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ABSTRACT

Plant disease management presently relies heavily on chemical fungicides.
However, their harmful impact on human and ecosystem, and development of
fungicide-resistant strains has emphasized on biological control as alternative
eco-friendly strategy for disease management and sustainable agriculture.
Trichoderma is a widely used as biocontrol agent against various phyto-
pathogenic fungi owing to its effective strategies to suppress plant pathogens.
The control phenomenon involves direct mechanisms like mycoparasitism,
secretion of hydrolytic enzymes which degrade the cell walls of pathogenic
fungi, and indirect mechanisms like competition for resources, induction of
plant defense mechanism and antibiosis. Trichoderma’s multifaceted approach
to biological control makes it environment-friendly option for managing plant
diseases. Recent biotechnological approaches have simplified the isolation and
characterization of efficient biocontrol agents, along with the identification of
their genetic by-products. These techniques facilitate the cloning of these
microbes in plants, with aim to bolster their resistance to both biotic and
abiotic stresses. Biotechnological advances have not only reinforced the
symbiotic interaction between microbes and plants but also allowed the
modification of processes through microbial biocontrol agents (MCBAS).
Genome sequencing of MBCAs has provided valuable insights into their
genetic makeup, aiding their characterization. The present comprehensive
review provides an insight to the existing and recent molecular advances
utilized to enhance the efficiency of MBCAs in managing plant diseases and
understanding biocontrol mechanisms through various omics technologies.

Keywords: Biological control, genomics, mutagenesis, phytopathogens,
proteomics, transcriptomics, Trichoderma

1.INTRODUCTION

By 2050, the overall population of world may reach roughly 9.1 billion, thereby increasing the need
to directly increase agricultural food production almost by 70% to feed this rising population. As per
conservative estimates, plant diseases annually cause 10-15% direct economic losses to major food
crops (Peng et al., 2021). Among the diseases of various fungal, bacterial, and viral etiology, more
than 10,000 pathogenic fungal species are inflicted to cause 70-80% diseases worldwide. To control
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these diseases, inorganic and organic chemical fungicides of different formulations that are capable
to inhibit growth and kill the spores/ mycelium of causal organisms are frequently used. However, the
use is in an injudicious manner (Sood et al., 2020). These chemical fungicides not only are expensive,
but their use in crop protection often build up toxins that are harmful to humans and their ecosystem
(Sood et al., 2020). The fungicide use also exhibits numerous detrimental effects on soil, water,
environment, and human health and leads to the development of fungicide-resistant strains. For
instance, more than 20 plant pathogens like Colletotrichum graminicola, Pythium aphanidermatum,
Pyricularia grisea, Puccinia horiana, Botrytis cinerea, Alternaria alternata, A. solani, Uncinula
necator, Plasmopara viticola, Venturia inequalis, Erysiphe (Blumeria) graminis f. sp. tritici, E.
graminis f. sp. hordei, Mycosphaerella graminicola, M. fijiensis, Mycovellosiella nattrassii,
Podosphaera, (sphaerotheca) fusca, Pseudoperonospora cubensis, Didymella bryoniae, and
Corynespora cassiicola are reported to be strobilurin-resistant worldwide (Singh et al., 2020, Nabi et
al., 2023). There are many reports of fungicide/bactericide resistance development in different plant
pathogens such as Magnaporthe grisea (organophosphorus fungicides, MBI-Ds), Botrytis cinerea
(Fluazinam), Pseudoperonospora cubensis, Phytopthora infestans (phenyl amides), P. cubensis,
Monilinia natrassii, Corynespora cassiicola, Colletotrichum gleosporioides (Qols /strobilurins), B.
cineria, Venturia naschicola, M. fructicola, Gibberella fujikuroi, Tapesia yallundae, Fusarium
graminearum, Cercospora kikuchii, C. gleosporioides, Elisinoe fawcetti, E. ampelina (benzimida-
zoles), M. grisea, Pseudomonas avenae (kasugamycin), Alternaria alternate (polyoxin), B. cinerea,
A. alternata (dicarboximides), Podosphera (sphaerotheca) fuca, Erysiphe (Blumeria) graminis f. sp.
tritici, S. aphanis var. aphanis, Mycovellosiella nattrassii (sterol demethylation inhibitors), P. glumae,
P. avenae (oxolininic acid), Xanthomonas campestris pv. prunii, P. syringae pv. lachrymans
(streptomycin) for which alternative management strategies are required (Nega and Healthcare,
2014). To minimize the use of chemical fungicides, the biological control method is a feasible
attractive alternative strategy to combat plant diseases and attain a sustainable agriculture system.

Biological control involves the use microbial antagonists to suppress or manage diseases and
pests including weeds. A living organism that controls the pest or pathogen is called a biological
control agent. Predominantly, the biological control term is also used for the use of natural products
extracted or fermented from various biological sources. In strict sense, biocontrol is the suppression
of pest(s) with the help of other organism. As per legal definition, a biological control agent is a plant
pest, an invasive alien species, a quarantine plant pest, a plant protection product, a harmful organism,
or any combination of these (Ward, 2016) which reduce pests including pathogens, insect pests, and
weeds by exploiting living organisms including viruses for the welfare of humans (Stenberg et al.,
2021). Biocontrol is used as an abbreviated synonym for biological control agents. There are different
types of microbial species used as biocontrol agents, among them Trichoderma is readily used as a
biocontrol agent against different phytopathogenic fungi (Ghazanfar et al., 2018).

2. TAXONOMY OF TRICHODERMA

Trichoderma was first cited by Persoon in 1794 in his fungal classification but other fungi like
Ascobolus, Puccinia and Mucor, and some slime molds like Stemonitis, Trichia and Physarum were
also incorporated in his classification. Bisby first proposed T. viride as a species of Trichoderma
from 1939 to 1969 and all the strains were identified as T. viride on Bisby’s concept. So before 1969,
most of the taxa determined are misidentified probably since T. viride is relatively a rare species.
Rifai in 1969 acclaimed nine “aggregate species” based on an analysis of morphological
characteristics namely T. harzianum Rifai, T. koningii (Oudem.) Duché and R. Heim, T. viride, T.
hamatum (Bonord.) Bainier, T. pseudokoningii Rifai, T. piluliferum J. Webster and Rifai, T.
polysporum (Link) Rifai, T. longibrachiatum Rifai and T. aureoviride Rifai. In early 1990s, 27
biological species and 5 sections were identified within Trichoderma genus. For molecular species
identification, the introduction of tools like polymerase chain reaction (PCR) based random amplified
polymorphic DNA markers (RAPD), coding sequence variation phylogenetic markers, and
restriction fragment length polymorphism (RFLP) markers had a remarkable influence on the
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taxonomical development of fungi. From late 1990s to 2002, the number of Trichoderma species
rose to 47 (Kullnig-Gradinger et al., 2002). Trichoderma presently contains at least 469 species
names, 382 of which are currently valid. Fourteen species could not be identified even at molecular
levels, but 365 species had DNA barcodes for at least one, and usually many, DNA loci. Identification
of Trichoderma species is a complex and time-consuming operation that necessitates a clear concept
in mycology, molecular biology abilities, molecular evolution, and extensive taxonomic literature
survey. Modern diversity in Trichoderma spp. cannot be recognized using automated sequence
similarity searches (NCBI BLAST or MIST BLAST) or oligonucleotide DNA barcodes like
TrichOKEY. In silico, validation and biological verifications are desired for all molecular
identifications. Similarly, Trichoderma spp. can’t be identified using phylogenetic analysis alone
unless the sequence similarity values to the entire collection of closely related species are included.
Because of the large number of cryptic and closely related Trichoderma species, reliable molecular
identification needs the examination of at least three DNA barcodes: ITS, tefl, and rpb2. However,
only 273 species have access to the sets of these three loci. Unambiguous identification is only
achievable for up to 224 species or 60% of the total number of species because many of these species
were identified by insufficient reference sequences or shared tefl or rpb2 with other species.
Currently, 40% of Trichoderma species can be molecularly identified with some degree of
uncertainty, therefore either high accuracy (lower taxonomic resolution) or precision (lower
accuracy) should be chosen (Table 1) (Cai et al., 2022).

Table 1: Outline of historical developments in Trichoderma species

S. No. Major contribution Reference
1. Coined the term Trichoderma Ch (1794)
2. Trichoderma viride Pers. ex Fries, and notes on Hypocrea Bishy (1939)
3. Species aggregates Rifai (1969)
4. Cellulase production by T. reesei Montenecourt & Eveleigh (1979)
5. Mycoparasitism by Trichoderma Chang et al. (1986)
6. Multigene phylogeny Kullnig-Gradinger et al. (2002)
7. Release of H. fecorina/ T. reesei genome Martinez et al. (2008)
8. Molecular phylogeny and species delimitation in the section Druzhinina et al. (2012)
Longibrachiatum of Trichoderma
9. Sequencing the genomes of T. harzianum, T. asperellum, T. JGI genome (https://genome.

longibrachiatum, T. virens, T. atroviride, T. asperellum, and jgi.doe.gov/portal/2012)
T. citrinoviride

10. Sequencing of genomes of T. helicum, T. koningiopsis, T. JGI genome (https://genome.jgi.
pleuroticola and others doe.gov/portal/2018)
11. Whole-genome sequence - T. harzianum species complex Baroncelli et al. (2015); Fanelli
et al. (2018)

12. Complete genome sequence, repeat-induced point mutation, and Li et al. (2017)
partitioning of CAZyme gene clusters - T. reesei
13. Evolution and comparative genomics of Trichoderma species Kubicek et al. (2019)

3. TRICHODERMA AS AN EFFECTIVE BIOCONTROL AGENT

Genus Trichoderma belongs to phylum: Ascomycetes, class: Sordariomycetes, order: Hypocreales,
and family: Hypocreaceae. Trichoderma species are green-spored ascomycetes present in nearly all
types of temperate and tropical soils. They are found in decaying plant materials and in rhizosphere.
A biologically active volatile compound (6-pentyl-a-pyrone) is responsible in some species for
producing a characteristic sweet or ‘coconut’ odour (Brotman et al., 2012). There are multiple
mechanisms whose activation is responsible for the antagonistic properties of Trichoderma. Various
strains of Trichoderma act directly or indirectly as a biological control agent against fungal plant
pathogens (Poveda, 2021). Mycoparasitism is a direct mechanism while indirect mechanism involves
modification of environmental conditions, induction of plant defensive mechanism, antibiosis and
competition for nutrients and space (Gajera et al., 2013).
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Direct mechanism

Mycoparasitism: Mycoparasitism is a way of living wherein an antagonistic fungus directly
parasitizes another fungus. Fossil records reveal it to be a 400 million years old practice (Kubicek et
al., 2011). Trichoderma species use mycoparsitism approach against pathogens through efficient
release of lytic enzymes like $-1,3 glucanase and chitinases, etc. (Gajera et al., 2013). The pathogenic
cell wall material speed up this process resulting in mycelial lysis of pathogens due to overgrowth,
coiling and penetration of hyphal pegs (Ojha et al., 2011). It is a complex process wherein antagonistic
fungus grows chemotropically on the host, recognizes the host and thereafter, the pathogen hyphae
attachment and coiling, exudation of extra-cellular enzymes and disintegration and extortion of host
cell take place. Different stages are reportedly involved in pathogenic parasitism. The chemotrophic
response of antagonistic fungi induced by chemical stimulus from pathogenic fungi, followed by
mutual recognition of the two through lectins; and the reciprocation among the hyphae of antagonist
and pathogenic fungus. The hyphae of antagonistic Trichoderma either coil around the host hyphae
or grow along with it and secrete lytic enzymes like glucanase, chitinase and pectinase for proceeding
the mycoparacitism. T. lignorum supresses the R. solani through mycoparacitism. -1,3-glucanases
have the property to degrade cell wall, inhibit spore germination and mycelial growth of pathogenic
fungi (Lin et al., 2012). The cell wall and hyphal membrane of pathogen are degraded by proteases
produced by T. harzianum. Botrytis cinerea produce hydrolytic enzymes like exo- and endo-poly-
galacturonases which can be deactivated by proteases by the bioagents resulting in decreased grey
mould severity. During mycoparasitic

activity, the lysis of hyphal cell wall of

pathogen occurs by enzymes like p-1,3-

glucanases, protease, and chitinases. The

growth of S. rolfsii was inhibited by T.

viride and T. harzianum that myco-

parasitize and compete with pathogens

(Kator et al., 2015). T. longibrachiatum

parasitizes both the aleurioconidia and

hyphae of Thieleviopsis paradoxa under

in vitro conditions and produce non-

volatile toxic metabolites. Different

workers have also recorded the

Fig. 1: Direct mechanism of parasitism (mycoparasitism) 1 richoderma spp. having mycoparasitic

by Trichoderma for biocontrol of plant pathogens ~ activity against plant pathogenic fungi
(Brotman et al., 2010).

Indirect mechanisms

Competition for food and space, and modification of environmental conditions: Trichoderma
species is considered excellent competitors for nutritional and space resources. T. spirale reduces
disease severity by inhibiting Corynespora cassiicola and Curvularia aeria pathogens causing leaf
spot disease in lettuce by competition, production of cell-wall degrading enzyme and through release
of volatile antifungal compounds (Baiyee et al., 2019). Displacement of pathogen occurs due to the
competition between pathogen and biocontrol agent. In soil and rhizosphere, Trichoderma competes
with other fungi for essential elements, food and/or modify rhizosphere by lowering soil pH thus
rendering the survival of pathogen difficult. To be rhizosphere competent, Trichoderma species
should colonize the rhizosphere more than 2 cm deep from seed or its concentration should multiply
and exceed the initial population of seed coating. Rhizospheric competence of a Trichoderma isolate
makes it a triumphant biological control agent. Trichoderma species, applied either as seed or soil
treatment grow easily together with growing/evolving root system of treated plant ( Khan et al., 2017)
and provide defence against the pathogenic infection. F. oxysporumf. sp. vasinfectum and F. oxysporum
f. sp. melonis in rhizosphere of cotton and melon, respectively, are supressed by T. harzianum via
competition for carbon source. The competition for carbon source is involved in antagonism shown
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by several strains of Trichoderma spp. against several plant pathogens, especially F. oxysporum.
Though the competition by rhizosphere competence is not a main mechanism directing the biological
control, it is undisputedly a valuable appurtenance to those that cause biological control. One concept
related to the rhizosphere competence and competition is the renewal of native fungi on root surfaces.

Induction of plant defense mechanism: Trichoderma strains when added to the rhizosphere secure
plant pathogens such as fungi, bacteria, and viruses through induced resistance mechanisms like
induced systemic resistance, hypersensitive response, and systemic acquired resistance (Haggag and
Mohamed, 2002). The growth of T. atroviride strain TS-treated plants was remarkably stimulated in
comparison to the untreated plants (La Spada et al., 2020). Trichoderma spp. stimulate host defense
response that has been reported to be a vital mechanism for induced disease suppression. Induced
resistance has been reported with T. virens on cotton, Trichoderma spp. on cucumber and T.
harzianum on bean (Koike et al., 2001). Seedlings of cotton showed higher levels of defence-related
compounds like terpenoids and higher peroxidase activity in roots when treated with T. virens strains.
T.viride-treated legume seeds induced systemic resistance by reprogramming their defense mechanism.
The levels of defense enzymes like peroxidase, polyphenol oxidase, phenylalanine ammonia lyase,
reactive oxygen species (H20,, OHe, O2), antioxidant enzymes superoxide dismutase, catalase, and
scavenging activity of antioxidant enzymes were alleviated. This mechanism develops resistance in
plants thus imparts protection against pathogenic invasion. T. virens induces more peroxidase activity
in cotton seedlings than control; and some effective strains stimulate terpenoid, protein or glyco-
proteins production as likely elicitors. T. viride produces an ethylene-inducing xylanase that elicits
phytoalexin resveratrol production in grape vine cells (Hanson and Howell, 2004, Rao et al., 2015).

Secondary metabolites and effector
molecules
# ¥ Phytohormones
A & Polyketides
& Peptaibols
@ Effector proteins
© Lactones

® Trichoderma
® pathogen

¢ Plant growth promotion through gene modulation

* Induced plant resistance through fast expression and up-regulation
of plant defense genes

Antibiosis, release of metabolites, pathogen related
proteins, effector molecules and phytohormones.

Fig. 2: Indirect mechanism of parasitism by Trichoderma species for biocontrol of plant pathogens

T. harzianum inoculation induces defense response in both the leaves and roots of treated plants.
Tomato plants pre-treated with chemical inducers viz., methyl jasmonate, salicylic acid and biocontrol
agent T. harzianum induces defense against F. oxysporum f. sp. lycopersici by enhancing the
expression of several antioxidant enzymes (Zehra et al., 2017). The use of biocontrol agent in
conjunction with chemical inducers may be a more promising option for efficient management of
plant diseases through different defense mechanisms. The systemic acquired resistance activation is
correlated with the expression of genes related to pathogenesis including acidic and basic B-1,3-
glucanases and chitinases that act against the pathogenic cell wall. Trichoderma, Bacillus, and
Pseudomonas-treated plants of Phyllanthus niruri resulted in higher peroxidase, polyphenol oxidase,
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phenylalanine ammonia lyase, and total phenolic activities (Kamakannan et al., 2004). A small protein
1 (Sm1l), an elicitor secreted by T. virens, induces resistance in cotton cotyledons against the foliar
pathogen Colletotrichum spp. by activating host defense mechanism. In plants, the induced systemic
resistance by Trichoderma is phenotypically similar to the systemic acquired resistance. Certain
strains of plant growth-promoting fungi (PGPF) and plant growth-promoting rhizobacteria (PGPR)
can establish systemic resistance to plant immunity. (Contreras-Cornejo et al., 2014). The cellulase
and xylanase derived from Trichoderma spp. induces ethylene biosynthesis (Martinez et al., 2008).

Antibiosis: Saprophytic ability of a fungus is decided by one of the important characteristics known
as antibiosis that can be defined as the process in which the growth of a pathogen is inhibited by the
production of antibiotics or substances like non-specific or specific metabolites by the antagonist
(Haggag and Mohamed, 2002). Only a few species in Trichoderma and Gliocladium produce various
antibiotics resulting in antibiosis (Mukhopadhyay and Kumar, 2020). Trichoderma produces
secondary metabolites constituting different chemical compounds which help them in competition
with other micro- and macro-organisms and also in other interactions like differentiation, symbiosis,
and metal transportation (Adnan et al., 2019). Trichoderma spp. produce three types of secondary
metabolites viz., peptaibols (linear-oligopeptides of 15-22 amino acids long and rich in amino-
isobutyric acid, N-acetylated at N-side and an amino-alcohol at C-side); volatile antibiotics 6-pentyl-
a-pyrone (an iso-cyanide derivative); and water-soluble compounds koningic acid or heptalic acid
(Zeilinger et al., 2016, Adnan et al., 2019). Different types of antibiotics are reportedly produced by
numerous biocontrol agents including Trichoderma spp. Several soil-borne phytopathogens like
Bipolaris sorokiniana, R. solani, F. oxysporum, Pythium middletonii and Phytophthora cinnamomi
were inhibited by koninginin D (Singh et al., 2018). Trichoderma spp. are recognized as efficient
producers of extracellular enzymes, and a few of these are involved in biocontrol of plant disease.
Peptaibol antibiotics (basic serine chitinase and proteinase) are produced by T. harzianum strains thus
revealing that the factors of virulence involved in biocontrol of fungal pathogens and entomopatho-
genicity are same. The various antibiotics or volatile compounds produced by Trichoderma spp. include
koninginin F, pachybasin, trichodermin, succinic acid, harzianolide (3-(2-hydroxy1-propyl))-4(hexa-
2"-dienyl2(5H)) furanone, trichorzianines, trichoviridin, propionic acid, 3-(3-isocyano-cyclopent-2-
enzylidene), acrylic acid, 3-(3-isocyano-6-oxabicyclo (3,10) hex-2-eh-5-yl), acetic acid, octadecyl
ester, acetone, arachidic acid, benzyl butyl phthalate, bicycloheptan-2-ol, butanoic acid, butyl ester,
carbolic acid, phenol, lindane, isopropyl ester, 1-methylethyl ester, isopropyl myristate, limonene,
isomenthone, isopentyl acetate, menthone, trichodermol, harzianone (harziane diterpene), viridiol, 9-
epi-viridiol, harzianum A, chitobiase, trichosetin, gliotoxin, viridian, protease, -1,3-glucanase, chitin-
1-4-b-chitobiosidase n-acetyl, b-d-glucosaminase, endochitinase, dermadin, sesqui-terpene heptalic
acid, heptelidic acid, a-glucosidase protein, chitinase, alamethicin, paracelsin, and trichotoxin
(Stoppacher et al., 2010, Siddiquee et al., 2012, Miao et al., 2012). Trichoderma spp. produce
antibiotics like harzianic acid, gliotoxin, alamethicins, viridian (Malmierca et al., 2012).

Antibiotics represent just one of the activities performed by Trichoderma against host fungi, in
synergism with cell wall degrading enzymes. Gliotoxin, a toxic substance produced by T. lignorum,
is fatal to R. solani and Sclerotinia americana. Gliotoxin is produced by Gliocladium virens which
has now been renamed as Trichoderma virens. T. harzianum forms one or more antibiotics when
incubated with B. cinerea, like peptaibols, beta-1,3-glucanase and chitinase. The cultural supernatant
of T. harzianum inhibited hyphal elongation and spore germination in B. cinerea when placed on fresh
medium. The non-volatile metabolites in cultural filtrate of Trichoderma spp. inhibit the linear
pathogenic growth. The inhibition of F. solani and F. longipus growth by 60-64% was reported by
use of cultural filtrates of T. harzianum. Gliovirin, an antibiotic isolated from Trichoderma virens
(GV-P), inhibited Phytophthora spp. and P. ultimum, however, it was not effective against Verticillium
dahlia, Rhizopus arrhizus, Thielaviopsis basicola, Phymatotrichum omnivorum and R. solani. Two
bacteria namely P. fluorescence and B. thuringenesis were also not inhibited by gliovirin. The
damping-off of zinnia caused by R. solani and P. ultimum complex was reduced by the suppressive



Trichoderma a proficient biocontrol agent 7

activity of T. virens (GL-21) and correlated for the production of gliotoxin by the bioagent. The
production of non-volatile metabolites (NVMs) by Trichoderma against various phytopathogenic
fungi by filtered liquid extract method on PDA medium has also been reported (Marques et al., 2018).
The NVMs produced impeded S. sclerotiorum, while two strains of T. brevicompactum (CEN1274
and CEN1245) showed broad-spectrum antagonistic activity against F. oxysporum, Cylindrocladium
spp., Colletotrichum gloesporioides, V. dahliae and S. rolfsii. The toxin producing biocontrol agents
suppress disease development by either causing the death of pathogenic cells (antibiosis) or by affecting
spore germination (fungistasis) (Haggag and Mohamed, 2002). The growth suppression of plant
pathogens by T. asperellum and inhibition of spore germination (by 30-75%) has also been reported
(Win et al., 2021). The antibiotic gliovirin produced by T. virens can kill P. ultimum by protoplasm
coagulation. Trichoderma spp. produce antibiotics that include harzianic acid (Vinale et al., 2013),
trichoviridin, gliotoxin, viridiol, alamethicins, viridian, etc. T. longibrachiatum EF5, an endophytic
fungal antagonist, exhibited 58% inhibition against the soil borne fungal pathogen Macrophominia
phaseolina in dual culture, while crude soluble secondary metabolites showed 61% biological control
activity (Sridharan et al., 2021). These antibiotics when combined with cell wall degrading enzymes
synergize their pathogen-inhibiting activity (Vinale et al., 2013). T. harzianum PCO1 produces
trichotoxin AS50 that inhibited sporangia production and mycelial growth of P. palmivora.

Enzyme production: Trichoderma spp. produce many lytic enzymes that play vital role plant growth
promotion and disease suppression (Mohiddin et al., 2010). Chitins, glucans and polysaccharides
impart rigidity to the fungal cell wall and these constituents are degraded by various hydrolytic
enzymes. Four Trichoderma species when grown along with the cell walls of F. solani, R. solani and
S. sclerotiorum secreted various cell wall degrading enzymes. T. harzianum and T. asperellum were
most promising biocontrol agents against phytopathogenic fungi (Qualhato et al., 2013). The endo-
and exo-chitinases produced by T. koningii (Tr5) help in the penetration and destruction of pathogenic
cells without causing any harm to the plant tissue. The enzyme preparations of T. harzianum inhibited
the growth of S. rolfsii by 61.8%. Many Trichoderma species produce hydrolytic enzymes like, f-1,3-
glucanase, chitinase, protease and non-volatile and volatile antibiotics. Chitinases, glucanases and
proteases are lytic enzymes secreted by Trichoderma to infest various phytopathogenic fungi
(Radjacommare et al., 2010), and this step is important for mycoparasitic process. The cell walls and
cellular contents of pathogenic fungi are rendered available to Trichoderma by Iytic enzymes secreted
by Trichoderma. The hydrolytic enzymes on bean leaves, produced by B. cinerea, might be
inactivated due to the proteases produced by T. harzianum T39. The protease solutions produced by
biocontrol fungus when applied to the bean leaves partially deactivated the hydrolytic enzymes and
reduced disease severity by 56-100%.

4. STRAIN IMPROVEMENT IN TRICHODERMA SPECIES

Genomics and transcriptomics have yielded fascinating insights regarding the makeup, structure, and
development of Trichoderma. It has facilitated deeper probe into the processes like cellulase and
glucanase hyper-production, mycoparasitism, etc. through more comprehensive biological approaches.
Efficient gene manipulations by molecular tools in any fungal species including bioagents paved the
way for strain improvement. In particular, the development of high-throughput methods for gene
insertion and/or deletion, utilizing improved deletion fragment construction and strains with a near-
perfect integration frequency, highlight the remarkable progress in this field. This breakthrough now
enables ambitious projects, such as creating a library of genome-wide knockout strains. Not only do
these progresses provide new opportunities for enhancing molecular strain improvement, but they also
have serve as a source of inspiration for accelerated research on Trichoderma spp. (Bischof and
Seiboth, 2014). The enhancement of biocontrol activity in T. harzianum strains has been a focal target
in research. This involves fortifying the protein and chemical effectors for biocontrol, improving the
resilience of strains, and adjusting the gene-regulatory system that governs these processes. The new
advanced tools play important role in systematic taxonomy within a fungal community. Numerous
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strains once labelled as "T. harzianum™ have now been re-designated as distinct Trichoderma species
(Chaverri et al., 2015, Fanelli et al., 2018, Cai and Druzhinina, 2021). The study of diverse structures
and functions found in microbial communities and their complex interactions with host is crucial to
understand the microbial ecosystems. This diversity is cornerstone for leveraging these ecosystems
for biotechnological purposes. Microbes, as key players, have a vital role in shaping the functionality
of earth's ecosystems. Focusing on individual proteins or transcripts alone does not provide complete
understanding of intricate biological processes. A more comprehensive approach, like conducting
omics-based studies, may provide a wealth of information encompassing the genomic, transcriptomic,
translational omic, metabolomic, and proteomic data. This encompassing approach is crucial in
unravelling the functional pathways of fungi at cellular level. The unique traits of Trichoderma strains
make them incredibly adaptable, with natural inclination towards increased productivity. Moreover,
a plethora of cutting-edge omic techniques have been proposed to further enhance the yields. Omics
methodologies provide a comprehensive understanding of Trichoderma strain’s physiology by using
a combination of genomic, transcriptomic, translatomic, and proteomic analyses (Sharma et al., 2017).
Extensive molecular studies have delved into the genetic and transcriptional tendencies of various
Trichoderma strains at atomic level. Targeted molecular methods have flourished the Trichoderma
strains through the implementation of whole-genome sequencing (Lorito et al., 2010).

5. BIOTECH APPROACHES TO IMPROVE TRICHODERMA EFFICACY
Directed mutagenesis technigue

The exposure to ultraviolet (UV) radiations and physical/chemical mutagens induce mutations in
microbial biological control agents (MBCAs). These mutations may cause changes in specific bases
within the double-stranded DNA molecule. Such mutations can be achieved by using compounds like
ethyl methane sulfonate (EMS) or N-methyl N'-nitro-N-nitrosoguanidine (NTG). UV radiation can
cause the formation of dimers between adjacent pyrimidines, resulting in incorrect base insertion at
dimer site. Further, either type of mutagen can trigger frame shifts, duplications, or deletions in DNA
sequence. To enhance the capabilities of MBCAs and their antifungal production, different
mutagenesis techniques from physical mutagens like y-irradiation and UV radiation, to chemical
mutagens are used. Among these techniques, the isolation of tvk1 gene from T. virens, which encodes
a mitogen-activated protein kinase, has been found effective. The mycoparasitic abilities, conidiation,
and biocontrol efficiency of tvk1 null mutants showed a significant increase in the expression of genes
involved in mycoparasitism when exposed to R. solani. Moreover, unlike wild-type strain, the null
mutants displayed a remarkable increase in protein production with high lytic enzyme concentrations
in culture supernatant (Mukherjee et al., 2003). The y-rays were able to generate T. harzianum mutants
with strong inhibition against Macrophomina phaseolina (Abbasi etal., 2014). The melon plants treated
with Trichoderma mutants had significantly 28% lower disease incidence of charcoal rot as compared
to the control. So efforts were made to improve the antagonistic properties of T. harzianum-1432 and
T. atroviride against S. rolfsii causing chickpea collar rot, by using the mutagen NTG (Singh et al.,
2016). The y-radiation of a Co-60 y-radiator caused mutations in T. harzianum, ultimately enhancing
its ability to combat pathogen F. oxysporum f. sp. radicis-cucumerinum (Sahampoor et al., 2020). To
generate more robust strains of T. viride, varying concentrations of EMS was used to induce
mutations. The resulting mutants showed impressive abilities to combat F. oxysporum f. sp. ciceris
(Dandale et al., 2017). Improved effectiveness and resilience of T. asperellum strains was successfully
achieved through NTG-induced mutations, resulting in enhanced carbendazim tolerance. Notably,
N2-1, N2-2, N2-3, and N1 mutants demonstrated exceptional antagonistic properties against F.
oxysporum f. sp. ciceri, R. bataticola, and B. cinerea. These mutants displayed their ability to sporulate
when exposed to high dose of carbendazim (2000 pg mL™), highlighting their robustness against
fungicide pressure (Naik et al., 2023). It is worthwhile to note that the genetic approaches employed
in these studies did not involve recombinant DNA methods, but rather imitated natural processes. As
a result, these methods are not subject to the regulations governing the use of genetically modified
organisms, a quality making them more readily acceptable for purposes of disease management.
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Several new mutant strains of bacterial bioagents have been created through random integration
of transposable elements like Tn5 or Tn3 into an organism's genetic code so as enhance biocontrol
abilities. For instance, Luo et al. (2023) explored the potential of B. velezensis Bs916 in enhancing
surfactin production, a valuable bioactive compound known for its powerful antimicrobial properties,
and identified 20 variants through transposon mutagenesis, with derivative H5 [carrying a mutation
in GItB gene (8GItB)], yielding remarkably 7-fold surge in surfactin production over original strain.
Transposon mutagenesis has promising potential in Trichoderma in developing efficient mutants.

Protoplast fusion technique

Protoplast fusion methods have been employed to combine beneficial characters of diverse strains,
with the aim to improve the biocontrol abilities of MBCAs. The processes of protoplast isolation,
fusion, and regeneration have effectively been carried out in multiple Trichoderma strains. The
production of lytic enzymes involved in the breakdown fungal cell walls, including chitinases and
endo-glucanases, is a vital mean of biocontrol by Trichoderma species. By merging protoplasts from
T. harzianum and T. viride, a stronger strain namely Trichoderma HF9 fusion was developed. This
unique combination displayed remarkably enhanced activity, surpassing both parent strains, in total
and specific chitinase activity (Balasubramanian et al., 2012). The protoplast fusants of Trichoderma
species with improved ability to withstand multiple stressors have successfully been developed Out
of 36 fusants, 20 fusants displayed remarkable qualities that were inherited from only one of the parent
strains. Interestingly, the remaining fusants were heterozygous, demonstrating a combination of traits
inherited from both parental sources (Hirpara et al., 2019). The protoplast fusion from endophytic T.
harzianum strains yielded a powerful fusant, FU3, which showed superior antagonistic properties
against A. flavus, S. sclerotiorum, and R. solani (Dolatabad et al., 2019). T. harzianum mutants
produced by y-radiation showed a remarkable increase in chitinase and endoglucanase as compared
to the original strains, and these modified strains effectively suppressed the growth of R. solani
(Ghasemi et al., 2019). The protoplast fusion of T. harzianum NBAII T 1 with T. viride NBAII Tv 23
boosted the antagonistic potential against soil-borne pathogens like R. solani, S. rolfsii, F. oxysporum,
and M. phaseolina causing root rot and wilt diseases (Lakhani et al., 2016).

Genetic recombination and transformation

One way to boost the effectiveness of a MBCA is by introducing a foreign DNA, carrying the genes
responsible for producing biocontrol metabolites, into its genome. Further, disabling or deleting
certain genes within such biocontrol strain may improve its long-term efficacy. This approach has
successfully been implemented to combat Agrobacterium tumefaciens-mediated crown gall disease.
Specifically, a modified version of A. radiobacter K84 was used to prevent the emergence of agrocin
84-resistant A. tumefaciens strains by introducing plasmid genes (de Boer et al., 2003). The genetic
makeup of T. viride contains a powerful endo-chitinase gene. This 1672 bp long DNA fragment
contains a promoter and mMRNA coding section. After being combined with the promoter and
terminator sequences of Aspergillus nidulans Trp synthetase, the gene has successfully been inserted
into Chaetomium globosum CG10. An impressive 33% modified strains displayed a noteworthy surge
in endo-chitinase activity, showcasing its efficacy. Recently, the genes responsible for producing
xylanase in T. harzianum kj81197 have successfully been isolated (Ellatif et al., 2022). Of these
genes, xyn2 showed highest xylanase activity, surpassing that of the wild type. Remarkably, this gene
also displayed impressive antifungal properties, effectively combating pathogenic fungi such as
Alternaria spp., F. oxysporum, Corynespora cassiicola, and Botrytis cinerea.

Mycoparasitic antagonists combat pathogens through cell wall degradation of pathogen by
producing enzymes like chitinases, proteases, and glucanases. These chitinases have successfully been
cloned from various microbes such as Serratia marcescens and T. harzianum. In fact, in T. virens
strains from cotton, the presence of two copies of ech42 gene has shown greatly enhanced antagonistic
activity against R. solani (Baek et al., 1999). Further, a defective ech42 gene fragment led to decrease
in antagonistic activity. The constitutive expression of chit33 in T. harzianum on agar plates proved
to be a successful strategy in enhancing biocontrol activity against R. solani (Limdn et al., 1999).
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Cloning and insertion of genes for antibiotic/antifungal enzymes production

An effective method for expanding the range of a biocontrol agent involves the transfer of genes
associated with antibiotic production from a hostile strain to another. A prime example of this approach
issuccessful cloning and expression of trichodermin gene (tri5-trichodiene synthase) from Trichoderma
brevicompactum strain, which resulted in a significant increase in trichodermin production. This
compound has shown powerful antifungal properties against Aspergillus fumigatus and Fusarium spp.
which highlights its potential in combatting the infectious fungi (Majumdar, 2023). Exo-enzymes,
especially chitinases, cellulases and B-1,3-glucanases, are involved in the breakdown of fungal cell
wall components that contribute to the pathogenic ability to harm plants. Both bacteria and fungi used
as MBCAs produce these enzymes. Due to their single-gene regulation, the genes coding for these
enzymes can easily be isolated and transferred to other MBCAs. The genes responsible for xylanase
production were effectively cloned from T. harzianum kj81197 (Ellatif et al., 2022). The cloned gene
xyn2 notably exhibited augmented xylanase activity in comparison to the original strain. Additionally,
xyn2 showed exceptional effectiveness in inhibiting the growth of Alternaria spp., F. oxysporum,
Corynespora cassiicola and B. cinerea. The ability of T. harzianum to control R. solani was improved
by inserting chit33 gene into the fungal strain and testing its effectiveness on agar plates.

Improved root colonizing abilities

Some soil bacteria called “plant growth-promoting rhizobacteria’ (PGPR) positively impact the plant
growth without forming a symbiotic bond. These PGPRs occur in soil near and inside the plant roots
and help the plants to thrive by inhibiting the growth of harmful bacteria. The amplification of genes
responsible for PGPR's ability to fight plant pathogens is possible. One way is to improve their
competing ability for nutrient (C, N, and Fe) acquisition, which may boost their ability to colonize the
roots. Otherway isto manipulate the genesassociated with signalling pathways involved in colonization.
These pathways govern the processes like motility, chemotaxis and biofilm formation, so their
manipulation can enhance the colonization abilities of antagonists. Chi et al. (2023) delved into the
functional analysis of enzyme glycosyl transferase Taugt17bl. This enzyme is crucial in enhancing
the root-colonizing ability of Trichoderma species. The over-expression of Taugt17bl significantly
boosted growth rate in T. atroviridae, bolstered its root colonization ability and effectively triggered
systemic defense responses in plants, thereby providing effective protection against plant diseases.

Improving biocontrol potential of Trichoderma through advanced omics approaches

Genomics: The term "omics" refers to a diverse spectrum of scientific fields including, peptidomics,
transcriptomics, proteomics, metabolomics, phenomics, secretomics, genomics, and interactomics
(Sharma et al., 2017). By employing the cutting-edge omics techniques, the metabolomic and
transcriptomic profiles of various MBCAs including Trichoderma have successfully been identified
and analysed. Different omics techniques have significantly contributed to our understanding of the
complex and diverse interactions involving MBCAs (Lorito et al., 2010). The studies on genetic
spectra namely genomics is recognized as a subfield within the realm of omics. Through microbiome
study of MBCAs, we can effectively suppress the pathogenic activity and develop new consortia. The
implementation of genome mining techniques has aided in identifying the multiple genes in
Trichoderma strains, providing better insight into their genomic data. Further, this approach has
unravelled the previously unknown orphan biosynthetic cluster genes, making it easier to recognize
related secondary metabolites in bioagent strains (Oni et al., 2015).

Transcriptomics: Transcriptome studies offer a valuable approach to identify the potential transcripts
involved in a variety of biological processes. Techniques like ESTSs, subtractive libraries, and cDNA
microarrays can be used to study comprehensive transcriptomic reactions to various stimuli, connecting
them with specific biological functions (Herrera-Estrella, 2014). Numerous transcriptome studies have
explored the intricate relationships between Trichoderma, plant and pathogen. A comprehensive
transcriptomic analysis has been conducted in T. harzianum T4 focusing specifically on mycoparasitism
related genes (Wang et al., 2023). The study showed that T. harzianum exhibited impressive control
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over tomato grey mould pathogen B. cinerea. A total of 2871 differentially expressed genes (DEGS)
were identified in T. harzianum at various time of growth (12, 24, 48, and 72 h) in presence of the
pathogen's cell wall. Notably, the top ten significantly upregulated genes encompassed a wide range
of functions, including glycoside hydrolases, cutinases, proteases, secondary metabolite synthesis,
and signal transduction proteins. The transcriptome of T. atroviride IMI206040 was studied during its
interactions with R. solani, Phytophthora capsici, and B. cinerea. Quantitative reverse transcription
PCR (gRT-PCR) was used to assess the expression levels of 13 genes, revealing significant variations
in presence of R. solani (Reithner et al., 2011). These genes were mainly responsible for expansin-
like proteins, acetyl xylan esterases, aspartyl proteases, and trypsin-like proteases. Further, the relative
gene expression analysis at different stages of parasitism against B. cinerea and P. capsici showed a
collaborative increase in the transcription of several genes involved in degradation of fungal cell walls.

Secretomics: Secretomics is a specialized field of proteomics focused on studying secreted proteins.
This approach is incredibly useful in understanding the full range of proteins produced by MBCAs,
such as Trichoderma. Different species of Trichoderma play a vital role in the colonization of host
plants aiding in their defense against harmful infections. T. harzianum produces a significant amount
of proteins while combatting the plant pathogen Guignardia citricarpa. These excreted proteins
played a vital role in inducing plant's defense mechanisms and halting the progress of pathogenic
invasion (de Lima et al., 2017). da Silva et al. (2022) showed that T. harzianum TR 274 secretomes
mined from culture filtrates in presence and absence of Phaseolus vulgaris host revealed the secretion
of 124 and 190 fungal proteins, respectively. The most prominent functional proteins identified were
glycoside hydrolases, proteases, and oxidoreductases, which play vital role in modulating the host's
defense responses. Secretome analysis has also unravelled the biocontrol mechanisms of MBCAs.
The mycoparasitic activity of T. harzianum ALL42 was found linked to several key proteins such as
chitinases, glucoamylases, p-1,3-glucanases and proteases. These proteins were activated after 24
incubation upon the introduction of F. solani cell wall in the culture medium (Ramada et al., 2016).

Proteomics: Proteomics has proved a vital tool in exploring the complex interactions between hosts,
pathogens, and microbial biocontrol agents. The isolation and identification of novel proteins that can
be used in combating plant diseases is possible through proteomic analysis. While the earlier studies
on biocontrol activities relied on gel-based techniques, the use of modern gel-free mass spectrometry-
based methods has revolutionized the proteomic research on MBCAS. These advanced methodologies
have greatly enhanced protein analysis as compared to the traditional gel-based approaches (Otto et
al., 2012). The use of liquid chromatography and tandem mass spectrometry has wide applications
during the studies on properties of MBCASs. These techniques not only provide valuable information
about MBCA proteomic fingerprints but also offer insights into the underlying biological processes.
By using advanced proteomic techniques, it is easy to accurately identify the specific proteins
involved in biocontrol mechanisms, demonstrating their potential for biotechnology and showcasing
their differential expression (Esposito et al., 2016). Interactions between B. cinerea and T. harzianum
triggered the production of several cell wall degrading enzymes (CWDES) in nutrient-rich environment
(Yang et al., 2009) including B-1,6-glucanases, proteases, chitinases and xylanases. Trichoderma
species produce 3 unique CWDEs in response to R. solani. These novel proteins including N-acetyl-f3-
d-glucosaminidase and endochitinase, were identified through advanced proteomic analysis
techniques (Grinyer et al., 2005). Moreover, proteomics plays crucial role in understanding the impact
of MBCA s specifically Trichoderma, on plant immunity. Lamdan et al. (2015) revealed the presence
of both positive and negative protein effectors in an interaction between maize roots and T. virens.
These effectors effectively suppress defense pathways and trigger systemic resistance highlighting the
important role of proteomics in uncovering the mechanisms of plant-MBCA interactions.

Genome sequencing of MBCAs: The promising potential of MBCAs was revealed through whole-
genome sequencing. The paired-end whole-genome shotgun sequencing was used to examine the
distinct traits of several microbes, especially rhizospheric bacteria Pseudomonas spp. Cab57 (Table
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2) (Takeuchi et al., 2014). Through the strategic implementation of gap-spanning PCR products, the
researchers were able to bridge the gaps between contigs successfully. This advanced analysis
revealed 4 crucial gene clusters (phl, prn, plt, and hcn) responsible for producing antibiotics, facilitating
nitrite/nitrate absorption, and regulating the Gac/Rsm signal transduction pathways. Moreover, the
study unveiled that these specific genes greatly enhance bacterial ability to suppress the proliferation
of harmful microbes. The genome sequencing assembly and characterization of two yeast cells of the
Metschnikowia fructicola have shown exceptional biocontrol abilities, efficiently combatting post-
harvest infections and successfully preserving the freshness of fruits and vegetables (Piombo et al.,
2018). The biocontrol abilities of yeast strain were uncovered through secretion of CWDEs, activation
of defence signalling genes, possession of Fe-binding compounds, and production of superoxide anions.

Table 2: List of various Trichoderma species with whole genome sequencing

S.No. Microbial biocontrol agents Accession No. Reference
1. Trichoderma harzianum T6776 JOKZ00000000 Baroncelli et al. (2015)
2. Trichoderma virens FT-333 JTGJ00000000 Kuo et al. (2015)
3. Trichoderma gamsii T6085 JPDNO00000000 Baroncelli et al. (2016)
4, Trichoderma sp. ITEM908 PNRQO00000000 Fanelli et al. (2018)
5. T. harzianum B97 MRYKO00000000 Compant et al. (2017)
6. Trichoderma afroharzianum T11-W, and WUWT00000000, and Zhou et al. (2020)
T. cyanodichotomus TW21990-1 WXUDO00000000
7. Trichoderma reesei QM6a PRINA225530 Martinez et al. (2008)
8. Trichoderma parareesei CBS125925 LFMI00000000 Yang et al. (2015)
9. Trichoderma hamatum GD12 ANCB00000000 Studholme et al. (2013)
10. T. virens Gv29-8 PRINA264113 Kubicek et al. (2011)

6. FUTURE CHALLENGES

Improvement of the strains of Trichoderma spp. for biocontrol, industrial, and environmental purposes
has great potential. Past initiatives have primarily focused on developing fungicide-resistant
biocontrol mutants, with only a few instances highlighting the progress in studies related to the role
of hydrolytic enzymes. Due to the gradual elimination of various fungicides and the limited discovery
of new chemical solutions, the future of farming appears likely to rely on bio-pesticides. The changing
climate has also emphasised the needs to develop such microbial pesticides that can withstand abiotic
pressure and excel in controlling various pests. Despite the potential for genetic engineering to create
new strains, there is no guarantee that these modified organisms will overcome regulatory barriers
and be approved for use in field. Hence, mutation becomes a critical element in efforts to create
improved Trichoderma strains and other microbial pesticides, establishing them as dependable
substitutes for chemical pesticides (Mukherjee et al., 2012). Trichoderma spp. boast impressive
efficacy in a wide range of pathosystems under various cultural conditions. However, their
antagonistic progress may not be at par with the chemical fungicides. These organisms require some
time adopt a new niche and establish their abilities to manage other microbial populations. In addition,
environmental factors such as moisture level, temperature, and fungicide compatibility may
potentially hinder their effectiveness. Though chemical fungicides are more effective and cost-
efficient, but pose serious threat not only to the environment but also to non-target microbes and
animals including humans (Bhandari et al., 2021). There is need to develop strategies for the
identification and/or development of fungicide-resistant strains of bio-control agents which may be
compatibly integrate in IPM and IDM modules. Molecular techniques have successfully been
employed to enhance the effectiveness of MBCAs and comprehend their biocontrol mechanisms
against plant pathogens. Despite advancements, there is still much to uncover about the mechanisms
governing beneficial microbe-plant interactions. Despite market potential, several challenges such as
limitations in fermentation, formulation, registration, and commercialization, need resolution. The
evolution of next-generation technologies has provided valuable insights into the interactions between
plants and beneficial microbes. The characterization of these MBCAS necessitates a comprehensive



Trichoderma a proficient biocontrol agent 13

understanding of their genomes. Therefore, to achieve a profound understanding of biocontrol strains,
it is advisable to first identify their properties using genomic, transcriptomic, and proteomic
approaches. This basic information aids in identifying crucial pathways in biocontrol mechanisms.
Recently, various omic methods have unveiled mechanisms employed by MBCASs, and genetic
manipulation through molecular techniques hold the potential to create new biocontrol strains with
enhanced tolerance to biotic stresses and increased production of toxic compounds against plant
pathogens. However, it is crucial to note that genetic manipulation of MBCAS is in its early stages,
and regulatory considerations significantly impact its acceptance. There is need for global attention
on the necessity to monitor genetically modified organisms under diverse environmental conditions.
The expanding biotechnology knowledge can contribute to the development of methods for
monitoring the genetic and environmental effects of genetically modified MBCAs, facilitating their
long-term use in managing plant diseases.

Acknowledgment: The authors thankful to all the colleagues for their valuable suggestions to
improve the manuscript prior to the submission for publication. The Manuscript Communication
Number (MCN) IU/R&D/2023-MCNO0002171 provided by the Central Library, Integral University,
Lucknow, Uttar Pradesh, India is duly acknowledged. The authors acknowledge the SKUAST-
Kashmir and Integral University Lucknow for providing the library facilities.

Conflict of interest: The authors declare that they have no conflict of interest among them.

REFERENCES

Abbasi, S., Safaie, N. and Shams-bakhsh, M. 2014. Evaluation of gamma-induced mutants of Trichoderma
harzianum for biological control of charcoal rot of melon (Macrophomina phaseolina) in laboratory and
greenhouse conditions. Journal of Crop Protection, 3: 509-521.

Adnan, M., Islam, W., Shabbir, A., Khan, K.A., Ghramh, H.A., Huang, Z., Chen, H.Y. and Lu, G.D. 2019. Plant
defense against fungal pathogens by antagonistic fungi with Trichoderma in focus. Microbial
Pathogenesis, 129: 7-18.

Baek, J.M., Howell, C.R. and Kenerley, C.M.J.C.G. 1999. The role of an extracellular chitinase from
Trichoderma virens Gv29-8 in the biocontrol of Rhizoctonia solani. Current Genetics, 35: 41-50.
Baiyee, B., Pornsuriya, C., Ito, S.I. and Sunpapao, A. 2019. Trichoderma spirale T76-1 displays biocontrol
activity against leaf spot on lettuce (Lactuca sativa L.) caused by Corynespora cassiicola or Curvularia

aeria. Biological Control, 129: 195-200.

Balasubramanian, N., Thamil Priya, V., Gomathinayagam, S. and Lalithakumari, D. 2012. Fusant Trichoderma
HF9 with enhanced extracellular chitinase and protein content. Applied Biochemistry and Microbiology,
48: 409-415.

Baroncelli, R., Piaggeschi, G., Fiorini, L., Bertolini, E., Zapparata, A., P&, M.E., Sarrocco, S. and Vannacci, G.
2015. Draft whole-genome sequence of the biocontrol agent Trichoderma harzianum T6776. Genome
Announcements, 3: [10.1128/genomea.00647-00615].

Baroncelli, R., Zapparata, A., Piaggeschi, G., Sarrocco, S. and Vannacci, G. 2016. Draft whole-genome
sequence of Trichoderma gamsii T6085, a promising biocontrol agent of Fusarium head blight on wheat.
Genome Announcements, 4: [10.1128/genomea.01747-01715].

Bhandari, S., Pandey, K.R., Joshi, Y.R. and Lamichhane, S.K. 2021. An overview of multifaceted role of
Trichoderma spp. for sustainable agriculture. Archives of Agriculture Environmental Science, 6: 72-79.

Bisby, G. 1939. Trichoderma viride Pers. ex Fries, and notes on Hypocrea. Transactions of the British
Mycological Society, 23: 149-168.

Bischof, R. and Seiboth, B. 2014. Molecular tools for strain improvement of Trichoderma spp. pp. 179-191. In:
Biotechnology and Biology of Trichoderma. Elsevier, New York, USA.

Brotman, Y., Kapuganti, J.G. and Viterbo, A. 2010. Trichoderma. Current Biology 20: R390-R391.

Brotman, Y., Landau, U., Pnini, S., Lisec, J., Balazadeh, S., Mueller-Roeber, B., Zilberstein, A., Willmitzer, L.,
Chet, I. and Viterbo, A. 2012. The LysM receptor-like kinase LysM RLK1 is required to activate defense
and abiotic-stress responses induced by overexpression of fungal chitinases in Arabidopsis plants.



14 Sumaira Hamid et al.

Molecular Plant, 5: 1113-1124.

Cai, F. and Druzhinina, 1.S. 2021. In honor of John Bissett: Authoritative guidelines on molecular identification
of Trichoderma. Fungal Diversity, 107: 1-69.

Cai, F., Dou, K., Wang, P., Chenthamara, K., Chen, J. and Druzhinina, 1.S. 2022. The current state of
Trichoderma taxonomy and species identification. pp. 3-35. In: Advances in Trichoderma Biology for
Agricultural Applications, Springer, New York, USA.

Chaverri, P., Branco-Rocha, F., Jaklitsch, W., Gazis, R., Degenkolb, T. and Samuels, G.J. 2015. Systematics of
the Trichoderma harzianum species complex and the re-identification of commercial biocontrol strains.
Mycologia, 107: 558-590.

Ch, P. 1794. Disposita methodical fungorum. Romers Neues Mag Bot, 1: 81-128.

Chi, S., Xue, X., Zhang, R., Zhang, L. and Yu, J. 2023. Taugt17b1 overexpression in Trichoderma atroviride
enhances its ability to colonize roots and induce systemic defense of plants. Pathogens, 12: 264.
[10.3390/pathogens12020264].

Compant, S., Gerbore, J., Antonielli, L., Brutel, A. and Schmoll, M. 2017. Draft genome sequence of the root-
colonizing fungus Trichoderma harzianum B97. Genome Announcements, 5: [10.1128/genomea.00137-
00117].

Contreras-Cornejo, H.A., Macias-Rodriguez, L., Lopez-Bucio, J.S. and Lopez-Bucio, J. 2014. Enhanced plant
immunity using Trichoderma. pp. 495-504. In: Biotechnology and Biology of Trichoderma. Elsevier,
Amsterdam, Netherlands.

da Silva, F.L., Aquino, E.N., da Cunha, D.C., Hamann, P.R.V., Magalhdes, T.B., Steindorff, A.S., Ulhoa, C.J.
and Noronha, E.F. 2022. Analysis of Trichoderma harzianum TR 274 secretome to assign candidate
proteins involved in symbiotic interactions with Phaseolus vulgaris. Biocatalysis Agricultural
Biotechnology, 43: 102380. [https://doi.org/10.1016/j.bcab.2022.102380].

Dandale, S., Ingle, S., Vyavhare, G. and Mane, S. 2017. Bio-control efficacy of Trichoderma viride mutants
against Fusarium oxysporum f.sp. ciceri. Journal of Plant Disease Sciences, 12: 108-113.

de Boer, M., Bom, P., Kindt, F., Keurentjes, J.J., van der Sluis, 1., Van Loon, L. and Bakker, P.A. 2003. Control
of Fusarium wilt of radish by combining Pseudomonas putida strains that have different disease-
suppressive mechanisms. Phytopathology, 93: 626-632.

de Lima, F.B., Félix, C., Osério, N., Alves, A., Vitorino, R., Domingues, P., da Silva Ribeiro, R.T. and Esteves,
A.C. 2017. Trichoderma harzianum T1A constitutively secretes proteins involved in the biological control
of Guignardia citricarpa. Biological Control, 106: 99-109.

Dolatabad, H.K., Javan-Nikkhah, M., Safari, M. and Golafaie, T.P. 2019. Effects of protoplast fusion on the
antifungal activity of Trichoderma strains and their molecular characterisation. Archives of
Phytopathology Plant Protection, 52: 1255-1275.

Druzhinina, 1.S., Komon-Zelazowska, M., Ismaiel, A., Jaklitsch, W., Mullaw, T., Samuels, G.J. and Kubicek,
C.P. 2012. Molecular phylogeny and species delimitation in the section Longibrachiatum of Trichoderma.
Fungal Genetics Biology, 49: 358-368.

Ellatif, S.A., Abdel Razik, E.S., Al-Surhanee, A.A., Al-Sarraj, F., Daigham, G.E. and Mahfouz, A.Y. 2022.
Enhanced production, cloning, and expression of a xylanase gene from endophytic fungal strain
Trichoderma harzianum kj831197. 1: Unveiling the in vitro anti-fungal activity against phytopathogenic
fungi. Journal of Fungi, 8: 447. [10.3390/j0f8050447].

Esposito, A., Colantuono, C., Ruggieri, V. and Chiusano, M.L. 2016. Bioinformatics for agriculture in the next-
generation sequencing era. Chemical Biological Technologies in Agriculture, 3: 1-12.

Fanelli, F., Liuzzi, V.C., Logrieco, A.F. and Altomare, C. 2018. Genomic characterization of Trichoderma
atrobrunneum (T. harzianum species complex) Item 908: Insight into the genetic endowment of a multi-
target biocontrol strain. BMC Genomics, 19: 1-18.

Gajera, H., Domadiya, R., Patel, S., Kapopara, M. and Golakiya, B. 2013. Molecular mechanism of Trichoderma
as bio-control agents against phytopathogen system-a review. Current Research in Microbiology &
Biotechnology, 1: 133-142.

Ghasemi, S., Safaie, N., Shahbazi, S., Shams-Bakhsh, M. and Askari, H. 2019. Enhancement of lytic enzymes
activity and antagonistic traits of Trichoderma harzianum using y-radiation induced mutation. Journal of
Agricultural Science Technology, 21: 1035-1048.

Ghazanfar, M.U., Raza, M., Raza, W. and Qamar, M.I. 2018. Trichoderma as potential biocontrol agent, its
exploitation in agriculture: A review. Plant Protection, 2: 109-135.

Grinyer, J., Hunt, S., McKay, M., Herbert, B.R. and Nevalainen, H. 2005. Proteomic response of the biological
control fungus Trichoderma atroviride to growth on the cell walls of Rhizoctonia solani. Current Genetics,



Trichoderma a proficient biocontrol agent 15

47: 381-388.

Haggag, W.M. and Mohamed, H. 2002. Enhanecment of antifungal metabolite production from gamma-ray
induced mutants of some Trichoderma species for control onion white disease. Plant Pathology Bulletin,
11: 45-56.

Hanson, L. and Howell, C. 2004. Elicitors of plant defense responses from biocontrol strains of Trichoderma
viren. Phytopathology, 94: 171-176.

Herrera-Estrella, A. 2014. Genome-wide approaches toward understanding mycotrophic Trichoderma species.
pp. 455-464. In: Biotechnology and Biology of Trichoderma. Elsevier, Amsterdam, Netherlands.

Hirpara, D.G., Gajera, H., Patel, A.K., Katakpara, Z.A. and Golakiya, B. 2019. Molecular insights into
development of Trichoderma interfusants for multi-stress tolerance enhancing antagonism against
Sclerotium rolfsii Sacc. Journal of Cellular Physiology, 234: 7368-7383.

Kamakannan, A., Mohan, L., Harish, S., Radjacommare, R., Angayarkanni, T., Chitra, K., Karuppiah, R.,
Mareeswari, P., Rajinimala, N. and Amutha, G. 2004. Biocontrol agents induce disease resistance in
Phyllanthus niruri Linn against damping-off disease caused by Rhizoctonia solani. Phytopathologia
Mediterranea, 43, 187-194.

Kator, L., Kalu, O.J. and Oche, O.D. 2015. Assessing the biocontrol potential of Trichoderma species on
Sclerotia rot disease of tomato plants in Chile Island (Makurdi). IOSR Journal of Environmental Sciences,
Toxicology & Food Technology, 9: 51-58.

Khan, M.R. and Mohiddin, F.A. 2018. Trichoderma: Its multifarious utility in crop improvement. pp. 263-291.
In: Crop Improvement Through Microbial Biotechnology. Elsevier, Amsterdam, Netherlands.

Khan, M.R., Shahid, S., Mohidin, F.A. and Mustafa, U. 2017. Interaction of Fusarium oxysporum f. sp. gladioli
and Meloidogyne incognita on gladiolus cultivars and its management through corm treatment with
biopesticides and pesticides. Biological Control, 115: 95-104.

Kubicek, C.P., Herrera-Estrella, A., Seidl-Seiboth, V., Martinez, D.A., Druzhinina, 1.S., Thon, M., Zeilinger,
S., Casas-Flores, S., Horwitz, B.A. and Mukherjee, P.K. 2011. Comparative genome sequence analysis
underscores mycoparasitism as the ancestral life style of Trichoderma. Genome Biology, 12: 1-15.

Kubicek, C.P., Steindorff, A.S., Chenthamara, K., Manganiello, G., Henrissat, B., Zhang, J., Cai, F.,
Kopchinskiy, A.G., Kubicek, E.M. and Kuo, A. 2019. Evolution and comparative genomics of the most
common Trichoderma species. BMC Genomics, 20: 1-24.

Kullnig-Gradinger, C.M., Szakacs, G. and Kubicek, C.P. 2002. Phylogeny and evolution of the genus
Trichoderma: a multigene approach. Mycological Research, 106: 757-767.

Kuo, H.C., Wang, T.Y., Chen, P.P., Chen, R.S. and Chen, T.Y. 2015. Genome sequence of Trichoderma virens
FT-333 from tropical marine climate. FEMS Microbiology Letters, 362: fnv036. [10.1093/femsle/fnv036].

Lakhani, H., Vakharia, D., Makhlouf, A., Eissa, R. and Hassan, M. 2016. Influence of protoplast fusion in
Trichoderma spp. on controlling some soil borne diseases. Journal of Plant Pathology and Microbiology,
7(8): 1-7. [https://api.semanticscholar.org/CorpusiD:54951891].

Lamdan, N.L., Shalaby, S., Ziv, T., Kenerley, C.M. and Horwitz, B.A. 2015. Secretome of Trichoderma
interacting with maize roots: Role in induced systemic resistance(s). Molecular Cellular Proteomics, 14:
1054-1063.

Limén, M.C., Pintor-Toro, J.A. and Benitez, T.J.P. 1999. Increased antifungal activity of Trichoderma

harzianum transformants that overexpress a 33-kDa chitinase. Phytopathology, 89: 254-261.

Li, W.C., Huang, C.H., Chen, C.L., Chuang, Y.C., Tung, S.Y. and Wang, T.F. 2017. Trichoderma reesei
complete genome sequence, repeat-induced point mutation, and partitioning of CAZyme gene clusters.
Biotechnology for Biofuels, 10: 1-20.

Lin, Y.R,, Lo, C.T., Liu, S.Y. and Peng, K.C. 2012. Involvement of pachybasin and emodin in self-regulation
of Trichoderma harzianum mycoparasitic coiling. Journal of Agricultural Food Chemistry, 60: 2123-2128.

Lorito, M., Woo, S.L., Harman, G.E. and Monte, E. 2010. Translational research on Trichoderma: From omics
to the field. Annual Review of Phytopathology, 48: 395-417.

Luo, K., Chen, Y., Qian, X., Zhong, H., Onchari, M.M., Liu, X., Tian, B., Zang, S., Yin, X., Chen, X. and
Zheng, H. 2023. Enhancing surfactin production in B. velezensis Bs916 combined cumulative mutagenesis
and expression key enzymes. Applied Microbiology and Biotechnology, 107(13): 4233-4244.

Majumdar, A. 2023. Molecular techniques for the improvement of microbial biocontrol agents against plant
pathogens. Egyptian Journal of Biological Pest Control, 33: 103. [103 [10.1186/s41938-023-00746-4].

Malmierca, M., Cardoza, R., Alexander, N., McCormick, S., Hermosa, R., Monte, E. and Gutiérrez, S. 2012.
Involvement of Trichoderma trichothecenes in the biocontrol activity and induction of plant defense-
related genes. Applied & Environmental Microbiology, 78: 4856-4868.



16 Sumaira Hamid et al.

Marques, E., Martins, I., and Mello, S.C.M.D. 2018. Antifungal potential of crude extracts of Trichoderma spp.
Biota Neotropica, 18: €20170418. [DOI:10.1590/1676-0611-BN-2017-0418].

Martinez, D., Berka, R.M., Henrissat, B., Saloheimo, M., Arvas, M., Baker, S.E., Chapman, J., Chertkov, O.,
Coutinho, P.M. and Cullen, D. 2008. Genome sequencing and analysis of the biomass-degrading fungus
Trichoderma reesei (syn. Hypocrea jecorina). Nature Biotechnology, 26: 553-560.

Miao, F.P., Liang, X.R., Yin, X.L., Wang, G. and Ji, N.Y. 2012. Absolute configurations of unique harziane
diterpenes from Trichoderma species. Organic Letters, 14: 3815-3817.

Mohiddin, F., Khan, M., Khan, S. and Bhat, B. 2010. Why Trichoderma is considered super hero (super fungus)
against the evil parasites? Plant Pathology Journal, 9: 92-102.

Mukherjee, M., Hadar, R., Mukherjee, P. and Horwitz, B. 2003. Homologous expression of a mutated beta-
tubulin gene does not confer benomyl resistance on Trichoderma virens. Journal of Applied Microbiology,
95: 861-867.

Mukherjee, P.K., Horwitz, B.A. and Kenerley, C.M. 2012. Secondary metabolism in Trichoderma —A genomic
perspective. Microbiology, 158: 35-45.

Mukhopadhyay, R. and Kumar, D. 2020. Trichoderma: a beneficial antifungal agent and insights into its
mechanism of biocontrol potential. Egyptian Journal of Biological Pest Control, 30: 1-8.

Nabi, A., Ahmad, M., Shah, M.D., Padder, B.A., Dar, M.S. and Banday, S., 2023. First report of Myclobutanil
resistance and shift in sensitivity to difenoconazole and flusilazole in North-western Himalayan Venturia
inaequalis populations. Australasian Plant Pathology, 52: 3-22.

Naik, M., Nitnavare, R.B., Yeshvekar, R., Bhattacharya, J., Bhatnagar-Mathur, P. and Sharma, M. 2023. Genetic
enhancement of Trichoderma asperellum biocontrol potentials and carbendazim tolerance for chickpea dry
root rot disease management. PloS One, 18: e0280064. [doi:10.1371/journal.pone.0280064].

Nega, A. and Healthcare. 2014. Review on concepts in biological control of plant pathogens. Journal of Biology
Agriculture, 4: 33-54.

Ojha, S. and Chatterjee, N. 2011. Mycoparasitism of Trichoderma spp. in biocontrol of Fusarial wilt of tomato.
Archives of Phytopathology Plant Protection, 44: 771-782.

Oni, F.E., Kieu Phuong, N. and Hofte, M. 2015. Recent advances in Pseudomonas biocontrol. pp. 167-198. In:
Bacteria-Plant Interactions: Advanced Research and Future Trends (eds. J. Murillo, B.A. Vinatzer, R.W.
Jackson and D.L. Arnold), Caister Academic Press, Pooli, UK.

Otto, A., Bernhardt, J., Hecker, M. and Becher, D. 2012. Global relative and absolute quantitation in microbial
proteomics. Current Opinion in Microbiology, 15: 364-372.

Peng, Y., Li, S. J., Yan, J., Tang, Y., Cheng, J.P., Gao, A.J., Yao, X., Ruan, J.J. and Xu, B.L. 2021. Research
progress on phytopathogenic fungi and their role as biocontrol agents. Frontiers in Microbiology, 12:
670135 [DOI: 10.3389/fmich.2021.670135].

Piombo, E., Sela, N., Wisniewski, M., Hoffmann, M., Gullino, M.L., Allard, M.W., Levin, E., Spadaro, D. and
Droby, S. 2018. Genome sequence, assembly and characterization of two Metschnikowia fructicola strains
used as biocontrol agents of postharvest diseases. Frontiers in Microbiology, 9: 348178.
[https://doi.org/10.3389/fmich.2018.00593].

Poveda, J. 2021. Trichoderma as biocontrol agent against pests: New uses for a mycoparasite. Biological
Control, 159: 04634. [https://doi.org/10.1016/j.biocontrol.2021.104634].

Qualhato, T.F., Lopes, F.A.C., Steindorff, A.S., Brandao, R.S., Jesuino, R.S.A. and Ulhoa, C.J. 2013.
Mycoparasitism studies of Trichoderma species against three phytopathogenic fungi: evaluation of
antagonism and hydrolytic enzyme production. Biotechnology Letters, 35: 1461-1468.

Radjacommare, R., Venkatesan, S. and Samiyappan, R. 2010. Biological control of phytopathogenic fungi of
vanilla through Iytic action of Trichoderma species and Pseudomonas fluorescens. Archives of
Phytopathology Plant Protection, 43: 1-17.

Ramada, M.H.S., Steindorff, A.S., Bloch Jr., C. and Ulhoa, C.J. 2016. Secretome analysis of the mycoparasitic
fungus Trichoderma harzianum ALL 42 cultivated in different media supplemented with Fusarium solani
cell wall or glucose. Proteomics, 16: 477-490.

Rao, G.S., Reddy, N.N.R. and Surekha, C. 2015. Induction of plant systemic resistance in legumes Cajanus
cajan, Vigna radiata, Vigna mungo against plant pathogens Fusarium oxysporum and Alternaria alternate
— A Trichoderma viride mediated reprogramming of plant defense mechanism. International Journal of
Recent Scientific Research, 6: 4270-4280.

Reithner, B., Ibarra-Laclette, E., Mach, R.L. and Herrera-Estrella, A. 2011. Identification of mycoparasitism-
related genes in Trichoderma atroviride. Applied Environmental Microbiology, 77: 4361-4370.

Rifai, M. A. 1969. A revision of the genus Trichoderma. Mycological Papers, 116: 1-56.



Trichoderma a proficient biocontrol agent 17

Sahampoor, L., Zaker Tavallaie, F., Fani, S.R. and Shahbazi, S. 2020. In vitro efficiency of Trichoderma
harzianum mutants in biocontrol of Fusarium oxysporum f. sp. radicis-cucumerinum. Journal of Crop
Protection, 9: 285-300.

Sharma, V., Salwan, R., Sharma, P. and Gulati, A. 2017. Integrated translatome and proteome: approach for
accurate portraying of widespread multifunctional aspects of Trichoderma. Frontiers in Microbiology, 8:
1602. [DOI: 10.3389/fmich.2017.01602].

Siddiquee, S., Cheong, B.E., Taslima, K., Kausar, H. and Hasan, M.M. 2012. Separation and identification of
volatile compounds from liquid cultures of Trichoderma harzianum by GC-MS using three different
capillary columns. Journal of Chromatographic Science, 50: 358-367.

Singh, A., Shukla, N., Kabadwal, B., Tewari, A. and Kumar, J. 2018. Review on plant-Trichoderma-pathogen
interaction. International Journal of Current Microbiology Applied Sciences, 7: 2382-2397.

Singh, R., Maurya, S. and Upadhyay, R.S. 2016. The improvement of competitive saprophytic capabilities of
Trichoderma species through the use of chemical mutagens. Brazilian Journal of Microbiology, 47: 10-17.

Singh, S.K., Singh, P.N., Maurya, D.K. and Rana, S. 2020. Advances in systematics, taxonomy, and
conservation of Trichoderma species. Trichoderma: Agricultural Applications, 61; 1-20.

Sood, M., Kapoor, D., Kumar, V., Sheteiwy, M.S., Ramakrishnan, M., Landi, M., Araniti, F. and Sharma, A.
2020. Trichoderma: The secrets of a multitalented biocontrol agent. Plants, 9: 762. [10.3390/plants9060762].

Sridharan, A., Sugitha, T., Karthikeyan, G., Nakkeeran, S. and Sivakumar, U. 2021. Metabolites of Trichoderma
longibrachiatum EF5 inhibits soil borne pathogen, Macrophomina phaseolina by triggering amino sugar
metabolism. Microbial Pathogenesis, 150: 104714. [DOI:10.1016/j.micpath.2020.104714].

Stenberg, J.A., Sundh, I., Becher, P. G., Bjoérkman, C., Dubey, M., Egan, P.A., Friberg, H., Gil, J.F., Jensen,
D.F. and Jonsson, M. 2021. When is it biological control? A framework of definitions, mechanisms, and
classifications. Journal of Pest Science, 94: 665-676.

Stoppacher, N., Kluger, B., Zeilinger, S., Krska, R. and Schuhmacher, R. 2010. Identification and profiling of
volatile metabolites of the biocontrol fungus Trichoderma atroviride by HS-SPME-GC-MS. Journal of
Microbiological Methods, 81: 187-193.

Studholme, D.J., Harris, B., Le Cocq, K., Winsbury, R., Perera, V., Ryder, L., Ward, J.L., Beale, M.H., Thornton,
C.R. and Grant, M. 2013. Investigating the beneficial traits of Trichoderma hamatum GD12 for sustainable
agriculture - Insights from genomics. Frontiers in Plant Science, 4: 258. [DOI: 10.3389/fpls.2013.00258].

Takeuchi, K., Noda, N., and Someya, N. 2014. Complete genome sequence of the biocontrol strain
Pseudomonas protegens Cab57 discovered in Japan reveals strain-specific diversity of this species. PloS
One, 9: €93683. [DOI:10.1371/journal.pone.0093683].

Vinale, F., Nigro, M., Sivasithamparam, K., Flematti, G., Ghisalberti, E.L., Ruocco, M., Varlese, R., Marra, R.,
Lanzuise, S., and Eid, A. 2013. Harzianic acid: a novel siderophore from Trichoderma harzianum. FEMS
Microbiology Letters, 347: 123-129.

Wang, Y., Zhu, X., Wang, J., Shen, C. and Wang, W. 2023. Identification of mycoparasitism-related genes
against the phytopathogen Botrytis cinerea via transcriptome analysis of Trichoderma harzianum T4.
Journal of Fungi, 9: 324. [10.3390/jof9030324].

Ward, M. 2016. The regulatory landscape for biological control agents. EPPO Bulletin, 46: 249-253.

Win, T.T., Bo, B., Malec, P., Khan, S. and Fu, P. 2021. Newly isolated strain of Trichoderma asperellum from
disease suppressive soil is a potential bio-control agent to suppress Fusarium soil borne fungal
phytopathogens. Journal of Plant Pathology, 103: 549-561.

Yang, D., Pomraning, K., Kopchinskiy, A., Karimi Aghcheh, R., Atanasova, L., Chenthamara, K., Baker, S.E.,
Zhang, R., Shen, Q. and Freitag, M. 2015. Genome sequence and annotation of Trichoderma parareesei,
the ancestor of the cellulase producer Trichoderma reesei. Genome Announcements, 3:
[10.1128/genomea.00885-00815].

Yang, H.H., Yang, S.L., Peng, K.C., Lo, C.T. and Liu, S.Y. 2009. Induced proteome of Trichoderma harzianum
by Botrytis cinerea. Mycological Research, 113: 924-932.

Zehra, A., Meena, M., Dubey, M.K., Aamir, M. and Upadhyay, R. 2017. Synergistic effects of plant defense
elicitors and Trichoderma harzianum on enhanced induction of antioxidant defense system in tomato
against Fusarium wilt disease. Botanical Studies, 58: 1-14.

Zeilinger, S., Gruber, S., Bansal, R. and Mukherjee, P.K. 2016. Secondary metabolism in Trichoderma—
chemistry meets genomics. Fungal Biology Reviews, 30: 74-90.

Zhou, Y., Wang, Y., Chen, K., Wu, Y., Hu, J., Wei, Y., Li, J., Yang, H., Ryder, M. and Denton, M.D. 2020.
Near-complete genomes of two Trichoderma species: A resource for biological control of plant pathogens.
Molecular Plant-Microbe Interactions, 33: 1036-1039.



