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Abstract
This research investigates the synergistic impact of Trichoderma asperellum and biochar in sustainable 
plant disease management. Through a series of in vitro assays, dual culture techniques, and poison food 
methods, the investigation reveals that combining T. asperellum with biochar significantly inhibits the 
growth of Pythium aphanidermatum, achieving up to 85.92% inhibition at optimized concentrations. 
Additionally, biochar supplementation enhances cellulase enzyme activity and protein production, with 
the highest levels observed at 3% biochar. The integration of biochar within submerged fermentation 
systems establishes a microhabitat conducive to microbial enzyme synthesis, boosting ecological efficacy 
and supporting environmentally friendly disease control. The findings underscore the potential of 
this approach to reduce reliance on synthetic fungicides, improve agricultural productivity, and foster 
eco-friendly pest management. Future research should aim to elucidate the underlying molecular 
mechanisms, optimize biochar formulations, and conduct field-scale validations to ensure practical 
applicability across diverse agro-ecosystems.
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INTRODUCTION

	 Microbial enzymes play a dual role as 
biocatalysts in essential metabolic processes 
and as facilitators of microbial survival within 
specific ecological niches.1 Rhizosphere associated 
microorganisms are well known for their ability 
to enhance plant growth and inhibit the activity 
of plant pathogens.2 These microorganisms can 
improve plant resistance to plant pathogens 
through multiple strategies such as antagonism 
for space and nutrient, parasitism, activation of 
Microbe-induced plant immunity, along with the 
secretion of enzymes that degrade pathogen cell 
walls (e.g., chitinase, b-1,3 glucanase, amylase, 
protease, and cellulase). Among these, synthesis of 
hydrolytic enzymes is considered a highly effective 
biocontrol strategy to inhibit phytopathogens 
present in the rhizosphere environment.3 In 
response to phytopathogen invasion, rhizosphere 
microbes such as Trichoderma, Bacillus, and 
Pseudomonas  produce several  enzymes 
including chitinases, b-glucanases, cellulases, 
and proteases.4 Filamentous fungi serve as 
highly effective biocontrol agents owing to their 
significant secretion of extracellular enzymes.5 
Within this group, Trichoderma spp. stand out 
for their exceptional enzymatic activity and 
have been widely used in the manufacture 
of cellulase owing to their strong cellulolytic 
potential.6 Notably, Trichoderma asperellum 
has demonstrated superior antagonistic activity 
against Pythium species, significantly reducing 
pathogen growth and disease incidence compared 
to other Trichoderma species.7-9 Trichoderma has 
been used extensively as an antagonist against 
phytopathogens. It uses several biocontrol 
mechanisms such as mycoparasitism, coiling, 
competition for nutrient and space, production of 
cell wall degrading enzymes and antibiotics, and 
triggering plant defence mechanisms.10 Several 
advanced studies (e.g., artificial mutation and 
genetic engineering) have been carried out to 
enhance cellulase production from microbes.11-13 
Furthermore, there are several other methods for 
culture technologies. Currently, there are only two 
basic culture techniques used for the secretion 
of cellulase: Solid-State Fermentation (SSF) and 
Liquid-Based Submerged Fermentation (SmF). 
The Solid Substrate Fermentation is conducted 

in conditions with minimal microorganisms 
and liquids cultivating over the surface of the 
growth medium, during the Submerged culture 
fermentation process is carried out using a substrate 
immersed in liquid medium.14,15 Submerged 
fermentation (SmF) offers better process control, 
scalability, and ease of automation, making it 
ideal for industrial enzyme production, though 
it requires high energy and may cause product 
dilution.16 Solid-State Fermentation (SSF), closer 
to fungi’s natural habitat, yields higher enzyme 
titers with lower energy use and can utilize agro-
waste, but faces scale-up challenges due to difficult 
parameter control and complexity.17 The choice 
between SmF and SSF depends on the organism, 
product type, and industrial need. The controlled 
processing conditions and simplicity of product 
recovery offered by submerged fermentation 
(SmF) provide industrial advantages over solid-
state fermentation (SSF), which often delivers 
highly concentrated enzymes.14 Several important 
parameters that contribute to SmF include pH, 
nutrition sources (both carbon and nitrogen), 
incubation period, temperature, dissolved oxygen, 
and aeration.18 Hence, numerous studies have 
focused on optimizing the culture environment 
to enhance cellulase synthesis in Submerged 
Fermentation.18,19

	 For the optimization of cellulase 
production in submerged culture fermentation, 
additional innovative aspects were investigated, 
integrating the advantages of solid-state 
fermentation within the submerged fermentation 
framework. Using a similar approach, this 
work aimed to assess the impact of microbial 
habitat alteration through biochar addition into 
the submerged fermentation (SmF) system on 
cellulase production.18 Biochar is a very porous, 
carbon-dense material produced via pyrolysis 
under oxygen-restricted conditions from diverse 
biomass sources, including agricultural and 
forestry residues.20 Due to its rich functional 
group composition, extensive surface area, 
and high porosity, biochar is extensively 
utilized in environmental applications such as 
water treatment, soil improvement, carbon 
sequestration, and the removal of pollutants.21 

Biochar may also enhance the biological activity 
of soil. Due to its extremely porous surface and 
easily degradable carbon and nitrogen, biochar 
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has been found to enhance the growth of soil 
microbes and fungi, along with boosting enzymatic 
activity.19 According to the recent studies, biochar 
plays a vital role in the reduction of both biotic 
and abiotic stresses. It can improve systemic 
resistance, change rhizospheric chemistry, and 
act as a host for beneficial microorganisms. 
Biochar also releases chemicals with allelopathic 
properties that suppress phytopathogens, weeds, 
and insect pests.22 Although many studies suggest 
biochar could boost soil or sludge cellulase activity, 
research on its use in cellulase production is 
limited.23 Trichoderma species are recognized for 
their ability to degrade chitin, lignin, cellulose, 
and hemicellulose, attributed to their production 
of hydrolytic enzymes. Studies of gene expression 
are widely used for analysis of enzyme activities.24 
The cellulolytic enzymes of Trichoderma are 
primarily composed of b-glucosidases and exo, 
endo-b-1,4-glucanses, which are used to degrade 
biomass and hydrolyse b-1,4-glycosidic bonds in 
cellulose. Consequently, Trichoderma species have 
the opportunity to use cellulose as a carbon source 
when colonizing various ecological niches where 
this polysaccharide is present.25 This hydrolytic 
enzyme inhibits the growth of plant pathogens. 
Hydrolytic enzymes can impede pathogen growth, 
thereby facilitating a reduction in the duration of 
the composting or decomposition process.26 To 
prevent environmental hazards from pesticides 
and crop damage due to phytopathogens, 
it is necessary to develop new plant disease 
management approaches. 
	 Although previous research has revealed 
the individual potential of Trichoderma spp. 
utilized as biological control agents and biochar as 
a soil amendment, limited research has explored 
the integrated use of biochar and Trichoderma 
asperellum for increased cellulase enzyme 
production and biocontrol activity. Additionally, 
while biochar is known to influence microbial 
activity in soils, its role in modifying microbial 
habitats under submerged fermentation (SmF) 
conditions to boost enzyme secretion has not been 
adequately investigated. This study addresses this 
gap by evaluating the synergistic effect of biochar 
and T. asperellum on enzyme activity and pathogen 
suppression under controlled in vitro conditions.

MATERIALS AND METHODS

Pathogen extraction and identification
	 A  v i r u l e n t  i s o l a t e  o f  P y t h i u m 
aphanidermatum, the pathogen that causes disease 
in tomato seedlings (i.e., Root rot and damping-
off), was recovered from infected specimens in the 
farming fields of Lovely Professional University. 
To obtain a pure culture, the isolate was purified 
using hyphal tip isolation method.27 This involved 
transferring a plug from the outer edge of a 
colony grown on potato dextrose agar (PDA), a 
medium for fungal growth to a 2.5% water agar 
medium. After the colony reached approximately 
1 cm in diameter, the agar medium was inverted 
and incubated until the mycelium penetrated the 
agar surface. After that, a tiny piece of agar with 
one hyphal strand was removed and transferred 
to a PDA slant for maintenance at 28 ± 2 °C, with 
regular subculturing. The culture was kept at 4 °C 
for subsequent use.28

Microorganism and culture maintenance
	 Trichoderma asperellum (PP256386) 
were obtained from 21 different rhizospheric soil 
samples taken from uncultivated field of Punjab.29 
To isolate Trichoderma strain, 10 g of rhizospheric 
soil were mixed into 100 ml conical flask consisting 
of 90 mL autoclaved water and were kept on 
Vortex mixer for 15 minutes at 200 revolutions for 
homogenization. Once homogenization is done 
the samples were diluted serially up to 10-6.30  
A 100 µl suspension of every sample was put on 
Petri dishes containing RBA (Rose Bengal Agar) 
selective medium and was used for obtaining a 
single spore of Trichoderma. After the inoculation 
of soil suspension, the plates were maintained at 
25 °C, for continuous incubation of three days and 
the pure colony was transferred to potato dextrose 
agar (PDA) plates, for obtaining pure culture.31 
Based on their macro and micromorphological 
features like pigmentation, conidiophore, conidial 
shape, etc., the isolates were first classified as 
members associated with the genus Trichoderma. 
The plates were then stored at 4 °C in the 
refrigerator until further use.

Preparation of culture filtrate 
	 For the preparation of filtered culture, the 
medium of Trichoderma isolate was maintained in 
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PDB at 28 °C for a period of 7-10 days in a shaking 
incubator maintained at 120-150 rpm. After the 
incubation period, the liquid culture was passed 
through Whatman No. 1 paper to separate and 
collect the mycelial biomass. The acquired filtrate 
was further sterilized using a membrane filter 
(0.22 µm) to ensure the removal of any microbial 
contaminants and was subsequently stored at 4 
°C for future use.32,33

 
Preparation of different concentrations
	 The crude extract of fungus Trichoderma 
was first dried to obtain powder form. Different 
concentrations of 1.0%, 2.5%, 5.0% and 10% 
were prepared by weighting extract 10 mg, 25 
mg, 50 mg, and 100 mg of dried crude extract 
and dissolved each in 1 ml of sterilized water, 
resulting in solutions of 10, 25, 50, and 100 mg/
ml, respectively. Each mixture was vortexed for 5 
minutes to ensure complete solubilization before 
application in the agar well diffusion assay.

Antimicrobial well diffusion technique
	 Various extract concentrations were 
produced in order to assess Trichoderma 
asperellum  antifungal effectiveness. Ten 
milligrams of crude extract was diluted in one 
millilitre of sterile distilled water at the 10 mg/
mL concentration. Crude extract amounts of 25 
mg, 50 mg, and 100 mg were similarly dissolved 
in 1 mL of sterile distilled water to obtain final 
concentrations of 25 mg/mL, 50 mg/mL, and 
100 mg/mL, respectively. Before use in the agar 
well diffusion assay, every solution underwent 
five minutes of vortexing to guarantee total 
solubility. PDA was also made through mixing 39 
g of PDA powder  with  one litre of sterile 
water,  then sterilized using high-pressure steam 
at 121 °C for 15 minutes. This medium was then 
chilled to 45-50 °C, placed into sterile 90 mm Petri 
plates, and let to set. From an actively developing 
culture, a 7 mm mycelial disc of Pythium was 
taken and positioned at the middle of every PDA 
plate. The pathogen was equally distributed over 
the plate using a sterile cotton swab to create a 
homogeneous lawn; the plates were left to dry for 
15 to 20 minutes before treatment application. 
Under sterile conditions, uniformly sized wells (5 
mm in diameter) were created in the agar medium 
using a disinfected cork borer for the agar well 

diffusion method. While a negative control-sterile 
distilled water-was included in one well, four 
different concentrations of T. asperellum extract 
were distributed into separate wells. After 48-72 
hours of development at 25 ± 2 °C, the zones of 
inhibition were quantified with a digital Vernier 
calliper. The experiment was performed three 
times, and statistical analysis involved recorded 
mean inhibition values.

Biochar used in Trichoderma asperellum culture
	 Biochar was prepared from hardwood 
using an electric tubular furnace. The hard wood 
biomass was procured from the LPU (Lovely 
Professional University, Phagwara) Agricultural 
field (31.2560° N, 75.7051° E). It was oven-dried 
overnight (12 h at 80 °C), grinded and kept in an 
airtight container to create an oxygen-deficient 
environment, and shifted to an electric tubular 
furnace (Nabertherm, Germany) which was 
heated at 500 °C, for 4 h. The synthesized BC was 
sieved using different mesh sizes (100, 200, and 
300 mm). Biochar generally shows a surface area 
that falls between roughly 1.4 and 6.87 m²/g,34 
while its pore sizes can range from 1.32 to 2.51 
µm.35 The physicochemical properties recorded 
7.79 pH and 2.22 dS/m of electrical conductivity 
(EC). The composition includes 79.0% carbon 
(C), 3.0% hydrogen (H), 0.2% nitrogen (N), 0.6% 
sulphur (S), and 15.0% oxygen (O). The ash content 
measures at 2.2%. The ratio of hydrogen to carbon 
is measured at 0.46, and the ratio of oxygen to 
carbon stands at 0.14. Furthermore, the (O + N)/C 
ratio stands at 0.19, while the (O + N + S)/C ratio 
is recorded at 0.20.34

Integration of biochar in Smf
	 To assess the impact of biochar application 
on cellulase enzyme production, different 
concentrations of biochar (1%, 2%, 3%, 4% and 
5%) were added in PDB media. For comparison, 
without biochar, Trichoderma culture served as 
control. Each experimental group contained 50 mL 
cultures in 100 mL conical flasks, repeated thrice. 
The culture medium used for assessing cellulase 
activity comprising of yeast extract 15 grams per 
litre, monopotassium phosphate 5 grams per 
litre, dipotassium phosphate 5 grams per litre, 
magnesium sulfate heptahydrate three grams 
per litre, and streptomycin three percent weight 
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by volume, adjusted to 5.0 of an initial pH. All 
flasks were sterilized for 30 minutes at 121 °C to 
ensure aseptic conditions. After sterilization, an 
inoculum comprising 5% (w/w) of the preculture 
was introduced into each flask. The cultures were 
incubated at 28 °C with continuous agitation at 
150 revolutions per minute for a duration of 21 
days. Agitation speed, dissolved oxygen (DO), 
and aeration are critical parameters influencing 
microbial growth and enzyme productivity in 
submerged fermentation. Agitation at 120-180 
rpm ensures uniform mixing and adequate oxygen 
dispersion, while minimizing shear damage to 
filamentous fungi like Trichoderma asperellum.36  

In this study, 150 rpm was selected as optimal 
based on preliminary experiment. Dissolved 
oxygen should be maintained above 30% 
saturation to support aerobic metabolism and 
consistent cellulase production.37 Aeration rates 
between 0.5-1.0 vvm (volume of air per volume 
of medium per minute) are typically suitable 
for maintaining DO levels and promoting high 
enzyme yields.38 However, higher aeration must 
be managed carefully to avoid excessive foaming 
and loss of volatile metabolism. Optimizing these 
parameters enhances the efficiency of submerged 
fermentation under biochar amended conditions. 
To measure the changes in enzyme activity 1 mL 
of broth was sampled every 3 days. The filtration 
of samples was conducted by means of Whatman 
No. 1 paper, and the resulting supernatant was 
collected for analytical purposes.

Assay method
Enzymatic activity assay and quantification of 
reducing sugars using the DNS method
	 The experiment involved the preparation 
of reagents for enzymatic activity assays, including 
a Carboxymethyl Cellulose (CMC) solution, which 
was prepared by dissolving 1 gram of CMC in 100 
millilitres of 50 mM of sodium citrate buffer (pH 
4.8), and subsequently sterilized either by filtration 
or autoclaving. The sodium citrate buffer was made 
through dissolution of 14.7 grams of sodium citrate 
dihydrate in deionized water, adjusting the pH to 
4.8, and making up with sterile water to formulate 
the final volume. The enzyme supernatant was 
obtained by growing Trichoderma in a CMC-based 
liquid medium, filtering the culture, and storing 
the supernatant on ice. The reaction was set up by 

adding one millilitre of one percent CMC solution 
(substrate) and 1 mL of enzyme supernatant 
(source of endoglucanase) in a reaction tube, 
followed by gentle mixing. For enzymatic activity, 
the sample was maintained at 50 °C for a duration 
of 30 minutes under controlled conditions with 
occasional mixing to maintain uniformity. To 
stop the reaction, 3 mL of DNS reagent was 
immediately added. DNS assay was utilized for the 
quantification of reducing sugars, with the DNS 
reagent which is made up of 3,5-Dinitrosalicylic 
acid (1 g), NaOH (20 g), Rochelle salt (30 g), phenol 
(0.2 mL), and sodium sulfite (0.5 g), dissolved to 
one litre of sterile water.

Enzyme activity 
	 Somogyi-Nelson technique (Nelson, 
1944) was used to assess endoglucanase activity. 
A 2% carboxymethyl cellulose solution in 0.1 M of 
(pH 5.0) sodium citrate (Na3C6H5O7) substrate was 
used. The reaction mixture comprised of the CMC 
solution 45 µl and enzyme extract of 5 µl, which 
was incubated for 30 minutes at 60 °C. Following 
incubation, copper reagent 50 µl was introduced to 
the mixture, which was then heated to boiling for 
10 minutes to halt enzyme activity. Subsequently, 
Nelson’s arsenomolybdate reagent 50 µl, along 
with distilled water of 850 µl, was mixed into the 
solution. The supernatant absorbance value was 
measured at 650 nm to quantify the released 
reducing sugars.
	 Cellobiohydrolase and b-Glucosidase 
activities were measured with 10 mM solutions of 
pNP-α-d-glucopyranose and  pNP-b-D-cellobioside, 
respectively. Both substrates were dissolved in 0.1 
M Na3C6H5O7 buffer (pH 5.0). The experimental 
solution was made up of buffer (160 µl), substrate 
(20 µl), and enzyme extract (20 µl), making a total 
of  200 µl. The reaction mixture was maintained 
at 65 °C for 15 minutes. Upon completion of 
incubation, to stop the reaction, 50 µl of sodium 
carbonate (Na2CO3) was added, and using a 
spectrophotometer, absorbance was measured 
at 405 nm. 
	 SA U/mg = (Enzymatic activity (U/mL))/
(Protein concentration (mg/mL))
	 Protein quantification was performed 
according to the standard procedure outlined in 
NREL TP-510-42628 (2008) for  measuring  Filter 
Paper Unit (FPU) activity. The reaction mixture was 



	  www.microbiologyjournal.org6Journal of Pure and Applied Microbiology

Vechithran et al | J Pure Appl Microbiol. 2025. https://doi.org/10.22207/JPAM.19.3.14

prepared using 0.1 M sodium citrate buffer (1 ml), 
enzyme solution (0.5 ml) and filter paper (0.05 g) 
and then transferred into a sterilized conical flask 
and stored at a specific temperature 50 °C for one 
hour. Following the incubation period, DNS reagent 
(3.0 mL) was mixed to the reaction solution and 
was kept in a water bath for 5 min to terminate 
the chemical reaction. The resulting mixture 
was separated using a centrifuge machine set at 
13,000 rpm, 10 min. The spectrophotometer was 
used to measure the absorbance (at 540 nm) of 
supernatant and the concentration of the released 
product was calculated using a standard calibration 
curve. One enzyme activity unit (U)  denoted as 
that quantity of the enzyme which secretes 1 
µmol of glucose for EG and FPU and p-Nitrophenol 
for BGL and CBH per minute of reaction under 
experimental setup.

Protein assay
	 The amount of protein in Trichoderma 
was quantified using the Bradford assay. The assay 
solution included distilled water (400 µl), protein 

assay reagent (100 µl), and enzyme extract (10 µl), 
which was kept at room temperature for incubation 
(5 min). Absorbance readings were taken at 540 nm 
using a spectrophotometer. Protein concentration 
was calculated by plotting the graph using 
absorbance against standard curves made using 
BSA. Duplicate  measurements were  taken  to 
ensure reproducibility and accuracy.

Statistical analysis
	 All experimental data were obtained in 
triplicate and are presented as mean ± standard 
error (SE). Statistical analyses were performed 
using IBM SPSS Statistics software (version 22) 
and R statistical environment (version 4.4.1). One-
way analysis of variance (ANOVA) was employed 
to assess the significance of treatment effects 
to assess the enzyme activity (Endoglucanase, 
b-glucosidase, Cellobiohydrolase). When 
significant differences were observed (p < 0.05), 
Tukey’s Honest Significant Difference (HSD) post-
hoc test was applied to compare the means across 
treatment groups. The threshold for statistical 

Figure 1. Image (a) represents Pure Culture of Trichoderma asperellum. (b) represents the antagonistic effect of P. 
aphanidermatum with T. asperellum. (c) Effect of metabolites on the radius growth of P. aphanidermatum (a) 1% 
(w/v) solution (b) 2.5% (w/v) solution (c) 5% (w/v) solution  (d) 10% (w/v) solution

Figure 2. Image (a) represents Cellulase activity of T. asperellum. (b) represents the Control 
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significance was set at p < 0.05 for all analyses. 
Graphical representations of the results were 
generated using OriginPro 2022 software to 
visually illustrate treatment effects.

RESULT

Dual culture test and agar diffusion test 
	 I n  d u a l  c u l t u r e  t e c h n i q u e ,  b y 
measurement of radius growth, it was found that 
Trichoderma asperellum was capable of inhibiting 
the pathogen (P. aphanidermatum) when grown in 
potato dextrose medium by ≥75.00% as shown in 
Figure 1. To reconfirm the efficacy of Trichoderma 

asperellum against the test pathogen, agar well 
diffusion test was conducted. The agar well 
diffusion assay image shows a pathogen colony 

Table 1. Growth inhibition zone of T. asperellum 
metabolites against P. aphanidermatum

Crude 	 Inhibition 
Extracts 	 (%) ± SD
(mg/mL)

10	 28.40 ± 1.2
25	 41.38 ± 2.5
50	 72.53 ± 1.0
100	 85.92 ± 0.0

Figure 3. T. asperellum enzyme activities and protein concentration recorded under different biochar (BC) 
concentrations in conical flask cultures (a) Enzyme activity of EG, (b) Activity of BGL, (c) Activity of CBH, (d) Protein 
concentration 
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with a distinct zone of inhibition surrounding 
the wells, indicating the antagonistic effect of 
Trichoderma asperellum. The clear zones around 
the wells suggest that Trichoderma produces 
extracellular compounds that inhibit Pythium 
growth. The results clearly showed (Table 1 and 
Figure 1) that minimal growth inhibition (28.4 ± 
1.2%) was recorded with concentration 10 mg/
mL, whereas the highest growth inhibition (85.92 
± 0.0 was observed with concentration 100 mg/
mL. 

Evaluation of cellulase activity of Trichoderma 
asperellum
Trichoderma asperellum showed the medium 
cellulase activity whereas the control did not show 
any enzymatic activity Figure 2.

Assessment of biochar influence on the activity 
of cellulase
	 The variation in enzymatic activities due 
to different concentration of biochar (1%-5%) 
at the flask scale, along with the corresponding 
maximum values (Table 2).
	 The graphs illustrate the impact of 
different biochar (BC) concentrations (1%-5%) on 
the activity of three cellulolytic enzymes-EG, BGL, 
and CBH-as well as total protein content in the 
sample. The results indicate that biochar enhances 
cellulase activity in a concentration-dependent 
manner, with an optimal level observed at 3% BC 
Figure 3.

Effect of biochar concentration on endoglucanase 
activity
	 EG activity increased gradually with 
increasing biochar concentrations, reaching a 
maximum at 3% biochar (36.42 ± 0.77 U/mL), 
which exceeded the control by 1.79-times (20.30 ± 
0.43 U/ml). The activity at 1%, 2%, and 3% biochar 
was 1.16, 1.46, and 1.79 times higher, respectively, 
compared to the control. However, at higher 
concentrations (4% and 5%), the activity slightly 
declined to 35.43 ± 0.43 U/mL and 31.43 ± 0.48 
U/mL, respectively, suggesting an ideal range for 
biochar enhancement of EG production.

Effect of biochar concentration on b-glucosidase 
activity
	 BGL activity also increased with biochar 
amendment, with the maximum activity recorded 
at 4% biochar (4.53 ± 0.01 U/mL), which was 2.19-
fold higher than the control (2.07 ± 0.09 U/mL). 
The activity at 1%, 2%, 3%, and 5% BC remained 
relatively stable, ranging from 4.21 ± 0.02 to 4.52 
± 0.01 U/mL, indicating that even at low biochar 
levels, BGL activity was significantly enhanced 
compared to the untreated.

Assessment of biochar concentration on 
cellobiohydrolase activity
	 CBH activity showed a peak at 3% biochar 
(1.39 ± 0.05 U/mL), which was 2.78-fold higher 
than the control (0.50 ± 0.08 U/ml). At 1% and 
2% biochar, CBH activity increased to 0.89 ± 0.01 
and 1.21 ± 0.01 U/mL, respectively. However, a 

Table 2. Flask-scale observations on day 9 revealed the enzymatic activity and protein concentration of T. asperellum 
under varying levels of biochar

Treatment	 Endoglucanase	 b-glucosidase	 Cellobiohydrolase	 Protein
	  (U/mL)	  (U/mL)	  (U/mL)	  (U/mL)

TA + BC 1%	 23.54 + 0.33	 4.21 + 0.02	 0.89 + 0.01	 2.03 + 0.02
TA + BC 2%	 29.65 + 0.46	 4.39 + 0.08	 1.21 + 0.01	 2.23 + 0.01
TA + BC 3%	 36.42 + 0.77	 4.52 + 0.01	 1.39 + 0.05	 2.56 + 0.01
TA + BC 4%	 35.43 + 0.43	 4.53 + 0.01	 1.36 + 0.01	 2.53 + 0.02
TA + BC 5%	 31.43 + 0.48	 4.48 + 0.01	 1.31 + 0.01	 2.48 + 0.01
Control (TA )	 20.30 + 0.43	 2.07 + 0.09	 0.50 + 0.08	 1.42 + 0.01

*TA = Trichoderma asperellum; BC = Biochar; p value: 0.001 (significant at p < 0.05); ANOVA test shows statistically significant 
differences between different treatments
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slight reduction in CBH activity was recorded at 
4% and 5% BC (1.36 ± 0.01 and 1.31 ± 0.01 U/mL), 
suggesting an inhibitory effect at higher biochar 
concentrations.

Assessment of biochar on protein concentration 
during enzyme production
	 The protein concentration increased 
progressively with biochar supplementation, 
reaching a maximum at 3% BC (2.56 ± 0.01 mg/
ml), which exceeded the control by 1.8 times (1.42 
± 0.01 mg/mL). At 1% and 2% biochar, the protein 
concentration was 2.03 ± 0.02 and 2.23 ± 0.01 mg/
mL, respectively. A slight decline was detected at 
4% and 5% biochar (2.53 ± 0.02 and 2.48 ± 0.01 
mg/mL), which followed a similar trend as EG and 
CBH activities.

DISCUSSION

	 This study demonstrates that Trichoderma 
asperellum effectively suppresses the mycelial 
spread of Pythium aphanidermatum, exhibiting 
the maximum percentage of inhibition recorded 
in the dual culture assay. These findings indicate 
that Trichoderma is capable of producing various 
antimicrobial compounds. A major mechanism of 
action of Trichoderma is as a microbial antagonist 
in mycoparasitism, wherein it produces a suite 
of lytic enzymes, including cellulase, chitinase, 
xylanase, and glucanase, to degrade the cell 
walls of target pathogens. Numerous studies 
have shown that antagonistic microbes such as 
Trichoderma spp. secrete enzymes that degrade 
cellulose, chitin, and glucan-core structural 
materials of fungal and oomycete cell walls.39-41 

Viterbo et al.42 demonstrate that Trichoderma 
produced chitinase, glucanase, and protease 
during antagonism. Likewise, numerous studies 
have demonstrated that Trichoderma’s antagonistic 
effect on soil-borne pathogens is strongly linked 
to its production of extracellular lytic enzymes.43-47 
According to a report, T. asperellum-derived 
chitinase and cellulase enzymes play a major role 
in its antagonistic interplay and it was involved for 
the mycelial growth inhibition of Colletotrichum 
gloeosporioides and Phytophthora capsici.48 
This study found that the synthesized enzymes 
effectively suppressed the mycelial growth of 
Pythium aphanidermatum in vitro.

	 In the context of inhibitory interactions, 
organic metabolites comprising both non-volatile 
and volatile compounds are synthesised by species 
of Trichoderma.49,50 These compounds are known 
to have a crucial impact on microbial competition 
and defence. It has been well established that non-
volatile metabolite such as flavonoid and phenolic 
compounds, effectively supress the fungal growth 
and the germination of phytopathogens.51,52 
The present study demonstrated that non-
volatile organic compounds synthesised by T. 
asperellum substantially lowered the mycelial 
growth of Pythium aphanidermatum under a 
controlled environment condition, suggesting their 
involvement in antagonistic suppression. Similar 
findings were reported by Umar et al.53 who found 
that crude organic compounds from T. ghanense 
and T. citrinoviride effectively suppressed both 
spore germination and P. aphanidermatum 
mycelial growth.
	 The microbe-inhibiting effects of 
Trichoderma secondary metabolites are likely 
due to the combined influence of both VOCs 
(non-volatile and volatile). Numerous species 
of Trichoderma are known to secrete VOCs that 
suppress soil-borne pathogens.50,54 VOCs not only 
contribute to pathogen inhibition but also enhance 
Trichoderma’s resistance to environmental 
stresses, potentially protecting its own cell walls 
from hydrolytic enzymes released by competing 
organisms. Moreover, in dual culture assays, the 
synthesis of VOCs was observed to increase when 
Trichoderma was confronted with a pathogen.55 

Beyond initial enhancement, assessing the stability 
and longevity of cellulase activity in biochar-
amended cultures over extended periods (e.g., 
30-45 days) is essential. Meta-analyses have shown 
that cellulolytic activity tends to increase more 
in studies spanning 20-50 days by approximately 
59% compared to shorter durations (<15 days) 
which saw only 42% increases.56 However, longer-
term biochar amendments (≥1 year) often shift 
microbial enzyme profiles enhancing ligninase 
activity while reducing cellulase activity indicating 
possible microbial adaptation or substrate 
depletion over time.57

	 This study demonstrated that Trichoderma 
asperellum (PP256386) significantly inhibited 
Pythium aphanidermatum through the action of 
extracellular enzymes and both volatile and non-
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volatile metabolites. Biochar supplementation 
enhanced protein concentration and cellulase 
activity, with the highest enzymatic function 
observed at 3% biochar. The concentration of 
nutrients is influenced by the pyrolysis conditions 
and the type of feedstock material used for the 
preparation of biochar.58 Lower temperature 
pyrolysis tends to preserve organic compounds 
that are more labile which aid in microbial 
compatibility. In contrast, high temperature 
pyrolysis produces stable biochar that are less 
bio-active due to low nutrient surface reactivity.59 
The integration of biochar into the submerged 
fermentation system created a microhabitat 
that boosted enzyme synthesis by T. asperellum. 
Recent studies examining the broader impact 
of biochar on increasing microbial function, 
including systemic resistance in plants, and 
mitigating biotic and abiotic stressors continue 
to support the more localized enhancement.22 
These results emphasize the synergistic potential 
of biochar and Trichoderma for sustainable 
disease control. In addition to the synergism 
observed in this study, we found that the use of 
biochar in association with Trichoderma exerts 
great environmental and economic benefits 
for sustainable agriculture.60 Biochar also plays 
a key role in carbon sequestration and in the 
improvement of long-term soil health, which 
can be observed via better nutrient retention, 
microbial colonization, and soil structure.61 We 
also observed that it is a factor in the reduction 
of our reliance on synthetic fungicides, which in 
turn decreases the environmental impact due to 
pesticide overuse.61 It is low cost to produce both 
biochar and Trichoderma, which makes them very 
accessible to smallholders and resource-limited 
farming systems.60 Molecular studies such as 
RNA-Seq or qRT-PCR can be employed to analyse 
the expression of cellulolytic genes like cbh1 
(cellobiohydrolase I), egl1 (endoglucanase I), and 
bgl1 (b-glucosidase) in Trichoderma asperellum 
under biochar-amended conditions.62 Studies 
have shown that biochar can modulate microbial 
gene expression and enhance the abundance 
of glycoside hydrolase transcripts, contributing 
to improved enzyme secretion and carbon 
metabolism.63 Gene expression profiling can 
thus clarify the regulatory influence of biochar 
on T. asperellum enzyme pathways.64 While the 

present study demonstrated strong antagonism 
of Trichoderma asperellum and biochar against 
Pythium aphanidermatum, evaluating this 
combination against a broader spectrum of soil-
borne pathogens such as Fusarium oxysporum, 
Rhizoctonia solani, and Sclerotium rolfsii is 
essential. Such assessments would help determine 
the consistency and robustness of the synergistic 
effect under diverse pathosystems and cropping 
conditions, thereby confirming its potential for 
broad-spectrum biological control.65 In addition to 
controlling fungal pathogens, Trichoderma species 
have shown considerable promise in the biocontrol 
of plant-parasitic nematodes, especially root-
knot nematodes (Meloidogyne spp.) in tomato. 
Several strains of Trichoderma harzianum and 
T. asperellum have demonstrated the ability to 
reduce nematode populations, gall formation, and 
associated plant damage by producing chitinases, 
secondary metabolites, and by inducing systemic 
resistance in host plants.66 This broad biocontrol 
potential reinforces the ecological relevance of 
Trichoderma and suggests that its synergistic 
use with biochar may also offer nematode 
suppression, an avenue worth exploring in future 
research.67 However, issues including biochar’s 
variation in effectiveness among various soil 
types, requirement for additional formulation and 
application optimization still exist.68 To ensure the 
successful implementation of biocontrol, a number 
of issues need to be resolved, such as biopesticide’s 
shelf life, the lack of knowledge and awareness of 
biocontrol techniques, regulatory registration for 
commercialization, and appropriate agricultural 
applications.69 Further exploration is essential to 
understand the biological mechanisms involved 
and validate this strategy under field conditions.

CONCLUSION

	 This study demonstrated that biochar 
supplementation significantly enhances cellulase 
enzyme production by Trichoderma asperellum in 
a concentration-dependent manner, with optimal 
enzyme activity and protein production observed 
at 3% biochar. EG, BGL, and CBH activities were 
markedly improved compared to the control, 
although higher biochar concentrations (≥4%) led 
to a slight decline, suggesting an optimal range for 
enzyme stimulation. Additionally, Trichoderma 
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asperellum exhibited strong biocontrol potential 
against Pythium aphanidermatum, achieving ≥75% 
inhibition in dual culture and forming distinct 
inhibition zones in the agar well diffusion assay, 
with the highest effect observed at 100 mg/mL 
concentration. 
	 These findings highlight the dual benefits 
of biochar as both an enhancer of microbial 
enzyme activity and a potential soil amendment 
for biological disease control. However, several 
critical scientific challenges remain unresolved. The 
precise molecular and physiological mechanisms 
by which biochar influences microbial metabolism 
and biocontrol efficacy are still poorly understood. 
Furthermore, the variability in properties of 
biochar depending on feedstock and pyrolysis 
conditions presents a challenge in standardizing its 
application. Research should focus on elucidating 
the signalling pathways involved in biochar-
mediated stimulation, evaluating synergistic 
interactions with other soil microbes, and 
conducting long-term field studies to assess 
environmental sustainability, cost-effectiveness, 
and scalability of this approach in diverse agro-
ecosystems.
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