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Abstract. Pradana AP, Sholehah S, Andriyani DR, Hoesain M, Astuti W, Hadiani RU, Masnilah R, Adiwena M, Putri D. 2025. 
Nematicidal activity of Trichoderma harzianum-derived secondary metabolites against Meloidogyne incognita and metabolomic 

profiling of selected potent isolates. Asian J Agric 9: 326-338. Root-knot nematodes, especially Meloidogyne incognita, reduce global 
crop yields, necessitating the development of safe and effective management approaches. While chemical nematicides can mitigate 
infestations, they often present environmental concerns and potentially foster resistance in target nematodes. Consequently, using 
antagonistic fungi, particularly Trichoderma harzianum, has gained traction as an eco-friendly solution. Nonetheless, the viability of T. 
harzianum under field conditions is often compromised by abiotic and biotic factors. This study investigated the nematicidal efficacy 
and secondary metabolite composition of four T. harzianum isolates (AJG, TGL, SBS, and SKS) collected from distinct geographical 
regions. In vitro assays revealed that the AJG and TGL isolates elicited the most potent effects, achieving >75% egg-hatching inhibition 
and >93% juvenile mortality at 168 hours post-treatment. Gas chromatography-mass spectrometry indicated that fatty acid esters, 

including methyl palmitate and methyl oleate, were the major contributors to nematicidal effects through membrane disruption. Notable 
differences in metabolite profiles between isolates highlight isolate-specific biochemical pathways impacting suppressive capacity. The 
predominance of fatty acids underscores their critical function in controlling nematodes, offering prospects for developing stable, 
environmentally friendly formulations. These results underscore the potential of T. harzianum-derived metabolites for integrated 
nematode management. They also emphasize the importance of isolate selection and metabolite profiling in designing targeted, 
sustainable strategies to combat root-knot nematodes, empowering the audience with this crucial knowledge. 
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INTRODUCTION 

Meloidogyne incognita poses a major threat to global 

agriculture, causing 15-20% yield losses in key crops and 

affecting over 2,000 plant species (Subedi et al. 2020; 

Tapia-Vázquez et al. 2022). Economic losses attributed to 

root-knot nematode infestations have been estimated at 

over $100 billion annually, highlighting the critical need 

for effective management strategies to sustain agricultural 

productivity and food security (Khan et al. 2021). 

Chemical nematicides have traditionally dominated the 
management strategies employed against nematode 

infestations. While effective, these chemicals often have 

adverse environmental impacts, contribute to soil 

degradation, and potentially lead to the emergence of 

resistant nematode populations (Tudi et al. 2021; Pathak et 

al. 2022). Consequently, research has shifted toward 

environmentally friendly alternatives, including biological 

control strategies utilizing antagonistic fungi such as 

Trichoderma spp. (Azlay et al. 2023). These fungi have 

been widely adopted as biocontrol agents due to their 

ability to colonize root systems, inhibit pathogen growth, 

and stimulate plant defense mechanisms (Forghani and 

Hajihassani 2020; Khan et al. 2020). 

Among the Trichoderma species, Trichoderma 

harzianum Rifai (1969) has garnered substantial attention 

for its effectiveness in suppressing nematode populations 

through mechanisms such as parasitism, antibiosis, and 

competition for nutrients and space (Ghazanfar et al. 2018; 
Sood et al. 2020). Field applications involving direct 

inoculation of T. harzianum spores or mycelium have 

significantly reduced nematode populations, sometimes 

achieving >60% suppression under favorable conditions 

(Feyisa et al. 2016). While concerns have been raised 

regarding the comparative effectiveness of T. harzianum 

versus chemical nematicides under variable environmental 

conditions, integrating T. harzianum within comprehensive 

Integrated Pest Management (IPM) strategies can 
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significantly enhance its reliability and effectiveness. 

Successful deployment of T. harzianum-based strategies 

depends on integrating them within comprehensive IPM 

frameworks, supported by targeted farmer education, 

precise application timing, and optimized techniques. 

Investment in outreach programs and extension services 

can significantly enhance practitioner awareness, adoption, 

and consistent performance of biological control agents 

(Azlay et al. 2023).  

However, the practical application of living T. 
harzianum preparations faces substantial challenges in 

agricultural fields. The survival and effectiveness of fungal 

inoculants in situ are often compromised by environmental 

stresses such as drought, soil pH fluctuations, UV radiation 

exposure, and predation by soil fauna (Soesanto et al. 2019; 

Khan et al. 2020). Among abiotic and biotic environmental 

factors, drought stress, fluctuations in soil pH, UV 

radiation exposure, and predation by soil fauna 

significantly compromise the viability and persistence of T. 

harzianum inoculants under field conditions. 

Empirical studies have shown that approximately 30-
40% of applied fungal inoculants experience significant 

viability losses within the first few weeks post-application 

due to abiotic stressors. Microarthropod predation and 

competing microorganisms also limit fungal persistence 

and activity, ultimately reducing efficacy to <50% of 

laboratory-tested levels under actual field conditions. These 

factors substantially reduce the practical reliability and 

predictability of biological control outcomes (Shahriar et 

al. 2022; Ayaz et al. 2023). 

Recent studies have highlighted secondary metabolites 

from T. harzianum as promising alternatives to fungal 
biomass for nematode management. These metabolites, 

including volatile organic compounds, antibiotics, and 

enzymatic secretions, offer improved environmental 

stability, shelf-life, and consistent efficacy (Wang et al. 

2021; Yan and Khan 2021). Laboratory assays show 

mortality rates of 70-80% against M. incognita juveniles 

(Khan et al. 2020; Lopes et al. 2024). Identified compounds 

such as 6-pentyl-α-pyrone, harzianic acid, gliotoxin, and 

peptaibols also exhibit antifungal, antimicrobial, and plant 

growth-promoting properties (Wang et al. 2021; Yan and 

Khan 2021). However, detailed profiling and specific 

mechanisms underlying their nematicidal efficacy remain 
limited, necessitating advancements in formulation 

technologies for practical agricultural use. 

Initial findings on T. harzianum metabolites are promising, 

yet knowledge gaps remain regarding isolate-specific variability 

and nematicidal efficacy. Although regional factors might 

influence metabolite profiles, this study focuses on inherent 

metabolite diversity among isolates regardless of geographic 

origin. Characterizing these profiles is essential for selecting 

effective strains and optimizing biocontrol consistency. 

Secondary metabolites can be formulated as stable 

biopesticides or integrated into controlled-release systems, 
improving their practicality. Assessing their long-term 

ecological impacts is also necessary, despite preliminary 

indications of minimal negative effects (Soesanto et al. 

2019; Khan et al. 2020). Therefore, this study evaluates 

nematicidal activity and metabolite composition from four 

geographically distinct T. harzianum isolates against M. 

incognita, identifying potent bioactive compounds for 

sustainable nematode management. 

MATERIALS AND METHODS 

Research location and experimental duration 

This study was conducted at the Laboratory of Plant 

Protection Technology, Faculty of Agriculture, Universitas 

Jember, East Java, Indonesia, from June to December 2024. 

Isolation and culture of Trichoderma harzianum strains 

This study examined four T. harzianum isolates. 
Isolates TGL and AJG were provided by the Laboratory of 

Pest and Disease Observation for Food Crops and 

Horticulture-Tanggul, Department of Agriculture and Food 

Security, East Java Province, Indonesia. They originated 

from the rhizosphere soils of soybean plants in the Tanggul 

and Ajung Sub-districts in Jember District, East Java, 

Indonesia. Isolates SBS and SKS were obtained from the 

culture collection at the Laboratory of Plant Protection 

Technology, Faculty of Agriculture, Universitas Jember. 

These isolates were also originally isolated from soybean 

rhizosphere soils in the Sumbersari and Sukorambi Sub-
districts, respectively, in Jember District, Indonesia. Pure 

cultures of all isolates were maintained on potato dextrose 

agar (HiMedia, India) in 9 cm diameter Petri dishes under 

controlled laboratory conditions. 

Source and preparation of Meloidogyne incognita eggs 

and second-stage juveniles 

This study utilized an M. incognita isolate obtained 

from the nematode culture collection maintained at the 

Laboratory of Plant Protection Technology, Faculty of 

Agriculture, Universitas Jember. It was propagated on 

tomato plants (variety Servo F1) to preserve its purity. 
Nematode eggs were collected by carefully harvesting 

symptomatic tomato roots, gently washing them, and 

segmenting them into 1-2 cm pieces. Next, the root 

segments were vigorously agitated in a 1% sodium 

hypochlorite solution to release the eggs, and the resulting 

suspension was filtered through a 600-mesh sieve to collect 

them. Then, the eggs were thoroughly rinsed with distilled 

water to remove residual sodium hypochlorite. Second-

stage juveniles (J2) were prepared by incubating the clean 

eggs in darkness at room temperature for 7 days, 

facilitating the hatching of J2 nematodes, which were then 

used in the experimental assays (Asyiah et al. 2025). 

Production and collection of Trichoderma harzianum 

secondary metabolites 

Each T. harzianum isolate was cultured individually in 

100 mL of potato dextrose broth (PDB; HiMedia, India), 

adjusted to pH 6.0. The cultures were incubated at 30±2°C 

for 7 days on a rotary shaker set at 80 rpm. After 

incubation, the cultures were centrifuged aseptically at 

6000 rpm, and the supernatants obtained were filtered 

through sterile membranes with a pore size of 0.22 µm. The 

filtered supernatants containing the extracellular secondary 
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metabolites of T. harzianum were stored aseptically at 4°C 

until used in the biological assays (Moo-Koh et al. 2022). 

In vitro bioassay of ovicidal and nematicidal activities 

In vitro bioassays were performed to evaluate the 

ovicidal and nematicidal potential of T. harzianum secondary 

metabolites against M. incognita. Five treatments were examined: 

secondary metabolites from four distinct T. harzianum 

isolates and a PDB control. Each treatment comprised six 

replicates and followed a completely randomized design. 

For the ovicidal assays, 100 M. incognita eggs were 
transferred to Petri dishes containing 5 mL of 5% (v/v) 

secondary metabolite solutions from respective isolates or 

5% PDB as a control. The eggs were incubated in the dark, 

with unhatched eggs counted at 24-hour intervals for up to 

168 hours. In the nematicidal assays, 100 J2 M. incognita 

were introduced into test dishes containing 5 mL of the 

same solutions. The mortality rates of J2 nematodes were 

observed and recorded at 24-hour intervals up to 168 hours. 

The resulting data underwent arcsine transformation 

before statistical analyses. The transformed data was 

compared between groups using analysis of variance, 
followed by post-hoc Tukey’s honestly significant 

difference (HSD) test, considering a 5% significance level 

(Khan et al. 2021). 

Metabolomic profiling of T. harzianum secondary 

metabolites by gas chromatography-mass spectrometry 

Untargeted metabolomic profiling was conducted using 

gas chromatography-mass spectrometry (GC-MS) on a GC-

MS-QP2010 Plus system (Shimadzu, Japan). The samples 

were analyzed in split injection mode, with an injector 

temperature of 250°C. The oven temperature program 

began at 80°C for 2 minutes, then increased at 5°C/min up 
to 280°C, which was maintained for 3 minutes. The carrier 

gas was helium, operating at a linear velocity of 36.6 

cm/sec, column flow rate of 0.99 mL/min, total flow of 4.9 

mL/min, and an internal column pressure of 64.1 kPa. The 

split ratio was adjusted to 1:1, with a carrier gas saver-to-

split ratio of 5.0 after 2 minutes. 

The mass spectra were recorded in electron ionization 

mode with the ion source and interface temperatures both 

set to 280°C. The mass spectral data were collected in the 

full scan range of m/z 40-600 at a scan speed of 1666 

scans/sec and event time of 0.40 sec. The total runtime per 

sample was 45 minutes. Compounds in the metabolite 
extracts were identified by comparing their mass spectra 

against the Wiley9.LIB reference mass spectral database 

(Asyiah et al. 2025). 

RESULTS AND DISCUSSION 

Effect of T. harzianum secondary metabolites on root-

knot nematode eggs and juveniles 

The secondary metabolites derived from various T. 

harzianum isolates demonstrated significant efficacy in 

inhibiting the hatching of M. incognita eggs. Notable 

inhibition was observed starting at 48 hours of treatment. 

The mean percentage of unhatched eggs was 93.33% with 

PDB (control), compared to 99.67% and 98.50% with 

secondary metabolites from T. harzianum isolates AJG and 

TGL, respectively. Statistical analysis indicated significant 

differences between these two isolates and the control. 

Conversely, the mean percentage of unhatched eggs did not 

differ significantly between PDB (control) and the 

secondary metabolites from T. harzianum isolates SBS and 

SKS at this time point. 

After 96 hours of treatment, the mean percentage of 

unhatched eggs was significantly lower with PDB (control: 
75.00%) than with the secondary metabolites from T. 

harzianum isolates AJG (84.67%) and TGL (83.67%). In 

contrast, the mean percentage of unhatched eggs did not 

differ significantly between PDB (control) and the 

secondary metabolites from T. harzianum isolates SBS 

(76.17%) and SKS (76.33%). 

A clear change in the pattern emerged after 168 hours 

of treatment, with all tested T. harzianum isolates 

significantly outperforming the control. At this final 

observation, the mean percentage of unhatched eggs with 

PDB (control) had decreased drastically to 17.00% and was 
significantly lower than with the secondary metabolites 

from T. harzianum isolates AJG (76.17%), TGL (75.33%), 

SBS (63.67%), and SKS (59.50%). Trichoderma 

harzianum isolates AJG and TGL consistently exhibited 

the greatest efficacy, with T. harzianum isolate AJG 

exhibiting the greatest overall ovicidal activity. Further 

data on the percentage of unhatched M. incognita eggs 

treated with T. harzianum secondary metabolites is 

presented in Figure 1. 

The secondary metabolites from T. harzianum isolates 

were also effective in inducing mortality in M. incognita 
J2. Mortality effects were evident as early as 24 hours of 

treatment. The mean mortality was only 0.33% with PDB 

(control), significantly lower than with the secondary 

metabolites from T. harzianum isolates AJG (11.50%), 

TGL (10.83%), and SBS (3.67%). However, the mortality 

rate did not differ significantly between PDB (control) and 

the secondary metabolites of T. harzianum isolate SKS 

(1.83%) at this early time point. 

After 96 hours of treatment, the mortality rates 

remained significantly higher with the secondary 

metabolites from T. harzianum isolates AJG (42.67%), 

TGL (40.17%), SBS (22.83%), and SKS (23.17%) than 
with PDB (control: 1.33%). This consistent pattern 

persisted through to the final observation at 168 hours of 

treatment, with the mortality rate significantly lower with 

PDB (control: 3.33%) than with the secondary metabolites 

from T. harzianum isolates AJG (95.50%), TGL (93.83%), 

SBS (52.00%), and SKS (46.00%). 

These results clearly indicate the potential of T. 

harzianum-derived secondary metabolites to control both 

M. incognita eggs and J2 effectively. Among all examined 

T. harzianum isolates, the secondary metabolites from AJG 

consistently demonstrated superior ovicidal and 
nematicidal activity, suggesting isolate-specific bioactivity 

and potential for practical applications in nematode 

management strategies. Figure 2 presents the mortality 

rates of M. incognita J2 exposed to T. harzianum 
secondary metabolites. 
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Figure 1. The ovicidal effect of Trichoderma harzianum secondary metabolites on Meloidogyne incognita eggs. Note: Groups that share 
at least one letter above the boxplots at the same time point are not significantly different, as determined by post-hoc Tukey’s HSD tests 
at the 5% significance level. Shared letters indicate statistical similarity 

 

 

The differential ovicidal and nematicidal activities 

observed among the secondary metabolites derived from 

different T. harzianum isolates could be attributed to their 

distinct metabolomic profiles and bioactive compound 

variations (Moo-Koh et al. 2022). The superior 

performance of T. harzianum isolates AJG and TGL likely 

results from their ability to synthesize higher 

concentrations of specific metabolites such as gliotoxin, 
harzianic acid, and other volatile organic compounds 

previously documented to have nematicidal properties 

(Rangel et al. 2021; Zaid et al. 2022). Previous research has 

shown that gliotoxin significantly interferes with nematode 

cellular metabolism, disrupting vital physiological 

processes such as mitochondrial function and enzyme 

regulation, eventually leading to high nematode mortality 

(Chen et al. 2020; Hamrouni et al. 2025). This research 

opens up exciting possibilities for further investigation into 

the mechanisms of action of these metabolites and their 

potential applications in agriculture. 

In contrast, T. harzianum isolates SBS and SKS 

exhibited comparatively lower efficacy, possibly due to a 

lower diversity or concentration of bioactive metabolites. 

According to Zeilinger et al. (2016), differences in 

nematicidal activity among fungal isolates commonly 
correlate with variability in secondary metabolite synthesis, 

influenced by isolate-specific genetic and environmental 

factors during growth and metabolite production. The 

observed differences in bioactivity might be explained by 

variations in the metabolic pathways activated under similar 

cultivation conditions, emphasizing the importance of 

metabolomic characterization in selecting effective biocontrol 

strains (Keswani et al. 2019; Rodrigo et al. 2021). 
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Figure 2. The nematicidal effect of Trichoderma harzianum secondary metabolites on Meloidogyne incognita J2. Note: Groups that 
share at least one letter above the boxplots at the same time point are not significantly different, as determined by post-hoc Tukey’s HSD 
tests at the 5% significance level. Shared letters indicate statistical similarity 
 
 
 

The reduced egg hatching observed with effective T. 

harzianum isolates likely involves specific fungal 

metabolites disrupting nematode embryogenesis and 

developmental signaling pathways. Previous studies 

indicated that metabolites such as 6-pentyl-alpha-pyrone 

produced by T. harzianum can directly interfere with the 

permeability and integrity of nematode eggshells, resulting 

in impaired embryonic development (Baazeem et al. 2021; 
Lopes et al. 2024). These metabolites could also indirectly 

affect hatching by altering the egg’s surrounding chemical 

environment, inhibiting hatching stimulants, or enhancing 

the activity of natural egg inhibitors (Devi 2018). 

Similarly, the high J2 mortality may reflect the effects 

of secondary metabolites with neurotoxic and enzyme-

inhibitory properties. Some metabolites have been reported 

to exert direct nematicidal effects by causing irreversible 

damage to the nematode nervous system, resulting in 

paralysis and subsequent death (Yao et al. 2023). The 

observed variation in mortality rates among the different T. 

harzianum isolates may reflect isolate-specific differences 

in metabolite profiles, with highly effective isolates 

producing metabolites that are more potent or more readily 
absorbed by nematodes. 

In addition to direct nematicidal and ovicidal activities, 

Trichoderma-derived secondary metabolites have been 

recognized for their multifaceted roles in managing plant-

parasitic nematodes through induced systemic resistance 

(ISR) in host plants. Compounds such as harzianic acid and 
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6-pentyl-alpha-pyrone (6-PP), which are abundant in 

certain isolates of T. harzianum, not only exhibit direct 

toxicity to nematodes but also enhance plant defense 

responses, thereby providing integrated nematode 

management strategies. For instance, harzianic acid and 6-

PP have been shown to induce the expression of plant 

defense-related genes, such as those involved in 

phenylpropanoid pathways, jasmonic acid signaling, and 

salicylic acid-dependent defenses. This systemic protection 

complements the direct toxicity mechanisms, reinforcing 
the efficacy of secondary metabolite-based biocontrol 

applications in agricultural practices (Rangel et al. 2021; 

Zaid et al. 2022). 

Furthermore, the practical potential of T. harzianum 

metabolites as nematode management agents can be 

significantly enhanced by advancements in formulation and 

delivery methods. Recent research has demonstrated that 

formulating metabolites into nano-emulsions, encapsulated 

slow-release formulations, or incorporating them into 

bioactive carrier materials markedly improves their 

environmental stability, longevity, and efficacy under 
realistic agricultural conditions (Wang et al. 2021; Yan and 

Khan 2021). For example, encapsulation of gliotoxin and 

volatile organic compounds into biodegradable polymeric 

nanoparticles has shown sustained release and prolonged 

nematicidal activity, leading to substantial reductions in 

nematode populations even under challenging field 

conditions (Chen et al. 2020; Hamrouni et al. 2025). These 

advancements validate the practical use of secondary 

metabolites derived from T. harzianum and address the 

viability and consistency concerns associated with 

traditional biological control strategies. 

Compound profiling of T. harzianum secondary 

metabolites via GC-MS 

The secondary metabolite analysis of T. harzianum 

isolate AJG using GC-MS identified 35 distinct compounds 

representing diverse chemical groups such as fatty acids, 

alcohols, ketones, aldehydes, and hydrocarbons. Among 

the identified metabolites, the most abundant included 9-

octadecenoic acid (Z)-, methyl ester (22.91%); 

hexadecanoic acid, methyl ester (22.64%); and 

octadecanoic acid, ethyl ester (8.78%). These compounds 

collectively accounted for more than half of the total peak 

area detected in the sample. The GC-MS chromatogram of 
secondary metabolites produced by T. harzianum isolate 

AJG is shown in Figure 3. 

Other notable metabolites present in moderate 

abundances were hexadecane, 2,6,10,14-tetramethyl- 

(6.25%); cyclopentadecanone, 2-hydroxy- (5.35%); 

pentacosane (3.87%); triacontane (3.38%); and 

tetradecanoic acid, methyl ester (2.33%). The analysis also 

revealed several minor constituents, such as acetic acid, 

various alcohols, aldehydes, and ketones, reflecting the 

metabolic complexity and biochemical diversity of T. 

harzianum isolate AJG. The metabolite profile of T. 

harzianum isolate AJG is summarized in Table 1. 

The GC-MS analysis of secondary metabolites derived 

from T. harzianum isolate TGL identified 28 distinct 

chemical constituents, and the GC-MS chromatogram is 

shown in Figure 4. Like T. harzianum isolate AJG, the T. 

harzianum isolate TGL produced diverse compounds, 

including fatty acids, esters, alcohols, ketones, aldehydes, 

and hydrocarbons. Among these secondary metabolites, the 

most abundant were 9-octadecenoic acid (Z)-, methyl ester 
(20.21%), and hexadecanoic acid, methyl ester (18.96%), 

collectively accounting for nearly 40% of the total peak 

area. 

Trichoderma harzianum isolate TGL also showed 

notable concentrations of metabolites such as 2-

furancarboxaldehyde, 5-(hydroxymethyl)- (10.47%); 

octadecanoic acid, ethyl ester (5.95%); acetic acid (5.85%); 

and 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one 

(5.29%). Several other compounds, such as 2,5-dimethyl-4-

hydroxy-3(2H)-furanone and hexadecane, 2,6,10,14-

tetramethyl-, were present at moderate concentrations, 
highlighting the biochemical complexity of this isolate. 

Comparatively, T. harzianum isolates TGL and AJG 

exhibited significant similarities in their major secondary 

metabolites, particularly in the high abundance of 9-

octadecenoic acid (Z)-, methyl ester, and hexadecanoic 

acid, methyl ester. However, notable quantitative 

differences were observed. Trichoderma harzianum isolate 

AJG had slightly higher abundances of these fatty acid 

esters (22.91 and 22.64%, respectively) than T. harzianum 

isolate TGL. In addition, T. harzianum isolate AJG showed 

relatively higher amounts of certain hydrocarbons and 
ketones, such as hexadecane, 2,6,10,14-tetramethyl-, and 

cyclopentadecanone, 2-hydroxy-, while T. harzianum 

isolate TGL had higher relative amounts of oxygenated 

aromatic compounds such as 2-furancarboxaldehyde, 5-

(hydroxymethyl)-, and 2,3-dihydro-3,5-dihydroxy-6-

methyl-4H-pyran-4-one. A comprehensive list of the 

identified compounds in the metabolomic profile of T. 

harzianum isolate TGL is presented in Table 2. 

The metabolite profiling of T. harzianum isolate AJG 

revealed several bioactive compounds that are likely the 

key players in its nematicidal and ovicidal activities against 

M. incognita. Notably, the detection of hexadecanoic acid 
methyl ester (methyl palmitate) and 9-octadecenoic acid 

(Z)-, methyl ester (methyl oleate) is particularly promising, 

as it indicates significant potential mechanisms underlying 

nematode control (Lu et al. 2020; Sall et al. 2024). 

Previous studies have demonstrated that methyl palmitate 

exhibits potent nematicidal properties through mechanisms 

such as disruption of lipid membranes and modulation of 

nematode gene expression (Elbanhawy et al. 2019). Lu et 

al. (2020) reported that increasing concentrations of methyl 

palmitate significantly inhibited M. incognita egg hatching 

by up to 95.5%, supporting its crucial role in the observed 
ovicidal activity of T. harzianum isolate AJG in this study. 
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Table 1. The secondary metabolites identified in Trichoderma harzianum isolate AJG by GC-MS 
 

Peak 
# 

Retention 
time 

Area 
percentage 

(%) 

Molecular 
weight 

(g mol−1) 
Compound name Formula 

CAS 
registry 
number 

Chemical structure 

1 0.171 0.09 238 Z-7-Hexadecenal C16H30O 56797-40-1 

 
2 1.529 0.43 70 Propiolic acid C3H2O2 471-25-0 

 
3 1.636 0.06 46 Ethanol C2H6O 64-17-5 

 
4 1.773 0.21 118 Carbon dioxide (CAS) CO2 124-38-9 

 
5 2.445 0.04 86 Butanal, 2-methyl- 

(CAS) 
C5H10O 96-17-3 

 
6 4.772 0.62 72 Propanal, 2-oxo- (CAS) C3H4O2 78-98-8 

 
7 5.093 2.80 60 Acetic acid (CAS) C2H4O2 64-19-7 

 
8 5.356 2.07 74 2-Propanone, 1-hydroxy- 

(CAS) 
C3H6O2 116-09-6 

 
9 5.985 0.59 112 2-Propenoic acid, 2-

propenyl ester (CAS) 
C6H8O2 999-55-3 

 
10 6.512 1.21 90 2,3-Butanediol (CAS) C4H10O2 513-85-9 

 
11 7.376 0.14 98 2-Furanmethanol (CAS) C5H6O2 98-00-0 

 
12 9.735 0.46 98 Cyclopentanone, 2-

methyl- 
C6H10O 1120-72-5 

 
13 11.464 0.21 120 Benzeneacetaldehyde 

(CAS) 
C8H8O 122-78-1 

 
14 13.624 0.56 128 3-Hexanone, 2,4-

dimethyl- (CAS) 
C8H16O 18641-70-8 

 
15 15.464 0.17 132 anhydro - sugar C5H8O4 0-00-0 - 
16 16.286 1.35 144 2,3-Dihydro-3,5-

dihydroxy-6-methyl-4H-
pyran-4-one 

C6H8O4 28564-83-2 

 
17 17.847 0.12 144 2-acetyl-2-hydroxy-

.gamma.-butyrolactone 
C6H8O4 135366-64-

2 
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18 18.607 0.20 592 Hexadecamethylcyclooct
asiloxane 

C16H48O8

Si8 
556-68-3 

 
19 19.723 0.44 214 2-Ethyl-1-dodecanol C14H30O 19780-33-7 - 
20 20.470 4.13 126 2-furancarboxaldehyde, 

5-(hydroxymethyl)- 
C6H6O3 67-47-0 

 
21 21.778 0.99 214 Dodecanoic acid, methyl 

ester (CAS) 
C13H26O2 111-82-0 

 
22 22.252 0.97 214 2-Ethyl-1-dodecanol C14H30O 19780-33-7 - 
23 23.707 0.28 194 1,2-benzenedicarboxylic 

acid, dimethyl  
C10H10O4 131-11-3 

 
24 24.723 0.68 242 2-Hexyl-1-decanol C16H34O 2425-77-6 

 
25 26.589 2.33 242 Tetradecanoic acid, 

methyl ester (CAS) 
C15H30O2 124-10-7 

 
26 29.203 2.06 268 Nonadecane (CAS) C19H40 629-92-5  
27 31.100 22.64 270 Hexadecanoic acid, 

methyl ester (CAS) 
C17H34O2 112-39-0 

 
28 32.236 1.08 284 Hexadecanoic acid, ethyl 

ester (CAS) 
C18H36O2 628-97-7 

 
29 33.369 3.87 352 Pentacosane C25H52 629-99-2 

 
30 34.189 2.52 214 Tridecanoic acid (CAS) C13H26O2 638-53-9 

 
31 34.987 22.91 296 9-Octadecenoic acid (Z)-, 

methyl ester (CAS) 
C19H36O2 112-62-9 

 
32 36.174 8.78 312 Octadecanoic acid, ethyl 

ester (CAS) 
C20H40O2 111-61-5 

 
33 37.173 3.38 422 Triacontane C30H62 638-68-6 

 
34 37.745 5.35 240 Cyclopentadecanone, 2-

hydroxy- 
C15H28O2 4727-18-8 

 
35 38.944 6.25 282 Hexadecane, 2,6,10,14-

tetramethyl- (CAS) 
C20H42 638-36-8 

 
Total 100  
Note: The compounds were identified by comparing their mass spectra from the chromatogram with the Wiley9.LIB mass spectral database 
 

 
 
Figure 3. The GC-MS chromatogram of the secondary metabolites produced by Trichoderma harzianum isolate AJG 
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Table 2. Metabolites identified in Trichoderma harzianum isolate TGL by GC-MS 
 

Peak 
# 

Retention 
Time 

Area 
Percentage 

(%) 

Molecular 
Weight 

(g mol−1) 
Compound Name Formula 

CAS 
Registry 
Number 

Chemical structure 

1 0.175 0.15 324 Oleic acid, propyl 
ester 

C21H40O2 111-59-1 

 
2 1.533 0.44 70 Propiolic acid C3H2O2 471-25-0 

 
3 1.800 0.64 118 Carbon dioxide 

(CAS) 
CO2 124-38-9 

 
4 2.466 0.25 86 Butanal, 2-methyl- 

(CAS) 
C5H10O 96-17-3 

 
5 4.695 0.82 72 Propanal, 2-oxo- 

(CAS) 
C3H4O2 78-98-8 

 
6 5.021 5.85 60 Acetic acid (CAS) C2H4O2 64-19-7 

 
7 5.290 3.12 74 2-Propanone, 1-

hydroxy- (CAS) 
C3H6O2 116-09-6 

 
8 5.934 1.86 112 2-Propenoic acid, 2-

propenyl ester (CAS) 
C6H8O2 999-55-3 

 
9 6.439 3.38 90 2,3-Butanediol (CAS) C4H10O2 513-85-9 

 
10 7.353 2.59 98 2-Furanmethanol 

(CAS) 
C5H6O2 98-00-0 

 
11 9.500 1.13 110 5-Methyl furfural C6H6O2 620-02-0 

 
12 11.491 0.33 120 Benzeneacetaldehyde 

(CAS) 
C8H8O 122-78-1 

 
13 13.609 3.89 128 2,5-Dimethyl-4-

hydroxy-3(2H)-
furanone 

C6H8O3 3658-77-3 

 
14 15.463 0.75 132 Anhydro-sugar C5H8O4 C5H8O4 - 
15 16.286 5.29 144 2,3-Dihydro-3,5-

dihydroxy-6-methyl-
4H-pyran-4-one 

C6H8O4 28564-83-2 

 
16 20.378 10.47 126 2-

Furancarboxaldehyde, 
5-(hydroxymethyl)- 

C6H6O3 67-47-0 

 
17 23.707 0.30 194 1,2-

Benzenedicarboxylic 
acid, dimethyl ester 
(CAS) 

C10H10O4 131-11-3 
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18 24.760 0.15 648S Docosanoic acid, 
docosyl ester (CAS) 

C44H88O2 17671-27-1 

 
19 26.608 0.89 242 Tetradecanoic acid, 

methyl ester (CAS) 
C15H30O2 124-10-7 

 
20 29.211 0.93 268 Nonadecane C19H40 629-92-5 

 
21 31.099 18.96 270 Hexadecanoic acid, 

methyl ester (CAS) 
C17H34O2 112-39-0 

 
22 32.216 1.11 284 Hexadecanoic acid, 

ethyl ester (CAS) 
C18H36O2 628-97-7 

 
23 33.388 1.89 282 Hexadecane, 

2,6,10,14-
tetramethyl- (CAS) 

C20H42 638-36-8 

 

24 34.162 2.97 214 Tridecanoic acid 
(CAS) 

C13H26O2 638-53-9 

 
25 34.869 20.21 296 9-Octadecenoic acid 

(Z)-, methyl ester 
(CAS) 

C19H36O2 112-62-9 
 

26 36.133 5.95 312 Octadecanoic acid, 
ethyl ester (CAS) 

C20H40O2 111-61-5 

 
27 37.493 2.75 302 Silane, trichloro-

dodecyl- (CAS) 
C12H25Cl3Si 4484-72-4 

 
28 37.741 2.92 282 Octadec-9-enoic acid C18H34O2 0-00-0 

 
Total 100  

Note: The compounds were identified by comparing their mass spectra from the chromatogram with the Wiley9.LIB mass spectral database 
 

 
 

 
 

Figure 4. The GC-MS chromatogram of the secondary metabolites produced by Trichoderma harzianum isolate TGL 
 
 

 

Similarly, methyl oleate, another abundant metabolite 

identified in T. harzianum isolate AJG, has been 

documented to interact directly with lipid membranes, 

increasing their permeability, which then leads to cellular 
disruption and nematode mortality (Asyiah et al. 2025). 

The substantial presence of methyl oleate (22.91%) in the 

metabolite profile suggests it likely contributes 

significantly to the high mortality rates observed in J2 

nematodes treated with secondary metabolites from T. 

harzianum isolate AJG (Vieira et al. 2023). Additionally, 

the detection of cyclopentadecanone, 2-hydroxy-, and other 

cyclic ketones might further enhance the nematicidal 

potential due to their known antimicrobial and insecticidal 

activities, possibly acting synergistically with the fatty acid 
esters to enhance bioactivity (Helal et al. 2019; Mansour et 

al. 2023). 

The metabolite profiling of T. harzianum isolate TGL 

also identified similar fatty acid methyl esters such as 

methyl palmitate and methyl oleate. However, at slightly 

lower abundances than for T. harzianum isolate AJG. 
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Nonetheless, T. harzianum isolate TGL uniquely exhibited 

a higher relative abundance of aromatic compounds, 

particularly 2-furancarboxaldehyde, 5-(hydroxymethyl)- 

(known as hydroxymethylfurfural), and 2,3-dihydro-3,5-

dihydroxy-6-methyl-4H-pyran-4-one. These aromatic 

metabolites have previously been shown to exhibit 

antimicrobial and antifungal properties by inducing 

oxidative stress and disrupting membranes (Saravanan et 

al. 2022; Sergany 2024). While these aromatic compounds 

might indirectly influence nematode viability by altering 
their microbial environment, their direct nematicidal 

efficacy is comparatively less documented, potentially 

explaining the slightly reduced performance of T. 

harzianum isolate TGL. 

Furthermore, isolate-specific differences in metabolite 

profiles highlight the potential influence of environmental 

and genetic factors on metabolite synthesis. Variations in 

cultivation conditions and genetic background are known 

to significantly affect fungal secondary metabolite 

production, thereby influencing their biocontrol efficacy 

(Goyal et al. 2017; Adiwena et al. 2023). It is plausible that 
environmental adaptations of T. harzianum isolates AJG 

and TGL, derived from different geographical locations, 

contribute to their distinct metabolite compositions and 

resultant bioactivity. The categorization of secondary 

metabolites from T. harzianum isolates AJG and TGL into 

broader chemical groups provides essential insights into 

their potential roles in plant pest and pathogen management 

(Figure 5). Grouping metabolites into chemical classes 

facilitates understanding their potential bioactivities and 

possible mechanisms of action against plant pathogens, 

including nematodes. 
The secondary metabolite profile of T. harzianum 

isolate AJG was dominated by fatty acids and their 

derivatives, accounting for 61.76% of the total metabolite 

composition. Aldehydes represented the second-largest 

group (13.00%), followed by ketones (12.30%), alcohols 

(5.97%), and hydrocarbons (5.57%). This composition 

highlights the prominence of lipid-derived metabolites, 

particularly fatty acid methyl esters, which are widely 

recognized for their antimicrobial, antifungal, and 

nematicidal properties. 

Comparatively, the secondary metabolite profile of T. 

harzianum isolate TGL was also dominated by fatty acids 
and their derivatives (54.39%). However, this proportion 

was slightly lower than in T. harzianum isolate AJG. 

Additionally, T. harzianum isolate TGL exhibited notable 

differences in the relative abundance of other metabolite 

groups. For example, aldehydes constituted a significant 

portion (13.96%), whereas furans and related aromatic 

compounds were substantially more abundant in T. 

harzianum isolate TGL, reflecting distinct biochemical 

pathways active in this isolate. Alcohols and ketones were 

present in moderate amounts, further underscoring 

differences in secondary metabolite synthesis between 
these isolates. 

Overall, these findings indicate substantial biochemical 

diversity between T. harzianum isolates AJG and TGL, 

which may underlie observed differences in their biological 

activities against M. incognita. The notable dominance of 

fatty acids and their derivatives in both isolates emphasizes 

their potential utility in biological control applications. 

However, isolate-specific variations in metabolite profiles 

suggest differences in their mechanisms of action and 

potency, supporting the need for targeted selection and 

optimization of isolates for effective pest management 
strategies. 

 

 
 

 
 
Figure 5. The classification of secondary metabolites from Trichoderma harzianum isolates AJG and TGL into major chemical groups 
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The substantial abundance of fatty acids and their 

derivatives in both T. harzianum isolates AJG and TGL 

suggests a strong nematicidal potential, given that fatty 

acid esters and related compounds have been extensively 

reported to disrupt nematode membranes and metabolic 

functions (Eloh et al. 2015). For example, hexadecanoic 

acid, methyl ester, and 9-octadecenoic acid, methyl ester, 

have previously been demonstrated to severely disrupt 

nematode membrane integrity, impair motility, and inhibit 

egg hatching (Lu et al. 2020; Fabiyi et al. 2022). Therefore, 
the high abundance of these fatty acid derivatives in both 

isolates likely contributes significantly to their overall 

nematicidal and ovicidal efficacy. 

A notable difference between the isolates was the 

greater abundance of furans and aromatic aldehydes 

identified in T. harzianum isolate TGL than in T. 

harzianum isolate AJG. Aromatic compounds such as 

hydroxymethylfurfural and related furan derivatives found 

in T. harzianum isolate TGL have been reported to exhibit 

antimicrobial properties, primarily by inducing oxidative 

stress and disrupting membranes (Saravanan et al. 2022). 
While less extensively studied against nematodes, their 

presence in significant quantities could imply additional 

indirect mechanisms of pest suppression or modulation of 

microbial communities associated with nematodes. 

Finally, the differences observed in ketone and 

aldehyde abundances between T. harzianum isolates AJG 

and TGL suggest that isolate-specific enzymatic and 

metabolic pathways influence secondary metabolite 

synthesis. Environmental adaptations, genetic factors, and 

cultivation conditions likely help shape these biochemical 

profiles, resulting in different levels of biological activity 
(Calvo et al. 2002; Keller 2019). Further studies involving 

more detailed metabolomic characterization and bioactivity 

assays could provide valuable insights into optimizing the 

use of these isolates for developing sustainable nematicidal 

formulations tailored to specific agricultural contexts. 

In conclusion, this study has demonstrated the 

significant nematicidal activity of secondary metabolites 

derived from T. harzianum isolates against M. incognita, 

with T. harzianum isolates AJG and TGL exhibiting 

superior efficacy. Fatty acid esters, particularly methyl 

palmitate and methyl oleate, were identified as key 

bioactive compounds responsible for disrupting nematode 
membranes and inhibiting egg hatching. The isolate-

specific differences in metabolite profiles emphasize the 

importance of detailed metabolomic characterization for 

selecting the most potent strains. These findings highlight 

the potential for developing effective, sustainable biological 

nematicides tailored to agricultural pest management. 
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