Applied Microbiology and Biotechnology (2026) 110:161

https://doi.org/10.1007/500253-026-13834-w

MINI REVIEW q

Check for
updates

Beyond multilocus barcoding: harnessing phylogenomics and genome
mining for next-generation Trichoderma-based bioproducts

Nehal Atta'©® - Abdelmegid I. Fahmi'® - Khalid S. Abdel-Lateif'

Received: 16 January 2026 / Revised: 25 March 2026 / Accepted: 12 April 2026
© The Author(s) 2026

Abstract

Trichoderma species are among the most widely exploited fungal platforms in agricultural and industrial biotechnology due to
their capacity to produce hydrolytic enzymes, secondary metabolites, and multifunctional biocontrol activities. However, their
practical application has long been constrained by taxonomic complexity, strain-specific variability, and inconsistent field
performance. Recent advances in molecular identification, multilocus sequence analysis, and genome-scale approaches have
transformed Trichoderma research, enabling accurate species delimitation, functional trait prediction, and genome-guided
strain selection. This review synthesizes how modern molecular and genomic tools bridge classical taxonomy with applied
biotechnology in Trichoderma. Emphasis is placed on multilocus barcoding and phylogenomics as foundations for reliable
strain identification, comparative and pan-genomic insights into enzymes and secondary metabolite biosynthetic clusters,
and genetic improvement strategies including mutagenesis, protoplast fusion, and emerging genome-editing approaches. The
review further highlights how these advances enhance biocontrol efficacy against fungal pathogens, plant-parasitic nematodes,
and insect pests, while improving formulation stability and field consistency. By integrating taxonomy, genomics, and strain
engineering, this review positions Trichoderma as a genomics-driven biotechnological platform and outlines key challenges
and opportunities for its translation into reliable, sustainable bio-products.

Key points

o Multilocus and genome analyses enhance Trichoderma species and strain selection.
e Genome-guided insights link gene families to biocontrol and enzyme traits.

e Strain improvement enables effective biocontrol of fungi, nematodes, and pests.
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Introduction and the production of diverse secondary metabolites with

antifungal, nematicidal, and insecticidal activities. Con-

Trichoderma species represent one of the most extensively
exploited fungal groups in modern agricultural and indus-
trial biotechnology. Their success as biocontrol agents
and biofactories is primarily attributed to rapid growth,
metabolic versatility, secretion of hydrolytic enzymes,
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sequently, Trichoderma strains are widely incorporated
into commercial formulations for crop protection, plant
growth promotion, and enzyme production. Despite this
broad utilization, practical applications remain constrained
by pronounced strain-specific variability, inconsistent field
performance, and challenges in reliably identifying strains
(Guzman-Guzman et al. 2023).

Historically, Trichoderma taxonomy relied on morpho-
logical traits such as colony pigmentation, conidiophore
architecture, and conidial morphology. While morphol-
ogy remains useful for preliminary screening, phenotypic
plasticity and convergence among closely related taxa
have limited its reliability, particularly within species
complexes such as T. harzianum, T. asperellum, and T.
viride. Misidentification at the species or strain level has
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direct consequences for biotechnology, as genetically dis-
tinct isolates often differ markedly in enzymatic capac-
ity, secondary metabolite profiles, stress tolerance, and
antagonistic efficiency (Fahmi et al. 2016).

The integration of molecular tools has fundamentally
transformed Trichoderma research. DNA barcoding using
the ITS region enables rapid genus-level identification, while
multilocus sequence analysis (MLSA), particularly employ-
ing tefl and rpb2, provides higher resolution for accurate spe-
cies delimitation. More recently, genome-scale approaches,
including comparative genomics, phylogenomics, and pan-
genomics, have revealed the genetic basis of key biotechno-
logical traits, such as cell wall-degrading enzymes, second-
ary metabolite biosynthetic gene clusters, and mechanisms
underlying mycoparasitism, induced systemic resistance, and
stress adaptation. These advances have shifted Trichoderma
research from descriptive systematics toward predictive,
genome-guided strain selection (Naqvi et al. 2025).

Importantly, molecular and genomic insights are increas-
ingly linked to applied outcomes. Accurate strain identi-
fication supports regulatory approval and quality control
of commercial products, while genomic data enables the
selection or improvement of elite strains through mutagen-
esis, protoplast fusion, and emerging genome-editing strat-
egies. Such approaches have enhanced enzymatic activity,
broadened the antagonistic spectrum, and improved perfor-
mance against fungal pathogens, plant-parasitic nematodes,
and insect pests. In this context, Trichoderma evolves from
a classical biocontrol fungus into a multifunctional biotech-
nological platform (Woo et al. 2023).

This review focuses on advances in molecular identifi-
cation, multilocus barcoding, and genomics, bridging tax-
onomy with applied biotechnology in Trichoderma. Empha-
sis is placed on genome-guided strain selection, genetic
improvement strategies, and their translation into reliable
biocontrol and biotechnological applications. By integrat-
ing systematics with functional genomics and strain engi-
neering, this review highlights current challenges and future
opportunities for optimizing Trichoderma-based products in
sustainable biotechnology.

This review summarizes major advances in molecular
and genomic tools applied to Trichoderma research dur-
ing the last fifteen years, with particular emphasis on phy-
logenomics, comparative genomics, and genome-guided
bioprospecting.

Taxonomy as a foundation for applied strain
selection
The genus Trichoderma was formally described by Tulasne

in 1865, and early taxonomy relied primarily on morpho-
logical characters such as conidiophore branching patterns,
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phialide shape, conidial size and ornamentation, colony
color and pigmentation, odor, and growth rates (Bissett
1984; Gams and Bissett 2002). These traits remain valu-
able for rapid and low-cost screening and often allow the
differentiation of common species. However, morphologi-
cal plasticity, environmental effects on colony appearance,
and overlapping characters among closely related species,
such as those in the T. harzianum and T. viride complexes,
limit their discriminative power. Recent studies continue to
demonstrate the utility of morphology, while highlighting its
limitations; for example, 49 isolates from rhizosphere soils
in India and several isolates from organic waste in Indo-
nesia were initially grouped by colony color, topography,
pigmentation, and spore size before molecular confirmation
(Erayya et al. 2025; Muljowati et al. 2025). Over the past
decade, polyphasic and molecular approaches, including
multilocus sequencing (tefl, rpb2), ITS analysis, culture
characteristics, secondary metabolite profiling, and rep-
PCR, have become standard for resolving cryptic species,
uncovering novel diversity, and linking genetic variability
with functional traits such as cellulolytic potential (Zheng
et al. 2021; Zhao et al. 2024; Hewedy et al. 2020; El-Sobky
et al. 2024). Integrating morphological and molecular data
thus provides a robust framework for accurate species iden-
tification and applied strain selection in biotechnology and
sustainable agriculture.

Although multilocus barcoding using ITS, tefl, and
rpb2 has significantly improved species identification,
this approach still presents limitations in resolving closely
related taxa and cryptic species complexes within the genus.
For example, several species within the Trichoderma harzi-
anum complex cannot be clearly differentiated using single-
or multilocus markers due to high sequence similarity and
possible recombination events. These limitations highlight
the need for genome-scale phylogenetic approaches. Whole-
genome sequencing now enables phylogenomic analyses
based on hundreds or thousands of orthologous genes, pro-
viding higher resolution and redefining species boundaries
within the genus Trichoderma (Rosolen et al. 2023).

Pan-genomic analyses have recently provided impor-
tant insights into the genetic diversity of Trichoderma.
In these studies, the genome is divided into a conserved
core genome, shared by all strains of a species, and a vari-
able accessory genome that contains strain-specific genes.
The accessory genome often includes genes involved in
secondary metabolism, environmental adaptation, and
host interaction. This genomic variability may explain the
frequently observed differences in biocontrol efficiency
among strains belonging to the same species, particularly
within the Trichoderma harzianum complex. Consequently,
pan-genomics represents a powerful approach for identify-
ing elite strains with superior biocontrol and biotechnologi-
cal traits (Mondal et al. 2026).
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Ecology, habitat adaptation,
and rhizosphere competence

Trichoderma species occupy diverse habitats, including
soils, compost, decaying wood, rhizospheres, and plant tis-
sues, and are also found in extreme or disturbed environ-
ments. For example, isolates from industrial wastewater in
Pakistan revealed species not previously reported through
morphological and molecular analyses (Bint-e-Zahira et al.
2024). In semiarid regions of Mexico and Latin America,
species adapted to low moisture and high temperatures show
distinct colony and spore traits, reflecting ecological adapta-
tion (Rodriguez-Martinez et al. 2025). Environmental factors
such as soil composition, metal stress, moisture, and nutri-
ent availability influence colony pigmentation, sporulation,
and aroma, which can complicate morphological identifica-
tion. The ecological success of Trichoderma is supported by
metabolic versatility and stress resilience, including expan-
sions in gene families related to stress response, second-
ary metabolism, and plant interactions. In the rhizosphere,
Trichoderma mobilizes nutrients via phosphate solubiliza-
tion, organic acids, and siderophore-mediated iron chelation,
interacts with root exudates, modulates microbial commu-
nities, and synergizes with beneficial microbes, enhancing
nutrient acquisition, plant growth, and pathogen suppression
under variable soil conditions (Woo et al. 2023; Song et al.
2024).

The metabolic activity of Trichoderma species is strongly
influenced by environmental factors such as temperature,
pH, nutrient availability, and interactions with plant hosts or
competing microorganisms. These environmental conditions
can regulate the expression of genes involved in second-
ary metabolism, enzyme production, and stress response.
For example, nutrient limitation and plant root exudates can
stimulate the production of hydrolytic enzymes and antimi-
crobial metabolites that contribute to the suppression of phy-
topathogens. Understanding the environmental regulation of
metabolic pathways is therefore essential for improving the
performance and consistency of Trichoderma-based biocon-
trol agents under field conditions (Avila-Oviedo et al. 2026).

In addition to the well-known production of extracel-
lular enzymes, Trichoderma species also possess highly
active intracellular enzymatic systems involved in detoxi-
fication and xenobiotic metabolism. Among these systems,
cytochrome P450 monooxygenases play a crucial role in the
degradation and transformation of toxic compounds. These
enzymes are capable of metabolizing a wide range of sub-
strates, including plant defense compounds, environmen-
tal pollutants, and fungal toxins. The presence of diverse
cytochrome P450 gene families in Trichoderma genomes
highlights the adaptive capacity of these fungi to survive in

complex ecological niches and contributes to their ability to
colonize diverse environments (Chen et al. 2014).

Molecular identification tools supporting
biotechnology, including multilocus
barcoding and phylogenomics

Traditionally, Trichoderma species have been identified
based on morphological traits, including colony growth, pig-
mentation, odor, and microscopic features of conidiophores,
phialides, and conidia (Bissett 1991a, b, c; Gams and Bissett
2002; Samuels et al. 2002). Colonies typically grow rapidly
at 25-30 °C, producing green to bluish-green conidia, while
some species, such as 7. viride, emit a characteristic “coco-
nut-like” odor. Microscopically, species are distinguished
by highly branched conidiophores, flask-shaped phialides,
smooth or roughened conidia, and chlamydospores that sup-
port survival under stress (Rex et al. 2001; Lin and Heitman
2005). Although these traits provide a useful framework
for preliminary classification, morphological identification
alone is often insufficient to differentiate cryptic or closely
related species, highlighting the need for complementary
molecular approaches for accurate species-level resolution.

The internal transcribed spacer (ITS) region of ribosomal
DNA is the most widely used locus for fungal systematics
and has been formally adopted as the universal DNA bar-
code for fungi (Schoch et al. 2012; Fahmi et al. 2016). In
Trichoderma, ITS sequences enable rapid and cost-effective
species identification and are routinely applied in biodiver-
sity surveys, ecological studies, and biocontrol screening.
ITS primers are straightforward to use, amplification suc-
cess is generally high, and extensive reference sequences are
available in public databases such as GenBank and UNITE,
making ITS a logical first step in molecular identification.
However, ITS has limited discriminatory power within cryp-
tic species complexes, including 7. harzianum, T. koningii,
T. asperellum, and T. viride, where closely related taxa often
share identical or nearly identical haplotypes (Druzhinina
et al. 2005; Jaklitsch and Voglmayr 2015). For example, re-
examination of 148 strains labeled as 7. harzianum showed
that ITS alone misclassified many isolates, which were cor-
rectly resolved using multilocus phylogenies with tefla
and rpb2 (Ismaiel et al. 2024a, b). Similar patterns were
observed in Rajasthan and Egyptian isolates, where ITS
provided broad clustering but failed to capture intra-species
variation, whereas multilocus approaches revealed higher
resolution and enabled discovery of novel species (Meena
and Jambhulkar 2024; El-Sharkawy et al. 2024; Sun et al.
2025). Overall, ITS remains a valuable primary barcode
for preliminary identification, but accurate species-level
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resolution in Trichoderma requires multilocus phylogenetic
analysis.

To overcome the limited resolution of the ITS barcode,
several protein-coding genes have been increasingly used for
Trichoderma taxonomy and identification. Among these, the
translation elongation factor 1-alpha (tefl) gene has emerged
as the most informative locus, providing strong phylogenetic
signal and resolving species boundaries within complexes
such as T. harzianum, T. asperellum, and T. koningii (Dru-
zhinina et al. 2005; Jaklitsch and Voglmayr 2015). Recent
multilocus studies confirm its reliability; for example, tefl
combined with ITS distinguished closely related isolates from
Indian soils that clustered together with ITS alone (Meena
and Jambhulkar 2024). The RNA polymerase II subunit B
gene (rpb2) is another highly informative marker, particularly
for cryptic or newly described taxa, and has higher resolu-
tion than ITS. For instance, isolates from Yunnan karst soils
were separated into novel species only after rpb2 was included
alongside ITS and tefl (Sun et al. 2025). Other loci, including
actl (actin), call (calmodulin), and tub2 (beta-tubulin), are
used as supplementary markers, adding phylogenetic robust-
ness in challenging complexes (Blaszczyk et al. 2021). Col-
lectively, multilocus sequence analysis (MLSA), especially
combining ITS, tefl, and rpb2, is now considered the gold
standard for Trichoderma species delimitation, enhancing tax-
onomic accuracy and providing a solid framework for applied
research, including biocontrol strain selection and regulation
(Table 1) (Guzman-Guzman et al. 2024; Pfordt et al. 2025

With the advent of next-generation sequencing (NGS),
genome-scale data are increasingly applied to the taxonomy
and phylogeny of Trichoderma. Whole-genome sequencing
and comparative genomics enable the analysis of hundreds
to thousands of orthologous genes, providing unprecedented
phylogenetic resolution and facilitating the redefinition of
species boundaries. These phylogenomic approaches clar-
ify relationships within problematic species complexes
and reveal evolutionary dynamics, including horizontal
gene transfer, genome plasticity, and ecological adaptation.
Genome-scale studies also illuminate the genetic basis of key
traits, such as mycoparasitism, secondary metabolite pro-
duction, and plant-beneficial functions, including induction
of systemic resistance and nutrient acquisition. Advances
in pan-genomics and population genomics further uncover
intra-species diversity, which is critical for the selection of
elite strains for biocontrol and agricultural applications. Pub-
licly available genomic resources, including Ensembl Fungi,
MycoCosm, and NCBI Genome, provide essential platforms
for integrative taxonomy, functional annotation, and com-
parative analyses (Table 2). As sequencing technologies
become more cost-effective, genome-based approaches are
expected to complement, and ultimately supersede, tradi-
tional multilocus methods, establishing a new standard for
Trichoderma systematics (Naqvi et al. 2025).
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Table 1 Common molecular markers used for Trichoderma identification and their applications

Limitations Key references

Advantages

Function/target

Marker

Druzhinina et al. 2005; Sharma et al.

Limited resolution in species com-

Rapid identification, widely avail-

Universal fungal barcode (rDNA

ITS (internal transcribed spacer)

2023

plexes (T. harzianum, T. koningii)

able in databases, good for genus-

level ID
High resolution across species com-

region)

Jaklitsch and Voglmayr 2015; Meena

Requires high-quality sequencing

Protein-coding gene involved in

tefl (translation elongation factor

translation plexes, widely considered most and Jambhulkar 2024
reliable marker

1-a)

Fewer reference sequences than ITS ~ Sun et al. 2025

Excellent for distinguishing cryptic

rpb2 (RNA polymerase II subunit B) Encodes catalytic subunit of RNA

and novel species, strong phyloge-

netic signal

polymerase II

Btaszczyk et al. 2021

Limited resolution when used alone

Useful in multilocus phylogenies,

Cytoskeletal protein

actl (actin)

adds robustness

Guzman-Guzman et al. 2024
Guzman-Guzman et al. 2024; Pfordt

Pfordt et al. 2025

Less discriminatory individually
Inconsistent resolution across genus
Requires multiple gene sequencing

multilocus trees

some groups
Gold standard for accurate species

Supplementary marker, supports
Occasionally informative, useful for

Calcium-binding protein
Structural protein in microtubules
Combined approach for taxonomy

MLSA (multilocus sequence analy-

call (calmodulin)
tub2 (B-tubulin)

et al. 2025

delimitation, robust in resolving

complexes

sis: ITS +tefl +rpb2)
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Table 2 Genomic resources and their applications in Trichoderma research

Genomic resource/tool Description

Applications in Trichoderma References

Whole-genome sequencing (WGS) High-throughput sequencing of entire

genomes

Comparative genomics

Phylogenomics
analysis

Pan-genomics

Genome-wide variation across
populations

Population genomics

Databases (Ensembl Fungi,
MycoCosm, NCBI Genome)

Curated genomic repositories

Cross-species genome comparisons

Orthologous gene-based phylogenetic

Analysis of core and accessory genomes Understanding strain-level variation,

Species delimitation, discovery of Prismantoro et al. 2025
cryptic diversity, and evolutionary

studies

Identification of gene clusters Sun et al. 2025
for mycoparasitism, secondary

metabolism, and stress tolerance

Resolving species complexes (e.g., T. Pfordt et al. 2025

harzianum, and T. asperellum)

Pfordt et al. 2025
adaptation, and biocontrol potential

Insights into domestication, Prismantoro et al. 2025
biogeography, and selection pressures

Access to annotated genomes for
systematics and functional studies

Public repositories

Genomic resources and functional
trait prediction through comparative
and pan-genomic analyses

The rapid expansion of genomic resources has funda-
mentally reshaped Trichoderma research, transforming
strain selection from empirical screening into a predictive,
genome-guided process (Schalamun and Schmoll 2022;
Guzman-Guzman et al. 2025). Whole-genome sequencing
(WGS) provides high-resolution insight into species bounda-
ries, evolutionary relationships, and intraspecific diversity,
while comparative genomics and phylogenomics resolve
cryptic species complexes and clarify functional divergence
among closely related taxa (Jaklitsch and Voglmayr 2015;
Pfordt et al. 2025; Prismantoro et al. 2025).

Beyond taxonomy, genome-scale analyses reveal the
genetic architecture underlying key biotechnological traits.
Highly effective Trichoderma strains are characterized
by expanded gene families encoding cell wall-degrad-
ing enzymes, transporters, regulatory proteins, and stress-
response factors, as well as a rich repertoire of secondary
metabolite biosynthetic gene clusters (Sood et al. 2020; Schal-
amun and Schmoll 2022; Sun et al. 2025). Comparative and
pan-genomic studies demonstrate that variation within acces-
sory genomes largely explains strain-specific differences in
antagonistic efficiency, rhizosphere competence, and environ-
mental resilience (Pfordt et al. 2025; Ismaiel et al. 2024a, b).

Importantly, genomic data now enable functional trait
prediction prior to extensive phenotypic evaluation. The
presence, diversity, and organization of genes associ-
ated with mycoparasitism, secondary metabolism, and
plant interaction can be used to identify elite strains with
high biocontrol potential and broad ecological adapt-
ability (Sood et al. 2020; Guzman-Guzman et al. 2024).

Population genomic approaches further provide insight
into domestication, local adaptation, and selection pres-
sures, informing rational strain deployment across contrast-
ing agro-ecological environments (Ismaiel et al. 2024a, b;
Prismantoro et al. 2025).

Public genomic repositories, including Ensembl Fungi,
MycoCosm, and the NCBI Genome database, facilitate inte-
grative analyses by offering curated and annotated Tricho-
derma genomes for comparative and functional studies
(Schalamun and Schmoll 2022). As sequencing technolo-
gies continue to advance and costs decline, genome-based
prediction of biocontrol performance is expected to comple-
ment—and in some cases supersede—traditional multilocus
identification and trial-and-error screening, accelerating the
development of reliable and consistent Trichoderma-based
biotechnological products (Guzman-Guzmaén et al. 2025;
Pfordt et al. 2025).

Genome mining

Genome mining has become a powerful strategy for dis-
covering novel secondary metabolites in Trichoderma.
Bioinformatic pipelines such as antiSMASH, BiG-
SCAPE, and DeepBGC enable the systematic identifi-
cation and classification of biosynthetic gene clusters
(BGCs) in fungal genomes. These tools allow research-
ers to detect cryptic or silent BGCs that are not expressed
under standard laboratory conditions. Through compara-
tive genomic analyses and cluster prediction, genome
mining can reveal previously unknown metabolites with
potential antifungal, antibacterial, or plant-growth-pro-
moting activities. Such approaches greatly expand the
potential of Trichoderma as a source of novel bioactive
compounds (Zhang et al. 2025).
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Systems biology (WGCNA)

Systems biology approaches integrating transcriptomics
and gene co-expression analyses are increasingly applied
to understand the functional regulation of Trichoderma
genomes. Methods such as weighted gene coexpression net-
work analysis (WGCNA) allow the identification of gene
modules associated with stress tolerance, energy metabo-
lism, and host interaction. These approaches help bridge the
gap between genomic potential and the actual phenotypic
performance of Trichoderma strains under field conditions
(Geddes-McAlister 2022).

Systems biology approaches are increasingly used to
understand the functional regulation of Trichoderma genomes.
Integration of transcriptomic data, particularly RNA-seq
analysis, allows researchers to investigate how gene expres-
sion changes under different environmental conditions such
as abiotic stress, nutrient limitation, or plant interaction. In
addition, gene coexpression network analyses using meth-
ods such as weighted gene coexpression network analysis
(WGCNA) enable the identification of gene modules associ-
ated with specific biological processes. These approaches help
reveal regulatory networks involved in energy metabolism,
stress tolerance, and secondary metabolite production. By
linking genomic potential with actual gene expression pat-
terns, systems biology provides a deeper understanding of the
mechanisms underlying the ecological fitness and biocontrol
performance of Trichoderma strains (Rosolen et al. 2022).

Transcriptomics

Proteomic approaches have become increasingly important
for understanding the functional biology of Trichoderma.
While genomic analyses reveal the genetic potential of an
organism, proteomics provides direct evidence of which
proteins are actually produced under specific environmental
conditions. Mass spectrometry—based proteomic analyses
have been used to identify enzymes involved in mycopara-
sitism, plant interaction, and secondary metabolism. These
studies have revealed the expression of numerous hydrolytic
enzymes, transport proteins, and stress-response factors that
contribute to the ecological fitness of Trichoderma. Conse-
quently, integrating genomics with proteomics provides a
more comprehensive understanding of the molecular mecha-
nisms underlying biocontrol activity (Druzhinina et al. 2011).

Biocontrol mechanisms
with biotechnological relevance
Trichoderma species exhibit a multifaceted biocontrol

strategy that integrates direct antagonism of plant patho-
gens with indirect, plant-mediated defense responses. These
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mechanisms are not independent but operate synergisti-
cally, forming a robust functional platform that underpins
the broad biotechnological applicability of Trichoderma
in agriculture and beyond (Harman et al. 2004; Sood et al.
2020; Monte 2023).

Mycoparasitism represents a hallmark biocontrol
mechanism of Trichoderma, involving host recognition,
hyphal attachment and coiling, penetration, and subsequent
degradation of target fungal structures (Benitez et al.
2004; Harman et al. 2004). This process is mediated by
the coordinated secretion of cell wall-degrading enzymes
(CWDEs), including chitinases, f—1,3-glucanases, and
proteases, which collectively dismantle pathogen cell walls
and compromise viability (Kubicek et al. 2011; Druzhinina
et al. 2018). Genomic analyses reveal that many effective
biocontrol strains harbor expanded CWDE gene families,
supporting the strong link between enzymatic capacity and
antagonistic performance (Schalamun and Schmoll 2022).

In addition to enzymatic degradation, Trichoderma
produces a diverse array of secondary metabolites that
inhibit pathogen growth and development. These include
peptaibols, gliotoxin, viridin, pyrones, and volatile organic
compounds, which act through membrane disruption, oxi-
dative stress induction, and interference with cellular sign-
aling pathways (Mukherjee et al. 2012; Sood et al. 2020;
Monte 2023). Advances in genome mining have identified
numerous biosynthetic gene clusters associated with these
metabolites, underscoring the biotechnological potential
of Trichoderma as a source of novel bioactive compounds
(Kubicek et al. 2011; Schalamun and Schmoll 2022).

Rapid growth, efficient nutrient utilization, and strong
rhizosphere competence further enhance the biocontrol
efficacy of Trichoderma. These traits enable competitive
exclusion of phytopathogens through superior coloniza-
tion of root surfaces and depletion of available resources
(Harman et al. 2004; Druzhinina et al. 2018). Genomic
features such as expanded transporter families and regu-
latory networks contribute to environmental adaptability
and persistence under fluctuating soil conditions (Pfordt
et al. 2025).

Beyond direct antagonism, Trichoderma interacts inti-
mately with host plants, eliciting induced systemic resistance
(ISR) that enhances plant defenses against a broad range of
biotic stresses. Root colonization activates jasmonic acid-
and salicylic acid-dependent signaling pathways, leading
to primed defense responses and reduced susceptibility to
pathogens (Shoresh et al. 2010; Sood et al. 2020). These
plant-mediated effects not only contribute to disease sup-
pression but also improve plant vigor and stress tolerance,
reinforcing the value of Trichoderma as a multifunctional
biotechnological agent (Harman et al. 2021; Monte 2023).

Genomic information is also becoming increasingly
important in the regulatory approval of microbial biocontrol
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agents. Whole-genome analysis can confirm the absence of
genes associated with mycotoxin production or other unde-
sirable traits, providing evidence of biosafety for commercial
registration. Consequently, genome-based safety assessment
is emerging as a key requirement for the development and
regulatory acceptance of new Trichoderma-based biofungi-
cides (Kulik et al. 2025).

Secondary metabolites produced by Trichoderma can
directly interfere with the metabolism of phytopathogenic
fungi. These compounds may inhibit key cellular processes
such as cell wall synthesis, mitochondrial respiration, and
membrane integrity. In some cases, metabolites produced by
Trichoderma disrupt signal transduction pathways in phy-
topathogens, reducing their virulence and ability to colonize
plant tissues. Additionally, certain metabolites can induce
oxidative stress in pathogenic fungi, leading to impaired
growth and cell damage. These metabolic interactions play
a central role in the antagonistic activity of Trichoderma and
contribute to its effectiveness as a biological control agent
(Khan et al. 2020).

Translation of mechanisms into applications
against fungal pathogens, nematodes,
and insect pests

Trichoderma species are effective against a broad range
of soilborne pathogens through multiple modes of action
(Table 3). Rhizoctonia solani, a necrotrophic pathogen caus-
ing damping-off, root rot, and stem canker in crops such as
cotton, tomato, and legumes, is suppressed by T. harzianum,
T. viride, and T. asperellum via hyphal parasitism, sclerotial

Table 3 Major soilborne pathogens controlled by Trichoderma

degradation, and production of inhibitory volatiles like
6-pentyl-a-pyrone; field trials have reported yield increases
of 25-30% following seed treatment or soil amendment
(Hasna et al. 2025). Macrophomina phaseolina, the charcoal
rot pathogen affecting soybean, sesame, and sorghum under
drought, is controlled by T. virens and T. asperellum through
antifungal volatiles, CWDE secretion, and enhanced plant
defense enzyme activity, achieving 60-70% disease reduc-
tion under field conditions (Ayaz et al. 2023). Fusarium
oxysporum, responsible for vascular wilts, is suppressed by
T. asperellum and T. harzianum, which inhibit growth via
antibiosis and induce systemic resistance; genomic analyses
show that effective strains often possess expanded chitinase
gene families and secondary metabolite clusters (Schalamun
and Schmoll 2022). Pythium spp., causal agents of damping-
off in cereals and vegetables, are controlled by 7. viride and
T. atroviride through rapid root colonization, direct inhibi-
tion, and competitive exclusion, enhancing seedling estab-
lishment (Sultana et al. 2023). Sclerotium rolfsii, causing
southern blight and collar rot, is effectively suppressed by T.
harzianum via sclerotia parasitism and antifungal metabolite
production. Omics-based studies reveal that strain-specific
differences in secondary metabolite and CWDE gene clus-
ters largely determine pathogen-specific activity, empha-
sizing the importance of careful strain selection for field
applications (Sun et al. 2025).

Plant-parasitic nematodes, particularly root-knot nema-
todes (Meloidogyne spp.), are among the most destructive
pathogens in global agriculture, causing estimated annual
yield losses of 12-20%. Conventional nematicides are often
costly, environmentally hazardous, and increasingly restricted
by regulations, highlighting the need for sustainable

Pathogen Crops affected

Effective Trichoderma spp. Mode(s) of action

Recent references

Tomato, cotton, beans,
cereals

Rhizoctonia solani
asperellum

Macrophomina phaseolina Soybean, sesame, sorghum T. virens, T. asperellum

Fusarium oxysporum (wilt
complex)

Tomato, banana, legumes,
cotton, chickpea

Pythium spp. Vegetables, cereals,
ornamentals

Sclerotium rolfsii Groundnut, legumes,

vegetables

T. harzianum, T. viride, T.

T. asperellum, T.
harzianum, T. viride

T. viride, T. atroviride

T. harzianum, T. virens

Hasna et al. 2025;
Gutiérrez-Moreno et al.
2025a,b

Hyphal coiling, sclerotial
degradation (CWDEs),
volatile metabolites
(6-pentyl-a-pyrone), ISR

Antifungal volatiles,
chitinases, phenylalanine
ammonia lyase induction,
ISR

Competition, secondary
metabolites (gliotoxin,
harzianopyridone), ISR

Ayaz et al. 2023

Kumari et al. 2024; Sun
et al. 2025

Rapid root colonization, Hasna et al. 2025
nutrient competition,

secretion of glucanases,

seedling vigor

enhancement
Sclerotial parasitism,

antifungal metabolites,

mycoparasitism

Ayaz et al. 2023;
Gutiérrez-Moreno et al.
2025a, b
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alternatives. Trichoderma species have emerged as effective
biocontrol agents against nematodes, acting through both
direct parasitism of nematode eggs and juveniles and the
induction of plant-mediated defense mechanisms, including
systemic resistance and enhanced expression of defense-
related enzymes (Table 4) (Contreras-Soto et al. 2025).

Several Trichoderma species, including T. harzianum,
T. asperellum, and T. viride, produce lytic enzymes such
as chitinases, proteases, and glucanases, along with toxic
secondary metabolites that degrade nematode egg shells
and juvenile cuticles, reducing hatchability and increasing
juvenile mortality (Baidya et al. 2023). In vitro assays report
up to 80% inhibition of eggs and 82% juvenile mortality
of Meloidogyne incognita by T. harzianum isolates (Uddin
et al. 2023). Greenhouse studies further confirm that plants
treated with these isolates exhibit significantly fewer galls
and egg masses, demonstrating the practical efficacy of
enzymatic and metabolite-mediated nematode suppression
(Rostami et al. 2024; Adomako et al. 2025).

Beyond direct antagonism, Trichoderma enhances host
plant resistance through induced systemic resistance (ISR).
Root colonization activates defense pathways mediated by
jasmonic acid (JA) and salicylic acid (SA), reducing nema-
tode invasion and reproduction (Contreras-Soto et al. 2025).
These plant-mediated effects often translate into improved
growth and yield, mitigating nematode-induced stunting. For
instance, inoculation with 7. harzianum T22 significantly
reduced gall formation in tomato and enhanced biomass
accumulation, even under heavy Meloidogyne javanica
infection (Baidya et al. 2023).

Recent studies emphasize the potential of Trichoderma in
integrated management strategies for plant-parasitic nema-
todes. For example, combining 7. harzianum with organic
amendments and reduced doses of nematicides provided
superior suppression of Meloidogyne incognita compared
to individual treatments (El-Nagdi et al. 2019). Similarly, T

harzianum applied alongside the bacterial parasite Pasteuria
penetrans enhanced control of M. javanica in tomato (Saleh
et al. 2023). These findings highlight the value of Tricho-
derma in synergistic formulations that integrate microbial
and chemical approaches, offering more effective and sus-
tainable nematode management.

The accumulated evidence demonstrates that Tricho-
derma spp. are reliable biocontrol agents against plant-
parasitic nematodes, acting through multiple mechanisms
including parasitism, antibiosis, competition, and induced
systemic resistance. However, efficacy is strain-dependent
and influenced by soil type, crop species, and environmen-
tal conditions. Future research should prioritize genome-
assisted selection of nematophagous strains, development of
formulations that enhance field persistence, and integration
of Trichoderma into broader integrated pest management
(IPM) programs to maximize sustainable nematode control
(Contreras-Soto et al. 2025).

Although Trichoderma is best known for its antagonism
against phytopathogenic fungi, accumulating evidence dem-
onstrates that several species also possess entomopathogenic
traits, expanding their role in integrated pest management
(IPM). Laboratory and greenhouse studies show that cer-
tain Trichoderma strains can cause significant mortality in
economically important insect pests across multiple orders,
including Lepidoptera, Coleoptera, Hemiptera, and Dip-
tera (Table 5). Direct mechanisms involve penetration of
the insect cuticle, facilitated by hydrolytic enzymes such
as chitinases, proteases, and lipases, followed by coloniza-
tion of internal tissues. Secondary metabolites, including
peptaibols, gliotoxin, and viridin, exert toxic effects that
impair insect survival, growth, and reproduction. Indirectly,
Trichoderma can prime host plant defense pathways, reduc-
ing herbivore performance (Chen et al. 2025).

Notable examples include: Spodoptera littoralis (cotton
leafworm), where 7. harzianum and T. viride strains caused

Table 4 Plant-parasitic nematodes targeted by Trichoderma spp. and their biocontrol mechanisms

Nematode pest Host crop/system

Effective Trichoderma spp.

Mode of action References

Tomato, cucumber,
legumes

Meloidogyne incognita

(root-knot nematode) T. viride

Meloidogyne javanica Tomato, eggplant

Meloidogyne arenaria Soybean, vegetables 7. asperellum

Mixed Meloidogyne spp. Tomato, field crops

penetrans

T. harzianum, T. asperellum,

T. harzianum T22, T. viride

T. harzianum + organic
amendments/Pasteuria

Uddin et al. 2023; Baidya
et al. 2023

Egg parasitism, protease/
chitinase activity, inhibition
of hatching, induced
resistance

Contreras-Soto et al. 2025;
Solano-Baidya et al. 2023

Reduced gall formation, JA/
SA-mediated systemic
resistance, plant growth
promotion

Antibiosis, lytic enzyme Adomako et al. 2025
secretion, suppression of
juvenile penetration

Synergistic suppression,
reduced egg masses,
enhanced crop vigor

El-Nagdi et al. 2019; Saleh
et al. 2023
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Table 5 Insect pests targeted by Trichoderma spp., their biocontrol mechanisms, and type of effect

Insect pest Host crop/system  Effective Trichoderma spp. Mode of action Type of effect ~ References
Spodopteral littoralis Cotton, vegetables T. harzianum, T. asperellum Cuticle penetration, Direct Hasna et al. 2025
(cotton leafworm) protease/chitinase activity,
secondary metabolites
Sitotroga cerealella Stored cereals T. viride, T. harzianum Spore adhesion, enzymatic ~ Direct Chen et al. 2025
(angoumois grain degradation, mycotoxin
moth) production
Callosobruchus Stored legumes T. viride, T. asperellum Mycelial overgrowth, toxin  Direct Ayaz et al. 2023
maculatus (cowpea production
bruchid)
Rhynchophorus Date palm T. harzianum Direct pathogenicity, Direct Hasan et al. 2025
Sferrugineus (red palm enzyme-mediated cuticle
weevil) degradation
Nezara viridula (southern Sweet pepper T. harzianum T22 Induced systemic resistance, Indirect (plant- Van Hee al. 2025

green stinkbug)

Myzus persicae (green T. harzianum, T. viride

peach aphid)

Pepper, vegetables

alteration of host plant mediated)

metabolites

Indirect (plant-  Kara et al. 2025

mediated)

Plant-mediated resistance,
reduced fecundity

significant larval mortality and growth inhibition (Ahmed and
El-Katatny 2007; Lana et al. 2023; Di Lelio et al. 2021; Atta
et al. 2025); Rhynchophorus ferrugineus (red palm weevil),
suppressed by T. harzianum through reduced adult survival
and feeding (Hasan et al. 2025); Nezara viridula (southern
green stink bug), whose performance decreased on pepper
plants treated with 7. harzianum T22 via induced systemic
resistance (Van Hee et al. 2025); and Myzus persicae (green
peach aphid), where reproductive performance was reduced on
plants inoculated with T. harzianum and T. viride (Kara 2025).

Recent experimental work further supports these
entomopathogenic activities. Egyptian isolates of 7. asperel-
lum, T. harzianum, and T. longibrachiatum exhibited high
chitinase activity and potent insecticidal effects against S.
littoralis larvae, with oral spore applications causing higher
mortality than topical treatments, highlighting the synergis-
tic roles of hydrolytic enzymes and secondary metabolites
(Atta et al. 2025). Although Trichoderma is not yet a pri-
mary entomopathogen compared with fungi such as Beau-
veria bassiana and Metarhizium anisopliae, its dual capac-
ity to suppress both pathogens and insect pests positions it
as a valuable complementary tool in IPM programs (Chen
et al. 2025; Hasna et al. 2025). Advances in molecular and
genomic analyses are expected to accelerate exploration of
Trichoderma’s insect-interaction pathways, enhancing its
potential as a multifunctional biocontrol agent.

In addition to direct antagonism, Trichoderma triggers
complex signaling cascades in plants that prime immunity.
Root recognition of fungal microbe-associated molecu-
lar patterns (MAMPs) and damage-associated molecular
patterns (DAMPs) activates both salicylic acid (SA) and
jasmonic acid/ethylene (JA/ET) pathways, establishing a
heightened defensive state that allows plants to respond

more rapidly and effectively to subsequent pathogen attacks.
This priming does not impose a continuous metabolic cost
but creates a transcriptional “memory,” which can persist
across generations, a phenomenon known as heritable prim-
ing. Colonization by T. harzianum or T. asperellum has been
shown to upregulate pathogenesis-related proteins, peroxi-
dases, and phenylpropanoid enzymes, enhancing disease
resistance and tolerance to abiotic stresses. These systemic
effects position Trichoderma as a unique biocontrol agent,
bridging defense activation with growth promotion (Woo
et al. 2023; Poveda et al. 2021; Monte 2023).

Genome-guided strain improvement
strategies

Genetic improvement strategies have long been applied
to enhance the biocontrol and enzymatic performance of
Trichoderma strains. Early approaches, including random
mutagenesis (Marzano et al. 2013) and protoplast fusion
(Prabavathy et al. 20006), yielded T. harzianum isolates
with enhanced enzymatic activity and stronger antagonism
against pathogens. Advances in understanding the molecular
basis of biocontrol (Sood et al. 2020; Adnan et al. 2022)
have enabled targeted genetic engineering to improve strain
efficiency (Chen et al. 2021); however, most commercial
products still rely on wild-type isolates due to technical limi-
tations and regulatory or public concerns regarding geneti-
cally modified organisms (Xiao et al. 2023).

Protoplast fusion offers a nontransgenic alternative for
filamentous fungi lacking sexual reproduction, allowing
genome recombination between compatible Trichoderma
strains to generate hybrids with enhanced enzyme secretion,
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pathogen inhibition, and stress tolerance (Peberdy 1980).
Fusants have demonstrated increased cellulase, chitinase,
and xylanase activities, along with improved antagonis-
tic potential (Ogawa et al. 1989; Fahmi et al. 2012; Dola-
tabad et al. 2019; Papzan et al. 2021). Recent studies have
extended these approaches to pest control: Atta et al. (2025)
fused T. asperellum and T. harzianum isolates to generate
twenty stable hybrids, with the most effective, Fus8, exhibit-
ing significantly enhanced chitinase activity and larvicidal
efficacy against Spodoptera littoralis, achieving 74% mortal-
ity in laboratory assays and 62% under greenhouse condi-
tions. These results demonstrate that parasexual recombina-
tion can produce elite, eco-friendly Trichoderma strains with
dual biofungicidal and bioinsecticidal potential.

Field performance, formulation,
and regulatory constraints

The commercial use of Trichoderma as a biocontrol agent
is well established, with multiple formulations registered
worldwide. These products are applied as seed treatments,
soil amendments, and foliar sprays to protect crops such
as maize, tomato, cotton, and legumes. Trichoderma-based
products offer several advantages, including broad-spec-
trum activity against pathogens and pests, promotion of
plant growth and stress tolerance, and compatibility with
sustainable and organic farming practices.

However, several challenges limit their widespread adop-
tion (Table 6. Strain variability significantly affects efficacy,
with notable differences even among isolates of the same
species. Environmental factors, such as soil type, climate,
and native microbial communities, can cause inconsistent
field performance. Formulation issues, including maintain-
ing viability, shelf-life, and field persistence, remain tech-
nological bottlenecks. Additionally, regulatory constraints
vary across countries, slowing the commercialization and

Table 6 Advantages and challenges of Trichoderma -based biocontrol

deployment of new products. Addressing these challenges
is essential to fully exploit the potential of Trichoderma in
sustainable agriculture (Gutiérrez-Moreno et al. 2025a, b).

Globally, over 140 Trichoderma-based biocontrol prod-
ucts are registered across more than 40 countries, applied as
seed treatments, soil inoculants, and foliar sprays. Regula-
tory classification varies widely: some countries treat these
products as plant protection products (PPPs), while others
categorize them as biostimulants. A unified framework rec-
ognizing Trichoderma as a plant-beneficial microorganism
is essential to harmonize approval procedures and facilitate
innovation.

Future formulation strategies increasingly emphasize
microbial consortia, combining Trichoderma with plant
growth-promoting rhizobacteria (PGPR) and arbuscular
mycorrhizal fungi (AMF), as well as advanced delivery
systems such as nanocarriers to enhance shelf life, stress
tolerance, and root colonization efficiency (Woo et al. 2023;
Hasna et al. 2025; Pfordt et al. 2025). These approaches aim
to maximize field performance and support the integration of
Trichoderma into sustainable agricultural practices.

Future perspectives toward genomics-driven
Trichoderma bio-products

The integration of classical biocontrol knowledge with mod-
ern molecular tools presents promising avenues for advanc-
ing Trichoderma applications. Key directions include the
following:

¢ Genomics-driven taxonomy—refining species concepts
and ensuring accurate identification of biocontrol strains.

e Strain improvement via omics and genome editing—
enhancing enzyme secretion, secondary metabolite pro-
duction, and stress tolerance.

Aspect

Advantages

Challenges

References

Spectrum of action

Environmental impact

Plant growth effects

Formulation

Commercialization

Controls fungi (Fusarium, Rhizoctonia,
Pythium), nematodes, and some insects

Eco-friendly, biodegradable, compatible
with organic farming

Promotes root development, nutrient
uptake, and induces systemic resistance

Available in diverse delivery forms
(seed coating, soil drench, foliar spray,
granules)

Many registered products worldwide;
integration into IPM programs

Strain-specific variability; inconsistent
results across isolates

Field performance often unpredictable
due to soil, climate, and microbiome
interactions

Overstimulation or imbalance may cause
variability in yield outcomes

Shelf-life, storage stability, and viability
during transport remain bottlenecks

Regulatory hurdles differ by country;
approval can be lengthy and costly

Ayaz et al. 2023; Hasna et al.
2025

Guzman-Guzman et al. 2025

Guzman-Guzman et al. 2025

Ismaiel et al. 2024

Hasna et al. 2025
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e Formulation innovations—development of nanocarriers
and stress-protective additives to improve field stability
and efficacy.

e Climate-smart agriculture—exploiting Trichoderma’s
capacity to mitigate abiotic stresses such as drought and
salinity in addition to disease suppression.

e Expanded applications—Ileveraging Trichoderma in
biofertilizers, phytoremediation, and industrial enzyme
production.

Genomics-driven taxonomy and comparative genomics
(Guzman-Guzman et al. 2025) are expected to refine strain
identification and improve the selection of elite isolates.
Genome-guided strain improvement and CRISPR-based
approaches are increasingly used to optimize metabolite bio-
synthesis, enzyme secretion, and environmental resilience
(Ismaiel et al. 20244, b). Integrating Trichoderma with other
beneficial microbes, such as plant growth-promoting rhizo-
bacteria (PGPR) and arbuscular mycorrhizal fungi (AMF),
may further enhance field performance (Hasna et al. 2025).

Next-generation Trichoderma-based products are envi-
sioned to combine multiple functionalities—biocontrol,
growth promotion, nutrient mobilization, and stress toler-
ance—within a single, stable formulation. Advances in pan-
genomics, metabolomics, and genome editing will facilitate
the selection of elite strains with predictable performance
under field conditions. Moreover, Trichoderma’s contribu-
tions to carbon sequestration, soil health restoration, and
climate-resilient cropping systems underscore its potential as
a cornerstone of eco-sustainable agriculture and One Health
strategies (Woo et al. 2023; Guzman-Guzman et al. 2025).

Conclusions

Advances in molecular identification and genomics have
fundamentally reshaped the understanding and utilization
of Trichoderma in applied microbiology and biotechnology.
While classical morphology and ITS barcoding remain valu-
able for preliminary classification, multilocus sequencing
and genome-scale analyses are now essential for accurate
species delimitation and reliable strain selection. These tools
have clarified cryptic species boundaries and revealed exten-
sive genetic diversity underlying strain-specific differences
in enzymatic activity, secondary metabolism, and biocontrol
efficacy.

Genomic and comparative studies demonstrate that
the biotechnological potential of Trichoderma is largely
determined by expansions in gene families encoding cell
wall-degrading enzymes, secondary metabolite biosynthetic
clusters, and regulatory networks involved in stress toler-
ance and host interaction. Such insights enable predictive
selection of elite strains and support targeted improvement

strategies, including mutagenesis, protoplast fusion, and
emerging genome-editing approaches. Importantly, these
strategies have enhanced antagonistic activity not only
against fungal pathogens but also against plant-parasitic
nematodes and insect pests, expanding the functional spec-
trum of Trichoderma-based products.

Despite these advances, challenges remain in translat-
ing laboratory performance into consistent field efficacy.
Environmental variability, formulation stability, and regu-
latory constraints continue to limit widespread adoption.
Addressing these challenges will require tighter integra-
tion of genomics, formulation technology, and applied field
validation. Genome-guided strain selection, combined with
innovative delivery systems and microbial consortia, offers
a promising pathway toward more predictable and resilient
biocontrol solutions.

In summary, Trichoderma has progressed from a taxo-
nomically complex soil fungus to a genomics-enabled bio-
technological platform. By integrating molecular system-
atics, functional genomics, and strain engineering, future
research can unlock its full potential for sustainable agricul-
ture, biological pest management, and industrial biotechnol-
ogy. This integrative approach will be critical for developing
next-generation Trichoderma-based products with improved
efficacy, stability, and regulatory acceptance.
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