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Sustainable agriculture increasingly relies on eco-friendly and biocontrol strategies, and this study aimed to screen
Trichoderma isolates for cellulase and protease activity associated with plant growth promotion and disease
suppression. The present study was conducted to evaluate the enzymatic potential of several Trichoderma isolates
collected from distinct agroclimatic zones of India. The results revealed substantial inter-isolate variation in cellulase
and protease activity. Isolate PBT (Punjab Trichoderma) 13 recorded higher protease activity and cellulase activity,
whereas isolates such as PBT1 and PBT21 exhibited relatively lower enzymatic activity. This study provides region-
specific evidence on the qualitative variability of cellulase and protease activity among 7richoderma isolates,
highlighting enzyme-based screening as a practical preliminary approach for biocontrol selection. The observed
inter-isolate differences in cellulase and protease activity reflect ecological adaptation and highlight the importance
of enzymatic screening for the preliminary selection of promising 7richoderma isolates with potential application in
sustainable plant disease management.

Trichoderma.

1. INTRODUCTION

Global agriculture is facing dual challenges of meeting rising food demand
while minimizing environmental degradation caused by the intense use
of chemical pesticides and fertilizers [1]. This has driven a paradigm shift
toward sustainable, biologically based plant protection strategies [2], among
which various Trichoderma isolates have gained prominence for enhancing
crop productivity and soil health [3]. While Trichoderma isolates are
widely recognized for their antagonistic activity against phytopathogens,
not all isolates exhibit comparable biocontrol efficacy [4]. The variability
in performance highlights the importance of understanding the functional
traits that underpin effective biocontrol. The effectiveness of a strain largely
depends on its metabolic potential, particularly the production of hydrolytic
enzymes such as cellulase and protease [5]. These enzymes directly
contribute to biocontrol by facilitating pathogen cell wall degradation,
mycoparasitism, and rhizosphere colonization [6,7]. Accordingly, enzyme
activity is widely regarded as a crucial marker for initial screening and
characterization of biocontrol-effective Trichoderma strains [8,9].

Froma functional perspective, cellulase contributes to cellulose degradation
and nutrient mobilization in soil [10], whereas protease breaks down
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structural proteins in the cell wall, weakening phytopathogen defense [11].
Together, these enzymes support pathogen suppression and indirectly
promote plant growth and soil health [12]. However, the expression of
these enzymatic traits is not uniform across the 7richoderma population,
as enzyme activity is influenced by genetic diversity, ecological origin,
and environmental adaptation [13]. This emphasizes the significance of
region-specific screening, since isolates adapted to local agroclimatic
conditions may exhibit enhanced functional efficacy [14].

Despite this understanding, previous studies have mainly focused on
chitinase and 8-1,3-glucanase activities [15], while the contribution of
cellulase and protease to the enzymatic biocontrol potential of regional
Trichoderma isolates has not been sufficiently explored. To address
this gap, the present study was undertaken to qualitatively screening
cellulase and protease activity in 21 Trichoderma isolates collected
from agroecological zones of Punjab, Katra (Jammu and Kashmir) and
Mandi (Himachal Pradesh) [Figure 1], with the objective of identifying
isolates with enzymatic traits relevant to biocontrol-based disease
management, where cellulase and protease contribute by facilitating
pathogen cell wall degradation during mycoparasitism.

2. MATERIALS AND METHODS

2.1. Collection of Soil Samples

A total of 21 rhizosphere soil samples were collected during 2023—
2024 from uncultivated fields across Himalayan (Jammu and Kashmir
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and Himachal Pradesh) and Punjab, India. To avoid the agrochemical
impact, rhizosphere soil from naturally growing vegetation in
uncultivated fields was collected, thereby allowing the isolation of
Trichoderma with inherent biocontrol potential [27]. Soil samples were
collected using an auger from the top 0 to 15 cm, because this zone
has the highest microbial population, organic matter concentration,
and root-microbe interaction, making it the most biologically active
soil horizon [28]. To enhance representativeness and tackle spatial
heterogeneity approximately 500 g of soil per sampling point was
taken from five subsamples within 25 m? area to form a composite
sample. The samples were then placed in sterile polybags, kept cool
during transportation, and processed within 24 h. Global positioning
system coordinates of each site were recorded [Table 1].

2.2. Isolation of the Trichoderma strains

For isolation, 1 g of soil was suspended in 90 mL of sterile distilled
water in 100 mL conical flask and homogenized on a vortex at
200 rpm for 15 min, followed by serial dilution up to 10 [16]. Aliquot
(100 uL) from each dilution was disseminated on Rose Bengal Agar
plates, which served as a selective medium for Trichoderma due to
its inhibitory effect on rapidly growing fungal pathogenic molds and
bacterial contaminants and incubated at 25°C for 3 days [29]. Distinct
colonies were transferred to potato dextrose agar (PDA) plates and
purified by single spore isolation before qualitative enzyme assay [17].
Isolates were identified based on pigmentation, conidiophore structure,
and conidial morphology [30]. For further studies, Trichoderma
cultures were maintained on PDA slants at 4°C [15].

2.3. Background on biocontrol screening of Trichoderma
isolates

The biocontrol efficacy of Trichoderma isolates against Fusarium
oxysporum and Sclerotium rolfsii was previously evaluated using dual
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Figure 1: Distribution of soil sample collection sites used for the study.

culture technique under a completely randomized design with three
replications and has been reported in detail [15].

2.4. Molecular characterization of Trichoderma isolates

Isolates with maximum pathogen growth inhibition were subjected to
molecular identification using the cetyltrimethylammonium bromide
DNA extraction method and internal transcribed spacer (ITS) region
sequencing with universal primers ITS1 and ITS4 under standardized
polymerase chain reaction conditions. The amplified ITS products
were sequenced by a commercial sequencing service (Mr. Biologist
India Pvt. Ltd., Pune, India) using Sanger sequencing technology.
Sequence similarity searches were conducted using the BLASTn
tool of the NCBI GenBank database, and species identification was
confirmed based on the highest sequence identity [31].

2.5. Media preparation for the enzymatic assay

Casein Agar Medium (CAM) and Czapek Mineral Salt Agar (CMSA)
were prepared for the detection of protease and cellulase activity,
respectively. CAM was composed of yeast extract (10 g/L), glucose
(0.5 g/L), K, HPO, (0.5 g/L), MgSO,.7H,0 (0.2 g/L), agar (20 g/L) in
1000 mL distilled water and was supplemented with casein (10 g/L)
as a substrate for proteolytic enzyme activity, while CMSA consisted
of NaNO, (2 g/L), K,HPO, (1 g/L), MgSO,.7H,0 (0.5 g/L), KCI
(0.5 g/L), FeSO,.7H,0 (0.01 g/L), sucrose (30 g/L), and agar (20 g/L)
in 1000 mL distilled water. The CMSA medium was supplemented
with carboxymethyl cellulose (CMC; 10 g/L) as a carbon source to
facilitate cellulase induction. All chemicals were procured from
HiMedia Laboratories Pvt. Ltd., India. The pH of CAM was adjusted
to 7 using 1N NaOH and pH of CMSA was adjusted to 5 using 1N
HCI before sterilization. Media components, including CMC, were
autoclaved at 121.7°C for 20 min under 15 psi pressure.
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Table 1. Geographic coordinates of soil sampling sites used for
Trichoderma isolation and enzyme assay.

Isolates Soil sampling sites Global positioning system location
PBT1 Faridkot 30.6774° N, 74.7539° E
PBT2 Barnala 30.3745° N, 75.5461° E
PBT3 Bathinda 30.2110° N, 74.9455° E
PBT4 Amritsar 31.6340° N, 74.8723° E
PBTS5 Fatehpur Sahib 30.6435° N, 76.3970° E
PBT6 Fazilka 30.4036° N, 74.0280° E
PBT7 Ferozpur 30.9331° N, 74.6225° E
PBTS8 Gurdaspur 32.0414° N, 75.4031° E
PBT9 Malerkotla 30.5246° N, 75.8783° E
PBT10 Katra (J&K) 32.99059° N, 74.93717° E
PBTI11 Jalandhar 31.3260° N, 75.5762° E
PBT12 Kapurthala 31.3723° N, 75.4018° E
PBTI13 Ludhiana 30.9010° N, 75.8573° E
PBT14 Mandi (HP) 32.1024° N, 77.5619° E
PBTI15 Mansa 29.9995° N, 75.3937° E
PBT16 Moga 30.8230° N, 75.1734° E
PBT17 Muktsar 30.4762° N, 74.5122° E
PBT18 Nawanshahr 31.1256° N, 76.1186° E
PBT19 Patiala 30.3398° N, 76.3869° E
PBT20 Sangrur 30.2451° N, 75.8449° E
PBT21 Tarn Taran 31.4539° N, 74.9268° E

2.6. Dye preparation for enzymatic assay

For protease detection, a Bromocresol Green (BCG) solution
(0.03% w/v in sterilized distilled water) was prepared freshly in sterile
distilled water and adjusted to maintain a pH of 8, which enabled the
visualization of proteolytic activity as a transparent zone against a
greenish-blue background [32]. For cellulase detection, a Congo red
solution 0.1% (w/v in sterilized distilled water) was prepared and used
as a primary stain, followed by treatment with 1M NacCl to destain and
enhance zone clarity [33]. Plates were stained with respective dyes,
kept undisturbed for 15 min to ensure uniform color development, and
subsequently examined for clear halo zone formation.

2.7. Enzymatic assay

Enzymatic assays were carried out to evaluate the functional
efficiency of Trichoderma isolates. Each plate of 9 cm diameter
contained 20 mL of medium approximately centrally incubated with
0.5 cm diameter mycelial disc from an actively growing culture. Plates
were incubated at 28 + 2°C under 12 h light/12 h dark photoperiod
and 82% relative humidity. After 7 days, the assay was performed
under controlled incubation conditions, and zone formation around
the colonies was measured in centimeters along two perpendicular
axes, and the mean value was used for analysis. The enzymatic
activity was expressed as the Enzyme Index (EI), calculated using
the following formula:

El= Diameter of hydrolysis zone

Diameter of fungal colony

All measurements were recorded as the mean of three independent
replicates to minimize measurement bias.

2.7.1. Protease assay

Protease activity of Trichoderma isolates was determined using
CAM following the standard plate assay method [18]. A 5-day-
old 0.5 cm myecelial disc of Trichoderma isolates was placed at the
center of each plate, as actively growing mycelium at this stage
ensures uniform metabolic activity and reliable extracellular enzyme
secretion [34]. The plates were incubated for 7 days and then treated
with BCG Dye (pH 8 + 0.2) which enables clear visualization of
proteolytic activity. Protease activity was demonstrated by the
development of a transparent halo zone surrounding the fungal
colony, which was contrasted with a greenish-blue background,
resulting from casein hydrolysis. The diameter of the colony and
clear zone was measured.

2.7.2. Cellulase assay

The cellulase activity of Trichoderma isolates was tested using CMSA
Medium for cellulase activity. Media was sterilized, poured into
separate Petri plates, and a 0.5 cm mycelial disc of Trichoderma was
placed at the center of each plate. The inoculated plates were kept in
Biochemical Oxygen Demand incubator set at 28 + 2°C for 7 days.
After incubation, the petri-dishes were uniformly stained with 0.1%
aqueous Congo red dye for 15 min, a duration optimized to ensure
adequate binding of the dye to non-hydrolyzed cellulase without
overstaining. Plates were then washed with sterilized water and
flooded with sodium chloride (1 M NaCl) for 90 s, to enhance contrast
between hydrolyzed and non-hydrolyzed regions [33]. The presence
of a yellowish opaque zone around the colonies indicated production
of cellulase enzyme. Both the colony diameter and the diameter of
the clear zone were measured along two perpendicular axes, and
mean values were calculated from three independent replicates.
Measurement was performed manually; no digital imaging software
was used [18].

2.8. Data Analysis

Data obtained from the enzymatic assay were subjected to one-
way analysis of variance (ANOVA) to determine differences
among Trichoderma isolates. Each treatment consisted of three
independent replicates (n = 3). Before analysis, the Shapiro—Wilk
test for normality and Levene’s test for homogeneity of variances
were used to verify that the data met the assumptions of the ANOVA.
In addition, residual plots were visually inspected to confirm that
ANOVA assumptions were adequately met. The balanced design
(n = 3) guarantees the robustness of ANOVA to such deviations,
even though there were slight differences from normality.
Variances were homogeneous (P > 0.05) at the 95% confidence
level [24,25]. Following the ANOVA, Duncan’s Multiple Range
Test (DMRT) was used to separate means at P < 0.05, as DMRT is
well suited for biological screening studies where the objective is
to identify the difference among multiple treatments with greater
sensitivity compared to more conservative tests such as Tukey’s
Honestly Significant Difference [26]. The packages, ggplot2 for
graphical visualization, dplyr for data handling, and agricolae for
DMRT were used in all statistical analysis, which were carried out
in RStudio (version 2024.12.1).

3. RESULTS

3.1. Identified Species

ITS sequence analysis identified the potent isolates as Trichoderma
lixii (PBT9; accession no. MK288146.1), Trichoderma harzianum
(PBT13; accession no. MF87546.1), Trichoderma virens (PBT3;
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Figure 2: (a-u) Plate-based protease activity zones of Trichoderma isolates showing a halo zone formed on casein agar after incubation which

indicates qualitative protease activity.
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Figure 3: Qualitative comparison of protease activity of Trichoderma isolates.
Difterent letters above bars indicate significant difference according to
Duncan’s multiple range test at P < 0.05.

accession no. MN452840.1), Trichoderma asperellum (PBT 4;
accession no. MN046976.1) [15].

3.2. Protease Activity

The protease activity of Trichoderma isolates differed significantly
across regions [ANOVA, P < 0.05; Table 2]. The highest protease
activity was observed in the isolate PBT13, which formed a distinct
statistical group (DMRT, group “a”), indicating significantly superior
enzyme production. This was followed by PBT3 and PBT9, which also
showed significantly higher activity than most other isolates (group
“ab” and “b”). Moderate protease activity was recorded in isolates
PBT4 and PBT14, while the lowest protease activity was found in
PBT6, PBT21, and PBT1 [Figures 2 and 3, Table 2].

Table 2: Quantitative measurement of cellulase and protease activity in

Trichoderma isolates.

PBT1
PBT2
PBT3 (Trichoderma virens)

PBT4 (Trichoderma
asperellum)

PBTS

PBT6

PBT7

PBT8

PBT9 (Trichoderma lixii)
PBT10

PBTI11

PBT12

PBT13 (Trichoderma
harzianum)

PBT14
PBTI15
PBT16
PBT17
PBT18
PBT19
PBT20
PBT21

Faridkot
Barnala
Bathinda

Amritsar

Fatehpur Sahib
Fazilka
Ferozpur
Gurdaspur
Malerkotla
Katra (J&K)
Jalandhar
Kapurthala
Ludhiana

Mandi (HP)
Mansa
Moga
Muktsar
Nawanshahr
Patiala

Sangrur
Tarn Taran

1.17¢%0.15
1.13¢0.06
2.1040.10
1.80°+0.10

1.20¢+0.10
1.63%+£0.21
1.20°+0.10
1.23¢40.15
1.90°+0.62
1.47%+0.06
1.70°+0.20
1.10¢40.10
2.13%£0.15

1.30%+0.20
1.70%+0.10
1.33%+0.21
2.03%+0.35
0.97+0.06
1.07+0.12
1.13¢0.06
1.03+0.06

0.87+0.15
2.10%+0.17
4.00%£0.10
3.10°+0.10

2.43%+0.40
0.97+0.06
1.77¢£0.15
2.10%+0.26
3.43%+0.40
1.50%"+0.50
1.80°:£0.26
1.67¢+0.58
4.13%£0.32

2.63%+0.55
1.70%%+0.61
1.67°+0.58
2.13%+0.15
2.334+0.58
2.23%0.21
2.60°+0.10
0.97+0.06

Values represent meantstandard deviation (n=3). Mean followed by the same letter
(s) within a column are not significantly different according to Duncan’s Multiple
Range Test at P<0.05. One-way analysis of variance indicated significant variation
among isolates for both enzyme activities (protease: F=19.12, P=4.69x10"'%; cellulase:

F=11.12, P=5.45x10").
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Figure 4: (a-u) Plate-based cellulase activity of Trichoderma isolates showing a halo zone formed on carboxymethyl cellulose agar after

incubation which indicates qualitative cellulase activity.
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Figure 5: Qualitative comparison of cellulase activity among Trichoderma
isolates. Different letters above bars indicate significant differences according
to Duncan’s multiple range test at P < 0.05.

3.3. Cellulase Activity

Plate assay revealed substantial variation in cellulase activity among
Trichoderma isolates, where clearance zone diameter was used as
an indicator of cellulase production [Table 2]. PBT13 and PBT3
showed the highest protease activity and were statistically comparable
and PBT9, which were grouped among the top-performing isolates
[Figures 4 and 5, Table 2].

4. DISCUSSION

Hydrolytic enzyme production is an important mechanism in
Trichoderma-mediated antagonism, as these enzymes facilitate
pathogen cell wall degradation and mycoparasitism. Previous
studies have demonstrated that 7richoderma isolates from diverse
environments consistently produce extracellular cellulase and protease,
reflecting their metabolic adaptability and functional plasticity [36].

In particular, significant amounts of cellulolytic enzymes secreted
by Trichoderma play a key role in suppressing phytopathogens by
breaching host cell walls during penetration [19,22]. Consistent
with this mechanism, Mishra (2010) reported that higher cellulase
activity contributed to the suppression of mycelial growth of Pythium
aphanidermatum [23].

Protease activity in Trichoderma has been directly linked to reduced
disease severity and pathogen fitness in several Trichoderma-pathogen
interaction studies, establishing a functional link between protease
production and disease suppression [37]. At the mechanistic level,
fungal proteases contribute to cell wall lysis through cleavage of
peptide bonds in structural proteins [20], and their role in reducing
disease severity and pathogen sporulation has been demonstrated in
several host-pathogen systems [21].

Beyond protease and cellulase, multiple hydrolytic enzymes
collectively ~ contribute to  Trichoderma-mediated  biocontrol,
including chitinase and -1,3-glucanase involved in mycoparasitism
and pathogen cell wall degradation, reinforcing the multifactorial
enzymatic basis of antagonism [15]. The production of these enzymes
is regulated by both genetic factors and environmental factors, such as
nutrient availability, carbon source, pH, and the presence of pathogen-
derived signals, which influence enzyme induction and secretion in
Trichoderma [38]. In this context, the present study complements
the earlier findings and further supports the enzymatic basis of their
antagonistic potential.

The observed diversity in enzyme production among isolates
highlights the heterogeneous nature of 7richoderma population, which
may arise from genetic variation and adaptation to local environmental
conditions. Such functional diversity emphasizes the importance of
region-specific screening when identifying Trichoderma isolates for
biocontrol-related applications [35].

The present study was limited to qualitative plate assays and
evaluating cellulase and protease activity under in vitro conditions.
Other biocontrol-related enzymes were not assessed, and field-level
validation of biocontrol efficacy was not included.
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5. CONCLUSION

The comparative evaluation of Trichoderma isolates revealed
variability in cellulase and protease activities among isolates
collected from different agroecological regions. Some isolates
exhibited higher enzyme activity, indicating their relevance for
further investigation in relation to crop productivity and suppression
of phytopathogens. The outcome of this study lies in establishing
a region-specific, enzyme-based qualitative screening approach
to identify Trichoderma isolates with biocontrol-relevant enzyme
traits. These findings support the value of enzyme screening as an
integral part of Trichoderma characterization for sustainable plant
disease management. Future research should focus on quantitative
enzyme profiling, multi-enzyme assays, formulation development,
improving the enzyme production ability of potential isolates,
and field validation to translate these laboratory observations into
practical biocontrol applications.
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