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Abstract

Fungi are known to produce a wide array of bioactive secondary metabolites encompassing diverse
chemical classes, including monoterpenes, sesquiterpenes, alcohols, aldehydes, aromatic compounds,
esters, furans, ketones, and sulfur-and nitrogen-containing compounds. Among them, Trichoderma
have emerged as the most extensively studied fungal biocontrol agent, widely employed as
biofungicides and biofertilizers in both greenhouse and field applications. The secondary metabolites
produced by Trichoderma spp. have attracted considerable scientific interest due to their unique
chemical structures and significant biological activities. In recent years, a substantial number of these
metabolites have been isolated and characterized. These compounds play a crucial role not only in the
mycoparasitic activity of Trichoderma spp. but also in mediating their interactions with plants and
other organisms in the surrounding environment. In the present study, we investigated the in vitro
potential of Trichoderma spp. to produce bioactive secondary metabolites. The study focused on
analyzing extracts of 10 different isolates of Trichoderma spp. using ethyl acetate as solvent and the
compounds have been identified by gas chromatography-tandem mass spectrometry (GC-MS/MS). All
Trichoderma isolates were found to produce secondary metabolites, with the highest production
observed in isolate T7. GC-MS analysis identified 22 potential compounds with numerous benefits that
could be used in agriculture. Most of the detected compounds were related to aliphatic (alkanes and
ketones) hydrocarbons and aromatic compounds (diterpenoids), which include phenol, 2,4-bis (1,1-
dimethylethyl)-, Asarone, myristic acid, retinoic acid, stearic acid, 8-pentadecanone, 10-nonadecanone,
etc. The antifungal properties of these compounds suggest that the biological control efficacy of
Trichoderma species may be closely associated with their production. These compounds hold promise
as natural fungicidal agents for crop protection, offering effective control of fungal pathogens while
minimizing environmental impact.

Keywords: Trichoderma, secondary metabolites, gas chromatography-tandem mass spectrometry

Introduction

Fungi are known to produce a diverse array of volatile organic compounds (VOCs), which,
due to their small molecular size and high vapor pressure, readily diffuse through the
atmosphere and soil under ambient temperature and pressure conditions. These VOCs
typically exhibit low to moderate water solubility and are often characterized by distinctive
odors (Hung et al., 2015) [*4, To date, approximately 500 fungal VOCs have been identified,
although only about 100 fungal species out of the estimated 100, 000 described have been
studied for their VOC production (Korpi et al., 2009; Hung et al., 2015 !4 11, Fungal VOCs
serve important ecological and signaling functions in natural environments. They mediate
complex interactions not only among fungi themselves but also between fungi, plants, and
bacteria (Morath et al., 2012) 1, These compounds arise as both intermediate and final
products of various metabolic pathways and predominantly include mono and
sesquiterpenes, alcohols, ketones, lactones, esters, fatty acids, sulfur containing compounds,
simple pyrans, and benzene derivatives (Korpi et al., 2009) 4. Functionally, fungal VOCs
are involved in a wide range of biological processes, including microbial communication,
environmental adaptation, and biocontrol (Bitas et al., 2013) ©l. They can play roles in
defense mechanisms against predators, parasites, and pathogens, and may contribute to
competitive interactions among microbial species (Stoppacher et al., 2010) 31,
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Trichoderma is a well-known genus of soilborne fungi
recognized for its antagonistic activity against a wide range
of plant pathogenic microorganisms (Cook and Baker, 1983;
Nurbailis, 1992; Harman, 2000; Pushpavathi et al., 2016) &
28, 13, 81 |ts antagonism is mediated through multiple
mechanisms, including competition for nutrients and space,
mycoparasitism, and antibiosis (Cook and Baker, 1983;
Howell, 2003; Nurbailis, 2008) [> 10 25 Nurbailis et al.
(2006) 26 demonstrated that isolates of T. viride and T.
harzianum obtained from the banana rhizosphere were
capable of inhibiting the growth of Fusarium oxysporum f.
sp. cubense via an antibiosis-based mechanism. Species of
Trichoderma are also prolific producers of bioactive
secondary metabolites with antifungal and antibacterial
properties. These include a wide range of chemical classes
such as polyketides, pyrones, and terpenes (Naher et al.,
2014) 4, Furthermore, Leelavathy et al. (2014) [*8 reported
that crude extracts of T. harzianum, when applied at varying
concentrations, effectively suppressed the growth of several
pathogenic bacterial species, highlighting its potential as a
biocontrol agent.

Trichoderma species have been extensively studied and
widely utilized in biological control strategies against
phytopathogenic fungi, primarily due to their remarkable
capacity to produce a diverse array of enzymes and
secondary metabolites (Guo et al., 2022 and Khan et al.,
2020) BB 131, As a filamentous fungus, Trichoderma exhibits
broad applicability across industrial, agricultural, and
environmental sectors (Mukherijee et al., 2013) 2°1, One of
its major advantages lies in its ability to synthesize a wide
spectrum of bioactive compounds, many of which are
considered potential leads for drug development. In
agriculture, Trichoderma is commonly employed as a
biofungicide and bioremediation agent, offering protective
benefits to host plants throughout their life cycle and
thereby functioning as an effective biocontrol agent
(Segaran and Sathiavelu, 2019., Adeleke and Babalola, 2021
and Sheeba et al., 2019) 2% .31, To date, approximately 200
secondary metabolites have been identified from
Trichoderma species, encompassing chemical classes such
as terpenoids, polyketides, peptides, alkaloids, and lactones
(Khan et al., 2020) ™3 Among these, sesquiterpenes and
diterpenes isolated from Trichoderma have demonstrated a
wide range of bioactivities, including antimicrobial,
antialgal, anticancer, and phytotoxic effects (Zhang et al.,
2021) 61 underscoring their potential for pharmaceutical
and agricultural applications.

Fungal strains belonging to the genus Trichoderma are well
recognized producers of a wide variety of volatile organic
compounds (VOCs). The VOC profile of a given
Trichoderma species or strain is highly dynamic and
influenced by several factors, including the substrate
composition, incubation duration, nutrient availability,
temperature, and other environmental conditions (Tait et al.,
2013) 34, VOCs produced by filamentous biocontrol fungi
such as Trichoderma spp. exhibit potent antibiotic activity
against a broad spectrum of phytopathogenic molds. In
addition to their antagonistic effects, these volatile
metabolites have been shown to promote plant growth and
induce systemic resistance, thereby enhancing the host
plant’s resilience to fungal infections (Vinale et al., 2008)
3], Recent reviews have highlighted capacity of
Trichoderma spp. to synthesize a diverse array of both
volatile metabolites such as pyrones and sesquiterpenes and
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non-volatile secondary metabolites, including peptaibols,
which collectively contribute to its effectiveness as a
biocontrol agent and plant growth promoter.

The analysis of volatile fungal metabolites is commonly
conducted using gas chromatography (GC) techniques,
which have been applied to various fungal genera, including
Aspergillus,  Fusarium,  Mucor,  Penicillium, and
Trichoderma. After inoculating fungi in liquid or on solid
growth medium (Nemcovic et al. 2008) [??1, volatiles can be
extracted in different ways, such as with organic solvents
(Reithner et al. 2005) [?81, solid phase extraction using C18
or silica gel columns (Keszler et al. 2000) [*°], online gas
enrichment on adsorption tubes or various headspace (HS)
techniques and solid phase microextraction (Stoppcher et al.
2010) 3. MS detection enables the selective identification
of individual volatiles, and structural elucidation is typically
confirmed by comparing acquired mass spectra with
re]ference libraries (Jelen, 2003; Stoppacher et al., 2010) [**
33

Evaluating the secondary metabolite production potential of
Trichoderma isolates is crucial for understanding their
functional roles and biocontrol capabilities. The present
study aims to assess the ability of 10 distinct Trichoderma
isolates, collected from rhizosphere soils of Kerala, to
produce bioactive secondary metabolites. Metabolites were
extracted from the culture filtrates using ethyl acetate, and
the resulting compounds were subsequently identified and
characterized using gas chromatography-tandem mass
spectrometry (GC-MS/MS) analysis.

Materials and Methods

Collection and maintenance of Trichoderma spp.

The study was conducted with 10 different isolates of
Trichoderma spp. (Ty, T2, Ts, Ta, Ts, Te, Tz, Ts, To and Tag)
isolated from the rhizosphere soil samples collected from
different locations of Kerala and maintained at the
Department of Plant Pathology, College of Agriculture,
Vellanikkara, Thrissur, Kerala Agricultural University. The
cultures were maintained in the Potato Dextrose Agar
(PDA) medium. Molecular characterization of all the 10
isolates was carried out, leading to their precise
identification at the species level. Among these, isolate T;
was identified as Trichoderma afroharzianum. Isolates T,
Ts, T4, Ts, Ts, Tz, Tg and Tiowere characterized as
Trichoderma asperellum, while isolate T was confirmed as
Trichoderma harzianum.

Production and extraction of secondary metabolites
from Trichoderma spp.

The agar plugs of Trichoderma spp., measuring 7mm in
diameter, were taken from actively growing margins of all
the 10 isolates grown on PDA media and were inoculated
into 250 mL conical flasks containing 100 mL of potato
dextrose broth medium (PDB) supplemented with
chloramphenicol antibiotic, incubated in static conditions
for 9 days at 25 °C. After the incubation, the cultures were
filtered under vacuum through filter paper (Whatman No.
4). The final filtrate is the crude extract of secondary
metabolites (Shobha et al., 2020) B2, The secondary
metabolites were extracted by partitioning with ethyl
acetate. The solvent ethyl acetate was evaporated from the
filtrate using a vacuum rotary evaporator. The extract was
further dissolved in HPLC grade ethyl acetetate, filtered
through PVDF syringe filter and was maintained at —20 °C
in the deep freezer until further use.
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Identification of Secondary Metabolites

The Mass Spectrum Gas Chromatography Tandem Mass
Spectroscopy (GC-MS/MS) analysis was performed for the
determination of compounds using Thermo Scientific TSQ
8000 EVO Triple Quadrupole Mass Spectrometer with
Thermo Scientific TG 5MS column (length: 30m, 1L.D:
0.25mm, film thickness 0.5 um) and Xcalibur software. For
the separation of components, helium gas was used as a
carrier gas, which maintained the constant flow of 1
mL/min. The temperature of the injector was maintained at
250 °C. The sample of 1 pL was injected into the
instrument. The temperature of the oven was programmed
as follows: initial temperature of 50 °C for 1 min, followed
by ramping to 120 °C at the rate of 10 °C min™* and 270 °C
at the rate of 5 °C min~*for 5 min. The conditions for the
mass detector were a temperature of 290 °C for the transfer
line, a temperature of 310 °C for the ion source, an
ionization mode electron impact at 70 eV, and a mass scan
range of 35-500 m/z. The comparison of spectrum of
components were carried out with the database of spectrum
of known components stored in the National Institute of
Standard and Technology (NIST) library.

Results

The ethyl acetate extract of the Trichoderma spp. was
analyzed by GC-MS/MS and the analysis has led to the
identification of different compounds present in culture
filtrate of Trichoderma spp. Interpretation of GC-MS/MS
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data was carried out using the database of the NIST. The
unknown spectrum of components was compared with that
of the known components contained in the NIST library.
The name, molecular weight, formula, peak area percent,
nature and functional properties of the secondary
metabolites extracted were ascertained. The significant
compounds that were found in the ethyl acetate solvent
extract for Ty, To, T3, T4, Ts, Te, T7, Tg, To and Ty as
follows.

GC-MS/MS analysis of T; isolate of Trichoderma revealed
the presence of seven major compounds viz. aliphatic
hydrocarbons such as cyclohexane, hexyl-and cyclohexane,
octyl-and aromatic compound, phenol 2,4-bis(1,1-
dimethylethyl)-, which is known for its antioxidant,
antibacterial, and antifungal activities, suggesting a possible
role in the biocontrol efficacy of the isolate. Another notable
aromatic derivative was asarone a phenylpropanoid with
documented antifungal, antibacterial, and insecticidal
properties, though it can be neurotoxic at higher
concentrations. The aliphatic ketones, namely 8-
pentadecanone and 10-nonadecanone, are known for their
antimicrobial and insect-repellent activities, which may
further support the antagonistic nature of this isolate. Other
major compound identified was piperonyl butoxide, a well-
known synthetic synergist that inhibits insect detoxification
enzymes and enhances the activity of insecticides, especially
pyrethroids (Table 1).

Table 1: List of compounds of Trichoderma afroharzianum (T;) detected by Gas Chromatography-Tandem Mass Spectroscopy (GC-MS/MS)

Peak Retgntion Molecular Mole_cular Library)Peak Nature and chemical . .
Time Name of the Compound Weight | match | area Function/properties
No. . Formula class
(min) (@/mol) | (%) | (%)
1 10.2 Cyclohexane, hexyl- CisHas 16832 | 54.76 | 1.78 Aliphatic, Saturated Generally inert, used as
hydrocarbon (alkane) solvent
i Aliphatic, Saturated |Mild hydrophobic membrane-
2 14.3 Cyclohexane, octyl CiaHos 196.37 | 51.01 | 2.57 hydrocarbon (alkane) disruptive effects
3 15.65 Phe_nol, 2,4-bis(1,1- CulnO | 20632 | 56.79 | 1.63 Aromatic, Substituted Antloxm_iant, antlbacter_lal,
dimethylethyl)- phenol and antifungal properties
Asarone (1,2,4- Aromfélcé:ehenyl Antifungal, antibacterial,
4 18.03 | Trimethoxy-5-(1-propenyl)| Ci2HisOs | 208.25 | 65.30 |6.63 propene, insecticidal, and neurotoxic at|
Methoxybenzene -
benzene) derivati high doses
erivative
S Mild antibacterial and insect
5 19.07 8-Pentadecanone CisHs0O | 226.40 | 85.54 |2.74| Aliphatic, Ketone repellent activity
Used in chemical ecology
6 23.22 10-Nonadecanone C1oH3:0 28250 | 59.95 | 3.99| Aliphatic, Ketone studies; antimicrobial and
insect-repellent activity
Aromatio +Etrer, | 0 nhances
7 32.89 Piperonyl butoxide CioH300s | 338.44 | 96.44 | 558 | Synthetic organic yme ' -
pesticide (esp. pyrethroid)
compoud )
effectiveness.

Trichoderma isolate T, produced four major compounds.
These metabolites represent a mix of phenolic derivatives,
phenylpropenes, fatty acids, and terpenoids, each with
known biological activities relevant to plant health and
microbial interactions. They include phenol 2,4-bis(1,1-
dimethylethyl)-and asarone as that of T1. The aliphatic fatty
acid tetradecanoic acid (myristic acid) was also identified
which plays important roles in membrane fluidity, lipid
signaling, and protein acylation. In addition, it has been

reported to exhibit antibacterial and antifungal effects,
thereby contributing to Trichoderma’s antagonistic activity
against pathogens. The most abundant metabolite identified
was retinoic acid, a diterpenoid that plays fundamental roles
in regulating cell differentiation, growth, immune responses,
and tissue maintenance. Its presence indicates that
Trichoderma may produce signaling molecules analogous to
plant hormones, potentially influencing plant defense
mechanisms and developmental processes (Table 2).
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Table 2: List of compounds of Trichoderma asperellum (T2) detected by Gas Chromatography-Tandem Mass Spectroscopy (GC-MS/MS)

Peak Re_r_gntlon Name of the Molecular | Molecular Library | Peak Nature and chemical . .
No ime Compound Formula | Weight match | area class Function/properties
| (mins) (%) | (%)
1 15.66 Phe_nol, 2,4-bis(1,1- CiiHaO 206.32 59.80 | 1.66 Aromatic, Substituted Antloxm_iant, antlbacter_lal, and
dimethylethyl)- phenol antifungal properties
Asarone (1,2,4- Phgwr()lmr{icfl(:e’ne Antifungal, antibacterial,
2 18.03 Trimethoxy-5-(1- | Ci2HisOs 208.25 3.25 YIpropene, insecticidal, and neurotoxic at
Methoxybenzene .
propenyl) benzene) derivati high doses
erivative
Antibacterial and antifungal
Tetradecanoic acid Aliphatic saturated activity. Role in membrane
3 | 2090 1 Myristic acigy | CHa0: | 228.37 1.34 fatty acid fluidity, lipid signaling, and
protein acylation
Essential for cell differentiation,
4 34.37 Retinoic acid C20H250: 300.44 30.74 | 4.40 |Aromatic, Di terpenoid| growth, immune function, and
epithelial tissue maintenance

The metabolite profile of the Trichoderma Ts isolate
revealed the presence of heterocyclic derivatives, lactones,
phenylpropenes, and fatty acids, many of which are known
for their antimicrobial potential. Among these, 2,5-
furandione, dihydro-3-methylene, a heterocyclic maleic
anhydride derivative, is associated with antimicrobial,
antifungal, and anticancer properties, indicating its possible
role in the defensive chemistry of the isolate. A prominent
metabolite, 2H-Pyran-2-one, 6-pentyl, a lactone with an
aliphatic side chain, is a well-documented Trichoderma

antibacterial activities, contributing significantly to the
biocontrol efficacy of the fungus. The aromatic compound
asarone and the saturated fatty acid tetradecanoic acid
(myristic acid) was also identified as that of previous
isolates. Another fatty acid, octadecanoic acid (stearic acid),
was also present, contributing mild antimicrobial activity
while playing roles in structural stability and energy
metabolism. Collectively, these metabolites suggest that Ts
produces a versatile chemical arsenal that enhances its
antagonistic ability and ecological adaptability (Table 3).

metabolite

recognized for

its strong antifungal

and

Table 3: List of compounds of Trichoderma asperellum (Ts) detected by Gas Chromatography-Tandem Mass Spectroscopy (GC-MS/MS)

Retention Library | Peak .
Peak : Name of the Molecular | Molecular Nature and chemical . .
Time ) match | area Function/properties
No. (mins) Compound Formula | Weight (%) (%) class
2,5-Furandione, Heterocyclic, semi- L . .
1| 686 dihydro-3- CHOs | 11208 | 69.74 | 1.30 | aromatic, Maleic | 2tmicrobial, antifungal, and
: o anticancer activities
methylene anhydride derivative
2H-Pyran-2-one, 6- Aromatic-like with  [Strong antifungal and antibacterial
2 14.63 pentyl- CioHusO2 | 166.22 66.46 | 5.61 aliphatic chain compound
Asarone (1,2,4- AromfélcénF;henyl Antifungal, antibacterial,
3 18.02 Trimethoxy-5-(1- | Ci2HisOs 208.25 62.96 | 2.20 propene, insecticidal, and neurotoxic at
ropenyl) benzene) Methoxybenzene high doses
propeny derivative g
Antibacterial and antifungal
Tetradecanoic acid Aliphatic saturated activity. Role in membrane
41 2092 ayristicacidy | P02 | 22837 | 6341 ) 24 fatty acid fluidity, lipid signaling, and
protein acylation
5 28.61 Octadeca_mmc_ acid C1eHacOa 284.48 6255 | 188 Aliphatic sat_urated Mild antlbacterl_al_ and antifungal
(Stearic acid) fatty acid activity
GC-MS/MS analysis of the Trichoderma isolate T4 revealed properties, contributing substantially to the genus’s

three major metabolites, primarily consisting of lactones and
long-chain aliphatic ketones, each with significant
ecological and antimicrobial functions. The characteristic
lactone 2H-Pyran-2-one, 6-pentyl, widely regarded as a
signature metabolite of Trichoderma, was identified and is
well known for its potent antifungal and antibacterial

biocontrol potential. Alongside this, the aliphatic ketone 8-
pentadecanone and long-chain ketone, 10-nonadecanone,
was also presentas that of Ti. Together, these metabolites
highlight the multifaceted ecological strategies of the T4
isolate in promoting plant health and resilience (Table 4).

Table 4: List of compounds of Trichoderma asperellum (T4) detected by Gas Chromatography-Tandem Mass Spectroscopy (GC-MS/MS)

Peak | Retention Name of the |Molecular|Molecular| Library | Peak Nature and . .
No. | Time (min) Compound Formula | Weight |match (%0)|area (%)| chemical class Function/properties
2H-Pyran-2-one, Aromatic-like with Strong antifungal and
1 14.61 6-pentyl- CioH140: | 166.22 60.97 4.42 aliphatic chain antibacterial compound
2 19008 | 8-Pentadecanone | CisHxO | 2264 | 89.00 | 203 | Aliphatic, Ketone | Mildantibacterial and insect
repellent activity
Used in chemical ecology
3 23.22 10-Nonadecanone| CisHssO 282.5 43.86 3.09 | Aliphatic, Ketone | studies; possible antimicrobial
and insect-repellent activity.
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The metabolite profile of the Trichoderma isolate Ts
revealed five major metabolites belonging to aliphatic
hydrocarbons, substituted phenols, lactones, and long-chain
ketones, many of which are biologically active and
ecologically significant. The aliphatic saturated hydrocarbon
cyclohexane, octyl-, 2H-Pyran-2-one, 6-pentyl, phenol 2,4-

https://www.biochemjournal.com

bis(1,1-dimethylethyl)-, ~ 8-pentadecanone  and  10-
nonadecanone were detected as that of other isolates.
Collectively, these metabolites demonstrate the diverse
chemical arsenal of Ts that underpins its biocontrol efficacy
(Table 5).

Table 5: List of compounds of Trichoderma asperellum (Ts) detected by Gas Chromatography-Tandem Mass Spectroscopy (GC-MS/MS)

Peak| Retention Name of the Molecular | Molecular Library | Peak Nature and . .
. . . match | area - Function/properties
No. | Time (min) Compound Formula Weight chemical class
(%) | (%)
Aliphatic,
| Saturated Mild hydrophobic membrane-
1 14.3 Cyclohexane, octyl{ CisHas 196.37 55.46 2.40 hydrocarbon disruptive effects
(alkane)
2 1461 2H-Pyran-2-one, 6- CroHuOa 166.22 55.09 1.80 Aromatlc_-llke Wlth Strong antifungal and antibacterial
pentyl- aliphatic chain compound
Phenol, 2,4-bis(1,1- Aromatic, Antioxidant, antibacterial, and
3 15.66 dimethylethyl)- CisH20 206.32 60.09 | 167 |g pstituted phenol antifungal properties
4 | 1909 | 8-Pentadecanone | CisHwnO | 2264 | 87.13 | 2.88 | Aliphatic, Ketone | ViId antibacterial and insect
repellent activity
Used in chemical ecology studies;
5 23.24 10-Nonadecanone | CisHssO 282.5 63.32 4.00 | Aliphatic, Ketone | possible antimicrobial and insect-
repellent activity.

The Trichoderma isolate Ts showed presence of three key
metabolites, namely a substituted phenol and two long-chain
aliphatic ketones, each associated with antimicrobial and
ecological functions. The compounds include Phenol, 2,4-

nonadecanone assimilar to ther isolates suggesting a role in
safeguarding plants against both microbial pathogens and
insect pests. Together, these metabolites highlight the
multifaceted chemical defense strategies of the Ts isolate in

bis(1,1-dimethylethyl)-,8-pentadecanone

and

10-

plant protection (Table 6).

Table 6: List of compounds of Trichoderma asperellum (Ts) detected by Gas Chromatography-Tandem Mass Spectroscopy (GC-MS/MS)

. - Peak
Peak| Retention Name of the Molecular | Molecular | Library Nature and . .
No. | Time (min) Compound Formula Weight |match (%) %f:j chemical class Function/properties
- Aromatic, L . .
1 15.65 Phe_nol,2,4-b|s(1,l- CiiHaO 206.32 5738 1.39 Substituted Antloxu_jant, antlbacter_lal,and
dimethylethyl)- phenol antifungal properties
2 19.08 8-Pentadecanone | CisHaO 296.4 87.29 284 Aliphatic, Mild antibacterial _ar_ld insect repellent
Ketone activity
Aliphatic Used in chemical ecology studies;
3 23.24 10-Nonadecanone | CisH3:O 282.5 64.41 4.61 thone ' possible antimicrobial and insect-
repellent activity.
The metabolite profile of the Trichoderma isolate T Hydroxymethylfurfural (HMF), an aromatic furan

revealed eight major metabolites, including aromatic furans,
substituted phenols, ketones, fatty acids, and aromatic
glycosides, many of which are known for their antimicrobial
and antioxidant activities. The aromatic furanone 2,4-
dihydroxy-2,5-dimethyl-3(2H)-furan-3-one was identified,
which is associated with antioxidant and mild antimicrobial
effects and is also recognized as a natural flavoring
compound. Cyclotetrasiloxane, octamethyl-, a cyclic
siloxane typically used as a solvent in cosmetic
formulations, was also detected, exhibiting low
antimicrobial activity. Another metabolite, 4H-pyran-4-one,
2, 3-dihydro-3, 5-dihydroxy-6-methyl-, functions as an
antioxidant, flavor enhancer, and iron chelator. 5-

derivative, was found and is well known for its antioxidant
and antibacterial properties, as well as its role as a marker of
sugar degradation. The aromatic glycoside vanillin lactoside
was present, possessing both antioxidant and antibacterial
activities.  The  compounds  phenol,  2,4-bis(1,1-
dimethylethyl) and myristic acid was also detected as
reported in other isolates, thereby contributing to the
isolate’s biocontrol potential. Additionally, benzophenone,
an aromatic ketone with antimicrobial, antifungal, and UV-
protective properties, was identified. Collectively, these
metabolites highlight the diverse chemical profile of T; and
its strong biocontrol relevance (Table 7).
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Table 7: List of compounds of Trichoderma asperellum (T7) detected by Gas Chromatography-Tandem Mass Spectroscopy (GC-MS/MS)

Peak| Retention Molecular | Molecular Library | Peak | Nature and
) . Name of the Compound - match | area | chemical Function/properties
No. |Time (min) Formula | Weight
(%) (%) class
2,4-Dihydroxy-2,5- Aromatic Flavoring, antioxidant, mild
1 6.14 dimethyl-3(2H)-furan-3-one CoHsOs 14413 1 7905 1 168 | ¢\ anone antimicrobial
. Aliphatic .
2 6.3 Cyclotetrasiloxane, | ¢y, 0,si,| 20661 | 7644 | 543 | cyclic Cosmetic solvent, low
octamethyl- . antimicrobial activity
siloxane
4H-Pyran-4-one, 2, 3- . - .
3 86 | dihydro-3, 5-dihydroxy-6- | CeHeO» | 12611 | 8354 | 1.68 | Aromatic |Flavorenhancer, antioxidant, iron-
methyl- pyrone chelating
Aromatic Antioxidant, antibacterial, sugar
4 9.97 5-Hydroxymethylfurfural CsHeOs 126.11 93.62 |11.20 furan - U9
derivati degradation marker
erivative
5 13.33 Vanillin lactoside CaoH26On | 44241 58.94 | 1.69 Aromatic Antioxidant, antibacterial
glycoside
; Aromatic, L . .
6 15.65 Phe_nol, 2,4-bis(1,1- CiiHasO 206.32 6718 | 438 | substituted Antl0X|annt, antlbacter_lal, and
dimethylethyl)- phenol antifungal properties
7 | 1823 Benzophenone CoHwO | 18222 | 79.93 | 261 | Aromatic | Antimicrobial, UV protector,
ketone antifungal
Aliphatic Antibacterial and antifungal
8 | 20gg |retradecanoicacid (Myristic o . o | 20837 | 5388 |3.63 |saturated fatty] 2CUVIY: Role in membrane
acid) acid fluidity, lipid signaling, and
protein acylation
GC-MS/MS analysis of the Trichoderma isolate Ts Together, these metabolites reflect the chemical strategies

identified four major metabolites including cyclohexane,
octyl-, phenol 2,4-bis(1,1-dimethylethyl), 8-pentadecanone
and 10-nonadecanone as identified in other isolates.

employed by Tsg to strengthen its biocontrol activity (Table

8).

Table 8: List of compounds of Trichoderma asperellum (Ts) detected by Gas Chromatography-Tandem Mass Spectroscopy (GC-MS/MS)

. Library | Peak
Peak Retentlc_m Name of the Molecular Mole_cular match | area Natl_Jre and Function/properties
No. | Time (min) Compound Formula | Weight chemical class
(%) | (%)
Aliphatic,
i Saturated Mild hydrophobic membrane-
1 14.3 Cyclohexane, octyl{ CisHas 196.37 50.56 1.99 hydrocarbon disruptive effects
(alkane)
Phenol, 2,4-bis(1,1- Aromatic, Antioxidant, antibacterial, and
2 15.65 dimethylethyl)- CisH20 206.32 58.75 1 149 g hstituted phenol antifungal properties
3 | 1909 | 8-Pentadecanone | CisHwO | 226.4 87.2 | 3.07 | Aliphatic, Ketone |  ™Mild antibacterial and insect
repellent activity
Used in chemical ecology studies;
4 23.24 10-Nonadecanone | CisHs:O 2825 68.93 | 4.89 | Aliphatic, Ketone | possible antimicrobial and insect-
repellent activity.

Metabolite assay of the Trichoderma isolate Ty revealed five
major metabolites, primarily consisting of aliphatic cyclic
diketones, aromatic furans, and pyrones, all of which are
associated with antioxidant and antimicrobial activities. The
aliphatic cyclic diketone 1,2-cyclopentanedione was
identified, which is regarded as a biosynthetic intermediate
and exhibits weak antimicrobial effects. The aromatic
furanone 2,4-dihydroxy-2,5-dimethyl-3(2H)-furan-3-one
was also present, known for its antioxidant, mild
antimicrobial, and flavoring properties, indicating a possible
role in ecological competitiveness. Another metabolite, 2H-
pyran-2, 6(3H)-dione, a pyrone/lactone, is likely involved in

biosynthetic pathways and may possess antimicrobial
activity. The pyrone derivative 4H-pyran-4-one, 2, 3-
dihydro-3, 5-dihydroxy-6-methyl-, with strong antioxidant,
antibacterial, and iron-chelating functions, further highlights

the ecological adaptability

of the isolate. The dominant

metabolite was 5-hydroxymethylfurfural, an aromatic furan

derivative widely recognized for

antibacterial properties and

its antioxidant and
its role as a marker of sugar

degradation, reflecting the metabolic activity of the culture.
Collectively, these metabolites emphasize the biochemical
versatility of Tg and its potential role in plant protection

(Table 9).
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Table 9: List of compounds of Trichoderma harzianum (To) detected by Gas Chromatography-Tandem Mass Spectroscopy (GC-MS/MS)

Peak| Retention Molecular | Molecular Library | Peak Nature and . .
. . Name of the Compound . match | area - Function/properties
No. | Time (min) Formula | Weight (%) (%) chemical class
. Aliphatic cyclic Intermediate, weak
1 5.42 1,2-Cyclopentanedione CsHsO2 98.10 65.67 4.25 diketone antimicrobial
2,4-Dihydroxy-2,5- Aromatic Flavoring, antioxidant, mild
2 6.17 dimethyl-3(2H)-furan-3-one CeHsO 144.13 9385 | 255 furanone antimicrobial
3 638 | 2H-Pyran-2, 6(3H)-dione | CsH.O» | 11208 | 7530 | 368 | /womatic | Potential antimicrobial,
pyrone/lactone biosynthetic role
4H-Pyran-4-one, 2, 3- . . . .
4 8.65 dihydro-3, 5-dihydroxy-6- | CsHsOs 126.11 93.12 7.65 Aro(;na_t Ic pyrone Anpoxmz;n':, a_ntlbacterlal,
methyl- erivative iron-chelating agent
Aromatic furan | Antioxidant, antibacterial,
5 10.05 5-Hydroxymethyl furfural | CeéHeOs 126.11 92.17 | 27.60 derivative marker for food quality

GC-MS/MS analysis of the Trichoderma isolate Tio
revealed two major metabolites, the aromatic lactone 2H-
Pyran-2-one, 6-pentyl-and the aliphatic ketone 8-as present

in other isolates. Together, these metabolites highlight the
biocontrol capacity of the Ty isolate (Table 10).

Table 10: List of compounds of Trichoderma asperellum (T1o0) detected by Gas Chromatography-Tandem Mass Spectroscopy (GC-MS/MS)

Peak| Retention Name of the Compound Molecular |Molecular| Library Peak Nature and Function/oroperties
No. | Time (min) P Formula | Weight | match (%) |area (%)| chemical class prop
) ’y ) ) Aromatic lactone |Strong antifungal, mild
1 14.64 2H-Pyran-2-one, 6-pentyl- | CioH14O2 | 166.22 63.86 8.98 (a-pyrone) antibacterial
2 | 1908 8-Pentadecanone CisHsO | 2264 88.76 1.92 | Aliphatic, Ketone |.M11d antibacterial and
insect repellent activity
Among the 10 isolates of Trichoderma spp., Tz and T (Trichoderma harzianum).

(Trichoderma asperellum) isolate produced maximum
number of metabolites which are having antimicrobial
properties, followed by T; (Trichoderma afroharzianum), Ts
(Trichoderma asperellum), Ts (Trichoderma asperellum)

Figure 1 (a-j) presents the GC-MS/MS chromatograms of all
the 10 Trichoderma isolates, each exhibiting distinct
metabolite profiles that reflect the biochemical diversity
among the isolates
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Discussion

Trichoderma species play a pivotal role in the biosynthesis
of diverse secondary metabolites that contribute
significantly to ecological and physiological functions such
as microbial competition, symbiotic interactions, metal ion
transport, cellular differentiation, signal transduction, and
mycoparasitism. The bioactive compounds produced by
Trichoderma spp. have been shown to exert positive effects
on plants by enhancing growth and development, as well as
activating defense mechanisms against various abiotic
stresses and pathogenic invasions. The present study
investigated the potential of Trichoderma spp. in producing
bioactive secondary metabolites. As GC-MS/MS was done
towards profiling the metabolites present in the culture
filtrates of 10 different isolates of Trichoderma, the results
showed the presence of seven major secondary metabolites,
viz. phenol, 2,4-bis(1,1-dimethylethyl)-, asarone, myristic
acid (tetra decanoic acid), retinoic acid, stearic acid, 8-
pentadecanone, and 10-nonadecanone. Most of the
metabolites identified in this study are widely used as
antimicrobials, anti-oxidants, cosmetic solvents, flavouring
agents, UV protectors and pesticides. Specifically, phenol,
2,4-bis(1,1-dimethylethyl)-is reported to have antioxidant,
antibacterial and antifungal properties. The occurrence of
volatile compounds in the extract has been correlated with
the growth of the plant (Lee et al., 2016) 7). The induction
of phenolic compounds in response to Trichoderma has
been associated with enhanced biochemical defense
mechanisms in plants, contributing to resistance against
various phytopathogens. Enhanced biosynthesis of phenolic
compounds directly influences antioxidant activity by
functioning as efficient free radical scavengers.
Additionally, these metabolites contribute to cell wall
reinforcement, thereby strengthening plant defense
mechanisms against biotic stress factors.

Phenol, 2,4-bis(1,1-dimethylethyl) is frequently reported in
GC-MS profiles of Trichoderma culture extracts and
VOC/headspace studies by multiple Trichoderma strains
(e.g., T. asperellum, T. koningiopsis and others) (Choez-
Guaranda et al., 2023) [, It has broad antifungal and
antibacterial activity (inhibits spore germination and hyphal
growth) and has been purified and shown to be active
against plant pathogens (Fusarium spp. and others). In
Trichoderma, the presence of this metabolite contributes to
antibiosis (direct pathogen inhibition) and therefore to
biocontrol  activity.  Mechanistic ~ work indicates
membrane/B-tubulin  interactions and  growth/hyphae
disruption in target fungi (Dharni et al., 2014) €. All the
isolates except Ts, T4, To and T produced this metabolite.
The other identified metabolite, asarones, are reported to
have antifungal and nematicidal properties in plant/pathogen
assays; when present in Trichoderma metabolite blends,
they can contribute to pathogen suppression (direct toxicity
and interference with ergosterol biosynthesis reported in
other systems). Trichoderma strains (including isolates of T.
longibrachiatum/T. harzianum) have been shown to produce
the metabolite asarone (Ahmed et al., 2022) [, This
compound is produced by the isolates, Ty, Toand Ts.
Medium-chain and long-chain fatty acids (including
myristic, stearic and retinoic acid) frequently appear in
ethyl-acetate/methanolic extracts and GC-MS lists from
Trichoderma isolates. These fatty acids may be present as
free acids or esters. They exert direct antifungal effects
(membrane perturbation, inhibition of spore germination)

https://www.biochemjournal.com

and can modulate mycotoxin production in pathogens. In
Trichoderma extracts, myristic-type fatty acids likely act as
part of a multifactorial antifungal mixture and may also
participate in signaling/plant-growth modulation (some
fungal fatty-acid derivatives act as plant growth regulators)
(Choez-Guaranda et al., 2023) . Long-chain fatty acids
like stearic have been associated with antifungal effects
(membrane disruption, inhibition of spore germination) and
can contribute to the overall antagonistic activity of
Trichoderma extracts. They also can be precursors for
oxylipin signaling molecules that influence plant responses
and pathogen behavior (Guimaraes and Venancio, 2022) I'],
The isolates T, Tzand T7 produced myristic acid, isolate T,
produced retinoic acid and isolate T3 produced stearic acid.
Moreover, two of the identified compounds, aliphatic
ketones (8-pentadecanone and 10-nonadecanone) are insect
repellents and they also exert direct antagonism against
fungal pathogens or elicit plant responses (reduced disease
severity, growth promotion) (Lee et al., 2016) [, The
isolates Ti, T4, Ts, Ts Ts and Ty produced these
compounds.

Conclusion

The present study highlights the potential of selected
Trichoderma spp. isolates to produce a diverse array of
bioactive secondary metabolites. Secondary metabolites
produced by the 10 isolates of the beneficial fungi
Trichoderma spp. have been extracted and characterized.
Given the significant threat posed by fungal and bacterial
pathogens to crop productivity, the identification and
characterization of Trichoderma isolates with enhanced
capacities for metabolite production is of considerable
importance. It is well recognized that biocontrol fungi, such
as Trichoderma spp., are able to produce compounds with
multiple activities, including direct/indirect toxic effects
against plant pathogens, plant defence induction or growth
promotion. These isolates exhibit antibacterial and
antifungal properties, making them strong candidates for
integration into soil and plant health management systems.
Importantly, the study confirmed the production of key
secondary metabolites, including Phenol, 2,4-bis(1,1-
dimethylethyl)-, asarone, myristic acid, retinoic acid, stearic
acid, 8-pentadecanone, 10-nonadecanone etc. These
compounds are known to play critical roles in the biological
control of phytopathogens, primarily through mechanisms
such as disruption of microbial membranes and degradation
of fungal cell walls. The ability of Trichoderma spp. to
biosynthesize these metabolites underscores their potential
application in sustainable agriculture, offering an eco-
friendly alternative for enhancing plant health and
protecting crops from pathogenic threats.
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