USA), 2.5 pmol of each primer 
and 20 ng cDNA. Quantitative expression analysis was per-
formed using real-time PCR system (Mini Opticon, Bio-
Rad Laboratories, USA). The real-time PCR conditions for 
PR10, epoxide hydrolase and catalase genes were as follows: 
initial denaturation at 95 °C for 3 min followed by 45 cycles 
of denaturation at 95 °C for 10 s, annealing at 60 °C for 20 s, 
extension at 62 °C for 20 s and plate reading at 62 °C. For 
calmodulin gene, the reaction conditions were initial dena-
turation at 95 °C for 4 min followed by 45 cycles of dena-
turation at 95 °C for 10 s, annealing at 60 °C for 30 s and 
plate read at 62 °C. Melting curves were performed from 65 
to 95 °C with readings at every 0.5 °C and 5-s hold between 
readings for verification of single PCR product. Specificity 
of primers to mung bean genes was examined using DNA 
from T. virens, R. solani and their reverse-transcribed RNA 
as templates. The absence of primer dimer formation was 
checked in non-template control. Each treatment sample was 
used in two replications. The relative expression ratios of 
these defense genes were normalized using actin, a non-
regulated reference gene (same copy number per cell and 
stable expression in every cell). The crossing point [C(T) 
values] differences of each sample versus a control sam-
ple were used to determine relative expression. The mock-
inoculated samples (without any inoculation) from each 
mung bean variety were selected as the control samples, 

thus, comparing each sample’s C(T) to the control sample’s 
C(T). Differences in the mRNA abundance between various 
genes in the control and the corresponding treated samples 
were measured with CFX Manager (BioRad Laboratories, 
USA). The experiment was repeated twice.

Disease development

The disease incidence was recorded using the formula 
disease incidence (%) = number of plants showing symp-
toms × 100/total plants standing at 1, 2, 3, 4 and 20 dpi 
(Dubey and Singh 2013). Since development of the disease 
was less up to 4 dpi, the observation was continued up to 
20 dpi.

Statistical analysis

Data were analyzed as per the procedure for a completely 
randomized design (CRD) factorial subjected to ANOVA. 
Significant differences were observed in Fisher’s Protected 
Least Significant Difference test (Gomez and Gomez 1984) 
performed using the SAS Software (SAS Institute, version 
9.1, Cary, NC).

Results

In susceptible variety Ratna, PR10 mRNA expression level 
was induced in T. virens-treated plants both alone and in 
the presence of R. solani. However, only T. virens-inoc-
ulated plants showed significantly highest (around sev-
enfold) increase in PR10 expression at 1 dpi followed by 
2 dpi which declined steeply at 3 dpi and again increased at 
4 dpi. However, in the plants inoculated both with T. virens 
and R. solani, PR10 expression constantly decreased from 
day 1 to day 4 with the highest expression up to fourfold 
relative to control at 1 dpi. R. solani inoculation increased 
the expression of PR 10 at 1, 2 and 4 dpi. Considering the 

Table 1   Gene-specific primers 
designed and used to analyze 
gene expression by conventional 
and real-time PCR

Gene NCBI accession no. Primer sequence (5′–3′) Amplicon 
size (bp)

PR-10 AY792956.1 F-GAC​GAG​GCA​AAC​TTG​GGA​TA 217
R-CAG​CCT​TGA​AAA​GTG​CAT​CA

Epoxide hydrolase HQ316148.1 F-AAC​TGG​GGG​CCT​CAA​CTA​CT 243
R-TCC​TCT​GCA​GCT​TCT​TGG​TT

Catalase D13557.1 F-AGT​TCC​CCA​TAC​CTC​CTG​CT 219
R-GAG​AAC​GGT​CAG​CCT​GAG​AC

Calmodulin DQ778070.1 F-AAC​AAG​GAG​GTC​GTG​GTG​TC 300
R-ATG​CCG​ATC​ACA​AAA​CAA​CA

Actin AF143208.1 F-TCG​TGT​GGC​TCC​TGA​AGA​AC 230
R-AGA​TTG​CAT​GTG​GAA​GGG​CA
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mean expression, T. virens-treated plants showed the highest 
upregulation of PR10 in variety Ratna followed by combined 
inoculation with T. virens and R. solani (Fig. 1). In resistant 
variety HUM 1, the PR10 expression was comparatively low 
as compared to the susceptible variety. Initially, around four- 
and fivefold up-regulation was observed in T. virens alone 
and T. virens in the presence of R. solani, respectively. In 
both the treatments, PR10 expression was induced at 1 dpi 
and the second increase was observed at 3 dpi. The highest 
level of expression was observed in T. virens + R. solani-
inoculated plants at 3 dpi (more than eightfold increase) 
followed by 1 dpi. T. virens-treated plants showed the maxi-
mum expression of PR10 at 1 dpi (fourfold increase) fol-
lowed by 3 dpi. The mean expression was the highest in the 
case of T. virens + R. solani-inoculated plants followed by 
only-T. virens-inoculated plants (Fig. 2).

In susceptible variety Ratna, T. virens-treated plants 
showed the highest expression of epoxide hydrolase (EH) 
at 3 dpi (more than threefold increase), followed by 4 and 
2 dpi. While T. virens-treated and challenged (with R. solani) 
plants showed upregulation at all times of observations, with 
the maximum at 4 dpi followed by 2, 1 and 3 dpi. R. solani-
inoculated plants showed the highest expression at 1 dpi and 
further, it declined till 3 dpi and again increased at 4 dpi. 
Considering mean expression, the highest expression was 
observed in T. virens + R. solani-inoculated plants followed 
by T. virens and R. solani (Fig. 3). In resistant variety HUM 
1, T. virens alone followed by T. virens + R. solani-inoculated 
plants showed the highest expression (about eightfold) of EH 
at 1 dpi. The expression decreased at 2 and 3 dpi to a great 
extent and then further increased at 4 dpi. The expression 
of EH was downregulated at 3 dpi in all the treatments and 
at 1 and 2 dpi only in R. solani-inoculated plants, whereas 
the expression was upregulated in all the other observations. 

Mean expression was the highest in T. virens-treated plants 
followed by T. virens + R. solani (Fig. 4).

Trichoderma virens-treated plants of susceptible vari-
ety Ratna showed maximum catalase expression at 1 dpi 
followed by 4 and 2 dpi. T. virens along with R. solani-
inoculated plants exhibited down-regulation in all 4 days 
of observations. Only R. solani-inoculated plants showed 
downregulation up to 3 dpi, which elevated significantly at 
4 dpi. Mean expression indicated downregulation in all the 
treatments in comparison to the control (Fig. 5). In resistant 
variety HUM 1, the expression of catalase was upregulated 

Fig. 1   Expression of PR10 gene in susceptible mung bean variety 
Ratna at different days post-inoculation with Rhizoctonia solani, 
Trichoderma virens, T. virens + R. solani and un-inoculated (control)

Fig. 2   Expression of PR10 gene in resistant mung bean variety HUM 
1 at different days post-inoculation with Rhizoctonia solani, Tricho-
derma virens, T. virens + R. solani and un-inoculated (control)

Fig. 3   Expression of epoxide hydrolase gene in susceptible mung 
bean variety Ratna at different days post-inoculation with Rhizoctonia 
solani, Trichoderma virens, T. virens + R. solani and un-inoculated 
(control)
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in all the treatments at 1 dpi and 4 dpi. It was the highest 
(fourfold increase) in T. virens-treated plants at 1 dpi fol-
lowed by T. virens + R. solani-inoculated plants at 4 dpi. At 
2 and 3 dpi, its expression was downregulated in all the treat-
ments. The mean expression was upregulated in T. virens 
alone and T. virens + R. solani-inoculated plants while it was 
downregulated in the R. solani-treated plants (Fig. 6).

Significantly, higher expression of calmodulin was 
observed in the susceptible variety Ratna at 1  dpi in 
response to T. virens treatment. Further, it was downregu-
lated at 2 dpi and again gradually upregulated at 3 and 

4 dpi. In contrast, T. virens-treated plants in the presence 
of R. solani showed upregulation only at 1 dpi while it 
was downregulated on the rest of the days. Plants inocu-
lated with R. solani showed upregulation at 1 and 3 dpi 
while downregulation at 2 and 4 dpi. The mean expression 
was the highest in T. virens-treated plants followed by T. 
virens + R. solani-inoculated plants (Fig. 7). In resistant 
variety HUM 1, the plants treated with T. virens alone 
and in the presence of R. solani showed upregulation of 
calmodulin at all days of observations. It was significantly 

Fig. 4   Expression of epoxide hydrolase gene in resistant mung bean 
variety HUM 1  at different days post-inoculation with Rhizoctonia 
solani, Trichoderma virens, T. virens + R. solani and un-inoculated 
(control)

Fig. 5   Expression of catalase gene-susceptible mung bean variety 
Ratna at different days post-inoculation with Rhizoctonia solani, 
Trichoderma virens, T. virens + R. solani and un-inoculated (control)

Fig. 6   Expression of catalase gene in resistant mung bean variety 
HUM 1  at different days post-inoculation with Rhizoctonia solani, 
Trichoderma virens, T. virens + R. solani and un-inoculated (control)

Fig. 7   Expression of calmodulin gene in susceptible mung bean vari-
ety Ratna at different days post-inoculation with Rhizoctonia solani, 
Trichoderma virens, T. virens + R. solani and un-inoculated (control)
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highest in T. virens + R. solani-inoculated plants (about 
42-fold) at 3 dpi followed by 4 dpi. T. virens inoculation 
also upregulated the expression of calmodulin with the 
maximum at 4 dpi (about 11-fold) followed by 3 dpi and 
1 dpi. Only R. solani-treated plants exhibited upregula-
tion at 2 dpi and 3 dpi while downregulation at 1 dpi and 
4 dpi. The highest mean expression was observed in T. 
virens + R. solani followed by T. virens and R. solani-
treated plants (Fig. 8).

Disease development

Both susceptible (Ratna) and resistant (HUM 1) varieties 
did not show any disease symptoms under T. virens and 
un-inoculated (control) conditions up to 20 dpi. R. solani-
inoculated plants of susceptible variety Ratna showed 2.8, 
11.1, 19.4, 33.3 and 94.5% disease incidence at 1, 2, 3, 4 
and 20 dpi, respectively, whereas resistant variety HUM 1 
did not show any infection at 1 dpi. The disease incidences 
recorded in HUM 1 variety at 2, 3, 4 and 20 dpi were 5.6, 
8.3, 13.9 and 16.7%. In the presence of T. virens, R. solani-
inoculated plants did not show any infection at 1 dpi in 
both susceptible and resistant varieties. Resistant variety 
HUM 1 did not show any infection at 2 dpi. At 3, 4 and 20 
dpi, the disease incidences were 2.8, 2.8 and 53% in HUM 
1. In case of susceptible variety, disease incidences were 
2.8, 5.6, 8.3 and 27.8% at 2, 3, 4 and 20 dpi, respectively.

Discussion

The expression of defense genes, namely PR 10, EH, cata-
lase and calmodulin, induced in response to T. virens and 
R. solani was measured in the resistant and susceptible 
varieties of mung bean. In the present study, the expres-
sion of PR 10 was upregulated in both susceptible and 
the resistant varieties in response to T. virens excluding 
2 and 4 dpi in the resistant variety. Although T. virens 
alone induced upregulation in the susceptible variety at 
all dpi, in case of resistant variety, it was upregulated only 
at 1 and 2 dpi. PR10 expression was upregulated at 1, 2 
and 4 dpi in the susceptible variety while downregulated 
in the resistant variety in response to R. solani. T. virens 
in the presence of R. solani upregulated PR 10 in both 
susceptible and resistant varieties at all days of observa-
tions. Similarly, Pulla et al. (2010) observed an increase 
in PR10 transcripts in ginseng leaves compared to the 
untreated control after challenging with Colletotrichum 
gloeosporioides, Phytophthora capsici, and Alternaria 
solani. Starting from as early as 3 h after challenge, there 
was a continuous increase in the expression of PR10 
transcript up to 48 h of challenge. Inoculation of maize 
ears with Aspergillus flavus significantly upregulated the 
expression of PR10 gene as early as 1 dpi up to 10 dpi 
as compared to non-inoculated control and reached the 
highest level of 3.1-fold induction at 2 dpi. The present 
results are in contrast with the expression rate of defense 
gene PR10 in 2-week-old seedlings of resistant and sus-
ceptible rice varieties inoculated with a virulent isolate of 
R. solani AG-I-1A. The expression rate of PR10 gene in 
the resistant cultivar was higher than that of the suscep-
tible cultivar (Sayari et al. 2014). In the present findings, 
the mean expression in the resistant variety (HUM 1) of 
mung bean was downregulated in response to R. solani, 
whereas it was upregulated in the presence of T. virens. 
Contrary to our results, in partially field-resistant cotton 
variety, PR10 was overexpressed after inoculation with 
Fusarium oxysporum f. sp. vasinfectum but not in the sus-
ceptible cultivar (Zambounis et al. 2012). Similarly, PR10 
was induced in infected hypocotyls from 2 dpi to 4 dpi in 
cotton after infection with F. oxysporum f. sp. vasinfectum 
(Dowd et al. 2004). The elevated level of PR-10 in rice 
plants in response to M. grisea was also observed (Kim 
et al. 2004). The present study is also in accordance with 
the results of Perazzolli et al. (2011) who observed that 
Plasmopara viticola infection induced the expression of 
PR10 in grape wine. In addition, Trichoderma harzianum 
T39 increased the upregulation of PR-10 threefold.

Catalase is one of the most important scavengers of 
reactive oxygen species, which catalyzes the decomposi-
tion of hydrogen peroxide (H2O2). The oxidative burst may 

Fig. 8   Expression of calmodulin gene in resistant mung bean variety 
HUM 1  at different days post-inoculation with Rhizoctonia solani, 
Trichoderma virens, T. virens + R. solani and un-inoculated (control)
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escort to the cross-linking of cell wall proteins making 
the cell wall more resistant to attack by fungal enzymes 
(Bradley et al. 1992). The active oxygen species may act 
directly as toxins against the pathogens (Mehdy 1994) and 
they may act as second messengers for the activation of 
a variety of defense genes (Lamb and Dixon 1997). In 
the present findings in response to R. solani and T. virens 
separately, the activity of catalase increased at 1 dpi and 
4 dpi in the resistant variety, whereas it was increased 
only at 4 dpi in the susceptible variety, but the combined 
response of these two upregulated the expression of cata-
lase only in the resistant variety at 1 dpi and 4 dpi. The 
present findings are supported by the earlier observations 
that the catalase activity significantly increased in rice 
leaf sheaths at 2 days after inoculation with R. solani and 
reached maximum at 5 days after inoculation (Paranid-
haran et al. 2003). Similarly, increased catalase activity 
was observed in inoculated apple fruits in combination of 
T. virens and Penicillium expansum in comparison with 
healthy control at all days of observations and the highest 
activity was noted at 6 days after inoculation (Bordbar 
et al. 2010). The present results are in accordance with the 
findings of Nogueira-Lopez et al. (2018). They reported 
that biocontrol fungus T. virens as an opportunistic plant 
endophyte colonized the maize roots and provided immune 
response due to the presence of secreted proteins which 
are mainly involved in cell wall hydrolysis, scavenging of 
reactive oxygen species and secondary metabolism, as well 
as act as putative effector-like proteins.

Epoxide hydrolase (EH) is another important defense-
related gene expressed in both resistant and susceptible vari-
eties of mung bean at 4 dpi in response to R. solani and T. 
virens alone and in combination. Except 3 dpi in resistant 
variety, its expression was upregulated at all days of obser-
vations in both the varieties in combined application of R. 
solani and T. virens. T. virens alone induced more expres-
sion in the resistant variety as compared to plants treated 
with T. virens + R. solani. Similar to the present findings, 
induced expression of EH was observed in rough lemon in 
response to non-pathogenic strains of Alternaria alternata 
(Gomi et al. 2003).

Calcium ion (Ca2+) influx is involved in the activation 
of defense response through the production of phytoalexin, 
induction of defense-related genes and hypersensitive cell 
death (Levine et al. 1996). In the present study, T. virens 
alone and in combination with R. solani induced the 
expression of calmodulin gene at all days after inocula-
tion in the resistant variety of mung bean with the high-
est expression at 4 dpi. In case of the susceptible variety 
inoculated with R. solani, it was induced at 1 dpi and 3 dpi 
whereas in the resistant variety it was induced at 2 and 3 
dpi. The present findings are in accordance with the earlier 
observations that the treatment of soybean cell suspension 

cultures with a non-specific fungal elicitor prepared from 
F. solani increased mRNA more than tenfold. The mRNA 
level peaked at 1 h and then slowly declined to basal level 
by 12 h (Heo et al. 1999).

In general, the expression of the defense-related genes 
in response to T. virens was more as compared to R. solani 
alone which may be due to the production of enzymes 
and toxins by R. solani during the process of infection to 
bypass the defense mechanisms. It is also evident that the 
disease development was less in the plants treated with 
T. virens in the presence of R. solani as compared to R. 
solani alone. R. solani did not cause any infection up to 1 
dpi in the susceptible variety and up to 2 dpi in the resist-
ant variety in the presence of T. virens. This might be due 
to overexpression of defense-related genes particularity 
PR 10 and calmodulin at 1 dpi. The present findings are 
in accordance with the earlier observations that T. virens 
spores or cell-free culture filtrate significantly reduced 
disease incidence in tomato caused by F. oxysporum f. sp. 
lycopersici and induced jasmonic acid and salicylic acid 
signalling cascades for the elicitation of wilt resistance 
in tomato (Jogaiah et al. 2018). T. virens as an oppor-
tunistic plant endophyte also induced immune response 
in maize (Nogueira-Lopez et al. 2018). Seed treatment 
with T. hamatum induced systemic and durable immunity 
in pearl millet against downy mildew under greenhouse 
and field conditions. RT-PCR analysis revealed differen-
tially expressed transcripts of the defense enzymes and 
PR proteins in treated and untreated checks. PR-1, PR-5, 
and cell wall defense-related genes were significantly 
overexpressed in T. hamatum-treated seedlings as com-
pared to controls (Siddaiah et al. 2017). In the present 
study, the level of expression of defense-related genes was 
higher in case of bio-control agent T. virens. The expres-
sion of defense genes was higher in the resistant variety, 
which may be due to the inbuilt mechanism of the path-
way related to these genes. The present results clearly 
indicated that the expression of defense-related genes in 
response to T. virens alone and in the presence R. solani 
is accelerated both in resistant and susceptible varieties 
of mung bean which is an important factor to protect the 
plants at early stages of infection by R. solani. The find-
ings may be further utilized for the management of the 
disease by applying the bio-formulations of T. virens and 
understanding of defense pathway mediated by these genes 
as well as manipulation of defense genes during breeding 
programmes.
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