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Background: Soil-borne pathogens such as Sclerotium rolfsii (Agroathelia rolfsii
Sacc.) and Fusarium oxysporum f. sp. ciceri pose serious threats to chickpea
(Cicer arietinum L.) production. Trichoderma spp. are widely recognized in
modern agriculture as effective biocontrol agents due to their ability to produce
several lytic enzymes, including chitinases, glucanases and proteases, which
contribute to the inhibition of plant pathogens.

Objectives: This study aimed to screen Trichoderma isolates for protease and
chitinase activity, evaluate their antagonistic potential against two chickpea
pathogens, and assess the synergistic effects of Trichoderma and biochar in
disease suppression and plant growth promotion. This study investigated the
protease and chitinase activities of different Trichoderma isolates and evaluated
their synergistic potential with biochar in promoting defense-related enzymes
in chickpea (Cicer arietinum L.).

Methods: A total of 21 Trichoderma isolates were screened for protease and
chitinase activity. Four potent strains—T. harzianum (PBT13), T. virens (PBT3),
T. lixii (PBT14), and T. asperellum (PBT4)—were selected for further evaluation.
Antagonistic activity against F. oxysporum f. sp. ciceri and S. rolfsii was
assessed using dual culture assays and scanning electron microscopy (SEM).
The extracellular chitinase activity of the most active strain was quantified,
and its inhibitory effect on pathogenic growth was determined. The combined
application of T. harzianum and rice husk biochar significantly influenced disease
incidence, defense enzyme activity, germination, chlorophyll content, sclerotia
formation, and Trichoderma survivability under greenhouse and field conditions.
Results: Among the tested isolates, T. harzianum (PBT13) showed the highest
enzymatic activity and strong antagonism against both pathogens. Extracellular
chitinase activity peaked at 60 U/mL, suppressing in vitro growth of F. oxysporum
f. sp. ciceri by 95.95% and S. rolfsii by 97.10%. Greenhouse/field trials revealed
that combining T. harzianum with rice husk biochar significantly reduced disease
incidence, enhanced plant defense, enzyme activity, improved germination and
chlorophyll content, reduced sclerotia formation, and promoted Trichoderma
survival in soil.
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Conclusion: The study demonstrates that enzyme-active Trichoderma strains,
particularly T. harzianum (PBT13), in combination with rice husk biochar,
provides a sustainable and synergistic approach for managing soil-borne
diseases in chickpea. This integrated strategy not only suppresses pathogens
but also improves plant health and resilience, offering a viable alternative to
chemical fungicides.
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1 Introduction

Chickpea (Cicer arietinum L.) is a globally significant pulse crop,
valued for its high nutritional content, including proteins (18-20%),
fat (5%), carbohydrates (60%), and dietary fibres (10-20%) (Jukanti et
al., 2012; Kumar et al., 2025). However, climate change and other
stresses, (biotic and abiotic), constantly hamper the crop production
(Landi et al., 2019). Approximately 50% of crop losses are attributed
to abiotic stress and the figure is steadily rising due to ongoing climate
change (Minhas et al., 2017). However, biotic stresses in plants arise
mainly from pathogens and pests (Gimenez et al., 2018). Globally,
pests reduce annual agricultural productivity by an estimated 18 to
25% (Poveda, 2021), while pathogens inflict 10 to 15% of total crop
losses (Mohammad-Razdari et al., 2022). Among pests and pathogens,
the major threats to chickpea crops and their associated losses are:
nematodes: 13-40% (Zwart et al., 2019), viruses: 10-60% (Kumar and
Gupta, 2019), pod borers: 10-40% (Said et al., 2022), aphids and other
insects: 10-30% (Jaba et al., 2021), and fungal phytopathogens:
50-60% (Pande et al., 2023), all causing substantial yield losses (Mejia
et al,, 2021). Among these drivers of crop loss, fungal pathogens,
particularly soil-borne fungi, such as Fusarium oxysporum,
Rhizoctonia bataticola, and Sclerotium rolfsii, have been reported as a
major threat, causing significant crop losses (Sharma et al., 2017).
Collar rot caused by S. rolfsii is devastating, resulting in 10-30% yield
losses annually and up to 95% seedling mortality (Chowdary et al.,
2024; Haware et al., 1996). This necrotrophic fungus survives in soil
through resilient sclerotia and produces various cell wall-degrading
enzymes (CWDEs), such as oxalic acid, cellulases, and pectinases that
facilitate rapid colonization of host tissue (Kubicek et al., 2014; Punja
and Jenkins, 1984). The persistent nature of these soil-borne pathogens
due to long-lived structures like sclerotia and chlamydospores poses
a major challenge to effective disease management (Koma, 2023; Elad
and Chet, 1995). To overcome these challenges, both chemical
fungicides and biocontrol agents are commonly used. However,
chemical fungicides often provide limited and inconsistent results
(Mandal et al., 2009), and may contribute to environmental pollution
and resistance development, whereas biocontrol agents are
eco-friendly, non-hazardous, and offer more sustainable solutions
(Manhas and Kaur, 20165 Sharma et al., 2020). Hence, there is an
increasing shift toward Integrated Disease Management (IDM)
strategies combining biological control, organic amendments, and
cultural practices to achieve sustainable disease protection (Bhuiyan,
2017). Trichoderma spp. secretes extracellular lytic enzymes, including
chitinases, #-glucanases, and proteases, which are generated during
interactions with the cell walls of pathogens, effectively degrading
them (Wonglom et al., 2019; Baiyee et al., 2019). Although other
enzymes may participate in the comprehensive breakdown of fungal
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infections” cell walls, chitinase is predominantly regarded as the
principal enzyme due to its substrate, chitin, being the most prevalent
constituent in the cell walls of numerous fungal species (Hartl et al.,
2012; Baek et al., 1999). At present, chitin degradation and chitinases
are playing an important role in a wide variety of biological and
biotechnological processes, ranging from the exploitation and
environmental clean-up of chitinous wastes to plant defense systems
and biological control (Loc et al., 2020). Chitinases are found in
various organisms, including fungi, bacteria, yeasts, plants, and
actinomycetes (Hamid et al., 2013). Research on the characterization
and activity of extracellular chitinase from Trichoderma species has
been conducted for an extended period, including studies on
T. harzianum (Ulhoa and Peberdy, 1991; El-Katatny et al., 2000, 2001;
Sandhya et al., 2004), T. harzianum (Lima et al., 1999), and T. virens
(Baek et al., 1999). Species like T. harzianum, T. virens, T. asperellum,
and T. lixii exhibit strong antagonistic activity through mechanisms
such as mycoparasitism, nutrient competition, production of CWDEs
(chitinases, f-1,3-glucanases, and proteases), and synthesis of
secondary metabolites, including gliotoxin, 6-pentyl-2H-pyran-2-one,
and harzianolide. Thus, they are widely used due to their broad-
spectrum antagonistic properties (Sharma et al., 2002; Singh et al,,
2003). Chitinase and protease are particularly critical as they degrade
the structural components of fungal cell walls, primarily glycoproteins
and chitin (Lorito et al., 1994). SEM studies have demonstrated
Trichoderma’s hyphal coiling, penetration, and lysis of S. rolfsii and
E oxysporum hyphae (Supplementary Figure 1), confirming its
mycoparasitic activity (Tyskiewicz et al., 2022; Dutta et al., 2023;
Kumari et al., 2025). The integration of Trichoderma with organic soil
amendments, such as biochar (BC), has shown promise as a promising
avenue for enhancing plant health, soil resilience, and disease
suppression. Biochar, a carbon-rich by-product of pyrolysis, improves
soil structure, cation exchange capacity, pH, and microbial habitat
(Lehmann et al,, 2011; Pandao et al., 2023). Its porous structure
enhances colonization and activity of beneficial microbes and can
indirectly suppress pathogens by modifying the soil environment and
reducing sclerotia formation (Ameloot et al., 2014; Hale et al., 2015).
Moreover, biochar influences the soil microbial community, enzyme
activities, and nutrient cycling factors critical for sustainable plant
growth (Trivedi et al., 2020). Studies have shown that combining
Trichoderma spp. with biochar can enhance plant defense responses
by upregulating enzymes such as peroxidase, catalase, and
phenylalanine ammonia-lyase (PAL), leading to improved systemic
resistance in plants (Farhangi-Abriz and Torabian, 2017; Shoaib et al.,
2013; Mitter et al., 2019). These interactions have been associated with
improved seed germination, chlorophyll content, root establishment,
and suppression of soil-borne pathogens (Marinari et al., 2000; Liu et
al., 2020). Given the multifunctional role of hydrolytic enzymes in
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fungal suppression and the soil-enhancing properties of biochar, the
evaluation of protease and chitinase activity among Trichoderma
strains, alongside their interactions with biochar, represents an
ecologically sound and sustainable strategy for managing collar rot
and other soil-borne diseases in chickpea. The involvement of lytic
enzymes and antibiotics from Trichoderma in the control of plant
diseases has been examined in several experimental investigations and
reviews. However, a full assessment of extracellular enzymes from
Trichoderma and its function in plant disease management and the
induction of immunity has not been extensively investigated. This
study focuses on the role of Trichoderma-derived extracellular
enzymes in suppressing plant pathogens and enhancing plant immune
responses, along with the synergistic effect of Trichoderma and
biochar for Sclerotium rot and Fusarium wilt.

2 Materials and methods

2.1 Sampling, isolation, and identification
of Trichoderma strains

Twenty-one Trichoderma isolates (Jammu and Kashmir:
32.99059° N, 74.93717° E; Mansa: 29.9995° N, 75.3937° E;
Bathinda: 30.2110° N, 74.9455° E; Muktsar: 30.4762° N, 74.5122°
E; Fazilka: 30.4036° N, 74.0280° E; Faridkot: 30.6774° N, 74.7539°
E; Ferozpur: 30.9331° N, 74.6225° E; Moga: 30.8230° N, 75.1734°
E; Barnala: 30.8230° N, 75.1734° E; Sangrur: 30.8230° N, 75.1734°
E; Patiala: 30.3398° N, 76.3869° E; Malerkotla: 30.5246° N, 75.8783°
E; Ludhiana: 30.9010° N, 75.8573° E; Jalandhar: 31.3260° N,
75.5762° E; Fatehpur Sahib 30.6435° N, 76.3970° E; Tarn Taran
31.4539° N, 74.9268° E; Amritsar: 31.6340° N, 74.8723° E;
Gurdaspur: 32.0414° N, 75.4031° E; Kapurthala: 31.3723° N,

10.3389/fmicb.2025.1699251

75.4018° E; Nawanshahr: 31.1256° N, 76.1186° E; Himachal
Pradesh: 32.1024° N, 77.5619° E) were obtained from rhizospheric
soils collected across Punjab, Jammu and Kashmir and Himachal
Pradesh, India (Figure 1). Samples were stored in sterilized zip-lock
bags at 4 °C. One gram of soil was serially diluted to 10™, and
100 pL aliquots were spread on Rose Bengal agar (RBA) for
isolation. Morphologically distinct colonies were purified on PDA
using the single-spore technique (O’Gorman et al., 2009) and kept
on PDA slants at 4 °C. Isolates were screened for biocontrol efficacy
(mycelial inhibition, hydrolytic enzyme production, growth rate)
against Sclerotium rolfsii and E oxysporum. Four potent isolates
were identified through ITS analysis and partial genome sequencing
(Kumari et al.,, 2024), and these findings were later published
(Kumari et al., 2025).

2.2 Multiplication of pathogen inoculum

The pathogens (Sclerotium rolfsii and Fusarium oxysporum)
utilized in this study were sourced from the Indian Type Culture
Collection (ITCC), IARI, New Delhi, India, under the accession
numbers: ITCC No. 8527 and ITCC No. 6341, respectively.
Pathogens were mass multiplied on sorghum grains following the
method prescribed by Sennoi et al. (2012). Sorghum grains (250 g)
were soaked in tap water overnight. Approximately 100 g of soaked
grains were filled in an autoclavable polybag and tied with a thread,
and subsequently sterilized for 20 min at 121 °C in an autoclave.
After sterilization, the grains were inoculated with two mycelial
bits of the pathogen obtained from a five-day-old culture of
Sclerotium rolfsii and Fusarium oxysporum. The inoculated bags
were kept in a BOD incubator set at 28 + 2 °C for 1 week (Sennoi
etal., 2012).
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FIGURE 1

Soil sample collection. (A) Sample collection sites in Punjab. (B) Map of India showing the three main locations of sample collection.

Frontiers in Microbiology

03

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1699251
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Kumari et al.

2.3 Pathogenicity test

Pathogenicity test was carried out under controlled pot culture
condition during 2023-2024 cropping season. The field soil was
pasteurized in an autoclave at 121.6 °C for 20 min on three successive
days to eliminate all the contaminants. The sick pots were prepared by
adding 25 g of prepared inoculum into each earthen pot. Five healthy
chickpea seeds (variety PBG 7) were treated with 1% sodium
hypochlorite solution and sown in each pot. These experiments were
repeated three times. The pots without inoculum were considered as
a control. Typical symptoms of the disease were observed after
90 days, and PDI% (percent disease incidence) was measured using
the equation (Kokalis-Burelle et al, 1997). The pathogen was
re-isolated from the affected plants and subsequently compared with
the original culture after harvest.

Number of diseased plants
PDI(%)= x100
Total plantsobserved

2.4 Screening of protease and chitinase
activity

2.4.1 Qualitative assay

The enzyme activity of Trichoderma isolates was tested using an
agar plate assay with specific media: CAM (Casein Agar Medium) and
CDM (Chitinase Detection Medium) for protease and chitinase
activity, respectively. Both media were sterilized and poured into
separate Petri plates. One Trichoderma disc (6 mm) was placed in the
centre of each Petri dish. The inoculated plates were kept in a BOD
incubator set at 26 + 2 °C for 3 to 5 days. After 5 days, the Petri dishes
were treated with green dye (Bromocresol) to detect proteolytic
activity, specified by transparent zone formation around the colonies,
surrounded by a greenish-blue area due to the mediums pH
(8.0 £0.2). The colourless zones indicated protease activity,
contrasting with the rest of the plate’s greenish-blue colour. For
chitinase activity, chitinase production was indicated by the formation
of a purple-colored zone around colonies, enhanced by bromo cresol
purple binding to unhydrolyzed protein. Zone diameter and color
intensity were used to evaluate chitinase activity. This experiment was
repeated three times (Cherkupally et al., 2017).

2.4.2 Quantitative assay

2.4.2.1 Preparation of enzyme source

A 3 mm disc of Trichoderma strain(s) was inoculated into an
Erlenmeyer flask containing TLE medium. The medium contained,
03 g of calcium chloride dihydrate (CaCl,-2H,O), 2.0g of
monopotassium phosphate (KH,PO,), 1.4 g of ammonium sulphate
(NH4),SO4, 03g of magnesium sulphate heptahydrate
(MgSO4+7H,0), 0.3 g of urea 0.3g, 1.0g of peptone, and 0.1%
micronutrients (Zn*", Fe?*, Cu®*, Mn*') 0.1%. The cell wall of
Sclerotium rolfsii (0.5%) was utilized as a source of carbon and
nitrogen for enzyme production by Trichoderma after lyophilization.
The inoculated conical flasks were kept in a BOD incubator-cum
shaker set at 28 +2 °C, 120 rpm for 48 h to ensure continuous
agitation. After 48 h, the fungal biomass was separated by filter paper,
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and the resulting extracts were utilized as the enzyme source
(Geraldine et al., 2013).

2.4.2.2 Estimation of the protease enzyme

Protease activity was estimated using 0.25% (w/v) azocasein as the
substrate, dissolved in phosphate-citrate buffer (50 mM) adjusted to
pH 5.0. The assay mixture consisted of buffer solution (40 pL), enzyme
extract (20 pL), and azocasein (40 pL) as a substrate. The reaction
mixture was incubated at 37 °C for 30 min, after which 100 pL of 10%
(w/v) trichloroacetic acid (TCA) was added to terminate the reaction.
The samples were subsequently incubated at 4 °C for 10 min. After
centrifugation (698.75¢g for 30 min), supernatant (100 uL) was
decanted into a microplate and mixed with 1 M sodium hydroxide
(100 pL), and optical density (OD) was recorded at 450 nm. One unit
of protease enzyme activity is defined as the quantity of enzyme that
induces an increase in optical density per minute. The protein
concentration was quantified utilizing the Bradford method (Bradford,
1976), employing BSA (bovine serum albumin) as the standard
(Geraldine et al., 2013).

2.4.2.3 Estimation of chitinase enzyme

Chitinase extraction was conducted using the following
procedure, explained by Tiwari et al. (2024). For the enzyme assay,
1.5% colloidal chitin was incorporated into the Czapek Dox Broth
medium as a supplement. After the preparation of the medium, two
bits (7 mm) of Trichoderma were inoculated and placed in a BOD
incubator at 28 + 2 °C for 6-8 days. The liquid culture was collected
at 4-day and 8-day intervals and centrifuged at 5,000 rpm for 10 min.
The resulting supernatant was harvested and utilized for the chitinase
assay. The protein content in the samples was quantified by a
spectrophotometer at 595 nm, using bovine serum albumin (BSA) as
the reference standard. Chitinase activity was presented in pg/mL,
representing the production of the enzyme by the Trichoderma strains
(Tiwari et al., 2024).

2.5 In vitro antipathogenic property of
chitinase

An assay was performed to evaluate the efficacy of chitinase in
inhibiting hyphal growth to determine its effectiveness against the
fungus. Proliferation of the phytopathogenic fungi S. rolfsii and
Fusarium sp., both characterized by the presence of chitin in their cell
walls. A 90 mm x 15 mm petri plate containing 1/2 potato dextrose
(PD) broth (potato dextrose agar (PDA) without agar) was augmented
with 10-60 U/mL of enzyme and 10 pL of fungal spore suspension
(about 106 spores/mL). The culture was maintained at 28 °C for 36 to
48 h to monitor fungal proliferation. A centrifuge was utilized to
isolate the mycelium cells at 4,000 rpm for 5 min, and subsequently
rinsed with distilled water to acquire the fresh biomass. The fresh
biomass was desiccated at 65 °C until a stable weight was attained to
ascertain the dry biomass (Loc et al., 2020).

2.6 Plant material

The chickpea variety utilized was PBG 7, a desi-type known for its
modest yield of 8 quintal/acre was highly susceptible to Fusarium
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oxysporum f. sp. ciceri and Sclerotium rolfsii in Indian agro-climatic
settings. We obtained certified seeds of C. arietinum (PBG 7) from
Punjab Agricultural University (PAU), Ludhiana (30.9017° N and
longitude 75.8053° E), India. This was executed to ensure the plants
exhibited genetic consistency and optimal physiological quality.
Before sowing and treatment, the seedlings were surface sterilized to
eliminate epiphytic microbial pollutants that could interfere with
microbial inoculation or subsequent enzymatic assays. The seeds were
submerged in 1% (v/v) sodium hypochlorite solution in a conical flask
with continuous agitation for 3 min (Taylor et al., 1998). Subsequently,
the seeds were rinsed thrice with sterile distilled water (DW) to
eliminate any residual sterilant. The seeds were subsequently air-dried
in a laminar airflow (LAF) cabinet for approximately 30 min under
sterile conditions. This was executed to provide uniform drying and
facilitate handling for biopriming procedures. The seed sterilization
procedure was carried out according to protocols validated for
legumes (Singh et al., 2019). This ensured optimal conditions for
microbial colonization during Trichoderma biopriming while
preserving seed viability. Meticulous preparation of the host material
was essential to ensure that the results of the interaction tests between
biochar Trichoderma harzianum, and the host plant under biotic stress
from soil-borne pathogens were consistent.

2.7 Treatment combinations

The experiment was conducted using a completely randomized
design (CRD) with three replications to assess the various treatment
combinations. The treatments included: T1—Fusarium oxysporum f.
sp. ciceri (FOC), T2—Sclerotium rolfsii (SR), T3—Trichoderma
harzianum alone, T4—FOC with biochar, T5—SR with biochar, T6—
FOC with T. harzianum, T7—SR with T. harzianum, T8—FOC with
biochar and T. harzianum, and T9—SR with biochar and T. harzianum.
All pathogen-associated treatments were performed with either FOC
or SR as previously described. This experimental setup facilitated the
assessment of both preventive and suppressive effects of T. harzianum
and biochar, individually as well as in combination.

2.8 Assays of defense-related enzymes

2.8.1 Phenylalanine ammonia-lyase assay

The activity of phenylalanine ammonia-lyase (PAL; EC 4.3.1.5)
was estimated to determine whether the phenylpropanoid pathway,
crucial for plant defense, was activated or not. 5 mL of 0.1 M sodium
borate buffer (pH 8.8), including 1 mM EDTA and 1% PVP, was
employed to homogenize 0.5 g of fresh chickpea root tissue. This
inhibited phenolic oxidation. The homogenate was centrifuged
(12,000 rpm for 15 min at 4 °C), and the resulting supernatant was
utilized as the enzyme extract. The assessment of PAL activity was
conducted following the methodology of Dickerson et al. (1984),
which involved assessing the synthesis of trans-cinnamic acid from
L-phenylalanine. The reaction mixture consisted of 1.5 mL of 0.1 M
Tris-HCI buffer (pH 8.8), 0.5 mL of 10 mM L-phenylalanine, and
0.5 mL of enzyme extract. The reaction mixture was incubated at 37
°C for 1h, after which trans-cinnamic acid production was

spectrophotometrically measured at 290 nm. Phenylalanine
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ammonia-lyase (PAL) activity was expressed as pmol of trans-
cinnamic acid formed per minute per gram of fresh weight (FW)
(Dickerson et al., 1984; Jameel et al., 2021).

2.8.2 Catalase assay

The catalase (CAT) activity in chickpea root tissues to evaluate the
efficacy of hydrogen peroxide (H,O,) detoxification in the presence of
living organisms. 0.5 g of fresh root sample was crushed in 5 mL of
ice-cold 0.1 M sodium phosphate buffer (pH 7.0), contain 1 mM
EDTA and 1% polyvinylpyrrolidone (PVP) to maintain enzyme
stability. The homogenate was centrifuged at 12,000 rpm for 15 min at
4 °C, and the supernatant was utilized to extract the enzymes. The
methodology of Aebi (1984) was followed to assess the CAT activity.
rate of H,O0,
spectrophotometrically at 240 nm. The reaction mixture contained
2.5 mL of 50 mM phosphate buffer (pH 7.0), 0.4 mL of 15 mM H,O,,
and 0.1 mL of enzyme extract. The reduction in absorbance per

It involved measuring the decomposition

minute was quantified and the enzyme activity was expressed as pmol
H,0, decomposed per minute per gram of fresh weight (FW)
(Aebi, 1984).

2.8.3 Peroxidase assay

Peroxidase (POD) assay was performed to evaluate the oxidative
defense response in treated chickpea plants. Root tissues (0.5 g)
were homogenized in 5 mL of ice-cold 0.1 M sodium phosphate
buffer (pH 7.0) containing 1 mM EDTA and 1% PVP. The
homogenate was centrifuged at 12,000 rpm for 15 min at 4 °C, and
the supernatant was used as the enzyme source. POD activity was
assayed following the protocol of Chance and Machly (1955), using
guaiacol as the electron donor. The reaction mixture comprised
1.5 mL of 0.05M phosphate buffer (pH 6.5), 1.0 mL of 20 mM
guaiacol, 0.3 mL of 40 mM H,O,, and 0.2 mL of enzyme extract.
The increase in absorbance at 470 nm, due to the formation of
tetraguaiacol, was recorded for one minute. POD activity was
calculated as the change in absorbance per minute per gram of fresh
weight (FW) (Chance and Maehly, 1955).

2.9 Disease assessment

Disease incidence was calculated 40 days after inoculation as a
percentage of diseased plants in the treatment by using the
following formula

Disease incidence (%) =Number of diseased plantsx100/
Total number of plants

The following formula was used to compute the percentage
provided by biochar, Trichoderma and combined application, where
A represents the PDI of untreated control plants and B represents the
PDI of treated plants (Attia et al., 2022).

Protection (%) =A-Bx100/A
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3 Results

3.1 Sampling, isolation, and identification
of Trichoderma strains

Distinct fungal colonies were recovered from soil samples, and
Trichoderma isolates were successfully identified through morphological
and molecular characterization (Kumari et al., 2024, 2025).

3.2 Pathogenicity test

Pathogenicity test of both pathogens revealed the highest disease
incidence, Fusarium wilt (78.00%) and collar rot (70.00%),
respectively, under the soil inoculation technique.

3.3 Enzymatic antioxidant assay

The enzymatic antioxidant activities of phenylalanine ammonia-
lyase (PAL), catalase (CAT), and peroxidase (POD) were assessed in
chickpea leaves after the application of various treatments involving
Trichoderma spp., biochar, and pathogen inoculation. Trichoderma and
biochar had significant effects on the enzymatic antioxidants of
chickpea (Table 1). All enzyme activities were expressed as pmol
substrate converted per minute per mg of protein (pmol min" mg™'
protein), based on a standard protein concentration of 2.5 mg/
mL. Catalase activity, which plays a critical role in detoxifying hydrogen
peroxide produced during oxidative bursts, showed significant
variation across treatments. The highest CAT activity (0.578 pmol
H,O, min™' mg™' protein) was observed in the uninoculated control
(T1), while the pathogen-inoculated control (T2) showed slightly lower
activity (0.570 pmol), suggesting that pathogen stress alone induced a
modest antioxidant response. Treatments T3, T4, and T5, which
included Trichoderma application, demonstrated intermediate activity

10.3389/fmicb.2025.1699251

ranging from 0.521 to 0.577 pmol H,O, min™" mg™" protein. Notably,
treatments T6 to T9, which involved seed bio-priming with
Trichoderma strain, displayed CAT activity (Table 1) between 0.517
and 0.559 pmol min~' mg™" protein, indicating a protective enzymatic
response, likely linked to Trichoderma-induced systemic resistance.
Similarly, PAL activity is a key enzyme in the phenylpropanoid pathway
associated with lignin biosynthesis and defense signaling were
significantly elevated in treatments involving Trichoderma or biochar
amendments. The highest PAL activity (0.00249 pmol trans-cinnamic
acid min™' mg™' protein) was observed in treatment T2 (pathogen-
inoculated control). Treatments T4 and T3 showed the next highest
activities, with values of 0.00241 and 0.00222 pmol trans-cinnamic acid
min~' mg™' protein, respectively (Table 1). The lowest activity was
recorded in T1 at 0.00121 pmol min™" mg™" protein.

Peroxidase (POD) activity, often correlated with cell wall
strengthening and hydrogen peroxide scavenging, followed a similar
trend. The highest POD activity (Table 1) was recorded in T7
(1.1468 pmol guaiacol min™' mg™' protein), followed by T6, T9 than
in T1; 0.2436) and T2 0.088), all of which involved either Biochar or
Trichoderma treatments. This elevated POD activity reflects the
oxidative burst and associated defense responses triggered by
beneficial microbes. Overall, the observed increase in CAT, PAL, and
POD activities across treatments, particularly in T6, T7, and T9,
underscores the synergistic effect of Trichoderma spp. and organic
amendments like biochar enhancing the chickpea plant’s antioxidative
defense system. The results suggest that these treatments not only
mitigate oxidative damage but also potentially contribute to improved
plant resilience against soil-borne phytopathogens such as Sclerotium
rolfsii and Fusarium oxysporum f. sp. ciceri.

3.4 Non-enzymatic antioxidant assessment

Trichoderma and biochar also had a significant effect on
non-enzymatic antioxidants (chlorophyll and total phenol) of

TABLE 1 Effect of treatments on enzymatic activities and physiological responses of chickpea.

Treatments  CAT (umol  PAL (umol  POD (pmol Disease Germination = Chlorophyll
H,0, trans- guaiacol incidence (VA (mg/q)
min*mg? cinnamic  min-*mg (VA]
protein) acid protein)
min— mg
protein)
1. T1 0.578% 0.00121° 0.2436 65.4+2.1° 632+ 1.8 1.42 + 0.06 1.62+0.07¢
2. T2 0.570° 0.00249* 0.0880¢ 61.7 +2.0° 65.7 + 1.5' 1.51 + 0,04 1.69 + 0.06'
3. T3 0.577° 0.00222 0.4724> 32406 91.2 +2.0% 2.13+0.07* 2.56 + 009"
4. T4 0.559° 0.00241* 0.3044° 36.9 + 1.5 76.3 + 1.6 1.82 +0.05% 2.12 +0.08%
5. T5 0.546" 0.00196¢ 0.4128" 341417 78.6 + 1.8 1.87 + 0.06% 220+ 0.06°
6. T6 0.543" 0.00215% 0.7944° 283+ 1.4¢ 81.4 + 1.7 1.91 + 0,07 234 +0.07¢
7. T7 0.541% 0.00228" 1.1468° 254 +1.34 84.6 + 1.6 2.01 £0.06™ 2.42 +0.08%
8. T8 0.521¢ 0.00224" 0.3588" 12.1 +0.9° 934419 226 +0.08 271 +0.09®
9, T9 0.517¢ 0.00220° 0.4476" 9.6+0.8° 95.1+1.5° 2.34+0.07° 2.88 +0.08

CAT, catalase; PAL, phenylalanine ammonia-lyase; POD, peroxidase.

T1: Fusarium oxysporum f. sp. ciceri (FOC), T2: Sclerotium rolfsii (SR), T3: Trichoderma harzianum, T4: FOC with biochar, T5: SR with biochar, T6: FOC with T. harzianum, T7: SR with T.

harzianum, T8: FOC with biochar and T. harzianum, T9: SR with biochar and T. harzianum.

*Different superscript letters in a column denote significant variations among treatments according to Duncan’s multiple range test (p < 0.05).
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chickpea plants (Table 1). Chlorophyll content was highest in T9
(2.34 £0.07 mg/g), followed closely by T8 (2.26 +0.08 mg/g),
indicating improved photosynthetic capacity under these treatments.
In contrast, the lowest chlorophyll values were observed in control
plants T1 (1.42 + 0.06 mg/g) and T2 (1.51 + 0.04 mg/g) (Table 1),
consistent with pathogen stress and tissue degradation. Phenol
content, another important marker of defense response, was
significantly ~higher in T9 (2.88+0.08 mg/g) and T8
(2.71 £0.09 mg/g), followed by T7 and T6. These treatments
correlated well with lower disease incidence and higher POD/PAL
activity, suggesting their role in reinforcing cell wall strength and
inhibiting pathogen proliferation. In contrast, the lowest phenol
accumulation was observed in T1 (1.62+0.07 mg/g) and T2
(1.69 £ 0.06 mg/g) (Table 1).

3.5 Responses of chickpea to different
treatments

The combination of Trichoderma and biochar significantly
influenced the defense-related enzymes in chickpea. A bidirectional,
robust interactive impact was noted between the biocontrol agent and
Fusarium oxysporum and Sclerotium rolfsii, which affected the
synthesis of biochemicals in chickpea (Table 1).

3.5.1 Germination percentage assessment
Germination percentage improved significantly with biocontrol
treatments. The highest germination was observed in T9
(95.1 + 1.5%) and T8 (93.4 + 1.9%), followed by T3 and T7 (91.2-
84.6%), whereas T1 and T2 had the lowest values (63.2-65.7%)

10.3389/fmicb.2025.1699251

(Table 1), correlating with higher disease pressure and lower
antioxidant protection.

3.5.2 Disease assessment

Disease incidence was markedly reduced in treatments involving
Trichoderma, especially T3 (3.2+0.6%) and T9 (9.6 +0.8%),
compared to the high incidence in control treatments T1 (65.4 £ 2.1%)
and T2 (61.7 +£2.0%) (Table 1). Treatments T6-T8 also showed
significant disease suppression (12.1-28.3%), suggesting an active role
of biochar and Trichoderma in promoting plant immunity.

Together, these results demonstrate that treatments involving
Trichoderma and biochar, particularly T9 and T8, were most effective
in enhancing biochemical defense mechanisms, reducing disease
severity, and improving overall plant vigor. The synergistic activation
of antioxidant and phenylpropanoid pathways appear to underlie the
improved stress tolerance observed in these treatments (see Figure 2).

3.6 Quantitative assay

3.6.1 Screening of protease and chitinase activity
The protease and chitinase activities of Trichoderma isolates
obtained from diverse geographical locations were assessed using both
qualitative and quantitative methods. Significant variability in protease
activity was observed among the isolates. The highest protease activity
was recorded in PBT13 (Ludhiana) at 0.058694 U/mg, followed by
PBT3 (Bathinda) at 0.052294 U/mg, and PBT4 (Amritsar) at
0.040439 U/mg. Moderate protease activity was detected in isolates
PBT9 (Malerkotla) at 0.033278 U/mg, PBT6 (Fazilka) at 0.009472 U/
mg, and PBT8 (Gurdaspur) at 0.00795 U/mg. In contrast, lower

10m

FIGURE 2

Trichoderma harzianum; BC, biochar.

13m

Experimental field layout for chickpea plantation during the year 2024-2025. FOC, Fusarium oxysporum f. sp., ciceri; SR, Scelrotium rolfsii; TH,
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protease activity was observed in isolates such as PBT15 (Mansa) at
0.001906 U/mg, PBT16 (Moga) at 0.00195U/mg, and PBT17
(Muktsar) at 0.001822 U/mg, underscoring the variability in enzyme
production across different Trichoderma strains (Figure 3A). Similarly,
chitinase activity exhibited considerable variation among the isolates.
The highest chitinase activity was recorded in PBT13 (Ludhiana) at
1.089 pg/mL, followed by PBT3 (Bathinda) at 1.076 pg/mL, and PBT9
(Malerkotla) at 1.038 pg/mL. PBT4 (Amritsar) also demonstrated
high chitinase activity at 1.023 pg/mL. Moderate chitinase activity was
observed in PBT10 (JandK) and PBT11 (Jalandhar) at 0.988 ug/mL
and 0.989 pg/mL, respectively. In contrast, lower chitinase activity was
noted in isolates such as PBT2 (Barnala) at 0.208 pg/mL and PBT6
(Fazilka) at 0.605 pg/mL, indicating a reduced capacity of these strains
to degrade chitin (Figure 3B). In summary, the findings reveal that
specific Trichoderma isolates, particularly PBT13 (Ludhiana), PBT3
(Bathinda), and PBT9 (Malerkotla), exhibit robust enzymatic activity,
positioning them as promising candidates for further exploration in
biocontrol applications. The observed variability in enzyme
production among the isolates suggests underlying differences in
genetic potential and environmental adaptability. These variations
warrant further investigation to evaluate their efficacy in plant disease
and their role in  sustainable

management potential

agricultural practices.

3.7 In vitro antipathogenic properties of
chitinase produced by Trichoderma
harzianum

A concentrated chitinase enzyme of Trichoderma was used to
measure its antipathogenic properties against Sclerotium rolfsii and
Fusarium oxysporum f. sp. ciceri. The data and figure (Table 2 and
Figures 4, 5) clearly show that chitinase efficiently suppressed the
growth formation of conidia/chlamydospores and sclerotia in FOC
and SR, respectively. Treatment with 10 U/mL chitinase led to a
substantial reduction in fresh biomass around 88.89% for Fusarium

10.3389/fmicb.2025.1699251

and 16.08%% for Sclerotium. When the concentration was increased
to 60 U/mL, the inhibitory effect became more pronounced, with
Fusarium biomass decreasing by nearly 95.95% and S. rolfsii by
approximately 97.10%. Figure 4 demonstrates a dose-dependent
inhibitory effect of chitinase on both pathogens’ growth, with greater
suppression observed at higher concentrations (10-60 U/mL). This
observation aligns with the well-known ability of Trichoderma species
to produce CWDEs. specifically, the chitinase produced by
Trichoderma harzianum targets chitin, the main constituent of the
fungal cell walls, leading to the degradation of hyphal tips and
structural weakening. These findings support the hypothesis that
Trichoderma disrupts pathogen integrity by enzymatically degrading
their cell walls (Geraldine et al., 2013). According to Lopez-Mondejar
etal. (2011), Trichoderma spp. secretes protease and chitinase, which
contribute to the hydrolysis of host cell walls during parasitic
interaction (Rukmana et al., 2020).

4 Discussion

Trichoderma is a soil-borne fungus that colonizes plant roots and
directly or indirectly mediates interaction among soil, plant and
environment (Tyskiewicz et al., 2022). In recent years, the assessment
of enzymatic and non-enzymatic antioxidants potential in leguminous
crops has been a great concern. In the living systems, enzymatic
antioxidant such as phenylalanine ammonia-lyase (PAL), peroxidase
(POD) and catalase (CAT) acts as the first line of defence against
oxidative stress because they have a strong and quick ability to
scavenge free radicals, removing hydroxyl radicals (OH), and
detoxifying hydrogen peroxide and oxygen intermediates in the cell
(Kohli et al., 2019). The synthesis of the extracellular cell wall-
degrading enzymes (CWDs) of Trichoderma has an important role in
inhibition and mycoparasitism of phytopathogenic fungi (Vinale et al.,
2008; Ghorbanpour et al., 2018). Moreover, the enzymes can provide
several advantages to the plants by interacting with and degrading
hydrocarbons and chemical pesticides used in modern agriculture
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TABLE 2 Biomass (g) of F. oxysporum f. sp. ciceri and S. rolfsii after treatment with chitinase.

Chitinase (U/mL)

F. oxysporum FB (g)

F. oxysporum DB (g)

S. rolfsii FB (g) S. rolfsii DB (g)

C1(10) 0.085* 0.008° 0.8402 0.009%
C2(20) 0.061° 0.003° 0.455b¢ 0.006°
C3 (40) 0.042b 0.004% 0.220<4 0.005¢
C4 (60) 0.031° 0.002° 0.0294 0.0034
Control 0.7652 0.0122 1.0012 0.0102

*Different superscript letters in a column denote significant variations among treatments according to Duncan’s multiple range test (p < 0.05).

(Vinale et al., 2014). It has been reported that some secreted cell wall
degradation products act as elicitors, which can induce DAMP effects
against phytopathogen infection (Boller and Felix, 2009). The fungal
cell wall is primarily composed of f-glucans, mannans, chitin, and
proteins (Sood et al., 2020). Trichoderma species are recognized as
effective biocontrol agents against plant-pathogenic fungi due to their
ability to produce extracellular enzymes that degrade essential cell
wall components, including chitinases, —B-glucanases, and proteases
(Suriani Ribeiro et al., 2019). Chitinases (lytic enzymes) secreted by
Trichoderma, hydrolyse the glycosidic linkages between the C1 and C4
carbons in chitin, that is the principal structural component of fungal
cell walls (Loc et al., 2020). Lima et al. (1999) demonstrated that the
chitinase from Trichoderma sp. significantly impacted the cell walls of
S. rolfsii. Similarly, El-Katatny et al. (2000) reported that the chitinase
of T. harzianum has dramatically inhibited the growth of S. rolfsii. Loc
et al. (2020) further confirmed the antagonistic activity of chitinase
from Trichoderma strains against root rot pathogens. In our study,
chitinase at a concentration of 60 U/mL completely repressed the in
vitro growth of both the pathogen, Fusarium oxysporum, and
Sclerotium rolfsii. In the present study, screening of Trichoderma
isolates revealed significant variation in protease and chitinase
activities, which directly correlated with their antagonistic efficacy
against S. rolfsii and E oxysporum f. sp. ciceri. Such enzymatic
variability among isolates is echoing earlier findings (Harman et al.,
2004; Loc et al., 2020), indicating that strain-specific metabolic profiles
govern their biocontrol potential. These findings highlight the pivotal
role of hydrolytic enzymes—particularly proteases and chitinases—in
the biocontrol potential of Trichoderma spp. against soil-borne
phytopathogens that severely affect chickpea productivity, such as
S. rolfsii and E oxysporum f. sp. ciceri. Among the 21 screened
Trichoderma isolates, PBT13 (T. harzianum) was the most potent,
exhibiting the highest enzymatic activity for both protease
(0.058694 U/mg) and chitinase (1.089 pg/mL). This strong enzymatic
profile directly correlated with its antagonistic activity against S. rolfsii,
as confirmed by SEM imaging, which revealed hyphal swelling and
rupture—hallmarks of mycoparasitic interaction mediated by cell
wall-degrading enzymes (CWDEs) (Kumari et al., 2025). Similar
morphological deformations have been recorded in Trichoderma-
pathogen interactions (El-Katatny et al., 2000; Vinale et al., 2008),
corroborating the concept that CWDE-mediated lysis serves as a
principal antagonistic mechanism. Numerous studies indicate the
advantageous impacts of biochar when added to soil (Patel et al., 2017;
de Sousa Lima et al., 2018), and the use of Trichoderma promotes plant
growth, boosting seed germination rate, inducing systemic defense
and biological control (da Silva et al., 2017; Das, 2023). Trichoderma
thrives in soil rich in organic compounds serving as a carbon source.

Frontiers in Microbiology

Research has shown the benefits of incorporating biochar into soil
(Patel et al., 2017). The use of biochar can reduce disease stress in
plants (Graber et al., 2014). According to Muter et al. (2017), the
treatment of biochar together with Trichoderma improved the
germination of maize seeds and biomass production. The expression
of host resistance, whether genetically determined or induced by
specific treatments, is associated with various biochemical changes in
plants in response to pathogen infection, particularly involving
defense-related enzymes.

Peroxidase (POD) is recognized as an ISR inducer (Rahman et al.,
2015; Babu et al., 2015). It is involved in defense-related responses,
such as the production and removal of ROS (reactive oxygen species).
Enhanced POD activity strengthens cell walls, forming a mechanical
barrier agains infection (Warinowski et al., 2016; Nicholson and
Hammerschmidt, 1992). Catalase acts by altering the H,O, into water
and oxygen (Murshudov et al., 1992). Additionally, it protects the
plant cells against lipid peroxidation (Karanastasi et al., 2018). Our
research findings indicate that CAT activity is decreased in all
treatments compared to POD activity at the site of infection. A similar
finding was reported by Sahni and Prasad (2020).

PAL, a key enzyme in the phenylpropanoid pathway, and a
variety of secondary metabolites, such as flavonoids, lignin, and
phytoalexins, are produced from l-phenylalanine and are typically
linked to plant defense (Hahlbrock and Scheel, 1989; Nicholson
1992). The formation of phenolic
compounds is linked to a high PAL level, and the early response to

and Hammerschmidt,

defense responses determines the expression of defense genes
(Nicholson and Hammerschmidt, 1992). These results are
consistent with earlier findings that PAL is one of the first enzymes
upregulated during pathogen attack or biocontrol-mediated
priming (Vidhyasekaran, 2016; Singh et al., 2022).

In our experimental findings, the combined application of
T. harzianum with biochar substantially enhanced the physiological
performance and defense-related enzymes (including CAT, POD, total
phenols, and PAL), compared to individual treatments of chickpea
plants under pathogen pressure. Highest concentrations of defense-
related biochemicals were detected in chickpeas cultivated in soil
enriched with both biochar and Trichoderma. The enhanced
biochemical response may result from improved Trichoderma survival
and colonization by biochar’s porous structure, which provides
microhabitats and moisture retention. Similar synergistic effects have
been reported by Meller Harel et al. (2012) and Graber et al. (2014),
where biochar amendment improved rhizosphere conditions and
stimulated systemic resistance in plants. The combined application of
biochar and Trichoderma increased leaf CAT enzyme activity (96%)
in spring corn (Amanullah and Khan, 2023). Phenolics in plants
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enhance the concentration of defense-related proteins, which induce
structural modifications such as lignification of the cell wall, and
diminishes stress caused by reactive oxygen species (Ozdal et al., 2013;
Kaur et al., 2017). These findings are in consonance with earlier
studies showing that Trichoderma spp. can enhance antioxidant
enzyme activities to mitigate oxidative stress (Harman et al., 2004;
Singh et al., 2020).

Reports indicate that the defense of tomato plants against early
blight gets enhanced by the production of phenolics and antioxidants
(Awan et al,, 2018). The current findings indicate that infection by
Fusarium oxysporum and Sclerotium rolfsii on chickpeas in biochar-
amended soil (with and without biocontrol agents) significantly
affected the synthesis levels of catalase and peroxidase, thereby
alleviating stress caused by pathogen infection (Attia et al., 2022).
Biochar and biocontrol are recognized for their interaction with the
metabolic responses of crop plants to biotic and abiotic stressors. Lalay
et al. (2022) investigated the synergistic effects of biochar and
biocontrol agents on the levels of chlorophyll pigments and defense-
related enzymes, including catalases, in Brassica napus L. These
findings have significantly increased our knowledge of how biochar
helps develop disease resistance and convert waste materials into
carbon-rich soil amendments. A strong interactive effect was found
among the Trichoderma, biochar, and soil-borne pathogens, which
influenced the biochemical production in chickpea (Table 1).
Trichoderma regulated antioxidant production in plants and
suppressed the pathogen activity (see Figure 6).
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5 Conclusion

The synergistic treatment of T. harzianum and biochar significantly
improved chickpea plant health, as evidenced by reduced disease
incidence, increased germination rate, higher chlorophyll content,
elevated antioxidant enzyme activity (CAT, POD, PAL), and increased
phenol production. These results underscore the potential of integrating
microbial biocontrol agents with biochar for sustainable and eco-friendly
chickpea -disease management. This study demonstrates that the
biocontrol efficacy of Trichoderma against Fusarium oxysporum f. sp.
ciceri and Sclerotium rolfsii is strongly influenced by the release of cell
wall-degrading enzymes (CWDEs), which directly damage pathogen
hyphae. Among the tested isolates, T. harzianum (PBT13) exhibited
particularly high protease and chitinase activity, key enzymes involved
in suppressing soil-borne pathogens. This high enzymatic potential was
closely correlated with effective pathogen inhibition, as confirmed by
dual culture assays and scanning electron microscopy (SEM) analysis.

When combined with biochar—a porou organic amendment—
these enzyme-active Trichoderma strains not only demonstrated
improved survival in the soil environment but also enhanced plant
defense responses. The synergistic application of T. harzianum
(PBT13) and biochar significantly reduced disease incidence, increased
germination rates, improved chlorophyll content, and elevated the
activity of antioxidant enzymes (POD, PAL, CAT) and phenol
production. Overall, the integration of Trichoderma with biochar offers
a dual mode of protection through direct antagonism and induced
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FIGURE 5
Effect of chitinase (60 U/mL) on growth of pathogens: (A,B) S. rolfsii and (C,D) F. oxysporum.
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FIGURE 6
A model illustrating how soil amendment with biochar and seed biopriming with Trichoderma enhances antioxidant production in plants and

suppresses pathogen activity.
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systemic resistance, providing a sustainable and eco-sustainable
method for managing soil-borne diseases in chickpea crops.
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