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The use of Trichoderma spp. constitutes a promising biotechnological strategy 
for sustainable agriculture, owing to its capacity to control phytopathogens and 
to produce bioactive secondary metabolites. This study, one of the first of its kind, 
addresses the absence of a comprehensive bibliometric assessment in this field. 
A systematic bibliometric analysis was conducted on 235 publications indexed 
in Scopus (2000–2025). Advanced tools such as VOSviewer and Bibliometrix 
were employed to track publication trends, identify key research themes, map 
collaborative networks, and assess the influence of leading authors and institutions. 
An exponential increase in scientific output was observed, peaking in 2023. Four 
principal research clusters were identified: antifungal activity, gene regulation, 
secondary metabolite production, and biosynthesis. India and China accounted 
for the highest publication volume, while Italy, represented by authors such as 
Francesco Vinale, accounted for the greatest scientific impact. International 
collaboration was extensive, particularly between Asia and Europe. The analysis 
indicates a progression from applied biocontrol studies to research focusing on 
molecular and genetic mechanisms, highlighting the need for multidisciplinary 
approaches that integrate biotechnology, agronomy, and microbial ecology. This 
bibliometric study provides an overview of Trichoderma secondary metabolites in 
agricultural biocontrol and outlines a research agenda emphasizing field validation, 
interdisciplinary collaboration, and the adoption of innovative technologies to 
bridge the gap between research and on-farm application in sustainable agriculture.
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1 Introduction

Global food demand is rising exponentially, while natural 
resources are becoming increasingly scarce, creating an urgent need 
for sustainable agricultural practices to ensure food security and 
environmental sustainability (Sala et  al., 2021; Seenivasagan and 
Babalola, 2021). This challenge is further exacerbated by the presence 
of plant pathogens, which cause significant crop losses and threaten 
food security (Chávez-Díaz et  al., 2020). For decades, pathogen 
control has relied heavily on chemical pesticides, which, despite their 
initial effectiveness, have proven unsustainable due to their 
environmental impact and the emergence of resistant pathogen strains 
(María Suaste, 2020; Ribeiro et al., 2001). In this context, the search 
for biological alternatives has become a scientific and global priority.

Among these alternatives, Trichoderma, a widely studied fungal 
genus, has emerged as a promising tool for agricultural bioprotection 
(Bailey et  al., 2008; Fontana et  al., 2021; Vinale et  al., 2006). 
Trichoderma is distinguished by its dual capacity to compete with 
pathogens and produce a diverse array of bioactive secondary 
metabolites that play critical roles in biocontrol and plant health 
(Buojaylah et al., 2024; Rajesh et al., 2016; Savas et al., 2021; Manzar 
et al., 2022). These metabolites, such as peptaibols, terpenoids and 
pyrones, not only act as antifungals and antibacterials, but also 
modulate the soil microbiota, promoting an ecological balance that 
benefits both plants and the agricultural ecosystem (Hermosa et al., 
2014; Khan et al., 2020; Reino et al., 2008).

The particularity of these metabolites lies in their dual function: on 
the one hand, they act directly against phytopathogens, altering the 
permeability of their cell membranes or inhibiting their growth (Alfaro-
Vargas et al., 2022; Shi et al., 2012; Zhang et al., 2022); on the other hand, 
they activate plant defense mechanisms, such as Systemic Acquired 
Resistance (SAR) and Induced Systemic Resistance (ISR), enhancing the 
plant’s ability to resist infections and abiotic stresses (Sharma et al., 2019; 
Shoresh et al., 2010; Visagie et al., 2023). This duality makes Trichoderma 
a promising alternative for sustainable agriculture.

However, despite its potential, the application of these metabolites 
under field conditions still faces significant challenges. Factors such as 
genetic variability among strains, environmental conditions, and the 
incomplete understanding of the regulatory mechanisms involved 
limit their efficacy and stability (López-Bucio et al., 2015; Poveda et al., 
2020; Zeilinger et al., 2016).

In addition, although several studies have investigated 
Trichoderma metabolites and their biocontrol capacity, a 
comprehensive bibliometric analysis has yet to be  conducted to 
provide a detailed mapping of the evolution of research in this field. 
This information gap prevents a clear understanding of major 
scientific trends, the development of innovative methodologies, and 
the identification of critical gaps in the literature (Hood and Wilson, 
2001). Bibliometrics, as a powerful tool for analyzing large volumes of 
scientific data, offers an opportunity to comprehend the evolution of 
research in this domain and its prospective trajectory (Aria and 
Cuccurullo, 2017; van Eck and Waltman, 2010).

This study aims to address this gap by conducting a comprehensive 
bibliometric analysis of the scientific literature on Trichoderma secondary 
metabolites in agricultural bioprotection, using data indexed in Scopus. 
For this purpose, advanced tools such as VOSviewer and Bibliometrix will 
be used to identify the main lines of research, determine the impact of the 

most influential scientific contributions, and detect emerging areas as well 
as critical gaps to guide future research.

2 Materials and methods

2.1 Search strategy and data selection

The bibliometric analysis was conducted using the Scopus 
database (Elsevier), selected for its comprehensive coverage of 
agricultural microbiology and biotechnology literature, as well as for 
its capacity to provide detailed metadata and compatibility with 
advanced network analysis and citation tools (Figure 1). The search 
was conducted on January 24, 2025, covering all publications indexed 
up to that date. To ensure an exhaustive retrieval of scientific papers, 
the following query was used in the Title, Abstract, and Keywords 
(TITLE-ABS-KEY) fields:

Trichoderma AND secondary metabolites AND biological control.
No restrictions were applied regarding language, document type, 

or subject category to ensure the inclusion of all relevant literature 
available in Scopus. The retrieved records were exported in CSV 
format, including metadata such as titles, abstracts, keywords, author 
affiliations, cited references, and citation metrics.

2.2 Data processing and analysis

The data obtained were processed using the tools VOSviewer 
(v.1.6.19) (van Eck and Waltman, 2010) and Bibliometrix (Aria and 
Cuccurullo, 2017) selected for their efficiency in handling large 
volumes of data and their ability to generate complex network 
visualizations. In VOSviewer, keyword co-occurrence networks were 
generated, with a minimum frequency threshold established 
depending on the type of analysis, allowing for the identification of 
thematic clusters and emerging trends. Co-authorship and 
institutional collaboration networks were constructed using the 
association method available in VOSviewer, with the purpose of 
detecting relevant scientific communities in the field of study. In 
addition, productivity and impact metrics were calculated, including 
the H-index of authors and institutions, the geographical distribution 
of publications, and the temporal evolution of scientific production.

2.3 Visualization and synthesis

The results were synthesized into visual representations to facilitate 
the interpretation of research dynamics in the study area. Growth 
curves of the literature were generated using the R-Project software 
(version 4.4.3), applying a second-degree polynomial model to 
evaluate the increase in the number of studies and the emergence of 
new lines of research. Networks of co-occurring terms were analyzed 
to identify emerging patterns and predominant areas of research. 
Co-citation analysis was performed to identify the most influential 
articles and authors in research on Trichoderma secondary metabolites 
and their role in biocontrol. To evaluate the geographical contribution 
to scientific production, geospatial maps were constructed in 
Bibliometrix using affiliation data provided by Scopus, which allowed 
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for the identification of the global distribution of publications and 
collaboration between countries, as described in Figure 1.

3 Results

3.1 Scopus bibliometric indicators (2000–
2025)

Indicators of the literature indexed in Scopus on Trichoderma and 
its secondary metabolites in the biological control of phytopathogens 
included 235 documents published in 151 sources (Figure 2). Scientific 
production grew at an annual rate of 5.7%, highlighting Trichoderma 
as a key tool in agricultural biotechnology, particularly in biological 
control and soil health improvement. Over the 25 years, research 
diversified into specialized areas such as soil microbiota modulation 
and omics technologies in agricultural protection. A total of 1,077 
authors contributed to these papers, with an average of 5.54 co-authors 
per paper. However, only 29.36% of the publications included 
international co-authorship, indicating an opportunity to improve 
international collaboration, especially in regions with high agricultural 
potential such as Latin America, Africa, and Southeast Asia.

The documents analyzed included 15,305 references, with an average 
age of 6.15 years. The average number of citations per paper was 43.05, 

showing an uneven distribution of visibility among scientific articles; this 
pattern highlights the need to improve the scientific dissemination of key 
findings to increase the adoption of Trichoderma in agriculture. A total 
of 692 keywords were identified, reflecting the multidisciplinary nature 
of scientific production. Emerging areas, such as improved resistance to 
abiotic factors and interactions with beneficial microorganisms, remain 
underexplored and may represent new opportunities for future research 
to increase international collaboration and improve dissemination of 
findings to broaden the impact of Trichoderma in sustainable agriculture.

3.2 Temporal trends in scientific 
production and distribution of types of 
documents

Scientific production has increased steadily since 2000, 
reaching a peak of 32 publications in 2023 (Figure 3). This growth 
follows a second-degree polynomial model 
(y = 9.04 + 3.9x + 10.9x2; R2 = 0.62), which describes the 
acceleration of article production between 2010 and 2020, 
followed by a stabilization in recent years. Despite the continuous 
increase in the number of publications, the stabilization observed 
from 2020 onwards indicates a slowdown in the pace of scientific 
production in the most researched fields. The cumulative 

FIGURE 1

Flow chart of bibliometric analysis procedures, information retrieval strategy, analysis tools and main indicators. Source: Own elaboration.
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citations also show a similar evolution, reaching almost 3,000 
citations in 2023, with fluctuations in 2024 and 2025 due to 
delays in indexing and the incomplete nature of the scientific 
production in 2025.

Of the 235 publications analyzed, 75% (180) were original articles, 
followed by systematic reviews (15%, n = 36), book chapters (6%, 
n = 16), and editorials (0.8%, n = 2) (Table  1). Systematic reviews 
stood out with an average of 3,245 citations, indicating a high impact 
within the thematic areas of research, while original articles 
accumulated 6,765 citations, with an h-index of 41. These data confirm 
the central role of original articles in generating knowledge in the 
Trichoderma field, with a more immediate impact in terms of citations. 
In contrast, book chapters and editorials had a significantly lower 
impact, with 93 and 2 citations, respectively. This low number of 
citations is related to the limitations of these types of scientific papers, 

which do not contribute significantly to the dissemination of 
experimental knowledge or to the formulation of new hypotheses.

The distribution of paper types reflects the predominance of 
original articles in the scientific production on Trichoderma. This 
trend is also consistent with the general pattern in experimental 
research areas. Although systematic reviews have an important impact 
on the organization and synthesis of information, their lower number 
of citations compared to original articles points to the difference in the 
speed of adoption of experimental results compared to more 
consolidating approaches. Finally, although the increase in scientific 
production and in the number of citations in the last decade indicates 
a greater interest in the subject, it is important to analyze and 
understand whether this growth is associated with an increased 
awareness of the benefits and challenges of biological control by 
Trichoderma and its contribution to agricultural sustainability.

FIGURE 2

Summary of bibliometric indicators on Trichoderma and its metabolites in biological control (2000–2025). Source: Own elaboration based on data 
from SCOPUS using Bibliometrix software.

FIGURE 3

Trends in scientific production as a function of the number of publications and citations. Source: Own elaboration based on data from SCOPUS using R 
software.
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3.3 Scientific collaboration networks and 
geographic distribution

The network analysis at the institutional level (Figure 4A) identified 
three main clusters, based on the density of connections and the size of 
the nodes. The cluster led by the Department of Agricultural Sciences at 
the University of Naples Federico II is characterized by a large central 
node with high scientific productivity in various research areas related to 
Trichoderma as a biological control agent. The second cluster, led by the 
Department of Veterinary Medicine and Animal Production at the 
Università degli Studi di Napoli Federico II, represents a medium-sized 
node, with dense connections associated with active collaboration in 
specialized areas within biocontrol and animal health. The third cluster, 
led by the Department of Pharmacy and Biology at the University of 
Salerno, features smaller nodes but with strong interactions, indicating a 
highly connected network in more specific research areas in biochemistry, 
genetics, and microbiology.

At the country level (Figure 4B), geographic analysis revealed 
three dominant clusters. India leads the first yellow cluster, with a large 
central node reflecting the largest amount of scientific output, and 
strong connections to countries such as Austria and Romania; this 
shows India’s growing involvement in Trichoderma research in Asia 
and its close connection to Europe. The purple cluster is led by Brazil, 
with medium-sized nodes and strong connections to the United States 
and Romania, highlighting collaboration in tropical agricultural 
systems. The third cluster, led by China, shows large nodes and 
extensive connections with Pakistan and Chile, highlighting its central 
role in scientific collaborations on a global scale.

Regarding the geographical distribution of scientific production 
(Figure 4C), India led with 50 publications, followed by China (38), 
Italy (24), and the United States (21). Brazil and Spain contributed 18 
publications each, while Germany, Mexico, Austria, Iran, and Egypt 
recorded 12, 12, 11, 11, 11, 11, 11, and 10 publications, respectively. 
The lines connecting the countries in the figure represent the main 
international collaborative networks, with the strongest links between 
India and Austria, Brazil and the United  States, and China and 
Pakistan. Finally, it is important to emphasize that the geographic 
distribution of publications and the connections between countries 
highlight the collective advancement of knowledge in Trichoderma 
research and its contribution to agricultural sustainability worldwide.

3.4 Co-occurrence of keywords, temporal 
evolution and conceptual structure

The keyword co-occurrence analysis (Figure  5A) shows four 
thematic groups related to the biocontrol effects of secondary 

metabolites of Trichoderma. The first group, highlighted in red, 
includes terms related to antifungal activity and biocontrol, such as 
biological pest control, antifungal activity, enzymatic activity, plant 
growth, and phytopathogens like Fusarium oxysporum and 
Rhizoctonia solani. These terms emphasize the focus on Trichoderma’s 
capabilities to inhibit pathogens and promote plant growth (Mousumi 
Das et al., 2019; Harman et al., 2004; Diánez et al., 2016). The second 
group, in green, includes terms related to genetic regulation and 
metabolic processes, such as genetics, metabolism, and microbiology, 
reflecting the interest in molecular mechanisms that enable 
Trichoderma to produce secondary metabolites with biocontrol 
potential (Hermosa et al., 2014; Wu et al., 2018; Fang et al., 2024). The 
third group, in blue, focuses on terms such as secondary metabolites, 
biocontrol, and Trichoderma, highlighting the importance of these 
compounds in suppressing phytopathogens and enhancing plant 
growth (Khan et al., 2020; Reino et al., 2008).

Finally, the yellow group includes terms such as biosynthesis and 
phylogeny, associated with research aimed at understanding the 
biosynthetic pathways and phylogenetic evolution of Trichoderma for 
the identification of strains with higher efficiency in secondary 
metabolite production (Gutiérrez et al., 2021; Guilger-Casagrande 
et al., 2019; Leiva et al., 2022). his cluster distribution presents how 
Trichoderma research is integrating molecular, metabolic, and 
ecological approaches to optimize its use in biocontrol and enhance 
plant protection, with clearly defined research lines.

The temporal evolution analysis (Figure 5B) revealed a transition 
in Trichoderma research over time. In the early periods (prior to 
2016), studies focused predominantly on antifungal activity and 
biocontrol, emphasizing terms such as fungi and biological pest 
control. Between 2018 and 2020, there was an increase in the 
frequency of terms related to molecular and biochemical approaches, 
such as signal transduction, genetics, and plant growth. This temporal 
evolution demonstrates a progressive diversification of research lines, 
marking a shift from studies centered on the functional interactions 
of Trichoderma to those oriented toward the characterization of its 
metabolic and genetic mechanisms.

The thematic trend analysis (Figure 6A) organized research topics 
into three main plots. The first plot grouped terms related to antifungal 
activity and biocontrol, which showed high frequency in the initial 
years of the study period. The second plot focused on the production 
and regulation of secondary metabolites, with a notable increase in 
relevance from 2018 onwards. The third plot included terms associated 
with molecular biology and genetics, highlighting their growing 
importance in recent literature. This analysis confirms the transition 
from applied approaches to more fundamental research focused on 
the molecular and biochemical mechanisms that regulate 
Trichoderma’s biocontrol activity.

TABLE 1 Distribution of document types, total citations, and h-index of publications.

Type of document Publications Percentage (%) Total citations* h index

Original article 180 75 6,765 41

Systematic review 36 15 3,245 21

Book chapter 16 6 93 6

Editorial 2 0.8 2 1

Conference paper 1 0.4 9 1

Short survey 1 0.4 63 1

*Source: Own elaboration based on data from SCOPUS.
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FIGURE 4

Scientific collaboration and global distribution of research on Trichoderma and its secondary metabolites. (A) Institutional collaboration networks. 
(B) International networks of scientific collaboration. (C) Geographical distribution of scientific production. Source: Own elaboration based on data 
from SCOPUS, (A,B) using VOSviewer software, the (C) using bibliometrix softw.
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The conceptual structure map obtained by factor analysis 
(Figure 6B) organized key terms related to Trichoderma along two 
main dimensions. Dimension 1, explaining 47.16% of the variance, 
grouped concepts related to biocontrol and biotechnological 
applications of Trichoderma. Dimension 2, accounting for 27.78% 
of the variance, focused on molecular biology and biochemical 
processes. Terms such as signal transduction, biosynthesis, and 
gene expression, located in the upper right quadrant, reflect the 

increasing focus on the molecular mechanisms underlying 
Trichoderma’s biocontrol activity. The proximity of secondary 
metabolites and biocontrol agent indicates the relevance of 
secondary metabolites in biotechnological applications. 
Experimental terms such as high-performance liquid 
chromatography and enzyme activity highlight the use of advanced 
techniques to study and optimize the metabolic processes of 
Trichoderma in agricultural biocontrol.

FIGURE 5

(A) Co-occurrence of keywords. (B) Temporal analysis of keywords. Source: Own elaboration based on data from SCOPUS using VOSviewer software.
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3.5 Citation network analysis: global 
impact, authors, and reference journals

The citation network (Figure  7A) is organized into clusters 
differentiated by color, where the size of the nodes indicates the 
volume of citations and the scientific influence of each country. India 
and China, with large nodes in the yellow and red clusters, lead 
scientific production, maintaining strong connections with Asian 
countries (Malaysia, Thailand, Indonesia) and European countries 
(Czech Republic, Poland). In the blue cluster, Italy and Poland, with 
medium-large nodes, show extensive transatlantic collaborations in 
agricultural and biotechnology research. The green cluster 

(Saudi Arabia, Germany) and the red cluster (China, Iran) contain 
smaller nodes, reflecting regional collaborations and emerging citation 
patterns. The purple cluster, which includes Egypt and Spain, 
represents collaborative links between Africa and Europe. This 
network configuration presents Asia and Europe as the primary 
regions for Trichoderma research, with collaborative links extending 
to Africa and Latin America.

Figure 7B shows the citation networks by author. Francesco Vinale 
has the highest number of citations and is positioned at the center of 
a large red cluster. Vinale collaborates with Matteo Lorito and Rosa 
E. Cardoza, forming a core group of shared references focused on the 
molecular and biochemical characterization of Trichoderma secondary 

FIGURE 6

(A) Three-plot analysis (B) 5: Hierarchical clustering factor analysis. Source: Own elaborate on based on data from SCOPUS using Bibliometrix 
software.
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FIGURE 7

Co-citation analysis of (A) countries, (B) authors, (C) journals and (D) Ranking of countries with the highest production and their average citations. 
Source. Own elaboration based on data from SCOPUS using VOSviewer and R software.
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metabolites and their application in biocontrol. The green cluster 
contains researchers such as Stefania Lanzuise and Nadia Lombardi, 
whose work on Trichoderma-phytopathogen interactions has 
generated substantial citations. The blue cluster, more compact and 
specialized, is led by Irina S. Druzhinina and Susanne Zeilinger, and 
focuses on genomics and metabolic regulation. The yellow cluster, 
more dispersed but with key links, includes Prasun K. Mukherjee and 
Charles M. Kenerley, whose contributions are referenced in a range of 
research areas, including molecular biology and 
agricultural applications.

Figure 7C presents the analysis of citations among journals, 
organized into four clusters representing areas of specialization 
and citation patterns in microbiology, phytopathology, and 
biological control. The green cluster, the largest and most 
interconnected, contains high-impact journals such as Applied and 
Environmental Microbiology and Nature Reviews Microbiology, 
representing studies on plant-microorganism interactions and 
applied biotechnology. The red cluster, more concentrated, includes 
journals such as Frontiers in Microbiology and Fungal Genetics 
and Biology, which focus on mycology and phytopathology. The 
blue cluster, more dispersed, connects journals in bioprospecting 
and microbial chemistry, such as the Journal of Natural Products 
and FEMS Microbiology Letters, which publish studies on the 
identification and characterization of secondary metabolites with 
biocontrol potential. The yellow cluster includes key journals such 
as Plant Disease and Biological Control, linking plant pathology 
with sustainable management practices.

Figure 7D shows the distribution of total and average citations by 
country. Italy leads with 1,751 total citations and an average of 103 
citations per publication, followed by India (1,137 total citations) and 
the United States (1,030 total citations), both with an average of 103 
citations per publication. Canada records 876 total citations, with an 
average of 175.2 citations per publication. China, with 942 total 
citations, has a lower average of 27.7 citations per publication. Spain 
has 789 total citations, with an average of 131.5 citations per 
publication. Countries such as Israel (329 total citations), Malaysia 
(421), Austria (488), and Mexico (413) have lower total citation 
counts, with averages ranging from 68.8 to 140.3 citations per 
publication. This distribution shows variation in the visibility and 
citation impact of research, with Canada and Malaysia having high 
impact per article, and China and India having higher publication 
volumes but lower citation averages.

The analysis of the most cited papers on Trichoderma (Table 2) 
shows that the study by Vinale et al. (2008) has 925 citations, followed 
by Verma et al. (2007) with 523 citations. The distribution includes 
original research articles (n = 5) and systematic reviews (n = 5). 
Experimental studies by Yedidia et al. (2003) and Howell et al. (2000) 
report data on the induction of systemic resistance in plants and the 
production of bioactive metabolites with antifungal activity. Reviews 
by Reino et al. (2008) and Mukherjee et al. (2013) compile information 
on the characterization of secondary metabolites and the genomic 
analysis of Trichoderma.

Publications are concentrated in high-impact journals such as Soil 
Biology and Biochemistry, Annual Review of Phytopathology, and 
Applied and Environmental Microbiology. The temporal range of 
publications spans from 2000 to 2024, with an increase in citations in 
recent years. Recent studies, including those by Zin and Badaluddin 
(2020) on the biological functions of Trichoderma in agriculture, and 

Poveda et  al. (2020) on its role in the biological control of plant-
parasitic nematodes through the induction of resistance, contribute to 
the body of knowledge on Trichoderma’s use in improving plant health 
and agricultural productivity.

3.6 Scientific production of authors and 
their influence

Scientific production on Trichoderma secondary metabolites in 
biocontrol has experienced a continuous growth since 2006, with a 
significant concentration of publications in recent years (Figure 8A). 
Francesco Vinale leads the scientific production with 14 publications, 
followed by Matteo Lorito and Roberta Marra, each with 8 
publications. Other authors, such as Sheridan L. Woo, Prasun 
K. Mukherjee and Santiago Gutierrez, have increased their production 
in recent years, showing a trend of research on gene regulation and 
biosynthesis of secondary metabolites. Although Susanne Zeilinger 
and Dan F. Jensen have a smaller number of publications, their 
contributions have been fundamental in the study of the interaction 
between Trichoderma and the soil microbiota.

In the co-authorship network (Figure 8B), five main clusters are 
identified, each characterized by different connection densities. The 
yellow cluster, with the highest density, groups Francesco Vinale, 
Bubici Giovanni, and Starapoli Alessia, forming a central 
collaboration network focused on biological control and interactions 
with beneficial microorganisms in agriculture (Vinale et al., 2008; 
Prigigallo et al., 2023). The blue cluster, which includes Vitaglione 
Paola and Sheridan L. Woo, maintains a high connection density 
within the cluster but shows limited collaboration with other groups. 
This cluster is associated with research on plant biostimulation, 
performance parameters, and the eco-physiological processes of 
Trichoderma in sustainable agriculture (Woo et  al., 2023; Woo 
et al., 2014).

The green cluster, composed of Roberta Marra and Matteo Lorito, 
focuses on research related to the functionality of bioactive metabolites 
in plant physiology (Marra et al., 2019); as well as the characterization 
of the transcriptome and metabolome of Trichoderma in its biotic 
interactions within the ecosystem (Lorito et al., 2010). The red cluster, 
which includes researchers such as Santiago Gutiérrez and Rosa 
Hermosa, concentrates on the study of Trichoderma genes involved in 
plant interactions, particularly those that promote growth and 
enhance resistance to both biotic and abiotic stress. These studies have 
analyzed the expression of genes such as ThPG1 and hsp70, which 
contribute to improving plant defense capacity against pathogens and 
adverse conditions, including heat and osmotic stress. Research by 
Morán-Diez et  al. (2009), Montero-Barrientos et  al. (2010), and 
Hermosa et al. (2012) has reported that the manipulation of these 
genes in plants can increase resistance levels, contributing to the 
development of crops with improved tolerance to diseases and 
extreme environmental conditions.

The purple cluster, which includes Sarma Kumar and other 
authors, contains smaller yet complementary contributions. The 
majority of influential authors are affiliated with institutions in Italy 
and Spain. In recent years, there has been an increase in scientific 
output from researchers in India, with contributions to the field of 
biological control (Manzar et al., 2022; Manzar et al., 2024; Kashyap 
and Manzar, 2025; Manzar et al., 2021).

https://doi.org/10.3389/fmicb.2025.1595946
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Cortez-Lázaro et al. 10.3389/fmicb.2025.1595946

Frontiers in Microbiology 11 frontiersin.org

Citation indicators (Table  3) indicate that Francesco Vinale, 
Matteo Lorito, and Roberta Marra hold the highest citation counts, 
with 1,755, 1,533, and 1,408 citations, respectively. Although Sheridan 
L. Woo and Prasun K. Mukherjee have fewer publications, their 
citation-to-publication ratio is comparatively high. For example, Woo 
has 1,246 citations across 6 publications, and Mukherjee has 537 
citations from 5 publications. These data provide an overview of 
author productivity and the citation impact of their contributions 
within the field.

3.7 Bibliometric journal analysis

The bibliometric network of journal co-citation (Figure 9) presents 
a structure in which Frontiers in Microbiology is the most central node, 
showing strong interconnections with journals focused on microbiology 
and biotechnology, including BMC Genomics and Applied 
Microbiology and Biotechnology. Thematic clusters are identified: the 
blue cluster includes journals dedicated to general microbiology and 
genomics; the red cluster is oriented towards applied biotechnology and 

TABLE 2 Ranking of most cited papers.

Range Author Title Journals Citation Document

1 Vinale et al. (2008) Trichoderma-plant-

pathogen interactions

Soil Biology and 

Biochemistry

925 Article

2 Verma et al. (2007) Antagonistic fungi, 

Trichoderma spp.: Panoply 

of biological control

Biochemical Engineering 

Journal

523 Review

3 Reino et al. (2008) Secondary metabolites from 

species of the biocontrol 

agent Trichoderma Phytochemistry Reviews

459 Review

4 Zin and Badaluddin 

(2020)

Biological functions of 

Trichoderma spp. for 

agriculture applications

Annals of Agricultural 

Sciences

335 Review

5 Yedidia et al. (2003) Concomitant Induction of 

Systemic Resistance to 

Pseudomonas syringae pv. 

lachrymans in Cucumber by 

Trichoderma asperellum 

(T-203) and Accumulation 

of Phytoalexins

Applied and Environmental 

Microbiology

329 Article

6 Mukherjee et al. (2013) Trichoderma research in the 

genome era

Annual Review of 

Phytopathology

327 Article

7 Poveda et al. (2020) Biological Control of Plant-

Parasitic Nematodes by 

Filamentous Fungi Inducers 

of Resistance: Trichoderma, 

Mycorrhizal and 

Endophytic Fungi Frontiers in Microbiology

282 Review

8 Howell et al. (2000) Induction of terpenoid 

synthesis in cotton roots 

and control of Rhizoctonia 

solani by seed treatment 

with Trichoderma virens Phytopathology

261 Article

9 Keswani et al. (2014) Unraveling the efficient 

applications of secondary 

metabolites of various 

Trichoderma spp.

Applied Microbiology and 

Biotechnology

242 Review

10 Vinale et al. (2006) Major secondary 

metabolites produced by 

two commercial 

Trichoderma strains active 

against different 

phytopathogens

Letters in Applied 

Microbiology

238 Article

*Source: Own elaboration based on data from SCOPUS.
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soil biochemistry; the green cluster focuses on soil chemistry, 
biodiversity, and environmental contaminants; and the orange cluster 
relates to biological control and phytopathology. The connections 
among these clusters reflect an interdisciplinary structure in biocontrol 
research, with biotechnology and microbiology linked to the 
understanding and application of Trichoderma-based strategies.

The bibliometric metrics of the ranking of journals with the highest 
scientific production (Table 4) indicate that Frontiers in Microbiology has 
the highest number of documents (21), h-index (14), and total citations 
(1,030). Biological Control and Journal of Fungi have an h-index of 4 and 
total citations of 85 and 92, respectively. The m-index analysis shows that 
Frontiers in Microbiology has a citation rate of 1.4. Journals such as 3 

Biotech and Phytopathology have a lower publication volume but a 
relatively high number of accumulated citations, reflecting their specific 
contribution to the development of biocontrol strategies. Scientific 
production in the field of Trichoderma-based biological control is 
concentrated in medium-to high-impact journals, including applied 
studies and fundamental research in microbiology and phytopathology.

3.8 Theme in trends

Figure 10 presents the temporal dynamics of key research terms 
in the study topic. Since 2000, terms such as metabolites, plant 

FIGURE 8

(A) Ranking of most productive authors and (B) Network analysis of the main co-authors. Source: Own elaboration based on data from SCOPUS using 
VOSviewer software.
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pathogens, and antagonism have increased in frequency, 
corresponding to an initial focus on direct biocontrol mechanisms, 
including the production of antifungal compounds and ecological 
competence (Vinale et  al., 2008; Verma et  al., 2007). From 2016 
onwards, there is an increase in the frequency of terms such as 
antifungal activity, induced systemic resistance (ISR), and bioactive 
peptides, associated with a transition toward molecular studies and 
plant–microorganism interactions (Shoresh et  al., 2010; Poveda 
et al., 2020).

Species such as T. harzianum and T. viride maintain a consistent 
presence in the literature and the biofungicide market, linked to their 
efficacy in controlling pathogens such as Fusarium oxysporum and 
Rhizoctonia solani (Mousumi Das et al., 2019; Manzar et al., 2021). 
This trend corresponds with the increasing demand for sustainable 
alternatives to the excessive use of agrochemicals, which has led to 

efforts to reduce microbial resistance and the environmental impact 
associated with synthetic pesticide residues (María Suaste, 2020; 
Ribeiro et al., 2001).

3.9 Efficacy of Trichoderma spp. as a 
biocontrol agent

The comprehensive analysis of the 235 scientific publications 
on Trichoderma as a biocontrol agent indicates a complex 
interaction of biological, environmental, and technological 
factors. Data indicate that T. asperellum achieves an efficacy of 
92.2% against Colletotrichum gloeosporioides in tomato crops, 
primarily through the production of antifungal metabolites 
(peptaibols, 2-aminoisobutyric acid) and rapid colonization of 

TABLE 3 Metrics of most productive authors.

Author Documents h index g index m index TC PY home

Vinale Francisco 14 12 14 0,6 1,755 2006

Lorito Matteo 8 8 8 0,4 1,533 2006

Marra Roberta 8 8 8 0,4 1,408 2006

Woo Sheridan L. 6 6 6 0,333 1,246 2008

Zeilinger Susana 6 6 6 0,462 356 2013

Gutiérrez Santiago 5 4 5 0,444 67 2017

Mukherjee P. Kumar 5 4 5 0,308 537 2013

Jensen Dan F. 4 4 4 0,308 282 2013

Cardoza Rosa Elena 4 3 4 0,333 31 2017

Horwitz Benjamin A. 4 4 4 0,231 466 2013

Documents: Total publications; h index: Articles with ≥ h citations; g index: Articles with ≥ g2 citations; m index: h index/years of activity; TC: Total citations; PY home: Year of first 
publication. *Source: Own elaboration based on data from SCOPUS.

FIGURE 9

Network analysis of main scientific journals. Source: Own elaboration based on data from SCOPUS using VOSviewer software.
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the rhizosphere (Alfaro-Vargas et al., 2022). In contrast, efficacy 
is reduced to 53% against oomycetes such as Phytophthora 
infestans on potato, due to differences in cell wall composition 
(Alfiky et al., 2024). Biocontrol efficacy varies between controlled 
and field conditions: in  vitro studies report control levels of 
80–100%, whereas field studies show lower efficacy, typically 
ranging from 40–60%. Reductions in efficacy are more 
pronounced in clay soils (35% lower than in loam soils) and 
under elevated temperatures (>30°C) (Shao et al., 2025; Zin and 
Badaluddin, 2020).

The variation in biocontrol efficacy is influenced by environmental 
factors such as soil pH, soil texture, and the presence of competing 
microorganisms variables that are rarely considered in current 
experimental designs (Poveda et  al., 2020). Additionally, 
methodological limitations are identified: only 18% of the studies 
evaluate commercial formulations or optimized application strategies, 
and few investigate advanced methods such as nanoencapsulation of 
metabolites (Shao et al., 2025). These aspects contribute to the gap 
between laboratory results and practical applications in 
agricultural systems.

TABLE 4 Ranking metrics of the journals with the highest scientific production.

Source Documents h index g index m index TC PY start

Frontiers in microbiology 21 14 21 1,4 1,030 2016

Biological control 7 4 7 0,667 71 2020

Journal of fungi 7 3 7 0,6 85 2021

Applied microbiology and 

biotechnology

4 4 4 0,333 353 2014

International journal of 

molecular sciences

4 3 4 0,375 92 2018

Phytopathology 4 4 4 0,154 469 2000

3 biotech 3 3 3 0,375 55 2018

Agronomia 

mesoamericana

4 1 2 0.143 7 2019

BMC genomics 3 3 3 0,231 334 2013

Chemistry and biodiversity 3 3 3 0,167 172 2008

Documents: Total publications; h index: Articles with ≥ h citations; g index: Articles with ≥ g2 citations; m index: h index/years of activity; TC: Total citations; PY home: Year of first 
publication. *Source: Own elaboration based on data from SCOPUS.

FIGURE 10

Keyword evolution analysis. Source: Own elaboration based on data from SCOPUS using VOSviewer software.
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4 Discussion

To date, no comprehensive bibliometric analysis specifically addresses 
the scientific production on Trichoderma secondary metabolites and their 
application in the biological control of plant pathogens. This gap in the 
literature limits the identification of emerging trends, international 
collaborations, and priority research areas in this field. The present study 
provides a mapping of the evolution of Trichoderma secondary metabolite 
research using bibliometric tools such as VOSviewer and Bibliometrix.

Among the most extensively studied metabolites are peptaibols—
non-ribosomal peptides containing α-aminoisobutyric acid and a 
C-terminal alcohol. These compounds disrupt the permeability of 
phytopathogenic fungal cell membranes, inducing osmotic collapse that 
compromises viability (Alfaro-Vargas et al., 2022; Zhang et al., 2022; 
Zeilinger et al., 2016). Their antifungal activity has been demonstrated 
against pathogens of economic relevance, including Fusarium oxysporum 
and Botrytis cinerea (Shi et  al., 2012). Terpenoids, derived from the 
mevalonic acid pathway, exhibit dual functionality: direct antifungal 
activity and modulation of rhizosphere microbial interactions that 
contribute to soil microbiome stability (Howell et al., 2000; Shi et al., 
2020). Additionally, terpenoids stimulate phytoalexin production in 
plants, enhancing systemic resistance (Chou et al., 2023). Pyrones and 
pyrazoles display complementary antimicrobial properties and can 
activate plant defense mechanisms (Abd-Elhalim et al., 2025). These 
compounds are involved in both systemic acquired resistance (SAR) and 
induced systemic resistance (ISR) pathways, contributing to plant 
protection against biotic and abiotic stresses (Shoresh et al., 2010).

Research on Trichoderma metabolites has expanded substantially 
over the past two decades, particularly in the characterization of 
biosynthetic pathways and antifungal mechanisms (Savas et al., 2021; 
Vinale et al., 2008; Yan and Khan, 2021). However, a substantial portion 
of this research has been conducted under controlled laboratory 
conditions, with limited validation in field settings. Further studies are 
needed to assess biocontrol efficacy under variable environmental, strain, 
and species conditions (Poveda et al., 2020; Zeilinger et al., 2016; Brunner 
et  al., 2003). This is relevant because biocontrol efficacy depends on 
tripartite interactions among strain, environment, and pathogen, which 
require evaluation in diverse agroecological systems.

An additional limitation is the limited number of studies on the 
metabolite-mediated modulation of the rhizosphere microbiome. While 
85% of publications document direct antagonism against plant pathogens 
(Alfiky et al., 2024; López-Valenzuela et al., 2022; Stecca et al., 2014), fewer 
than 15% examine the impact on soil microbial networks (Chou et al., 
2023; Mendoza-Mendoza et  al., 2024). Expanding research on these 
interactions is essential for optimizing Trichoderma applications in 
agricultural systems, where the soil microbiota plays a critical role in plant 
health and biocontrol agent performance (Druzhinina et al., 2011; Kredics 
et  al., 2018; Kredics et  al., 2024). Addressing these gaps requires an 
integrated framework combining metabolomics, microbiome analysis, 
and precision agronomy.

The bibliometric analysis follows a second-degree polynomial model 
(R2 > 0.85), characterized by an accelerated growth phase (2005–2015) 
and subsequent stabilization (Figure 3) (Poveda et al., 2020; Zin and 
Badaluddin, 2020; Vinale and Sivasithamparam, 2020). Publications from 
2020 to 2023 account for 45% of total citations (approximately 3,000), 
representing a substantial portion of current research output. Citation 
distribution, however, remains uneven: 70% of molecular studies achieve 
high visibility (h-index > 15), while only 30% of applied research reaches 

similar impact levels, indicating persistent challenges in technology 
transfer. Research on Trichoderma secondary metabolites is 
predominantly concentrated in Asia and Europe, with a relatively low 
number of contributions from developing countries where Trichoderma 
applications could have agronomic relevance (Figure 4C). Countries such 
as India and China lead in publication volume, with 50 and 38 publications 
respectively, while their bibliometric impact is distributed through 
international collaborations (Figure 4B). Italy, with 24 publications, shows 
a higher citation density. This distribution indicates differences in citation 
metrics, suggesting the need for increased North–South collaborations to 
support technology transfer and validation studies in diverse 
agroecological conditions, particularly in tropical regions where bioinputs 
may have the greatest impact.

The main affiliations contributing to Trichoderma research include 
institutions from Italy, Brazil, and France. The Consiglio Nazionale 
delle Ricerche (Italy) leads with 17 publications, followed by the 
Università degli Studi di Napoli Federico II (14 publications) and the 
Istituto per la Protezione Sostenibile delle Piante (12 publications) 
(Table  5). These institutions have established collaborations with 
countries in Latin America and Asia, facilitating the exchange of 
knowledge and the development of context-specific solutions. Citation 
impact is unevenly distributed, with publications from Europe and 
North America receiving more citations. This pattern may reflect 
differences in international visibility, while studies from Asia have a 
lower citation rate despite increasing research output. In Latin 
America, the participation of Brazil and Mexico in Trichoderma 
research indicates an expansion of agricultural biotechnology and its 
integration into bioprotection strategies at a global level. The observed 
geographical distribution supports the need to strengthen 
international collaborations, particularly in regions where 
Trichoderma technologies could enhance agricultural systems 
(Tyśkiewicz et al., 2022). Collaborative, multidisciplinary approaches 
can facilitate knowledge exchange, cross-validation of results, and the 
development of solutions tailored to the agroecological characteristics 
of each region (Torres-De La Cruz et al., 2015).

The co-occurrence analysis of key terms (Figure 5A) identifies four 
main clusters: antifungal activity and biocontrol (Reino et al., 2008; 
Benítez et al., 2004), gene regulation and metabolic processes (Błaszczyk 

TABLE 5 Ranking of scientific production of institutions.

Affiliation Documents Country

Consiglio Nazionale delle Ricerche 17 Italy

Università degli Studi di Napoli Federico II 14 Italy

Istituto per la Protezione Sostenibile delle 

Piante, CNR 12 Italy

Embrapa Recursos Geneticos e 

Biotecnologia 7 Brazil

CNRS Centre National de la Recherche 

Scientifique 7 France

Shanghai Jiao Tong University 7 China

Chinese Academy of Agricultural Sciences 6 China

Universidad de Salamanca 6 Spain

Universität Innsbruck 5 Austria

Technische Universität Wien 5 Austria

*Source: Own elaboration based on data from SCOPUS.
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et al., 2016; Steyaert et al., 2003); secondary metabolite production; and 
biosynthesis and phylogeny (Contreras-Cornejo et al., 2016; Mona et al., 
2017; Tchameni et  al., 2020). The interconnections between these 
clusters indicate thematic integration in Trichoderma research, with a 
focus on the relationship between secondary metabolite production and 
pathogen suppression in agricultural systems. The temporal evolution 
of key terms (Figure 5B) shows a progression from studies focused on 
antifungal activity and biocontrol to research exploring molecular and 
biochemical processes, including signal transduction and genetics. This 
trend illustrates the diversification of research topics, transitioning from 
studies on functional interactions of Trichoderma toward 
characterization of metabolic and genetic mechanisms.

The citation analysis by author (Figure  7B) identifies Francesco 
Vinale as the most cited author, forming a central collaboration network 
with Matteo Lorito and Rosa E. Cardoza in Trichoderma research 
(Harman et al., 2004; Woo et al., 2014; Lorito et al., 2010; Vinale et al., 
2013). Their work has contributed to understanding the regulation and 
application of Trichoderma secondary metabolites in biological control, 
gene regulation, and secondary metabolite biosynthesis (Sherkhane et al., 
2017). Citation metrics reflect the individual impact of each author and 
indicate collaborative networks across disciplines and geographic regions.

Future research should prioritize the field validation of Trichoderma 
metabolites and the development of application protocols that account 
for region-specific environmental conditions and microbial interactions 
(Abbas et al., 2022; Shenouda and Cox, 2021). The stability of these 
metabolites, their compatibility with other bioinputs, and their efficacy 
in different soil types and climatic conditions have not been 
systematically addressed in existing studies. Addressing these aspects is 
necessary for effective technology transfer from research settings to 
agricultural systems. Interdisciplinary collaborations involving 
biotechnology, agronomy, and industry are essential to optimize 
production processes and fermentation protocols required for the 
effective commercialization of Trichoderma-based products.

Future research may also integrate approaches such as functional 
genomics, metabolomics, and soil microbiome analysis to develop 
predictive models applicable to agricultural environments (Druzhinina 
and Kubicek, 2017; Friedl and Druzhinina, 2012; García-Estrada et al., 
2018). Technological developments, including gene editing, 
nanotechnology, and advanced fermentation methodologies, could 
support improvements in the stability and scalability of Trichoderma 
metabolites, facilitating their integration into sustainable agricultural 
systems. Research in this area should adopt a holistic perspective, 
considering both metabolite production and their role in 
agricultural ecosystems.

5 Conclusion

This bibliometric analysis outlines the evolution of research on 
Trichoderma secondary metabolites, mapping thematic areas, 
collaborative networks, and methodological trends over the past 25 
years. The analysis presents an increased focus on molecular and genetic 
studies but limited progress in field-scale validation, formulation 
development, and integration with microbial ecology. Most research 
outputs originate from Asia and Europe, while contributions from 
regions where Trichoderma-based biocontrol could have considerable 
agronomic relevance remain underrepresented. The study provides a 
structured overview of existing knowledge and identifies areas requiring 
further research, particularly the need for experimental validation under 

diverse agroecological conditions and the development of scalable 
production and application strategies. Advancing this field will require 
interdisciplinary approaches that integrate genomics, metabolomics, 
microbiome studies, and precision agriculture technologies with applied 
agronomy to optimize the production, stability, and performance of 
Trichoderma metabolites in sustainable agricultural systems.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Author contributions

AC-L: Conceptualization, Formal analysis, Writing  – original 
draft, Writing – review & editing. PV-M: Validation, Writing – review 
& editing. EC-D: Data curation, Formal analysis, Methodology, 
Writing – review & editing. JG: Conceptualization, Investigation, 
Writing – original draft. RC-L: Investigation, Validation, Writing – 
original draft. JR-P: Methodology, Visualization, Writing – review & 
editing. JL-C: Data curation, Formal analysis, Methodology,  
Writing – review & editing. FF-H: Data curation, Formal analysis, 
Methodology, Writing – review & editing. CP-R: Visualization, 
Writing  – review & editing. RO-D: Conceptualization, Writing  – 
review & editing. SO-C: Resources, Supervision, Writing – review & 
editing. GM-C: Data curation, Writing  – original draft. JR: 
Methodology, Writing  – review & editing. SL: Conceptualization, 
Resources, Writing – original draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for 
the research and/or publication of this article. This research work 
has been funded by the Programa Nacional de Investigación 
Científica y de Estudios Avanzados CONTRATO No. 
PE501082128-2023-PROCIENCIA.

Acknowledgments

We would like to extend our gratitude to the Toribio Rodríguez 
de Mendoza National University of Amazonas (UNTRM-A) and the 
José Faustino Sánchez Carrión National University (UNJFSC).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation of 
this manuscript.

https://doi.org/10.3389/fmicb.2025.1595946
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Cortez-Lázaro et al. 10.3389/fmicb.2025.1595946

Frontiers in Microbiology 17 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
Abbas, A., Ullah, F., Hafeez, M., Han, X., Dara, M. Z. N., Gul, H., et al. (2022). 

Biological control of fall armyworm, Spodoptera frugiperda. Agronomy 12:2704. doi: 
10.3390/agronomy12112704

Abd-Elhalim, B. T., El-Bana, G. G., El-Sayed, A. F., and Abdel-Ghani, G. E. (2025). 
Antifungal activity and biocompatibility assessment with molecular docking and 
dynamic simulations of new pyrazole derivatives. BMC Biotechnol. 25:15. doi: 
10.1186/s12896-025-00948-8

Alfaro-Vargas, P., Bastos-Salas, A., Muñoz-Arrieta, R., Pereira-Reyes, R., 
Redondo-Solano, M., Fernández, J., et al. (2022). Peptaibol production and 
characterization from Trichoderma asperellum and their action as biofungicide. J. Fungi 
8:1037. doi: 10.3390/jof8101037

Alfiky, A., Abou-Mansour, E., De Vrieze, M., Haridon, F. L., and Weisskopf, L. (2024). 
Newly isolated Trichoderma spp. show multifaceted biocontrol strategies to inhibit 
potato late blight causal agent Phytophthora infestans both in  vitro and in planta. 
Phytobiomes J. 8, 70–84. doi: 10.1094/PBIOMES-01-23-0002-R

Aria, M., and Cuccurullo, C. (2017). Bibliometrix-an R-tool for comprehensive science 
mapping analysis. J. Informetr. 11, 959–975. doi: 10.1016/j.joi.2017.08.007

Bailey, B. A., Bae, H., Strem, M. D., Crozier, J., Thomas, S. E., Samuels, G. J., et al. 
(2008). Antibiosis, mycoparasitism, and colonization success for endophytic 
Trichoderma isolates with biological control potential in Theobroma cacao. Biol. Control 
46, 24–35. doi: 10.1016/j.biocontrol.2008.01.003

Benítez, T., Rincon, A. M., and Codon, A. C. (2004). Biocontrol mechanisms of 
Trichoderma strains. Int. Microbiol. 7, 249–260

Błaszczyk, L., Strakowska, J., Chełkowski, J., Gąbka-Buszek, A., and Kaczmarek, J. 
(2016). Trichoderma species occurring on wood with decay symptoms in mountain 
forests in Central Europe: genetic and enzymatic characterization. J. Appl. Genet. 57, 
397–407. doi: 10.1007/s13353-015-0326-1

Brunner, K., Peterbauer, C. K., Mach, R. L., Lorito, M., Zeilinger, S., and Kubicek, C. P. 
(2003). The Nag1 N-acetylglucosaminidase of Trichoderma atroviride is essential for 
chitinase induction by chitin and of major relevance to biocontrol. Curr. Genet. 43, 
289–295. doi: 10.1007/s00294-003-0399-y

Buojaylah, F., Castrejon, Y., and Wang, Z. (2024). Evaluating Trichoderma-containing 
biofungicide and grafting for productivity and plant health of triploid seedless 
watermelon in California’s commercial production. HortScience 59, 1709–1717. doi: 
10.21273/HORTSCI18048-24

Chávez-Díaz, F. I., Zelaya Molina, L. X., C, I., Cárdenas, C., Rojas Anaya, E., Ruíz 
Ramírez, S., et al. (2020). Consideraciones sobre el uso de biofertilizantes como 
alternativa agro-biotecnológica sostenible para la seguridad alimentaria en México. 
Jalisco-Mexico. Rev. Mex. Cienc. Agríc. 11, 1423–1436. doi: 10.29312/remexca.v11i6. 
2492

Chou, M.-Y., Andersen, T. B., Mechan Llontop, M. E., Beculheimer, N., Sow, A., 
Moreno, N., et al. (2023). Terpenes modulate bacterial and fungal growth and sorghum 
rhizobiome communities. Microbiol. Spectr. 11:e0133223. doi: 
10.1128/spectrum.01332-23

Contreras-Cornejo, H. A., Macías-Rodríguez, L., del-Val, E., and Larsen, J. (2016). 
Ecological functions of Trichoderma spp. and their secondary metabolites in the 
rhizosphere: interactions with plants. FEMS Microbiol. Ecol. 92:fiw036. doi: 
10.1093/femsec/fiw036

Diánez, M. F., Santos, M., Carretero, F., and Marín, F. (2016). Trichoderma 
saturnisporum, a new biological control agent. J. Sci. Food Agric. 96, 1934–1944. doi: 
10.1002/jsfa.7301

Druzhinina, I. S., and Kubicek, C. P. (2017). Genetic engineering of Trichoderma reesei 
cellulases and their production. Microb. Biotechnol. 10, 1485–1499. doi: 
10.1111/1751-7915.12726

Druzhinina, I. S., Seidl-Seiboth, V., Herrera-Estrella, A., Horwitz, B. A., 
Kenerley, C. M., Monte, E., et al. (2011). Trichoderma: the genomics of opportunistic 
success. Nat. Rev. Microbiol. 9, 749–759. doi: 10.1038/nrmicro2637

Fang, H., Zhao, C., Li, Y., Song, Y., Wu, Y., Song, X., et al. (2024). Multi-omics study 
on the mixed culture of Trichoderma reesei and Aspergillus niger with improved 
lignocellulase production. Biomass Bioenergy 190:107374. doi: 
10.1016/j.biombioe.2024.107374

Fontana, D. C., de Paula, S., Torres, A. G., de Souza, V. H. M., Pascholati, S. F., Schmidt, D., 
et al. (2021). Endophytic fungi: biological control and induced resistance to phytopathogens 
and abiotic stresses. Pathogens 10:10. doi: 10.3390/pathogens10050570

Friedl, M. A., and Druzhinina, I. S. (2012). Taxon-specific metagenomics of 
Trichoderma reveals a narrow community of opportunistic species that regulate each 

other’s development. Microbiology 158, 69–83. doi: 10.1099/mic.0. 
052555-0

García-Estrada, C., Domínguez-Santos, R., Kosalková, K., and Martín, J. F. (2018). 
Transcription factors controlling primary and secondary metabolism in filamentous 
fungi: the β-lactam paradigm. Fermentation 4:47. doi: 10.3390/fermentation4020047

Guilger-Casagrande, M, Germano-Costa, T, Pasquoto-Stigliani, T, Fraceto, LF, and de 
Lima, R. Biosynthesis of silver nanoparticles employing Trichoderma harzianum with 
enzymatic stimulation for the control of Sclerotinia sclerotiorum Sci. Rep. (2019). 9 doi: 
10.1038/s41598-019-50871-0 PMID: 31586116,:14351

Gutiérrez, S., McCormick, S. P., Cardoza, R. E., Kim, H. S., Yugueros, L. L., 
Vaughan, M. M., et al. (2021). Distribution, function, and evolution of a gene essential 
for trichothecene toxin biosynthesis in Trichoderma. Front. Microbiol. 12:791641. doi: 
10.3389/fmicb.2021.791641

Harman, G. E., Howell, C. R., Viterbo, A., Chet, I., and Lorito, M. (2004). Trichoderma 
species - opportunistic, avirulent plant symbionts. Nat. Rev. Microbiol. 2, 43–56. doi: 
10.1038/nrmicro797

Hermosa, R., Cardoza, R. E., Rubio, M. B., Gutiérrez, S., and Monte, E. (2014). 
“Secondary metabolism and antimicrobial metabolites of Trichoderma” in Biotechnology 
and biology of Trichoderma (Amsterdam: Elsevier B.V), 125–137.

Hermosa, R., Viterbo, A., Chet, I., and Monte, E. (2012). Plant-beneficial effects 
of Trichoderma and of its genes. Microbiology 158, 17–25. doi: 
10.1099/mic.0.052274-0

Hood, W. W., and Wilson, C. S. (2001). The literature of bibliometrics, scientometrics, 
and informetrics. Budapest Scientomet. 52, 291–314. doi: 10.1023/A:1017919924342

Howell, CR, Hanson, LE, Stipanovic, RD, and Puckhaber, LS. Induction of Terpenoid 
synthesis in cotton roots and control of Rhizoctonia solani by seed treatment with 
Trichoderma virens Phytopathology (2000): 3, 248–252. 
Doi:10.1094/PHYTO.2000.90.3.248.

Kashyap, A. S., and Manzar, N. (2025). Molecular characterization and biocontrol 
potential of rhizospheric Trichoderma and Bacillus spp. from indo-Gangetic plains with 
botanical applications against Bipolaris sorokiniana in wheat. Physiol. Mol. Plant Pathol. 
136:102567. doi: 10.1016/j.pmpp.2025.102567

Keswani, C., Mishra, S., Sarma, B. K., Singh, S. P., and Singh, H. B. (2014). Unraveling 
the efficient applications of secondary metabolites of various Trichod erma spp. Appl. 
Microbiol. Biotechnol. 98, 533–544. doi: 10.1007/s00253-013-5344-5

Khan, R. A. A., Najeeb, S., Hussain, S., Xie, B., and Li, Y. (2020). Bioactive secondary 
metabolites from Trichoderma spp. against phytopathogenic fungi. Microorganisms 
8:817. doi: 10.3390/microorganisms8060817

Kredics, L., Büchner, R., Balázs, D., Allaga, H., Kedves, O., Racić, G., et al. (2024). 
Recent advances in the use of Trichoderma-containing multicomponent microbial 
inoculants for pathogen control and plant growth promotion. World J. Microbiol. 
Biotechnol. 40:162. doi: 10.1007/s11274-024-03965-5

Kredics, L., Chen, L., Kedves, O., Büchner, R., Hatvani, L., Allaga, H., et al. (2018). 
Molecular tools for monitoring Trichoderma in agricultural environments. Front. 
Microbiol. 9:1599. doi: 10.3389/fmicb.2018.01599

Leiva, S., Rubio, K., Díaz-Valderrama, J. R., Granda-Santos, M., and Mattos, L. (2022). 
Phylogenetic affinity in the potential antagonism of Trichoderma spp. against 
Moniliophthora roreri. Agronomy 12:2052. doi: 10.3390/agronomy12092052

López-Bucio, J., Pelagio-Flores, R., and Herrera-Estrella, A. (2015). Trichoderma as 
biostimulant: exploiting the multilevel properties of a plant beneficial fungus. Sci. Hortic. 
196, 109–123. doi: 10.1016/j.scienta.2015.08.043

López-Valenzuela, B. E., Tzintzun-Camacho, O., Armenta-Bojórquez, A. D., 
Valenzuela-Escoboza, F. A., Lizárraga-Sánchez, G. J., Ruelas-Islas, J. D. R., et al. (2022). 
Microorganisms of genus Trichoderma as phytohormone promoters and pathogen 
suppressors. Bioagro 34, 163–172. doi: 10.51372/bioagro342.6

Lorito, M., Woo, S. L., Harman, G. E., and Monte, E. (2010). Translational research on 
Trichoderma: from ‘omics to the field. Annu. Rev. Phytopathol. 48, 395–417. doi: 
10.1146/annurev-phyto-073009-114314

Manzar, N., Kashyap, A. S., Goutam, R. S., Rajawat, M. V. S., Sharma, P. K., 
Sharma, S. K., et al. (2022). Trichoderma: advent of versatile biocontrol agent, its secrets 
and insights into mechanism of biocontrol potential. Sustain. For. 14:2786. doi: 
10.3390/su141912786

Manzar, N., Kashyap, A. S., Roy, M., Sharma, P. K., and Srivastava, A. K. (2024). 
Exploring Trichoderma diversity in the Western Ghats of India: phylogenetic analysis, 

https://doi.org/10.3389/fmicb.2025.1595946
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/agronomy12112704
https://doi.org/10.1186/s12896-025-00948-8
https://doi.org/10.3390/jof8101037
https://doi.org/10.1094/PBIOMES-01-23-0002-R
https://doi.org/10.1016/j.joi.2017.08.007
https://doi.org/10.1016/j.biocontrol.2008.01.003
https://doi.org/10.1007/s13353-015-0326-1
https://doi.org/10.1007/s00294-003-0399-y
https://doi.org/10.21273/HORTSCI18048-24
https://doi.org/10.29312/remexca.v11i6.2492
https://doi.org/10.29312/remexca.v11i6.2492
https://doi.org/10.1128/spectrum.01332-23
https://doi.org/10.1093/femsec/fiw036
https://doi.org/10.1002/jsfa.7301
https://doi.org/10.1111/1751-7915.12726
https://doi.org/10.1038/nrmicro2637
https://doi.org/10.1016/j.biombioe.2024.107374
https://doi.org/10.3390/pathogens10050570
https://doi.org/10.1099/mic.0.052555-0
https://doi.org/10.1099/mic.0.052555-0
https://doi.org/10.3390/fermentation4020047
https://doi.org/10.1038/s41598-019-50871-0
https://doi.org/31586116
https://doi.org/10.3389/fmicb.2021.791641
https://doi.org/10.1038/nrmicro797
https://doi.org/10.1099/mic.0.052274-0
https://doi.org/10.1023/A:1017919924342
https://doi.org/10.1094/PHYTO.2000.90.3.248
https://doi.org/10.1016/j.pmpp.2025.102567
https://doi.org/10.1007/s00253-013-5344-5
https://doi.org/10.3390/microorganisms8060817
https://doi.org/10.1007/s11274-024-03965-5
https://doi.org/10.3389/fmicb.2018.01599
https://doi.org/10.3390/agronomy12092052
https://doi.org/10.1016/j.scienta.2015.08.043
https://doi.org/10.51372/bioagro342.6
https://doi.org/10.1146/annurev-phyto-073009-114314
https://doi.org/10.3390/su141912786


Cortez-Lázaro et al. 10.3389/fmicb.2025.1595946

Frontiers in Microbiology 18 frontiersin.org

metabolomics insights and biocontrol efficacy against Maydis leaf blight disease. Front. 
Microbiol. 15:1493272. doi: 10.3389/fmicb.2024.1493272

Manzar, N., Singh, Y., Kashyap, A. S., Sahu, P. K., Rajawat, M. V. S., Bhowmik, A., et al. 
(2021). Biocontrol potential of native Trichoderma spp. against anthracnose of great 
millet (Sorghum bicolour L.) from Tarai and hill regions of India. Biol. Control 
152:104474. doi: 10.1016/j.biocontrol.2020.104474

María SuasteIturriaga, G., Solís, E., Raya, J., Ramírez, J., and Mariscal, L. (2020). 
Resistencia a Fusarium causante de pudriciones en trigo: Actualidad y perspectivas para 
su uso en México. Rev. Mexicana de Ciencias Agrícolas 11, 405–418. doi: 
10.29312/remexca.v11i2.1874

Marra, R., Lombardi, N., D’Errico, G., Troisi, J., Scala, G., Vinale, F., et al. (2019). 
Application of Trichoderma strains and metabolites enhances soybean productivity 
and nutrient content. J. Agric. Food Chem. 67, 1814–1822. doi: 
10.1021/acs.jafc.8b06503

Mendoza-Mendoza, A., Esquivel-Naranjo, E. U., Soth, S., Whelan, H., Alizadeh, H., 
Echaide-Aquino, J. F., et al. (2024). Uncovering the multifaceted properties of 6-pentyl-
alpha-pyrone for control of plant pathogens. Front. Plant Sci. 15:1420068. doi: 
10.3389/fpls.2024.1420068

Mona, S. A., Hashem, A., Abd Allah, E. F., Alqarawi, A. A., Soliman, D. W. K., 
Wirth, S., et al. (2017). Increased resistance of drought by Trichoderma harzianum 
fungal treatment correlates with increased secondary metabolites and proline content. 
J. Integr. Agric. 16, 1751–1757. doi: 10.1016/S2095-3119(17)61695-2

Montero-Barrientos, M., Hermosa, R., Cardoza, R. E., Gutiérrez, S., Nicolás, C., and 
Monte, E. (2010). Transgenic expression of the Trichoderma harzianum hsp70 gene 
increases Arabidopsis resistance to heat and other abiotic stresses. J. Plant Physiol. 167, 
659–665. doi: 10.1016/j.jplph.2009.11.012

Morán-Diez, E., Hermosa, R., Ambrosino, P., Cardoza, R. E., Gutiérrez, S., Lorito, M., 
et al. (2009). The ThPG1 endopolygalacturonase is required for the Trichoderma 
harzianum-plant beneficial interaction. Mol. Plant-Microbe Interact. 22, 1021–1031. doi: 
10.1094/MPMI-22-8-1021

Mousumi Das, M., Haridas, M., and Sabu, A. (2019). Biological control of black 
pepper  and ginger pathogens, fusarium oxysporum, Rhizoctonia solani and 
Phytophthora capsici, using Trichoderma spp. Biocatal. Agric. Biotechnol. 17, 177–183. 
doi: 10.1016/j.bcab.2018.11.021

Mukherjee, P. K., Horwitz, B. A., Herrera-Estrella, A., Schmoll, M., and Kenerley, C. M. 
(2013). Trichoderma research in the genome era. Annu. Rev. Phytopathol. 51, 105–129. 
doi: 10.1146/annurev-phyto-082712-102353

Poveda, J., Abril-Urias, P., and Escobar, C. (2020). Biological control of plant-parasitic 
nematodes by filamentous fungi inducers of resistance: Trichoderma, mycorrhizal and 
endophytic fungi. Front. Microbiol. 11:992. doi: 10.3389/fmicb.2020.00992

Prigigallo, M. I., Staropoli, A., Vinale, F., and Bubici, G. (2023). Interactions between 
plant-beneficial microorganisms in a consortium: Streptomyces microflavus and 
Trichoderma harzianum. Microb. Biotechnol. 16, 2292–2312. doi: 
10.1111/1751-7915.14311

Rajesh, R. W., Rahul, M. S., and Ambalal, N. S. (2016). Trichoderma: a significant 
fungus for agriculture and environment. Afr. J. Agric. Res. 11, 1952–1965. doi: 
10.5897/AJAR2015.10584

Reino, J. L., Guerrero, R. F., Hernández-Galán, R., and Collado, I. G. (2008). Secondary 
metabolites from species of the biocontrol agent Trichoderma. Phytochem. Rev. 7, 
89–123. doi: 10.1007/s11101-006-9032-2

Ribeiro, D. V. F. X., Parleviet, J. E., and Zambolim, L. (2001). Concepts in plant disease 
resistance. Fitopatol. Bras. 26, 577–589. doi: 10.1590/S0100-41582001000300001

Sala, A., Vittone, S., Barrena, R., Sánchez, A., and Artola, A. (2021). Scanning agro-
industrial wastes as substrates for fungal biopesticide production: use of Beauveria 
bassiana and Trichoderma harzianum in solid-state fermentation. J. Environ. Manag. 
295:113113. doi: 10.1016/j.jenvman.2021.113113

Savas, N. G., Yildiz, M., Eltem, R., and Ozkale, E. (2021). Determination of antifungal 
efficiency of some fungicides and secondary metabolites of Trichoderma species against 
Botrytis cinerea. J. Environ. Biol. 42, 705–713. doi: 10.22438/jeb/42/3/MRN-1589

Seenivasagan, R., and Babalola, O. O. (2021). Utilization of microbial consortia as 
biofertilizers and biopesticides for the production of feasible agricultural product. 
Biology (Basel) 10:10. doi: 10.3390/biology10111111

Shao, Y., Gu, S., Peng, H., Zhang, L., Li, S., Berendsen, R. L., et al. (2025). Synergic 
interactions between Trichoderma and the soil microbiomes improve plant iron 
availability and growth. NPJ Biofilms Microb. 11:56. doi: 10.1038/s41522-025-00684-z

Sharma, S., Kour, D., Rana, K. L., Dhiman, A., Thakur, S., Thakur, P., et al. (2019). 
Trichoderma: biodiversity, ecological significances, and industrial applications. Springer 
Nature, 85–120.

Shenouda, M. L., and Cox, R. J. (2021). Molecular methods unravel the biosynthetic 
potential of: Trichoderma species. RSC Adv. 11, 3622–3635. doi: 10.1039/D0RA09 
627J

Sherkhane, P. D., Bansal, R., Banerjee, K., Chatterjee, S., Oulkar, D., Jain, P., et al. 
(2017). Genomics-driven discovery of the gliovirin biosynthesis gene cluster in the plant 
beneficial fungus Trichoderma virens. Chemistryselect 2, 3347–3352. doi: 
10.1002/slct.201700262

Shi, M., Chen, L., Wang, X. W., Zhang, T., Zhao, P. B., Song, X. Y., et al. (2012). 
Antimicrobial peptaibols from Trichoderma pseudokoningii induce programmed cell 

death in plant fungal pathogens. Microbiology 158, 166–175. doi: 10.1099/mic.0. 
052670-0

Shi, T., Shao, C. L., Liu, Y., Zhao, D. L., Cao, F., Fu, X. M., et al. (2020). Terpenoids 
from the coral-derived fungus Trichoderma harzianum (XS-20090075) induced by 
chemical epigenetic manipulation. Front. Microbiol. 11:572. doi: 
10.3389/fmicb.2020.00572

Shoresh, M., Harman, G. E., and Mastouri, F. (2010). Induced systemic resistance and 
plant responses to fungal biocontrol agents. Annu. Rev. Phytopathol. 48, 21–43. doi: 
10.1146/annurev-phyto-073009-114450

Stecca, S. A., Soller, R. M. H., Guedes, C. A. S., Gerard, M. R. N., Joannis Pappas Júnior, G., 
José Ulhoa, C., et al. (2014). Identification of mycoparasitism-related genes against the 
phytopathogen Sclerotinia sclerotiorum through transcriptome and expression profile analysis 
in Trichoderma harzianum. BMC Genomics 15:204. doi: 10.1186/1471-2164-15-204

Steyaert, J. M., Ridgway, H. J., Elad, Y., and Stewart, A. (2003). Genetic basis of 
mycoparasitism: a mechanism of biological control by species of Trichoderma. N. Z. J. 
Crop. Hortic. Sci. 31, 281–291. doi: 10.1080/01140671.2003.9514263

Tchameni, S. N., Cotârleț, M., Ghinea, I. O., Bedine, M. A. B., Sameza, M. L., Borda, D., 
et al. (2020). Involvement of lytic enzymes and secondary metabolites produced by 
Trichoderma spp. in the biological control of Pythium myriotylum. Int. Microbiol. 23, 
179–188. doi: 10.1007/s10123-019-00089-x

Torres-De La Cruz, M., Ortiz-García, C. F., Bautista-Muñoz, C., Ramírez-Pool, J. A., 
Ávalos-Contreras, N., Cappello-García, S., et al. (2015). Diversidad de Trichoderma en 
el agroecosistema cacao del estado de Tabasco, México. Rev. Mex. Biodivers. 86, 947–961. 
doi: 10.1016/j.rmb.2015.07.012

Tyśkiewicz, R., Nowak, A., Ozimek, E., and Jaroszuk-ściseł, J. (2022). Trichoderma: 
the current status of its application in agriculture for the biocontrol of fungal 
phytopathogens and stimulation of plant growth. Int. J. Mol. Sci. 23:2329. doi: 
10.3390/ijms23042329

van Eck, N. J., and Waltman, L. (2010). Software survey: VOSviewer, a computer 
program for bibliometric mapping. Scientometrics 84, 523–538. doi: 
10.1007/s11192-009-0146-3

Verma, M., Brar, S. K., Tyagi, R. D., Surampalli, R. Y., and Valéro, J. R. (2007). 
Antagonistic fungi, Trichoderma spp.: panoply of biological control. Biochem. Eng. J. 37, 
1–20. doi: 10.1016/j.bej.2007.05.012

Vinale, F., Marra, R., Scala, F., Ghisalberti, E. L., Lorito, M., and Sivasithamparam, K. 
(2006). Major secondary metabolites produced by two commercial Trichoderma strains 
active against different phytopathogens. Lett. Appl. Microbiol. 43, 143–148. doi: 
10.1111/j.1472-765X.2006.01939.x

Vinale, F., Nigro, M., Sivasithamparam, K., Flematti, G., Ghisalberti, E. L., Ruocco, M., 
et al. (2013). Harzianic acid: a novel siderophore from Trichoderma harzianum. FEMS 
Microbiol. Lett. 347, 123–129. doi: 10.1111/1574-6968.12231

Vinale, F., and Sivasithamparam, K. (2020). Beneficial effects of Trichoderma 
secondary metabolites on crops. Phytother. Res. 34, 2835–2842. doi: 10.1002/ptr.6728

Vinale, F., Sivasithamparam, K., Ghisalberti, E. L., Marra, R., Woo, S. L., and Lorito, M. 
(2008). Trichoderma-plant-pathogen interactions. Soil Biol. Biochem. 40, 1–10. doi: 
10.1016/j.soilbio.2007.07.002

Visagie, C. M., Magistà, D., Ferrara, M., Balocchi, F., Duong, T. A., Eichmeier, A., et al. 
(2023). IMA genome-F18: the re-identification of Penicillium genomes available in NCBI 
and draft genomes for Penicillium species from dry cured meat, Penicillium biforme, P. 
brevicompactum, P. solitum, and P. cvjetkovicii, Pewenomyces kutranfy, Pew. lalenivora, 
Pew. tapulicola, Pew. kalosus, Teratosphaeria carnegiei, and Trichoderma atroviride SC1. 
IMA Fungus 14, 1–31. doi: 10.1186/s43008-023-00121-w

Woo, S. L., Hermosa, R., Lorito, M., and Monte, E. (2023). Trichoderma: a 
multipurpose, plant-beneficial microorganism for eco-sustainable agriculture. Nat. Rev. 
Microbiol. 21, 312–326. doi: 10.1038/s41579-022-00819-5

Woo, S. L., Ruocco, M., Vinale, F., Nigro, M., Marra, R., Lombardi, N., et al. (2014). 
Trichoderma-based products and their widespread use in agriculture. Open Mycol. J. 8, 
71–126. doi: 10.2174/1874437001408010071

Wu, Q., Ni, M., Wang, G., Liu, Q., Yu, M., and Tang, J. (2018). Omics for understanding 
the tolerant mechanism of Trichoderma asperellum TJ01 to organophosphorus pesticide 
dichlorvos. BMC Genomics 19:596. doi: 10.1186/s12864-018-4960-y

Yan, L., and Khan, R. A. A. (2021). Biological control of bacterial wilt in tomato 
through the metabolites produced by the biocontrol fungus, Trichoderma harzianum. 
Egypt. J. Biol. Pest Control 31, 1–9. doi: 10.1186/s41938-020-00351-9

Yedidia, I., Shoresh, M., Kerem, Z., Benhamou, N., Kapulnik, Y., and Chet, I. (2003). 
Concomitant induction of systemic resistance to Pseudomonas syringae pv. Lachrymans 
in cucumber by Trichoderma asperellum (T-203) and accumulation of Phytoalexins. 
Appl. Environ. Microbiol. 69, 7343–7353. doi: 10.1128/AEM.69.12.7343-7353.2003

Zeilinger, S., Gruber, S., Bansal, R., and Mukherjee, P. K. (2016). Secondary 
metabolism in Trichoderma - chemistry meets genomics. Fungal Biol. Rev. 30, 74–90. 
doi: 10.1016/j.fbr.2016.05.001

Zhang, Y. Q., Zhang, S., Sun, M. L., Su, H. N., Li, H. Y., Kun-Liu, et al. (2022). 
Antibacterial activity of peptaibols from Trichoderma longibrachiatum SMF2 against 
gram-negative Xanthomonas oryzae pv. Oryzae, the causal agent of bacterial leaf blight 
on rice. Front. Microbiol. 13:1034779. doi: 10.3389/fmicb.2022.1034779

Zin, N. A., and Badaluddin, N. A. (2020). Biological functions of Trichoderma spp. for 
agriculture applications. Ann. Agric. Sci. 65, 168–178. doi: 10.1016/j.aoas.2020.09.003

https://doi.org/10.3389/fmicb.2025.1595946
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fmicb.2024.1493272
https://doi.org/10.1016/j.biocontrol.2020.104474
https://doi.org/10.29312/remexca.v11i2.1874
https://doi.org/10.1021/acs.jafc.8b06503
https://doi.org/10.3389/fpls.2024.1420068
https://doi.org/10.1016/S2095-3119(17)61695-2
https://doi.org/10.1016/j.jplph.2009.11.012
https://doi.org/10.1094/MPMI-22-8-1021
https://doi.org/10.1016/j.bcab.2018.11.021
https://doi.org/10.1146/annurev-phyto-082712-102353
https://doi.org/10.3389/fmicb.2020.00992
https://doi.org/10.1111/1751-7915.14311
https://doi.org/10.5897/AJAR2015.10584
https://doi.org/10.1007/s11101-006-9032-2
https://doi.org/10.1590/S0100-41582001000300001
https://doi.org/10.1016/j.jenvman.2021.113113
https://doi.org/10.22438/jeb/42/3/MRN-1589
https://doi.org/10.3390/biology10111111
https://doi.org/10.1038/s41522-025-00684-z
https://doi.org/10.1039/D0RA09627J
https://doi.org/10.1039/D0RA09627J
https://doi.org/10.1002/slct.201700262
https://doi.org/10.1099/mic.0.052670-0
https://doi.org/10.1099/mic.0.052670-0
https://doi.org/10.3389/fmicb.2020.00572
https://doi.org/10.1146/annurev-phyto-073009-114450
https://doi.org/10.1186/1471-2164-15-204
https://doi.org/10.1080/01140671.2003.9514263
https://doi.org/10.1007/s10123-019-00089-x
https://doi.org/10.1016/j.rmb.2015.07.012
https://doi.org/10.3390/ijms23042329
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1016/j.bej.2007.05.012
https://doi.org/10.1111/j.1472-765X.2006.01939.x
https://doi.org/10.1111/1574-6968.12231
https://doi.org/10.1002/ptr.6728
https://doi.org/10.1016/j.soilbio.2007.07.002
https://doi.org/10.1186/s43008-023-00121-w
https://doi.org/10.1038/s41579-022-00819-5
https://doi.org/10.2174/1874437001408010071
https://doi.org/10.1186/s12864-018-4960-y
https://doi.org/10.1186/s41938-020-00351-9
https://doi.org/10.1128/AEM.69.12.7343-7353.2003
https://doi.org/10.1016/j.fbr.2016.05.001
https://doi.org/10.3389/fmicb.2022.1034779
https://doi.org/10.1016/j.aoas.2020.09.003

	Global trends in Trichoderma secondary metabolites in sustainable agricultural bioprotection
	1 Introduction
	2 Materials and methods
	2.1 Search strategy and data selection
	2.2 Data processing and analysis
	2.3 Visualization and synthesis

	3 Results
	3.1 Scopus bibliometric indicators (2000–2025)
	3.2 Temporal trends in scientific production and distribution of types of documents
	3.3 Scientific collaboration networks and geographic distribution
	3.4 Co-occurrence of keywords, temporal evolution and conceptual structure
	3.5 Citation network analysis: global impact, authors, and reference journals
	3.6 Scientific production of authors and their influence
	3.7 Bibliometric journal analysis
	3.8 Theme in trends
	3.9 Efficacy of Trichoderma spp. as a biocontrol agent

	4 Discussion
	5 Conclusion

	References

