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HIGHLIGHTS

e Trichoderma-bacteria co-inoculations have a synergistic effect on plant benefits.

e Trichoderma-bacteria biocontrollers have similar results than chemical pesticides.
o Compatibility and formulation are key steps in Trichoderma-bacteria co-inoculants.
e More studies are needed in Trichoderma-bacteria effects on abiotic stress in plants.

ARTICLE INFO ABSTRACT

Keywords: Agriculture nowadays is facing many challenges, with among the most important to be able to feed the increasing
Tric'hoderma human population through more sustainable and environmentally friendly production. In this context, the use of
Bacillus microorganisms has been extensively studied, both with fungi such as Trichoderma spp. and with bacteria, such as
Pseudomonas . - . . . . is

Synergism Bacillus spp. or Pseudomonas spp. While inoculation with these microorganisms has a positive effect on crops,

their combination offers even greater potential as plant growth promoters and as biocontrol agents, with diverse
mechanisms that are thoroughly considered in this review. Synergies between Trichoderma and bacteria cause
more benefits than the sum of their parts, and this makes them a promising alternative for managing crops and
controlling diseases or pests in modern agriculture. However, more studies are needed to determine the specific
mechanisms of this synergistic effect in certain lines of research, since there is extensive data about their use as
plant growth promoters or biocontrol agents against diseases and certain pests, but little or no information is
available about their use against diseases caused by viruses or the effect on plant tolerance to abiotic stresses.

Co-inoculant

1. Introduction

Actual growth calculations have projected that world population will
increase from 7.4 billion in 2017 to 9.7-10 billion by 2050 (Fukase &
Martin, 2020). One of the biggest problems we face is how to meet the
increasing demand for food (Fukase & Martin, 2020; van Dijk et al.,
2021). In a meta-analysis carried out on 57 global food security pro-
jection and quantitative scenario studies, it was determined that global
food demand is expected to increase by 35 % to 56 % between 2010 and

2050 (van Dijk et al., 2021). The primary sector, the basis of food pro-
duction, is currently located in rural areas, where the population is
continuously decreasing. It is estimated that in 2050 about 70 % of the
global population will live in cities or megacities (with 10 million or
more inhabitants) (Knorr et al., 2018).

The agricultural advances of the 1930s have made it possible to feed
an exponentially growing world population, achieving more calorie
production per capita than was ever available before in history (Ram-
ankutty et al., 2018). However, this agricultural development has come
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at a huge environmental cost, and agriculture is now a major cause of
global environmental degradation (Kopittke et al., 2019). This is a
consequence of the intensification of crops and the massive use of
agricultural chemicals (fertilizers and pesticides), causing the loss of soil
organic matter, soil erosion, release of greenhouse gases, pollution,
acidification and salinization of soils and waters, and loss of genetic
diversity; the damage is now irreparable in some places on the planet
(Ramankutty et al., 2018; Kopittke et al., 2019). Therefore, the devel-
opment of a sustainable agriculture system that can feed future gener-
ations requires the development of new biological strategies that respect
the environment and health (Jhariya et al., 2019).

Sustainable agriculture must solve three fundamental problems in
order to increase crop productivity and feed the world population: the
supply of nutrients to plants, increasing tolerance to abiotic stresses, and
reducing losses caused by pathogens and pests in crops and post-harvest
management (Roberts & Mattoo, 2018). Plants need to acquire a large
amount of primary macronutrients (nitrogen (N), phosphorus (P), and
potassium (K)) and micronutrients from the soil to maintain their ge-
netic production potential. A continuous external supply of nutrients to
agricultural soils is necessary in the form of chemical fertilizers or
through the use of organic and/or biological strategies. The inappro-
priate use of nutrients leads to a decrease in the efficiency of agriculture
and carries additional costs related to the deterioration of the environ-
ment (Mironiuk & Izydorczyk, 2022). As far as abiotic stresses are
concerned, agricultural productivity is vulnerable to different environ-
mental and physical-chemical factors, such as drought, floods, extreme
temperatures, radiation, salinity, nutrient deficiencies, extreme pH, and
chemical contaminants. These stresses are major challenges for the
production of crops, meaning that only 9 % of the world’s agricultural
land can be used for the establishment of crops, as the remaining 91 %
are subject to different abiotic stresses. Although agricultural losses
caused by abiotic stresses are currently estimated at 50 % of agricultural
production, the current climate change scenario is continually
increasing this percentage (Minhas et al., 2017). On the other hand,
biotic stresses in plants are caused by pests (mainly insects and mites)
and pathogens (viruses, bacteria, fungi, oomycetes, and nematodes)
(Gimenez et al., 2018). It is estimated that pests reduce global agricul-
tural productivity by between 18 and 25 % per year (Poveda, 2021),
while pathogens are directly responsible for losses of between 10 and 15
% (Mohammad-Razdari et al., 2022).

Microorganisms play a fundamental role in the agrosystem. Endo-
phytic, epiphytic, and rhizospheric microorganisms may form mutual-
istic relationships with plants, improving agricultural productivity
through direct nutrient supply, production of plant-growth-promoting
substances, increasing plant tolerance to abiotic stresses, direct biopes-
ticide action against biotic stresses, and induction of plant defenses
(Umesha et al., 2018; Yadav et al., 2020). Modifying plant and soil
microbiota is essential to stimulate beneficial symbiotic relationships in
agriculture. The exogenous application of microorganisms modifies, in a
directed way, the populations of beneficial microorganisms present in
the agrosystem (Kaul et al., 2021). According to European Union legis-
lation (2019/1009), microorganisms used in agriculture are divided into
two large groups: biostimulants and biopesticides (Poveda & Gonzalez-
Andrés, 2021). Microbial biostimulants, including biofertilizers from
other world legislations, are microorganisms that are capable of directly
providing nutrients to plants, improving access to them, or increasing
tolerance to abiotic stresses (European Council, 2019). Microbial bio-
pesticides include microorganisms that protect the crop from pests or
diseases, either directly or indirectly (Poveda & Gonzalez-Andreés, 2021;
Poveda et al., 2022).

Microorganisms can be applied exogenously in the agrosystem,
improving their viability and functions as much as possible, through the
development of bio-inoculants. This line of research has been of great
interest in the last decade, as suggested by the publication of the books
Microbial Inoculants in Sustainable Agricultural Productivity (Vol 1:
Research Perspectives, and Vol. 2: Functional Applications) in 2016 (Singh
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et al., 2016a, 2016b) and the Research Topic in the journal Frontiers in
Plant Science “Biostimulants in Agriculture” in 2020 (Rouphael & Colla,
2020). The main bio-inoculants used in agriculture include bio-
stimulants, such as plant-growth-promoting rhizobacteria (PGPR), and
biological control agents (BCAs), such as Bacillus thuringiensis and Tri-
choderma spp. (Qiu et al., 2019). However, although the use of microbial
bio-inoculants in agriculture can contribute to meeting current and
future production demands, it is essential to develop formulations that
allow microorganisms to survive in new environments and successfully
colonize soil and/or plant tissues (Qiu et al., 2019).

Currently, the formulation of microbial bio-inoculants includes
liquid formulations (cell suspensions in water with a surfactant), solid
formulations (carriers such as peat, charcoal, bagasses, vermiculite, or
lignite), polymeric formulations (with carriers such as alginate, chito-
san, agar, pectin, bean gum, or carrageenan), and metabolite formula-
tions (including only the microbial metabolites of interest) (Chaudhary
et al., 2020; Chaudhary & Shukla, 2020). In addition to the “vehicle”
formulation, microbial bio-inoculants must be encapsulated by a pro-
tective capsule or shell of synthetic and polysaccharide polymers using
different techniques, such as spray drying, coacervation, or gel dis-
solving techniques (Chaudhary et al., 2020; Chaudhary & Shukla, 2020).
The use of different microorganisms in the formulation of bio-inoculants
is called co-inoculation, and it represents important improvements. The
functions of some microorganisms can supplement the deficiencies of
others; for example, avoiding dependence on an exogenous nitrogen
supply. The use of various microorganisms can also have synergistic
effects on plants (Chaudhary et al., 2020). The development of genomics
techniques and knowledge in recent years has made it possible to
determine and use the genetic potential of microorganisms in research,
selecting the most suitable ones, and identifying the genetic and mo-
lecular mechanisms (Wang & Haney, 2020).

The objective of this review was to compile all existing studies to
date where beneficial bacteria were co-inoculated with Trichoderma, in
order to identify and discuss the positive effects, the mechanisms, and
the possible problems. The development of combined Tricho-
derma-bacteria bio-inoculants may be a good strategy to develop within
sustainable agriculture.

2. Trichoderma bio-inoculants in agriculture

Trichoderma is a filamentous fungi genus that includes 260 species, of
which 35 have economic importance as BCAs in agriculture, or as pro-
ducers of enzymes and antibiotics in industry (Sharma et al., 2019).
Fungi within the Trichoderma genus are characterized by being present
in the vast majority of ecosystems due to their rapid growth and toler-
ance to different abiotic stresses (Khan & Mohiddin, 2018). In its
interaction with plants, Trichoderma can live as a rhizospheric,
epiphytic, or endophytic microorganism, without ever colonizing the
vascular bundles (Poveda et al., 2020a). Both in the laboratory and in-
dustry, Trichoderma is easily grown on different substrates, producing
large amounts of green conidia (Khan & Mohiddin, 2018). In its use in
agriculture, Trichoderma is capable of promoting plant growth,
increasing plant tolerance to abiotic stresses, and acting as a direct and
indirect BCA, and is one of the groups of microorganisms with the
greatest agricultural and scientific potential in recent decades (Guzman-
Guzman et al., 2019; Zin & Badaluddin, 2020).

In recent years, different species within the Trichoderma genus have
become of great interest as plant-growth-promoting fungi (PGPF). Their
capacity as PGPF is directly related to their production of siderophores,
phosphate-solubilizing enzymes, plant-growth-promoting enzymes such
as 1l-aminocyclopropane-1-carboxylate deaminase (ACC-deaminase),
and phytohormones, mainly indole acetic acid (IAA) and cytokinins
(CKs) (Viterbo et al., 2010; El Enshasy et al., 2020). Trichoderma is
capable of promoting the growth and yield of crops, such as cereals
(Mahato et al., 2018), oilseeds (Poveda et al., 2019), and vegetables
(Fiorentino et al., 2018), and also improving the content in phyto-
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substances of nutraceutical interest in derived plant products (Velasco
et al., 2021).

As far as abiotic stresses are concerned, the use of Trichoderma as a
biostimulant in agriculture represents the least studied function of this
group of fungi, compared to its use as a BCA or PGPF. Despite this, the
study of Trichoderma’s ability to increase plant tolerance to abiotic
stresses has continued (Zaidi et al., 2014; Hidangmayum & Dwivedi,
2018). By colonizing the roots, Trichoderma induces local and systemic
expression of abiotic stress tolerance-related genes (abscisic acid and
ethylene-related genes), which causes better plant responses under
stress situations (Poveda, 2020). These plant responses include better
photosynthetic performance, higher pigment concentration, higher
proline content, induction of lateral root development, oxidative inhi-
bition reduction, heat-shock protein production, lipid peroxidation rate
reduction and electrolyte leakage, increased antioxidant enzymes, and
increase of plant tolerance to drought, salinity, extreme temperatures, or
anthropogenic pollution conditions (Zaidi et al., 2014; Hidangmayum &
Dwivedi, 2018).

The use of Trichoderma species as BCAs was initially described in the
1930s against the phytopathogenic fungus Rhizoctonia solani, with this
being the main function for which this group of fungi is studied and used
in agriculture to this day (Weindling, 1934; Weindling & Fawcett,
1936). Trichoderma is capable of reducing plant diseases caused by
pathogens through different direct (mycoparasitism, antibiosis,
competition for space and/or nutrients, and production of lytic en-
zymes) or indirect mechanisms of action (induction of plant defenses)
(Al-Ani, 2018). The main mode of action against viruses and bacteria is
the activation of plant defenses. Against fungi and oomycetes, Tricho-
derma uses all the mechanisms of action described, obtaining important
benefits in its agricultural use (Al-Ani, 2018). In the case of nematodes,
Trichoderma acts directly through parasitism, paralysis, antibiosis, pro-
duction of lytic enzymes, and competition for space in the rhizosphere
and root, and indirectly through the induction of plant defenses, which
can be inherited by seeds (Poveda et al., 2020b). Furthermore, Tricho-
derma has recently been described as a powerful entomopathogenic
agent with great potential in agricultural pest management. The direct
mechanisms of action described in Trichoderma include parasitism and
the production of insecticidal secondary metabolites, antifeedant com-
pounds, and repellent metabolites; while indirectly, Trichoderma acts
through the activation of systemic plant defensive responses, the
attraction of natural enemies, or the parasitism of insect-symbiotic mi-
croorganisms (Poveda, 2021).

In order to use Trichoderma as an agricultural bio-inoculant, there are
two fundamental aspects that must be developed: mass production and
formulation. Mass production of Trichoderma inoculants requires the
most efficient way to produce the largest possible number of conidia
safely and profitably. For this, solid or liquid state fermentation can be
carried out. Solid state fermentation is the most common method of
Trichoderma mass production, based on the sterilization of wet grains
(sorghum, corn, rye, millet, or rice) and their inoculation with the fun-
gus. Liquid state fermentation is based on the growth of Trichoderma in
liquid medium in a shaker, and it is a less used method due to the need
for a greater number of steps to obtain spores and the ease of contami-
nation (Srivastava et al., 2016; Waghunde et al., 2016). Once Tricho-
derma conidia are obtained, they are used to obtain the bio-inoculants
through different formulations. The most widely used carrier in for-
mulations with Trichoderma is talc, although there are many others, such
as vermiculite, wheat bran, pesta granules, alginate prills, press mud,
coffee husks, and oil or banana wastes. These formulations increase
Trichoderma conidia viability to up to 18 months (Cumagun, 2014;
Kumar et al., 2014). Furthermore, bio-inoculants can be based on con-
sortia of microorganisms, which is an area with great potential in the
case of a microorganism as versatile and adaptable as Trichoderma
(Sharma et al., 2020).
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3. Bacterial bio-inoculants in agriculture

There is a wide diversity of beneficial bacteria for plants that can be
used to improve the productivity and health of crops. These bacteria can
live in the rhizosphere, endophytic, or epiphytic, and include a wide
variety of different genera, among which Pseudomonas, Bacillus, Rhizo-
bium, Agrobacterium, Burkholderia, Achromobacter, Microccocus, Aero-
bacter, Flavobacterium, and Erwinia stand out (Glick, 2015).

PGPRs act mainly through nutrient uptake (nitrogen fixation, phos-
phorus and potassium solubilization, or iron chelation) and production
of phytohormones (IAA, CKs, gibberellins) (Verma et al., 2019). For the
induction of tolerance in abiotic stress situations, bacteria produce
different phytohormones, antioxidant compounds, enzymes, and exo-
polysaccharides (Verma et al., 2019). Furthermore, bacteria can also act
as BCAs through competition for space and/or nutrients, production of
secondary metabolites (antibiotics, antifungals, oomyceticides, nemati-
cides, and/or insecticides), production of lytic enzymes, or through the
induction of plant defenses (Verma et al., 2019).

The development and commercialization of agricultural bio-
inoculants based on bacteria is in continuous growth, as shown by the
increase in the number of patents worldwide, from less than 10 annual
patents between 1980 and 2010 to more than 40 annual patents recently
(Morales-Garcia et al., 2019). Mass production of beneficial bacteria for
agriculture is carried out in industrial liquid culture bioreactors with
different culture media depending on the propagated bacterial species
(Glick, 2020). For bacterial formulation in agricultural bio-inoculants,
the main carrier used is peat, or for liquid formulations, the medium
is rich in nutrients and cell protectors, with the advantages of easy
application in irrigation, easy sterilization, and higher cell concentration
(Santos et al., 2019). As with Trichoderma inoculants, co-inoculants
based on bacteria in combination with other microorganisms are
booming. This is because beneficial effects to crops are greater than in
the case of mono-inoculants, derived from the synergistic effect of the
isolated benefits of each mono-inoculant (Morales-Garcia et al., 2019).

4. Combined use of Trichoderma-bacteria

The use of Trichoderma as an agricultural bio-inoculant presents an
important indirect effect that can be beneficial or detrimental to crops:
the modification of the rhizospheric microbiota. Root and rhizosphere
colonization by Trichoderma significantly modifies the quantity and di-
versity of indigenous microbial populations, especially within bacteria.
The application of T. harzianum in carrot crops significantly increases
the populations of Bacillus sp. and Pseudomonas sp. (Patkowska et al.,
2020). These effects on rhizospheric microbial populations occur over a
short period of time, without quantifying differences 9 months after
Trichoderma inoculation (Cordier & Alabouvette, 2009). However, in the
absence of crops, no differences have been observed in the diversity of
soil microorganisms after the application of Trichoderma (Ganuza et al.,
2019). Therefore, there is a possible compatibility between Trichoderma
and bacteria of agricultural interest in the rhizosphere, allowing the
development of co-inoculants with better qualities.

Before the development of combined Trichoderma-bacteria bio-
inoculants, the compatibility of both organisms must be studied in
depth. A fundamental aspect in compatibility analysis is the formation of
biofilms that encompass both microorganisms, where the bacteria grow
intermingled within the fungal mycelia mat (Triveni et al., 2012).
Several studies have shown the in vitro compatibility of Trichoderma and
Azotobacter, achieving higher growth, aggregation, and biofilm forma-
tion together (Velmourougane et al., 2017a, 2017b).

In the case of bacteria with high antifungal capacity, the develop-
ment of co-inoculants compatible with Trichoderma is complicated. As
far as Bacillus is concerned, there are several species that can be used in
the control of Trichoderma when it appears as a mycopathogen in the
cultivation of edible fungi; a notable antagonistic capacity of the bac-
terium on Trichoderma has been reported (Chittihunsa et al., 2007; Kim
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et al., 2008; Velazquez-Cedeno et al., 2008). Specifically, it has been
observed that the production of iturin A by B. subtilis is involved in
T. harzianum conidia lysis and in chlamydospores formation (resistance
structures) (Li et al., 2005). In the case of Pseudomonas, the effective
antagonistic capacity of several species against Trichoderma has been
described, inhibiting sporulation or micellar growth (Bin et al., 1991;
Upadhyay et al., 1991). In addition, Pseudomonas—Trichoderma interac-
tion has both positive and negative effects on their capacity as BCAs,
since it increases the expression levels of some chitinases, but reduces
those of others (Shirzad et al., 2012). However, co-cultures have been
reported where Pseudomonas and Trichoderma were not antagonized,
such as P. fluorescens and T. harzianum in vitro (Belkar and Gade, 2012),
even with synergistic growth promotion in both microorganisms (Dan-
durand & Knudsen, 1993; Gangwar et al., 2013).

In the following sections, studies on the co-inoculation of Tricho-
derma with beneficial bacteria in crops are compiled, with the works
grouped according to their role as PGPs, tolerance enhancers against
abiotic stresses, BCAs, and other industrial uses. Fig. 1 summarizes
through an infographic all the synergistic effects and mechanisms of
action of Trichoderma-bacteria co-inoculation.

4.1. Plant growth promotion
The co-inoculation of Trichoderma with different PGPRs has achieved

important synergistic effects for promoting plant growth (Table 1),
increasing nutrient uptake, and/or increasing yield in different crops. In

N

Nitrogen
fixation
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many studies it has been possible to determine the mechanisms of action
of microorganisms for the effects observed in plants, but in many
descriptive studies only the synergistic effect was reported. In green-
house conditions, the cell suspension application of T. atroviride with
Bacillus sp. and Pseudomonas sp. increased the biomass of banana plants
by 37 %, above the individual increases reported for each microor-
ganism (Chaves et al., 2009), as in black peppers with T. harzianum and
Pseudomonas fluorescens (Thankamani et al., 2005). These results in
Trichoderma-Pseudomonas interaction were linked to a higher nutrient
uptake, mainly N and P (Sandheep et al., 2013). A promising Tricho-
derma-bacteria combination in greenhouse studies is Trichoderma-rhi-
zobia. The application of Trichoderma together with Rhizobium or
Bradyrhizobium species cell suspensions increases plant biomass,
nutrient uptake, and crop yield in Vigna mungo (Badar & Qureshi,
2012a), peanuts (Neelipally et al., 2020), and sunflowers (Badar &
Qureshi, 2012b), and is linked to a higher content of chlorophyll, car-
bohydrates, and foliar proteins. In addition, the synergistic effect can be
increased by performing triple inoculations together with other benefi-
cial bacteria, such as in faba beans with T. hargzianum, Rhizobium legu-
minosarum biovar viciae, and B. subtilis (Firdu et al., 2021), or in apple
seedlings with T. viride, Azotobacter chroococcum, and Pseudomonas
striata (Raman, 2012), obtaining a synergistic effect not only on plant
biomass but also on N and P uptake. On the other hand, the inoculation
method can condition the survival of the microorganisms and, therefore,
their effects on plants. The use of different carriers (oil cakes and maize
granules) to formulate the Trichoderma-Bacillus/Pseudomonas co-

Activation of plant defenses

Nutrient uptake increase

PGP compounds

Fig. 1. Summary infographic with all the synergistic effects on plants and the mechanisms of action of Trichoderma-bacteria co-inoculation.
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Table 1
Effect of promoting plant growth and increasing yield in crops by co-inoculations with Trichoderma and beneficial bacteria.
Trichoderma BACTERIA SPECIES EXPERIMENT APPLICATION CROP SYNERGISTIC MECHANISMS OF ACTION REFERENCE
SPECIES EFFECTS
T. asperellum Pseudomonas In greenhouse Cell suspensions Chickpea Plant growth Unidentified Yadav et al., 2013
fluorescens In field Bean promotion
Rhizobium sp.
Bacillus In vitro Cell suspensions Wheat Plant growth Production of plant growth Karuppiah et al.,
amyloliquefaciens promotion promoting compounds 2019a
(both)
B. amyloliquefaciens In vitro Cell suspensions Maize Plant growth Production of plant growth Karuppiah et al.,
promotion promoting compounds 2019b
(both)
Bacillus cereus In greenhouse Cell suspensions Oil Palm Plant growth Siderophores production Muhammad-Syafiq
promotion (T. asperellum), P supply et al., 2021
(T. asperellum), ITAA
production
(T. asperellum and B. cereus)
T. atroviride Bacillus sp. In greenhouse Cell suspensions Banana Plant growth Unidentified Chaves et al., 2009
Pseudomonas sp. promotion
T, hamatum Rhizobium sp. In greenhouse Cell suspensions Vigna mungo Plant growth Unidentified Badar & Qureshi,
promotion 2012*
Increased
nutrient uptake
Increased crop
yield
Rhizobium sp. In greenhouse Cell suspensions Sunflower Plant growth Unidentified Badar & Qureshi,
promotion 2012b
Increased
nutrient uptake
T. harzianum Clostridium butyricum  In vitro Cell suspensions - - N fixation (C. butyricum), Veal & Lynch, 1984
Cellulase activity
(T. harzianum)
Azospirillum In greenhouse Formulation with Bean Plant growth P supply (T. harzianum), N Ogiit et al., 2005
brasilense In field peat as carrier Wheat promotion fixation
Increased (A. brasilense)
nutrient uptake
Increased crop
yield
Bacillus megaterium In greenhouse Formulation with Chickpea Plant growth N supply (Rhizobium sp.), P Rudresh et al.,
sub sp. phospaticum In field talc as carrier and promotion supply 2005
Rhizobium sp. carboxyl Increased (B. megaterium), Production
methylcellulose as nutrient uptake of growth promoting
adhesive Increased crop substances
yield (T. harzianum)
P. fluorescens In greenhouse Cell suspensions Black pepper Plant growth Unidentified Thankamani et al.,
promotion 2005
Rhizobium In field Arabic gum Vicia faba Plant growth Production of growth Saber et al., 2009
leguminosarum encapsulated cells promotion promoting substances
Increased crop (R. leguminosarum),
yield Increased formation of root
nodules
(R. leguminosarum)
A. brasilense In greenhouse Calcium alginate- Tomato Plant growth N supply (A. brasilense), El-Katatny, 2010
encapsulated cells promotion Chitinase, p-1,3-glucanase,
carboxymethyl cellulase
xylanase and
polygalacturonase activity
(T. harzianum)
P. fluorescens In greenhouse Cell suspensions Vanilla Plant growth Unidentified Sandheep et al.,
promotion 2013
Increased
nutrient uptake
A. brasilense In greenhouse Calcium alginate- Wheat Plant growth N supply (A. brasilense), P El-Katatny & Idres,
encapsulated cells Maize promotion supply 2014
Increased (both)
nutrient uptake
Increased crop
yield
Bacillus subtilis In greenhouse Cell suspensions Brinjal Plant growth Unidentified Kumar et al., 2015a
In field Beans promotion

Bitter gourd
Bottle gourd
Cabbage
Chilli

Increased crop
yield

(continued on next page)
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Table 1 (continued)
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Trichoderma BACTERIA SPECIES EXPERIMENT APPLICATION CROP SYNERGISTIC MECHANISMS OF ACTION REFERENCE
SPECIES EFFECTS
Carrot
Cauliflower
Pumpkin
Ridged gourd
Potato
Papaya
P. fluorescens In greenhouse Formulation with oil Tomato Plant growth Unidentified Tomer et al., 2015
cakes of neem and promotion
jatropha as carrier Increased crop
yield
Brevibacterium In greenhouse Cell suspensions Mint Plant growth Unidentified Singh et al., 2019
halotolerans In field promotion
Increased
nutrient uptake
Increased oil
yield
B. subtilis In field Cell suspensions Faba bean Plant growth Unidentified Firdu et al., 2020
promotion
Increased
nutrient uptake
Bradyrhizobium sp. In greenhouse Cell suspensions Peanut Plant growth Unidentified Neelipally et al.,
promotion 2020
B. subtilis In greenhouse Cell suspensions Faba bean Plant growth Unidentified Firdu et al., 2021
Rhizobium promotion
leguminosarum biovar Increased
viciae nutrient uptake
B. halotolerans In greenhouse Cell suspensions Ocimum sanctum  Plant growth ACC deaminase (bacteria) Singh et al., 2020
B. subtilis promotion Nutrient uptake
Achromobacter Increase abiotic Photosynthesis rate increase
xylosoxidans stress tolerance Starch and proline
B. cepacia accumulation
T. virens B. megaterium sub sp.  In greenhouse Formulation with Chickpea Plant growth N supply (Rhizobium sp.), P Rudresh et al.,
phospaticum In field talc as carrier and promotion supply 2005
Rhizobium sp. carboxyl Increased (B. megaterium), Production
methylcellulose as nutrient uptake of growth promoting
adhesive Increased crop substances
yield (T. harzianum)
T. viride P. fluorescens In field Formulation with Rice Plant growth Unidentified Mathivanan et al.,
talc as carrier promotion 2005
Increased crop
yield
B. megaterium sub sp.  In greenhouse Formulation with Chickpea Plant growth N supply (Rhizobium sp.), P Rudresh et al.,
phospaticum In field talc as carrier and promotion supply 2005
Rhizobium sp. carboxyl Increased (B. megaterium), Production
methylcellulose as nutrient uptake of growth promoting
adhesive Increased crop substances
yield (T. harzianum)
R. leguminosarum In field Arabic gum Vicia faba Plant growth Production of growth Saber et al., 2009
encapsulated cells promotion promoting substances
Increased crop (R. leguminosarum),
yield Increased formation of root
nodules
(R. leguminosarum)
Azotobacter In greenhouse Cell suspensions Apple Plant growth Unidentified Raman, 2012
chroococcum promotion
Pseudomonas striata Increased
nutrient uptake
A. chroococcum In greenhouse Cell suspensions Chickpea Plant growth P supply (both) Velmourougane
promotion et al., 2017c
Rhizobium sp. In field Cell suspensions Bean Plant growth Unidentified Negi et al., 2021
promotion
Increased crop
yield
P. fluorescens In greenhouse Cell suspensions Chrysanthemum Plant growth Increased mycorrhizal Saini et al., 2019
indicum promotion fungi-root colonization:
Increased increased water absorption
nutrient uptake and P supply
Trichoderma Bacillus sp. In greenhouse Cell suspensions Bean Plant growth Increased formation of root Yobo et al., 2009
sp. promotion nodules
Increased
nutrient uptake
Azotobacter In greenhouse Cell suspensions Amaranthus Plant growth IAA production Kasa et al., 2015
spinosus promotion

(continued on next page)
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Table 1 (continued)
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Trichoderma BACTERIA SPECIES EXPERIMENT APPLICATION CROP SYNERGISTIC MECHANISMS OF ACTION REFERENCE
SPECIES EFFECTS
Stevia
rebaudiana
P. fluorescens In fields Cell suspensions Pepper Increased crop Unidentified Duc et al., 2017
yield
B. subtilis In greenhouse Formulation with Soybean Plant growth Unidentified Miftakhurrohmat,
maize granules as promotion 2021

carrier

inoculants significantly increased their synergistic effect under
controlled greenhouse conditions in tomatoes (Tomer et al., 2015) and
soybeans (Miftakhurrohmat et al., 2021).

In terms of yield, several studies have also been carried out where the
synergistic effects of Trichoderma-bacteria co-inoculation were re-
ported, but without identifying the mechanisms of action involved. The
application of T. harzianum-Bacillus subtilis cell suspensions in the field
has achieved synergistic increases in plant growth, yield, and quality of a
wide variety of crops, including vegetables, legumes, and fruit trees
(Kumar et al., 2015a; Firdu et al., 2020). In the case of
T. harzianum-Brevibacterium halotolerans co-inoculation in mint plants,
the increase in plant biomass and oil yield was a direct consequence of
an increase in the rhizospheric populations of both microorganisms,
derived from co-inoculation (Singh et al., 2019). As in the greenhouse,
the inoculation of cell suspensions with triple combinations led to syn-
ergistic effects in plants in the field, increasing plant growth of chickpeas
and beans (T. asperellum + P. fluorescens + Rhizobium sp.) (Yadav et al.,
2013), and the yield in peppers (Trichoderma sp. + P. fluorescens -+
arbuscular mycorrhizal fungus) (Duc et al., 2017). Furthermore, the use
of carriers in the field application of co-inoculants increases the effects
observed, increasing the number of productive tillers, grains per panicle,
and grain weight of rice with T. viride-P. fluorescens formulation, with
talc as the carrier (Mathivanan et al., 2005).

Almost four decades ago it was described how, in the absence of a
plant, the in vitro interaction between T. harzianum and Clostridium
butyricum significantly and synergistically increased their activity as
plant growth promoters, specifically in terms of bacterial N fixation and
fungal cellulase activity (Veal & Lynch, 1984). To date, numerous
studies have been carried out where Trichoderma-bacteria co-
inoculation has shown important benefits for plants due to a microbial
increase in nutrient supply: fixation of atmospheric N, solubilization of P
and K, and siderophore production. The synergistic effect can be re-
ported in one of the microorganisms or in both. In the co-inoculation of
chickpea plants with T. viride and Azotobacter chroococcum cell suspen-
sions, a synergistic increase in plant growth was reported as a conse-
quence of a synergistic increase in P solubilization (Velmourougane
et al., 2017c). However, co-inoculation with T. asperellum and Bacillus
cereus versus only Trichoderma showed a synergistic increase in P solu-
bilization and siderophore production in the oil palm rhizosphere
(Muhammad-Syafiq et al., 2021). The use of different carriers in the
formulations of the combined bio-inoculants has led to important results
in the greenhouse and in field crops. The T. harzianum and Azospirillum
brasilense formulation with peat as carrier synergistically promoted yield
in beans and wheat through a synergistic increase in bacterial N fixation
and fungal P solubilization (Ogﬂt et al., 2005). However, the triple
combination of Trichoderma with Bacillus megaterium sub sp. phospaticum
and Rhizobium sp. with talc as the carrier and carboxyl methylcellulose
as the adhesive did not increase the supply of nutrients to chickpea
plants compared to just Trichoderma (Rudresh et al., 2005). The
encapsulation of microbial cells with calcium alginate synergistically
enhanced the nutrient supply of both microorganisms, as in cereal co-
inoculation with T. harzianum and A. brasilense, increasing their bacte-
rial capacity for N supply and microbial P contribution (El-Katatny &
Idres, 2014).

Along with nutrient supply, one of the main mechanisms of action of

microorganisms as PGPs is the production of PGP compounds, such as
the hormone IAA. In the in vitro co-inoculation of wheat and maize
seedlings with cell suspensions of T. asperellum and Bacillus amylolique-
faciens, the production of these PGP compounds by both microorganisms
led to a synergistic increase in root and shoot length, as well as fresh
plant mass (Karuppiah et al., 2019a, 2019b). Co-inoculation with Tri-
choderma and Bacillus/Azotobacter cell suspensions also led to a syner-
gistic increase in the PGP capacity of both microorganisms in different
crops, due to a synergistic increase in IAA production (Kasa et al., 2015;
Muhammad-Syafiq et al., 2021). With the use of different formulations,
it has been reported that only the production of PGP compounds
increased synergistically in one of the microbial components of the co-
inoculation. In a formulation with talc as the carrier and carboxyl
methylcellulose as the adhesive, only Trichoderma produced PGP com-
pounds synergistically (Rudresh et al., 2005) while, in the cell encap-
sulation with arabic gum, Rhizobium leguminosarum produced these
substances, in addition to a synergistic increase in bacterial root nodule
formation (Saber et al., 2009).

Other mechanisms of action implicated in promoting plant growth
synergistically by Trichoderma-bacteria co-inoculation may be direct or
indirect. Directly, the application of T. harzianum and A. brasiliense in
tomato plants resulted in a synergistic increase in plant growth as a
consequence of a synergistic increase in the activity of Trichoderma en-
zymes, such as chitinase, -1, 3-glucanase, carboxymethyl cellulase
xylanase, and polygalacturonase (El-Katatny, 2010). Indirectly, it has
been reported how Trichoderma-bacteria co-inoculation may not have a
synergistic effect on the activity of both microorganisms, but it signifi-
cantly increased that of other beneficial microorganisms. This occurred
in Chrysanthemum indicum plant roots inoculated with T. viride,
P. fluorescens, and arbuscular mycorrhizal fungi; an increase in root
colonization by mycorrhizal fungi was observed, which meant a greater
acquisition of water and P by the plant (Saini et al., 2019).

4.2. Abiotic stress tolerance

Until now, few studies have been carried out analyzing the effects of
Trichoderma-bacteria co-inoculation on the induction of plant tolerance
under abiotic stress situations. Singh et al. (2020) studied the co-
inoculation of T. harzianum with four different ACC-deaminase pro-
ducing bacterial strains for cold stress alleviation in the plant Ocimum
sanctum. The Trichoderma-Achromobacter xylosolidans combination was
the most effective, producing an increase in fresh weight and proline and
starch content, and decreasing malondialdehyde (MDA) and ACC levels
in cold conditions (Singh et al., 2020). Plants can also benefit from
reducing heavy metal stress from the use of Trichoderma-bacteria con-
sortia. The combined application of five Trichoderma strains and ten
Bacillus strains that were heavy-metal resistant, through biochar
impregnation and following application to sunflower plants, reduced the
uptake of Cd, Cr, Cu, Ni, Pb, and Zn, while increasing Fe and Mg uptake,
compared to biochar alone (Younas et al., 2022). More research is
needed to further determine how combinations of different microor-
ganisms may enhance plant stress tolerance to abiotic conditions.
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4.3. Other uses in industry

The combined use of Trichoderma with different bacteria has led to
the development of interesting tools for various industrial processes.
Through the use of a dual-chamber fungal microbial fuel cell, the ability
of T. harzianum to degrade the soil and water contaminating drugs
acetaminophen (APAP) and 4-aminophenol (PAP) was analyzed. While
producing electrical energy, T. harzianum was able to degrade both
contaminants in 7 h and produce a power density of 0.13 mW m 2. By
adding P. fluorescens bacteria to the dual-chamber fungal microbial fuel
cell, both microorganisms formed a biofilm. The Trichoderma—
Pseudomonas system completely degraded APAP and PAP in 1.3 h, due to
the bioremedial capacity of P. fluorescens on APAP. Furthermore, co-
inoculation gave a power density ten times higher, of 1.7 mW m™2
(Shabani et al., 2021).

Trichoderma is widely used in industry as a source of cellulase en-
zymes, which allow lignocellulose to be converted into products of in-
dustrial interest, with T. reesei being the most widely used species (Fang
et al., 2021). In co-inoculation with different bacteria, an increase in
cellulase activity has been reported for both microorganisms, increasing
the production of reducing sugars (Weimer & Weston, 1985; Gow &
Wood, 1988; Bothwell et al., 1993; Walker et al., 1992, 1993; Zhang
et al., 2009), alcohols (Yu et al., 1985), gas (Morgavi et al., 2004), or
malt (Hattingh et al., 2014).

In addition, at the molecular level, it has been possible to express
bacterial and Trichoderma lytic enzymes in the yeast Saccharomyces
cerevisiae, achieving synergistic activities with the use of a single
microorganism. This is the case in the co-expression of the Bacillus
pumilus f-xylosidase gene with the T. reesei f-xylanase 2 gene (La Grange
et al., 2000), or the Bacillus endoxylanase and Trichoderma endoglucanase
genes (Lee et al., 2007).

5. BCAs based on Trichoderma-bacteria co-inoculations: direct
and indirect mechanisms

Trichoderma use in combination with different bacterial BCAs has
gained increasing attention in recent years, and important synergistic
effects have been reported in the control of agricultural pests and dis-
eases (Table 2). Although many of the studies carried out to date
describe the mechanisms of action involved in the synergistic action
(both direct and indirect), in some interesting descriptive studies these
mechanisms are unknown. In the case of soil pathogens, co-inoculant
application is always carried out at the root level, but for foliar patho-
gens, the application can be carried out either by foliar spray or by root
application, with different mechanisms of action being involved in each
(Chien & Huang, 2020). Synergistic disease reduction data from the use
of Trichoderma-bacteria co-inoculations as BCAs have reported re-
ductions of up to 97 % in bacterial pathogens (Yendyo et al., 2017),
between 70 and 90 % of fungal and oomycete pathogens (Rini & Sulo-
chana, 2007; Yigit & Dikilitas, 2007; Zaim et al., 2018; Somani & Arora,
2010; Srivastava et al., 2010; Ali & Nadarajah, 2013; Izquierdo-Garcia
et al., 2020; Firdu et al., 2020, 2021), and between 60 and 90 % of plant
parasitic nematodes (Chaves et al., 2009; Moradi et al., 2015).
Compared to the use of chemical pesticides, the combined use of Tri-
choderma-bacteria achieves similar disease reduction results (Maketon
et al., 2008). For example, against the oomycete Phytophthora capsici in
chili, the T. hamatum-Pseudomonas aeruginosa combination was as
effective as the use of the systemic fungicide Mefenoxam, noting that co-
inoculation is an effective and sustainable alternative for chili pepper
seed treatment (Chemeltorit et al., 2017). Against Rhizoctonia solani in
rice, the T. harzianum-P. fluorescens combination was just as effective as
the use of the broad-spectrum fungicide Carbendazim, although the
BCAs also achieved an increase in grain yield (Singh et al., 2010). Even
combining pesticides with BCAs, the synergistic effect of Tricho-
derma-bacteria co-inoculation remains higher. In rice, against the fun-
gus Magnaporthe oryzae, T. harzianum-P. fluorescens combination caused
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69.5 % disease reduction, displaying a synergy factor of 1.29; however,
the T. harzianum—Carbendazim combination only obtained a synergy
factor of 0.45 (Jambhulkar et al., 2018). In addition, Trichoderma—bac-
teria co-inoculations used as BCAs allows their combination with many
other integrated control strategies. In tomato crops in the field, disease
incidence reductions greater than 90 % have been reached with com-
binations of T. harzianum, P. fluorescens, arbuscular mycorrhizal fungi,
and the contact fungicide Mancozeb (Kabdwal et al., 2019).

5.1. Mycoparasitism

Mycoparasitism is the most well-known mechanism of action for
BCAs within the Trichoderma genus (Mukherjee et al., 2022). The pres-
ence of bacteria can synergistically increase the activity of Trichoderma
as a mycoparasite. In vitro, T. viride—P. fluorescens co-inoculation syner-
gistically reduces the micellar growth of the oomycete Phytophthora
infestans, due to an increase in mycoparasitism by Trichoderma (Zegeye
et al., 2011). Furthermore, fungus-bacteria co-inoculation can lead to a
synergistic increase in the mechanisms of action of each microorganism.
This has been reported in peppers infected by Phytophthora capsici,
where T. harzianum increased its mycoparasitic capacity by co-
inoculating with the Streptomyces rochei bacteria, which increased the
production of the non-volatile antifungal secondary metabolite 1-prop-
anone, 1-(4-chlorophenyl) (Ezziyyani et al., 2007).

5.2. Antibiosis: volatile and non-volatile secondary metabolites

Both Trichoderma and different bacteria used as BCAs produce a wide
diversity of volatile and non-volatile secondary metabolites which are
highly efficient for phytopathogen management (Al-Ani, 2019). Co-
cultured fermentation with Trichoderma and different bacterial BCAs
synergistically increases the production of non-volatile secondary me-
tabolites with biocidal activity against different agricultural pathogens
(Siddiqui & Shaukat, 2004; Wu et al., 2018). The fermented culture
filtrate of the T. atroviride-B. subtilis co-culture reduced the growth of the
fungus Fusarium graminearum in vitro by 54 %, due to the synergistic
production of the metabolites koningin A and mevastatin (Li et al.,
2020). Other Trichoderma—Bacillus combinations have shown the syn-
ergistic production of effective oomyceticidal metabolites (pyrrolo [1,2-
a] pyrazine-1,4-dione and hexahydro-3-(phenylmethyl)) (Jimtha et al.,
2016) and antifungals (butyl acetate) (Emanuel et al., 2020). In addition
to non-volatile metabolites, the Trichoderma-bacteria interaction may
lead to a synergistic increase in the production of volatile antifungal
metabolites involved in the reduction of disease caused by fungi, such as
F. oxysporum, analyzed by transcriptomics (Ma et al, 2022) and
metabolomics (Al-Waily & Hassan, 2019). In this sense,
T. viride—P. fluorescens co-inoculation on seeds with carboxyl methyl-
cellulose as the adhesive synergistically reduced seedling mortality
caused by Sclerotium rolfsii, due to the hydrogen cyanide production by
P. fluorescens and volatile antifungal metabolites by T. viride (Manjula
et al., 2004). Trichoderma was also found to be effective in reducing
R. solani and F. oxysporum infections in tomatoes when combined with
Pseudomonas bacteria due to the secretion of volatile and non-volatile
metabolites (Rini & Sulochana, 2008), and a more recent study
pointed at these mechanisms combined with competition using Tricho-
derma-Bacillus consortia for reducing F. oxysporum disease in garlic
(Poromarto et al., 2022). A combination of Trichoderma with bacteria
consortia reduced potato common scab disease caused by Streptomyces
sp. both in vitro and in vivo, inhibiting pathogen growth by up to 80 %
and reducing tuber lesion size by up to 60 % (Porto et al., 2022a). The
mechanism detected in vitro was a combination of both volatile and non-
volatile antibiotic metabolites, although no specific metabolite was
identified. These BCA combinations were further investigated in con-
trolling potato common scab disease in the field, decreasing disease
severity and yield losses compared to untreated control (Porto et al.,
2022b). Other mechanisms of action can occur in combination with the
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Table 2
Biocontrol effects in crops by co-inoculations with Trichoderma and beneficial bacteria.
Trichoderma BACTERIA SPECIES EXPERIMENT APPLICATION CROP PATHOGEN/PEST SYNERGISTIC EFFECTS MECHANISMS OF ACTION REFERENCE
SPECIES
T. asperellum Pseudomonas In greenhouse Cell suspensions Pea Fungus: Erysiphe pisi Reduced disease Plant systemic resistance induction Patel et al., 2016
fluorescens incidence
Bacillus In vitro Cell-free filtering - Fungus: Botrytis cinerea Inhibition pathogen Non-volatile antifungal secondary Wu t al,, 2018
amyloliquefaciens growth metabolites production (both)
B. In vitro Cell suspensions Wheat Fungus: Fusarium Reduced disease Non-volatile antifungal secondary Karuppiah et al.,
amyloliquefaciens graminearum incidence metabolites production (both) 2019a
Production of lytic enzymes
(both)
B. In vitro Cell suspensions Maize Fungus: F. graminearum Reduced disease Plant local resistance induction Karuppiah et al.,
amyloliquefaciens incidence 2019b
B. In growth Cell suspensions Tomato Bacteria: Xanthomonas Reduced disease Unidentified Chien & Huang,
amyloliquefaciens chamber perforans incidence 2020
T. atroviride Bacillus sp. In greenhouse Cell suspensions Banana Nematode: Radopholus similis ~ Population reduction Unidentified Chaves et al., 2009
Pseudomonas sp. and root penetration
capacity in nematodes
Pseudomonas In greenhouse Cell suspensions (bacteria) Avocado Fungus: Rosellinia necatrix Reduced disease Unidentified Ruano-Rosa et al.,
chlororaphis Mycelial-agar plug incidence 2014
P. pseudoalcaligenes (T. atroviride)
Bacillus subtilis In vitro - - Fungus: F. graminearum Inhibition pathogen Non-volatile antifungal secondary Li et al., 2020
growth metabolites production (both)
T. aureoviride P. fluorescens In vitro Cell-free filtering Black Oomycete: Phytophthora Reduced disease Production of lytic enzymes (both) Diby et al., 2005
pepper capsici incidence
T. hamatum Pseudomonas In field Cell suspensions Chilli Oomicete: P. capsici Reduced disease Unidentified Chemeltorit et al.,
aeruginosa incidence 2017
T. harzianum Enterobacter cloacae In greenhouse Cell suspensions Lettuce Oomycete: Pythium ultimum Reduced disease Competence for space (both) Lynch et al., 1991
incidence
E. cloacae In vitro Cell suspensions - Fungi: Fusarium solani, Inhibition pathogen Production of lytic enzymes (both) Lorito et al., 1993
Botrytis cinerea and Uncinula growth
necator
P. fluorescens In greenhouse Cell suspensions Tomato Nematode: Meloidogyne Reduced nematode Nematicidal secondary metabolites Siddiqui &
Jjavanica population densities production (P. fluorescens) Shaukat, 2004
P. fluorescens In vitro Cell-free filtering Black Oomicete: P. capsici Reduced disease Production of lytic enzymes (both) Diby et al., 2005
pepper incidence
Paenibacillus In greenhouse Alginate pellets Tomato Fungi: Fusarium Reduced disease Production of lytic enzymes Montealegre et al.,
lentimorbus (T. harzianum), Cell oxysporum f. sp. lycopersici incidence (T. harzianum) 2005
suspension Rhizoctonia solani
(P. lentimorbus) Pyrenochaeta lycopersici
P. fluorescens In nursery Cell suspensions Papaya Nematode: M. incognita Reduced nematode egg- Space competence: root Rao, 2007
mass colonization (both)
P. fluorescens In greenhouse Formulation with cowdung- Chilli Fungus: R. solani Reduced disease Unidentified Rini & Sulochana,
neem cake (T. harzianum) and incidence 2007
talc (P. fluorescens) as carrier
P. fluorescens In greenhouse Cell suspensions Tomato Fungus: F. oxysporum f. sp. Reduced disease Unidentified Yigit & Dikilitas,
lycopersici incidence 2007
Streptomyces rochei In field Formulation with vermiculite Pepper Oomycete: P. capsici Reduced disease Parasitism (T. hargianum), Non- Ezziyyani et al.,
as carrier incidence volatile antifungal secondary 2007
metabolites production
(S. rochei)
B. subtilis In greenhouse Cell suspensions Tobbaco Bacteria: R. solanacearum Reduced disease Unidentified Maketon et al.,
Oomycete: Pythium incidence 2008
aphanidermatum
Fungus: Cercospora nicotiana
B. subtilis In field Cell suspensions Chickpea Unidentified Zaim et al., 2018

(continued on next page)
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Table 2 (continued)

Trichoderma BACTERIA SPECIES EXPERIMENT APPLICATION CROP PATHOGEN/PEST SYNERGISTIC EFFECTS MECHANISMS OF ACTION REFERENCE
SPECIES
Fungus: F. oxysporum f. sp. Reduced disease
ciceris incidence
Rhizobium In field Formulation with Arabic gum  Vicia faba Fungus: Botrytis fabae Reduced disease Plant systemic resistance induction Saber et al., 2009
leguminosarum bv. as carrier incidence
vicia
P. fluorescens In field Formulation with talc as Rice Fungus: R. solani Reduced disease Unidentified Singh et al., 2010
carrier incidence
P. fluorescens In greenhouse Formulation with talc as Tomato Fungus: F. oxysporum f. sp. Reduced disease Unidentified Srivastava et al.,
In field carrier and carboxyl lycopersici incidence 2010
methylcellulose as adhesive
B. subtilis In greenhouse Cell suspensions Bean Fungus: F. solani f. sp. Reduced disease Increased abundance of beneficial Abeysinghe, 2012
Pphaseoli incidence fungi in the rhizosphere
Pseudomonas sp. In growth Cell suspensions Cucumber Fungus: F. oxysporum Reduced disease Plant systemic resistance induction Alizadeh et al.,
chamber f.sp. radicis cucumerinum incidence 2013
P. fluorescens In greenhouse Cell suspensions Vanilla Fungi: F. oxysporum, R. solani ~ Reduced disease Unidentified Sandheep & Jisha,
and Sclerotium rolfsii incidence 2013
B. subtilis In greenhouse Cell suspensions Tomato Fungus: Alternaria alternata Reduced disease Plant systemic resistance induction Kumar et al.,
Oomycete: Phytophthora incidence 2015a
infestans
B. subtilis In greenhouse Cell suspensions Tomato Oomycete: P. infestans Reduced disease Plant systemic resistance induction Kumar et al.,
Pseudomonas putida incidence 2015b
P. aeruginosa In greenhouse Cell suspensions Okra Fungi: R. solani, F. oxysporum,  Reduced disease Plant systemic resistance induction Shafique et al.,
F. solani and Macrophomina incidence 2015
phaseolina
Nematode: M. incognita
Serratia In greenhouse Cell suspensions Tomato Fungus: R. solani Reduced disease Plant systemic resistance induction Youssef et al., 2016
proteamaculans incidence
P. fluorescens In field Formulation with talc as Rice Fungus: Magnaporthe oryzae Reduced disease Unidentified Jambhulkar et al.,
carrier and carboxyl incidence 2018
methylcellulose as adhesive
P. fluorescens In greenhouse Cell suspensions Maize Fungus: R. solani Reduced disease Plant systemic resistance induction Madhavi et al.,
incidence 2018
Mesorhizobium ciceri In greenhouse Cell suspensions Chickpea Nematode: M. incognita Reduced disease Unidentified Rizvi et al., 2018
incidence
P. fluorescens In greenhouse Formulation with manure as Pumpkin Fungus: F. oxysporum Reduced disease Antifungal secondary metabolites Al-Waily &
carrier incidence production (both) Hassan, 2019
P. fluorescens In field Formulation with talc as Tomato Unidentified Reduced disease Unidentified Kabdwal et al.,
carrier incidence 2019
B. subtilis In field Formulation with Potato Bacteria: Streptomyces sp. Reduced disease Increased abundance of beneficial Wang et al., 2019
diatomaceous earth as carrier incidence bacteria in the rhizosphere
B. subtilis In field Cell suspensions Faba bean Fungus: B. fabae Reduced disease Unidentified Firdu et al., 2020
incidence
B. subtilis In greenhouse Cell suspensions Faba bean Fungus: B. fabae Reduced disease Unidentified Firdu et al., 2021
incidence
Bacillus velezensis In vitro Cell suspensions Rapeseed Fungus: Verticillium Reduced disease Plant systemic resistance induction Hafiz et al., 2022
longisporum incidence
T. longibrachiatum B. amyloliquefaciens In greenhouse Cell-free filtering Tomato Fungus: F. oxysporum f. Reduced disease Antifungal secondary metabolites Ma et al., 2022
sp. lycopersici incidence production (B. amyloliquefaciens)
T. pseudokoningii Bradyrhizobium In greenhouse Cell suspensions Soybean Nematode: M. incognita Reduced disease Unidentified Oyekanmi et al.,
Jjaponicum In field incidence and nematode 2007
reproduction
T. virens Pseudomonas syringae In vitro Cell-free filtering - Fungi: R. solani, Alternaria Inhibition pathogen Production of lytic enzymes (both) Woo et al., 2002

alternata, A. solani,

growth

(continued on next page)
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Table 2 (continued)

Trichoderma BACTERIA SPECIES EXPERIMENT APPLICATION CROP PATHOGEN/PEST SYNERGISTIC EFFECTS MECHANISMS OF ACTION REFERENCE
SPECIES
Penicillium digitatum and
F. graminearum
Oomycete: P ultimum
P. fluorescens In vitro Cell-free filtering Black Oomicete: P. capsici Reduced disease Production of lytic enzymes (both) Diby et al., 2005
pepper incidence
P. fluorescens In greenhouse Cell suspensions Tomato Nematode: M. incognita Reduced disease Unidentified Moradi et al., 2015
incidence and nematode
reproduction
Bacillus velezensis In greenhouse Cell suspension (T. virens), Gooseberry Fungus: F. oxysporum Reduced disease Unidentified Izquierdo-Garcia
Cell-free filtering f. sp. physali incidence et al., 2020
(B. velezensis)
B. velezensis In greenhouse Cell suspensions Tomato Bacteria: R. solanacearum Reduced disease Plant local resistance induction Zhou et al., 2021
incidence
T. viride P. fluorescens In greenhouse Cell application on seeds with ~ Groundnut Fungus: Sclerotium rolfsii Reduced disease Hydrogen cyanide production Manjula et al.,
carboxyl methylcellulose as incidence (P. fluorescens), Volatile antifungal 2004
adhesive secondary metabolites production
(T. viride)
R. leguminosarum bv. In field Formulation with Arabic gum  Vicia faba Fungus: B. fabae Reduced disease Plant systemic resistance induction Saber et al., 2009
vicia as carrier incidence
P. fluorescens In field Formulation with talc as Vanilla Fungi: Fusarium oxysporum f. Reduced disease Production of lytic enzymes Radjacommare
carrier sp. vanillae and Colletotrichum  incidence (T. viride) et al, 2010
vanilla
Ooomycete: Phytophthora
meadii
Bacillus cereus In field Cell suspensions Potato Fungus: R. solani Reduced disease Unidentified Somani & Arora,
B. subtilis incidence 2010
P. fluorescens In greenhouse Formulation with talc as Nut Fungus: Lasiodiplodia Reduced disease Non-volatile antifungal secondary Latha et al., 2011
B. subtilis In field carrier and carboxyl theobromae incidence metabolites production (all of
methylcellulose as adhesive them), Siderophores production
(all of them), Hydrogen cyanide
production
(T. viride and P. fluorescens)
P. fluorescens In greenhouse Formulation with talc as Chilli Oomycete: Pythium Reduced disease Plant systemic resistance induction Muthukumar et al.,
carrier aphanidermatum incidence 2011
P. fluorescens In vitro Cell suspensions - Oomycete: P. infestans Pathogen growth Mycoparasitism (T. viride) Zegeye et al., 2011
(P. fluorescens), Mycelial-agar inhibition
plug
(T. viride)
B. subtilis In growth Cell suspensions Cotton Fungus: M. phaseolina Reduced disease Plant local resistance induction Triveni et al., 2015
chamber incidence
P. fluorescens In greenhouse Cell suspensions Tomato Nematode: M. incognita Reduced disease Unidentified Saeedizadeh, 2016
incidence and nematode
reproduction
Azotobacter In field Cell suspensions Chickpea - - Plant systemic resistance induction Velmourougane
chroococcum etal., 2017c
P. fluorescens In greenhouse Cell-free filtering Peanut Fungus: F. oxysporum Reduced disease Plant local resistance induction Rajeswari, 2019
incidence
P. fluorescens In greenhouse Cell suspensions Cowpea Fungus: F. oxysporum Reduced disease Unidentified Ramasamy &
incidence Sundaram, 2020
Trichoderma sp. Bacillus sp. In vitro Cell-free filtering Ginger Oomycete: Pythium Reduced disease Non-volatile antifungal secondary Jimtha et al., 2016
myriotylum incidence metabolites production (Bacillus sp.)
B. subtilis In vitro Cell-free filtering - Fungus: Colletotrichum Pathogen growth Non-volatile antifungal secondary Emanuel et al.,
gloeosporioides inhibition metabolites production (both) 2020
Bacillus sp. In vitro Cell suspensions Garlic Fungus: Fusarium oxysporum Reduced disease Unidentified Poromarto et al.,
In greenhouse f. sp. cepae incidence 2022
Increased disease
tolerance

(continued on next page)
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Table 2 (continued)

REFERENCE

MECHANISMS OF ACTION

SYNERGISTIC EFFECTS

PATHOGEN/PEST

CROP

APPLICATION

EXPERIMENT

BACTERIA SPECIES

Trichoderma
SPECIES

Jena, 2012

Unidentified

Reduced pathogen
population in soil

Oomycetes: Phytophthora
colocasiae and Pythium sp.

Fungi: R. solani and

F. oxysporum

In vitro Cell suspensions

P. fluorescens

Trichoderma spp.

=
Z.
<2
=

™
—
(=}
N

Unidentified

Reduced disease

incidence

Fungus: R. solani

Rice

Cell suspensions

In greenhouse

B. subtilis

&~
=
o
N
=
5]
=}
>
=
=]
o
>

Unidentified

Reduced disease

incidence

Bacteria: Ralstonia spp.

Tomato

In field Cell suspensions

P. fluorescens
B. subtilis
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production of these secondary metabolites, such as the production of
siderophores that, in addition to providing a greater contribution of
nutritional metals to plants, reduce their bioavailability for pathogens
(Gu et al., 2020). This combined action has been reported in nuts co-
inoculated with T. viride-P. fluorescens—B. subtilis, with talc as the car-
rier and carboxyl methylcellulose as the adhesive, synergistically
reducing the disease caused by the fungus Lasiodiplodia theobromae due
to the production of secondary antifungal metabolites and siderophores
by the three microorganisms used as BCAs (Latha et al., 2011). The
production of biocidal secondary metabolites can also be combined with
the production of lytic enzymes (Karuppiah et al., 2019a). The combi-
nation of secondary metabolites and lytic enzymes was proposed as the
main biocontrol mechanism of a consortium formed by Trichoderma and
Streptomyces sp. in reducing soft rot disease incidence caused by Erwinia
sp. in leek plants (Bustamam et al., 2022).

5.3. Hydrolytic and cell-wall degrading enzymes

Trichoderma, like different bacteria used as BCAs, has a great ca-
pacity to produce extracellular hydrolytic enzymes that will degrade the
cell wall of different plant pathogens in a targeted manner. Among these
enzymes, chitinases, p-1,3-glucanases, and proteases stand out (Kumari
& Srividhya, 2020). The first study to describe the synergistic produc-
tion of lytic enzymes by the Trichoderma-bacteria combination was in
1993, reducing in vitro the growth of the pathogenic fungi Fusarium
solani, Botrytis cinerea, and Uncinula necator (Lorito et al., 1993). Tri-
choderma-bacteria co-inoculation has been described as a synergistic
promoter in the production of lytic enzymes by Trichoderma; mainly
chitinases, p-1,3-glucanases, and proteases (Montealegre et al., 2005;
Radjacommare et al., 2010). However, in the Trichoderma-P. fluorescens
co-inoculation in black peppers against Phytophtora capsici, the syner-
gistic production of f-1,3-glucanases, p-1,4-glucanases, and lipase lytic
enzymes by both BCAs was identified (Diby et al., 2005).

5.4. Competition for space and nutrients

The last direct mechanism of action for BCAs is competition for space
and nutrients, widely described for microorganisms such as Trichoderma
capable of establishing themselves very quickly in new niches, exten-
sively colonizing the rhizosphere and superficial root tissues (Patel et al.,
2019). It is possible to describe how the Trichoderma-bacteria co-
inoculation in roots results in a synergistic increase in the endophytic
and epiphytic colonization of plant tissues, which compete for funda-
mental space in the reduction of soil diseases. This is the case for the
T. harzianum—Enterobacter cloacae combination in lettuce roots against
the oomycete Pythium ultimum (Lynch et al., 1991), or
T. harzianum-P. fluorescens in papaya roots against the nematode
M. incognita (Rao, 2007). Another example of plant disease reduction
through competition for space and nutrients was observed in a study
conducted with combinations of Trichoderma, Bacillus, Pseudomonas, and
Streptomyces microorganisms isolated from banana plants’ rhizosphere,
reducing Fusarium wilt incidence in vivo (Prigigallo et al., 2022). Among
the combinations, the consortium formed by T. virens, Pseudomonas
chlororaphis, and B. velezensis was found to be the most effective,
combining competition for space and nutrients and antibiotic
compounds.

5.5. Activation of host plant defenses

The main indirect mechanism of action by BCAs against agricultural
pests and pathogens is the local and systemic activation of plant de-
fenses. This is due to the microorganism—plant molecular dialogue,
which causes plant recognition of microorganism-associated molecular
patterns (MAMPs) and the activation of plant defenses against future
possible biotic stress (Poveda et al., 2020b). At a local level, Tricho-
derma-Bacillus co-inoculation leads to the formation of biofilms that
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colonize the root surface and induce an increase in SA-related defenses
in these plant tissues (Karuppiah et al., 2019b), and increases the ac-
tivity of different defensive enzymes, such as polyphenol oxidase (PPO),
peroxidase (POD), and superoxide dismutase (SOD) (Triveni et al., 2015;
Zhou et al., 2021). Systemically, the activation of plant defenses by
Trichoderma-bacteria co-inoculation includes both SA-related responses
and JA-related defenses. For example, root inoculation with
T. asperellum-P. fluorescens in peas synergistically reduced Erysiphe pisi
conidial development on leaves as a consequence of systemic activation
of JA-related defenses (Patel et al., 2016). The most widely studied plant
synergistic defensive responses are the activities of different enzymes.
Through this mechanism of action, Trichoderma-bacteria co-inoculation
has shown reductions in disease incidence of over 60 %, including en-
zymes such as f-1,3-glucanase, PPO, SOD, phenylalanine ammonia lyase
(PAL), ascorbate peroxidase (APX), guaiacol peroxidase (GPX), and
catalase (CAT), along with other proteins, such as pathogenesis-related
protein 1 (PR-1) (Alizadeh et al., 2013; Kumar et al., 2015b; Youssef
et al.,, 2016; Madhavi et al., 2018). Together with the increase in
enzymatic activity, plants respond systemically to biotic stresses
through the synthesis of biocidal secondary metabolites. Tricho-
derma-bacteria co-inoculation achieves synergistic effects in reducing
disease in different crops by close to 80 % mainly due to the addition to
plant defenses of the systemic accumulation of phenolic compounds
(Saber et al., 2009; Muthukumar et al., 2011; Kumar et al., 2015a;
Shafique et al., 2015; Velmourougane et al., 2017c). For example, the
combined use of Trichoderma-bacteria was successfully used to protect
eggplants from the fungal pathogen Verticillium dahliae by activating
plant defensive enzymes (Bilginturan & Karaca, 2021). It was also used
in rapeseed against Verticillium longisporum, activating the JA and ET

PAMPs,
DAMPs,
effectors

Trichoderma

\

Bioactive molecules,
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pathways, which are first steps in activating the induced systemic
resistance (ISR) response (Hafiz et al., 2022).

5.6. Rhizospheric microbiota modification

Another important indirect mechanism of action increasingly studied
in different BCAs is the ability to modify the rhizospheric microbiota,
increasing the diversity and population of other antagonistic microor-
ganisms of plant pathogens (Hu et al., 2021). The root application of
T. harzianum-B. subtilis has shown both an increase in the diversity and
abundance of beneficial bacteria and beneficial fungi and great antag-
onistic capacity against pathogens such as Fusarium solani f. sp. phaseoli
in beans or Streptomyces sp. in potatoes (Abeysinghe, 2012; Wang et al.,
2019). Despite the good synergistic results reported for Tricho-
derma-bacteria combinations, many other studies did not find evidence
of a synergistic effect. Some examples are combinations with species
within Bacillus (Yobo et al., 2011; Kamel and El-Khateeb, 2012), Pseu-
domonas (Mathivanan et al., 2005; Afzal et al., 2013; Duc et al., 2017;
Kumar et al., 2017; Shafique et al., 2017; Madhavi & Devi, 2018),
Rhizobium (Negi et al., 2021), Mesorhizobium (Dubey et al., 2015), or the
Burkholderia genus (Meyer et al., 2001). These co-inoculations may even
have a negative effect on the activity of both components. For example,
the T. asperelloides—Bacillus paralicheniformis combination is less effec-
tive against F. oxysporum in tomato plants than the inoculation of each
microorganism in isolation (Ramirez-Carino et al., 2020). This may be
due to significant inhibition of Trichoderma growth by bacteria, as has
been described in combinations with P. fluorescens (Pan & Jash, 2011)
and mycophagous bacteria of the genus Collimonas (Hoppener-Ogawa
et al., 2009). Therefore, the Trichoderma-bacteria combination appears

Root
exudates

Beneficial
bacteria

\_I?Es_/

\___/

Bioactive molecules, VOCs

Fig. 2. Summary infographic with the recognition systems in the multitrophic relationship between plant, Trichoderma, beneficial bacteria and pathogen.
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Fig. 3. Summary infographic with the interaction systems in the multitrophic relationship between plant, Trichoderma, beneficial bacteria and pathogen.

to be quite specific and requires in-depth research to achieve beneficial
synergistic effects in agriculture.

Although there are several studies with very positive results of
biocontrol efficacy in Trichoderma-bacteria co-inoculations, the molec-
ular mechanisms involved have not been identified. In future works, it
would be interesting to deepen our understanding of how microorgan-
isms modulate the expression of genes related to biocontrol, such as
hydrolytic enzyme producing genes, antimicrobial peptide genes, and
siderophore producing genes.

6. Interactions between the host plant, Trichoderma, beneficial
bacteria and pathogens

When using a BCA, it is of key importance to know how the micro-
organisms interact in the environment with the plant, the pathogen, and
with the microbiota as a whole. Many works have focused on bitrophic
interactions of BCA-plant, plant-pathogen, or BCA-plant, but there is
much more to investigate.

A well-known example is the bitrophic interaction of the Trichoderma
fungi with plants (Poveda et al., 2020a). In order to colonize the plant
and establish the symbiotic relationship, the fungus must fulfill a
sequence of steps: recognition and adherence to plant roots, penetration
of the plant, and survival to the plant defense metabolites (Hermosa
et al., 2012). The fungus recognizes the plant root through its root ex-
udates, which act as signal for starting colonization, and adheres itself to
the roots through the action of hydrophobins, which also protect the
fungus from plant toxic metabolites once it has penetrated the roots
(Viterbo & Chet, 2006). To establish itself in this environment, Tricho-
derma requires the actions of several molecules, such as swollenin,
proteins with cellulase activity, and ISR elicitors (Brotman et al., 2008;

14

Saravanakumar et al., 2016). Once Trichoderma has established itself
within plant roots, symbiotic interactions may start with one or more of
these eventual outcomes: plant growth promotion, yield increase,
nutrient and water uptake increase, or biotic and abiotic stress allevia-
tion (Swain & Mukherjee, 2020).

Interactions between beneficial bacteria and plants follow a similar
process to a certain degree, since bacteria also detect plants through
organic acids and sugars exudated from roots and then attach to the root
surface. A signaling exchange occurs in the rhizosphere and the bacteria
switch to a colony-based lifestyle and start to attach and form a biofilm.
The plant-associated microbiota overcome the host defenses by
secreting effector proteins to avoid the generation of reactive oxygen
species, or the induction of SA and JA signaling pathways (Trivedi et al.,
2020).

Plant pathogens are also engaged in a continuous co-evolutionary
race with its plant hosts. In this co-evolution, plants have developed
two different strategies to detect pathogens through specific detectors,
such as pattern recognition receptors (PRR), located on the external face
of the cells. PRRs are capable of recognizing pathogen-associated mo-
lecular patterns (PAMPs), which are components of the pathogens such
as fungal chitin, and also danger-associated molecular patterns
(DAMPs), which are molecules released upon pathogen attack, such as
cell wall fragments. Once these PRRs have detected these patterns,
pattern-triggered immunity (PTI) is activated. To overcome this defense
barrier, pathogens have developed molecular tools called effectors, able
to inactivate this response in the host, with a vast range of these mole-
cules across fungal and bacterial communities. The second defense
strategy plants have developed is based on intracellular receptors able to
recognize certain pathogen effectors, and trigger effector-triggered im-
munity (ETI). In this context, pathogens and host plants are involved in a
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continuous and dynamic cycle, with plants recognizing pathogens
through receptors and pathogens manipulating the defense response
through effector molecules (Yuan et al., 2021).

Another bitrophic interaction that has been studied in this context is
that of the BCA and the pathogen. Trichoderma fungi are the most well-
studied BCA, yet it is not completely understood how it recognizes the
pathogen. The current model suggest that these fungi recognize patho-
gens by their diffused bioactive molecules, but Li et al. (2018) suggested
that two strains of T. virens and T. viride sense F. oxysporum specifically
through volatile organic compounds (Li et al., 2018). After recognition
interaction may occur, and the outcome of this interaction is usually the
suppression of the pathogen by Trichoderma through mycoparasitism,
antibiosis, or direct competition for space and nutrients (Swain &
Mukherjee, 2020).

Separate bitrophic interactions cannot be extrapolated to field con-
ditions however, since all agents involved (host plant, pathogen, Tri-
choderma, and bacteria) form a complex network of interactions that
makes it difficult to predict the outcome (Rodriguez et al., 2019; Alfiky
and Weisskopf, 2021). Many factors may influence the result of inocu-
lating microorganism consortia, such as the interaction among species,
the host plant, or the targeted pathogen, as well as environmental
conditions such as the physiochemical and microbiological state of the
soil or weather (Ben M’henni et al., 2022). Multitrophic crosstalk in-
teractions should be further investigated to better understand how or-
ganisms influence each other.

In Figs. 2 and 3 we have tried to summarize by means of infographics
the processes of recognition and interaction, respectively, that occur in
this multitrophic relationship between plants, Trichoderma, beneficial
bacteria and pathogens.

7. Conclusions and future perspectives

Inoculation of Trichoderma-bacteria consortia in plants may result in
a growth promotion greater than the sum of its components; synergistic
effects may occur when studied and developed properly, and for that to
happen several factors should be considered. One of the first questions to
be answered is the compatibility of the candidate microorganisms that
will potentially form the bio-inoculant, which should be studied for each
case individually. Some bacteria with antifungal capacity, such as some
Bacillus and Pseudomonas species, could have an antagonistic effect on
the fungus. The formation of biofilms containing both microorganisms is
a key aspect for success. Another important step to develop is the
formulation of the bio-inoculant. Many different techniques and for-
mulations have been developed in recent years, but all must ensure the
viability of both microorganisms’ cells and capacities over an acceptable
period of time, as well as a high cell concentration, absence of
contamination, and ease of application in agriculture.

Research conducted on the combination of Trichoderma fungi with
beneficial bacteria has focused mainly on the control of agricultural
diseases, with less focus on control of pests and almost none on control
of viruses. Furthermore, little research has studied the effect of the co-
inoculation of such microorganisms in terms of the tolerance to
abiotic stresses in plants. Therefore, more research is needed for these
specific aspects.

Although plant growth promotion and biocontrol mechanisms are
known in the case of Trichoderma fungi and beneficial bacteria, the
mechanisms that trigger the synergistic effect of both are often un-
known. In future studies, these mechanisms should be determined in
order to develop efficient BCA formulations.

In the present context of agriculture, where the use of chemical
pesticides needs to be limited while maintaining levels of pests and
diseases below the economic loss threshold, the efficacy of novel alter-
natives should be similar to that of current options. Many studies
considered in this review compared results obtained with the co-
inoculation of Trichoderma-bacteria with current chemical pesticides,
obtaining similar disease reduction values. The combination of such
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microorganisms with chemical pesticides may have a further synergistic
effect and enhance its effectiveness.

Extensive studies in the literature demonstrate how the combination
of Trichoderma-bacteria has potential in agriculture management, both
as a biofertilizer and BCA. However, more studies are needed regarding
the effect of this strategy on abiotic stress tolerance in plants, and as
BCAs in virus control.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

D.E. is beneficiary of an Industrial Doctorate (DIN2018-009852) by
the State Research Agency of Spain. Open Access funding provided by
Universidad de Valladolid.

References

Abeysinghe, S., 2012. Biological control of Fusarium solani f. sp. phaseoli the causal agent
of root rot of bean using Bacillus subtilis CA32 and Trichoderma harzianum RUO1.
Ruhuna J. Sci. 2, 82-88.

Afzal, S., Tariq, S., Sultana, V., Ara, J., Ehteshamul-Haque, S., 2013. Managing the root
diseases of okra with endo-root plant growth promoting Pseudomonas and
Trichoderma viride associated with healthy okra roots. Pak. J. Bot. 45, 1455-1460.

Al-Ani, L.K.T., 2018. Trichoderma: Beneficial Role in Sustainable Agriculture by Plant
Disease Management. Plant Microbiome: Stress Response. Springer, Singapore,
pp. 105-126.

Al-Ani, L.K.T., 2019. Bioactive secondary metabolites of Trichoderma spp. In: For
Efficient Management of Phytopathogens. Secondary Metabolites of Plant Growth
Promoting Rhizomicroorganisms. Springer, Singapore, pp. 125-143.

Alfiky, A., Weisskopf, L., 2021. Deciphering Trichoderma-plant-pathogen interactions for
better development of biocontrol applications. J. Fungi 7, 61. https://doi.org/
10.3390/jof7010061.

Ali, H.Z., Nadarajah, K., 2013. Evaluating the efficacy of Trichoderma isolates and Bacillus
subtilis as biological control agents against Rhizoctonia solani. Res. J. Appl. Sci. 8,
72-81.

Alizadeh, H., Behboudi, K., Ahmadzadeh, M., Javan-Nikkhah, M., Zamioudis, C.,
Pieterse, C.M., Bakker, P.A., 2013. Induced systemic resistance in cucumber and
Arabidopsis thaliana by the combination of Trichoderma harzianum Tr6 and
Pseudomonas sp. Ps14. Biol. Control 65, 14-23. https://doi.org/10.1016/j.
biocontrol.2013.01.009.

Al-Waily, D.S., Hassan, S.M., 2019. Effect of two bioformulation Trichoderma harzianum
and Pseudomonas fluorescens with Manure in controlling Fusarium wilt disease in
Pumpkin. J. Univ. Babylon Pure Appl. Sci. 27, 446-456. https://doi.org/10.29196/
jubpas.v27i1.2207.

Badar, R., Qureshi, S.A., 2012a. Comparative effect of Trichoderma hamatum and host-
specific Rhizobium species on growth of Vigna mungo. J. Appl. Pharm. Sci. 2, 128.
https://doi.org/10.7324/JAPS.2012.2409.

Badar, R., Qureshi, S.A., 2012b. Use of Trichoderma hamatum alone and in combination
with rhizobial isolates as bio-fertilizer for improving the growth and strength of
sunflower. J. Basic Appl. Sci. Res. 2, 6307-6314.

Belkar, Y.K., Gade, R.M., 2012. Compatibility of fluorescent Pseudomonads with
beneficial microorganisms. J. Plant Dis. Sci. 7, 267-268.

Ben M’henni, Y., Salem, 1. B., Souli, M., Tounsi, S., Debieu, D., Fillinger, S., Boughalleb-
M’hamdi, N., 2022. Biocontrol and growth promotion potential of combined
application of Trichoderma simmonsii and Aspergillus westerdijkiae against apple tree
dieback disease. PhytoFrontiers. doi: 10.1094/PHYTOFR-01-22-0005-R.

Bilginturan, M., Karaca, G.H., 2021. Effects of Trichoderma and PGPR applications on
growth and Verticillium wilt of eggplant. Mediterr. Agri. Sci. 34, 267-272. https://
doi.org/10.29136/mediterranean.897989.

Bin, L., Knudsen, G.R., Eschen, D.J., 1991. Influence of an antagonistic strain of
Pseudomonas fluorescens on growth and ability of Trichoderma harzianum to colonize
sclerotia of Sclerotinia sclerotiorum in soil. Phytopathol. 81, 994-1000.

Bothwell, M.K., Walke, L.P., Wilson, D.B., Irwin, D.C., Price, M., 1993. Synergism
between pure Thermomonospora fusca and Trichoderma reesei cellulases. Biomass
Bioenergy 4, 293-299.

Brotman, Y., Briff, E., Viterbo, A., Chet, 1., 2008. Role of swollenin, an expansin-like
protein from Trichoderma, in plant root colonization. Plant Physiol. 147, 779-789.
https://doi.org/10.1104/pp.108.116293.

Bustamam, H., Hartal, H., Wahyuni, H., Gusmara, H., 2022. The effectiveness of the
organic fertilizer formula of the PGPR and biocontrol agents consortium on the
growth of leeks and reduction of soft rot disease. KnE Life Sci. 2022, 193-205.
https://doi.org/10.18502/kls.v7i3.11120.


http://refhub.elsevier.com/S1049-9644(22)00265-1/h0005
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0005
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0005
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0010
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0010
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0010
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0015
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0015
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0015
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0020
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0020
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0020
https://doi.org/10.3390/jof7010061
https://doi.org/10.3390/jof7010061
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0030
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0030
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0030
https://doi.org/10.1016/j.biocontrol.2013.01.009
https://doi.org/10.1016/j.biocontrol.2013.01.009
https://doi.org/10.29196/jubpas.v27i1.2207
https://doi.org/10.29196/jubpas.v27i1.2207
https://doi.org/10.7324/JAPS.2012.2409
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0050
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0050
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0050
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0055
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0055
https://doi.org/10.29136/mediterranean.897989
https://doi.org/10.29136/mediterranean.897989
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0070
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0070
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0070
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0075
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0075
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0075
https://doi.org/10.1104/pp.108.116293
https://doi.org/10.18502/kls.v7i3.11120

J. Poveda and D. Eugui

Chaudhary, T., Dixit, M., Gera, R., Shukla, A. K., Prakash, A., Gupta, G., Shukla, P. 2020.
Techniques for improving formulations of bioinoculants. 3 Biotech, 10. doi:
10.1007/s13205-020-02182-9.

Chaudhary, T., Shukla, P., 2020. Commercial bioinoculant development: Techniques and
challenges. In: Microbial Enzymes and Biotechniques. Springer, Singapore,
pp. 57-70.

Chaves, N.P., Pocasangre, L.E., Elango, F., Rosales, F.E., Sikora, R., 2009. Combining
endophytic fungi and bacteria for the biocontrol of Radopholus similis (Cobb) Thorne
and for effects on plant growth. Sci. Hortic. 122, 472-478. https://doi.org/10.1016/
j-scienta.2009.05.025.

Chemeltorit, P.P., Mutaqin, K.H., Widodo, W., 2017. Combining Trichoderma hamatum
THSW13 and Pseudomonas aeruginosa BJ10-86: a synergistic chili pepper seed
treatment for Phytophthora capsici infested soil. Eur. J. Plant Pathol. 147, 157-166.
https://doi.org/10.1007/510658-016-0988-5.

Chien, Y.C., Huang, C.H., 2020. Biocontrol of bacterial spot on tomato by foliar spray and
growth medium application of Bacillus amyloliquefaciens and Trichoderma asperellum.
Eur. J. Plant Pathol. 1-9 https://doi.org/10.1007/s10658-020-01947-5.

Chittihunsa, T., Bangeekhan, E., Wongsamitkul, N., Subsomboon, T., 2007. Screening of
Bacillus spp. suppresing the infection of Trichoderma sp. in mushroom cultivation.
Curr. Appl. Sci. Technol. 7, 19-27.

Cordier, C., Alabouvette, C., 2009. Effects of the introduction of a biocontrol strain of
Trichoderma atroviride on non target soil micro-organisms. Eur. J. Soil Biol. 45,
267-274. https://doi.org/10.1016/j.ejsobi.2008.12.004.

Cumagun, C. J. R., 2014. Advances in formulation of Trichoderma for biocontrol, in
Biotechnology and Biology of Trichoderma. Elsevier. pp. 527-531.

Dandurand, L.M., Knudsen, G.R., 1993. Influence of Pseudomonas fluorescens on hyphal
growth and biocontrol activity of Trichoderma harzianum in the spermosphere and
rhizosphere of pea. Phytopathol. 83, 265-270.

Diby, P.A.U.L., Saju, K.A., Jisha, P.J., Sarma, Y.R., Kumar, A., Anandaraj, M., 2005.
Mycolytic enzymes produced by Pseudomonas fluorescens and Trichoderma spp.
against Phytophthora capsici, the foot rot pathogen of black pepper (Piper nigrum L.).
Ann. Microbiol 55, 129-133.

Dubey, S.C., Singh, V., Priyanka, K., Upadhyay, B.K., Singh, B., 2015. Combined
application of fungal and bacterial bio-agents, together with fungicide and
Mesorhizobium for integrated management of Fusarium wilt of chickpea. Biocontrol
60, 413-424. https://doi.org/10.1007/s10526-015-9653-8.

Duc, N.H., Mayer, Z., Pék, Z., Helyes, L., Posta, K., 2017. Combined inoculation of
arbuscular mycorrhizal fungi, Pseudomonas fluorescens and Trichoderma spp. for
enhancing defense enzymes and yield of three pepper cultivars. Appl. Ecol. Environ.
Sci. 15, 1815-1829. https://doi.org/10.15666/aeer/1503_18151829.

El Enshasy, H.A., Ambehabati, K.K., El Baz, A.F., Ramchuran, S., Sayyed, R.Z.,

Amalin, D., Hanapi, S.Z., 2020. Trichoderma: biocontrol agents for promoting plant
growth and soil health. In: Agriculturally Important Fungi for Sustainable
Agriculture. Springer, Cham, pp. 239-259.

El-Katatny, M.H., 2010. Enzyme production and nitrogen fixation by free, immobilized
and coimmobilized inoculants of Trichoderma harzianum and Azospirillum brasilense
and their possible role in growth promotion of tomato. Food Technol. Biotechnol. 48,
161-174.

El-Katatny, M.H., Idres, M.M., 2014. Effects of single and combined inoculations with
Agzospirillum brasilense and Trichoderma harzianum on seedling growth or yield
parameters of wheat (Triticum vulgaris L., Giza 168) and corn (Zea mays L., hybrid
310). J. Plant Nutr. 37, 1913-1936. https://doi.org/10.1080/
01904167.2014.911322.

Emanuel, R.V., Arturo, P.U.C., Iveth, M.R.L., de la Cruz Homero, R., Nahuam, C.A.M.,
2020. In vitro growth of Colletotrichum gloeosporioides is affected by butyl acetate, a
compound produced during the co-culture of Trichoderma sp. and Bacillus subtilis. 3
Biotech 10, 1-14. https://doi.org/10.1007/513205-020-02324-z.

European Council, 2019. Regulation (EU) 2019/1009 of the European Parliament and of
the Council of 5 June 2019 Laying Down Rules on the Making Available on the
Market of EU Fertilising Products and Amending Regulations (EC) no 1069/2009
and (EC) no 1107/2009 and Repealing Regulation (EC) no 2003/2003.

Ezziyyani, M., Requena, M.E., Egea-Gilabert, C., Candela, M.E., 2007. Biological control
of Phytophthora root rot of pepper using Trichoderma harzianum and Streptomyces
rochei in combination. J. Phytopathol. 155, 342-349. https://doi.org/10.1111/
j.1439-0434.2007.01237 .x.

Fang, H., Li, C., Zhao, J., Zhao, C., 2021. Biotechnological advances and trends in
engineering Trichoderma reesei towards cellulase hyperproducer. Biotechnol.
Bioprocess Eng. 26, 517-528. https://doi.org/10.1007/512257-020-0243-y.

Fiorentino, N., Ventorino, V., Woo, S.L., Pepe, O., De Rosa, A., Gioia, L., Rouphael, Y.,
2018. Trichoderma-based biostimulants modulate rhizosphere microbial populations
and improve N uptake efficiency, yield, and nutritional quality of leafy vegetables.
Front. Plant Sci. 9, 743. https://doi.org/10.3389/fpls.2018.00743.

Firdu, Z., Alemu, T., Assefa, F., 2020. Field performance of Trichoderma harzianum
AAUT14 and Bacillus subtilis AAUB95 on Faba Bean (Vicia faba L.) growth promotion
and management of chocolate spot (Botrytis fabae Sard.). Int. J. Plant Soil Sci. 35-45.

Firdu, Z., Alemu, T., Assefa, F., 2021. The synergistic effects of Trichoderma harzianum
AAUT14 and Bacillus subtilis AAUB95 on faba bean (Vicia faba L.) growth
performance and control of chocolate spot compared to chemical fungicides under
greenhouse conditions. Arch. Phytopathol. Plant Prot. 1-14 https://doi.org/
10.1080/03235408.2021.2000179.

Fukase, E., Martin, W., 2020. Economic growth, convergence, and world food demand
and supply. World Dev. 132, 104954 https://doi.org/10.1016/j.
worlddev.2020.104954.

Gangwar, O.P., Sharma, P., Singh, U.D., 2013. Growth and survival of Trichoderma
harzianum and Pseudomonas fluorescens on different substrates and their temporal

16

Biological Control 176 (2022) 105100

and spatial population dynamics in irrigated rice ecosystem. Indian Phytopathol. 66,
252-257.

Ganuza, M., Pastor, N., Boccolini, M., Erazo, J., Palacios, S., Oddino, C., Torres, A.M.,
2019. Evaluating the impact of the biocontrol agent Trichoderma harzianum ITEM
3636 on indigenous microbial communities from field soils. J. Appl. Microbiol. 126,
608-623. https://doi.org/10.1111/jam.14147.

Gimenez, E., Salinas, M., Manzano-Agugliaro, F., 2018. Worldwide research on plant
defense against biotic stresses as improvement for sustainable agriculture.
Sustainability 10, 391. https://doi.org/10.3390/5u10020391.

Glick, B.R., 2015. Beneficial Plant-bacterial Interactions. Heidelberg: Springer. pp. 1-28.
doi: 10.1007/978-3-030-44368-9.

Glick, B.R., 2020. Introduction to plant growth-promoting bacteria. In: Beneficial plant-
bacterial interactions. Springer, Cham. pp. 1-37. doi: 10.1007/978-3-030-44368-9_
1.

Gow, L.A., Wood, T.M., 1988. Breakdown of crystalline cellulose by synergistic action
between cellulase components from Clostridium thermocellum and Trichoderma
koningii. FEMS Microbiol. Lett. 50, 247-252. https://doi.org/10.1111/j.1574-
6968.1988.tb02946.x.

Gu, S., Yang, T., Shao, Z., Wang, T., Cao, K., Jousset, A., Pommier, T., 2020. Siderophore-
mediated interactions determine the disease suppressiveness of microbial consortia.
mSystems 5, €00811-e1009. https://doi.org/10.1128/mSystems.00811-19.

Guzman-Guzman, P., Porras-Troncoso, M.D., Olmedo-Monfil, V., Herrera-Estrella, A.,
2019. Trichoderma species: versatile plant symbionts. Phytopathol. 109, 6-16.
https://doi.org/10.1094/PHYTO-07-18-0218-RVW.

Hafiz, F.B., Moradtalab, N., Goertz, S., Rietz, S., Dietel, K., Rozhon, W., Schellenberg, I.,
2022. Synergistic effects of a root-endophytic Trichoderma fungus and Bacillus on
early root colonization and defense activation against Verticillium longisporum in
rapeseed. Mol. Plant-Microbe Interact. 35, 380-392. https://doi.org/10.1094/
MPMI-11-21-0274-R.

Hattingh, M., Alexander, A., Meijering, L., Van Reenen, C.A., Dicks, L.M.T., 2014. Malting
of barley with combinations of Lactobacillus plantarum, Aspergillus niger, Trichoderma
reesei, Rhizopus oligosporus and Geotrichum candidum to enhance malt quality. Int. J.
Food Microbiol. 173, 36-40. https://doi.org/10.1016/j.ijfoodmicro.2013.12.017.

Hermosa, R., Viterbo, A., Chet, 1., Monte, E., 2012. Plant-beneficial effects of Trichoderma
and of its genes. Microbiology 158, 17-25. https://doi.org/10.1099/mic.0.052274-
0.

Hidangmayum, A., Dwivedi, P., 2018. Plant responses to Trichoderma spp. and their
tolerance to abiotic stresses: a review. J. Pharmacogn. Phytochem 7, 758-766.

Hoppener-Ogawa, S., Leveau, J.H., Van Veen, J.A., De Boer, W., 2009. Mycophagous
growth of Collimonas bacteria in natural soils, impact on fungal biomass turnover
and interactions with mycophagous Trichoderma fungi. ISME J. 3, 190-198. https://
doi.org/10.1038/ismej.2008.97.

Huy, Y., Li, Y., Yang, X,, Li, C., Wang, L., Feng, J., Yang, Y., 2021. Effects of integrated
biocontrol on bacterial wilt and rhizosphere bacterial community of tobacco. Sci.
Rep. 11, 1-11. https://doi.org/10.1038/5s41598-021-82060-3.

Izquierdo-Garcia, L.F., Gonzalez-Almario, A., Cotes, A.M., Moreno-Velandia, C.A., 2020.
Trichoderma virens Gl006 and Bacillus velezensis Bs006: a compatible interaction
controlling Fusarium wilt of cape gooseberry. Sci. Rep. 10, 1-13. https://doi.org/
10.1038/541598-020-63689-y.

Jambhulkar, P.P., Sharma, P., Manokaran, R., Lakshman, D.K., Rokadia, P.,
Jambhulkar, N., 2018. Assessing synergism of combined applications of Trichoderma
harzianum and Pseudomonas fluorescens to control blast and bacterial leaf blight of
rice. Eur. J. Plant Pathol. 152, 747-757. https://doi.org/10.1007/510658-018-1519-
3.

Jena, N., 2012. Pseudomonas and Trichoderma: the most effective bio-control agents
against damping off pathogens of vegetable crops. Asian J. Microbiol. Biotechnol.
Environ. Sci. 14, 295-298.

Jhariya, M.K., Banerjee, A., Meena, R.S., 2019. &. In: Yadav, D.K. (Ed.), Sustainable
Agriculture, Forest and Environmental Management. Springer.

Jimtha, J.C., Jishma, P., Arathy, G.B., Anisha, C., Radhakrishnan, E.K., 2016.
Identification of plant growth promoting Rhizosphere Bacillus sp. WG4 antagonistic
to Pythium myriotylum and its enhanced antifungal effect in association with
Trichoderma. J. Soil Sci. Plant Nutr. 16, 578-590. https://doi.org/10.4067/50718-
95162016005000026.

Kabdwal, B.C., Sharma, R., Tewari, R., Tewari, A.K., Singh, R.P., Dandona, J.K., 2019.
Field efficacy of different combinations of Trichoderma harzianum, Pseudomonas
fluorescens, and arbuscular mycorrhiza fungus against the major diseases of tomato
in Uttarakhand (India). Egypt. J. Biol. Pest Control. 29, 1-10. https://doi.org/
10.1186/541938-018-0103-7.

Kamel, S.M.H., El-Khateeb, N.M., 2012. Antagonistic effect of Bacillus pumilus and/or
Trichoderma viride against Fusarium solani of common bean. J. Agri. Chem.
Biotechnol. 3, 461-472. https://doi.org/10.21608/jacb.2012.55025.

Karuppiah, V., Sun, J., Li, T., Vallikkannu, M., Chen, J., 2019a. Co-cultivation of
Trichoderma asperellum GDFS1009 and Bacillus amyloliquefaciens 1841 causes
differential gene expression and improvement in the wheat growth and biocontrol
activity. Front. Microbiol. 10, 1068. https://doi.org/10.3389/fmicb.2019.01068.

Karuppiah, V., Vallikkannu, M., Li, T., Chen, J., 2019b. Simultaneous and sequential
based co-fermentations of Trichoderma asperellum GDFS1009 and Bacillus
amyloliquefaciens 1841: a strategy to enhance the gene expression and metabolites to
improve the bio-control and plant growth promoting activity. Microb. Cell Factories
18, 1-16. https://doi.org/10.1186/s12934-019-1233-7.

Kasa, P., Modugapalem, H., Battini, K., 2015. Isolation, screening, and molecular
characterization of plant growth promoting rhizobacteria isolates of Azotobacter and
Trichoderma and their beneficial activities. J. Nat. Sci Biol. Med. 6, 360. https://doi.
0rg/10.4103/0976-9668.160006.


http://refhub.elsevier.com/S1049-9644(22)00265-1/h0090
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0090
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0090
https://doi.org/10.1016/j.scienta.2009.05.025
https://doi.org/10.1016/j.scienta.2009.05.025
https://doi.org/10.1007/s10658-016-0988-5
https://doi.org/10.1007/s10658-020-01947-5
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0110
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0110
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0110
https://doi.org/10.1016/j.ejsobi.2008.12.004
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0125
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0125
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0125
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0130
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0130
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0130
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0130
https://doi.org/10.1007/s10526-015-9653-8
https://doi.org/10.15666/aeer/1503_18151829
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0145
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0145
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0145
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0145
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0150
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0150
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0150
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0150
https://doi.org/10.1080/01904167.2014.911322
https://doi.org/10.1080/01904167.2014.911322
https://doi.org/10.1007/s13205-020-02324-z
https://doi.org/10.1111/j.1439-0434.2007.01237.x
https://doi.org/10.1111/j.1439-0434.2007.01237.x
https://doi.org/10.1007/s12257-020-0243-y
https://doi.org/10.3389/fpls.2018.00743
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0190
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0190
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0190
https://doi.org/10.1080/03235408.2021.2000179
https://doi.org/10.1080/03235408.2021.2000179
https://doi.org/10.1016/j.worlddev.2020.104954
https://doi.org/10.1016/j.worlddev.2020.104954
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0205
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0205
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0205
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0205
https://doi.org/10.1111/jam.14147
https://doi.org/10.3390/su10020391
https://doi.org/10.1111/j.1574-6968.1988.tb02946.x
https://doi.org/10.1111/j.1574-6968.1988.tb02946.x
https://doi.org/10.1128/mSystems.00811-19
https://doi.org/10.1094/PHYTO-07-18-0218-RVW
https://doi.org/10.1094/MPMI-11-21-0274-R
https://doi.org/10.1094/MPMI-11-21-0274-R
https://doi.org/10.1016/j.ijfoodmicro.2013.12.017
https://doi.org/10.1099/mic.0.052274-0
https://doi.org/10.1099/mic.0.052274-0
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0260
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0260
https://doi.org/10.1038/ismej.2008.97
https://doi.org/10.1038/ismej.2008.97
https://doi.org/10.1038/s41598-021-82060-3
https://doi.org/10.1038/s41598-020-63689-y
https://doi.org/10.1038/s41598-020-63689-y
https://doi.org/10.1007/s10658-018-1519-3
https://doi.org/10.1007/s10658-018-1519-3
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0285
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0285
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0285
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0290
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0290
https://doi.org/10.4067/S0718-95162016005000026
https://doi.org/10.4067/S0718-95162016005000026
https://doi.org/10.1186/s41938-018-0103-7
https://doi.org/10.1186/s41938-018-0103-7
https://doi.org/10.21608/jacb.2012.55025
https://doi.org/10.3389/fmicb.2019.01068
https://doi.org/10.1186/s12934-019-1233-7
https://doi.org/10.4103/0976-9668.160006
https://doi.org/10.4103/0976-9668.160006

J. Poveda and D. Eugui

Kaul, S., Choudhary, M., Gupta, S., Dhar, M.K., 2021. Engineering host microbiome for
crop improvement and sustainable agriculture. Front. Microbiol. 12, 1125. https://
doi.org/10.3389/fmicb.2021.635917.

Khan, M.R., Mohiddin, F.A., 2018. Trichoderma: its multifarious utility in crop
improvement. In: Crop Improvement Through Microbial Biotechnology. Elsevier. pp.
263-291. doi: 10.1016/B978-0-444-63987-5.00013-X.

Kim, W.G., Weon, H.Y., Seok, S.J., Lee, K.H., 2008. In vitro antagonistic characteristics of
bacilli isolates against Trichoderma spp. and three species of mushrooms. Mycobiol.
36, 266-269. https://doi.org/10.4489/MYCO.2008.36.4.266.

Knorr, D., Khoo, C.S.H., Augustin, M.A., 2018. Food for an urban planet: challenges and
research opportunities. Front. Nutr. 4, 73. https://doi.org/10.3389/
fnut.2017.00073.

Kopittke, P.M., Menzies, N.W., Wang, P., McKenna, B.A., Lombi, E., 2019. Soil and the
intensification of agriculture for global food security. Environ. Int. 132, 105078
https://doi.org/10.1016/j.envint.2019.105078.

Kumar, S.M., Chowdappa, P., Krishna, V., 2015a. Development of seed coating
formulation using consortium of Bacillus subtilis OTPB1 and Trichoderma harzianum
OTPB3 for plant growth promotion and induction of systemic resistance in field and
horticultural crops. Indian Phytopathol. 68, 25-31.

Kumar, S.M., Chowdappa, P., Krishna, V., Sandhya, H., 2015b. Induction of defense-
related proteins and growth promotion in tomato by mixture of Trichoderma
harzianum OTPB3 and Bacillus subtilis OTPB1 and Pseudomonas putida OPf1
against Phytophthora infestans. Afr. J. Microbiol. Res. 9, 96-110. https://doi.org/
10.5897/AJMR2014.7141.

Kumar, M., Patel, J.S., Kumar, G., Sarkar, A., Singh, H.B., Sarma, B.K., 2017. Studies on
Pseudomonas and Trichoderma-mediated root exudation pattern in chickpea against
Fusarium oxysporum f. sp. ciceris. J. Agri. Sci. Technol. 19, 969-978.

Kumar, S., Thakur, M., Rani, A., 2014. Trichoderma: Mass production, formulation,
quality control, delivery and its scope in commercialization in India for the
management of plant diseases. Afr. J. Agric. Res. 9, 3838-3852. https://doi.org/
10.5897/AJAR2014.9061.

Kumari, N., Srividhya, S., 2020. Secondary metabolites and lytic tool box of Trichoderma
and their role in plant health. In: Molecular Aspects of Plant Beneficial Microbes in
Agriculture. pp. 305-320. doi: 10.1016/B978-0-12-818469-1.00025-0.

La Grange, D.C., Claeyssens, M., Pretorius, 1.S., Van Zyl, W.H., 2000. Coexpression of the
Bacillus pumilus f-xylosidase (xynB) gene with the Trichoderma reesei p-xylanase 2
(xyn2) gene in the yeast Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 54,
195-200. https://doi.org/10.1007/5002530000372.

Latha, P., Anand, T., Prakasam, V., Jonathan, E.I., Paramathma, M., Samiyappan, R.,
2011. Combining Pseudomonas, Bacillus and Trichoderma strains with organic
amendments and micronutrient to enhance suppression of collar and root rot disease
in physic nut. Appl. Soil Ecol. 49, 215-223. https://doi.org/10.1016/].
apsoil.2011.05.003.

Lee, J.H., Lim, M.Y., Kim, M.J., Heo, S.Y., Seo, J.H., Kim, Y.H., Nam, S.W., 2007.
Constitutive coexpression of Bacillus endoxylanase and Trichoderma endoglucanase
genes in Saccharomyces cerevisiae. J. Microbiol. Biotechnol. 17, 2076-2080.

Li, N., Alfiky, A., Wang, W., Islam, M., Nourollahi, K., Liu, X., Kang, S., 2018. Volatile
compound-mediated recognition and inhibition between Trichoderma biocontrol
agents and Fusarium oxysporum. Front. Microbiol. 9, 2614. https://doi.org/10.3389/
fmicb.2018.02614.

Li, L., Qu, Q., Tian, B., Zhang, K.Q., 2005. Induction of chlamydospores in Trichoderma
harzianum and Gliocladium roseum by antifungal compounds produced by Bacillus
subtilis C2. J. Phytopathol. 153, 686-693. https://doi.org/10.1111/j.1439-
0434.2005.01038.x.

Li, T., Tang, J., Karuppiah, V., Li, Y., Xu, N., Chen, J., 2020. Co-culture of Trichoderma
atroviride SG3403 and Bacillus subtilis 22 improves the production of antifungal
secondary metabolites. Biol. Control 140, 104122. https://doi.org/10.1016/j.
biocontrol.2019.104122.

Lorito, M., Di Pietro, A., Hayes, C.K., Woo, S.L., Harman, G.E., 1993. Antifungal,
synergistic interaction between chitinolytic enzymes from Trichoderma harzianum
and Enterobacter cloacae. Phytopathol. 83, 721-728.

Lynch, J.M., Lumsden, R.D., Atkey, P.T., Ousley, M.A., 1991. Prospects for control of
Pythium damping-off of lettuce with Trichoderma, Gliocladium and Enterobacter spp.
Biol. Fertil. Soils 12, 95-99. https://doi.org/10.1007/BF00341482.

Ma, Q., Cong, Y., Feng, L., Liu, C., Yang, W., Xin, Y., Chen, K., 2022. Effects of mixed
culture fermentation of Bacillus amyloliquefaciens and Trichoderma longibrachiatum on
its constituent strains and the biocontrol of tomato Fusarium wilt. J. Appl. Microbiol.
132, 532-546. https://doi.org/10.1111/jam.15208.

Madhavi, G.B., Devi, G.U., 2018. Effect of combined application of biofumigant,
Trichoderma harzianum and Pseudomonas fluorescens on Rhizoctonia solani f. sp.
sasakii. Indian Phytopathol. 71, 257-263. https://doi.org/10.1007/542360-018-
0039-6.

Madhavi, G.B., Devi, G.U., Kumar, K.V.K., Ramesh, T., 2018. Evaluation of Pseudomonas
fluorescens and Trichoderma harzianum isolates in inducing systemic resistance (ISR)
in maize against Rhizoctonia solani f. Sp. Sasakii. Int. J. Chem. Stud. 6, 628-632.

Mabhato, S., Bhuju, S., Shrestha, J., 2018. Effect of Trichoderma viride as biofertilizer on
growth and yield of wheat. Malays. J. Sustain. Agric. 2, 01-05. https://doi.org/
10.26480/mjsa.02.2018.01.05.

Maketon, M., Apisitsantikul, J., Siriraweekul, C., 2008. Greenhouse evaluation of Bacillus
subtilis AP-01 and Trichoderma hargzianum AP-001 in controlling tobacco diseases.
Braz. J. Microbiol. 39, 296-300. https://doi.org/10.1590/51517-
83822008000200018.

Manjula, K., Kishore, G.K., Girish, A.G., Singh, S.D., 2004. Combined application of
Pseudomonas fluorescens and Trichoderma viride has an improved biocontrol activity
against stem rot in groundnut. Plant Pathol. J. 20, 75-80.

17

Biological Control 176 (2022) 105100

Mathivanan, N., Prabavathy, V.R., Vijayanandraj, V.R., 2005. Application of talc
formulations of Pseudomonas fluorescens Migula and Trichoderma viride Pers. ex SF
Gray decrease the sheath blight disease and enhance the plant growth and yield in
rice. J. Phytopathol. 153, 697-701. https://doi.org/10.1111/j.1439-
0434.2005.01042.x.

Meyer, S.L., Roberts, D.P., Chitwood, D.J., Carta, L.K., Lumsden, R.D., Mao, W., 2001.
Application of Burkholderia cepacia and Trichoderma virens, alone and in
combinations, against Meloidogyne incognita on bell pepper. Nematropica 31, 75-86.

Miftakhurrohmat, A., 2021. The vegetative growth response of detam soybean varieties
towards Bacillus subtilis and Trichoderma sp. applications as bio-fertilizer. E3S Web
Conf. 232, 03024. https://doi.org/10.1051/e3sconf/202123203024.

Minhas, P.S., Rane, J., Pasala, R.K., 2017. Abiotic stresses in agriculture: an overview. In:
Abiotic Stress Management for Resilient Agriculture. Springer, pp. 3-8.

Mironiuk, M., Izydorczyk, G., 2022. Toward increasing efficiency of fertilization. In:
Smart Agrochemicals for Sustainable Agriculture. Academic Press. pp. 139-162.
Mohammad-Razdari, A., Rousseau, D., Bakhshipour, A., Taylor, S., Poveda, J., Kiani, H.,
2022. Recent advances in E-monitoring of plant diseases. Biosens. Bioelectron.

113953 https://doi.org/10.1016/j.bios.2021.113953.

Montealegre, J.R., Herrera, R., Velasquez, J.C., Silva, P., Besoain, X., Pérez, L.M., 2005.
Biocontrol of root and crown rot in tomatoes under greenhouse conditions using
Trichoderma harzianum and Paenibacillus lentimorbus: Additional effect of
solarization. Electron. J. Biotechnol. 8 https://doi.org/10.2225/vol8-issue3-fulltext-
7.

Moradi, R., Moradi, F., Mirehki, K., Abdollahi, M., 2015. Plant debris of oak forest as soil
amendment, to improve the biocontrol activity of Pseudomonas fluorescens and
Trichoderma vierns against Meloidogyne javanica, in tomato. J. Crop Prot. 4, 373-384.

Morales-Garcia, Y.E., Baez, A., Quintero-Hernandez, V., Molina-Romero, D., Rivera-
Urbalejo, A.P., Pazos-Rojas, L.A., Munoz-Rojas, J., 2019. Bacterial mixtures, the
future generation of inoculants for sustainable crop production. In: Field Crops:
Sustainable Management by PGPR. Springer, Cham, pp. 11-44. https://doi.org/
10.1007/978-3-030-30926-8_2.

Morgavi, D.P., Beauchemin, K.A., Nsereko, V.L., Rode, L.M., McAllister, T.A., Wang, Y.,
2004. Trichoderma enzymes promote Fibrobacter succinogenes S85 adhesion to, and
degradation of, complex substrates but not pure cellulose. J. Sci. Food Agric. 84,
1083-1090. https://doi.org/10.1002/jsfa.1790.

Muhammad-Syafiq, T.H.T., Nusaibah, S.A., Rafii, M.Y., 2021. Effectiveness of
bioinoculants Bacillus cereus and Trichoderma asperellum as oil palm seedlings growth
promoters. Pertanika J. Trop. Agric. Sci. 44, 157-170. https://doi.org/10.47836/
pjtas.44.1.09.

Mukherjee, P.K., Mendoza-Mendoza, A., Zeilinger, S., Horwitz, B.A., 2022.
Mycoparasitism as a mechanism of Trichoderma-mediated suppression of plant
diseases. Fungal Biol. Rev. 39, 15-33. https://doi.org/10.1016/j.fbr.2021.11.004.

Muthukumar, A., Eswaran, A., Sangeetha, G., 2011. Induction of systemic resistance by
mixtures of fungal and endophytic bacterial isolates against Pythium
aphanidermatum. Acta Physiol. Plant 33, 1933-1944. https://doi.org/10.1007/
511738-011-0742-8.

Neelipally, R.T.K.R., Anoruo, A.O., Nelson, S., 2020. Effect of Co-Inoculation of
Bradyrhizobium and Trichoderma on growth, development, and yield of Arachis
hypogaea L. (Peanut). Agron. 10, 1415. https://doi.org/10.3390/
agronomy10091415.

Negi, S., Bharat, N.K., Kumar, M., 2021. Effect of seed biopriming with indigenous PGPR,
Rhizobia and Trichoderma sp. on growth, seed yield and incidence of diseases in
French bean (Phaseolus vulgaris L.). Legum. Res. 44, 593-601. https://doi.org/
10.18805/LR-4135.

Ogiit, M., Akdag, C., Diizdemir, O., Sakin, M.A., 2005. Single and double inoculation
with Azospirillum/Trichoderma: the effects on dry bean and wheat. Biol. Fertil. Soil
41, 262-272. https://doi.org/10.1007/s00374-004-0818-3.

Oyekanmi, E.O., Coyne, D.L., Fagade, O.E., Osonubi, O., 2007. Improving root-knot
nematode management on two soybean genotypes through the application of
Bradyrhizobium japonicum, Trichoderma pseudokoningii and Glomus mosseae in full
factorial combinations. Crop Prot. 26, 1006-1012. https://doi.org/10.1016/j.
cropro.2006.09.009.

Pan, S., Jash, S., 2011. Variability in biocontrol potential and microbial interaction of
Trichoderma spp. with soil inhabiting antagonistic bacteria Pseudomonas fluorescens.
Indian Phytopathol. 63, 158.

Patel, J.S., Sarma, B.K., Singh, H.B., Upadhyay, R.S., Kharwar, R.N., Ahmed, M., 2016.
Pseudomonas fluorescens and Trichoderma asperellum enhance expression of Ga
subunits of the pea heterotrimeric G-protein during Erysiphe pisi infection. Front.
Plant Sci. 6, 1206. https://doi.org/10.3389/fpls.2015.01206.

Patel, J., Teli, B., Bajpai, R., Meher, J., Rashid, M., Mukherjee, A., Yadav, S.K., 2019.
Trichoderma-mediated biocontrol and growth promotion in plants: an endophytic
approach. In: Role of Plant Growth Promoting Microorganisms in Sustainable
Agriculture and Nanotechnology. Woodhead Publishing, pp. 219-239. https://doi.
org/10.1016/B978-0-12-817004-5.00013-0.

Patkowska, E., Mielniczuk, E., Jamiotkowska, A., Skwaryto-Bednarz, B., Btazewicz-
Wozniak, M., 2020. The Influence of Trichoderma harzianum Rifai T-22 and other
biostimulants on rhizosphere beneficial microorganisms of carrot. Agron. 10, 1637.
https://doi.org/10.3390/agronomy10111637.

Poromarto, S.H., Putri, H.R., Widono, S., 2022. Effectiveness and compatibility of Bacillus
and Trichoderma in increasing disease tolerance of garlic to basal rot caused by
Fusarium oxysporum f. sp. cepae. In: IOP Conference Series: Earth and Environmental
Science. IOP Publishing, Bristol, UK. pp. 1-7. doi: 10.1088/1755-1315/1018/1/
012009.

Porto, J.S., Rebougas, T.N.H., José, A.R.S., José, A.R.S., Destéfano, S.A.L., Vargas, A.A.L.,
2022a. Antagonist species to Streptomyces sp. that causes common potato scab.


https://doi.org/10.3389/fmicb.2021.635917
https://doi.org/10.3389/fmicb.2021.635917
https://doi.org/10.4489/MYCO.2008.36.4.266
https://doi.org/10.3389/fnut.2017.00073
https://doi.org/10.3389/fnut.2017.00073
https://doi.org/10.1016/j.envint.2019.105078
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0350
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0350
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0350
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0350
https://doi.org/10.5897/AJMR2014.7141
https://doi.org/10.5897/AJMR2014.7141
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0360
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0360
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0360
https://doi.org/10.5897/AJAR2014.9061
https://doi.org/10.5897/AJAR2014.9061
https://doi.org/10.1007/s002530000372
https://doi.org/10.1016/j.apsoil.2011.05.003
https://doi.org/10.1016/j.apsoil.2011.05.003
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0385
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0385
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0385
https://doi.org/10.3389/fmicb.2018.02614
https://doi.org/10.3389/fmicb.2018.02614
https://doi.org/10.1111/j.1439-0434.2005.01038.x
https://doi.org/10.1111/j.1439-0434.2005.01038.x
https://doi.org/10.1016/j.biocontrol.2019.104122
https://doi.org/10.1016/j.biocontrol.2019.104122
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0405
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0405
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0405
https://doi.org/10.1007/BF00341482
https://doi.org/10.1111/jam.15208
https://doi.org/10.1007/s42360-018-0039-6
https://doi.org/10.1007/s42360-018-0039-6
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0425
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0425
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0425
https://doi.org/10.26480/mjsa.02.2018.01.05
https://doi.org/10.26480/mjsa.02.2018.01.05
https://doi.org/10.1590/S1517-83822008000200018
https://doi.org/10.1590/S1517-83822008000200018
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0440
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0440
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0440
https://doi.org/10.1111/j.1439-0434.2005.01042.x
https://doi.org/10.1111/j.1439-0434.2005.01042.x
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0450
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0450
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0450
https://doi.org/10.1051/e3sconf/202123203024
https://doi.org/10.1016/j.bios.2021.113953
https://doi.org/10.2225/vol8-issue3-fulltext-7
https://doi.org/10.2225/vol8-issue3-fulltext-7
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0485
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0485
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0485
https://doi.org/10.1007/978-3-030-30926-8_2
https://doi.org/10.1007/978-3-030-30926-8_2
https://doi.org/10.1002/jsfa.1790
https://doi.org/10.47836/pjtas.44.1.09
https://doi.org/10.47836/pjtas.44.1.09
https://doi.org/10.1016/j.fbr.2021.11.004
https://doi.org/10.1007/s11738-011-0742-8
https://doi.org/10.1007/s11738-011-0742-8
https://doi.org/10.3390/agronomy10091415
https://doi.org/10.3390/agronomy10091415
https://doi.org/10.18805/LR-4135
https://doi.org/10.18805/LR-4135
https://doi.org/10.1007/s00374-004-0818-3
https://doi.org/10.1016/j.cropro.2006.09.009
https://doi.org/10.1016/j.cropro.2006.09.009
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0535
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0535
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0535
https://doi.org/10.3389/fpls.2015.01206
https://doi.org/10.1016/B978-0-12-817004-5.00013-0
https://doi.org/10.1016/B978-0-12-817004-5.00013-0
https://doi.org/10.3390/agronomy10111637

J. Poveda and D. Eugui

Braz. Arch. Biol. Technol. 65, €22210059 https://doi.org/10.1590/1678-4324-
2022210059.

Porto, J.S., Reboucas, T.N.H., José, A.R.S., José, A.R.S., Tebaldi, N.D., Luz, J.M.Q.,
2022b. Biocontrol of potato common scab cultivated on different soil mulch.
Agronomy 12, 904. https://doi.org/10.3390/agronomy12040904.

Poveda, J., 2020. Trichoderma parareesei favors the tolerance of rapeseed (Brassica napus
L.) to salinity and drought due to a chorismate mutase. Agron. 10, 118. https://doi.
org/10.3390/agronomy10010118.

Poveda, J., 2021. Trichoderma as biocontrol agent against pests: New uses for a
mycoparasite. Biol. Cont. 159, 104634 https://doi.org/10.1016/j.
biocontrol.2021.104634.

Poveda, J., Abril-Urias, P., Escobar, C., 2020b. Biological control of plant-parasitic
nematodes by filamentous fungi inducers of resistance: Trichoderma, mycorrhizal
and endophytic fungi. Front. Microbiol. 11, 992. https://doi.org/10.3389/
fmicb.2020.00992.

Poveda, J., Eugui, D., Abril-Urias, P., 2020a. Could Trichoderma be a plant pathogen?
Successful root colonization. In: Trichoderma. Springer, Singapore. pp. 35-59. doi:
10.1007/978-981-15-3321-1_3.

Poveda, J., Gonzalez-Andrés, F., 2021. Bacillus as a source of phytohormones for use in
agriculture. Appl. Microbiol. Biotechnol. 105, 8629-8645. https://doi.org/10.1007/
s00253-021-11492-8.

Poveda, J., Hermosa, R., Monte, E., Nicolas, C., 2019. Trichoderma harzianum favours the
access of arbuscular mycorrhizal fungi to non-host Brassicaceae roots and increases
plant productivity. Sci. Rep. 9, 1-11. https://doi.org/10.1038/541598-019-48269-z.

Poveda, J., Calvo, J., Barquero, M., Gonzalez-Andrés, F., 2022. Activation of sweet
pepper defense responses by novel and known biocontrol agents of the genus Bacillus
against Botrytis cinerea and Verticillium dahliae. Eur. J. Plant Pathol. 2022, 1-18.
https://doi.org/10.1007/510658-022-02575-x.

Prigigallo, M.I., Cabanas, C.G.L., Mercado-Blanco, J., Bubici, G., 2022. Designing a
synthetic microbial community devoted to biological control: The case study of
Fusarium wilt of banana. Front. Microbiol. 13, 967885 https://doi.org/10.3389/
fmicb.2022.967885.

Qiu, Z., Egidi, E., Liu, H., Kaur, S., Singh, B.K., 2019. New frontiers in agriculture
productivity: Optimised microbial inoculants and in situ microbiome engineering.
Biotechnol. Adv. 37, 107371 https://doi.org/10.1016/j.biotechadv.2019.03.010.

Radjacommare, R., Venkatesan, S., Samiyappan, R., 2010. Biological control of
phytopathogenic fungi of vanilla through lytic action of Trichoderma species and
Pseudomonas fluorescens. Arch. Phytopathol. Plant Prot. 43, 1-17. https://doi.org/
10.1080/03235400701650494.

Rajeswari, P., 2019. Combination of Trichoderma viride and Pseudomonas fluorescens for
the enhanced control of Fusarium wilt disease caused by Fusarium oxysporum
infecting Arachis hypogaea L. J. Appl. Nat. Sci. 11, 138-143. https://doi.org/
10.31018/jans.v11i1.1985.

Raman, J., 2012. Response of Azotobacter, Pseudomonas and Trichoderma on growth of
apple seedling. Int. Proc. Chem. Biol. Environ. Eng. 40, 3-90.

Ramankutty, N., Mehrabi, Z., Waha, K., Jarvis, L., Kremen, C., Herrero, M., Rieseberg, L.
H., 2018. Trends in global agricultural land use: implications for environmental
health and food security. Ann. Rev. Plant Biol. 69, 789-815. https://doi.org/
10.1146/annurev-arplant-042817-040256.

Ramasamy, P., Sundaram, L., 2020. Biocontrol potential of Trichoderma viride,
Pseudomonas fluorescens for Fusarium wilt of cowpea (Vigna unguiculata L.). J. Agric.
Tech. J. Agric. Technol. 16, 377-392.

Ramirez-Carino, H.F., Guadarrama-Mendoza, P.C., Sdnchez-Lépez, V., Cuervo-Parra, J.
A., Ramirez-Reyes, T., Dunlap, C.A., Valadez-Blanco, R., 2020. Biocontrol of
Alternaria alternata and Fusarium oxysporum by Trichoderma asperelloides and Bacillus
paralicheniformis in tomato plants. Antonie Van Leeuwenhoek 113, 1247-1261.
https://doi.org/10.1007/510482-020-01433-2.

Rao, M.S., 2007. Papaya seedlings colonized by the bio-agents Trichoderma harzianum
and Pseudomonas fluorescens to control root-knot nematodes. Nematol. Mediterr.
Rini, C.R., Sulochana, K.K., 2007. Management of seedling rot of chilli (Capsicum annuum
L.) using Trichoderma spp. and fluorescent pseudomonads (Pseudomonas fluorescens).

J. Trop. Agric. 44, 79-82.

Rini, C.R., Sulochana, K.K., 2008. Usefulness of Trichoderma and Pseudomonas against
Rhizoctonia solani and Fusarium oxysporum infecting tomato. J. Trop. Agric. 45,
21-28.

Rizvi, R., Mahmood, 1., Ansari, S., 2018. Interaction between plant symbionts, bio-
organic waste and antagonistic fungi in the management of Meloidogyne incognita
infecting chickpea. J. Saudi Soc. Agric. Sci. 17, 424-434. https://doi.org/10.1016/j.
jssas.2016.10.002.

Roberts, D.P., Mattoo, A.K., 2018. Sustainable agriculture—Enhancing environmental
benefits, food nutritional quality and building crop resilience to abiotic and biotic
stresses. Agriculture 8, 8. https://doi.org/10.3390/agriculture8010008.

Rodriguez, P.A., Rothballer, M., Chowdhury, S.P., Nussbaumer, T., Gutjahr, C., Falter-
Braun, P., 2019. Systems biology of plant-microbiome interactions. Mol. Plant 12,
804-821. https://doi.org/10.1016/j.molp.2019.05.006.

Rouphael, Y., Colla, G., 2020. Biostimulants in agriculture. Front Plant Sci. 11, 40.
https://doi.org/10.3389/1pls.2020.00040.

Ruano-Rosa, D., Cazorla, F.M., Bonilla, N., Martin-Pérez, R., De Vicente, A., Lopez-
Herrera, C.J., 2014. Biological control of avocado white root rot with combined
applications of Trichoderma spp. and rhizobacteria. Eur. J. Plant Pathol. 138,
751-762. https://doi.org/10.1007/510658-013-0347-8.

Rudresh, D.L., Shivaprakash, M.K., Prasad, R.D., 2005. Effect of combined application of
Rhizobium, phosphate solubilizing bacterium and Trichoderma spp. on growth,
nutrient uptake and yield of chickpea (Cicer aritenium L.). Appl. Soil Ecol. 28,
139-146. https://doi.org/10.1016/j.apsoil.2004.07.005.

18

Biological Control 176 (2022) 105100

Saber, W.LA., Abd El-Hai, K.M., Ghoneem, K.M., 2009. Synergistic effect of Trichoderma
and Rhizobium on both biocontrol of chocolate spot disease and induction of
nodulation, physiological activities and productivity of Vicia faba. J. Microbiol. 4,
286-300.

Saeedizadeh, A., 2016. Trichoderma viride and Pseudomonas fluorescens CHAO against
Meloidogyne javanica in the rhizosphere of tomato plants. Hell. Plant Prot. J. 9,
28-34. https://doi.org/10.1515/hppj-2016-0003.

Saini, I., Yadav, K., Aggarwal, A., 2019. Response of arbuscular mycorrhizal fungi along
with Trichoderma viride and Pseudomonas fluorescens on the growth, biochemical
attributes and vase life of Chrysanthemum indicum. J. Environ. Biol. 40, 183-191.
https://doi.org/10.22438/jeb/40/2/MRN-848.

Sandheep, A.R., Jisha, M.S., 2013. Screening of Trichoderma spp and Pseudomonas spp.
for their biocontrol potential against phytopathogens of Vanilla. Int. J. Agric.
Environ. Biotechnol. 6, 799.

Sandheep, A.R., Asok, A.K., Jisha, M.S., 2013. Combined inoculation of Pseudomonas
fluorescens and Trichoderma harzianum for enhancing plant growth of vanilla (Vanilla
planifolia). Pak. J. Biol. Sci. 16, 580-584. https://doi.org/10.3923/
pjbs.2013.580.584.

Santos, M.S., Nogueira, M.A., Hungria, M., 2019. Microbial inoculants: reviewing the
past, discussing the present and previewing an outstanding future for the use of
beneficial bacteria in agriculture. AMB Express 9, 1-22. https://doi.org/10.1186/
513568-019-0932-0.

Saravanakumar, K., Yu, C., Dou, K., Wang, M., Li, Y., Chen, J., 2016. Synergistic effect of
Trichoderma-derived antifungal metabolites and cell wall degrading enzymes on
enhanced biocontrol of Fusarium oxysporum f. sp. cucumerinum. Biol. Control 94,
37-46. https://doi.org/10.1016/j.biocontrol.2015.12.001.

Shabani, M., Pontié, M., Younesi, H., Nacef, M., Rahimpour, A., Rahimnejad, M.,
Khelladi, R.M.B., 2021. Biodegradation of acetaminophen and its main by-product 4-
aminophenol by Trichoderma harzianum versus mixed biofilm of Trichoderma
harzianum/Pseudomonas fluorescens in a fungal microbial fuel cell. J. Appl.
Electrochem. 51, 581-596. https://doi.org/10.1007/s10800-020-01518-w.

Shafique, H.A., Noreen, R., Sultana, V., Ara, J., Ehteshamul-Haque, S., 2015. Effect of
endophytic Pseudomonas aeruginosa and Trichoderma harzianum on soil-borne
diseases, mycorrhizae and induction of systemic resistance in okra grown in soil
amended with Vernonia anthelmintica (L.) seed’s powder. Pak. J. Bot. 47, 2421-2426.

Shafique, H.A., Rahman, A., Urooj, F., 2017. Role of Trichoderma harzianum, fluorescent
Pseudomonas and Rhizobia in managing the root rot disease of tomato in soil
amended with mustard cake. Int. J. Biol. Res. 5, 11-14.

Sharma, P., Jambhulkar, P.P., Raja, M., Sain, S.K., Javeria, S., 2020. Trichoderma spp. in
consortium and their rhizospheric interactions. In: Sharma, A.K., Sharma, P., (Eds.),
Trichoderma. Springer, Singapore. pp. 267-292. doi: 10.1007/978-981-15-3321-1_
14.

Sharma, S., Kour, D., Rana, K.L., Dhiman, A., Thakur, S., Thakur, P., Singh, K., 2019.
Trichoderma: biodiversity, ecological significances, and industrial applications. In:
Recent Advancement in White Biotechnology Through Fungi. Springer, Cham,
pp. 85-120. https://doi.org/10.1007/978-3-030-10480-1_3.

Shirzad, A., Pazhouhandeh, M., Ahmadabadi, M., Behboudi, K., 2012. Analysis of cross-
talk between Trichoderma atroviride and Pseudomonas fluorescens. J. Plant Pathol.
621-628.

Siddiqui, L.A., Shaukat, S.S., 2004. Trichoderma harzianum enhances the production of
nematicidal compounds in vitro and improves biocontrol of Meloidogyne javanica by
Pseudomonas fluorescens in tomato. Lett. Appl. Microbiol. 38, 169-175. https://doi.
org/10.1111/j.1472-765X.2003.01481.x.

Singh, D.P., Singh, H.B., Prabha, R. (Eds.), 2016b. Microbial Inoculants in Sustainable
Agricultural Productivity: Vol. 2: Functional Applications. Springer, New Delhi.
Singh, R., Singh, B.P., Singh, A., Singh, U.P., Kureel, R.S., 2010. Management of sheath
blight in rice through application of Validamycin, Trichoderma harzianum and
Pseudomonas fluorescence. J. Appl. Nat. Sci. 2, 121-125. https://doi.org/10.31018/

jans.v2il.110.

Singh, D. P., Singh, H. B., Prabha, R., 2016a. Microbial Inoculants in Sustainable
Agricultural Productivity: Vol. 1: Research Perspectives. Springer, New Delhi.

Singh, S., Tripathi, A., Maji, D., Awasthi, A., Vajpayee, P., Kalra, A., 2019. Evaluating the
potential of combined inoculation of Trichoderma harzianum and Brevibacterium
halotolerans for increased growth and oil yield in Mentha arvensis under greenhouse
and field conditions. Ind. Crops Prod. 131, 173-181. https://doi.org/10.1016/j.
indcrop.2019.01.039.

Singh, S., Tripathi, A., Chanotiya, C.S., Barnawal, D., Singh, P., Patel, V.K., Kalra, A.,
2020. Cold stress alleviation using individual and combined inoculation of ACC
deaminase producing microbes in Ocimum sanctum. Environ. Sustain. 3, 289-301.
https://doi.org/10.1007/542398-020-00118-w.

Somani, A.K., Arora, R.K., 2010. Field efficacy of Trichoderma viride, Bacillus subtilis and
Bacillus cereus in consortium for control of Rhizoctonia solani causing black scurf
disease of potato. Indian Phytopathol. 63, 23.

Srivastava, R., Khalid, A., Singh, U.S., Sharma, A.K., 2010. Evaluation of arbuscular
mycorrhizal fungus, fluorescent Pseudomonas and Trichoderma harzianum
formulation against Fusarium oxysporum f. sp. lycopersici for the management of
tomato wilt. Biol. Control 53, 24-31. https://doi.org/10.1016/j.
biocontrol.2009.11.012.

Srivastava, M., Kumar, V., Shahid, M., Sonika, P., Singh, A., 2016. Trichoderma-a
potential and effective bio fungicide and alternative source against notable
phytopathogens: a review. Afr. J. Agric. Res. 11, 310-316. https://doi.org/10.5897/
AJAR2015.9568.

Swain, H., Mukherjee, A.K., 2020. Host-pathogen-trichoderma interaction. In:
Trichoderma. Springer, Singapore, pp. 149-165.


https://doi.org/10.1590/1678-4324-2022210059
https://doi.org/10.1590/1678-4324-2022210059
https://doi.org/10.3390/agronomy12040904
https://doi.org/10.3390/agronomy10010118
https://doi.org/10.3390/agronomy10010118
https://doi.org/10.1016/j.biocontrol.2021.104634
https://doi.org/10.1016/j.biocontrol.2021.104634
https://doi.org/10.3389/fmicb.2020.00992
https://doi.org/10.3389/fmicb.2020.00992
https://doi.org/10.1007/s00253-021-11492-8
https://doi.org/10.1007/s00253-021-11492-8
https://doi.org/10.1038/s41598-019-48269-z
https://doi.org/10.1007/s10658-022-02575-x
https://doi.org/10.3389/fmicb.2022.967885
https://doi.org/10.3389/fmicb.2022.967885
https://doi.org/10.1016/j.biotechadv.2019.03.010
https://doi.org/10.1080/03235400701650494
https://doi.org/10.1080/03235400701650494
https://doi.org/10.31018/jans.v11i1.1985
https://doi.org/10.31018/jans.v11i1.1985
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0610
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0610
https://doi.org/10.1146/annurev-arplant-042817-040256
https://doi.org/10.1146/annurev-arplant-042817-040256
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0620
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0620
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0620
https://doi.org/10.1007/s10482-020-01433-2
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0635
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0635
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0635
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0640
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0640
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0640
https://doi.org/10.1016/j.jssas.2016.10.002
https://doi.org/10.1016/j.jssas.2016.10.002
https://doi.org/10.3390/agriculture8010008
https://doi.org/10.1016/j.molp.2019.05.006
https://doi.org/10.3389/fpls.2020.00040
https://doi.org/10.1007/s10658-013-0347-8
https://doi.org/10.1016/j.apsoil.2004.07.005
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0675
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0675
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0675
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0675
https://doi.org/10.1515/hppj-2016-0003
https://doi.org/10.22438/jeb/40/2/MRN-848
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0690
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0690
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0690
https://doi.org/10.3923/pjbs.2013.580.584
https://doi.org/10.3923/pjbs.2013.580.584
https://doi.org/10.1186/s13568-019-0932-0
https://doi.org/10.1186/s13568-019-0932-0
https://doi.org/10.1016/j.biocontrol.2015.12.001
https://doi.org/10.1007/s10800-020-01518-w
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0715
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0715
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0715
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0715
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0720
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0720
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0720
https://doi.org/10.1007/978-3-030-10480-1_3
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0735
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0735
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0735
https://doi.org/10.1111/j.1472-765X.2003.01481.x
https://doi.org/10.1111/j.1472-765X.2003.01481.x
https://doi.org/10.31018/jans.v2i1.110
https://doi.org/10.31018/jans.v2i1.110
https://doi.org/10.1016/j.indcrop.2019.01.039
https://doi.org/10.1016/j.indcrop.2019.01.039
https://doi.org/10.1007/s42398-020-00118-w
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0770
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0770
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0770
https://doi.org/10.1016/j.biocontrol.2009.11.012
https://doi.org/10.1016/j.biocontrol.2009.11.012
https://doi.org/10.5897/AJAR2015.9568
https://doi.org/10.5897/AJAR2015.9568
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0785
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0785

J. Poveda and D. Eugui

Thankamani, C.K., Sreekala, K., Anandaraj, M., 2005. Effect of Pseudomonas fluorescens
(IISR-6) and Trichoderma harzianum (P-26) on growth of black pepper (Piper nigrum
L.) in the nursery. J. Spices Aromat. Crops 14, 112-116.

Tomer, A., Singh, R., Maurya, M., 2015. Determination of compatibility of Pseudomonas
fluorescens and Trichoderma harizianum grown on deoiled cakes of neem and jatropha
for mass multiplication of P. fluorescens and T. harizianum in vitro. Afr. J. Agric. Res.
10, 67-75. https://doi.org/10.5897/AJAR2014.8874.

Trivedi, P., Leach, J.E., Tringe, S.G., Sa, T., Singh, B.K., 2020. Plant-microbiome
interactions: from community assembly to plant health. Nat. Rev. Microbiol. 18,
607-621. https://doi.org/10.1038/541579-020-0412-1.

Triveni, S., Prasanna, R., Saxena, A.K., 2012. Optimization of conditions for in vitro
development of Trichoderma viride-based biofilms as potential inoculants. Folia
Microbiol. 57, 431-437. https://doi.org/10.1007/s12223-012-0154-1.

Triveni, S., Prasanna, R., Kumar, A., Bidyarani, N., Singh, R., Saxena, A.K., 2015.
Evaluating the promise of Trichoderma and Anabaena based biofilms as
multifunctional agents in Macrophomina phaseolina-infected cotton crop. Biocontrol
Sci. Technol. 25, 656-670. https://doi.org/10.1080/09583157.2015.1006171.

Umesha, S., Singh, P.K., Singh, R.P., 2018. Microbial biotechnology and sustainable
agriculture. In: Biotechnology for Sustainable Agriculture. Woodhead Publishing. pp.
185-205. doi: 10.1016/B978-0-12-812160-3.00006-4.

Upadhyay, R.S., Visintin, L., Jayaswal, R.K., 1991. Environmental factors affecting the
antagonism of Pseudomonas cepacia against Trichoderma viride. Can. J. Microbiol. 37,
880-884. https://doi.org/10.1139/m91-152.

van Dijk, M., Morley, T., Rau, M.L., Saghai, Y., 2021. A meta-analysis of projected global
food demand and population at risk of hunger for the period 2010-2050. Nat. Food
2, 494-501. https://doi.org/10.1038/s43016-021-00322-9.

Veal, D.A., Lynch, J.M., 1984. Associative cellulolysis and dinitrogen fixation by co-
cultures of Trichoderma harzianum and Clostridium butyricum. Nat. 310, 695-697.
https://doi.org/10.1038/310695a0.

Velasco, P., Rodriguez, V.M., Soengas, P., Poveda, J., 2021. Trichoderma hamatum
increases productivity, glucosinolate content and antioxidant potential of different
leafy brassica vegetables. Plants 10, 2449. https://doi.org/10.3390/plants10112449,

Velazquez-Cedeno, M., Farnet, A.M., Mata, G., Savoie, J.M., 2008. Role of Bacillus spp. in
antagonism between Pleurotus ostreatus and Trichoderma harzianum in heat-treated
wheat-straw substrates. Bioresour. Technol. 99, 6966-6973. https://doi.org/
10.1016/j.biortech.2008.01.022.

Velmourougane, K., Prasanna, R., Singh, S.B., Kumar, R., Saha, S., 2017a. Sequence of
inoculation influences the nature of extracellular polymeric substances and biofilm
formation in Azotobacter chroococcum and Trichoderma viride. FEMS Microbiol. Ecol.
93 https://doi.org/10.1093/femsec/fix066.

Velmourougane, K., Prasanna, R., Saxena, A.K., Singh, S.B., Chawla, G., Kaushik, R.,
Nain, L., 2017b. Modulation of growth media influences aggregation and biofilm
formation between Azotobacter chroococcum and Trichoderma viride. Appl. Biochem.
Microbiol. 53, 546-556. https://doi.org/10.1134/50003683817050179.

Velmourougane, K., Prasanna, R., Singh, S., Chawla, G., Kumar, A., Saxena, A.K., 2017c.
Modulating rhizosphere colonisation, plant growth, soil nutrient availability and
plant defense enzyme activity through Trichoderma viride-Azotobacter chroococcum
biofilm inoculation in chickpea. Plant Soil 421, 157-174. https://doi.org/10.1007/
511104-017-3445-0.

Verma, M., Mishra, J., Arora, N. K., 2019. Plant growth-promoting rhizobacteria:
diversity and applications. In: Sobti R., Arora N., Kothari R. (Eds.), Environmental
Biotechnology: For Sustainable Future. Springer, Singapore. pp. 129-173. doi:
10.1007/978-981-10-7284-0_6.

Viterbo, A.D.A., Chet, L., 2006. TasHyd1, a new hydrophobin gene from the biocontrol
agent Trichoderma asperellum, is involved in plant root colonization. Mol. Plant
Pathol. 7, 249-258. https://doi.org/10.1111/§.1364-3703.2006.00335.x.

Viterbo, A., Landau, U., Kim, S., Chernin, L., Chet, 1., 2010. Characterization of ACC
deaminase from the biocontrol and plant growth-promoting agent Trichoderma
asperellum T203. FEMS Microbiol. Lett. 305, 42-48. https://doi.org/10.1111/j.1574-
6968.2010.01910.x.

Waghunde, R.R., Shelake, R.M., Sabalpara, A.N., 2016. Trichoderma: a significant fungus
for agriculture and environment. Afr. J. Agric. Res. 11, 1952-1965. https://doi.org/
10.5897/AJAR2015.10584.

Walker, L.P., Wilson, D.B., Irvin, D.C., McQuire, C., Price, M., 1992. Fragmentation of
cellulose by the major Thermomonospora fusca cellulases, Trichoderma reesei CBHI,
and their mixtures. Biotechnol. Bioeng. 40, 1019-1026. https://doi.org/10.1002/
bit.260400905.

Walker, L.P., Belair, C.D., Wilson, D.B., Irwin, D.C., 1993. Engineering cellulase mixtures
by varying the mole fraction of Thermomonospora fusca ES and E3, Trichoderma reesei
CBHI, and Caldocellum saccharolyticum B-glucosidase. Biotechnol. Bioeng. 42,
1019-1028. https://doi.org/10.1002/bit.260420902.

Wang, N.R., Haney, C.H., 2020. Harnessing the genetic potential of the plant
microbiome. Biochem. 42, 20-25. https://doi.org/10.1042/B1020200042.

Wang, Z., Li, Y., Zhuang, L., Yu, Y., Liu, J., Zhang, L., Wang, Q., 2019. A rhizosphere-
derived consortium of Bacillus subtilis and Trichoderma harzianum suppresses

Biological Control 176 (2022) 105100

common scab of potato and increases yield. Comp. Struct. Biotechnol. J. 17,
645-653. https://doi.org/10.1016/j.csbj.2019.05.003.

Weimer, P.J., Weston, W.M., 1985. Relationship between the fine structure of native
cellulose and cellulose degradability by the cellulase complexes of Trichoderma reesei
and Clostridium thermocellum. Biotechnol. Bioeng. 27, 1540-1547. https://doi.org/
10.1002/bit.260271104.

Weindling, R., 1934. Studies on a lethal principle effective in the parasitic action of
Trichoderma lignorum on Rhizoctonia solani and other soil fungi. Phytopathol. 24,
1153-1179.

Weindling, R., Fawcett, H., 1936. Experiments in the control of Rhizoctonia damping-off
of citrus seedlings. Hilgardia 10, 1-16. https://doi.org/10.3733/hilg.v10n01p001.

Woo, S., Fogliano, V., Scala, F., Lorito, M., 2002. Synergism between fungal enzymes and
bacterial antibiotics may enhance biocontrol. Antonie Van Leeuwenhoek 81,
353-356. https://doi.org/10.1023/A:1020540818163.

Wu, Q., Ni, M., Dou, K., Tang, J., Ren, J., Yu, C., Chen, J., 2018. Co-culture of Bacillus
amyloliquefaciens ACCC11060 and Trichoderma asperellum GDFS1009 enhanced
pathogen-inhibition and amino acid yield. Microb. Cell Fact. 17, 1-12. https://doi.
0rg/10.1186/512934-018-1004-x.

Yadav, S.K., Dave, A., Sarkar, A., Singh, H.B., Sarma, B.K., 2013. Co-inoculated
biopriming with Trichoderma, Pseudomonas and Rhizobium improves crop growth in
Cicer arietinum and Phaseolus vulgaris. Int. J. Agric. Environ. Biotechnol. 6, 255-259.

Yadav, A.N., Kour, D., Kaur, T., Devi, R., Guleria, G., Rana, K.L., Rastegari, A.A., 2020.
Microbial biotechnology for sustainable agriculture: current research and future
challenges. In: Rastegari, A.A., Yadav, A.N., Yadav, N., (Eds.). New and Future
Developments in Microbial Biotechnology and Bioengineering. Elsevier. pp.
331-344. doi: 10.1016/B978-0-12-820526-6.00020-8.

Yendyo, S., Ramesh, G.C., Pandey, B.R., 2017. Evaluation of Trichoderma spp.,
Pseudomonas fluorescens and Bacillus subtilis for biological control of Ralstonia wilt of
tomato. F1000Research, 6. doi: 10.12688/f1000research.12448.2.

Yigit, F., Dikilitas, M., 2007. Control of fusarium wilt of tomato by combination of¢
fluorescent Pseudomonas, non-pathogen Fusarium and Trichoderma harzianum T-22 in
greenhouse conditions. Plant Pathol. J. 6, 159-163.

Yobo, K.S., Laing, M.D., Hunter, C.H., 2009. Effects of single and dual applications of
selected Trichoderma and Bacillus isolates on performance of dry bean seedlings
grown in composted pine bark growth medium under shadehouse conditions.

J. Plant Nutr. 32, 1271-1289. https://doi.org/10.1080/01904160903005996.

Yobo, K.S., Laing, M.D., Hunter, C.H., 2011. Effects of single and combined inoculations
of selected Trichoderma and Bacillus isolates on growth of dry bean and biological
control of Rhizoctonia solani damping-off. Afr. J. Biotechnol. 10, 8746-8756. https://
doi.org/10.5897/AJB10.2213.

Younas, H., Nazir, A., Bareen, F.E., 2022. Application of microbe-impregnated tannery
solid waste biochar in soil enhances growth performance of sunflower. Environ. Sci.
Pollut. Res. 1-19. https://doi.org/10.1007/s11356-022-19913-5.

Youssef, S.A., Tartoura, K.A., Abdelraouf, G.A., 2016. Evaluation of Trichoderma
harzianum and Serratia proteamaculans effect on disease suppression, stimulation of
ROS-scavenging enzymes and improving tomato growth infected by Rhizoctonia
solani. Biol. Control 100, 79-86. https://doi.org/10.1016/j.biocontrol.2016.06.001.

Yu, E.K., Deschatelets, L., Louis-Seize, G., Saddler, J.N., 1985. Butanediol production
from cellulose and hemicellulose by Klebsiella pneumoniae grown in sequential
coculture with Trichoderma harzianum. Appl. Environ. Microbiol. 50, 924-929.
https://doi.org/10.1128/aem.50.4.924-929.1985.

Yuan, M., Ngou, B.P.M., Ding, P., Xin, X.F., 2021. PTI-ETI crosstalk: an integrative view
of plant immunity. Curr. Opin. Plant Biol. 62, 102030 https://doi.org/10.1016/j.
pbi.2021.102030.

Zaidi, N.W., Dar, M.H., Singh, S., Singh, U.S., 2014. Trichoderma species as abiotic stress
relievers in plants. In: Gupta, V.K., Schmoll, M., Herrera-Estrella, A., Upadhyay, R.S.,
Druzhinina, I., Tuohy, M.G. (Eds.), Biotechnology and Biology of Trichoderma.
Elsevier. pp. 515-525. doi: 10.1016/B978-0-444-59576-8.00038-2.

Zaim, S., Bekkar, A.A., Belabid, L., 2018. Efficacy of Bacillus subtilis and Trichoderma
harzianum combination on chickpea Fusarium wilt caused by F. oxysporum f. sp.
ciceris. Arch. Phytopathol. Plant Prot. 51, 217-226. https://doi.org/10.1080/
03235408.2018.1447896.

Zegeye, E.D., Santhanam, A., Gorfu, D., Tessera, M., Kassa, B., 2011. Biocontrol activity
of Trichoderma viride and Pseudomonas fluorescens against Phytophthora infestans
under greenhouse conditions. J. Agric. Technol. J. Agric. Technol. 7, 1589-1602.

Zhang, Q., He, G., Wang, J., Cai, W., Xu, Y., 2009. Two-stage co-hydrolysis of rice straw
by Trichoderma reesei ZM4-F3 and Pseudomonas aeruginosa BSZ-07. Biomass
Bioenerg. 33, 1464-1468. https://doi.org/10.1016/j.biombioe.2009.06.012.

Zhou, Y., Yang, L., Wang, J., Guo, L., Huang, J., 2021. Synergistic effect between
Trichoderma virens and Bacillus velezensis on the control of tomato bacterial wilt
disease. Hortic. 7, 439. https://doi.org/10.3390/horticulturae7110439.

Zin, N.A., Badaluddin, N.A., 2020. Biological functions of Trichoderma spp. for
agriculture applications. Ann. Agric. Sci. 65, 168-178. https://doi.org/10.1016/j.
a0as.2020.09.003.

19


http://refhub.elsevier.com/S1049-9644(22)00265-1/h0790
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0790
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0790
https://doi.org/10.5897/AJAR2014.8874
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1007/s12223-012-0154-1
https://doi.org/10.1080/09583157.2015.1006171
https://doi.org/10.1139/m91-152
https://doi.org/10.1038/s43016-021-00322-9
https://doi.org/10.1038/310695a0
https://doi.org/10.3390/plants10112449
https://doi.org/10.1016/j.biortech.2008.01.022
https://doi.org/10.1016/j.biortech.2008.01.022
https://doi.org/10.1093/femsec/fix066
https://doi.org/10.1134/S0003683817050179
https://doi.org/10.1007/s11104-017-3445-0
https://doi.org/10.1007/s11104-017-3445-0
https://doi.org/10.1111/j.1364-3703.2006.00335.x
https://doi.org/10.1111/j.1574-6968.2010.01910.x
https://doi.org/10.1111/j.1574-6968.2010.01910.x
https://doi.org/10.5897/AJAR2015.10584
https://doi.org/10.5897/AJAR2015.10584
https://doi.org/10.1002/bit.260400905
https://doi.org/10.1002/bit.260400905
https://doi.org/10.1002/bit.260420902
https://doi.org/10.1042/BIO20200042
https://doi.org/10.1016/j.csbj.2019.05.003
https://doi.org/10.1002/bit.260271104
https://doi.org/10.1002/bit.260271104
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0905
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0905
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0905
https://doi.org/10.3733/hilg.v10n01p001
https://doi.org/10.1023/A:1020540818163
https://doi.org/10.1186/s12934-018-1004-x
https://doi.org/10.1186/s12934-018-1004-x
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0925
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0925
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0925
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0940
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0940
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0940
https://doi.org/10.1080/01904160903005996
https://doi.org/10.5897/AJB10.2213
https://doi.org/10.5897/AJB10.2213
https://doi.org/10.1007/s11356-022-19913-5
https://doi.org/10.1016/j.biocontrol.2016.06.001
https://doi.org/10.1128/aem.50.4.924-929.1985
https://doi.org/10.1016/j.pbi.2021.102030
https://doi.org/10.1016/j.pbi.2021.102030
https://doi.org/10.1080/03235408.2018.1447896
https://doi.org/10.1080/03235408.2018.1447896
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0985
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0985
http://refhub.elsevier.com/S1049-9644(22)00265-1/h0985
https://doi.org/10.1016/j.biombioe.2009.06.012
https://doi.org/10.3390/horticulturae7110439
https://doi.org/10.1016/j.aoas.2020.09.003
https://doi.org/10.1016/j.aoas.2020.09.003

	Combined use of Trichoderma and beneficial bacteria (mainly Bacillus and Pseudomonas): Development of microbial synergistic ...
	1 Introduction
	2 Trichoderma bio-inoculants in agriculture
	3 Bacterial bio-inoculants in agriculture
	4 Combined use of Trichoderma-bacteria
	4.1 Plant growth promotion
	4.2 Abiotic stress tolerance
	4.3 Other uses in industry

	5 BCAs based on Trichoderma-bacteria co-inoculations: direct and indirect mechanisms
	5.1 Mycoparasitism
	5.2 Antibiosis: volatile and non-volatile secondary metabolites
	5.3 Hydrolytic and cell-wall degrading enzymes
	5.4 Competition for space and nutrients
	5.5 Activation of host plant defenses
	5.6 Rhizospheric microbiota modification

	6 Interactions between the host plant, Trichoderma, beneficial bacteria and pathogens
	7 Conclusions and future perspectives
	Declaration of Competing Interest
	Acknowledgements
	References


