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ABSTRACT

Background: Soil degradation in Indonesia is a serious challenge, impacting agricultural productivity and
environmental quality. One potential ecological solution is bioremediation using soil microorganisms such as
Trichoderma spp. This study aims to identify local Trichoderma isolates from various regions in Indonesia along
with their biological and functional characteristics in the bioremediation process. Method: This study uses a
narrative literature review to synthesize conceptual and empirical evidence from academic journals, scientific
articles, and policy reports. This review focuses on assessing the biological and functional characteristics of local
Trichoderma isolates and their effectiveness in addressing unsustainable soil management and environmental
degradation. Finding: The results of the literature study indicate that species such as Trichoderma harzianum,
Trichoderma viride, Trichoderma asperellum, and Trichoderma koningiopsis can degrade organic and inorganic
pollutants, suppressing pathogens, and improving soil fertility. The potential of each isolate is strongly
influenced by its environmental origin and type of pollutant, with high effectiveness recorded in ex-mining soil,
agricultural land, and pesticide-contaminated areas. Further research and policy support from research
institutions or relevant parties are needed so that local Trichoderma can be developed as a bioremediation agent
in sustainable agricultural systems in Indonesia. Conclusion: Local Trichoderma species offer a significant and
sustainable solution for restoring soil health in Indonesia, provided that challenges related to technology
adoption and isolate data can be overcome. Future success depends on cross-sector collaboration to bridge the
gap between laboratory research and field application, ensuring that these biological agents are optimized
through farmer education and regulatory support. Novelty/Originality of this article: This study presents a
comprehensive synthesis of native Indonesian Trichoderma isolates, identifying a direct relationship between
their geographic origin and their specific multifunctional effectiveness.
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1. Introduction

Soil is a primary natural resource that plays a vital role in supporting human life,
particularly in the agricultural sector. It provides nutrients, a growing medium for plants,
and a habitat for various microorganisms that play a role in the biogeochemical cycles of
life. According to the FAO (2021), soil is a natural system composed of minerals, organic
matter, air, water, and living organisms, and it plays a vital role in maintaining the balance
of the global ecosystem. However, soil conditions in Indonesia currently face significant
challenges due to increasing degradation over the years.

Soil degradation is the process of decreasing the quality and productivity of soil due to
human activities and natural processes, which is characterized by a reduction in organic
matter content, a decrease in the soil's ability to store water and nutrients, and disruption
of soil structure and biological function (Dragovic & Vulevic, 2020). According to
Ambarwulan et al. (2021), the research on the one of the most degraded drylands in
Indonesia was dominated by the potentially degraded land classes (38%), followed by the
degraded land classes (21%)—the loss of soil productivity causes direct implications for
declining agricultural productivity and national food security. Based on data from the
Central Statistics Agency/Badan Pusat Statistik (BPS) (2022), it was noted that critical land
in Indonesia reached 14 million hectares, spread across various provinces, and was largely
caused by intensive agricultural practices, land conversion, and unsustainable exploitation
of natural resources.

The effect of land degradation not only affects the land degradation located, but it will
spread far and wide. Land degradation will be a source of disasters: droughts, floods,
landslides, and fires that can impact the acceleration of global warming. As degraded land
continues to expand, both in forest areas and outside forest areas, in drylands as well as in
wetlands/marshlands, it will result in increasingly severe environmental damage, which
drives the occurrence of natural disasters with higher intensity. In agriculture, land
degradation caused the decrease the productivity directly reduces crops yields. In economic
effect, that reduce revenue for farmers because agricultural land is smaller. In addition, land
scarcity will trigger agricultural conflicts.

Land degradation in Indonesia has reached a critical condition along with the rampant
expansion of oil palm plantations, monoculture farming, and environmentally unfriendly
mining activities, thus triggering, soil erosion rates in Java range from 6 to 12 tons annually
each hectare, and degradation affecting 14.0 million hectares, with natural factors
contributing 5.0% of the total impact (Yaseen et al., 2025). Furthermore, FAO (2021)
reported that global land degradation has affected more than 33% of the world's land,
including tropical regions like Indonesia, necessitating sustainable restoration solutions.
Soil degradation also disrupts the soil's microbiological balance, resulting in a reduction in
the population of microorganisms that play a crucial role in organic matter decomposition,
nitrogen fixation, and plant pathogen control (FAO, 2021). To address these challenges,
bioremediation presents itself as an environmentally friendly and sustainable solution.

Bioremediation is an environmental restoration approach that relies on the biological
capabilities of living organisms, particularly soil microorganisms, to address pollution
problems. Through microbial metabolic activity, various contaminants such as toxic organic
compounds and heavy metals can be broken down, immobilized, or converted into more
stable forms with lower toxicity levels. This process serves to reduce pollution levels and
contributes to improving soil conditions, including chemical balance, nutrient availability,
and biological activity that supports the sustainability of soil function. Bioremediation is the
process of restoring or improving the quality of damaged soil by utilizing the activity of
microorganisms, such as bacteria, fungi, or algae, which can degrade or neutralize organic
and inorganic pollutants (Ayilara & Babalola, 2023). In the context of environmental
management, bioremediation plays an important role as an environmentally friendly and
sustainable technology because it utilizes natural mechanisms without causing further
harmful impacts on the ecosystem. The application of bioremediation contributes to the
restoration of degraded land, the protection of human health, and the prevention of
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pollutant accumulation in the food chain. Additionally, the improved soil quality resulting
from bioremediation has positive implications for land productivity, particularly in the
agricultural sector. Thus, bioremediation can be seen as a strategic solution that can be
integrated with other environmental technologies to rehabilitate ecosystems effectively and
sustainably.

Trichoderma spp. is one of the soil microorganisms widely known in the fields of
agricultural biotechnology and bioremediation. Trichoderma is a genus of saprophytic fungi
that can act as a biological control agent, decomposing organic matter, stimulating plant
growth through the production of various enzymes and plant hormones (Harman et al,,
2004), and can increase soil aggregation and help plants absorb micronutrients that were
previously not directly available (Mukherjee et al., 2019). In addition, Trichoderma can
produce various enzymes, such as chitinase, glucanase, and protease, which decompose
complex organic matter and control the growth of pathogenic fungi (Kumari, et al. 2025).

Various local studies have identified Trichoderma isolates with high potential in
various regions of Indonesia. For example, Rosfiansyah & Sopialena (2024) studied some
indigenous Trichoderma sp. from East Kalimantan that can inhibit Fusarium oxysporum in
tomato. Meanwhile, Hastuti & Hidayat (2019) noted isolates from ex-tin mining soil in
Bangka Belitung, Trichoderma crassum, T. virescentiflavum, and T. aff. tomentosum that
were tolerant at Cr a concentration of 2 mM. Although most local Indonesian research
focuses more on the role of Trichoderma as a biocontrol agent and plant growth stimulant,
these findings are scientifically relevant for bioremediation because the underlying
mechanisms-such as the production of degradative enzymes, competition against
pathogenic microbes, and rhizosphere colonization-are also important biological aspects in
the degradation of contaminants in the soil. Internationally, meta-analysis shows that
Trichoderma has tolerance and transformation capabilities against various contaminants,
including heavy metals, pesticides, and complex organic compounds, through biosorption,
accumulation, and enzymatic degradation mechanisms. This is supported by a literature
review stating that this genus is tolerant to pollutant toxicity and has potential as a
bioremediation agent for contaminated environments.

Although dozens of national and international studies have demonstrated the
effectiveness of Trichoderma in bioremediation and soil fertility improvement, data on
specific isolates from various provinces in Indonesia remain scattered across national
journals, seminar proceedings, and technical reports, and have not been centralized in a
single systematic database. This makes it difficult for researchers, molecular industry
players, and policymakers to develop innovative biofertilizers and land rehabilitation
programs based on local microbes. Therefore, a systematic literature review mapping local
Indonesian Trichoderma strains and their biological and functional characteristics is
urgently needed as a scientific basis and for sustainable agricultural policies.

Therefore, a literature review related to the isolation, taxonomic identification, and
biological characterization of local Indonesian Trichoderma strains is crucial. This will
enable us to assess the functional potential of each strain in decomposing pollutants,
controlling pathogens, and improving soil quality and plant growth. Furthermore, writing a
scientific paper based on this literature study will be useful in formulating scientifically
based recommendations for the development of local Trichoderma-based biofertilizers and
bioremediation agents as sustainable agricultural innovations.

2. Methods

This research uses a narrative literature review method to examine and assess various
scientific sources related to the issue of unsustainable management in the preparation of
this essay. This method was used to develop a comprehensive and narrative understanding
from various perspectives of relevant literature. The literature from research that is open
access and indexed globally. This scientific paper summarizes and presents conceptual and
empirical evidence showing that resource management practices that do not consider
environmental, social, and economic aspects in a balanced manner have caused various
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negative impacts, including resource crises, environmental degradation, and social
inequality. The writing in this scientific paper is built on a search of academic journals,
scientific articles, and policy reports related to conceptual and empirical evidence. The
results of this search indicate that unsustainable management practices are still widely
found in various sectors, while emphasizing the urgency of changes towards more
environmentally sustainable management patterns.
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Fig. 1. Research location in Sumatera Island
3. Results and Discussion
3.1 Degradation problems and the urgency of bioremediation

Agricultural development in Indonesia over the past few decades has improved the
economy and public welfare, but in some areas, it has resulted in changes or degradation of
land resources (Wahyunto & Dariah, 2014). Agricultural land use has both positive and
negative impacts, particularly in Indonesia. One negative impact is the decline in soil
function (degradation) on agricultural land. For example, oil palm plantations have been
heavily contaminated by chemical compounds ranging from fertilizers to pesticides, which
impact the physical, chemical, and biological properties of the soil. The impact of land
degradation is not limited to a decline in agricultural productivity but also has far-reaching
implications for ecosystem stability and human health. The accumulation of heavy metals
and toxic compounds in the soil has the potential to contaminate groundwater and enter
the food chain, thereby increasing ecological and health risks. Additionally, land
degradation worsens environmental resilience to climate change because of the reduced
ability of the soil to store carbon and water.

In this context, bioremediation is becoming an increasingly urgent approach to
implement as a solution for restoring degraded land. Bioremediation utilizes the natural
abilities of microorganisms to decompose, stabilize, or transform soil contaminants into less
harmful substances. This approach is regarded as both effective and sustainable because it
not only aims to reduce pollution levels but also enhances the restoration of the soil's
biological functions. Thus, bioremediation has strategic urgency as an environmentally
friendly technology capable of supporting land rehabilitation, maintaining ecosystem
balance, and ensuring the sustainable use of soil resources in the future. The extent of
degraded land in Indonesia has reached an alarming level, and indications are that the area
is increasing. In 2008, 48.3 million hectares of land were severely degraded, or
approximately 25.1 percent of Indonesia's total land area (Putri, 2024). One of the main
factors causing land degradation is the change in land use from forest to agricultural land.
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Intensive agricultural activities without conservation techniques lead to rapid erosion and
decreased soil fertility (Saimah & Sarjan, 2024).

Soil degradation is a major issue in the agricultural and environmental sectors in
Indonesia. Activities such as mining, excessive use of pesticides and chemical fertilizers, and
uncontrolled industrial waste disposal have led to a drastic decline in soil quality. According
to Lubis & Kurniawan (2020), soil degradation not only reduces land productivity but also
worsens the balance of the soil microbial ecosystem. Therefore, a rehabilitative approach is
needed that not only improves the physical and chemical properties of the soil but also
maintains environmental sustainability. One technology that has developed in the last
decade is bioremediation, a process of restoring contaminated soil using microorganisms
that can naturally decompose pollutants.

3.2 The role of Trichoderma in the soil bioremediation process

Bioremediation is a technique that uses living organisms, such as microbes, bacteria,
fungi, and plants, to remove contaminants, pollutants, and toxic substances from soil, water,
and other environments (Ma'rifah et al, 2024). Bioremediation consists of two words,
namely Bio (living things) and Remediation (freeing, suppressing, holding, converting
pollutants into harmless materials). There are two basic methods used: ex-situ
bioremediation and in-situ bioremediation. In-situ bioremediation is bioremediation by
treating contaminated soil and water in its original location. Ex-situ bioremediation
requires excavation of the contaminated area for treatment elsewhere, where microbial
activity and other parameters can be controlled (Aznur et al., 2022). The bioremediation
method used to improve degraded soil is focused on ex-situ bioremediation, which uses
microbes for control. One of the microbes used is Trichoderma.

Trichoderma belongs to a genus of fungi commonly found in soil and has beneficial
properties for plants. The Trichoderma genus is cosmopolitan in soil, on woody materials
(Kesuma et al., 2024), and on decaying vegetables. Trichoderma species are often dominant
components of the soil microflora in highly varied habitats (Lestari, 2021). The
morphological characterization of Trichoderma spp. is distinguished both macroscopically
and microscopically. Morphological characters observed macroscopically include colony
color and shape. Meanwhile, morphological characters observed microscopically include
the shape of conidiophores, phialids, and conidia (Doo et al., 2023).

The use of Trichoderma in agriculture has many positive potentials. Trichoderma can
help plants absorb nutrients, especially phosphorus. Improved nutrient absorption can
impact plant growth and development, including seed production (Lestari, 2021).
Trichoderma spp. plays a role in bioremediation processes, acting as fungi and biological
agents against plant pathogens and can enhance plant growth and development in degraded
land (Pradana et al., 2023). Trichoderma is a genus of soil fungi that has been extensively
studied for its potential to improve the quality of contaminated soil. This fungus has the
ability to produce lignolytic enzymes such as laccase and peroxidase, which play a crucial
role in degrading toxic compounds such as heavy metals, pesticides, and hydrocarbons.
According to Andira (2021), Trichoderma sp. can degrade the heavy metal Cd in
contaminated soil in South Sumatra. Meanwhile, Wang et al. (2024) reported that
Trichoderma harzianum increased the content of soil organic carbon (SOC) by 27.39%,
indicating that T. harzianum could enhance soil enzyme activity and promote the
transformation of organic matter. In addition to its biodegradation capabilities,
Trichoderma is known to act as a biocontrol agent, inhibiting the growth of pathogens such
as Rhizoctonia and Fusarium (Abbas et al, 2022; Pereira et al, 2025). This makes
Trichoderma not only effective as a soil restorer but also as a natural biofertilizer and
bioprotectant in sustainable agricultural systems.

Knowledge of Trichoderma has expanded, incorporating integrated multidisciplinary
approaches exploring its diverse roles as beneficial fungi for plants. By 2025, Trichoderma
species will be talented producers of specialised metabolites, with over 200 isolated
compounds reported recently, the potential of Trichoderma with ongoing discoveries
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driven by advanced genomic sequencing and phylogenetic analyses revealing
unprecedented diversity in habitats ranging from forest soils to agricultural fields (Jin &
Alberty, 2025). Recently, additions such as T. cerradensis sp. nov. and Trichoderma
egyptiacum sp. nov., identified through metagenomic studies in tropical ecosystems
(Peixoto et al, 2025; Rashad et al, 2025). Trichoderma is recognized as a crucial
biotechnological tool in modern agricultural practices, enabling environmentally friendly
innovations such as biofertilizers and microbiome engineering for resilient, low-input
farming systems worldwide.  Trichoderma species exhibit remarkable ecological
adaptability, particularly in colonizing the rhizosphere and plant root systems. Their
capacity for biological control and antagonism highlights their competitive and aggressive
nature in occupying ecological niches. Therefore, it is important to evaluate the potential
impact of Trichoderma on non-target organisms, including plants and soil microbial
communities. It is noteworthy that the presence of Trichoderma is often considered an
indicator of healthy soil (Ratnawati et al. 2023).

Trichoderma core populations are present across a wide range of plant species
worldwide, with endemic plants generally supporting higher abundances of antagonistic
strains (Ismaiel et al, 2024). Agricultural practices, including planting methods and
cultivation practices, significantly influence soil and fungal characteristics in those soils.
Vegetation diversity influences both harmful and beneficial fungi. Typically, microbial
diversity peaks in the bulk soil and declines in the rhizosphere and endosphere. However,
Trichoderma inoculation alters bacterial and fungal populations in all these zones (Saimah
& Sarjan, 2024). Its application, either alone or in combination with organic compost, has
been shown to support plant growth and restructure rhizosphere microbial communities,
particularly by increasing phosphorus solubilization and encouraging beneficial microbial
consortia (Guzman et al.,, 2025).

3.3 Potential of local Trichoderma based on region
3.3.1 Sumatra region

Sumatra has a wide variety of land, ranging from agricultural land to former mining
areas. Local isolates from Sumatra are often exposed to hydrocarbon contamination from
industrial waste and natural resource extraction, as well as high humidity conditions.
Isolates from this region show high effectiveness in degrading aliphatic and aromatic
hydrocarbons and tolerance to partial anaerobic conditions. Scientifically, the metabolic
ability of Sumatran isolation to break down hydrocarbon compounds is stronger than that
of isolates from less exposed regions.

Trichoderma isolates from Sumatra have demonstrated outstanding ability to address
heavy metal contamination, particularly in former industrial areas. Andira (2021) reported
that Trichoderma sp. isolated from South Sumatra significantly reduced cadmium (Cd)
levels. Remediation effectiveness increased when Trichoderma was combined with
nutrient-solubilizing bacteria such as Azotobacter, which synergistically improved soil
structure and enhanced plant growth. This research reinforces the argument that utilizing
local microbes adapted to local environmental conditions is more effective than imported
biological agents. Furthermore, the use of native microbes is considered safer and more
economical because it does not require re-adaptation to Indonesia's tropical climate.

3.3.2 Java region

The Java region generally has soil laden with industrial and intensive agricultural
activity, including heavy metal and pesticide residues. Local isolates from Java tend to
exhibit high degradation capabilities toward complex organic compounds and agrochemical
residues due to adaptation to high pollution pressure and strict microbial competition.
Scientifically, Javanese isolates often show increased production of degradative enzymes
like peroxidase and laccase, as well as stronger biosorption capabilities for heavy metals
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due to repeated exposure to pollutants. This makes isolates from Java superior in scenarios
with mixed contaminants.

In Java, research on Trichoderma isolates has focused more on organic waste
remediation and soil pathogen control. Latief et al. (2022) noted that an isolate Trichoderma
harzianum from a natural forest, East Java, has the potential for bioremediation Mancozeb
fungiside, commonly used in potato fields. The Trichoderma harzianum isolated as a soil
fungus from a natural forest could grow in the fungicide Mancozeb and reduce the residue
of fungicide Mancozeb in soil. Meanwhile, Purwantisari et al. (2021) studied an indigenous
Trichoderma harzianum isolate from Magelang, Central Java, which was applied as a
biocontrol of blight late disease and a biomodulator in potato. The results showed that the
application of this fungus was able to serve as an infectious agent and reduce the intensity
of late blight disease. Both studies confirmed that local Trichoderma isolates from Java have
dual functions: as environmental cleanup agents and as agricultural productivity enhancers.

3.3.3 Sulawesi region

Research on local Trichoderma from Sulawesi shows high potential for improving
nutrient-poor post-mining soil. Rosmana et al. (2019) examined a Trichoderma asperellum
isolate from Sulawesi tested on ex-nickel mining soil. The results showed that this fungus
was able to increase the availability of nitrogen and phosphorus in the soil and improve the
texture of soil that was previously compact and poor in organic matter. This occurs because
the fungus's enzymatic activity can dissolve heavy metal compounds, making nutrients
more easily absorbed by plants. Furthermore, Trichoderma also acts as a growth promoter
for test crops such as corn and soybeans. This finding demonstrates that local Sulawesi
microbes are not only capable of rehabilitating damaged land but also strengthening plant
resilience to environmental stress. Trichoderma sp., indigenous to Gorontalo, is a local
isolate originating from agricultural soil in the Gorontalo region and exhibits better
environmental adaptation than foreign isolates. The specific advantages of this local
Trichoderma lie in its efficient decomposition of organic matter, rapid colony growth, and
potential antagonism against plant disease-causing pathogens commonly found in local
agricultural lands (Pulogu et al. 2025).

In Sulawesi, the potential use of local microbes for soil restoration is further
strengthened by the discovery of Trichoderma sp. isolates in the rhizosphere of plantation
crops. According to Mirta & Rasyid (2023), the presence of this genus in Bulukumba
agroforestry land indicates that Trichoderma is an integral part of the soil fungal community,
capable of surviving on various land cover types. The presence of these native Sulawesi
isolates offers significant opportunities for the development of more effective
bioremediation technologies, as these fungi have naturally adapted to the physical and
chemical characteristics of the region's soil.

The use of Trichoderma isolates native to Sulawesi is a strategic, sustainable solution
for restoring degraded soil conditions. According to a study by Santillan-Culquimboz et al.
(2025), this genus acts as a vital component in cocoa agroecosystems due to its ability to
improve soil nutrient availability. Furthermore, the use of these local strains has proven
effective in increasing plant resistance to various stresses, both biotic and abiotic. In the
context of bioremediation, the success of using local Trichoderma is largely determined by
its adaptability in modulating plant defense systems according to local environmental
characteristics. By optimizing nutrient cycling in specific soil types in Sulawesi, these fungi
sustainably support the natural process of soil fertility restoration.

3.3.4 Kalimantan region

Kalimantan, a region experiencing extensive deforestation and coal mining exploitation,
has also become a research site for local Trichoderma. According to Rosfiansyah & Sopialena
(2024), Trichoderma harzianum, T. koningii, and T. hamatum isolates from East Kalimantan
can suppress the growth of Fusarium oxysporum. T. harzoium potential to reduce the toxicity
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of heavy metals such as mercury (Hg) in post-mining soil and abiotic stress tolerance,
remediation, and degradation potential (Tripathi et al. 2013). These isolates exhibit high
laccase activity, which plays a crucial role in the degradation of hazardous compounds.
When tested on peanut and lemongrass plants, the results showed increased root and stem
growth compared to untreated controls (Kamaruzzaman et al., 2016). Another advantage of
the Kalimantan isolates is their tolerance to extreme pH conditions and high metal levels,
which are major challenges in the bioremediation process of mined land. This research
demonstrates that local fungi from Kalimantan have great potential to support ecological
and economic land restoration.

Research on more than 58 genera and 35 plant families in various habitats of
Kalimantan, Malaysia, has succeeded in isolating various Trichoderma species from surface-
sterilized root tissue. Based on partial sequence analysis of translation elongation factor-1«
(tefl), the identified species include Trichoderma afroharzianum, Trichoderma asperelloides,
Trichoderma asperellum, Trichoderma guizhouense, Trichoderma reesei, Trichoderma
strigosum, and Trichoderma virens. Among all these findings, the taxa Trichoderma
asperellum/Trichoderma asperelloides, Trichoderma harzianum sl, and Trichoderma virens
were recorded as the most dominant or most frequently isolated groups (Cummings et al.
2016).

Local Trichoderma isolates obtained from the Sarawak region of Kalimantan exhibit
superior physiological characteristics in the form of highly aggressive mycelial growth rates.
According to research by Wilson et al. (2022), these isolates were able to fill the entire
surface of the agar medium within three days of incubation, with an average daily growth
rate ranging from 22.2 to 28.8 mm. In the context of remediating degraded soil
(bioremediation), this rapid colonization ability is an important indicator. This allows the
fungus to quickly dominate the ecological space, accelerate the decomposition process of
organic matter, and suppress the growth of pathogenic microorganisms in critical lands of
Kalimantan that experience extreme environmental pressures.

The use of local Trichoderma species from Kalimantan has strategic potential as a
bioremediation agent due to its ability to rapidly and massively colonize degraded soils.
Based on research by Saragih et al. (2022), a variety of isolates, such as T. hamatum and T.
viride, demonstrated functional effectiveness in improving soil biological quality through
enzymatic activity that decomposes complex organic matter. This mechanism is crucial in
Kalimantan because these fungi can increase the availability of bound soil nutrients while
simultaneously improving soil structure damaged by intensive agricultural or plantation
practices. Furthermore, the potential of local Trichoderma lies in its ability to produce
abundant conidia, thus ensuring the sustainability of the nutrient recovery process through
the formation of a stable fungal biomass in the subsoil. With aggressive growth
characteristics and adaptability to the local tropical climate, the use of these native
Kalimantan strains is key to accelerating the restoration of soil ecosystems that have lost
their natural carrying capacity.

3.4 Comparison of the effectiveness of local isolates between regions

The effectiveness of local microbial isolates in soil bioremediation is influenced by local
environmental conditions, contaminant characteristics, and the genetic adaptation of
microbes to local ecosystem conditions. Each region in Indonesia has different soil profiles,
climates, and pollution loads, so local isolates from each region also show different
responses to the bioremediation process. Comparison of Trichoderma in Table 1. Although
Trichoderma isolates from various regions in Indonesia have bioremediation capabilities,
their native environmental conditions greatly influence their effectiveness.

According to a study by Tansengco et al. (2018), Trichoderma virens, T. harzianum, T.
gamsii, T. saturnisporum can tolerate high levels of Cr and Pb. Which indigenuos isolates
from mining areas in Kalimantan and Sulawesi (. That is more adaptable to heavy metals,
while isolates from agricultural areas such as Java are superior in pathogen control and
organic waste processing. This effectiveness is also related to the ability of each isolate to
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produce specific enzymes. For example, Trichoderma sp. produces peroxidase enzymes,
which are efficient in degrading biotic stress (Hazimah et al., 2025), while Trichoderma
asperellum produces chitinase, which is useful in attacking the cell walls of plant pathogens
(Rosyida et al., 2022). In other words, the use of Trichoderma in bioremediation must
consider the compatibility between the isolate's characteristics and the type of pollutant in
a particular region.

Table 1. Comparison of Trichoderma

Region Species of Types of Remediation Potential Refferences
Trichoderma Contamination
Sumatra Trichoderma sp. Heavy metal Decreasing the rate of Cd Putri (2024)
(Cd) to 63%
East]Java  Trichoderma Bioremediation Bioremediation in Latief et al.
harzianum fungicide soil (2022)
Central Trichoderma Biomodulator and Infectious agent Purwantisari et
Java harzianum biocontrol al. (2021)
Sulawesi Trichoderma sp. biofungicide Inhibit pathogen Gusnawaty et al.
against (2014)
Colletotrichum
Kalimantan Trichoderma viride Bioremediation P uptake Savira et al.
T. harzianum, T. (2024)
koningii

3.5 Innovation in Trichoderma application in bioremediation technology

Trichoderma has various functions in its application, including biopesticide and
bioremediation. One innovation that has utilized Trichoderma as a biopesticide is nano-
bioformulation. Nano-bioformulations prepared using biological sources of nanoparticles
are potential organic pesticides, which could be an important component of organic
agriculture. This opens up the possibility of reduced use of synthetic pesticides, ultimately
reducing pesticidal pressure on the environment (Nandini et al. 2024).

Table 2. Innovation of Trichoderma

Innovation Potential Refferences

nano-bio formulation Organic pesticide Nandini et al. (2024)

Trichoma + Biochar Bioremediation Martins et al. (2025)

Trichoma + T-mix Bioremediation and Anandan et al. (2026)
Biofungisida

Biological Mecanism/ Fitobial = Bioremediation Tripathi et al. (2013); Abbas et

al. (2014)
Bioabsorption Bioremediation Awasthi etal. (2017)
Intregated system Bioremediation Pastor etal. (2023)

Trichoderma plays a dominant role as a bioremediation agent for soil contaminated
with heavy metals or residues detrimental to soil biological sustainability. As environmental
technology advances, various Trichoderma-based innovations are being developed to
increase bioremediation efficiency. One approach currently being implemented is the use
of Trichoderma sp. mixed with organic materials such as biochar, which can improve the
root architecture, rhizosphere, soil chemical and biological properties in a regenerating area
(Martins et al., 2025; Anandan et al. 2026).

From a biological mechanism perspective, Trichoderma is also very useful as a
biological or phytobial remediation tool for environmental contaminants (Tripathi et al.
2013; Abbas et al. 2014). This innovation aims to extend the lifespan of fungi in the soil and
increase their enzymatic activity. Furthermore, Trichoderma plays a role in bioabsorption:
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the Trichoderma sp. was found to be an excellent fungal agent for Cd2* absorption. It is an
innovative tool for the bioremediation of metal-contaminated municipal solid waste
leachate (Awasthi et al. 2017).

From a system integration perspective, Trichoderma can play an optimal role when
combined with other microorganisms. Research by Pastor et al. (2023) shows that
combining Trichoderma with other microbes, such as Pseudomonas fluorescens or Bacillus
subtilis, can accelerate the remediation process of hydrocarbon-contaminated soil. Drone-
based applications and soil sensors to map contaminated areas and regulate inoculum
distribution are also being tested in several industrial areas. This breakthrough
demonstrates that the use of Trichoderma is no longer limited to conventional methods but
can be integrated with precision technology.

3.6 Challenges and prospects for local Trichoderma development in bioremediation

Trichoderma is soilborne and associated with plant roots and is commonly considered
for its potential to control plant diseases, with many aspects of its endophytic association
characteristic (Haryadi et al. 2019). These fungi colonize the root epidermis and outer
cortical layers and also release bioactive compounds that cause walling off of the
Trichoderma thallus. Alma'sum et al. (2025) found that Trichoderma sp. is relatively
abundant in nature, especially in soils with high organic matter content. Trichoderma sp. is
known as a natural antagonist capable of suppressing the growth of various pathogens that
cause plant diseases, such as Fusarium oxysporum, Rhizoctonia solani, and Phytophthora
palmivora.

The use of fungi that has an antagonistic role is expected to be an effort to protect plants,
soil and save harvests while increasing productivity and production quality. Trichoderma
spp. functions as a decomposer to produce organic fertilizer (Darotin et al., 2023). The use
of local biological agents in the form of Indigenous Trichoderma spp. that have adapted to
their native environment can be an effective biological control in their area. Biological
control is locally specific, that is, antagonistic microorganisms found in an area will only
produce good results in their area of origin (Berlian et al., 2016).

Although the potential of local Trichoderma species in soil bioremediation is very
promising, several challenges remain in its application in the field. One major challenge is
the limited data on the physiological and genetic characteristics of local isolates from
various regions in Indonesia. According to Moreno et al. (2025), the widespread application
of the most studied Trichoderma strains has been limited by discrepancies between their
potential results observed in controlled environments and the outcomes in greenhouses and
field conditions. This means that laboratory successes may not necessarily translate into
practical solutions applicable on a large scale.

Furthermore, the availability of formulation technology and isolate storage remains a
challenge, especially in areas lacking adequate research facilities. Other challenges arise
from social and policy perspectives. Trichoderma-based inoculants as crop amendments are
promising, considering the multipurpose use of these fungal strains in agricultural systems
and also the wide range of pathogenic biocontrol and their capability of the strains of this
genus to establish symbiotic relationships with almost all kinds of plant crops, thus
contributing to the development of sustainable agrosystems (Ramirez-Carifio et al., 2025).
Education, training, and regulatory support are needed to ensure that the use of local
microbes becomes part of the national sustainable land management program.

However, the prospects for developing local Trichoderma are very promising. Support
from environmentally friendly agricultural programs, government initiatives on critical land
restoration, and the trend of regenerative agriculture present significant opportunities for
the development of biological microbial applications. Research based on molecular
technology has also begun to identify bioremediation genes, such as Metagenomic analysis,
which opened new frontiers to analyze microbial communities, their genetic diversity, and
metabolic pathways. It has provided opportunities to discover microbial consortia and
genes involved in the bioremediation of xenobiotic compounds (Chandran et al. (2020).
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The prospects for developing local Trichoderma are very promising. Support from
environmentally friendly agricultural programs, government initiatives on critical land
restoration, and the trend of regenerative agriculture present significant opportunities for
the development of biological microbial applications. Research based on molecular
technology and bioinformatics has also begun to identify genes.

4. Conclusions

Soil degradation in Indonesia is a serious challenge impacting agricultural productivity
and environmental sustainability. This study demonstrates that local Trichoderma species
have significant potential as bioremediation agents, capable of degrading pollutants,
improving soil structure, and suppressing pathogen growth. Each isolate from different
regions exhibits unique biological and functional characteristics, relevant to the pollution
conditions in their respective regions.

Despite its promising potential, the utilization of local Trichoderma species still faces
challenges, such as limited isolate data, limited technology adoption in the field, and a lack
of regulatory support. Therefore, cross-sector collaboration is needed to encourage applied
research, biofertilizer product development, and farmer education so that local
Trichoderma can be optimized as a sustainable agricultural solution in Indonesia.

The application of this technology needs to be integrated into the national soil
restoration program and supported by community-based initiatives that utilize local
microbes. Policy support, evidence-based technical implementation, and strengthening
advanced research are key to improving the effectiveness and sustainability of
bioremediation in future soil management.
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