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Abstract

Advances in biocontrol potentials and fungicide resistance are highly desirable for Tricho-

derma. Thus, it is profitable to use mutagenic agents to develop superior strains with

enhanced biocontrol properties and fungicide tolerance in Trichoderma. This study investi-

gates the N-methyl-n-nitro-N-nitrosoguanidine (NTG) (100 mg/L) induced mutants of Tricho-

derma asperellum. Six NTG (3 each from 1st & 2nd round) induced mutants were developed

and evaluated their biocontrol activities and carbendazim tolerance. Among the mutant

N2-3, N2-1, N1 and N2-2 gave the best antagonistic and volatile metabolite activities on inhi-

bition of chickpea F. oxysporum f. sp. ciceri, B. cinerea and R. bataticola mycelium under in

vitro condition. Mutant N2-2 (5626.40 μg/ml) showed the highest EC50 value against carben-

dazim followed by N2-3 (206.36 μg/ml) and N2-1 (16.41 μg/ml); and succeeded to sporulate

even at 2000 μg/ml of carbendazim. The biocontrol activity of N2-2 and N2 with half-dose of

carbendazim was evaluated on chickpea dry root rot under controlled environment. Disease

reduction and progress of the dry root rot was extremely low in T7 (N2-2 + with half-dose of

carbendazim) treatment. Further, carbendazim resistant mutants demonstrated mutation in

tub2 gene of β-tubulin family which was suggested through the 37 and 183 residue changes

in the superimposed protein structures encoded by tub2 gene in N2 and N2-2 with WT

respectively. This study conclusively implies that the enhanced carbendazim tolerance in

N2-2 mutant did not affect the mycoparasitism and plant growth activity of Trichoderma.

These mutants were as good as the wild-type with respect to all inherent attributes.
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Introduction

Trichoderma spp. are among the most promising biocontrol agents used against numerous

plant pathogenic fungi [1]. Trichoderma is known to stimulate plant health by protecting the

plant viamycoparasitism, anti-microbial secondary metabolite production, as well as local and

induced systemic resistance against invading pathogens [2]. There are several reports on Tri-
choderma species as biocontrol agent, however, only a handful of species like T. harzianum, T.

afroharzianum, T. viride, T. asperellum, T. koningiopsis, and T. virens based formulations are

used to manage the plant diseases [1, 3].

Often Trichoderma species exhibits greater variability in antagonistic capacity and bio-stim-

ulant action on plant pathogens and plants [4]. Some strains are more suitable for biological

control of disease and others for stimulating crop growth and nutrient uptake [5]. The limited

efficacy and inconsistent performance against targeted pathogens remains a major drawback

in the field conditions [6]. Various strategies have been employed to enhance the efficacy and

consistency of biological control activity. Recurrent selection of Trichoderma strains, and ran-

dom mutations with UV light or chemical mutagenesis followed by subsequent selection has

been a successful strategy to enhance efficacy and fungicide tolerance of Trichoderma species [7].

There have been several successful reports regarding the development of novel Trichoderma
strains by using mutagenesis which has led to enhanced fungicide tolerance and biocontrol

potential [1]. Pesticide tolerance in Trichoderma would be a prerequisite to reduce the fungi-

cide resistance in pathogens and to promote the plant health [8]. Pesticide-resistant Tricho-
derma in combination with reduced fungicide application would help in reducing the

detrimental effects of the latter on soil along with ensuring satisfactory levels of crop protection

[9]. Moreover, reduced amount of chemical usage could weaken pathogen propagules for sub-

sequent attack and give additive/synergistic effect on plant growth [10].

Among fungicides, carbendazim is one of the most extensively used benzimidazole (methyl

benzimadazol-2-yl carbamate) for control of soil-borne diseases through seed treatment and

foliar application [8]. Carbendazim resistance in pathogen populations have been detected in

the field shortly after an intensive and exclusive exposure [11]. However, reversion of resistant

populations has not been reported even after the selection pressure was removed [12]. Primar-

ily, benzimidazole functions by inhibiting the polymerization of tubulin monomers into func-

tional microtubules in mitosis and through sequence rearrangement of 5’-flanking region of

β-tubulin gene in some species [13, 14]. The benzimidazole tolerance in Trichoderma strains

are yet to be ascertained for enhanced fungicide tolerance and large-scale field applications.

There have been reports to confirm benzimidazole tolerance in Trichoderma with substitution

of amino acids as a result of single and double mutation in β-tubulin tub2 region [8, 15].

The aim of this study was to develop T. asperellum with enhanced biocontrol activity and

carbendazim tolerant mutants of the species by induced mutation followed by characterization

of biocontrol potential of mutants. The study also demonstrates dry root rot (DRR) disease

control ability with half-dose of carbendazim and its potential in integrated management of

soil-borne diseases under field condition.

Materials and methods

Origin and maintenance of strains

Trichoderma asperellum (WT) (KY575523) strain used in the study was obtained from the

University of Agricultural Sciences (UAS), Raichur, Karnataka, India [16, 17]. Three pathogen

cultures namely Fusarium oxysporum f. sp. ciceri (Foc), Rhizoctonia bataticola (Rb) and Botry-
tis cinerea (Bc) causing fusarium wilt (FW), dry root rot (DRR) and botrytis grey mould
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(BGM) diseases, respectively, in chickpea were obtained from Legumes Pathology, Division of

Integrated Crop Management Theme, ICRISAT, Patancheru, India [18].

The cultures were reactivated in potato dextrose agar (PDA) (HiMedia M096) medium and

then grown in test-tubes containing 10 ml of the same medium. These cultures were stored in

a refrigerator at 4˚C for future use in assays. For each experiment, samples taken from these

test-tubes were cultured for five days in Petri dishes (90×15 mm) containing 20 ml of PDA

medium.

Chemical induction and isolation of carbendazim tolerant mutants

Conidial suspensions of T. asperellum were obtained from sporulating 3 days old culture by

rinsing with sterile distilled water. After centrifugation at 5000 rpm for 10min, concentrated

suspension of conidia was added to N-methyl-n-nitro-N- nitrosoguanidine (NTG) (100 mg/L

in 0.05 M Tris buffer pH 6) for 1 h in a shaker (250 rpm/10m) at room temperature. The NTG

treated conidial suspensions were washed thrice in sterile distilled water by centrifugation at

5000 rpm for 10min. Conidial suspension (0.1 ml) were plated on PDA containing 10 μg/ml

carbendazim (97%, Sigma Aldrich), 500 mg/L streptomycin and 150 mg/L Rose Bengal. The

plates were incubated at 25±1˚C with 12 h light/dark photoperiod and growth of the colonies

were observed daily. After 5 days, colonies which were tolerating 10 μg/ml carbendazim (97%)

were isolated and sub-cultured for 10 times on PDA without carbendazim to test their stability

[19]. Stable carbendazim tolerant mutants were selected and designated as NTG (N1, N2 and

N3) mutants. Further, these mutants were tested at different concentrations of carbendazim

(10, 20. . .120 μg/ml). Mutants which showed the maximum tolerance to carbendazim (i.e.,

N2) was selected as the parental strain for 2nd round of NTG treatment by following the above

protocol. After 2nd round of mutation three more carbendazim tolerating mutants were picked

up and mutants referred as N2-1, N2-2 and N2-3.

Screening and determination of sensitivity of the mutants

Dual culture assay. An actively growing mycelial disc (5 mm) of mutants and test patho-

gens (F. oxysporum f. sp. ciceri, R. bataticola and B. cinerea) were placed near the periphery of

PDA amended Petri dishes and incubated at 25±1˚C with 12 h light/dark photoperiod. Inhibi-

tion of average radial growth of pathogen was calculated in relation to the growth on control

[20]. Three replications were maintained for each treatment and Petri dishes containing test

pathogen without Trichoderma served as control. Per cent inhibition of mycelial growth was

measured by using below mentioned formula.

I ¼ ðC � T=CÞ � 100

where I = Per cent inhibition of pathogen mycelium; C = Growth of pathogen in control;

T = Growth of pathogen in Trichoderma inoculated plate.

Sandwich systems for volatile interactions. Sandwich plate technique as described by Li

et al. [21] was used to test the volatile antifungal activity of mutants against the three chickpea

pathogens. Actively growing 3 days old cultures (5 mm mycelial disc) of mutants and test path-

ogens were centrally inoculated in a separate PDA Petri dishes. Top of the Petri dishes were

removed and base containing mutants and test pathogens were placed facing each other form-

ing an atmosphere sharing set. Three replications were maintained for each treatment and

incubated at 25±1˚C with 12 h light/dark photoperiod. Linear growth of test pathogens in

inverted plates were measured when the test pathogens covered the Petri dish, and per cent

mycelium inhibition was calculated by using above mentioned formula.
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Sensitivity of mutants to carbendazim. Poisoned food technique was followed to study

the carbendazim tolerance in mutants. To test the level of tolerance in 1st round NTG induced

mutants, carbendazim at concentrations 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110 and 120 μg/

ml was supplemented with PDA. To test the level of tolerance in 2nd round NTG induced

mutants, carbendazim at concentrations 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600,

700, 800, 900, 1000, 1100, 1200, 1300, 1400 and 1500 μg/ml was supplemented with PDA. Each

concentration of carbendazim was replicated four times and radial growth (mm) of mutants

was measured after 7 days of incubation at 25±1˚C with 12 h light/dark photoperiod. The

effective concentration (EC50) values of 2nd round NTG induced mutants were calculated by

measuring the radial growth mycelia against log value of carbendazim concentrations [22].

Maximum carbendazim tolerating mutants N2 and N2-2, along with wild-type (WT) were

subjected for dry mycelia production at different concentration carbendazim. A 5 mm myce-

lial disc of these cultures were inoculated to potato dextrose broth (PDB) (HiMedia) contain-

ing carbendazim at 0, 250, 500, 750, 1000, 1250, 1500, 1750 and 2000 μg/ml. Flasks were

incubated at 25±1˚C with 12 h light/dark photoperiod for 7 days without shaking. After 24

and 48 h of incubation, conidial germination and formation of mycelium in carbendazim

amended flasks were observed under microscope (Olympus Corporation, Japan). After 7 days

of incubation, cultures were filtered through Whatman (No.1) filter paper and mycelia was

air-dried at 70˚C for 12h in hot-air oven. The dry weight (g) of the mycelium was recorded.

Greenhouse experiments for management of chickpea dry root rot disease

Development of talc-based formulations of mutants. Based on carbendazim tolerance,

mutants N2, N2-2 along with WT was selected for chickpea dry root rot disease management

against moderately resistant Annigeri and JG 62 cultivars under greenhouse conditions.

Actively growing 5 mm mycelial disc of these cultures were inoculated separately into 250 ml

conical flask containing 100 ml PDB and incubated at 25±1˚C with 12 h light/dark photope-

riod for 7 days without shaking. Trichoderma conidia load was fixed to 108/ml and mixed with

autoclaved talcum powder at 1:3 proportion (S1 Fig). Formulations were air-dried at room

temperature and colony forming unit (CFU) was calculated by following serial dilution tech-

nique on TSM (Trichoderma-selective agar medium) containing 100 mg/L Rose Bengal.

Bio-efficacy of mutants against chickpea dry root rot disease. Disease suppression abil-

ity of mutants N2, N2-2 and WT was evaluated against chickpea dry root rot disease in

completely randomized block design (CRBD). Dry root rot susceptible pigeonpea cultivar

Annigeri and JG 62 seeds were treated with Trichoderma formulations at the rate of 5 g/kg

seeds and half- recommended dose (RD) of carbendazim (Bavistin-WP 50) i.e. at the rate of 1

g/kg seeds. Treated seeds were shade dried before sowing. Chickpea dry root rot sick pots were

prepared by following the protocol mentioned in ICRISAT Chickpea Diseases Phenotyping

Bulletin (S2 Fig).

A total of eight treatments viz. T1 (sick pot); T2 (WT); T3 (N2); T4 (N2-2); T5 (RD of carben-

dazim); T6 (N2+0.5RD carbendazim); T7 (N2-2+0.5RD carbendazim) and T8 (Healthy pot)

were levied separately on Annigeri and JG 62 cultivar. Seven seeds were sown per pot (13x8x9

cm) in 3 replications. Temperature (35˚C) of the greenhouse and moisture levels of the pots

(60%) were carefully maintained as per the procedure given in the Bulletin. The percent dis-

ease incidence (PDI) was recorded at every four-day interval from the day of first disease

appearance till complete wilting of all plants in the pots. The percentage of diseases incidence

was calculated using the following formula.

Per cent disease incidence ¼
No:of wilt infected plants
Total of plants assessed

X 100
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The dry root rot disease progress curves were constructed from the PDI data and the areas

under the disease progress curve (AUDPC) and apparent infection rate (r) were calculated [23].

AUDPC ¼
Xn� 1

i¼1
½ðXiþ1 þ XiÞ=2�½tiþ1 � t1i�

Apparent infection rate was estimated by regressing the logit of disease proportion (decimal

from of per cent disease severity) on time in days [24].

Assessment of translational changes in β-tubulin gene of mutants

DNA extraction and amplifications of β-tubulin gene. β-tubulin gene (tub1 and tub2)

was amplified from mutants N2, N2-2 and WT (S1 Table). The total genomic DNA was

extracted from actively growing 3-days old mycelium using CTAB Method (Mukherjee et al.

2019) tub1 and tub2 genes were amplified in a 25 μl PCR reaction for 35 cycles (S2 Table).

Amplified PCR product was electrophoresed in 1.5% agarose gel and bands were visualized

under UV transilluminator.

PCR clean-up and gel extraction were followed by using Macherey-Nagel gel elution kit

and was ligated with pJET1.2 blunt vector (Thermo Scientific Clone pJET PCR Cloning Kit).

The ligated product was used to transform competent E. Coli DH5-α. Positive colonies were

confirmed by using colony PCR. The plasmid was isolated using Macherey-Nagel plasmid

DNA purification Kit, and vacuum air-dried. The clones were checked by Sanger sequencing

(Macrogen Inc., South Korea).

Sequencing and homology modelling of β-tubulin gene

All the obtained sequences were aligned and checked for sequence variation using Clustal omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/) and the alignment was visualised by using ESPRIPT

3.0 software (https://espript.ibcp.fr/ESPript/ESPript/) [25]. The β2-tubulin amino acid sequences

were retrieved from the NCBI-Protein database in FASTA format and used as a reference for the

alignment. The alignment was then analysed for occurrence of deleterious mutations, or amino

acid substitution by using Provean (http://provean.jcvi.org/seq_submit.php) online tool. Homol-

ogy modelling was carried out with the SWISS-Model interface with the β-tubulin X-ray crystal-

lographic structure (PDB: 4ihj) as a template. All the models were evaluated by the QMEAN4

score. Global model quality estimation (Z score −1.22 and the QMEAN score 0.692) suggested

that the modelled protein is of good quality. The homology models of mutated β-tubulin were

built by altering the appropriate parent amino acids using the WHAT IF program (http://swift.

cmbi.ru.nl/servers/html/index). The mutated models were subjected to overall energy minimiza-

tion by steepest descent method, using GROMOS 43B1 force field. PyMOL (http://www.pymol.

org/) was used for inspection of models and crystal structures while CastP server (http://sts.

bioengr.uic.edu/castp/calculation.php) was used for pocket calculations using probe radius 1.4 Å.

Statistical analysis

The data of antagonistic, volatile inhibition and abiotic stress (NaCl salt and temperature) tol-

erance of mutants were arcsine transformed to make residuals normal and then back-trans-

formed for the presentation of the results [26]. The transformed data was subjected for

analysis of variance (ANOVA) to know the level of significance at p<0.01 by using PROC

GLM, SAS 9.4 (Statistical Analysis Systems Institute Inc. 2016). Significance of mean differ-

ences within mutants was tested by Duncan multiple range test at p<0.01 level of probability.

Boxplots were generated to visualize the per cent inhibition of chickpea pathogens, salt and

temperature tolerance in mutants using R statistical program (R Development Core Team
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2020). The EC50 value of carbendazim tolerance of mutants were analysed by using “DRC”

and “MULTCOMP” library in R statistical program.

Results

Evaluation of altered morphology of mutants

The NTG induced mutants were significantly differed from the wild-type in growth rate and

most of the mutants covered the complete Petri plate within 96 h of incubation. Highest aver-

age mycelial growth was observed in WT (55.70mm) followed by N2-3 (54.40mm) and lowest

growth was observed in N1 (49.23mm) and N3 (49.478mm) mutant respectively (Table 1).

Mutants did not show any variation in morphology, sporulation, colony pigmentation, conidia

and chlamydospores production level when compared to wild type.

Screening of Trichoderma mutants for anti-fungal activity and volatile

metabolites activity

The results showed that mutants significantly (p< 0.01) caused reduction of chickpea patho-

gen mycelium. Inhibition of F. oxysporum f. sp. ciceri, R. bataticola and B. cinereamycelium

was more due to volatile metabolites as compared to antagonistic activity (S3 Fig). Maximum

mycelial inhibition was observed in F. oxysporum f. sp. ciceri followed by B. cinerea and R.

bataticola in both dual culture and sandwich assays with mutants (Table 2). In dual culture

assays, mutant WT (69.81%) follwed by N1 (61.85%), N2-3 (60.12%), N2-1 (59.88%). N2

Table 1. Growth and morphological characterization of NTG induced Trichoderma mutants.

Mutant Mycelium growth (mm)

24h 48h 72h 96h Average�

N1 24.67 53.17 76.33 90.00 49.23e

N2 28.50 60.33 80.00 90.00 52.17cd

N3 22.17 53.17 80.00 90.00 49.47e

N2-1 28.83 60.67 79.67 90.00 52.23c

N2-2 26.50 60.17 80.33 90.00 51.8d

N2-3 32.83 67.50 79.67 90.00 54.4b

WT 33.50 70.67 82.33 90.00 55.7a

� Average followed by the same letters (in superscript) within a column are not significantly different (P < 0.01) according to Duncan’s multiple range test.

https://doi.org/10.1371/journal.pone.0280064.t001

Table 2. Evaluation of antagonistic and diffusible volatile compounds inhibition ability of NTG induced Trichoderma mutants against chickpea pathogens.

Mutant Per cent mycelium inhibition

Dual cultural assay Sandwich plate technique

F. oxysporum f. sp. Cicero R. bataticola B. cinerea Average� F. oxysporum f. sp. ciceri R. bataticola B. cinerea Average�

N1 71.11 53.70 60.74 61.85b 63.33 53.70 60.00 59.01b

N2 67.41 54.81 55.56 59.26bc 61.48 27.41 69.63 52.84c

N3 59.26 55.56 54.81 56.54c 69.63 33.89 65.56 56.36c

N2-1 64.81 56.67 58.15 59.88bc 70.00 41.11 72.22 61.11b

N2-2 67.78 55.19 50.74 57.9bc 70.37 40.00 70.00 60.12b

N2-3 70.37 55.93 54.07 60.12bc 78.52 42.96 72.59 64.69a

WT 62.04 61.11 86.30 69.81a 77.04 66.46 34.81 59.44b

� Average followed by the same letters (in superscript) within a column are not significantly different (P < 0.01) according to Duncan’s multiple range test.

https://doi.org/10.1371/journal.pone.0280064.t002
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(59.26%) and N2-2 (57.90%) showed the maximum inhibition of F. oxysporum f. sp. ciceri, R.

bataticola and B. cinerea mycelium. Least inhibition of mycelium was recorded against mutant

N3 (56.54%). On the other hand, mutants N2-3 (64.69%), N2-1 (61.11%), N2-2 (60.12%) and

N1 (59.01%) showed the maximum volatile metabolites effects on F. oxysporum f. sp. ciceri, R.

bataticola and B. cinerea mycelium inhibition. Least volatile metabolites effects were recorded

in N2 (52.84%) and N3 (56.36%) mutants (Table 2).

Evaluation of carbendazim tolerance and mycelial biomass production in

mutants

After 2nd round of selection, it was noticed that mutants had surpassed natural tolerance to

field dose of carbendazim (Bavistin-WP 50). The minimum inhibitory concentration (MIC) of

the fungicide was calculated to determine the mutants’ tolerance capacity. When the carbenda-

zim tolerant mutants were grown at graded levels of carbendazim, mutant N2-2 and N2-3 was

observed to be more compatible at high concentration of carbendazim (Fig 1).

The 6 NTG (3 each from 1st and 2nd round selection) treated mutants were developed. The

mutants which were resistant to 10 μg/ml of carbendazim were tested at graded (10–120 μg/

ml) levels of carbendazim. Mutant N2 showed maximum carbendazim tolerance compared to

N3 and N1 mutants (Fig 2A). Further, N2 mutant was subjected for 2nd round of NTG irradia-

tion and 3 more (N2-1, N2-2 and N2-3) mutants were recovered. At higher concentration, the

growth of mycelium was negligible or almost nil in N2-1 as compared to N2-2 and N2-3

mutants (Fig 2B). The effective concentration (EC50) values of these mutants were calculated

where among the mutants, N2-2 (5626.40 μg/ml) showed the highest EC50 values followed by

N2-3 (206.36 μg/ml) and N2-1 (16.41 μg/ml).

Mycelial dry biomass production was significant at p<0.01 per cent in the mutants against

different concentration of carbendazim. Maximum dry biomass production was noticed in N2-

2 and results were at par with carbendazim at 0, 250, 500, 750, 1000 and 1250 μg/ml (Fig 2C).

As the fungicide concentration increased, the mycelium biomass and conidial germination was

also reduced at different concentration of carbendazim (S4 Fig).

Disease control potentials of mutants

The disease control potential of previously observed carbendazim tolerating N2 and N2-2

mutants from 1st and 2nd round of selections were evaluated under greenhouse conditions

with controls. The results obtained in the two separate experiments are shown in S3 Table.

Mutant N2-2 along with half-dose carbendazim treatment (T7) in both the cultivars, were reg-

istered with less disease incidence and higher plant growth compared to other treatments

against chickpea dry root rot. Even after 60 days of sowing, adherence of Trichodermamyce-

lium was observed in the chickpea roots of T7 treatment (Fig 3).

Treatment T7 (N2-2+0.5 RD carbendazim) showed significantly lower AUDPC incidence

(1980.95 and 1895.24) and apparent infection rate (0.11 and 0.11) in both the cultivars. Treat-

ment T3 (N2) and T4 (N2-2) without half-dose carbendazim, showed the maximum AUDPC

of incidence and apparent infection rate. There were no significant differences in case of dis-

ease progress and incidence between the cultivars Annigeri and JG 62 (Table 3).

Sequence variations in the β-tubulin genes of carbendazim tolerance mutants

N2 and N2-2 mutants were analysed to determine the sites of mutation in β-tubulin genes.

Alignment of a nucleic acid sequences of tub1 and tub2 genes in WT, N2 and N2-2 revealed

that the mutations occurred only in tub2 (protein length: 563 amino acid), whereas no muta-

tions was found in tub1 gene. The amino acid sequence demonstrated that there were over 211
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observed mutations (substitutions) in N2 and 275 in N2-2 out of which 17 and 14 were found

to be deleterious, respectively (S4 Table). Substitutions occurring at positions 156, 157, 170, 171,

189, 190, 237, 238, 239, 247, 252, 253, 255, 277, 278, 279 and 362 in N2 were found to cause dele-

terious mutations which implied that the mutations were non-synonymous in nature.

Furthermore, two fragments between positions 176–177, and 286–297 were inserted while

deletions from 248–251 and 300–306 were observed in N2. Similarly, in case of N2-2, substitu-

tions at positions 169, 171, 247, 248, 249, 250, 251, 252, 253, 255, 277, 278, 279 and 342 caused

Fig 1. Carbendazim tolerance in N-methyl-n-nitro-N-nitrosoguanidine irradiated Trichoderma mutants. Mutants N2-1, N2-2, N2-3 is

compared with N2 mutant at carbendazim 250, 500, 750 and 1000 μg/ml in PDA plates, and observation are recorded when the control plates cover

the whole plate.

https://doi.org/10.1371/journal.pone.0280064.g001
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non-synonymous mutations. Fragments of insertions were found at 146–147, 338–340, 359–360

and deletions were found at 48–50, 293–300, 307–315 amino acid positions (S4 Table, S5 Fig).

The deduced amino acids structural superimposition of N2 with WT [RMSD = 1.03, structure

overlap = 96.51%] and of N2-2 with WT [RMSD = 1.20, structure overlap = 81.07%] gave 37 and

183 mutant residues (depicted as magenta) (Fig 4). This might be the result of synonymous/non-

synonymous substitution of amino acids which would be responsible for mutation and ultimately

carbendazim resistance.

Fig 2. Carbendazim tolerance and dry mycelial productions in N-methyl-n-nitro-N-nitrosoguanidine irradiated Trichoderma
mutants. (a) The 1st round NTG induced N1, N2, N3 mutants carbendazim tolerance at 0–120 μg/ml carbendazim amended PDA;

(b) 2st round NTG induced N2-1, N2-2, N2-3 mutants carbendazim tolerance at 0–1500 μg/ml carbendazim amended PDA; (c) dry

mycelium production ability of N2-2, N2 and WT in 0–2000 μg/ml carbendazim amended potato dextrose broth.

https://doi.org/10.1371/journal.pone.0280064.g002
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Discussion

Biological control with improved Trichoderma strains has proven to be a potential alternative

to chemicals of several soil-borne plant pathogens [27]. In many cases, individual use of either

Fig 3. Integrated management of chickpea dry root rot disease under glasshouse condition. (a) Overview of the experiments at 44 days after

sowing; (b) complete dry rot infected plants in T1 (untreated) treatment; (c) partially dry rot infected plants in dry root rot in T7 (N2-2+0.5 RD

carbendazim) treatment at 60 days after sowing in JG 62 cultivar.

https://doi.org/10.1371/journal.pone.0280064.g003

Table 3. Area under disease progress curve (AUDPC) and estimated apparent infection rate (r) in different treatments for chickpea dry root rot management

under glasshouse conditions.

Treatment Annigeri cultivar JG 62 cultivar

AUDPC (% x days) Apparent infection rate AUDPC (% x days) Apparent infection rate

T1 (sick pot) 3504.76 0.24 3257.14 0.17

T2 (WT) 3400.00 0.24 3219.05 0.21

T3 (N2) 3542.86 0.30 3419.05 0.23

T4 (N2-2) 3466.67 0.29 3228.57 0.18

T5 (RD of carbendazim) 2961.90 0.17 2790.48 0.14

T6 (N2+0.5 RD carbendazim)) 2638.10 0.13 2466.67 0.14

T7 (N2-2+0.5 RD carbendazim) 1980.95 0.11 1895.24 0.11

T8 (healthy pot) - - - -

The percent disease incidence of chickpea dry root rot was assessed at 20, 24, 28, 32, 36, 40, 44, 48, 52, 46, 60 days after sowing in sick pots. Date of the observations were

used to calculate the area under the disease progress curve (AUDPC) (accumulative %); apparent infection rate (r) (unit progress/day).

https://doi.org/10.1371/journal.pone.0280064.t003
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biocontrol agents or chemicals could not provide satisfactory levels of control over soil-borne

[8]. Attempts have been made to obtain resilient fungicide resistant strains for usage in inte-

grated disease management [8]. The chemical irradiations followed by assessment of mutant’s

biocontrol efficacy have been guiding the selection of superior mutants for field application

[1, 28]. In the light of enhancing biocontrol efficacy in T. asperellum, NTG induced mutants

confirmed the fungicide tolerance which were morphologically similar to the wild-type [1]. In

chemical mutagenesis, the recommended dose of mutagenic compounds should be as large as

possible with minimum deleterious effects [29]. In our study, the optimal dose of NTG (100

mg/L) was sufficient enough to cause the mutations leading to carbendazim resistance.

Repeated NTG induced mutation in carbendazim resistant mutant further increased the car-

bendazim tolerance. Possible reason for the difference in fungicide resistant among repeated

mutants could be due to acclimatization to the shock events.

Production of cell wall degrading enzymes (CWDEs) and consortium of antifungal com-

pounds are known to be the most important components of biocontrol by Trichoderma spp.

[30]. Induced mutations may or may not increase the mycoparasitism activity of the Tricho-
derma spp. [31]. We found that mutants were capable of inhibiting mycelium of F. oxysporum
f. sp. ciceri followed by B. cinerea and R. bataticola as compared to wild-type. This is in agree-

ment with Abbasi et al. [28] who reported that Trichodermamutants can increase inhibition of

hyphal growth of F. oxysporum, R. solani, R. bataticola, P. ultimum, M. phaseolina, S. sclero-
tiorum and F. grminearum mycelium in both dual culture assays.

It was demonstrated that Trichoderma spp. usually use multiple biocontrol mechanisms,

rather than a single mechanism to suppress plant pathogens [30]. The arsenal of volatile

metabolites produced in Trichoderma spp. have shown its ability to inhibit the plant pathogens

and promote plant growth [32]. We found that volatile metabolites produced by mutants were

effectively inhibited the mycelial growth of F. oxysporum f. sp. ciceri followed by B. cinerea and

R. bataticola. Reduction of mycelium growth in these pathogens are in accordance with

Faheem et al. [33]. The study reported that volatile metabolites from T. viride (Tv-1) were

Fig 4. Ribbon representations of Trichoderma N2, N2-2 and WT strain tub2 protein. Deduced amino acids structural superimposition between

N2 and N2-2 with WT of tub2 gene differ by 37 and 183 mutant residues. In both the images—yellow (mutant protein), cyan (WT protein) and

magenta (mutant residues).

https://doi.org/10.1371/journal.pone.0280064.g004
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effective against F. oxysporum, R. solani, S. rolfsii, S. sclerotiorum, C. capsici,H. oryzae, A. bras-
sicicola mycelium inhibition. It has been observed that Trichoderma spp. may produce specific

volatile metabolites for each type of antagonized pathogen.

Quite often biocontrol agents fail to perform as expected against targeted crop disease.

Combination of different disease management methods have significant impact on many per-

spectives. From practical point of view, combined application of biocontrol agents and half-

dose of recommended fungicides give additive or synergistic effects on plant diseases [10] by

weakening the pathogen propagules [34]. Carbendazim resistance in NTG induced mutants

are stable. We found that linear growth and mycelial biomass production was more and highly

compatible in N2-2 mutant. T. harzianum mutant developed by Viji et al. [35] showed carben-

dazim tolerance up to 30 μg/ml. Similarly, NTG induced T. viridemutants exhibited benomyl

tolerance up to 50 μg/ml [19] and Jayaraj and Radhakrishnan [36] demonstrated 100 μg/ml

tolerance in T. harzianum. Further, Mech [37] reported that mutants of T. harzianum can

grow even at 0.1% carbendazim.

Combination of N2-2 with half-dose of carbendazim treatment (T7) significantly reduced

the dry root rot disease incidence in Annigeri and JG 62 cultivar. Since, these genotypes are

known to be moderately resistant, the T7 treatment has effectively enhanced the resistance

capacity against DRR. JG62 is known to exhibit a mortality rate of 90% under DRR incidence

placing them sometimes under highly susceptible genotypes as well [38]. AUDPC and apparent

infection rate (r) indicated slow disease progress in this treatment. R. bataticola in legumes is

becoming intense in tropical humid areas [39] moisture deficit conditions and higher soil tem-

peratures which are predisposing factor for disease in chickpea [40].Moreover, carbendazim tol-

erating T. harzianummutants have been found superior in enhancing the root biomass of

chickpea and increasing F. oxysporum f. sp. cicerimanagement to about four to eight fold [41].

In this study, we demonstrated that only tub2 gene shows mutations in N2-2 and N2. The

deduced amino acids structural superimposition of tub2 gene in N2 with WT and N2-2 with

WT, differ by 37 and 183 mutant residues. Carbendazim is known to inhibit the synthesis of

β-tubulin protein [42]. Mutations in the β-tubulin gene evade the inhibitory effect of carbenda-

zim and confer carbendazim tolerance to the mutant. A single amino acid change from phe-

nylalanine to tyrosine at position 167 of the β-tubulin gene results in benomyl tolerance in N.

crassa and A. chrysogenum [43]. Goldman et al. [15] confirmed the MBC resistant tub2 gene

from T. viride strain T9BR47. A single mutation at amino acid 168, having Phe (TTC) instead

of Ser (TCC) and a double mutation in amino acid 13 resulting in the substitution of Gly

(GGC) by Val (GTG) in tub2 confirms the resistance in T. harzanum. Previous studies have

demonstrated the mutations occurring at multiple codons of the β-tubulin gene ultimately

confer tolerance to benzimidazoles such as carbendazim [8]. Our study reported 17 mutations

in N2 and 14 mutations in N2-2 which were non-synonymous in nature.

This suggests that carbendazim tolerance could be attributed to mutations in tub2 gene in

N2 and N2-2. Although N2 and N2-2 mutants showed increased carbendazim resistance, their

biocontrol properties that prevented dry root rot were not hampered. This suggests that the

fungicidal and biocontrol characteristics of Trichoderma are not linked to naturally occurring

tub2 gene. This further shows that NTG induced mutagenesis allowed for selection of carben-

dazim tolerant Trichoderma mutants for management of dry root rot in chickpea. Further

structural analysis of mutant tub2 protein structures would be necessary to narrow down upon

the causal mutation.

Our results showed that the fungicide tolerant Trichoderma strain with half-dose fungicide

could control major chickpea fungal pathogens without affecting the original essential myco-

parasitism and plant growth activity. These mutants were as good as the wild-type with respect

to all of these inherent attributes.
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Conclusions

In conclusion, optimised mutagenic techniques improves the biocontrol potentials of Tricho-
derma. This study provides insight into the biocontrol potential of T. asperellum and its car-

bendazim tolerance. Additionally, the study demonstrates the soil-borne disease control ability

of Trichoderma with half-dose of fungicide and confirms the carbendazim resistant mecha-

nism in N2-2 mutants. The fungicide resistant Trichodermamutants would certainly compli-

ment the disease management practices with great environmental relevance.

To elucidate the antagonism and disease control potential of mutants with half-dose of fun-

gicides against major chickpea pathogens, its molecular and biochemical basis of resistance

needs to be examined. Whole genome sequences could explain the possible genetic causes for

the heritably-stable changes in our Trichoderma mutant’s antagonism and fungicide tolerance.

There could be single and multiple point mutation for enhancing cell wall degrading enzymes

and volatile metabolites productions and carbendazim-fungicide resistance in the mutants.

Furthermore, experiments on tripartite interaction system that includes plant, plant pathogen

and biocontrol agent (consortium of improved antagonistic and fungicide tolerant mutants)

would provide the significance of improved biocontrol agents specifically in additive or syner-

gistic effects on plant diseases, plant growth promotion, soil health as well as lowering chemical

residue in crops and soil.
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tetheinyl transferase of Trichoderma virens plays a role in plant protection against Botrytis cinerea

through volatile organic compound emission. Plant and Soil. 2014; 379(1):261–274.

5. El-Komy MH, Saleh AA, Eranthodi A, Molan YY. Characterization of Novel Trichoderma asperellum Iso-

lates to Select Effective Biocontrol Agents Against Tomato Fusarium Wilt. The Plant Pathol J. 2011; 31

(1):50–60.

PLOS ONE Genetic enhancement of Trichoderma for chickpea dry root rot disease management

PLOS ONE | https://doi.org/10.1371/journal.pone.0280064 January 18, 2023 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280064.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280064.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280064.s009
https://doi.org/10.3389/fmicb.2019.01910
http://www.ncbi.nlm.nih.gov/pubmed/31543866
https://doi.org/10.1371/journal.pone.0280064


6. Zaidi NW, Singh US. Trichoderma in Plant Health Management. Trichoderma: Biology and Applications.

2014; pp 230.

7. Parekh S, Vinci VA, Strobel RJ. Improvement of microbial strains and fermentation processes. Appl

Microbiol Biotechnol. 2000; 54(3):287–301. https://doi.org/10.1007/s002530000403 PMID: 11030563

8. Li M, Zhang HY, Liang B. Novel mutations in β-tubulin gene in Trichoderma harzianum mutants resis-

tant to methyl benzimidazole-2-YL carbamate. Applied Biochem Microbiol. 2013; 49(5):502–506.

9. Gathe AG, Ingle ST, Mane SS, Brahmankar SB, Ingole MN. Mutagenesis of Trichoderma asperellum

for Fungicide Tolerance. Inter J of Current Microb and Appl Sc. 2021; 10(03):1649–1665. https://doi.

org/10.20546/ijcmas.2021.1003.206

10. Adandonon A, Aveling TAS, Labuschagne N, Tamo M. Biocontrol agents in combination with Moringa

oleifera extract for integrated control of Sclerotium-caused cowpea damping-off and stem rot. Eur J

Plant Pathol. 2006; 115(4): 409–418.

11. Baraldi E, Mari M, Chierici E, Pondrelli M, Bertolini P, Pratella GC. Studies on thiabendazole resistance

of Penicillium expansum of pears: pathogenic fitness and genetic characterization. Plant Pathology.

2003; 52:362–370.

12. Zhang YJ, Zhang X, Chen CJ, Zhou MG, Wang HC. Effects of fungicides JS399-19, azoxystrobin, tebu-

conazloe, and carbendazim on the physiological and biochemical indices and grain yield of winter

wheat. Pesticide Biochemistry and Physiology. 2010; 98(2):151–157.

13. Davidse LC. Benzimidazole fungicides: mechanism of action and biological impact. Ann.Rev of Phyto-

pathol. 1986; 24:43–65.

14. Escudero-Leyva E, Alfaro-Vargas P, Muñoz-Arrieta R, Charpentier-Alfaro C, et al. Tolerance and Bio-

logical Removal of Fungicides by Trichoderma Species Isolated From the Endosphere of Wild Rubia-

ceae Plants. Frontiers in Agronomy, 2022; 3: 1–14. https://doi.org/10.3389/fagro.2021.772170

15. Goldman GH, Temmerman W, Jacobs D, Contreras R, Van-Montagu M, Herrera-Estrella AA nucleotide

substitution in one of the beta-tubulin genes of Trichoderma viride confers resistance to the antimitotic

drug methyl benzimidazole-2-yl-carbamate. Mol Gen Gent. 1993; 240:73–80.

16. Ramanagouda G. Genetic enhancement of biocontrol potential of Trichoderma spp. by induced muta-

tion. PhD thesis, Univ. of Agri. Sci. Raichur, Karnataka, India. 2018, pp259.

17. Ramanagouda G, Naik MK. Compatibility studies of indigenous Trichoderma isolates with pesticides.

Indian Phytopathol. 2021; 74:241–248.

18. Ramanagouda G, Naik MK, Sharma M. Biocontrol potentials of novel indigenous Trichoderma isolates

against Fusarium wilt of chickpea. Indian Phytopathol. 2021; https://doi.org/10.1007/s42360-021-

00442-z.

19. Mukherjee PK, Sherkhane PD, Murthy NBK, Induction of stable benomyl-tolerant phenotypic mutants

of Trichoderma pseudokoningii MTCC 3011 and their evaluation for antagonistic and biocontrol poten-

tial. Indian J of Exptl Biol. 1997; 37.

20. Edington LV, Khew KL, Barron GI. Fungitoxic spectrum of benzimidazole compounds. Phytopathol.

1971; 61:42–44.

21. Li M, Li F, Jing X. Active vibration control of composite pyramidal lattice truss core sandwich plates. J

Aerosp Eng. 2018; 31(2): p04017097.

22. Tarafder M, Islam R, Datta B. Carbendazim sensitivity of Fusarium solani soil isolates. Indian Phyto-

pathol. 2019; 72:705–710.

23. Campbell CL, Madden LV. Introduction to plant disease epidemiology. John Wiley & Sons, New York.

1990; 532.

24. Vanderplank JE. Plant Diseases-Epidemics and Control Academic Press New York. 1963.

25. Rohlf FJ, Sokal RR. Statistical tables. Macmillan. 1995.

26. Robert X, Gouet P. Deciphering key features in protein structures with the new END script server. Nucl

Acids Res. 2014; 42(1):320–324.

27. Xie M, Li Q, Hu XP, Zhang YJ, Peng DL, Li Q, et al. Improvement of the propamocarb-tolerance of Leca-

nicillium lecanii through UV-light radiation-based mutagenesis. Crop Protection. 2018; 103:81–86.

https://doi.org/10.1016/j.cropro.2017.09.014

28. Abbasi S, Safaie N, Shams-bakhsh M, Shahbazi S. Biocontrol activities of gamma induced mutants of

Trichoderma harzianum against some soilborne fungal pathogens and their DNA fingerprinting. Iranian

J Biotech. 2016; 14(4):260–269.

29. Zhu GJ, Li ZH, Wang ZX. Microbial genetics and breeding, Chemical Industry Press, Beijing, China.

2009.

PLOS ONE Genetic enhancement of Trichoderma for chickpea dry root rot disease management

PLOS ONE | https://doi.org/10.1371/journal.pone.0280064 January 18, 2023 15 / 16

https://doi.org/10.1007/s002530000403
http://www.ncbi.nlm.nih.gov/pubmed/11030563
https://doi.org/10.20546/ijcmas.2021.1003.206
https://doi.org/10.20546/ijcmas.2021.1003.206
https://doi.org/10.3389/fagro.2021.772170
https://doi.org/10.1007/s42360-021-00442-z
https://doi.org/10.1007/s42360-021-00442-z
https://doi.org/10.1016/j.cropro.2017.09.014
https://doi.org/10.1371/journal.pone.0280064


30. Vos CMF, De-Cremer K, Cammue BPA, De-Coninck B. The toolbox of Trichoderma spp. in the biocon-

trol of Botrytis cinerea disease: Trichoderma biocontrol of Botrytis cinerea disease. Mol Plant Pathol.

2015; 16(4):400–412.

31. Chand P, Aruna A, Maqsood AM, Rao LV. Novel mutation method for increased cellulase production. J

App Microbiol. 2005; 98(2):318–323. https://doi.org/10.1111/j.1365-2672.2004.02453.x PMID:

15659186

32. Estrada-Rivera M, Rebolledo-Prudencio OG, Pérez-Robles DA, Rocha-Medina MDC, González-López
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