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Chapter 4
Harnessing the Perception of Trichoderma
Signal Molecules in Rhizosphere to Improve
Soil Health and Plant Health

Sevugapperumal Nakkeeran, Suppaiah Rajamanickam,
Murugavel Vanthana, Perumal Renukadevi, and Malaiyandi Muthamilan

Abstract In the fungal kingdom, Trichoderma is the most exploited biocontrol agent.
It is known for its ability to colonize plant root, suppress many plant pathogens, and act
as inducer of systemic resistance in plant and is also involved in growth promotional
activities. The knowledge on rhizosphere signalling between plant root–Trichoderma
interaction is highly essential to trigger the immune response and to improve plant
health. There is a bidirectional perception of signal molecules for the successful
establishment of its association. The interaction of Trichoderma starts with contact
to the root surface, followed by attachment, penetration, and colonization. The signal
molecules from root exudates and secretomes of Trichoderma are essential for
successful accomplishment of a symbiotic relationship. Among the complex compo-
sition of root exudates, sucrose plays a vital role in the attraction of Trichoderma to the
plant root system. The hydrophobin and swollenins and cysteine-rich proteins secreted
by Trichoderma plays a role in each step towards successful plant root interaction.
This review enlightens our knowledge on root–Trichoderma interaction and its ability
to overcome plant’s defense mechanism to prove itself as a “true friend” to the plant
system and for improvement of soil and plant health.

Keywords Trichoderma · Signal molecules · Rhizosphere speci!city ·
Hydrophobin · Swollenins

4.1 Introduction

Microorganisms are the !rst living organisms established in the earth followed by
the plant kingdom. Microbes have coevolved with plants. The continuous associa-
tion and evolution decide the relationship of the microbes with plants either as
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biotroph, hemibiotroph, necrotroph, or saprotrophs. These relationships are decided
based on the molecular communications between both partners, which may be either
bene!cial or harmful. Hence, it plays a dual role, both positive (bene!cial microor-
ganisms) and negative (pathogenic microorganism). Communications are mediated
through signal molecules from the microbes to the plants or vice versa. The
photosynthates diverted to the rhizosphere decide the colonization of microbes
including Trichoderma. The rich biological niche of the rhizosphere represents the
health of the plant system. So it is of paramount importance to understand the plant–
microbe interaction in the rhizosphere. The plant root exudate composition is highly
complex and complete characterization of the root exudate is not possible. The root
exudates are grouped into low-molecular-weight compounds and high-molecular-
weight compounds. The low-molecular-weight compounds like sugars, amino acids,
and secondary metabolites are highly diverse and have various functions. The high-
molecular-weight compounds include polysaccharides and proteins which are less
diverse but are released in high proportion. These compounds are transported to the
environment through an active or passive process (Badri and Vivanco 2009). Trans-
porters like the ABC transporter, MATE exporter (multidrug and toxic compound
extrusion family), major facilitator superfamily (MFS), and aluminum-activated
malate transporter family (ALMT) are involved in the active transportation of
high-molecular-weight compounds. These root secretions recruit speci!c microor-
ganisms in the rhizosphere. The exact mechanism behind the recruitment of micro-
organisms is still unclear (Reddy et al. 2012; Takanashi et al. 2014).

The plant root–Trichoderma interaction resembles the interaction of mycorrhiza
with symbionts of the plant root. Though Trichoderma is an opportunistic symbiont,
it can survive saprophytically and remain in close association with the plant system
(Harman et al. 2004). The Trichoderma species secretes CAZymes (carbohydrate-
active enzymes), cysteine-rich proteins, hydrophobins, and many other enzymes to
suppress the plant immunity against their colonization. The ISR trigger provides a
priming effect against plant pathogenic organisms. The SAR is triggered during
initial interaction of the plant–Trichoderma surpassing SAR through increased
JA/ET which are antagonists of SA. However, our knowledge on Trichoderma–
root interactions is only primitive.

Hence, understanding of the cross talk between microbes and plants is essential to
de!ne the relationship. The role of chemical molecules involved in the molecular
dialogues at different trophic levels is not well explored. In this review, we describe
how molecular communication occurs between Trichoderma and the rhizosphere to
improve plant health and soil health.

4.2 Root Exudates and Rhizosphere Colonization by
Trichoderma

Interaction and communication between the rhizomicrobiome and plants are basi-
cally determined by the root colonization of the host. Colonization is mediated by
chemical cues in the rhizosphere, which occur at the cost of carbon budgeting of the

62 S. Nakkeeran et al.



photosynthates produced by plants. Around 20% of the photosynthates are diverted
to the rhizosphere as root exudates and are released via the roots to the rhizosphere.
The complex nutrient pro!le in the root exudates serves either as an attractant or
repellant for Trichoderma. The nutrients of low and high molecular weight mediate
tritrophic interactions between Trichoderma, plant, and pathogens in the rhizo-
sphere. Sugars, organic acids, amino acids, phenols, and other secondary metabolites
are low-molecular-weight compounds, while proteins and polysaccharides are high-
molecular-weight compounds. These exudates vary according to age and stage of the
crop (Chaparro et al. 2014). The carbohydrates and amino acids serve as a
chemoattractant for diverse microbes in soil. However, other compounds mediate
highly speci!c interactions (Abdel-Lateif et al. 2012). Secondary metabolites and
plant hormones attract bene!cial soil microbes and aid in defending plants against
pathogens. Root exudates like lectins are involved in symbiotic interactions and
defense responses. Root caps and root tips release mucilage rich in polysaccharides
into the rhizosphere, which contain protein rich in arabinogalactan. These proteins
are used to attract bene!cial microorganisms like Trichoderma and bene!cial bac-
teria. Thus, Trichoderma grows on the rhizosphere and sometimes enter as endo-
phytes into the crop plants.

4.3 Rhizosphere Speci!city of Trichoderma

Colonization of the roots by Trichoderma on tomato upregulated the genes associ-
ated with the formation of structures for infection on root tissues (Samolski et al.
2009). Initiation of Trichoderma attachment on the root system suppresses the
uptake of nutrients and carbohydrate metabolism due to the plant defense mecha-
nism (Rubio et al. 2014). Analysis of molecular communication between tomato
roots and Trichoderma interaction in hydroponic system indicated that the genes
associated with the creation of building blocks, nutrient exchange, and carbohydrate
synthesis were induced (Rubio et al. 2012). The secreted quinoprotein glucose
dehydrogenase gene is expressed more preferentially on tomato roots after interac-
tion with Trichoderma. However, a group of scientists emphasize that Trichoderma
has a wide host range. If so, there may be any speci!c adaptation by Trichoderma to
the hosts. But the answer behind the issue was: the response is regulated not by the
Trichoderma but it is the host plant that decides the regulation. Interaction of
T. virens strain with tomato and maize clearly indicated that the subset of 35 genes
was upregulated differently in tomato and maize (Moran-Diez et al. 2015). Similarly,
interaction of Trichoderma with maize roots induced the expression of genes
associated with the synthesis of small secreted proteins, short-chain oxidoreductases,
glycosyl hydrolases, and symbiosis-related invertases (Vargas et al. 2009). Hence,
though Trichoderma has wide adaptability, the selective expression of different
genes varies depending upon the host, thus explaining that the response is mediated
by the host and not by Trichoderma. However, to have in-depth knowledge on the
biochemical interaction of Trichoderma with the rhizosphere of different hosts,
complete transcriptome pro!ling of rhizosphere interaction is imperative.
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4.4 Trichoderma CWDE and MAMP Molecules on Root
Colonization

The basic platform associated with plant–microbe interactions is the plant cell walls.
Colonization of the plants is enabled by cell wall digestion followed by penetration.
Like that of the soilborne pathogens, Trichoderma also produce cell wall-degrading
enzymes (CWDE) like glycosyl hydrolases (GHs), which facilitate Trichoderma to
access the root tissues and also serve as a source of secreted proteins which facilitate
communication through the production of signal molecules. Carbohydrate-active
enzymes (CAZymes) characterized in eight Trichoderma genomes belongs to
136 GH families. In particular, T. reesei QM6a contains 68 families and T. reesei
RUTC30 contains 75 families. The genome of T. harzianum has 130 and
T. guizhouense has 136 GH families. Variations in the CAZymes re"ect on the
ability of the species and isolates of Trichoderma to colonize the substrate and host
plants (Li et al. 2017; Taniguchi et al. 2011). CWDE of Trichoderma secretome not
only favors colonization of the roots but also triggers the immune response of the
host plant. Inactive cellulase and xylanase proteins were identi!ed as the !rst
MAMP molecule from Trichoderma to trigger innate immune response on host
plants (Avni et al. 1994; Martinez et al. 2001; Rotblat et al. 2002). The CWDE does
not cause extensive damage to the cell wall, but also results in the production of
DAMP signal molecules. Oligogalacturonides were released as a DAMP signal
molecule, due to the enzymatic action of endopolygalacturonase ThPG1 of
Trichoderma with the roots of Arabidopsis and tomato. It was the !rst identi!ed
DAMP molecule involved in ISR (Moran-Diez et al. 2009). Enzymatic action of
chitinases from Trichoderma released DAMP molecule chitooligosaccharides from
the chitin polymers associated with ISR (Woo et al. 2006). Though CWDE releases
MAMP and DAMP signal molecules, it increases the plasticity of the root cells and
thus facilitates ef!cient colonization. Root colonization in tomato by T. harzianum
was enhanced by the production of endopolygalacturonase ThPG1. It was re"ected
by an eightfold increase of T. harzianum DNA in the root tissues through qPCR,
which was not the case with the T. harzianum silenced for ThPG1 expression
(Moran-Diez et al. 2009). Thus, the molecular communication between endopoly-
galacturonase of Trichoderma and the roots of the host plant favors colonization.
The endophytic T. virens and T. harzianum produce cellulases,
endopolygalacturonases, and xylanases (Moran-Diez et al. 2015; Chacon et al.
2007). Coculturing of these endophytes along with maize or tomato upregulated
eight genes out of which seven genes were involved in polysaccharide metabolism
favoring root colonization (Moran-Diez et al. 2015). Thus, initiatives made to
overexpress the genes associated with polysaccharide metabolism would favor
microbial communication network between Trichoderma spp. and host plant,
which would enhance the level of colonization of roots and thus protect the plants
from biotic and abiotic stress.
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4.5 MAMP and DAMP Molecules
of Trichoderma-Mediated Systemic Resistance

The molecular signals from Trichoderma include structural MAMPs; secreted
MAMPs like “xylanases, cellulases, cerato-platanins, swollenins, avirulence proteins,
lysin motif (LysM) domains, peptaibols, 6-pentyl pyrones, trichothecenes,” phytohor-
mones; and cell-wall-degrading polygalacturonases (Hermosa et al. 2013). Fungal
elicitors are generally deposited in the root cell apoplast region. The effectors may be a
protein or secondary metabolite. The MAMP molecule xylanase–ET-inducing
xylanase Eix/Xyn2 is an elicitor produced by T. viride. It elicits ET biosynthesis
and induces ISR in plant (Avni et al. 1994; Martinez et al. 2001; Rotblat et al. 2002;
Ron and Avni 2004). Martinez et al. (2001) reported that Trichoderma induced
cellulases, salicylic acid, and ethylene signalling pathways. Ceratoplatanin proteins
are small secreted proteins rich in cysteines and trigger root colonization and ISR
induced by JA in cotton and maize (Hermosa et al. 2012). Swollenin protein identi!ed
in T. reesei was similar to plant expansin and colonized root, but it does not trigger
ISR (Brotman et al. 2008). The avirulence proteins avr4 and avr9 reported from
T. atroviride and T. harzianum are SSCP homologues that stimulate SAR through
activation of EDS1 (enhanced disease susceptibility 1) gene against Rhizoctonia
solani and B. cinerea (Marra et al. 2006; Harman et al. 2004). These avirulence
genes also protect the fungal cell wall from plant chitinase enzyme (Stergiopoulos and
De Wit 2009). Thus, colonization of roots of the host plant by Trichoderma spp.
triggers innate immunity against plant pathogens (Moran-Diez et al. 2009; De Lorenzo
et al. 2011). Woo et al. (2006) reported the DAMP activity of chitooligosaccharides by
chitinase activity of plant or Trichoderma on rhizospheric fungi.

4.6 Trichoderma Proteins Involved in Root Colonization

The protein domain with eight cysteines is present in the fungal extracellular mem-
brane (CFEM) of Trichoderma. The family proteins of CFEM contain TMD proteins,
which have diverse roles in sensing of plant surface, asexual development, iron
assimilation, and colonization as that of the fungal pathogens (Nasser et al. 2016;
Kou et al. 2017; Sabnam and Roy Barman 2017). PTH11, the GPCR with CFEM
domain in Trichoderma, is essential for protein activity (Kou et al. 2017). Besides, the
Trichoderma genome had 50 soluble secreted proteins with CFEM domain. Hence, a
thorough understanding of the secreted proteins with CFEM domain would help in
tinkering the genes to enhance rhizosphere colonization by Trichoderma.

4.7 Molecular Signals of Trichoderma and ISR

Rhizosphere colonization of Trichoderma activates the ISR and SAR through the
salicylic acid (SA) and jasmonate/ethylene (JA/ET) pathways. Trichoderma coloni-
zation induces rapid ion "uxes and oxidative burst along with callose deposition and
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synthesis of polyphenols (Shoresh et al. 2010). It is followed by the coordination of
signals with NPR genes, causing varying degrees of resistance to the invading
pathogens (Shoresh et al. 2010). The host plant contact and increased population
of Trichoderma induce SA-mediated SAR (Segarra et al. 2007; Salas-Marina et al.
2011; Yoshioka et al. 2012). MAPK from T. virens interacting with MAPK from
cucumber resulted in induced downstream defense in cucumber (Viterbo et al. 2005;
Shoresh et al. 2006). Compounds like xylanase, peptaibols, alpha amino isobutyric
acid, trichovirin II, and alamethicin from Trichoderma spp. induce the plants’
defense mechanism (Luo et al. 2010; Druzhinina et al. 2011). The gene Sm1/Epl1
from Trichoderma that belongs to the cerato-platanin family secretes a large amount
of cysteine-rich hydrophobin-like proteins and induced ISR in maize plants
(Djonovic et al. 2006, 2007; Seidl et al. 2006; Mukherjee et al. 2012). The
glycosylated monomers of Sm1 induced ISR. However, non-glycosylated mono-
mers of Sm1 are prone to oxidative-driven dimerization and could not act as an
elicitor to induce ISR. Sm1 coding for the oligomer with binding properties of N-
acetyl glucosamine is highly conserved and could be responsible for ISR
(de Oliveira et al. 2011). Besides, defense responses in maize were also triggered
by a PKS/NRPS hybrid enzyme (Mukherjee et al. 2012).

Root colonization by Trichoderma damages the cell wall and produces DAMP
molecules, which are responsible for the ISR and conferred resistance to foliar and
soilborne pathogens. The seeds of tomato plants treated with T. harzianum decreased
the intensity of leaf blight caused by Botrytis cinerea (Moran-Diez et al. 2009).
Trichoderma hydrolyze the pectin in the middle lamella, penetrating and colonizing
the apoplastic region. During the process of penetration and colonization of root
tissues, metabolites and soluble secreted proteins are produced and trigger ISR.
Interaction of T. virens I10 with roots of tomato or pectin induced the expression
of TvPg1 coding for endopolygalacturonase, while Tvpg2 was constitutively
expressed and was responsible for the induction of ISR (Baroncelli et al. 2016;
Sarrocco et al. 2017). Besides, the plant defense elicitors, viz., endo-1,4-!-D-
glucanase and exo-1,4-!-D-glucanase, induce ISR activated through MAMP and
DAMP. These enzymes were responsible for inducing a resistance mechanism in
maize (Saravanakumar et al. 2016). T. virens colonization in maize roots induced
27 different glycosyl hydrolases. Due to substrate speci!city, 17 were over
expressed in the maize root tissues and ten were secreted by T. virens alone and
not by the host (Lamdan et al. 2015). T. harzianum colonization on maize roots was
promoted by enzymes of cellulose, conserved cellulose binding domains present in
the C-terminus of Thph1 and N-terminus of Thph2. Treatment with mutant strains of
T. harzianum (Thph1 and Thph2) expressed the reduced level of cellobiose produc-
tion on maize roots. However, application of cellulase-like proteins secreted by the
genes Thph1 and Thph2 induced overexpression of cellobiose. LC-MS analysis
indicated that JA content in maize leaves and roots was increased in plants treated
with cellulase protein from T. harzianum than the wild type. Further, increased
mRNA levels of Opr7, Pr4, Aoc1, and Erf1 were observed with the expression of
defense-related genes that increased with days of Trichoderma treatments
(Saravanakumar et al. 2016). Thus, it indicated that the production of cellobiose is
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dependent on genes Thph1 and Thph2 that are rational for the triggered ISR and
defense genes.

In addition, it also increased shoot weight and height and root weights in plants
treated with the wild strain compared with the plants treated with the mutant strain of
Trichoderma. Hence, cellulase-like proteins secreted by the genes Thph1 and Thph2
of T. harzianum favored maize root colonization and triggered the expression of
defense genes associated with ISR. Apart from it, in maize, it was found that
treatment with a distorted strain never expressed the accumulation of reactive
oxygen species (ROS), whereas higher ROS production was documented in plants
treated with a wild strain of Trichoderma expressing Thph1 and Thph2 genes. In
addition to the transient expression of ROS, calcium in"ux and levels of calcium in
maize leaves were also increased. Due to the consequence of ROS production,
increased calcium in"ux, ISR, and defense gene accumulation in maize, the infection
by leaf spot pathogen in maize caused by Curvularia lunata was signi!cantly
reduced. Further, mass spectrometry analysis indicated that 12 out of 40 proteins
were upregulated and might have contributed to the reduction of C. lunata leaf blight
in maize (Saravanakumar et al. 2016).

Thus, cellulase enzyme released during the interaction between maize roots and
Trichoderma acts as an effector molecule to initiate MAMP-triggered immunity.
Subsequently, DAMP-responsive effector molecule, cellobiose released from the
roots of maize upon the action by the cellulase, induced the defense mechanisms in
maize against leaf spot as a result of activation of C6 zinc !nger protein-like elicitor
Thc6 that regulates two hydrolases Thph1 and Thph2 in T. harzianum. Thus, the
transcription factors including MYC2 and ACO in ethylene pathway and PO
involved in ROS signaling and molecular signals such as cellulase-like proteins
and cellobiose triggered by the colonization of T. harzianum on to maize roots not
only confer resistance to soilborne pathogens but also induce resistance against foliar
pathogens.

4.8 Secondary Metabolites of Trichoderma and Their
Diverse Mode of Action

Trichoderma is known to produce a huge diversity of secondary metabolites. The
antibiotic activity of secondary metabolites produced by Trichoderma has been
identi!ed and described. Trichothecenes are sesquiterpenes produced by
Trichoderma, inducing systemic resistance in plants. Trichodermin produced by
T. brevicompactum and harzianum A produced by T. arundinaceum possess anti-
fungal activity against Fusarium, B. cinerea, and R. solani (Tijerino et al. 2011;
Malmierca et al. 2013). Peptaibols are secondary metabolites that produce antifungal
and antibacterial activities. Trichokonins is a peptaibol detected in T. pseudokoningii
that induces ROS accumulation locally and systemically. It utilizes SA, JA, and ET
signalling genes (Luo et al. 2010). 6-Pentyl pyrones is a volatile metabolite of

4 Harnessing the Perception of Trichoderma Signal Molecules in Rhizosphere. . . 67



Trichoderma and acts as an auxin-like compound and inhibits Fusarium oxysporum
through the induction of PR1 genes (Rubio et al. 2009). The phytohormones are
manipulated by Trichoderma to establish and to induce bene!cial responses in
plants. It promotes IAA synthesis and reduces ET production though ACCD activity
(Contreras et al. 2009; Viterbo et al. 2010). Trichoderma produce the best known
lactone, 6-pentyl-2H-pyran-2-one (6-PP). It promotes production of auxin and ET
pathway and promotes plant growth, root architecture, and lateral shoots mediated
through ARF7 and ARF19 transcription factors and EIN2 in root (Garnica-Vergara
et al. 2016). T. virens interaction with cucumber produces peptaibol by activation of
Tex1 gene and suppresses P. syringae through the production of phytoalexins
(Viterbo et al. 2007). Alamethicin peptaibols possess multiple activities in inducing
defense responses including callose deposition, production of phenolic compounds,
regulation of defense genes, and enhanced plant growth (Rippa et al. 2007).
Polyketides produced by Trichoderma include macrolides, polyenes, and polyphe-
nols. Mukherjee et al. (2012) observed the role of aspinolide C produced by
T. arundinaceum in the induction of PR1b1 and PR-P2 genes in plants. Terpenes
are highly diverse secondary metabolites produced by cytochrome p450 enzymes. It
is involved in mycoparasitism and in plant interaction. The G3 gene of T. hamatum
produces cytochrome p450 enzyme upon interaction with Sclerotinia and Sclerotium
spp. (Carpenter et al. 2008). Malmierca et al. (2015) found that trichodiene (TD) is a
VOC produced by T. arundinaceum, which served as a substrate for the synthesis of
harzianum A. It is responsible for the expression of SA-related genes in tomato
plants. Apart from the proteins and secondary metabolites, small RNAs of
Trichoderma are considered as putative effectors. Ramirez-Valdespino et al.
(2019) studied the interaction between T. atroviride and Arabidopsis through
sRNA libraries in different time intervals. It revealed the effector activity of sRNA
on symbiotic relationship establishment with Arabidopsis through chromatin mod-
i!cation and cell wall modi!cations. Further research is needed of the hour to dissect
the molecular mechanism mediated by Trichoderma sRNAs (Fig. 4.1).

4.9 Interaction of Trichoderma Growth Promotional
Molecules in the Rhizosphere

Communication through signal molecules between the host plant and Trichoderma
spp. enables it to colonize both the external surface and internal regions of the plant
system. The growth hormone auxin produced by Trichoderma colonizes roots and
increases the surface area of colonization (Contreras et al. 2009). Plant root coloni-
zation is mediated by cysteine-rich hydrophobin-like protein TasHyd1 produced by
T. asperellum and Qid74 produced by T. harzianum (Samolski et al. 2012; Viterbo
and Chet 2006). Besides, Brotman et al. (2008) reported the involvement of an
expansin-like protein called swollenin in plant root colonization. The cellulose
binding module of the expansin-like protein binds with endopolygalacturonase to
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ensure penetration of Trichoderma into the root system (Brotman et al. 2008;
Moran-Diez et al. 2009).

Different species of Trichoderma are effective colonizers on decaying and cellu-
losic materials and rhizosphere soil, which utilize the substrate by the production of
their own secretion capacity for secondary metabolites, viz., CWDE, growth-
promoting, and antibiotic nature. In addition, it also promoted the plant growth,
reproduction, and biosynthesis of secondary metabolites (Schuster and Schmoll
2010). The application of Trichoderma enhanced crop production and productivity
through PGPR activities. Zhang et al. (2014) reported that the use of T. harzianum
(T-E5) as a biostimulant reduced the Fusarium wilt incidence and promoted plant
growth in cucumber plants. Likewise, onion seeds treated with T. harzianum signif-
icantly promoted the seedling emergence and increased seedling length, seedling
root length, number of leaves, and fresh weight of seedlings (Dabire et al. 2016).
Field demonstration on wheat crop applied with different formulations of
T. harzianum (Th3) increased plant growth parameters like rootlets and number of
tillers (Sharma et al. 2012). Similarly, soil application of T. viride along with FYM
and NPK increased the plant growth parameters, grain yield, and biomass of wheat
crop (Mahato et al. 2018). Hajieghrari (2010) found that maize crop treatment with
T. hamatum T614 isolate increased the leaf area, shoot weight, and fresh roots of
seedling compared to the non-inoculated seedling. Similarly, bulb treatment with
T. harzianum enhanced the plant growth of tuberose and resulted in increased "ower
production and quality (Nosir 2016). Root dipping and soil application of
T. asperellum–based talc formulation effectively suppressed carnation wilt by
increasing plant growth, number of shoots, stalk length, and "ower yield
(Vinodkumar et al. 2017).

The capacity of Trichoderma spp. to promote plant growth is attributed to the
synthesis of secondary metabolites and production of enzymes to convert the
unavailable form of nutrients to available form, auxin and gibberellin-based com-
pounds (Parra et al. 2017). Seedlings of Arabidopsis treated with T. virens or
T. atroviride produced auxin-related compounds such as indole-3-acetic acid,
indole-3-acetaldehyde, and indole-3-ethanol which were responsible for increased
biomass production (Contreras-Cornejo et al. 2014). Similarly, Harman et al. (2004)
found that inoculation of Trichoderma in maize in"uenced the root system archi-
tecture, which resulted in increased crop yield, enhanced root biomass, and increased
root hair development. The application of Trichoderma strains TH1 and T4
increased root weight, shoot weight, and dry root weight against Pythium. In
addition, lateral root development and nodule formation were also found to be
enhanced. Application of Trichoderma strains TH1, T4, and T12 signi!cantly
increased the soil fungal population and signi!cantly reduced the cell-wall-
degrading enzyme activities of Pythium. Besides, strains TH1, T4, and T12 reduced
the alkaline phosphatase activity, and other strains, TH1, T4, and N47, reduced the
urease activity for the suppression of Pythium. These enzymes directly in"uence the
nutrient availability for Pythium in soil by avoiding the leakage of plant nutrients
through damage made by Pythium spp. (Naseby et al. 2000).
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Similarly, application of Trichoderma strains promoted signi!cant growth of
Capsicum annuum seedlings at 36 days after planting. In particular, T. atroviride
increased plant height and dry shoot biomass and expressed the biocontrol activity
against the nematodeMeloidogyne incognita. Increased plant growth promotion and
increased seedling emergence favored root colonization by Trichoderma, which is
one of the critical characteristics of the species to utilize organic acids as a major trait
to protect cucumber roots from infection of soilborne pathogens (Vasumathi et al.
2016). The production of organic acids alters the soil and nutrient uptake ef!ciency,
which were useful for the metabolism of plants (Hermosa et al. 2013). Cucumber
plants applied with T. harzianum favor the extensive secondary root hairs
overexpressed in the cysteine-rich cell wall protein gene qid74 and improved root
architecture, thus increasing nutrient uptake through the increased total absorptive
surface and increased plant biomass through ef!cient use of NPK and micronutrient
translocation in the shoots (Samolski et al. 2012). Thus, research behind the mole-
cules associated with plant growth promotion by Trichoderma spp. explains the
involvement of secondary metabolites, CWDE, overexpression of cysteine-rich cell
wall protein gene qid74, indole-3-acetaldehyde, indole-3-acetic acid, and indole-3-
ethanol.

4.10 Trichoderma as Nutrient Mobilizers

Trichoderma spp. act as good nutrient mobilizers. The increased uptake of native
mineral nitrogen (N) in the absence of N inputs has been reported in response to
treatment with T. virens (GV41) in lettuce and rocket crops. In addition, the
Trichoderma strains GV41 and T22 increased the uptake of N, under optimal N
fertilization. Similarly, the higher concentration of K+, Ca2+, and PO4

3! was
in"uenced by the interaction during the application of Trichoderma and N fertiliza-
tion (Fiorentino et al. 2018). Further analysis of leafy vegetable lettuce and rocket
treated with bioformulations of T. virens (GV41) or T. harzianum (T22) along with
different levels of nitrogen fertilizers revealed that overall fungal populations of
rhizosphere soil of lettuce crop were increased in plots inoculated with T. virens
(GV41) bioformulations and increased the N levels. In leafy rocket vegetable,
treatment with T. harzianum (T22) maximized the fungal population in rhizosphere
soil with optimum level of nitrogen (Fiorentino et al. 2018). Trichoderma, by
boosting the availability of N, increased the total ascorbic acid content in leafy
rocket. The total ascorbic acid in leafy vegetables was an important component of
functional quality and constituent of vegetable crops. The role of Trichoderma on
increased yield and plant growth in lettuce and rocket was due to biological and
chemical processes in the rhizosphere soil accompanied with increased nutrient
uptake and modulation of nutrient availability (Fiorentino et al. 2018).

Zhang et al. (2019) found that alfalfa seedlings treated with Trichoderma
increased the N, P, and K contents of the soil. Interestingly, biomass of alfalfa was
directly in"uenced by the abundance of Trichoderma and P available in soil. It
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indicated that the role of soil available P in"uenced alfalfa plant growth by
Trichoderma. Further, in Trichoderma-treated soil, the soil microbial community
identi!cation through high-throughput sequencing of 16S rRNA and ITS region
revealed the predominance of Pseudomonas, Flavobacterium, and Arthrobacter
genera. The compounds 1-hexacosene and 1-heptadecanol were found in abundance
only in the rhizosphere region of Trichoderma-treated plants (Zhang et al. 2019).
Application of T. harzianum T22 enriched biofertilizers at a rate of 50% BioF/
compost and 50% BioF/liquid with 50% N:P:K, effectively increasing the yield of
tomato, improving the nutritional quality of the fruit, and reducing the external
application of NPK fertilizers (Molla et al. 2012). Trichoderma spp. improved the
nutrient uptake from the soil through enhanced root growth and promoted plant
growth (Harman et al. 2004). A similar result has been reported by Altomare et al.
(1999) who stated that the use of T. harzianum 1295-22 improved the uptake of N,
Mn4+, Fe3+, and Cu2+ that led the healthier plant growth and development. Similarly,
Li et al. (2015) demonstrated that in a pot culture study, T. harzianum SQR-T037
enhanced the biomass production and nutrient uptake of tomato seedlings. The
Trichoderma on inoculation in liquid medium solubilized the Fe2O3, CuO, and
metallic Zn and increased their concentration. Further, P-de!cient hydroponic
experiment (HE-P) revealed that tomato seedlings grown in the P-de!cient nutrient
solution inoculated with T. harzianum SQR-T037 in"uenced the uptake of nutrient
root surface area, root volume, and the numbers of root tips.

Trichoderma consortium signi!cantly increased the levels of N, P, K, Ca, and
Mg in tomato seedlings. Apart from nutrient mobilization, increased root and
shoot length and fresh and dry weights of shoot and root were also improved on
treatment with a consortium of Trichoderma spp. The soil applied with T. viride
in combination with Azotobacter chroococcum along with the recommended
dosage of NPK fertilizers signi!cantly enhanced biomass production of chickpea,
root proteins, succinic and fumaric acid exudation, and nutrients available in soil
and increased the activity of antioxidant-related enzymes like PAL, PPO, PO,
and SOD (Velmourougane et al. 2017). Lilliana et al. (2015) found that inocu-
lation of Trichoderma in bean plants increased the foliar concentrations of Cu,
Fe, Ca, Mg, and K. Besides, Trichoderma also increased concentrations of P and
Cu in the foliage of bean plants. Similarly, Martinez-Medina et al. (2011)
demonstrated that under greenhouse conditions, increased nitrogen and phospho-
rous contents of melon plants were found only in co-inoculation of T. harzianum
and Glomus mosseae rather than treatment with AMF alone. Similarly, plants
co-inoculated with T. harzianum and AMF showed the same level of phosphorus
content as that of plants inoculated with the AMF alone. This demonstrated the
role of Trichoderma in mobilizing the nutrient in melon plants and improved
shoot fresh weight of melon plants. Thus, root colonization by Trichoderma
increased the ef!ciency of nutrient mobilization and plant growth by the inter-
action of Trichoderma with plant.
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4.11 Molecular Signals of Trichoderma in the Rhizosphere
Complements Plant and Soil Health

Plant and microorganism partnership has an evolutionary relationship and dates back
to the origin of plants. The diverse relationship between plant and microorganisms
exists due to molecular signals. Microorganisms reside as endophytic, epiphytic, and
rhizospheric organisms of plant system. The root exudates play a vital role in the
recruitment of speci!c organisms. The photosynthates of the plant system released as
root exudates comprises of low-molecular-weight compounds like carbohydrates
(arabinose, sucrose, glucose, galactose, raf!nose, sterols, amino acid) glutamine,
glutamic acid, phenylalanine, arginine, aspartate, leucine, lysine, enzymes (amylase,
invertase, phenolase), lignins, and glucosinolates and high-molecular-weight com-
pounds like organic acids, acetic acid, fumaric acid, lactic, and pyruvic acid (Dennis
et al. 2010; Badri and Vivanco 2009; Hayat et al. 2017). The quality of root exudates
is in"uenced by plant species, age of the plant, external environment, and biotic and
abiotic stress conditions. The carbon-rich resources attract soil microorganisms and
trigger root colonization. Similarly, cues from Trichoderma enable the plant to
recognize and enable its colonization in root. The secretome of Trichoderma species
is rich in carbohydrate-active enzymes (CAZymes) which are capable of modifying
glycosidic bonds. The CAZymes are glycosidic hydrolases (GHs), glycosyl trans-
ferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases (CEs), and
carbohydrate-binding modules (CBM). Among these CAZymes, GHs are most
predominantly produced to degrade polysaccharides like chitin, cellulose, and hemi-
cellulose (di Cologna et al. 2018). Root colonization is the crucial step for successful
plant–microbe interaction (Kamilova et al. 2005; Hayat et al. 2017). The coloniza-
tion of root system includes attraction, adherence, colonization, and growth as
rhizomicrobiome or as endophyte (Nihorimbere et al. 2010).

Vargas et al. (2009) reported that among the various compounds in root exudates,
sucrose plays a vital role in the recruitment of opportunistic symbiont Trichoderma.
This sucrose is produced in high concentration near root tips and are hydrolyzed by
glycosidic hydrolase (GH), an invertase enzyme produced by tvinv gene of T. virens
and acts as food for fungal cells. The earlier reports of Djonovic et al. (2006) and
Viterbo et al. (2007) revealed that sucrose stimulates the expression of tex1 and sm1
genes in Trichoderma which induces ISR response. Thus, sucrose was reported as a
nutrient for Trichoderma as well as a molecular signal for root colonization (Vargas
et al. 2009). Apart from sucrose involved in the attraction of Trichoderma towards
the root system, hydrophobins encoded by TasHyd1 gene in T. asperellum and qid74
gene of T. harzianum encoding a cysteine-rich cell wall protein are involved in the
attachment of fungi to the root system (Samolski et al. 2012). Further, root coloni-
zation is mediated by cell wall-degrading enzymes like endopolygalacturonase
(ThPG1), swollenin, and expansin (Viterbo and Chet 2006; Brotman et al. 2008;
Moran-Diez et al. 2009; Druzhinina et al. 2011). Thus, the plant root exudate can
make up the microbial community in the root zone which in turn provides resistance
against insect pests and diseases and is also involved in growth promotional
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activities. The recognition of Trichoderma by plants is facilitated through MAMPs,
DAMPs, and elicitors released by Trichoderma, and the perception of these mole-
cules by NBS-LRR proteins leads to elicitation of defense response; however,
Trichoderma minimizes the stimulation of immunity by production of subsequent
effectors or elicitor molecule. This phenomenon leads to a mutualistic relationship
between Trichoderma and plant (Zamioudis and Pieterse 2012) and thus increases
the plant health and soil health (Fig. 4.1).

4.12 Conclusion

The communication network between Trichoderma and plants is mediated through
various signal molecules. Initially, Trichoderma recognizes the roots of crop plants
by sensing the nutrients secreted in the rhizosphere. Subsequently, it interacts with
the host through the production of various MAMP and DAMP molecules. The
communication through MAMP and DAMP molecules induces an immune response
and thereby confers resistance to both soilborne and foliar pathogens via SAR and
ISR mechanisms. Apart from the same, Trichoderma produces effector molecules to
overcome the MAMP- and DAMP-triggered immunity. It helps in colonization of
the host both in the rhizosphere and endosphere. Subsequently after the colonization,
Trichoderma produces growth hormones, enzymes, and antibiotics to overcome
biotic and abiotic stress, which aids in improving plant health and soil health.
However, only a very few molecules have been characterized for understanding
their role in recognition, attachment, and colonization of root tissues. Till date there
are no detailed explanations behind the involvement of receptors to recognize the
secreted proteins of Trichoderma by the plant or how these proteins migrate into the
plant. Though the proteins of elicitor nature suppress plant defense to favor coloni-
zation by Trichoderma in the root apoplast, understanding of the heritable nature of
priming over different generations is only in the stage of infancy. A better under-
standing of the molecular communications between Trichoderma and plants will
clearly explain how Trichoderma could differ from the mycorrhiza and pathogenic
Fusarium leading to symbiotic relationship. To understand the dialogue between
Trichoderma and plant roots, transcriptome pro!ling under ditrophic interactions
will help to dissect the secret beneath the communication, leading to transcriptome
reprogramming and epigenetic modi!cation, which in turn help to upregulate the
genes of interest to improve both soil health and plant health.
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