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ABSTRACT
Trichoderma, a cosmopolitan and opportunistic genus of ascomycete fungus, is widely used in agriculture for its beneficial properties. This review explores its use in composting, where its inoculation accelerates the decomposition of organic matter and reduces compost maturation time. The key parameters for its growth are detailed. Beyond composting, Trichoderma acts as a potent biocontrol agent against various pathogens through mycoparasitism and antibiosis. It also functions as a biostimulant, improving plant growth, yield, and stress tolerance. Finally, its interaction with the plant, based on molecular dialogue and enzyme production, is crucial for colonizing roots and inducing defense mechanisms. Despite its numerous benefits, some pathogenic behaviors of Trichoderma on crops such as sweet potatoes and lettuce have been reported, highlighting the need for rigorous strain selection.
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Introduction
[bookmark: _Hlk215131994]Trichoderma is a cosmopolitan and opportunistic genus of ascomycete fungus comprising species of interest to agriculture.(Woo et al., 2023). The first description of the fungus Trichoderma as a genus dates back to 1794 by Persoon (Mukhopadhyay & Kumar, 2020). Species of this genus are of great economic importance as biofungicides (Kalimutu et al., 2020) ; Adetunji and Anani, 2020). Trichoderma are also plant growth promoters  (Shah et al., 2019) and accelerators of the decomposition of soil organic matter (Pandey et al., 2015). Indeed, adding Trichoderma as an activator in composting accelerates its maturation (Komolafe et al., 2020). They can be used as biofertilizers (Mahato et al., 2018), and are able to transform soil nutrients into a form available to the plant for easy absorption (Matin et al., 2019).
This synthesis aims to provide an overview of the methods of isolation and production of Trichoderma, its use to optimize composting, and to explore its multiple agronomic advantages as a biostimulant and biocontrol agent, without overlooking its reported pathogenic potential for certain crops.
1. General information about Trichoderma
1.1. Classification of Trichoderma
According to Prasad (2018), Trichoderma belong to the Phylum Amastigomycota and/or Eumycetes, Subphylum Ascomycotina, Class Sordariomycetes, Order Hypocreales, Family Hypocraceae, and Genus: Trichoderma.
1.2. Morphology of Trichoderma
The genus Trichoderma is characterized by rapidly growing, hyaline colonies with repeated, branched conidiophores in tufts and divergent phialides that are often irregularly folded into a flaccid shape. The conidiophores may terminate in sterile appendages, with the phialides borne only on lateral branches in some species. The conidia are hyaline or, more commonly, green, with smooth or rough walls. Hyaline chlamydospores are generally present in the mycelium of older cultures (Prasad, 2018).
1.3. Trichoderma isolation
Trichoderma can be isolated from samples of soil (15-20 cm deep), water (in ponds, rivers and other water sources) or the roots of healthy plants Mistry & Bariya, (2022). Several techniques exist for the extraction of Trichoderma spp. However, serial dilution is one of the most widely used methods. Soil samples are taken from the rhizosphere of plants, dried, and then ground. Ten grams of each sample are placed in 90 ml of sterile distilled water and mixed using an orbital shaker for at least 10 minutes to obtain the dilution. Then, 1 ml of this dilution is placed in a test tube containing 9 ml of sterile distilled water to obtain the next dilution, and so on until the final dilution is reached. Using a micropipette, 100 μL of each dilution are spread onto Petri dishes containing Trichoderma-selective medium and incubated at 28 ± 1 °C for 4 to 5 days. Each identified Trichoderma colony is a colony-forming unit (CFU) and is subcultured into Petri dishes containing PDA for purification(Kumar et al., 2023). Rose Bengal Agar medium is also used for the isolation of Trichoderma (Kumar & Jha, 2023).
1.3.1. Selective culture media for the isolation of Trichoderma
[bookmark: _Hlk215002758]Due to its rapid growth and similar morphology to other competing fungi on culture media, isolating Trichoderma is not easy. Trichoderma Selective Medium (TSM) is known for its effectiveness in isolating and quantifying Trichoderma. It is characterized by a low glucose level and promotes the growth of Trichoderma while inhibiting the growth of other fungi (Kumar et al., 2023). The formulation for one liter of TSM is: MgSO4 7H2O (0.2 g), K2HPO4 (0.9 g), KCl (0.15 g), NH4NO3 (1.0 g), glucose (3.0 g), rose bengal (0.15 g), agar-agar (20 g), chloramphenicol (0.25 g), sodium sulfonate (0.3 g), pentachloronitrobenzene (0.2 g), distilled water (1.0 L), pH 4 (Singh et al., 2024).
Similarly, Trichoderma harzianum selective medium (THSM) is a culture medium used for the isolation of T. harzianum. It has almost the same composition as TSM, with the addition of antimicrobial agents such as 0.25 g of chloramphenicol, 9.0 ml of streptomycin, 1.2 ml of propamocarb, and 0.2 g of quintozene (Williams et al., 2003).
1.3.2. Growth media for Trichoderma
Ten different synthetic media (Trichoderma specific medium (TSM), Potato dextrose agar (PDA), Asthana & Hawkers, Richard's agar, Sabouraud's dextrose, Rose Bengal agar, Czapex Dox, Beef extract agar, Cooke's Rose Bengal, and Pikovaskys agar) were used to study the morphological characteristics of Trichoderma. PDA medium promoted the best growth of Trichoderma, followed by TSM, Pikovaskys agar, and Rose Bengal agar. Beef extract agar resulted in the weakest growth of this fungus. Excellent sporulation was obtained on PDA and TSM. Sporulation was good on Pikovaskys agar, Rose Bengal agar, and Sabouraud's dextrose. It was average on Asthana & Hawkers, Cooke's Rose Bengal agar, Czapex Dox, and Richard's agar, while it was poor on Beef extract agar. Similar results were obtained by (Jahan et al., 2013 ; Kumar et al., 2023). Also, the same performance of PDA as a growth medium was obtained by (Talari et al., 2021 ; Prashantha et al., 2024).
1.4. Identification of Trichoderma isolates
It should be noted, however, that the majority of Trichoderma species are morphologically very similar and difficult to distinguish. Therefore, it is necessary to study the genetic variability of isolates as well as their biological and biochemical activities (Consolo et al., 2012). In honor of John Bissett, Cai and Druzhinina (2021) have developed authoritative guidelines on the molecular identification of Trichoderma. To this end, they have developed a molecular identification protocol for Trichoderma that requires the analysis of three DNA barcodes (ITS, tef1, and rpb2), and is supported by online tools available onwww.trichokey.info. Soltani Nezhad et al., (2024) performed microscopic image processing and artificial intelligence to detect and classify the spores of three new Trichoderma species, including T. harzianum, T. atroviride, and T. virens. The genetic algorithm was used to identify the most effective visual characteristics for spore classification, including color, texture, and shape. The classification accuracy results for T. harzianum, T. atroviride, and T. virens were 100%, 90.48%, and 95.24%, respectively. Contreras-Soto et al., (2025)They reviewed several biocontrol strategies against plant-parasitic nematodes using Trichoderma spp. These nematodes act through mechanisms such as mycoparasitism, antibiosis, competition for space in the rhizosphere, production of lytic enzymes, and modulation of plant defense responses. They also produce metabolites that influence nematode motility, reproduction, and survival, such as gliotoxin, viridine, and cyclosporin A. Furthermore, they secrete enzymes such as chitinases, proteases, lipases, and glucanases, which degrade the nematode cuticle and their eggs. Additionally, Trichoderma species induce systemic resistance in plants through the modulation of phytohormones such as jasmonic acid, ethylene, salicylic acid, and auxins.
1.5. Preparation of Trichoderma inocula
1.5.1. Solid medium
Trichoderma can grow on various substrates, including rice bran, wheat bran, and mustard meal (Faruk, 2019). In their work, Safitri et al. (2023) evaluated various Trichoderma propagation media, including PDA, rice bran, sawdust, corn, and rice. The results showed that bran is the most effective medium for propagating Trichoderma sp. Rice and corn were soaked for 24 hours, rinsed, and steamed, while bran and sawdust were soaked for 24 hours and then pressed to field capacity. These media were placed in glass boxes, sealed with aluminum foil, and then autoclaved before being inoculated with Trichoderma. Sorghum was also tested and proved to be a good substrate for the propagation of Trichoderma. The method involves using half-boiled sorghum grains (250 g) in boxes and autoclaving them before inoculating them with a seven-day-old Trichoderma culture. The colonized grains are then air-dried in the shade and ground using a blender to obtain a fine powder of Trichoderma spores (Singh et al., 2012) 
1.5.2. Liquid medium
Submerged liquid fermentation is the most suitable method compared to solid medium for the large-scale production of Trichoderma spp (Hewavitharana et al., 2018). Potato dextrose broth, coconut water, and rice wash water, to which sieved dried cow dung (2.5 g per 250 ml) had been added, were placed in Erlenmeyer flasks and autoclaved after cooling with the addition of tetracycline (500 mg) to inhibit bacterial growth. These solutions were tested as liquid media for the mass production of Trichoderma spp. Trichoderma spp. cultured on PDA were inoculated into all liquid media under sterile conditions and incubated at room temperature (28 °C) (Rezende et al., 2020).
1.6. Optimal temperature and pH for Trichoderma growth
Temperature is an indicator of microbial activity in the composting process Méndez-Matías et al., 2018). The optimal temperature for the growth of  Trichoderma mycelium is 25° Mishra et al., (2024), 25 to 30 °C Gupta and Sharma, (2013), 20 to 30 °C (McGee et al., 2020). The population dynamics of  Trichoderma are slowed or even nonexistent at 45°C (Gupta and Sharma, 2013). In vitro temperature tests have revealed growth tolerances at temperatures between 31 and 37 °C (McGee et al., 2020). Microbial analyses carried out during all phases of compost preparation indicated that Trichoderma spp. was eliminated by pasteurization at 60°C (Lombardi et al., 2023). The pH of mature Tricho-compost varies between 6.6 and 7.3 (Budiono et al., 2015). pH influences the mycelial growth of Trichoderma. In his work, Shahid (2014) studied the effect of pH on Trichoderma population dynamics. A pH ranging from 6.5 to 7.5 gave the best results. Trichoderma isolates developed well over a wide pH range, with optimal growth occurring between 5 and 7 (Lombardi et al., 2023). The pH of the finished Tricho-compost is between 6.8 and 8.4 (Budiono et al., 2015 ; Ahmed et al., 2019 ;; Komolafe et al., 2020 ; Lyu and Huang, 2022).
2. [bookmark: _Toc208776933]Effect of Trichoderma on the degradation of organic matter
Some studies have concluded that adding Trichoderma can accelerate the composting process by improving the decomposition of organic matter, including lignocellulosic compounds.
Indeed, Vargas-García et al., (2010) show that Trichoderma spp. produces enzymes (cellulases, xylanases, and lignin peroxidases) that efficiently degrade lignocellulosic compounds, thus reducing the duration of the compost maturation phase. The work of Anastasi et al., (2005) show that Trichoderma viride accelerates the decomposition of lignin in plant residues, reducing composting time by 25% compared to uninoculated compost. Similarly, the results of Organo et al., (2022) studies have confirmed that the Trichoderma-based compost activator can accelerate the decomposition of rice straw. Furthermore, co-inoculation with Trichoderma and Bacillus shortened the composting cycle and accelerated lignocellulose degradation (Wang et al., 2024). The results of El-Shazly, (2020) show that inoculation with Trichoderma reesei produces cellulase and xylanase enzymes, which improves the efficiency of the compost and makes it more effective as a biocontrol agent against certain pathogenic fungi.
3. Trichoderma as a biocontrol agent
Biocontrol agents belonging to the genus Trichoderma play a fundamental role in reducing the use of chemical agents for pest control, primarily phytopathogenic fungi (Guzmán-Guzmán et al., 2023). One of the ways Trichoderma helps control plant diseases is by producing secondary metabolites that inhibit the growth of pathogens (Soltani Nezhad et al., 2024). Trichoderma spp. control Macrophomina phaseolina through parasitism and antibiotic mechanisms observed in in vitro tests. They reduce the severity of gray stem rot in bean crops (Sarzi et al., 2024). Trichoderma harzianum was tested for inhibiting the growth of Sclerotinia sclerotiorum, a devastating disease that affects several agricultural species, reducing productivity and crop quality. T. harzianum demonstrated greater efficacy in direct inhibition by mycoparasitism, reducing S. sclerotiorum growth by 46% (Abreu et al., 2025).
Poveda, (2021) studied Trichoderma as a biocontrol agent against pests. It was shown that Trichoderma has an efficacy of up to 100% in controlling insect pests. It also controls insect pests through both direct and indirect mechanisms of action. Similarly, Umadevi et al., (2018) has demonstrated that the Trichoderma harzianum MTCC 5179 strain impacts the population and functional dynamics of microbial communities in the rhizosphere of black pepper (Piper nigrum L.). Trichoderma asperelloides SKRU-01 and Trichoderma asperellum NST-009 have shown their effectiveness as biocontrol agents in the fight against post-harvest anthracnose of chili peppers (Boukaew et al., 2024).
This complex process includes sequential events, which initially involve recognition between Trichoderma and the target fungus, wrapping around the fungal hyphae, followed by the development of the appressoria (Harman et al., 2004).
4. Plant-Trichoderma interaction
Trichoderma species have attracted considerable interest as beneficial fungi for stimulating plant growth and immunity against phytopathogens. Khan et al., (2023) studied the molecular mechanism by which Trichoderma stimulates plant growth and its immunity against phytopathogens. Lucini et al., (2019) have shown that inoculation with Trichoderma atroviride differentially modulates the profiling of wheat root exudate metabolites.
For effective root colonization by Trichoderma to occur, mutual recognition via molecular dialogue is necessary (Khan et al., 2023).
Trichoderma produces molecules recognized by root cell receptors, such as cysteine-rich hydrophobins Samolski et al., (2012), while the plant releases molecules in its exudates (carbohydrates, lipids, terpenoids and amino acids) recognized by Trichoderma, thus directing its growth (Lucini et al., 2019).
Once the Trichoderma hyphae come into contact with the roots, the penetration process begins. To penetrate the root, Trichoderma must be able to form channels for its hyphae through the plant's cell walls. Among the various proteolytic, cellulolytic, xylanolytic, and pectinolytic enzymes involved in degrading the cell wall, we highlight the relevant role of cellulolytic enzymes, such as swelling enzymes and ceratoplanins (Khan et al., 2023).
5. Trichoderma as a biostimulant
Much research has investigated the biostimulant potential of Trichoderma. They modulate microbial populations in the rhizosphere and improve nitrogen uptake efficiency, yield, and the nutritional quality of leafy vegetables (Fiorentino et al., 2018). Numerous lytic enzymes such as cellulase, xylanase, pectinase, endopolygalacturonase, glucanase, lipase, amylase, arabinase, and protease have been isolated from different strains of Trichoderma (Strakowska et al., 2014 ; Kour et al., 2019). The biostimulatory potential of  Trichoderma has been studied by (Csótó et al., 2024). They concluded that foliar spraying of well-selected endophytic strains of Trichoderma can stimulate the growth, photosynthesis, and drought tolerance of sunflowers in open fields. Similarly, the biostimulant effects of Trichoderma asperellum in hydroponic spinach production were investigated by (Hernández-Huerta et al., 2025). The results showed that T. asperellum significantly increased plant height, collar diameter, root length, leaf area, number of leaves, fresh biomass accumulation, and yield. Also, Padhan et al., (2025) evaluated the effects of both native (strains isolated from soil collected in farmers' vegetable and cereal fields) and commercial applications of Trichoderma spp. on the morphophysiological responses and antioxidant enzyme activities of various crops, including okra, beans, millet, maize, and mustard. The results indicate positive physiological responses and interactions induced by the Trichoderma treatment, highlighting the importance of integrating such ecological solutions into agricultural practices to promote both plant health and environmental management. Furthermore, a study of Hollman-Aragón et al., (2024) demonstrated that native strains of Trichoderma have a biostimulant effect on plants and are more effective than commercial species.
6. Trichoderma as a plant pathogen
[bookmark: _Hlk215144888]Although Trichoderma includes species widely used as biocontrol agents in agriculture, various cases of pathogenic behavior of these species on different crops have been reported over the years (Gong et al., 2024). Trichoderma virens has been identified as the causative agent of root rot disease in the medicinal plant Polygonatum cyrtonema. T. virens had previously been described as a pathogen of bulbous plants, but this is the first time the disease has occurred in tubers. Also, Yang et al., (2021) isolated and identified Trichoderma asperellum as a new causal agent of green mold disease in sweet potatoes. Wilting of red leaf lettuce (Lactuca sativa L.) plants caused by Trichoderma longibrachiatum has been reported by (Sazali et al., 2023). Similarly, a strain of Trichoderma viride pathogenic to germinating cucumber, pepper and tomato seedlings (Menzies, 1993).
Conclusion
This review highlights the considerable potential of Trichoderma spp. as a biological agent for sustainable agriculture. Its inoculation during the composting process proves to be an effective strategy for accelerating maturation and improving the quality of the final product, primarily due to its ability to degrade recalcitrant lignocellulosic compounds. Growth parameters, including an optimal temperature of 25-30°C and a slightly acidic to neutral pH, must be carefully controlled to ensure its effectiveness.
Trichoderma is also a leading biocontrol agent against many pathogens, acting through both direct and indirect mechanisms. Its role as a biostimulant is increasingly documented, with evidence of improved crop growth, yield, and resilience.
However, with the discovery of pathogenic strains on certain cultures, precise identification of isolates and rigorous assessment of their safety are necessary before any large-scale application.
[bookmark: _GoBack]
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