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ABSTRACT

Trichoderma is a filamentous fungus that is widely distributed in the soil,
plant material, decaying vegetation, and wood. It belongs to the family
Hypocreaceae. They have high potential for colonizing their habitats and have
various applications in food industry, agriculture, as a biocontrol agent with in
mechanism involving antibiosis, competition, mycoparasitism, promotion of
plant growth, solubilization and sequestration of inorganic plant nutrients,
inducing resistance and inactivating pathogen’s enzymes and also as a source and
of transgene. The major driving force for investigation of biocontrol with
Trichoderma is sustainability. As a plant symbiont and effective
mycoparasites, numerous species of this genus have the potential to become
biofungicides. the extensive studies on Trichoderma, including its diverse
physiological traits available, is still progressing and making these fungi
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antibiosis,

INTRODUCTION

Trichoderma is a genus of fungi in the family Hypocreaceae,
thatis found in many ecosystems. They are frequently found
in soil and growing on wood, bark, which demonstrates their
high opportunistic potential and their adaptability to various
ecological conditions. Some of them also have been found to
grow on other fungi.

The first description of a fungus named Trichoderma as
genus was made back in 1794 described by Christiaan
Hendrik Persoon [1], but the taxonomy has remained
difficult to resolve. For a long time, it was considered to
consist of only one species, Trichoderma viride, named for
producing green mould. At present, the International Sub
commission has listed around 104 species of Trichoderma/
Hypocrea, which have been characterized at the molecular
level. Around seventy-five species of Trichoderma have been
identified in temperate Europe [2]. Generally, this fungus has
an optimal growth range of 25-30 °C, and they show no
growth at higher temperatures.

For culturing the most suitable media are cornmeal dextrose
agar, in which the transparent colonies are seen; and potato
dextrose agar, which results in white colonies. Into the agara
yellow pigment may be secreted. In case of some species,
production of a sweet or coconut odour can be seen.

Many strains of Trichoderma have no sexual stage but
instead they produce only asexual spores. Teleomorphs (the
sexual reproductive stage) of Trichoderma are characterized
by the formation of fleshy, stromata in shades oflight or dark
brown, yellow, or orange. Whereas, the ascospores are
bicellular and often green in colour [3].

mycoparasitism,
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With respect to various characteristics and applications
Trichoderma is one of the best studied fungi with the genome
of three species currently available, including distribution
and phylogeny, defence mechanisms, beneficial as well as
deleterious interaction with hosts, enzyme production and
secretion, sexual development, and response to
environmental conditions such as nutrients and light, which
has help us to understand how successful colonizers they are
of their habitats, including the efficiently of fighting their
competitors. Then they start their potent degradative
machinery for decomposition. Thus, they are being used as
promising biological fungicides, and also as secondary
metabolites with potential applications as novel antibiotics.
This review aims to give a broad overview about highlights
of the intriguing findings as well as promising applications of
the best studied Trichoderma species defining its qualities
and versatility.

1. Applications of Trichoderma

1.1. Food Industry

Trichoderma have been extensively used in the food
industry. Enzymes and metabolites of Trichoderma spp. are
used as additives. The enzymes obtained from Trichoderma
spp has various applications [4,5]. Currently, various
enzymes obtained from Trichoderma spp are -glucanases
used to improve the brewing process, pectinases, cellulases,
hemicellulases are used in fruit juice production, xylanases
are used as feed additive in livestock farming or as a food
source for pets. Cellulases are mainly applied in baking,
malting, and grain alcohol production [6]. One of the first
products isolated from T. viride was a chemical with
coconut-like aroma, 6-pentyl-a-pyrone with antibiotic
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properties, the production of which was constantly
improved to reach concentrations of more than 7 g/L using
T. atroviride nowadays [7,8]. It was proposed to use T.
harzianum as a food preservative because of its anti-fungal
properties but it was not implemented for commercial
application [9].

Housseiny and Aboelmagd (2019) research has shown
evidence of using naringinase enzyme extracted by T.
longibrachiatum. Naringinase is an enzyme used for
enzymatic debittering. Research showed that nano-
encapsulation of naringinase on chitosan exhibits higher
stability to temperature and pH (4.0 to 7.0), and better
kinetic and operational stability in comparison to free
enzyme with retention of 67% of its initial activity even after
13 cycles of use [10]. Also, Kapoor and Igbal (2013)
extracted tannase from T. Harzianum. Tannase is used for
clarification of fruit juices. Tannase extracted from T.
Harzianum showed decrease of tannin by 57% [11].

1.2. Agriculture

As the human population is increasing day by day, the
demand for more agricultural productivity including its
quality is also increasing, which has led to an excessive use
of chemical fertilizers, creating serious environmental
pollution. However, people are now understanding the
effects of pollution and thus are using an alternate way i.e.
biofertilizers and biopesticides, as it helps in providing a
sustainable as well as high production with low ecological
impact. The studies have shown that the different soil-borne
bacteria and fungi are able to colonize plant roots and they
have beneficial effects on the plant, the classic examples are
mycorrhizal fungi and Rhizobium bacteria.

There are plant-growth-promoting rhizobacteria (PGPR) and
fungi such as Trichoderma spp. and Piriformospora indica,
which help in plant growth by suppressing plant diseases
[12]. These micro-organisms form associations and interact
with other microbes in the rhizosphere, thus help in plant
growth and yield as well as provides disease protection.
These associations are involved in molecular recognition
between the two partners through a signalling network
mediated by the plant hormones salicylic acid (SA), jasmonic
acid (JA) and ethylene (ET). The hormones like JA and ET
have been found out to work as signal transduction
molecules for induced systemic resistance (ISR) due to the
effect of beneficial microbes, and the signal transduction
pathway through SA accumulation is found in the systemic
acquired resistance (SAR) induced by attack by pathogens. A
common feature of ISR responses to beneficial microbes is
enhancement of defence i.e. defence priming. In defence
primed plants, the responses are not activated directly, but
by the attack of pathogens they are accelerated which results
in faster and stronger resistance to the particular pathogen
[13].

Many species in this genus have been characterized as
opportunistic avirulent plant symbionts. By inhibiting plant
pathogens, some strains can reduce the severity of plant
diseases, mainly in the soil or on plant roots, through their
high mycoparasitic and antagonistic potential [14].

There are some Trichoderma rhizosphere-competent strains
which have been shown direct effects on plants. The effects
were as follows: increasing their growth potential and

nutrient uptake, stimulation of plant defences against biotic
and abiotic damage and fertilizer use efficiency, percentage
and rate of seed germination [15]. It has been well
established that microbes closely associated with plant roots
can directly influence plant growth and development, and
this ability has been reported for Trichoderma species for
many years. For example, there was a report on a significant
increase in the height (28%) and weight (8%) of dwarf
tomato plants grown in sterile conditions after treatment
with Trichoderma viride [16]. Similarly, it was also observed
that there is enhanced germination, more rapid and
increased flowering, and increased heights and fresh weights
in a number of plant species, including pepper, periwinkle
and chrysanthemum after soil treatment with Trichoderma
harzianum [17]. Interestingly, a report had previously tested
the same isolates for growth promotion and obtained
different results indicating a lack of consistency in the
expression of the growth promotion effect [18]. A report
demonstrated plant growth promotion by T. harzianum and
Trichoderma koningii strains in corn, tomato, tobacco and
radish thatincluded increased germination rates, emergence
and dry weights [19]. Since then, numerous other reports
have demonstrated plant growth promotion on a wide range
of plants by different species of Trichoderma.

1.3. Biological control agent:

Trichoderma species is considered as promising biological
control agents against numerous phytopathogenic fungi.
Despite the substantial research on capability of
Trichoderma spp. to reduce the occurrence of disease caused
by soilborne plant pathogens, the mechanism by which
disease control is achieved is not clearly understood. The
mechanisms suggested to be involved in bio-control by these
fungi are antibiosis, competition, mycoparasitism, promotion
of plant growth, solubilization and sequestration of inorganic
plant nutrients, inducing resistance and inactivating
pathogen’s enzymes.

1.3.1. Antibiosis

Trichoderma has been recommended to produce antibiotics
and secondary metabolites during microbial development
and sporulation, and are among the most important natural
products that inhibits microbial growth. Of these, alkyl
pyrones, isonitriles, polyketides, peptaibols,
diketopiperazines, sesquiterpenes, and steroids have
frequently been associated with biocontrol activity of some
species and strains of Trichoderma. Trichoderma harzianum
has shown antibiotic activity against phytopathogens such as
L. maculans (causative agent for blackleg diseaseon
crucifers), P. cinnamomi (causative agent for forestdieback
disease), B. cinerea (causative agent for various greymould
diseases) [20].

Mutations have been introduced in certain strains that have
been expected to be involved in biocontrol activities. Many of
these mutants show better biocontrol activity than the
parental strains. For example, scientists were able to prepare
UV mutants of a strain of T. harzianum that produced the
antibiotic 6-n-pentyl pyrone but lacked ability to produce
isonitrile antibiotics [21]. This is believed to be due to
mutation causes expression of those pathways and
regulatory processes that had been silenced in the parental
organism. Experiments like these strongly suggest that the
parental strain have cryptic genes which were not expressed
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until their activities were in some way released through the
mutation process [22].

1.3.2. Mycoparatism

Mycoparasitism is defined as the interrelationships of a
fungus parasite and a fungus host. The term mycoparasite is
defined as fungi that has the ability to parasite other fungi
and mycohost means the fungi act as host to be parasitized.
Mycoparasitism has long been considered an important
mechanism of action of biocontrol by Trichoderma spp. This
is a process that involves tropic growth of the biocontrol
agent toward target fungi, lectin-mediated coiling of
attachment of Trichoderma hyphae to the pathogen, and
finally attack and dissolution of the target fungus’ cell wall by
the activity of enzymes, which may be associated with
physical penetration of the cell wall.

Research by Lifshitz, R it is strongly seen that Trichoderma
spp has been able to control damping off of pea plants. This
was proven when they observed hydrolytic enzymes like
beta-1, -3-glucanase and cellulase. Also, T harzianum also
causes to control damping off caused by P anphanidermatum
was correlated to the level of hydrolytic enzyme produced in
soil [23].

1.3.3. Competition

Micro-organisms that are present in soils and living plant
surfaces are frequently available in environment where
nutrient is limited. For successful colonization in the
phytospere a microbe must effectively compete for available
nutrients. Exudates, leachates, or senesced tissue provide
nutrients on the surface of the leaves. Also, nutrients can be
obtained from waste products of other organisms such as
insects (e.g. aphid honeydew on leaf surface) and the soil.
While difficult to prove directly, much indirect evidence
suggests that competition between pathogens and non-
pathogens for nutrient resources is important for limiting
disease incidence and severity [24]. Research by F. Vinale et
al. which was to find out factors affecting the production of
Trichoderma harzianum secondary metabolites during the
interaction with different plant pathogens. It was observed
that T. Harzianum strain T22 showed a broad spectrum of
activity even if applied at low concentrations, while T39
butenolide and harzianolide secreted by strain T39
significantly inhibited pathogens growth only when used at
higher concentrations. Not only this confirmed the
knowledge of the spectrum of antifungal activity of these
secondary metabolites but also proved competation between
two pathogens. This is an effect attributed to concentration
[25].

1.3.4. Tolerance through Biotic and Abiotic stresses

through enhanced root development
Another possible mechanism recently gaining attention is
tolerance to stress through enhanced root and plant
development. The drought tolerance and enhanced nitrogen
utilization indicated in are examples of this mechanism. The
enhanced rooting also probably also induces tolerance to
pests that it does not directly control. Indeed, in several
studies, it was found to have no effect on this pathogen.
However, growers have indicated that Phytophthora-
attacked plants were larger in the presence of T-22 than in
its absence. It is not directly proven but it is believed
enhanced rooting can withstand the damaging effects of the
pathogen [26].

1.3.5. Solubilization and sequestration of inorganic
plant nutrients

In soil, microorganisms can influence the solubility of
different insoluble compounds to soluble forms. This is
observed in T-22 strain to enhance nitrogen use efficiency in
corn. However, this strain can also solubilize a number of
poorly soluble nutrients like rock phosphate, Zn metal,
Mn4+, Fe3+, and Cu2+; these processes are not due to

medium acidification or production of organic acids [27].

1.3.6. Induced resistance

Trichoderma species induce elicitors that activated the plant
defence responses. These responses are introduced due to
xylanase of Trichoderma virdehave been examined. Xylanses
induces plant defence responses including K+, H+, AND
Ca+2channelling, pre protein biosynthesis, ethylene
biosynthesis, and glycosylation and fatty acylation of
phytosterols [28].

Some Trichoderma strains are able to induce systemic
resistance. The performance of Trichoderma harzianum,
strain T-22 (T22) to control Cucumber mosaic virus (CMV)
in Solanum lycopersicum var. cerasiforme was studied. The
analysis of plant hormones demonstrated that treating with
T22 before or at the same time when CMV infection takes
place, led to a systemic resistance by jasmonic acid/ethylene
and salicylic acid signalling pathways [29].

1.3.7. Inactivation of pathogen’s enzymes
Trichoderma species have an ability to inactivate or reduce
the action of enzymes. Two isolates of Trichoderma
harzianum (T39 a biocontrol agent, and NCIM 1185) were
studied and tested for their capacity to reduce the level of
hydrolytic enzymes. Out of which T39 was the better
inhibitory agent. It reduced enzyme levels of enzymes like
cutin esterase, exoPG, endoPG, PME, PL and CMCase,
respectively [30].

1.4. Source of transgenes

The characteristics of Thkel1 which is a gene that codes for a
presumed kelch-repeat

protein, were determined after isolation. It was found that
when this gene was silenced in T. harzianum, it leads to a
loss of mycelial growth and glucosidase activity in the
presence of abiotic stress environmental conditions. If this
particular gene was expressed in Arabidopsis the plant
tolerance to salt and osmotic stress conditions was
improved, followed by a rise in glucosidase activity and
abscisic acid levels were decreased when compared to those
found in wild-type plants.

The expression of Thkell gene in T. Harzianum T34 was
carried out under various growth conditions, and the
maximum transcript levels were observed at 42C and with
the addition of 10% Anclote expression of this gene does not
increase due to glucose starvation but gets suppressed if
glucose is present. When functional analysis of the Thkell
gene was carried out by a silencing method in T. harzianum
T34 it was seen that Thkelltransformants has less qRT-PCR
transcriptlevels as compared to the wild-type strain, grown
under conditions of highest gene expression that is 4BC for
4h.

ThKEL1 shares homology with Arabidopsis ESPs which have
amajorrole in the complex regulatory glucosinolate defense
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system. Moreover, one of the 6 ESPs present in Arabidopsis
has been considered to be the ancestor of proteins with
kelch motifs, also found in presumed proteins from
Aspergillus and Gibberella, and has the highest similarity
with ThKEL1.

Prominent colony growth variations were seen between
wild-type and silenced transformants when salt or mannitol
was added in the medium, indicating the involvement of
ThKEL1 in tolerance of fungi to salt and osmotic stress
conditions.

Some plant glucosidases are related to responses of plants to
biotic or abiotic stresses. Hence, taking into consideration
the behaviour of Thkell in Trichoderma, it should not be
neglected that the increased expression of Thkell in
Arabidopsis can enhance plant responses to abiotic stresses
[31].

An endochitinase gene from T. harzianum was expressed in
tobacco and potato at increased levels, and both secretion
peptides from fungus and tomato were appropriately
cleaved and this led to the accumulation of the transgenic
enzyme outside the plant cell. This implied that genes and
signal sequences from fungi may be used to secrete and
accumulate fungal enzymes in plants or also in media
consisting of plant cell suspensions. The introns of the
genomic copy (p35S-ThEn42) in Trichoderma were spliced
correctly in the plant. The level of transcription obtained
with the genomic copy was much higher when compared
with the original cDNA copy and as high as with the cDNA
engineered to enhance the stability of menthe gene
expression in plants increases when there is presence of
introns and the absence of other noncoding fungal
sequences.

It has been observed that disease resistance in various crops
gets improved due to transgenic expression in plant of
chitinase genes. Expression of ThEn-42 in tobacco and
potato produced almost complete resistance to R. solani, A.
solani, B. cinerea, and A. alternata, was found to be
genetically stable and transferred directly to the progeny.
This increased level of resistance to both foliar and soilborne
pathogens indicates a major improvement in comparison to
results from transgenic expression of chitinase genes from
plants or bacteria. This improvementis related to the finding
that chitinases and other cell wall degrading enzymes from
Trichoderma have a stronger and wider spectrum of
antifungal activity in comparison to corresponding plantand
bacterial enzymes. The Trichoderma enzyme is highly
coordinated with antifungal pathogenesis that is related
proteins in plants, such as tobacco osmotin and the
Trichoderma endochitinase in plant tissues released from
the cell wall of invading fungi compounds can bring about
the plant defence response [32].

The induction of plant responses by Trichoderma depends
on concentration. During the starting interaction between
the strain T34 belonging to Trichoderma asperellum and
plant roots of cucumber, salicylic and jasmonic acid levels
and typical antipathogenic peroxidase activity increase in
the cotyledons to varied degrees depending on the applied
concentration of the fungi. Utilization of 2-DE protein
profiling method and also MS analysis led to the

determination of 28 proteins whose expression was
influenced in cotyledons after cucumber root colonization
by Trichoderma applied at high concentrations: 17 were
found to be up-regulated and 11 were down-regulated.
Trichoderma differentially regulated the proteins involved in
ROS scavenging, stress response, isoprenoid and ethylene
biosynthesis, and in photosynthesis, photorespiration, and
carbohydrate metabolism. The analysis of proteome changes
gives an explanation of how plants treated with Trichoderma
eventually become more resistant to attacks by Trichoderma
by the variation in expression of a group of proteins that are
defence-oriented which can either protect the plant directly
or cause changes in the metabolism to a defensive and non-
assimilatory state [33].

The 42-kDa endochitinase (cht42) gene was obtained from
the mycoparasitic fungus, Trichoderma virens and is driven
by 35S CaMV promoter, was transferred into rice by
Agrobacterium-mediated transformation. Eight transgenic
plants harbouring single copies of complete T-DNA were
determined by Southern blot analysis. Using Southern blot
analysis homozygous transgenic plants were identified for
five lines in the T1 generation. Homozygous T2 plants
together accumulated high levels of the cht42 transcript, and
2.4- to 4.6-fold increase in chitinase activity in total leaf
extract and 1.6- to 1.8-fold higher chitinase activity in the
extracellular fluid was observed. When infection assays were
carried out on the homozygous T2 plants with Rhizoctonia
solani, up to 62% reduction in the sheath blight

disease index was found [34].

2. Future Prospect

The dominant topics in our everyday now is the sustainable
economy and protection of our environment and one
alarming report about contaminated landscapes or
catastrophes caused by climate change follows another.
Today, almost 87% of energy used in the world comes from
non-renewable sources like natural gas, oil, and coal [35].
Although in order to decrease the requirement for fossil
fuels, biofuel production is now being pushed. In order for
the generation of this fuel i.e. second-generation biofuels
must be produced from the agricultural waste products by
the aid of cellulases and hemicellulases (produced for
example by T. reesei) and lastly fermentation of the resultant
oligosaccharides is done by yeast.

The major driving force for investigation of biocontrol with
Trichoderma is sustainability. Numerous species of this
genus have the potential to become biofungicides as they are
plant symbiont and effective mycoparasites.

The fields like green and white biotechnology become
increasingly important for environmentally safe production
of enzymes and antibiotics. By the studies on molecular
physiology and regulatory processes, these industrial
applications will also be benefited, which continuously
reveal novel and valuable metabolites and enzymes to be
modified or adjusted for cost effective

high yield production.

Lastly, the extensive studies done on this genus
Trichoderma, including its diverse physiological traits
available, is still progressing and making these fungi
versatile model organisms for research on both industrial
fermentations as well as natural phenomena.
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