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Preface

Trichoderma spp. is a versatile fungus with a high reproductive capacity and great
potential for application in the biological control of plant diseases. It stands out for the
control of phytopathogens with use via seed, soil, and straw and has action or interac-
tion with bacteria, actinomycetes, and mycorrhizas, improving its action in hyper-
parasitism and antibiosis. It can also be used in the production of biofuels through the
degradation of cellulose and even pharmacologically. Trichoderma antagonism against
sclerotia producers may be imposed by different mechanisms such as mycoparasit-
ism, antibiosis, competition, resistance induction, and plant growth promotion. The
niche competition for space and nutrients besides antibiosis are the mechanisms most
often used by biocontrol agents and one of the main Trichoderma strategies. The fast
reproduction and colonization confer more effectiveness in available resources using.
The successful antagonism could be attributed to the combined action of secondary
metabolites and hydrolytic enzymes. The Trichoderma mycoparasitism relationship
against pathogens may involve events such as location, recognition, direct contact,
formation of hook-shaped structures with appressorium function, penetration,
folding, and development of parallel hyphae. Biological control products formulated
with Trichoderma have emerged as the best methods to manage sclerotia-producing
pathogens, since chemicals in soil are often inefficient, too expensive, and too envi-
ronmentally harmful. All Trichoderma species can utilize the cell content of other
fungi as a source of nutrients. Control of white mold is also dependent on the density
of sclerotia in soil. Best results are obtained when the densities are 1-10 sclerotia/kg
of soil. Field experiments have shown that Trichoderma spp. as an exclusive control
method is not sufficient to reduce the severity of white mold. In Brazil and other parts
of the world, thirty-four Trichoderma-based products are currently registered and
most of them are recommended to control soil-borne pathogens that produce sclerotia
as resistance structures. Relatively few species of Trichoderma were developed into
commercial formulations, despite the large number of publications that have shown
the potential of many other species. Trichoderma spp. are widely used in Brazil to
control white mold in soybean and its use is expected to increase, as only 50% of the
infected area is currently treated with these biocontrol agents. Besides providing par-
tial control of white mold, these fungi can also increase plant growth and productivity
coupled with a reduction in the use of chemical fungicides.

Fernando Cezar Juliatti

Micology and Plant Protection Laboratory,
Agrarian Institute Science of University,
Federal of Uberlandia,

Minas Gerais State,

Brazil
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Chapter1

Introductory Chapter: Trichoderma
the Versatile Fungus to Soil Plant
Pathogens Control and Bioprocess
Uses

Fernando Cezar Juliatti and David de Souza Jaccoud-Filho

1. Introduction

The Trichoderma mycoparasitism relationship against pathogens may involve
events such as location, recognition, direct contact, formation of hook-shaped
structures with appressorium function, penetration, folding, and development of
parallel hyphae [1-4]. Some studies report that Trichodema species are efficient
in antagonizing phytopathogens with resistance structures considered difficult
to be attacked by microorganisms, such as spores, sclerotia, chlamydospores, and
microsclerotia [5, 6].

Trichoderma antagonism against sclerotia producers may be imposed by different
mechanisms, such as mycoparasitism, antibiosis, competition, resistance induction,
and plant growth promotion [1, 7-9]. The niche competition for space and nutrients
besides antibiosis are the most often mechanisms used by biocontrol agents, and
one of the main Trichoderma strategies. The fast reproduction and colonization
confer more effectiveness on available resources using. By the way, the successful
antagonism could be attributed to the combined action of secondary metabolites
and hydrolytic enzymes [10]. The wide range of secondary metabolites includes
epipolythiodioxopiperazines (ETPs), peptaibols, pyrones, butenolides, pyridines,
azaphilones, steroids, anthraquinones, lactones, trichothecenes, and harzianic acid
[8]. These metabolites can interfere with the metabolic activities of other microorgan-
isms, promoting growth and sporulation inhibition, reduction in spore germination,
in addition to hyphae distortions, and endolysis. Some Trichoderma species are strong
cellulases, chitinases, and p-1,3-glucanases producers. These enzymes are involved in
the fungi and oomycetes cell wall components degradation process and can interfere
in its biosynthesis [2, 11-15]. Proteases and lipases can also kill some fungi, which are
substrate for mycoparasites [5, 16]. Different enzyme cell wall degradation-related are
expressed in Trichoderma hargianum in biocontrol when grown on mycelia, sclerotia,
or apothecia of S. sclerotiorum. There is probably a synergistic action between the cell
wall-degrading enzymes [2].

The Trichoderma mycoparasitism relationship against pathogens may involve
events such as location, recognition, direct contact, formation of hook-shaped struc-
tures with appressorium function, penetration, folding, and development of parallel
hyphae [1-4, 6, 17-19]. Some studies report that Trichodema species are efficient in
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antagonizing phytopathogens with resistance structures considered difficult to be
attacked by microorganisms, such as spores, sclerotia, chlamydospores, and micro-
sclerotia [5, 6, 17]. Besides that, Trichoderma application in seeds improves the seed
sanity, physiological quality, germination, and early development, as observed for
soybean seeds [9].

2. Biological control by Trichoderma

In 2014 there were 177 Trichoderma-based fungicides commercially available
in the world [20]. These products contained mainly Trichoderma asperellum,

T hamatum, T. havzianum, and T. viride as active ingredients and were recom-
mended mainly for seed and soil treatments [20]. In Brazil, there are currently

34 formulated products with Trichoderma as active ingredients registered in the
Ministry of Agriculture, Livestock and Food Supply (MAPA) [21, 22]. These 34
products are based on four species: T. harzianum, T. asperellum, T. koningiopsis and

T. stromaticum. The combination of more than one biocontrol agent is thought to be
advantageous, but it depends on the individual strains’ compatibility [23]. Six out of
the 34 registered products in Brazil are formulated with one or two Trichoderma and
Bacillus amyloliquefaciens strains.

However, it is not known whether these microorganisms are compatible or not
or if there is any synergism in their combination. Bacterial genera such as Bacillus
and Pseudomonas are potential biocontrol agents of soil-borne pathogens due to the
secretion of antibiotics and lytic enzymes in the rhizosphere of plants. Therefore,
they are potential agents to be combined with Trichoderma, especially when they
do not inhibit each other [23-27]. However, the compatibility of combinations
needs to be evaluated with in vitro and in planta assays [28]. Interactions between
Trichoderma and mycorrhyzae are sometimes antagonistic, such as with the ecto-
mycorrhyzal basidiomycetous genus Laccaria spp., where there was clear inhibition
of growth, colonization, and spore germination on both partners [29-31]. However,
sometimes these interactions are synergistic, such as with Glomus spp. Although
there was an increase in plant biomass in the interaction, microscopical observa-
tions clearly showed that Trichoderma was parasitizing this endomycorrhyzal
fungus [32].

The fungicides thiophanate methyl+fluazinam, carbendazim +tiram, metalaxyl-

M +fludioxonil, fipronil+pyraclostrobin+thiophanate-methyl and carboxine +tiram
are compatible with the isolates of Trichoderma spp. The fungicide carboxin+tiram
is compatible with the isolates at high concentration of 1000 ppm, thus suggesting
that these fungicides can be used in the integrated management with the isolates
Trichoderma spp. [9].

3. Conclusion

Trichoderma spp. is a versatile fungus with a high reproductive capacity and with
a high potential for application in the biological control of plant diseases. It stands
out for the control of phytopathogens with use via seed, soil, straw, and has action
or interaction with bacteria, actinomycetes, and mycorrhizas, improving its action
in hyperparasitism and antibiosis. It can also be used in the production of biofuels,
through the degradation of cellulose, and even pharmacologically.
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Chapter?2

Trichoderma: A Biofertilizer and a
Bio-Fungicide for Sustainable Crop
Production

Bongani Petros Kubheka and Luwam Weldegabir Ziena

Abstract

Trichoderma has been studied widely. It has been found to play a major role in
agricultural production. Around the world scientists and farmers have taken advan-
tage of this knowledge. It is reported to improve plant growth of many crops such
as tomato, lettuce, maize, beans, cabbage sugarcane and many more crops. There
are two broad categories where Trichoderma plays a major role which is its use as a
biofertilizer as well as a biofungicide. Its use as a biofertilizer has been aggravated
by its ability to produce volatile compounds, ability to solubilize phosphates mak-
ing them available to the plant. Moreover, farmers use it as a biofertilizer because it
improves the uptake of macro and micro nutrients by the plant. As a biofungicide,
Trichoderma is not to control many pathogens from various crops. This includes
the control of pathogens such as Rhizoctonia, Phytophthora, Rhizoctonia, Sclerotinia,
Phythium, Fusarium, Sclerotinia species and Galumannomyces. The mechanisms used
by Trichoderma as a biofungicide includes, antibiosis, mycoparasitism, competitive
advantage in the rhizosphere as well as priming of the crop self-defense mechanisms.
The purpose of this book chapter is to highlight the importance of Trichoderma in
agriculture as a biofertilizer and biofungicide.

Keywords: biofertilizer, biofungicide, phytohormones, volatile compounds,
phosphates, nutrient uptake, antibiosis, mycoparasitism, competition, resistance

1. Introduction

The increase in the human population around the world has pushed farmers to
produce more food. This pressure forced some farmers to use more chemicals in their
operations, which led to concerns raised by environmentalists and health officials as
some chemicals were damaging the environment and people’s health. This has raised a
necessity of exploring alternative methods to improve fertilization, and manage pests
and diseases.

Biofertilizer became an option as it is friendlier to the environment as well as on
human health. Trichoderma is one of the fungal cultures that has been studied for this
purpose [1]. It has been found that Trichoderma can produce various plant growth-
promoting compounds such as enzymes and phytohormones [2]. Some enzymes
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produced, helps the plant to access nutrients that are not accessible by the plant due to
their form. For example acid soils tend to bind phosphorus forming toxic complexes
rendering the phosphorus unavailable to the crop. This results in the crop not getting
the nutrients that were meant for it, thus reducing the crop yields. Some enzymes
produced by Trichoderma solubilize phosphates making the phosphorus available
again to the crop [3].

Phytohormones on the other hand are compounds that are responsible for the
growth and development of the plant. Some are responsible for plant elongation,
shoot and root developments, others are involved in plant pests and disease control
[4]. Trichoderma has been reported to produce some of the plant growth hormones
such as indole-3-acetic acid (IAA), Auxins, gibberellic acid [5-7]. Scientists and
farmers exploit these properties by developing biofertilizers, in this case using
Trichoderma as the organism that can produce multiple phytohormones [8].

Biofungicides also became an alternative to chemical or synthetic fungicides to
minimize the damage caused by chemical fungicides to the environment, animals and
human beings. Trichoderma is one of the fungi that is also used as biofungicides by
farmers as it has various mechanisms for controlling growth and development of sev-
eral plant pathogens. Trichoderma is reported to produce antibiotics [9, 10], volatile
compounds [11, 12], induce or prime plant resistance [13]. Moreover, it is reported to
compete better than other microorganisms in the rhizosphere and has mycoparasitism
behavior [14].

The objective of this book chapter is to prove that Trichoderma may be used as
both a biofertilizer and biofungicide providing a sustainable alternative to chemical
methods of fertilization and controlling plant pathogens.

2. Trichoderma as a biofertilizer

Trichoderma has been reported to promote plant growth in various ways. Some
people have used it as a biofertilizer because of its ability to stimulate plant growth of
many crops. It comes as an alternative to chemical fertilizer or as an amendment to
improve crop production. Many attributes qualifies it to be used as an alternative or
amendment to improve fertilization sustainably. Some of them are the following facts:

* It produces plant growth hormones and volatile compounds;
* It contributes to solubilizing phosphates that are unavailable to the crop

* It also takes part in promoting the uptake of macro and micro nutrients needed
by the crop

2.1 Production of plant growth hormones and volatile compounds

Plant growth hormones are also called phytohormones. They are involved in many
processes in the plant including communication, biotic and abiotic stress manage-
ment, and many more processes. They have been reported for many years to play a
vital role in the growth and development of a crop. Root and shoot elongation needs
phyto-hormones to happen properly at the correct speed that supports high produc-
tivity. It has been reported that the presence of Trichoderma increases the produc-
tion of some growth hormones such as indole-3-acetic acid (IAA) and gibberellic
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acid [15]. These two hormones are important in promoting plant growth, they are
responsible for plant elongation [7]. As stated in Table 1, Trichoderma also improves
germination rate and improves seedling vigor, which is an advantage for the crop. This
is also associated with balanced phytohormones.

Trichoderma strain Intended use Target Mode of Benefits/comments Ref. (s)
crop application
Trichoderma azevedoi Growth promotion  Lettuce Expose Increased chlorophyll ~ [16]
and inhibition of plantsto T content, and
phytopathogen azevedoi carotenoids.
development Decreased the
severity of white
mold by up to 78.83%
Trichoderma Growth promotion ~ Tomato Seed Phytohormone [17]
afrohayzianum treatment homeostasis,
antioxidant activity,
phenylpropanoid
biosynthesis
and glutathione
metabolism
Trichoderma Biofertilizer Chinese Through Increased yield by [18]
harzianum, cabbage irrigation 37%; Increased
Trichoderma enzyme activity in
asperellum, the soils (urease by
Trichoderma 25.1%, phosphatase
hamatum, and by 13.1%, and
Trichoderma atroviride catalase by 14.0%,
Providing more
inorganic nitrogen
and phosphorus to
the soil
T. asperellum strain Soil conditioner Maize On soil as Increased yields [19]
GDFS1009 granules
Trichoderma Biofertilizer Tomato Seedling Produces indole-3 [15]
brevicompactum, drenching acetic acid and

Trichoderma gamsii
and T. harzianum

Table 1.
Production of plant growth hormones and volatile compounds by Trichoderma to improve plant growth.

2.2 Solubilization of phosphates

Phosphorus is one of the critical nutrients that plants need for their growth and
development. It is found in the soil but due to depletion farmers have to apply fertil-
izers. However, the availability of phosphorus to the crop depends on the form it is in.
Acidic soils bind phosphorus and make it unavailable to the crop, which is an unde-
sired outcome [20]. Due to this, the accuracy of the amount required by the crop may
not be achieved resulting in challenges associated with lack or insufficient phosphorus
in the soil [3]. Some microorganisms mediate this process by solubilizing phosphates,
converting them back to be in the available form for crop utilization. Trichoderma
species have been reported to be one of those organisms. Species such as Trichoderma
hargianum [21], Trichoderma reesei [22], solubilize phosphates through the production
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of enzymes called phytase. The phytase activity is induced by the presence of insoluble
tricalcium phosphate [5]. Other Trichoderma species such as Trichoderma koningiopsis
solubilize phosphates by producing alkaline phosphatase enzymes (Table 2) [6].

Trichoderma Intendeduse  Targetcrop  Mode of Benefits/comments Ref. (s)
strain application

T harzianum, Biofertilizer Chinese Through Increased yield by 37%; [18]

T asperellum, T. cabbage irrigation Increased enzyme activity

hamatum, and T. in the soils (urease by

atroviride 25.1%, phosphatase by

13.1%, and catalase by
14.0%, Providing more
inorganic nitrogen and

phosphorus to the soil
T hargionum Rifai;  Biofertilizer Tomato Seed Increase Phosphorus uptake  [23]
T. asperellum T42 treatment
T. brevicompactum,  Biofertilizer Tomato Seedling Phosphorus solubilization [15]
T. gamsii and T. drenching
harzianum
Table 2.

Solubilization of phosphates by Trichoderma to promote plant growth.

2.3 Macro and micro nutrient uptake

It has been reported that plant nutrient uptake can be improved resulting in plant
growth promotion. Microorganisms play a major role in accelerating nutrient uptake.
Trichoderma is one of those microorganisms that contribute to nutrient uptake [24].

Trichoderma Intended use Targetcrop  Mode of Benefits/comments Ref. (s)
strain application
T. azevedoi Growth Lettuce Expose plants  Increased the content [16]
promotion and to T azevedoi of chlorophyll, and
inhibition of carotenoids.
phytopathogen Decreased the severity
development of white mold by up to
78.83%
Trichoderma Biofertilizer Rice Seed Improved germination [27]
evinaceum and treatment rate and enhanced vigor.
biofungicide Increased yields
T harzianum T22 Biofertilizer Tomato Seed Improved soil fertility, [28]
treatment nutrient uptake,
increased yields,
antioxidants and
minerals
T. hargianum, Biofertilizer Chinese Through Increased yield by [18]
T asperellum, T cabbage irrigation 37%; Increased
hamatum, and T enzyme activity in
atroviride the soils (urease by

25.1%, phosphatase by
13.1%, and catalase by
4.0%, Providing more
inorganic nitrogen and
phosphorus to the soil
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Trichoderma Intended use Targetcrop  Mode of Benefits/comments Ref. (s)
strain application
T harzianum Rifai;  Biofertilizer Tomato Seed Improves nutrient [23]
T asperellum T42 treatment uptake (enhance
nitrogen utilization
efficiency, increase
Phosphorus uptake
T harzianum T22 BioF/compost Tomato Soil Provided 12.9% yield [29]
amendment increase compared
compost to recommended
fertilization
T. asperellum strain Soil conditioner  Maize On soil as Increased yields [19]
GDFS1009 granules
T viride Biofertilizer Sugar cane Powder Improve nutrient uptake  [25]
broadcasted NPK
with fertilizer
T asperellum T34 Biofertilizer Cucumber Seedling Enhance Fe and Cu [30]
-micronutrient drenching uptake by plants
T harzianum Compost Most crops Compost Improves the rate of [31]
Residue decomposition
resulting in greater
availability of soil
nutrients
Trichoderma Biofertilizer Bell pepper  Seedling Bell pepper yield [32]
simmonsii drenching increase up to 67%.
Enhance tolerance to
abiotic stresses
Tbrevicompactum, Biofertilizer Tomato Seedling Improve nutrient uptake  [15]
T. gamsii and drenching
Tharzianum
Trichoderma Biofertilizer Tomato Seed Improved soil fertility, [28,29]
harzianum T22 BioF/compost treatment nutrient uptake,
increased yields,
antioxidants and
minerals (P, K, Ca, Mg,
Cu, Fe, Mn and Zn)
T. asperellum T34 Biofertilizer Cucumber Seedling Enhance Fe and Cu [30]
-micronutrient drenching uptake by plants
T harzianum Compost Most crops Compost Improves the rate of [31]
Residue decomposition
resulting in greater
availability of soil
nutrients
T reesei Plant growth Chickpea Seed mineral mobilization [33]
promoter treatment and their uptake
Table 3.

Trichoderma improving macro and micro nutvient uptake by crops.

In a sugarcane study, there was an increase in nitrogen, potassium, phosphorus and
organic carbon after the inoculation with Trichoderma viride [25]. Nutrient availabil-
ity, as well as uptake, is improved by the presence of Trichoderma in the rhizosphere.
The nutrient uptake is improved because of the conversion of the required nutrients
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from being unavailable to the plant to an available form. For example in acidic soils
the applied chemical fertilizer is converted to an unavailable form to the plant, form-
ing complexes that may be even toxic to the plant such as aluminum complexes [26].
Its the ability to colonize roots well that gives it an advantage over other microorgan-
isms and enables the crop to receive more from it than others. Therefore, it provides
a better and sustainable fertilization as it will be present in the root system as endo-
phytes as well as root colonizers for a longer time than chemical fertilizers. Chemical
fertilizers get used up as they do not multiply as microorganisms do. Sustainability is
one of the potential benefits that Trichoderma provides as a biofertilizer. Other farm-
ers apply microorganisms to improve fertilizer use efficiency by mobilizing nutrients
that have accumulated in the soils yet are not available to the plant (Table 3) [34].

3. Trichoderma as a biofungicide

Agriculture is an indispensable part of any country to feed the millions of people.
However, production is hampered by various plant diseases posing serious yield
reductions threatening global food security. Disease management employs mainly
synthetic fungicides. However, with the mounting concern for human health and
environmental risks, and the loss of pesticides to resistance, the search for non-
chemical alternatives has been a focus of much research for more than three decades.
Biocontrol agents have emerged as an important component of plant disease manage-
ment, and may provide an alternative to synthetic fungicides.

Trichoderma species, free-living and cosmopolitan fungi found abundantly in the
soil, decaying organic and vegetable matter, were first reported as biocontrol agents in
the early 1930s in the control of root rot causing Armillaria mellea in citrus [35].

They are successful antagonists having biocontrol abilities against a broad range
of economically important phytopathogenic fungi such as Phytophthora, Rhizoctonia,
Sclerotium, Phythium, Fusarium, Sclevotinia, and Galumannomyces. Trichoderma
harzianum, Trichoderma viride and Trichoderma koningii are the main species viz.
presently mass-produced by entrepreneurs [36-40].

Trichoderma species have been of particular interest as biocontrol as due to their
rapid growth and capability of utilizing different substrates, species of this genus are
often predominant components of the soil mycoflora in various ecosystems. Their abil-
ity to produce hydrolytic enzymes, secondary metabolites and degradation of xenobiot-
ics is also an additional advantage that have an important economic impact [31, 41-43].

Competition for nutrient and ecological niche, mycoparasitism and antibiosis are
the major biological mechanisms involved in their direct antagonistic activity against
plant pathogenic fungi [43-45]. They can also achieve an indirect effect of antagonism
on the target pathogen by interacting with the host tissue, inducing host resistance
which protects against the pathogen, promoting plant and root growth as well as
improving plant stress tolerance. Many successful biocontrol agents use a combination
of different modes of action to produce a higher level of antagonism [38, 46].

3.1 Antibiosis as a mechanism of pathogen control

Antibiosis involves the production of various antimicrobial compounds by
Trichoderma strains that inhibit or reduce the growth and/or proliferation of phyto-
pathogens [44]. Most Trichoderma strains also produce volatile and non-volatile toxic
metabolites that inhibit colonization by antagonized microorganisms; among these
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metabolites, the production of harzianic acid, alamethicins, tricholin, peptaibols,
antibiotics, 6-penthyl-a-pyrone, massoilactone, viridin, gliovirin, glisoprenins,
heptelidic acid and others have been described [47-50]. This phenomenon has been
observed in various fungi including Trichoderma, which can produce a multitude of
compounds with antagonistic properties including cell wall degrading enzymes such
as cellulase, xylanase, pectinase, glucanase, lipase, amylase, arabinase, and protease,
volatile metabolites such as 6-n-pentyl-2H-pyran-2-one (6-PAP) [51-53], and several
antibiotics such as trichodermin, trichodermol, gliovirin, gliotoxin, viridin, herziano-
lide, pyrones, peptaibols, ethylene and formic aldehyde [50, 54, 55]. In general, strains
of T. virens with the best efficiency as biocontrol agents can produce gliovirin [50].

3.2 Mycoparasitism

Mycoparasitism, direct contact of an antagonist with a fungal pathogen, involves
sequential events, including pathogen recognition, attack and subsequent penetration
of the host cell and death [10]. In this process, Trichoderma species initially produce
cell wall degrading enzymes at low levels in an attempt to identify its prey. Upon rec-
ognition, growth towards the direction of the target pathogen area is induced together
with a higher production of cell wall degrading enzymes (CWDEs), mainly chitin-
ases, glucanases and proteases [56, 57]. Trichoderma species will then attach to their
prey by binding to the carbohydrates present in the Trichoderma to the lectins of the
fungi, followed by coiling around the pathogen’s hyphae and appressoria development
to penetrate the hyphae, which are subsequently attacked and degraded through the
production of hydrolytic enzymes and secondary metabolites. Other CWDEs consti-
tuting hydrolysing polymers such as $-1,6-glucans and a-1,3-glucans are reported to
further ensure complete disintegration of fungal mycelia or conidia [43, 58].

3.3 Competition in the rhizosphere

Starvation is the most common cause of death for microorganisms, so the limited
availability of and competition for micro- and macro nutrients results in the biologi-
cal control of fungal phytopathogens [59]. Trichoderma exhibits a better capability
of absorption and mobilization of nutrients from the soil in comparison to other
rhizospheric microorganisms; therefore, the biocontrol of fungal pathogens using
Trichoderma involves the coordination of numerous strategies, such as the competi-
tion for nutrients, which is considered among the most important [60, 61]. In most
filamentous fungi, iron uptake is essential for viability, and under iron starvation,
most fungi excrete low molecular-weight ferric-iron specific chelators, termed sidero-
phores, to mobilize environmental iron [62]. Certain Trichoderma strains can produce
siderophores by trapping the ferric ions from the shared niche inhibiting the growth
and activity of soil-borne fungal pathogens such Botrytis cinerea [63].

3.4 Priming of resistance mechanism in host plants

During plant-pathogen interactions, plants have evolved a wide range of
defense mechanisms to cope with the constant attack by invading pathogens.
However, plant defense can also be triggered by biocontrol agents [2, 54]. The
rhizocompetent nature of Trichoderma species allows it to colonize roots, trig-
gering the plant immune system (induced systemic resistance; ISR), and pre-
activation (priming) of the molecular mechanisms of defense against several
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Trichoderma strain Disease Mode of action Ref. (s)
Trichoderma pseudokoningii Fusarium oxysporum Antibiosis [74,75]
metacaspase-independent
Apoptotic cell death.

T harzianum B. cinerea; Endo-chitinase, chitobiosidase [63, 76,
FE. oxysporum Sclerotium 771
rolfsii

Trichoderma virens Rhizoctonia solani Colonization and antibiosis [10, 48,

78]

T brevicrasum R. solani Mycoparasitism [14]

T harzianum B. cinerea Competition for space [45]

T asperellum Pseudomonas syringae Induced resistance [69]

Table 4.
Examples of Trichoderma antagonists used for successful control of fungal diseases and possible mode of action.

potent phytopathogens and the stress challenged conditions [64-67]. Furthermore,
colonization of this beneficial fungi promotes plant growth and also upgrades the
host plants against various abiotic and biotic stresses [7, 68]. It balances different
phytohormone-dependent pathways among which salicylic acid (SA), jasmonates
(JA), ethylene (ET), abscisic acid (ABA), auxin (indole-3-acetic acid: IAA), and
gibberellins (GA) are the most relevant—and modulating the levels of growth

and defense regulatory proteins [2, 11, 54, 69-71]. Priming facilitates a faster and
stronger reaction if the stress recurs. Reinforced responses to pathogen attacks
come under the category of induced defense, while responses to abiotic are referred
to as acclimation or hardening, even though these responses are similar at the
beginning. They can also be enhanced by priming treatments [72, 73]. An accurate
definition of how Trichoderma exerts its beneficial action on plants is of particu-
lar relevance to the way in which commercial products based on the abilities of
Trichoderma are registered (Table 4) [15, 79, 80].

4, Conclusions

Trichoderma is one of the most important fungi in agriculture. It has demonstrated
many capabilities to be used as biofertilizers as well as biofungicides. It has also shown
its sustainability and various mechanisms of providing the crop with nutrients.
Moreover, it has various control mechanisms for various plant pathogens, which gives
it an advantage when compared to other phytopathogen control mechanisms. It is
therefore an option for farmers to use for sustainable cropping and increase in yields
and quality of the produce.
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Trchoderma Spp.: Their Impact in
Crops Diseases Management
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Abstract

Trichoderma species, a cosmopolitan fungi, present in all types of soil, manure,
and decaying plant tissues that can degrade domestic waste relatively quickly without
emitting bad odors. Trichoderma is recognized worldwide as potential fungal bio-
control agents for the management of various foliar and soil-borne plant pathogens,
highly compatible with sustainable agriculture and play major role as a component of
integrated pest management. Bio-control agents are an antagonism and eco-friendly
approach for managing plant diseases. Trichoderma as bioagent area effective not
only against soil-borne plant pathogens, but also against nematodes without any
adverse effect on beneficial microbes. Trichoderma is capable of growth promotions in
crops. There are two major mass production methods of Trichoderma spp. viz., solid
state fermentation and liquid state fermentation. In solid, fungus is grown on vari-
ous cereal grains, agricultural wastes, and byproducts, and these products are used
mainly for direct soil application to suppress the soil-borne inoculums. In a liquid
state, Trichoderma is grown on media such as molasses and yeast in deep tanks and
fermentation can be made into different formulations such as dusts, granules, pellets,
wettable powders. As seed-treating agents or bio-priming agents, Trichoderma formu-
lations can be successfully used against several soil-borne diseases caused by Pythium,
Phytophthora, Rhizoctonia, Fusarium and Sclerotium, spp. in several crops.

Keywords: Trchoderma spp. formulation, multiplication, mechanisms, management

1. Introduction

The genus Trichoderma strains are versatile, highly competent, root coloniz-
ers, cosmopolitan in nature, fast growing in culture; produce numerous green
spores and chlamydospores as used for eco-friendly disease management which is
important in organic agriculture. Trichoderma species have been used as a biologi-
cal control, biofertilizers, source of enzymes and protein producers. Trichoderma
increase the fertility of soils and improved plant growth beyond disease control
[1, 2]. Trichoderma strains colonization on root and enhances root growth, root area,
root length, increases in dry weight, shoot length and leaf area [3]. Plant growth
promotion is due to the production of plant hormones and the uptake of nutrients
by the plant [4]. They promote root growth, nutrient availability and release
plant growth regulators [5]. Application in plants and can prevent the infection
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of diseases through induced resistance, competition for nutrients and space, anti-
biosis, hyperparasitism. Induced resistance may be local or systemic. Trichoderma
species are cosmopolitan fungi, frequently present in all types of soil, manure and
decaying plant tissues [6]. Trichoderma species are a well known bio-control agent,
utilize chitinolytic enzymes to disintegrate and degrade the pathogen’s cell walls
and colonize on the root, soil and foliar environments suppressing phytopathogens
[7-9]. Trichoderma spp. is highly interactive in root, soil and foliar in the environ-
ment, parasitize other fungi [10]. Trichoderma was first described in 1794 and its
perfect stage (Hypocrea). Morphological characters and an online identification
tool are available for identification of species within the genus Trichoderma and
recognized from long back as biological agents, control of plant disease and also
their ability to increase root growth and development, crop productivity, resistance
to abiotic stresses, and uptake and use of nutrients. Application of Trichoderma
harzianum to plants resulted in improved seed germination, increased plant size,
and augment of leaf area and weight [11]. Trichoderma spp. is well documented
and effective biological control agent of soil-borne diseases by secreting several
cell wall degrading enzymes, antibiotics [12, 13]. They have produced extracellular
proteins and fungi toxic substances for understanding the role in antagonistic as
playing in biological interactions [14]. Trichoderma reesei and Trichoderma harzia-
num are capable of producing proteinase, mananase, laminarinase and chitinase
that the nature of antagonism by mycoparasitism [15]. Trichoderma, a soil-borne
mycoparasitic fungus has been shown effective against many.soil borne phyto-
pathogens [16-19]. Trichoderma viride and Trichoderma harzianum found to highly
antagonistic against Sclerotium rolfsii and management of diseases in vegetables and
legumes [20-29]. Trichoderma harzianum is an antagonist probably their ability to
fight for cellulose in the mucilage layer at the root surface [30]. Trichoderma spp.
have been reported to control soil-borne plant pathogens viz., Rhizoctonia solani
Khun., Sclerotium volfsii (Sacc.) Curzi., Pythium and Fusarium spp. [31-36] and
Botrytis rot of fruits on grape. Trichoderma harzianum, widely tested as potential
biological control agents many soil-borne plant pathogens [10, 37-39]. Trichoderma
hamatum produced inhibitory volatiles compounds that reduced the gray mold of
snap bean pods and blossom [40, 41]. Trichoderma harzianum T39 less effective in
cucumber fruit and stem gray mold under wet and below 20°C compare to elevated
temperatures [42]. Trichoderma harzianum inoculated in root increased peroxidase
and chitinase activities in leaves of cucumber seedlings [43]. Trichoderma harzianum
T39 effectively controlled Botrytis diseases, white mold (Sclerotinia sclerotiorum),
leaf mold (Cladosporium fulvum) and powdery mildew (Sphaerotheca fusca)

[42, 44-47]. Trichoderma bio-control agents are used against fungal phyto-patho-
gens such as Phythium, Phytophthora, Macrophomina, Aspergillus, Rhizoctonia and
Fusarium through the mechanism of mycoparasitism, antibiotics and competition
for food and space [5, 48]. Induced resistance is an important mode of bio-control
in vegetative tissues [49, 50]. T hargianum induced systemic resistance in the plant
against fungal and bacterial pathogens [8, 9]. Induced systemic resistance caused
by various micro-organisms and protects plants against the soil or foliar pathogens
[51]. Trichoderma, Gliocladium and Pythium spp. are known as mycoparasites

[46]. Pythium spp. is non specific mycoparasites and interact with many soil borne
fungi [52]. Trichoderma virens produces two major antifungal antibiotics- gliotoxin
(toxic to Rhizoctonia solani and Pythium ultimum) and gliovirin (toxic to Pythium
spp.) [53]. Trichoderma virens, produce the antibiotics gliovirin and gliotoxin
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as mycoparasite. Trichoderma harzianum T39 is competition for nutrients and
interference with the production of pectolytic enzymes against the pathogen, and
also prevents the penetration of the host tissue and is shown to induce resistance
[54-56]. Trichoderma harzianum T39 produces protease on leaves against Botrytis
cinerea disease development [57]. Secretion of proteolytic enzymes that deactivate
pathogenicity related hydrolytic enzymes of pathogenic fungi [58]. Trichoderma
viride is involved in bio-control management Sclerotium rolfsii through the pro-
teolytic activity as reported [59]. Trichoderma species can degrade domestic waste
quickly without emitting bad odors [60]. The genus Trichoderma has the potential
to control plant-parasitic nematodes [7, 61]. Trichoderma harzianum is associated
with a reduction in nematode population by parasitizing and killing in the rhizo-
sphere [62]. T harzianum has a rich source of chitinolytic enzymes which might
degrade the eggshell during parasitism of eggs and juveniles [39, 62]. Trichoderma
promotes crop productivity, resistance to abiotic stresses and uptake of nutrients
[63]. Trichoderma colonization in the roots and soil helps insolubilization of miner-
als viz.; rock phosphate, Fe, Mn, Cu and Zn and also enhances N-used efficiency [1].
Trichoderma based commercial products are manufactured and marketed worldwide
for the management of plant diseases [10, 17].

2. Characters and isolation techniques

Trichoderma is a good bio-control agent as well as a fertility promoter. Trichoderma
fungi can produce antibiotics, enzymes that antagonize plant pathogens and
hormones that regulate root architecture and promote plant growth. Trichoderma
protects a wide range of foliar pathogens. Trichoderma strains have numerous mecha-
nisms for attacking other fungi and enhancing plant and root growth [1]. Trichoderma
is colonizing in the rhizosphere and resulted in the increased root, aerial systems and
crop vields [64, 65]. Trichoderma has a strong capacity to mobilize and take up soil
nutrients and making it more efficient and competitive. Competition for nutrients is
the major mechanism used by Trichoderma havzianum to control Fusarium oxysporum
f. sp. melonis. Trichoderma spp. produces three kinds of propagules; hyphae, chla-
mydospores, and conidia [18]. The main propagules of Trichoderma spp. is hyphae
and during the drying process losing viability. Chlamydospores and conidia have
been used as the active ingredients of Trichoderma spp. based production [66-68].
Trichoderma fungal conidiophores are highly branched, not verticilate, 1-celled,
ovoid, borne in small terminal clusters, loosely or compactly tufted, and often formed
in distinct concentric rings (Figure 1). The conidiophore branches with paired and
assume a pyramidal feature, chlamydospores produced by all species. Trichoderma
strains produce only asexual spores, the sexual stage of Trichoderma belong to the
ascomycete genus Hypocrea [69]. Trichoderma is one of the common fungal bio-
control agents used worldwide for the management of various foliar and soil borne
plant pathogens. Trichoderma fungi are present in most of all types of soils can be
isolated from forest and agriculture soils and wood. Several species are beneficial in
agriculture. The fungus grows a range between 25 and 30°C of optimal. The most
suitable culture media for its cultivation are cornmeal dextrose agar whereas colonies
appear transparent, and on potato dextrose agar the colonies appear initially white
and then green (Figure 2). Trichoderma can be produced in a liquid or solid fermenta-

tion medium.
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Figure 1.
Phialid showing production of conidia in highly branched conidiophore (photo credit: Dv. Pranab Dutta €% Lipa
deb, CPGSAS, CAU (Imphal), Umiam, Meghalaya.

Figure 2.
Pure culture of Trichoderma harzianum in PDA plate (photo credit: Dv. Pranab Dutta, CPGSAS, CAU
(Imphal), Umiam, Meghalaya.

3. Mass multiplication

The mass production of Trchoderma for field application and commercial use.
There are two methods of production as (i) Solid-state fermentation (ii) Liquid-state
fermentation.

3.1 Solid-state fermentation

It is a common method for mass production of Trichoderma. The Trichoderma
spp. have been widely grown on solid substrates like sorghum grain, wheat straw,
wheat bran, spent tea leaf waste, coffee husk, rice husk, banana leaves, sawdust
etc. and their mass multiplication [70-72]. The commonly used for mass culturing
of Trichoderma spp. on the solid substrate as sorghum grain [73], wheat bran-saw
dust [74] and other agro-based waste products. Cereal grains like, sorghum, millets,
ragi are used as substrates [75]. The grains are moistened, sterilized and inoculated
with Trichoderma and incubated for 10-15 days. The dark green spore coating on
the grains of Trichoderma produces. These grains can be powdered and used asa
seed treatment or grains may use as it is for enhancing FYM for soil application.
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Wastage substrate potato peel, brinjal, spinach, sugarcane, banana, papaya, guava,
tea leaves and pea husk used for the multiplication of Trichoderma harzianum and
Trichoderma viride. Trichoderma harzianum multiplied on presoaked and autoclaved
Jhangora seeds for 12 days at 28°C, air dried, ground and passed through 50 and 80
mesh sieves simultaneously to obtain the powder of spores [76]. The commercial
formulation was prepared by diluting this powder with the talcum powder containing
1% carboxymethyl-cellulose to get the desired concentration of biocontrol agent.

3.2 Liquid fermentation

Trichoderma is grown in a liquid fermentation system on media in stationary/
shaker/fermentor and used for field application. The production of Trichoderma in
liquid state fermentation includes molasses and brewer’s yeast [77], and Jaggery-soy
medium [32, 33]. Viable propagules of Trichoderma harzianum and Trichoderma viride
can be obtained within 96 h of fermentation in a fermentor with aeration, agitation,
temperature controls [78]. Maximum biomass of Trichoderma spp. in short-time by
using the appropriate medium in a fermentor with aeration, agitation, temperature,
pH with antifoam controls than in shake-flask cultures and more suitable for indus-
trial production. The liquid fermentation can be separated of biomass with medium
and incorporated into dust, granules, pellets, wettable powders or emulsifiable
liquids. The carrier is inert as the food base of Trichoderma spp. can be formulated
as pellets [79], dust and powders [40, 41] and fluid drill gels [21]. Molasses yeast
medium is used for mother culture; it’s prepared by adding of molasses 30 g, yeast5 g
and distiller water 1000 ml. The medium hand out into conical flasks and sterilized at
15 Ib. pressure for 15 minutes in an autoclave. After the cooled medium is inoculated
with 10 days old fungal disc of Trichoderma viride and then incubated for 10 days for
fungal growth, serves as a mother culture. The mother culture was added to the fer-
mentor at the rate of 1.51it/50 lit of the medium and incubated at room temperature
for 10 days. Then the incubated fungal culture is used for commercial formulation
preparation using talc powder.

4. Formulations and application

The formulation depends on the type of application, its combination of active
ingredients, such as fungal spores with the inert material as diluents of the desirable
form. The formulation developed through standard air dried mats and mixed with the
carrier contain 10°-10° propagules per gram [80]. Trichoderma is grown in the liquid
medium is mixed with talc powder in the ratio of 1: 2 and dried to 8% moisture under
shade. Bio-control formulation, distribution and execlution of microbial antagonists
[81]. Talc based formulations of Trichoderma viride developed for seed treatment of
pulse and rice crops [82]. The commercial formulations of Trichoderma spp. based
on carriers are available for controlling plant diseases [83]. Trichoderma formula-
tion prepared based on coffee husk which is a waste from the coffee curing industry
[84]. Trichoderma was formulated on press mud to farmers and value-added organic
manure by sugar factory [75]. Oil-based formulations are suitable for foliar sprays
under dry weather conditions with prolonged shelf life. T. harzianum is an emulsion
based formulation with a shelf life of 8 months use for the control of post -harvest
decay of apple caused by Botrytis cinerea [37]. The application of Trichoderma is very
important for successful diseases management. Das et al. [24] tested three different
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media amended with and without osmoticant (Mnaitol) viz., potato dextrose broth
(PDB), modified Richard’s broth (MRB) and Czapek dox broth (CDB) were tested for
biomass production of Trichoderma harzianum. Osmoticant amended MRB was found
best for production of maximum sporulation, cfu and dry weight of biomass of the
antagonist.

The common methods are seed treatment, seed bio-priming, seedling root dip,
and soil application and wound dressing.

4.1 Seed treatment

Seed coating with dry powder of Trichoderma just before sowing is an effective
method of antagonist for the management of soil-borne diseases. Seeds coated
with a commercial dry powder of Trichoderma just before sowing at 3 to 10 g/kg
seed based on seed size [85]. Seed treatment with talc-based and wheat bran based
formulations use at 4 g/kg of seed have been recommended [74]. Trichoderma
germinates on treated seed surface as they are sown in the soil; on germinating
propagules colonize the seedlings roots and rhizosphere [86]. Trichoderma
harzianum, Trichoderma vivens and Trichoderma viride were found to be effective
seed protectants against Pythium spp. and Rhizoctonia solani [87]. Seed treatments
are effective against the sheath blight of rice [25], loose smut of wheat [88]. Das
et al. [24] reported that seed treatment with osmoticant amended talc based
bioformulation of Trichoderma harzianum was best in reduction per cent disease
index of soybean rot caused by Rhigoctonia solani. Seed treatment with Trichoderma
harzianum was found has most effective in improving seed germination (18.43%),
reducing 90.46% infection by Rhizoctonia solani in soybean and increasing yield
(69.51%) over control plot [89].

4.2 Seed bio-priming

Treated seeds with Trichoderma incubate until radical emergence is referred to
as bio-primming. This technique is a simple coating of seeds and results in rapid
and uniform seedling emergence and also reduces the amount of bio-control agents.
Trichoderma conidia germinate on the seed surface and form a layer around seeds. Such
seeds tolerate adverse conditions of the soil better than the non-primed seeds. Seed
bio-priming was successfully used in tomato, brinjal, soybean and chickpea [90]. It
results in rapid and uniform seedling emergence and reduces the amount of bio-control
agents [91].

4.3 Seedling root dip treatment

It is suitable for transplanting rice and vegetable crops. The seedlings can be
treated with the spore suspension by mixing 10 g of Trichoderma powder with
100 g of well rotten FYM per liter of water and dipping roots for 10 minutes before
transplanting/drenching in nursery beds. This method is generally used for vegetable
crops, rice where transplanting is practiced [92]. Root dipping in antagonist’s suspen-
sion reduces disease severity and enhances seedling growth in rice, tomato, brinjal,
chili and capsicum as reported [92]. The reduction of sheath blight disease of rice
by root dipping in spore suspension of seedlings before transplantation [93]. Root
dipping of tomato seedlings reduces the severity of root- knot nematode (Meloidogyne
incognita).
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4.4 Soil treatment

Trichoderma is capable of colonizing on farmyard manure (FYM) and then
applied to the soil is the most effective method for the management of soil-borne dis-
eases. The application of bio-control agents to the soil before or at the time of planting
for control of soil- borne fungal pathogens [94]. Soil application of Trichoderma viride
alone and in combination reduced red rot caused by Colletotrichum falcatum [95] and
seedling blight, stem rot, color rot and root rot disease of Jute [14, 96]. Soil treatment
with 5 Kg of Trichoderma powder per hector mixed after turning of sun hemp/dhain-
cha into the soil for green manuring or 1 kg of Trichoderma formulation in 100 kg
of FYM. Some species of Trichoderma are reported to cause green mold disease of
mushrooms [97]. Soil application (2%) of Trichoderma harzianum enriched enriched
farm yard manure showed excellent result in reduction of stem rot disease incidence
caused by Rhizoctonia solani and collarot of disease of tomato caused by Sclerotium
rolfsii with increased seed germination (%), plant growth parameters and yield of the
crop [38, 98].

4.5 Aerial spraying/wound dressing

Trichoderma can reduce the severity of diseases under field conditions.
Trichoderma has been successfully applied to the aerial plant parts and on wounds of
shrubs and trees [18]. Suspension of Trichoderma has been successfully applied to the
aerial plant parts infected with Alternaria leaf spot of Vicia faba [99]. Trichoderma
hargianum and Trichoderma virens talc-based formulations use for foliar sprays that
reduce disease incidence of sheath blight of rice [100, 101]. Affects the efficacy and
survival of antagonist in phylloplane [102]. The dosage and application have to be
standardized based on the crop value. Foliar spraying of consortial formulation of
Trichoderma harzianum + two entomopathogeic fungi along with seed treatment,
seedling root treatment showed significant reduction of three important diseases of
brinjal viz., Phomopsis leaf blight and fruit rot, Alternaria leaf spot, and Fusarium
wilt [103].

5. Viability in the storage and field

One of the critical problems in the commercialization of bio-agents is the loss
of viability of the propagules over time. The shelf life of the bio-control product
is dependent on the storage temperature and carriers as used in the formulation
of bio control agents. The shelf life of bio- control agent plays a significant role in
successful marketing. Trichoderma spp. are multiplied on bio-degradable substrates
for long shelf-life and is also beneficial for field application. Bio-control agents are a
biomass product, maintaining their viability at the end of the course [104]. Talc based
Trichoderma virens conidia keep 82% viability at 5°C in refrigerator after 6 months,
while at room temperature was observed for 3 months [105]. The viable propagule of
Trichoderma in talc formulation was reduced by 50% after 120 days of storage [77].
Increasing shelf life of talc formulations of Trichoderma using various ingredients
(chitin and glycerol) in production medium fermentation was carried out the shelf of
talc formulation of Trichoderma up to 1year [106, 107]. Trichoderma on coffee husk
has a shelf life of more than 18 months. Talc, peat, lignite and kaolin based formula-
tions of Trichoderma, have a shelf life of 3-4 months. In the storage polypropylene
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bags use of various colors, Trichoderma viride showed maximum shelf life in milky
white bags of 100-micron thickness. The Trichoderma fungus in the storage tempera-
tures is less than 4°C.

6. Mode of action

Bio-control agents are playing an important role in controlling of plant pathogens,
especially soil borne fungal pathogens. Biological control agents reduce the disease of
the target crop usually by one or more of the modes of action manly antibiosis, com-
petition, mycoparasitism, cell wall degrading enzymes and induced resistance. The
indirect interaction with pathogens is competition for nutrients and space and directly
with the pathogen by hyperparasitism or antibiosis [108]. Bio-control agents might
directly interact with the pathogens by hyperparasitism [109], and antibiosis [110].
Bio-agents induce resistance enhanced in plants against pathogens, competitions for
nutrients and spaces [111]. Various chemical compounds such as lectins during the
initial contact, recognition and cell wall-degrading enzymes such as -1,3-glucanases,
chitinases, proteinases, and lipases, during the penetration [112]. In hyper-parasitism
growth of bio control agent towards the target organism, coiling, final attack and
dissolution of target pathogens cell wall by the activity of enzymes [86].

Mycoparasitism is one of the most important direct antagonism mechanisms that
attack one fungus on another [113]. and causes complete death of fungal propagules
or destruction and lysis [114]. Mycoparasitism is a complex process which involves
chemotrophic growth, recognition and coiling, the interaction of hyphae and secre-
tion of specific lytic enzymes [113]. Trichoderma hyphae, initial recognition and wind
around the pathogen’s hyphae by forming a hook, the appressorium permeates into the
pathogen cell, and chitin is broken down by enzymes such as chitinase and glucanase
[109]. The fungal cell walls contain chitin and glucan are the major constituents of
many fungal cells [115]. Trichoderma strains have antagonistic potential and are mainly
characterized by their ability to secrete enzymes such as chitinases, glucanases, and
proteases that hydrolyze the cell walls of pathogens [116]. Chemotrophic response
fungus induces the released the cell wall degrading enzymes from Trichoderma viz. p-1,
3 glucanase, proteases, lipases and chitinases [117]. The role of proteases in biocontrol of
Botrytis cinerea by T. hargianum [57]. In mycoparasitism has been attributed to the role of
chitinases [118]. The proteases reduced the activities of the pathogen enzymes exo- and
endo polygalacturonase, pectin methylesterase, pectate lyase, chitinase, cutinase, and
p-1,3-glucanase that are essential during host infection. Trichoderma hyphae contact
and start coiling around the attachment of hyphae [119]. The hyphae grow along the
host hyphae and secrete different lytic enzymes such as glucanase, chitinase and pectin-
ase that are involved in mycoparasitism and ultimately degeneration of the target fungus
[119]. Trichoderma produces low molecular weight compounds that have antifungal and
antibacterial properties, these substances inhibit cell wall synthesis [118]. Trichoderma
hyphae release antibiotic compounds which penetrate the pathogens hyphae and
inhibition of host cell wall synthesis [59, 120]. The mycoparasitism of Trichoderma
spp. towards Pythium ultimum and Sclerotium rolfsii [18]. The parasitism of Rhizoctonia
solani hyphae by the Trichoderma virens in controlling citrus seedling disease [121, 122].
Trichoderma species such as T. atroviride, T. virens, and T reesei have ability of myco-
parasitism [7, 123]. Trichoderma harzianum is excellent mycoparasitic activity against
Rhizoctonia solsni [11] and also involve chitinase and p-1, 3 glucanase [1]. Trichoderma
spp. is known to produce antimicrobial metabolites that act via hyperparasitism [10].
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Antibiosisis is the condition of antagonistic to the suppression of pathogenic
microorganisms due to toxic compounds (antibiotics). Antibiotic is a secondary
metabolite with a low molecular weight that is harmful to the other microorganisms at
alow concentration [124]. The antibiotic is produced by bio-control agents and is the
main contributing mechanism under soil conditions [125]. Soil-borne microorgan-
isms have different strains of Trichoderma species [5]. Secondary metabolites secreted
in situ and effects against pathogens at low amounts [110].

Competition is the form of microbial in soils and living plant surfaces for nutrient
limited environments [126]. Bio- control agents and pathogens compete with one
another for the nutrients and space in the environment. The competition is consid-
ered to be an indirect interaction between the pathogen and bio control agent [127].
The competition for nutrients of bio-control agents fights for the essential micronu-
trients such as iron and manganese in soils. The bio control agents have more efficient
for utilizing micro-nutrient uptake for the substances than the pathogens [128]. Iron
competition is a limiting factor in alkaline soils for microbial growth and develop-
ment [129]. Siderophore is low-molecular weight chelators with is a very high and
specific affinity for Fe called siderophores [130]. Trichoderma spp. produces highly
efficient low molecular weight ferric iron chelators termed siderophores that stop the
growth of other fungi [131]. Siderophore is a chealate of the Fe ions that bind and take
up the Siderophore-Fe-complex and making iron unavailable to the pathogen [132].
Trichoderma species as bio-control antagonists release siderophores that chelate iron
(Fe3+) prevent the growth and development of fungal pathogens [90]. Trichoderma
asperellum producing iron-binding siderophores controls Fusarium wilt [133].

Induce resistance is indirect mechanism in host physio-biochemical pathways
that trigger defense cascades inside the plants and lead to suppression of disease
development. Induced defense mechanisms involve the production of reactive
oxygen species, phytoalexins, phenolic compounds, pathogenesis-related proteins,
physical barriers [134]. The role of Trichoderma in plants defense as involved in
induced immunity. Concept of induces resistance on cucumber seedling disease with
T. harzianum [43]. The roots are recognized fungal-derived molecules that changes
occur locally and systemically in gene expression, increasing salicylic acid, jasmonic
acid, and phytoalexin levels in plants. The induced resistance is enhanced against
infections by a pathogen in the plant without direct antagonistic interaction with
the pathogen [135, 136]. Trichoderma application cause induces resistance against
the diseases in plants and provides long-term protection [137]. Trichoderma in the
rhizosphere can protect plants against aerial pathogen infections, through the induc-
tion of resistance via a hypersensitive response (HR), systemic acquired resistance
(SAR) and induced systemic resistance (ISR) in plants [10]. Induced resistance was
demonstrated through the induction of Trichoderma against foliage disease of beans
caused by Colletotrichum lindemuthianum and Botrytis cinerea [138]. Trichoderma
produces several metabolites that act as elicitors of plant results in the synthesis of
phytoalexins, PR proteins that increase in resistance against several plant pathogens
[139] and in abiotic conditions [10].

7. Diseases management

Trichoderma spp. and Gliocladium spp. were the first bio-control agents that
effectively manage plant pathogens such as Sclerotium rolfsii, Rhizoctonia solani,
and Fusarium solani, cause diseases on groundnut, bean, and apple, respectively
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[94, 138, 140]. Trichoderma viride, Trichoderma harzianum and Trichoderma virens are
being successfully used for the control of diseases such as foot rots, root rots, damp-
ing off, collar rots and Fusarium wilts of horticultural crops. Trchoderma are effective
against foliar and soil borne plant pathogens [141]. The talc based formulations of
Trichoderma manage several soil-borne diseases of various crops by seed treatment

at 4 g-5 g/kg seed. Soil borne plant pathogens are successfully manage through seed
coating, furrow application and root dip of seedlings. Successfully managed S. rolfsii
and Pythium spp. on radish and pea by seed coating of T. hamatum as reported [142].
Trichoderma harzianum application in the field with wheat bran colonized rapidly in
the soil and inhibits the Rhizoctonia solani and S. rolfsii in beans [26, 143]. Trichoderma
spp. has potential in controlling wilt and damping-off diseases caused by Fusarium sp.
and Rhizoctonia solani [28, 121]. Pythium, and Phytophthora, Rhizoctonia, Fusarium and
Sclerotium, spp. are soil borne plant pathogens causing diseases in several crops, the
diseases manage through Trichoderma spp. as reported [22]. Trchoderma has the poten-
tial to manage fungal and nematode diseases as well as host defense inducing ability in
plants [64]. Nano-particles (Ag and Au) of Trichoderma asperellum showed antifungal
activity at different concentrations, the maximum radial growth inhibition was
observed at 200 ppm against Rhizoctonia solani as compared with the chemical [23].

8. Conclusion

Trichoderma is an excellent bio-control agent and also plant growth promo-
tion. Trichoderma spp. serves as a bio-control agent due to effective against a large
number of soil-borne plant pathogenic fungi and effects on some root nematodes.
Trichoderma isolates improved the growth of root length, plant height, roots and
shoots fresh weight and dry weight of plants. Trichoderma is effective against abiotic
stresses and provides tolerance to the abiotic stresses and increases fertilizer used
efficiencies. Trichoderma species have the potential to produce several enzymes that
can degrade the cell wall and release several fungi toxic substances that can inhibit
the growth of the fungal pathogens. A single application of Trichoderma give the
long term efficacy as induces resistance against plants diseases. Applications of
Trichoderma in nurseries and fields to suppress the soil-borne inoculums. The bio-
efficacy is the quality of Trchoderma products to ensure the betterment. Trichoderma
formulations can be applied to dry seed treatment or seed biopriming for the control
of several soil-borne diseases. Trichoderma has high efficiency and aggressiveness
against Macreophomina phaseolina, Aspergillus niger and Meloidogyne incognita.
Trichoderma harzianum has the best antagonism to Macrophomina phaseolina and
Aspergillu. niger, while the Trichoderma asperellum is efficient in the reduction of
nematode. Trichoderma has no harmful effects on the environment and non-target
organisms and can be applied to most food crops. Bio-control technologies have
disease control of the crops and these technologies minimize the usage of harmful
chemical pesticides. Trichoderma strains play an important role in the bioremedia-
tion of soil that is contaminated with pesticides and herbicides having the ability to
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Chapter 4

Can Genus Trichoderma Manage
Plant Diseases under Organic
Agriculture?
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Abstract

Organic agriculture has been coming up as one of the promising segments of crop
production systems in India. There are numerous reasons for it, however; human
health, sustainable environment, soil health, etc. are the important ones. As per
the latest information, India has about 1.5% of total cultivable land under organic
agriculture. The occurrence of plant diseases in this crop production system is one of
the limiting factors. For the management of plant diseases in organically grown crops,
there are limited resources since there is a restriction on the use of synthetic fungi-
cides. Under such a situation, bio-pesticides have the potency to take care of plant
diseases. Although there are certain fungal and bacterial candidates well efficient in
controlling diseases, genus Trichoderma has occupied a prestigious position among
them. It is capable of managing seed and soil-borne plant diseases. Presently it is
available in wettable powder (WP) and liquid formulations in variable concentrations
for the application.

Keywords: Trichoderma spp., plant diseases, organic agriculture, mode of action,
formulation

1. Introduction

The interest in organic crop production has been increasing day-by-day since the
last decade because of the increased negative impact of conventional agriculture
production systems. Production of crops adopting the inorganic agricultural inputs
primarily agrochemicals, which has been used starting from seed treatment till
harvesting of the crop for providing protective umbrella against various diseases. The
frequent and injudicious application of inorganic agrochemical inputs has invited
several environmental and health-related problems.

The demand for organic food commodities has been increased tremendously and
hence researchers, as well as growers, have been focusing their attention towards
organic crop production wherein, the use of inorganic inputs is completely avoided.
However, successful crop production through this system faces various biotic and
abiotic challenges too.
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Organic farming was first initiated by British botanist Sir Albert Howard in 1905.
However, in India, it was initiated during the late 90s. The government of India, in the
year 2001, implemented the national program for organic production (NPOP) for the
promotion of organic farming. Organic farming was started in several states. Sikkim
has converted cent percent of the agriculture into an organic state in this country.
Presently, India has about 2.3 million hectares under it [1]. with a production of
about 1.70 million MT certified organic products with voluminous export of different
organic food items [2].

The occurrence of plant diseases is one of the important concerns in organic
agriculture. Various fungi are notable/major phytopathogenic fungi causing huge
crop losses [3]. For the management of plant diseases, plant protection measures start
as early as seed treatment and would continue until crop harvesting in different crops.

In the recent era, organic agriculture is getting huge popularity and adaptability
owing to its several beneficial aspects. The organically produced agricultural com-
modities ensure pesticide-free items which are fit for human consumption. Under
such a crop production system, taking care of plant diseases is one of the major
challenges. There are limited plant protection options due to the restricted use of
synthetic fungicides in it. It emphasises the use of on-farm inputs for almost all
requirements. Under such circumstances, the application of Trichoderma spp. could
be an ideal alternative to handle plant diseases. Since the last couple of decades, genus
Trichoderma has occupied a reputed position among the microbes possessing disease
management potency. As a biocontrol agent, the antagonistic property of Trichoderma
viride was recognised [4] while working with the damping-off of citrus seedlings
caused by Rhizoctonia. Various chemical fungicides were the most dominant during
the green revolution era in the 60s and 70s and hence Trichoderma could not signifi-
cantly attain popularity among the growers at the grass-root level. Due to excessive
usage of chemical fungicides numerous problems related to the environment, soil
and human health ecosystem, resistance development, etc. have emerged as a big
challenge before everyone, including scientists, consumers, growers, and the overall
associated environment. Therefore, majority has been preferring pesticide-free food
commodities for the last so many years. It is good news or sign that usage of chemi-
cal fungicides has been coming down and usage of biopesticides has been going up
nationally as well as internationally [5]. Currently, in India, there are several hundred
manufacturers of Trichoderma possessing the registration certificate from the Central
Insecticide Board and Registration Committee [6]. They are manufacturing and
marketing the Trichoderma-based products with variable active ingredients, the dose
of application in diversified crop avenues. Although there are four-five species of this
antagonist suitable for the management of plant diseases, however only two species
namely, T viride and T. hargianum have been made available to the end-users. The plus
point with this antagonist is that it can be used in a wide range of crops, such as cere-
als, pulses, vegetables, horticultural, and plantation crops [7-11]. Its wettable powder
(WP) and liquid formulations are popular in the market; however, the first one is
dominant. In addition to managing the phytopathogen, it is capable of promoting the
vegetative growth of plants. Being a natural fungus, it is safer for the environment as
well as consumers, capable of adjusting and performing under variable conditions.
This chapter highlights various important information related to this genus.

This chapter mainly focuses on the application of Trichoderma spp. for the man-
agement of plant diseases. Organic crop production excludes the use of synthetic/
inorganic fungicides for the control of plant diseases.
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2. History and journey of Trichoderma species

Before touching its actual uses in agriculture, it becomes imperative to focus on
some important aspects related to it. For the first time, Persoon introduced the name
Trichoderma [12]. In 1865, the Tulasne brothers reported teleomorph (sexual stage) of
T. viride Pers as Hypocrea rufa [13]. Till 1969, there were only one species, i.e., T viride
of genus Trichoderma [14].

In 1969, Rifai made out nine ‘aggregate species’ namely, (1) T harzianum Rifai,
(2) T viride, (3) T hamatum (Bonord.) Bainier, (4) T koningii (Oudem.) Duché &

R. Heim, (5) T. polysporum (Link) Rifai, (6) T. piluliferum J. Webster & Rifai, (7)

T. aureoviride Rifai, (8) T. longibrachiatum Rifai, and (9) T. pseudokoningii Rifai. In
the early 1990s, [15-17] identified five sections and 27 biological species within the
genus Trichoderma. The introduction of molecular techniques contributed to the
greater extent in identifying the species comparatively more precisely and hence
from the late 1990s up to the year 2002, the number of Trichoderma species increased
to 47 [18].

Till 2005, the International sub-commission on Trichoderma/Hypocrea listed 104
species on the basis of phylogenetic analyses [19]. Till the year 2015, there are 252
species one variety and one form. In addition, T. neocrassum Samuel (syn. Hypocrea
crassa P. Chaverri & Samuels) and T. patellotropicum Samuels (syn. Hypocrea patella f.
tropicaYoshim.Doi) were proposed as two new names [20].

3. Interaction of Trichoderma with phytopathogens of agricultural crops

Hyperparasitism, competition, and antibiosis are the important mechanisms of
this genus through which it interacts with phytopathogenic fungi. This antagonist is
well efficient to colonise in variable ecological niches [21-23].

3.1 Hyperparasitism

In Hyperparasitism, the Trichoderma directly contact with a pathogen
and finally cause the death of pathogen cells death [23]. For this purpose, the
Trichoderma synthesise cell wall degrading enzymes (CWDE) namely, cellulase,
xylanase, pectinase, glucanase, lipase, amylase, arabinase, protease [24], and lytic
enzymes. These enzymes degrade the pathogen cell walls, composed of chitin and
glucan polysaccharides. Among the chitinolytic enzymes p-N-acetyl glucosamini-
dase, endochitinase, and chitobiosidase are of key importance responsible for the
degradation of the cell wall of other plants pathogenic fungi, which are produced
by T. harzianum, T. atroviride P. Karst, and T. asperellum Samuels, Lieckf. &
Nirenberg [25]. Several volatile metabolites, such as 6-n-pentyl-2H- -pyran-2-one
(6-PAP), are produced by Trichoderma for plant protection [26]. The p-1,3- and
p-1,6-glucanases enzymes determine the hyperparasitic capability of Trichoderma
to react on species of Phytophthora sp. and Pythium [27, 28]. Proteolytic enzymes,
namely, endo- and exoproteases of Trichoderma responsible for enzyme secre-
tion for the control of Botrytis cinerea, Rhizoctonia solani, and Fusarium culmorum
[29, 30]. Ceratin cellulase enzymes, such as exo-p-1,4-glucanases, endo-f-1,4-
glucanases, and p-glucosidases, produced by antagonists also play a significant role
in hyperparasitism [31].
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3.2 Competition

Competition of Trichoderma spp. with plant pathogens is another mode of
interaction that helps in the control of plant diseases. This phenomenon takes
place for utilisation of nutrients, occupying ecological position or infection sites on
plant roots. Certain Trichoderma strains produce siderophores, i.e., iron-chelating
compounds. Through siderophores, antagonist traps iron from the associated
environment and creates nutrient deficiency due to which the growth of pathogenic
fungi, such as B. cinerea, is hampered. The Trichoderma creates an acidic environ-
ment that has a negative effect on the growth and development of pathogenic fungi
and aggressively colonises the host plant’s roots due to the enhanced activity of the
hydrophobins [9].

3.3 Antibiosis

It is a biological interaction between two or more organisms that is unfavourable
to at least one of them; it can also be an antagonistic association between an organ-
ism and the metabolic substances produced by another. Antibiosis in relation to
Trichoderma fungi is a specific mechanism of antagonistic interactions with other
plant pathogenic fungi. This phenomenon is based on the generation of secondary
metabolites, which exhibit an inhibitory or lethal effect on a parasitic fungus. From
the genus Trichoderma, over 180 secondary metabolites have been characterised so
far, representing different classes of chemical compounds [32, 33]. Such compounds
can be divided into volatile antibiotics, water-soluble compounds, and peptaibols.
Volatile antibiotic, (6PAP (6-pentyl-a-pyrone) produced by T. viride, T harzianum,
and T koningii, plays a major role in the biocontrol of Botrytis cinerea, R. solani, and
Fusarium oxysporum.

Another category of antibiotics is Peptaibols. They are polypeptide antibiotics
comprising of 500-2200 Da, rich in non-proteinogenic amino acids, specifically
alfa-aminoisobutyric acid, and their characteristic attributes include the presence
of N-acetylated ends and C-end amino alcohols. Peptaibols exhibit potent activity
against a number of fungi (Table1).

Trichoderma spp. Produced Peptibols antibiotics Reference

T viride trichotoxins A and B, trichodecenins, [34]
trichorovins, and trichocellins

T harzianum trichorzianins A and B, trichorzins HA and MA [34]
T. longibrachiatum tricholongins BI and BII, and longibrachins [34]
T koningii trichokonins [34]
T atroviride atroviridins A-C and neoatroviridins A-D [34]
T koningii, T hargianum, T. aureoviride, koningins, viridin, dermadin, trichoviridin, [33]
T viride, T virvens lignoren, and koningic acid

T lignorum, T. virens (G. virens), T. mycotoxin [33]

viride, and T. hamatum

T harzianum harzianum A [35]

Table 1.
Peptibols antibiotics of Trichoderma spp. to control phytopathogens.
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In Trichoderma fungi, the activity of antibiotics is enhanced with the activity of
lytic enzymes. Their joint activity provides a higher level of antagonism compared to
the activity of either enzymes or antibiotics alone [36]. Researchers found prelimi-
nary degradation of the cell walls in B. cinerea and F. oxysporum by lytic enzymes; it
facilitated easier penetration of antibiotics to pathogen cells [8].

4. Role of Trichoderma spp. as a biological control agent

Trichoderma spp. are the ideal option for safer management of phytopathogens.
T. harzianum and T. viride have been occupied the prime position and its highly
exploited biological control agent for controlling soil-borne fungal diseases.

5. Current status of Trichoderma formulations

There is a list of about 970 registered manufacturers with the Central Insecticide
Board & Registration Committee (CIB & RC) for the manufacturing and marketing of
biopesticides in India, out of which 558 are involved in Trichoderma spp. (Figure 1).

The different formulations of this antagonist comprised of wettable powder (WP),
wettable suspension (WS), aqueous suspension (AS), and liquid. The Trichoderma spp.
formulations have been manufactured and marketed by private companies, government
organisations, and NGOs. Presently, wettable powder (WP) and liquid formulations are
available for use by end-users; however, WP formulation in different concentrations
(0.5 to 6.0%) is dominant (Figure 2). The liquid formulations contribute nearly 2% of
the formulations.

6. Management through seed treatment with Trichoderma spp.

Seed treatment is an important and economical practice to manage the seed-borne
phytopathogens at the initial stage with the minimum cost. For this purpose, a small
quantity of desired input is required and this practice is very easy in handling. For
seed treatment, the formulation of T. harzianum and T. viride can be used. Seedlings
of vegetable crops can be treated with T viride and T. harzianum just before trans-
planting into the main field (Table 2).

7. Management through soil treatment with Trichoderma spp.

Soil residential phytopathogens, such as Pythium, Phytophthora, Fusarium,
Rhizoctonia, Sclerotinia, Macrophomina, play an important role in the development
of various soil-borne diseases, such as root rot, wilt, and seedling rot of vari-
ous crops. Management of such fungal phytopathogens can be achieved through
the application of T. hargianum and T. viride through soil drenching with water,
enriched farmyard manure, and vermicompost. There are several species of
Trichoderma, however T. hargianum, H. lixii, T atroviride, H. atroviridis, T asperel-
lum, and T. virens are potential biocontrol agents against phytopathogens [37].
Application of T. viride enriched FYM (5 kg/plant) to two-year guava saplings at
the basin near the root zone resulted in decreased wilt incidence and better plant
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Status of Trichoderma WP and liquid formulation manufacturers.

growth in terms of stem girth [38]. T harzianum when applied (50 g/vine) in
black pepper field it had effectively managed the foot rot disease. For the manage-
ment of pomegranate wilt bio-formulation of T. viride (0.1 and 0.2%) was found
significantly superior over the control. Soil application of T. hargianum plus T.
virens is efficient in managing stem bleeding disease of coconut [39]. Five monthly
applications of T. hargianum (50 g/plant) in bananas reduced 50% of the vascular
discoloration index of Fusarium wilt disease and increased the yield [40]. T asper-
ellum found inhibitory against Pythiumaph anidermatum, Pythium debaryanum,
Sclerotium rolfsii, and S. rolfsii, Fusarium oxysporum f.sp. lycopersici and Alternaria
solani. Application of Trichoderma (@20 kg/ha) along with 2.0 tonnes castor cake/
ha reduced nematode population and increased yield in pomegranate.

Soil application of silver nanoparticles synthesised from T. asperellum resulted
in complete control of Fusarium wilt in cv. Grand Nain [41]. T harzianum talc
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Input Crop Adopted by
Trichoderma Chilli seed treatment Uttarakhand*
T viride Chickpea seed treatment Madhya Pradesh#
T. hargianum Tomato seedling treatment Meghalaya#

T viride Maize seed treatment Meghalaya#

T viride Broccoli seed treatment Sikkim#

T viride Nursery soil treatment Sikkim#

T viride Tomato seed treatment Sikkim#

T viride Capsicum seed treatment Sikkim#

T viride Chilli seed treatment Tamilnadu#

T harzianum Wheat seed treatment Uttar Pradesh#
Trichoderma Wheat seed treatment Uttarakhand#
Pseudomonas Wheat seed treatment Uttarakhand#
Pseudomonas + Trichoderma Pea seed treatment Uttarakhand#
Pseudomonas + Trichoderma Chickpea seed treatment Uttarakhand#
Trichoderma Wheat seed treatment Dharwad#

Pseudomonas fluorescence

Trichoderma Potato seed treatment Dharwad#

*National Centre of Organic Farming.
#Indian Institute of Farming Systems Research.

Table 2.
Seed treatment with promising Trichoderma spp. for ovganic agriculture.

formulation could control root rot disease of citrus up to 80%, and under field condi-
tions [42]. Some strains of Pseudomonas spp. and Trichoderma spp. found effective

in controlling wilt of banana, caused by F. oxysporum f.sp. cubense (Foc) race 1 under
field conditions [43]. Isolates of Trichoderma and Aspergillus, when applied in the
field for the control of guava wilt disease caused by F. oxysporum f. sp. psidii and

FE. solani, could reduce disease incidence and promoted plant growth [38].
Antagonistic fungi Aspergillus niger, T. harzianum, and Penicillium citrinum were
found effective for the management of the wilt disease of guava [44].

8. Management through foliar application of Trichoderma spp.

Foliar application of Trichoderma spp. is advisable for the management of airborne
fungal and bacterial phytopathogens, such as species of Alternaria, Curvularia,
Fusarium, Colletotrichum, Pestalotiopsis, Pyvicularia, Puccinia, powdery and downy
mildew pathogens of cereal, vegetable and other crops (Table 3). The potent candi-
dates include T. viride and T. harzianum. Post-prune foliar application of T. hargianum
and T. viride is a common practice in tea (Camellia sp) crop production in Darjeeling
and the North East region of India [45, 46]. When a combination of T. hargianum and
Pseudomonas fluorescens was sprayed before harvesting mango fruits, it had sup-
pressed post-harvest fruit rot in dasheri mango [47]. Banana hands (cv. Grand Nain)
when dipped in T. asperellum suspension and packed without ethylene absorbent
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Input Crop disease Adopted by

Trichoderma spp. Anthracnose of chilli Uttarakhand*

Trichoderma spp. Rust, powdery mildew, and blight of pea Uttarakhand#

Trichoderma spp. Wilt and blight of chickpea Uttarakhand#

T harzianum Black rust, brown rust, yellow rust, and leaf blight of Jharkhand#
wheat

T harzianum or T viride Loose smut of wheat Jharkhand#

*National Centre of Organic Farming.
#Indian Institute of Farming Systems Research.

Table 3.
Foliar spray of Trichoderma spp. in organic agriculture.

extended its shelf life up to 75 days at 13.5°C. There was no incidence of anthracnose
and crown rot [41]. It was noted that T. viride, T harzianum, and T. asperellum were
potential antagonists for the management of F. solani and Pestalotiopsis theae causing
dieback and grey leaf spot disease of tea [48, 49]. Foliar spray of T. asperellum and

T. atroviride could manage the dieback disease of tea (Camelliasp) and enhance the
vegetative growth in terms of more number of pluckable shoots [50].

9. Management through paste application of Trichoderma spp.

Application of Trichoderma paste (20% w/v) is generally done after severe prun-
ing operations (rejuvenation prune and medium prune) in tea plantations to protect
the plants from airborne pathogens. Such an application can be useful in horticultural
crops in which pruning is done.

10. Important considerations for better performance of Trichoderma spp.

There are certain issues/concerns which should be taken into consideration for
achieving desired benefits from the use of Trichoderma spp. Important concerns
are—(1) reliable source of procurement, (2) assurance of fresh formulations, (3)
avoidance of tank mixing with agrochemicals, (4) tank mixing with compatible bio
formulations, (5) repeated application at the proper interval, (6) use of neat and clean
separate sprayers for such formulations, (7) seeking technical advice from experts,

(8) application during early morning and late evening hours, (9) procurement in
well-ventilated store under lock and the key, and (10) quality assurance through certi-
fied agencies, such as IMO, Ecocert, Lecon, or any other approved agency.

11. Conclusion

T. harzianum and T viride are efficient in controlling several plant diseases
safely. When considering the interactions of Trichoderma fungi, it was found that
these antagonistic fungi have an advantageous effect on plants. Stimulation of plant
growth and yield takes place in this interaction and the advantageous effects are
seen in the production of vitamins, the increased availability of biogenic elements
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(nitrogen, phosphorus), the mobilisation of nutrients from the soil and organic
matter, and the enhanced intensity of mineral uptake and transport. Furthermore,
Trichoderma fungi are capable of producing zeaxanthin and gibberellin, i.e.,
compounds accelerating seed germination. Managing plant diseases through these
approaches could be safer for the agroecosystem, overall environment, soil health,
and human health and would be the right step in sustaining crop production to meet
the demand of the growing population.
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Abstract

Sclerotia are resistance structures that allow several soil-borne plant pathogens to
survive for extended periods of time. The white mold disease, caused by Sclerotinia
sclerotiorum and the stem rot in Allium spp., caused by Stromatinia cepivora are examples
of destructive pathogens in which sclerotia are the central survival structure in their life
cycle. In this chapter, we explore the information on the use of Trichoderma to manage
sclerotia-producing pathogens in Brazil. There are 34 registered commercial products
registered in Brazil, and most of them are recommended to manage sclerotia-producing
fungi. The mechanisms of action of Trichoderma against these pathogens involve
mainly mycoparasitism. The number of species employed as active ingredients of these
commercial products is very limited, although many other species have shown a high
potential against these pathogens. The white mold pathogen in soybean was taken as an
example of field management, where the technical recommendations are detailed. This
management involves other practices in addition to the application of Trichoderma in an
integrated manner, and they are essential to manage this disease in the field in Brazil.

Keywords: biological control, white mold, white rot, resistance structure,
plant disease management

1. Introduction

Sclerotia are survival melanized structures of different sizes and shapes depending
on the fungal species and host plant. They remain viable in soil for long periods of
time and are resistant to chemicals, adverse conditions, and biological degradation
[1]. Sclerotinia sclevotiorum, Rhizoctonia solani, Athelia rolfsii, Stromatinia cepivora, and
Microphomina phaseolina are among the most harmful sclerotia-producing phyto-
pathogenic fungi in agriculture [2-6]. These pathogens are hard to manage and cause
expanding losses in horticultural crops worldwide due to their survival capabilities
associated with successive production of the same crop in the field and the lack of safe
and efficient soil fumigation methods.
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Biological control products formulated with Trichoderma have grown as the
best method to manage sclerotia-producing pathogens, once chemicals in soil are
often inefficient, too expensive, and too environmentally harmful. All Trichoderma
species are able to utilize the cell content of other fungi as a source of nutrients [7-9].
However, certain species are more adapted to parasitize sclerotia of pathogenic fungi
[2-6, 10-12]. These species are able to successfully invade, parasitize, and kill sclerotia
in soil, meaning that the capacity to survive and compete in this environment is an
absolute requirement. Although Trichoderma is one of the most commonly found
genera in soil, not all species of the genus are well adapted to survive and thrive in
soil [13]. The species adapted to soil need to be equipped with structures such as
chlamydospores to ensure their long-term survival.

Trichoderma is a hyper diverse genus, with more than 350 species already
described [14]. Only a small fraction of these species were developed into commercial
products. This raises the questions which Trichoderma species have potential to be
commercialized? Only the limited number of species that is well adapted to the soil
environment and frequently are the active ingredients of formulations. Or is there any
potential in the unexploited species?

In this chapter, we adopted a more practical view of the use of Trichoderma to
control sclerotia-producing fungal plant pathogens. More emphasis is given on the
mechanisms employed by Trichoderma, the species used in commercial formulations
and the practical use of Trichoderma to control sclerotia producers in the field in
Brazil, where products containing these fungi are used by farmers to manage white
mold disease in soybean.

2. Plant pathogens capable of producing sclerotia

Sclerotia-producing fungi are very diverse, including saprotrophic, plant, ani-
mal and insect pathogens, mycoparasites, endophytes, insect symbionts, ecto- and
ericoid-mycorrhizal fungi, and lichenicolous fungi [15]. However, they seem to be
exclusively produced by fungi in the phyla Ascomycota and Basidiomycota that com-
prise the subkingdom Dikarya of the kingdom Fungi [15]. Sclerotia were documented
in at least 85 fungal genera and 20 orders [15]. Outside of the kingdom fungi, sclerotia
are relatively well studied in the slime molds or Myxomycetes [16], which belong to
the kingdom Amoebozoa.

Sclerotia-producing fungi may be found in tropical and temperate regions,
although sampling for these structures in natural environments is still scarce [15].
The structure and shape of fungal sclerotia are highly variable. While some are
surrounded by much defined melanized ring encircling undifferentiated hyphae,
others lack a distinct ring [17]. Some species, such as Athelia rolfsii, produce scle-
rotia with a round and smooth surface and dark color, whereas other fungi such as
Rhizoctonia solani produce sclerotia with an irregular shape and lighter color. Some
sclerotia are very small (sometimes smaller than 1 mm) such as the ones produced
by Macrophomina phaseolina, Stromatinia cepivora, and Verticillium dahliae, whereas
some fungal species, such as Polyporus mylittae, are able to produce giant sclerotia
of up to 40 cm in diameter [18]. Fungi, such as Claviceps purpurea, Sclerotinia
sclerotiorum, Botrytis cinerea, Monilinia spp., produce apothecia, which are sexual
reproductive structures, directly on the sclerotia, whereas Aspergillus flavus produces
cleistothecia inside the sclerotia [19].

62



Using Trichoderma to Manage Sclerotia-Producing Phytopathogenic Fungi
DOI: http://dx.doi.org/10.5772/intechopen.102426

Garlic and soybean are examples among the economically important crops where
Trichoderma has been used to manage sclerotia-producing pathogens, at least under
experimental conditions. Garlic cultivation in Brazil is done in the provinces of
Goids, Minas Gerais, Santa Catarina, and Rio Grande do Sul and it reached 118,000
tons in 2018 [20]. High losses have been induced by the white rot disease caused by
the fungus Stromatinia cepivora, which is a pathogen specific to plants of the family
Alliaceae [21]. Stromatinia cepivora belongs in the Ascomycota phylum, Helotiales
order, and Sclerotiniaceae family [22]. The white rot caused in plants of the Alliaceae
family presents well characterized symptoms, such as yellowing and death of infected
leaves, owing to the root system damage caused by the pathogen. The aerial part of
infected plants is easily detached from the soil. In garlic bulbs, the symptoms are soft
rot of the tissues and white mycelial on the structural axis of infected plants and pro-
duction of black microsclerotia on the bulbs [23]. The microsclerotia (ranging from
0.2 to 0.5 mm diameter) can remain dormant and viable in soil for more than 20 years
in the absence of suitable host plants [24].

Soybean is an agricultural commodity traded not only in Brazil but is also exported
[21]. In this crop, the white mold caused by S. sclerotiorum is considered the second
most important disease after soybean rust [24, 25]. Sclerotinia sclerotiorum, which also
belongs in the family Sclerotiniaceae, promotes the white mold or sclerotinia stem
mold, leading to losses that can reach 70% in productivity. It occurs in approximately
30% of the Brazilian soybean producing area, which is currently more than 35 million
ha [26]. The pathogen infects more than 600 plant species and is distributed world-
wide. The sclerotia (from 0.5 to 10 mm diameter) are able to survive up to 12 years in
soil (50, 51).

Rhizoctonia solani and Athelia volfsii (syn. Sclerotium rolfsii) are two sclerotia-
producing basidiomycetes from the families Ceratobasidiaceae and Atheliaceae,
respectively, that cause rots in seeds, roots, stems, leaves, and fruits of a wide range of
plant species (52, 53). These pathogens are commonly found in warm climates causing
damping-offs, root rots, and wilts. The sclerotia are the only survival structures
of these pathogens as they do not reproduce asexually and only rarely reproduce
sexually.

These resistance structures are extremely difficult to destroy or inactivate by
chemical methods, whereas physical methods such as solarization, inundation, and
radiation are not feasible or too expensive to be adopted over large areas. In this
context, biological control with antagonistic fungi of the genus Trichoderma is one of
the best options available. The advantages of Trichoderma include its mycoparasitic
capacity toward these structures, the excellent adaptation of certain species to the
soil environment, the safety to humans and animals of the biocontrol species, and the
relative ease of mass producing and formulating these agents.

3. Mechanisms employed by Trichoderma against sclerotia producers

The mechanisms of activity present in Trichoderma include mycoparasitism,
antibiosis, competition, induction of resistance, and plant growth promotion
[27-30]. Mycoparasitism is the main mechanism employed against sclerotia
in soil [31], although the benefits observed in the field probably result from a
combination of all mechanisms acting in concert. Mycoparasitism is defined as
the ability of organisms to actively parasitize fungi and live at their expense [31].
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Mycotrophy, a more inclusive term, may be defined as the ability of organisms to
feed on either dead (passive mycotrophy, i.e., saprophytism) or on living fungi
(active mycotrophy, i.e., mycoparasitism) [9]. This ability to feed on fungi, either
dead or alive, was shown to be the ancestral form of nutrition in all Trichoderma
species [13]. Although there are technical differences between mycotrophy

and mycoparasitism, the latter term is the only one traditionally employed for
Trichoderma in the literature, even in cases where there is no evidence that these
fungi killed the host or prey.

Mycoparasitism by Trichoderma involves a sequence of events, including
host localization, recognition, direct contact, coiling, formation of hook-shaped
structures with appressorium function, penetration, folding, and development of
parallel hyphae [29, 31-37]. It involves a combination of invasive hyphae with sec-
ondary metabolites and hydrolytic enzymes in most cases [38]. The wide range of
Trichoderma secondary metabolites includes epipolythiodioxopiperazines (ETPs),
peptaibols, pyrones, butenolides, pyridines, azaphilones, steroids, anthraquinones,
lactones, trichothecenes, and harzianic acid [28]. These compounds can interfere with
the metabolic activities of other microorganisms by inhibiting growth and sporula-
tion, reducing spore germination, and weakening the sclerotia. Many Trichoderma
species are strong producers of cellulases, chitinases and -1,3-glucanases, proteases,
and lipases, which act in concert with metabolites in the mycoparasitic activity of
these fungi [31, 39-45].

Three distinct strategies of mycoparasitism were described for Trichoderma,
which were supported by transcriptomic analyses [7]. These strategies are 1) passive
or weak mycoparasitism, where species such as T reesei have no capacity to stop the
growth of fungi, but secrete cell wall degrading enzymes that slowly dissolve the
mycelium of the host or prey; 2) strong mycoparasitism occurs in T atroviride that
actively and aggressively grows over the host and parasitizes it swiftly and produces
proteases and glucanases; 3) mycoparasitism by lytic enzymes and toxic metabolites,
which is observed in T. virens, that first produces metabolites such as gliovirin and
gliotoxin that kill the host and later, the mycoparasite moves in and further produces
lytic enzymes to digest the mycelium. Probably, strategies 2 and 3 will be more
effective against sclerotia producers. There is solid evidence in the literature showing
that Trichoderma behaves markedly differently in interactions with different fungal
species or Oomycetes [9]. These differences are seen at the phenotypic level and at the
gene expression level, where distinct mycoparasitism strategies are employed depend-
ing on the host or prey [9].

In this study, scanning electron microscopy observations of iz vitro and in soil
interactions between Trichoderma spp. and S. scleveotiorum (Tr. x Ssc.) and with
Stromatinia cepivora (Tr. x Sce.) were done with scanning electron microscopy (SEM).
Colonization of S. sclerotiorum sclerotia and S. cepivora microsclerotia by aerial
mycelium of Trichoderma spp. was easily seen with the naked eye 7 days after the
inoculation (Figure 1A and I). SEM analysis revealed the Trichoderma aerial mycelia-
colonizing sclerotia of Ssc. and Sce. (Figure 1B and J). Conidia and conidiophores of
Trichoderma spp. are produced on the surface of the sclerotia (Figure 1C, D, M-0).
Cryo-fractures in both Ssc. sclerotia and Sce. microsclerotia evidenced the central
medulla enclosed by the outer layer of rind cells free of Trichoderma colonization after
7 and 14 days after the incubation, respectively (Figure 1B and K). Aerial mycelia
originated from the sclerotia were efficiently colonized by Trichoderma (Figure
1E-H, M-P). Figure 1G shows decaying hypha of S. sclerotiorum, indicating that cell
wall-degrading enzymes acted on the pathogen.

64



Using Trichoderma to Manage Sclerotia-Producing Phytopathogenic Fungi
DOI: http://dx.doi.org/10.5772/intechopen.102426

D £ Tr. con.
a N fl‘

Ssc.

Tr. con.y
Trs cdif;§

T

Figure 1.

Scanning electron microscopy (SEM) observations of the intevactions between Trichoderma and Sclerotinia
sclereotiorum (Tr. x Ssc.) and with Stromatinia cepivora (Tr. x Sce.). A. Photography of Ssc. Sclerotia colonized
by Tr. After seven days under 17°C above sterile soil. B-H and J-P: Scanning electron micrographs. B and K.
Cryo-fractured Ssc. Sclerotia and Sce. Microsclerotia evidencing the central medulla enclosed by the outer layer
of rind cells, respectively. C-D. Trichoderma conidiophores producing conidia above Ssc. Sclevotia surface. E-H.
Trichoderma-parasitizing Ssc. Hyphae. I. Photography of Sce. Microsclerotia colonized by Tr. After 14 days
under 17°C above sterile soil. J-L. aerial mycelia of Sce. And Trichoderma above Sce. Microsclerotia. M-O.
Trichoderma conidia and conidiophores above Sce. Microsclerotial surface. M—P. Trichoderma parasitizing Sce.
Hyphae. The hyphae of Ssc. And Sce. were thicker than the hyphae of Trichoderma. a.m. = aerial mycelia; rin.
= outer layer of rind cells in sclerotia; c.med. = central medulla enclosed by the rind cells in sclevotia; Tr.con. =
Trichoderma conidia; Tr.cdf. = Trichoderma conidiophove; Tr. = Trichoderma; Ssc. = Sclevotinia sclerotiorum;
Sce. = Stromatinia cepivora. Scale bars: A and I: 5 cm; B and J: 100 ym; C-H and K-P: 10 pm.

4. Species of Trichoderma employed against sclerotia-producing fungi

In 2014, there were 177 Trichoderma-based fungicides commercially available in
the world [46]. These products contained mainly Trichoderma aspevellum, T. hama-
tum, T. harzianum, and T viride as active ingredients and were recommended mainly
for seed and soil treatments [46]. In Brazil, there are currently 34 formulated prod-
ucts with Trichoderma as active ingredients registered in the Ministry of Agriculture,
Livestock and Food Supply (MAPA) (Table 1) [39, 47, 48]. These 34 products are
based on four species: T harzianum, T. asperellum, T. koningiopsis, and T. stromaticum.
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Most products are indicated for sclerotia-producing pathogens, for example, 26 prod-
ucts are recommended for S. sclerotiorum, 23 for R. solani, three for Asclepias rolfsii,
and two for Macrophomina phaseolina. Most products are formulated with one strain
and only six are combinations of strains. Some of the products are recommended to
manage Oomycetes, nematodes, or for Moniliophthora perniciosa, the causative agent
of cacao witches’ broom disease (Table 1). No products are available for S. cepivora,
even though potential Trichoderma strains are described in the literature [49].

Most commercial products based on Trichoderma are recommended for soil appli-
cations. Soil environments have few variations in temperature and humidity than the
aerial parts of plants and these biocontrol agents show more potential in more stable
niches. In 2020, there were more than 350 described species of Trichoderma in the
world [14] and although only a limited number of species (approximately 30) appear
to be well adapted to soil environments, the number of species used in commercial
products is certainly under-represented. Additionally, it is possible that some of the
species listed in Table 1 are not identified correctly at the species level, as shown for
members of the T. harzianum species complex [50].

Many species of Trichoderma other than the ones listed in Table 1 were shown to
have potential in the inactivation of sclerotia. I vitro assays performed by the first
author of this chapter demonstrated the potential of different species of Trichoderma
and eight undescribed species to colonize sclerotia of two pathogenic fungi (Table 2).
Some of these strains were able to colonize up to 100% of the sclerotia of S. cepivora in
soil (Table 2). The sclerotia of S. sclerotiorum appear to be more resistant to coloniza-
tion than the ones produced by S. cepivora. Some of the novel strains were superior in
comparison with a commercial product based on T. harzianum. These data underscore
the potential of other than the species that are traditionally commercialized and novel
Trichoderma species to be developed into commercial products to control sclerotia-pro-
ducing plant pathogens. However, this potential has yet to be confirmed in field trials.

Strain Species® Colonization (%)
S. cepivora S. sclerotiorum

Commercial strain T. harzianum 75 36
TJO1 T nordicum 100 100
AAUT14 T. harzianum 69 nd**
CX02TRO7MTS T. harzianum 56 nd
CXO01TR06 T breve 55 nd
CX01TRO2MTN T breve 62 nd
CXO01TRO4 T breve 67 nd
CX01TRCAM T atroviride 100 nd
AAUT7 T orientale 71 nd
AAUT11 T orientale 89 nd
CX01TR10 Tetramorium camerunense 80 nd
CB1 Trichoderma sp. 1 54 nd
CB7 Trichoderma sp. 1 38 nd
CB8 Trichoderma sp. 1 50 nd
CX03TRIOMTS Trichoderma sp. 2 93 nd
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Strain Species* Colonization (%)
S. cepivora S. sclevotiorum

MON10A Trichoderma sp. 3 100 20
MON10B Trichoderma sp. 3 100 38
MON19 Trichoderma sp. 3 100 25
MON21 Trichoderma sp. 3 100 40
MTS13 Trichoderma sp. 4 100 80
CX01TRO3 Trichoderma sp. 5 82 nd
CX01TRO3MTN Trichoderma sp. 5 87 nd
CX01TR4.2MON Trichoderma sp. 5 69 nd
CX02TR18MTS Trichoderma sp. 6 89 nd
CX02TRO5MTS Trichoderma sp.7 88 nd
CX03TRO4MTS Trichoderma sp.7 88 nd
CX01TR4.1MON Trichoderma sp. 8 90 nd
CX01TR0O2MON Trichoderma sp. 8 30 nd
CX01TR1.2MON Trichoderma sp. 8 73 nd

Sclerotia of the pathogens were placed on the soil surface and sprayed with a suspension of Trichoderma conidia. The
boxes containing the sclevotia were incubated at 17°C for S. cepivora and at 25°C for S. sclerotiorum. The evaluations
were done at 7 and 14 days after the inoculations. The data ave averages of two experiments with five replicates per
experiment. * Species identification was done by sequencing the tef-1 fragment. * Not determined.

Table 2.
Colonization of sclerotia of Stromatinia cepivora and Sclerotinia sclerotiorum by strains of Trichoderma.

5. Interaction with other beneficial microorganisms

The combination of more than one biocontrol agent is thought to be advanta-
geous, but it depends on the individual strains compatibility [51]. Six out of the
34 registered products in Brazil are formulated with one or two Trichoderma and
Bacillus amyloliquefaciens strains (Table 1). However, it is not known whether these
microorganisms are compatible or not or if there is any synergism in their combi-
nation. Bacterial genera such as Bacillus and Pseudomonas are potential biocontrol
agents of soil-borne pathogens due to the secretion of antibiotics and lytic enzymes
in the rhizosphere of plants. Therefore, they are potential agents to be combined
with Trichoderma, especially when they do not inhibit each other [51-55]. However,
the compatibility of combinations needs to be evaluated with iz vitro and in planta
assays [56].

Interactions between Trichoderma and mycorrhyzae are sometimes antagonistic,
such as with the ectomycorrhyzal basidiomycetous genus Laccaria spp., where there
was clear inhibition of growth, colonization, and spore germination on both partners
[57-59]. However, sometimes these interactions are synergistic, such as with Glomus
spp. Although there was an increase in plant biomass in the interaction, microscopical
observations clearly showed that Trichoderma was parasitizing this endomycorrhyzal
fungus [60]. Trichoderma can parasitize the hyphae of the endomycorrhyzal fungus
Glomus irregulare and gain entry into potato roots [61]. On the other hand, endomy-
corrhyzal species of Rhizophaga use Trichoderma to penetrate into the roots of non-
host Brassicaceae, resulting in increased plant productivity [62].
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The compatibility and synergism in interactions between Trichoderma and other
beneficial microorganisms is so specific that they vary according to the strain of each
partner and the host plant. Therefore, determining the outcome of these interactions
is crucial for the successful field applications.

6. Field trials and uses in agriculture

Biological control of plant diseases is a reality in the agricultural world, since
the abuse and inappropriate use of chemicals have led to major problems to the
environment and human health. In view of sustainable agriculture, the use of chemi-
cal molecules is becoming unfeasible due to their high cost and toxicity. The use of
products based on Trichoderma proved to be effective, especially against root patho-
gens able to produce resistance structures such as sclerotia [63-65]. The application of
these microorganisms aiming to manage different plant diseases can be performed on
seeds before planting, via foliar spraying, in the substrate, in the planting furrow or
even in organic matter that will be incorporated before transplanting seedlings [66].
The form of application of products formulated with these microorganisms depends
on the target to be controlled, the host crop, the environmental conditions, and the
manufacturer’s recommendations.

In Brazil, the control of white mold in soybeans is done by a combination of
biological and chemical methods. This system will be used here as a case study to
exemplify the application of Trichoderma in the field. White mold is the second most
important soybean disease in Brazil and causes between 20 and 30% of losses on
average, but under some conditions may reach 70-100% [26, 30, 67]. Approximately
10 million ha of soil is infested by this pathogen in Brazil out of total 35.9 million
ha devoted to soybean cultivation in the country [67]. Approximately 5 million ha
of soybean is currently treated with Trichoderma-based products in Brazil [67]. A
common recommendation for white mold management is one spray application of
Trichoderma at the vegetative stage V2 and another application at V4-V6 with con-
centrations varying from 10° to 10"" CFU/ha, depending on the commercial product
adopted. Spray application of Trichoderma should be done on overcast days with high
soil humidity and mild temperatures. Since the levels of resistance in commercial cul-
tivars are not satisfactory, the combination of other practices is desirable. No-tillage
planting with mulch produced by Urochloa ruziziensis (Syn. Brachiaria) is highly
recommended as it stimulates the sexual germination of sclerotia and at the same
time functions a barrier for the spread of ascospores produced in apothecia [67, 68].
This mulch will also provide conducive conditions for the colonization of sclerotia
and apothecia by Trichoderma [68, 69]. Another practice that must be adopted is the
application of fungicides at the reproductive stage R1 and another application 15 days
later. The most commonly used fungicides are fluazinam, thiophanate-methyl,
procymidone, carbendazim, and trifloxystrobin [26]. Monitoring is essential for fine-
tuning these recommendations to specific locations and environmental conditions.
Some farmers may adopt the biological seed treatment with Trichoderma on top of the
standard chemical seed treatment, as an additional measure to control damping-off,
which is caused by many soil-borne pathogens, including S. sclerotiorum.

To verify the efficacy of the biological treatments, some of the manufactures of
Trichoderma provide Petri plates with culture medium to farmers. Sclerotia should
be collected from soil at the end of the cycle of soybean, but before harvest and
plated to determine the percentage of sclerotia colonized by Trichoderma. When the
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Treatments AUDPC Incidence (%) Sclerotia(g) TGW (g) Yield (kg/ha)
Control 9094 B 255B 6.6 A 1276 B 1942.5C

T asperellum SF04 (V4/V6) 685.0 B 92A 24A 1472 A 2890.0 A

T harzianum IBLFO06 (V4/V6) 7669 B 108 A 58A 1364 B 25233B

T harzianum ESALQ-1306. (V4/V6)  651.2B 98 A 22A 1458 A 28975 A
Trichoderma sp. Tricho 656 (V4/V6) 6569 B 122A 46 A 1445 A 2452.5B
ESALQ-1306 (V4/V6) + Tioph. 5325A 105A 25A 1461 A 2765.0 A
methyl (R1/R2)

Thiophanate methyl (R1/R2) 658.1B 34A 34A 1433 A 2945.0 A
FLuazinam (R1/R2) 4406 A 19A 19A 151.5A 3015.0 A

The experiment was done in the field with four replicates per treatment. Trichoderma was applied at a concentration
of 10° CFU/ha at the stages V4 and V6 and the fungicides at the stages R1 and R2. The area under the disease

progress curve (AUDPC) was determined by integrating multiple measurements of disease severity; disease incidence
was determined by measuring the percentage of infected plants per treatment; the number of sclerotia per ha was
determined by separating them from seeds with sieves and weighing; TGW is the total grain weight and yield was
determined by weighing. Means followed by different uppercase letters in the same columns ave statistically different by
the Scott-Knott test (p < 0.05).

Table 3.
Combination of Trichoderma and fungicides to control Sclerotinia stem rot in soybean.

level of colonization of sclerotia in the plates is above 50%, the level of control is
considered satisfactory. Although this level of control cannot be directly correlated
with success, they serve to show that Trichoderma is present in the treated areaata
relatively high rate.

Control of white mold is also dependent on the density of sclerotia in soil. Best
results are obtained when the densities are 1-10 sclerotia/kg of soil [30]. Field
experiments have shown that Trichoderma spp. as an exclusive control method is not
sufficient to reduce the severity of white mold (Table 3). Fungicides normally have to
be deployed to complement the activity of Trichoderma. However, in this experiment,
where 1 year only was evaluated, two Trichoderma strains used alone were able to
maintain the productivity at high levels even in the absence of fungicides. The use of
Trichoderma in multiple years is expected to promote the build-up of inoculum in the
soil and consequently decrease the levels of sclerotia to acceptable levels [70]. In the
long run, the objectives are to maintain the inoculum in equilibrium and increase the
plant growth and productivity.

7. Conclusion

In Brazil, 34 Trichoderma-based products are currently registered and most
of them are recommended to control soil-borne pathogens that produce sclerotia
as resistance structures. Relatively few species of the genus Trichoderma were
developed into commercial formulations, despite the high number of publications
that have shown the potential of many other species. Trichoderma spp. are widely
used in Brazil to control white mold in soybean and its use is expected to increase
in the near future as only 50% of the infected area is currently treated with these
biocontrol agents. Besides providing partial control of white mold, these fungi can
also increase plant growth and productivity coupled with a reduction in the use of
chemical fungicides.
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