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a  b  s  t  r  a  c  t

Plant  biostimulants  are  formulated  with  diverse  microorganisms  and/or  substances  that  are  applied  to
crops  with  the aim  of enhancing  growth,  development  and adaptation  to abiotic  stress.  Trichoderma-based
products  have  been  particularly  successful  because  of  their  capacity  to control  phytopathogenic  fungi.
Some  Trichoderma  strains  have a predominant  biostimulant  action  that makes  them  unique  for  their
extended  use  in  horticulture.  They  are safe  for humans,  livestock  and crop  plants  and  in  their  natural
environment  colonize  plant  roots  without  apparent  adverse  reactions.  Both  solid  and  liquid  formula-
tions  containing  conidia  can  be used  to produce  suitable  quantities  of active  and  viable  inocula  during
product  formulation  and field  use.  The  mechanism  of  phytostimulation  by Trichoderma  involves  mul-
olatiles
uxins
ormulation
lant signaling

tilevel  communication  with  root  and  shoot  systems,  as  it releases  into  the  rhizosphere  auxins,  small
peptides,  volatiles  and  other  active  metabolites,  which  promote  root  branching  and  nutrient  uptake
capacity,  thereby  boosting  plant  growth  and  yield.  Recent  proteomic  and genetic  data  suggest  that  Tri-
choderma  activates  the  mitogen  activated  protein  kinase  6, transcription  factors  and  DNA  processing
proteins,  which  represent  promising  targets  toward  formulation  of more  efficient  products.
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. Introduction

Currently, there are almost 7 billion people in the world for
hich plants should provide grains, fruits, seeds and energy

esources. Moreover, it has been estimated that in the next 50 years
otal population will increase by at least 1.5 billion people, mak-
ng it necessary to duplicate crop production in the same time to
nsure food provision (IFA, 2012). The so called “green revolution”
hat employed rice, corn and wheat varieties almost doubled yields
rom 1.9 tons per hectare in 1950–64 to 3.5 tons in 1985–98. This
as resulted in an increase in grain production from 824 million
ons in 1960 to almost 2400 million tons in 2011. However, this
as possible only thanks to intensive application of nitrogen (N)

nd phosphate (P) based fertilizers and depletion of soil and water
esources (Den Herder et al., 2010). In the coming years, a global P
risis is expected to occur, due to exhaustion of most P reserves. In
008, the phosphate rock price temporarily spiked at US $500 per
on, more than five times the average price in 2007 (Gilbert, 2009).
o farmers, increasing P use efficiency through better agricultural
ractices is an urgent need to save money while maintaining yields.

Other major challenges of agriculture are globalization and
limate change, which are predicted to modify the scale and fre-
uency of emerging plant diseases, and threatening global food
ecurity. New highly virulent fungal strains are emerging, which
dapt to warmer temperatures and overcome many of the main
lant defense genes (Hubbard et al., 2015). Several below-ground
haracteristics of plants such as root architecture, P uptake and N
xation are promising features to strengthen the innate immune
ystem of plants. Indeed, a more sustainable agriculture requires
ield increases and product quality, while reducing the negative
mpact of agrochemicals on the environment, all of which might be
ostered by microbial based biostimulants (Berg, 2009; Xiang et al.,
012; Calvo et al., 2014; Owen et al., 2015).

Microbial based biostimulants have been important since the
eginning of agriculture (i.e. Rhizobium in legumes) and current
xpectations include their commercialization as a complement to
rop nutrition. The beneficial effects of microbes to plants depend
pon sophisticated nutritional and chemical signaling as well as soil
nd climate factors. Plant roots release sugars, organic acids, amino
cids and phenolics, which affect the composition of rhizosphere
ommunities, leading to beneficial relationships (Ortíz-Castro
t al., 2009). Symbiosis takes place between crops and soil
icrooganisms, including plant growth promoting rhizobacteria

PGPR) and plant growth promoting fungi (PGPF), which are con-
idered natural biostimulants. Trichoderma spp. belong to a class
f PGPF that has been successfully used on a commercial scale
or biological control of phytopathogens such as Fusarium oxys-
orum, Rhizoctonia solani,  Armillaria mellea and Chondrostereum
urpureum (Benítez et al., 2004; El-Komy et al., 2015). There is a
reat variability on antagonistic capacity and biostimulant action
f Trichoderma resulting in strains that have a predominant bios-
imulant action and others that have a predominant antagonistic
ctivity. Therefore, some Trichoderma strains are more suitable for
iological control as biopesticides and other for stimulating crop
rowth and nutrient uptake acting as biostimulants (Benítez et al.,
004; Shoresh et al., 2010; Contreras-Cornejo et al., 2013, 2014a;
hao et al., 2014; Colla et al., 2015a,b).

Trichoderma spp. help plants better resist environmental
tresses such as salinity and drought via reinforcing plant growth
nd reprograming gene expression in roots and shoots (Fig. 1). The
ungal mycelium secretes different compounds that increase the
ranching capacity of the root system, thus improving nutrient and

ater acquisition. This review focuses on recent advances in our
nderstanding of the phytostimulant properties of Trichoderma, the
nderlying signaling mechanisms and their potential applications.
ulturae 196 (2015) 109–123

2. Growth and habitat of Trichoderma

Trichoderma (teleomorph Hypocrea, Ascomycota, Dikarya) is a
well-studied fungal genus that currently consists of more than 200
molecularly defined species (Atanasova et al., 2013). Trichoderma
species are in general considered cosmopolitan and prevalent com-
ponents of different ecosystems in a wide range of climatic zones
(Kubicek et al., 2008). However, some species are ubiquitous while
others are limited to specific geographical areas (Harman et al.,
2004). Members of this genus are frequently found parasitizing
other fungi, on dead wood and bark, in soil and rhizosphere, in
marine sponges (Paz et al., 2010; Gal-Hemed et al., 2011), asso-
ciated to woody and herbaceous plants (Jaklitsch, 2009; Chaverri
et al., 2011; López-Quintero et al., 2013) and as endophytes (Zhang
et al., 2007; Hanada et al., 2008; Mulaw et al., 2010), which exem-
plifies their ability to occupy various ecological niches. Trichoderma
species grow and ramify as typical fungal hyphae, 5–10 �m in diam-
eter (Fig. 2A). Most laboratory strains produce asexual spores such
as conidia and chlamydospores (Fig. 2B), and in their natural envi-
ronment some form ascospores in perithecia. Spores have either
dispersal or resting functions and are also used as inocula. Tri-
choderma conidiophores appear as paired branches that assume
a pyramidal aspect, ending in one or a few phialides. Phialides
may  be held in whorls or may  be penicillate, and can be densely
clustered on a wide main axis or solitary. Conidia are pigmented
ranging from deep green to nearly grey and are less than 5 �m long
and wide (Samuels, 1996). Although chlamydospores were discov-
ered long time ago, our understanding of the genetic basis for their
formation and proliferation is scarce. However, chlamydospores
are abundantly produced in submerged culture and are the active
propagules in some Trichoderma-based commercial formulations.

The versatile life style of Trichoderma is based on three major
nutritional modes: saprotrophy, mycotrophy, and dependence
upon plant-derived sugars. Most Trichoderma species can live as
parasites of other fungi. In fact, Trichoderma fruiting bodies have
been found on basidiomycetes, and several species of the genus
can grow on a wide variety of fungi as necrotrophic hyperparasites
(Druzhinina et al., 2011). However, parasitic interactions of a few
species have been observed with other organisms and occasionally
in immunocompromised humans (Kredics et al., 2003; Casas-Flores
and Herrera-Estrella, 2007; Druzhinina et al., 2008). Some species,
such as Trichoderma reesei, Trichoderma subeffusum, Trichoderma
luteffusum, Trichoderma polysporum, Trichoderma phellinicola, Tri-
choderma sulphurea and Trichoderma longibranchiatum are known
for their capacity to produce cellulases, and to depend upon degrad-
ing dead or decayed organic matter and wood, suggesting that these
enzymes are integral to Trichoderma nutrition (Jaklitsch, 2011; Xie
et al., 2014). An analysis of the Trichoderma genomes sequenced
up to date, indicates that the capacity to degrade cellulose is most
likely present in the whole genus, although probably with varying
efficiency. Based on these observations, it has been hypothesized
that the Trichoderma ancestral species first parasitized on wood-
rotting fungi and later explored wood as an alternative ecological
niche, switching to living on pre-degraded wood rather than on a
fungal host (Rossmann et al., 1999; Druzhinina et al., 2011).

Another niche occupied by Trichoderma species is the rhizo-
sphere, which attracts them due to the presence of root-derived
sugar and exudates. These strains are called ‘rhizosphere compe-
tent strains’ and they are particularly suitable for use as inoculants
due to their long persistence on the roots and beneficial proper-
ties (Fig. 2C and D; Vargas et al., 2009; Druzhinina et al., 2011).
A mutualistic relationship with plants, in which the fungus pen-

etrates the external tissues of the root system results in several
beneficial effects to the plant, while Trichoderma benefits from a
nutrient rich environment. Numerous Trichoderma species have
been collected from different crop fields and plant hosts in diverse
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limatic zones of all continents (Jaklitsch, 2009; Chaverri et al.,
011; López-Quintero et al., 2013).

. Uses of Trichoderma in horticulture

.1. Trichoderma inocula

The ability of Trichoderma to sense, invade, and destroy other
ungi has been the major trait behind their commercial success
s biopesticides (Verma et al., 2007). Currently, more than 60%
f all registered biopesticides contain a single Trichoderma isolate,
r mixtures of Trichoderma species, in principle for greater bioac-
ivity (Fig. 3). The Trichoderma species more frequently used in
iocontrol and best studied regarding their mechanisms of action
re T. asperellum,  T. atroviride,  T. harzianum,  T. virens,  and T. viride,
ost of which also exhibit high biostimulant action on horticul-

ural crops. For instance, the mixture of three Trichoderma species
T. harzianum,  T. viride and T. virens)  increased plant height, total
iomass and improved shoot and root P and N uptake in chickpea in
lasshouse and field trials (Rudresh et al., 2005a). Mixtures like the
ne described in this example may  provide a more consistent level

f growth promotion and a broader spectrum of activity, due to the
ariations in the mechanism of action of the different species used,
esulting in better performance and commercial success. Neverthe-
ess, the use of different species in a formulation must be carefully

ig. 1. Biostimulant properties of Trichoderma depend on fungal-root communication via
nd  the classic phytohormones indole-3-acetic acid, (IAA) and ethylene, regulate sever
nduces  the activation of plant mitogen activated protein 6 (MPK6) that translates fungal s

ay  increase nutrient uptake and stress tolerance while boosting plant health and yield.
ulturae 196 (2015) 109–123 111

examined, since at least in vitro different species of Trichoderma
may  antagonize each other (Gómez et al., 1997).

When grown at the rhizosphere or on the root surface, Tricho-
derma is expected to face frequent interactions with other plant
microorganisms such as arbuscular mycorrhizal (AM) fungi. Indeed,
such interactions have been investigated in the past, with con-
trasting results. In some cases, inoculation with both fungi either
resulted in positive synergistic effects on plants or in the inhibi-
tion of plant growth (Rousseau et al., 1996; Chandanie et al., 2009;
Colla et al., 2015a,b). Nevertheless, De Jaeger et al. (2011) showed
that Trichoderma harzianum was able to parasitize the mycelium
of an AM fungus, Glomus sp., thus affecting its viability. When
33P was  measured in the plant and in the fungal mycelium in the
presence/absence of T. harzianum,  an increased uptake of 33P by
the AM fungus in the presence of T. harzianum was evidenced,
possibly related to a stress reaction caused by mycoparasitism.
Regarding potential negative effects of Trichoderma on AM fungi,
Rousseau et al. (1996) showed that T. harzianum proliferated at
the spore surface and penetrated the thick host wall of Rhizoph-
agus intraradices through local hydrolysis of the wall polymers. At
an advanced stage of the colonization process, the hyphae of R.
intraradices were perforated in many places. Using in vivo imag-

ing of green fluorescent protein-tagged lines, Lace et al. (2015)
investigated the cellular interactions occurring between Tricho-
derma atroviride,  Medicago truncatula and two  Gigaspora species

 volatiles, ethylene and auxins. Trichoderma metabolites, including volatile blends,
al aspects of root development including lateral root (LR) formation.  T. atroviride
ignals into root cellular responses. Root sensing of Trichoderma and its metabolites
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Fig. 2. Trichoderma virens propagules and its interaction with Arabidopsis. Scanning electron microscopy images of hyphae and conidia of T. virens. (A) Hyphae (scale bar
5 own o
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 �m).  (B) Conidia (scale bar 1 �m).  (C) 12-day-old Arabidopsis (Col-0) seedlings gr
rabidopsis exposed to volatiles of T. virens.  Seedlings were treated with sterilized d
t  the opposite side of the plate (right plate) and photographed 5-days later. Scale b

nder in vitro culture conditions. T. atroviride parasitized Gigas-
ora gigantea and Gigaspora margarita.  Despite these data suggest
ntagonistic Trichoderma-AM fungi interactions, recent research
ndicates that at least some Trichoderma combinations with other

icrobes can improve plant growth (Colla et al., 2015a). The highest
hoot, root dry weight, and chlorophyll content in lettuce, tomato
nd zucchini was  observed in a Glomus–Trichoderma combination,
ollowed by a single inoculation of Glomus or Trichoderma, whereas
he lowest growth promoting values were recorded in the uninoc-
lated plants. Mixtures of Trichoderma and rhizospheric bacteria
ave also been evaluated for their growth promoting activity. A
ombination of T. atroviride and Bacillus subtilis greatly promoted
rowth of beans in terms of plant dry biomass (43% over the control)
ompared with 2% for Trichoderma alone and 34% for B. subtilis alone
Yobo et al., 2011). Similarly, Jisha and Alagawadi (1996) showed
hat a mixture of Bacillus polymyxa and T. harzianum enhanced
rowth of sorghum more than either organism separately. The
echanism of growth promotion by mixtures was attributed to an

ncreased nutrient uptake (Yobo et al., 2009), siderophore produc-
ion and production of plant growth promoting substances (Yobo
t al., 2011). In another set of experiments, a combination of Rhizo-
ium, Bacillus and Trichoderma was applied to chickpea, resulting
n greater effects of the mix  than any of the individual organisms

ith increases in germination, nutrient uptake, height, nodulation
nd total biomass of plants (Rudresh et al., 2005b).
.2. Mass propagation, formulation and delivery of inoculum

The development of bio-inoculants depends on three crucial
omponents: (1) effectiveness of the strain, (2) production of a
n the surface of a divided agar plate containing 0.2X MS  medium. (D) 12-day-old
ed water at day 7 after germination (left plate), or inoculated with T. virens Tv29.8

m.

high number of effective and viable propagules, and (3) efficient
delivery systems that provide a competitive advantage (Harman,
1991). Once an effective bio-inoculant has been identified, the
method of mass production, formulation and application should
be taken into consideration to stabilize the product during stor-
age and to facilitate its delivery to the plant. Both solid and liquid
formulations are used to produce suitable quantities of active and
viable inocula of Trichoderma mainly as spores (conidia, Fig. 2B),
which are more tolerant to adverse environmental conditions dur-
ing product formulation and field use, in contrast to their mycelial
and chlamydospore forms (Amsellem et al., 1999; Howell, 2003;
Jin et al., 1991; Papavizas, 1985). Nevertheless, the presence of
a mycelial mass is also a key component for the production of
relevant metabolites (Benhamou and Chet, 1993). Other ideal prop-
erties of a bio-inoculant summarized by Harman et al. (1991)
include the following: (1) cost-effective production, (2) preser-
vation against microbial contamination in dry powder form and
low water content, and (3) long shelf life. Engineers prefer sub-
merged fermentation systems for mass propagation of Trichoderma
sp., since they allow better control of nutrients, pH, tempera-
ture and other environmental factors thus reducing contamination,
while improving biomass production and quality of Trichoderma
propagules (Whipps, 1997). Consequently, liquid formulation is
the preferred approach for biomass production in Europe and
North America (Churchill, 1982). Inexpensive growth media such
as molasses and yeast extracts are used for liquid formulations
(Papavizas et al., 1984). In general terms liquid formulations have

limited shelf life and require storage and transportation at low tem-
peratures to sustain viability of the microorganism, resulting in
higher costs, unless subjected to a drying process. An alternative
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ig. 3. Trichoderma bioinoculants contain conidia for their extended agricultural u
etabolites with specific functions and plant targets are discovered. Volatiles such

nd  small peptides can improve innate immunity of plants.

or liquid formulations that is gaining popularity among growers
s the use of very simple tanks in situ to apply it immediately after
roduction. However, this production system is very basic and does
ot easily permit adequate quality control of the inoculum.

An alternative system for production of inoculum is solid fer-
entation. In this case, agricultural waste materials such as rice

nd wheat straw, sugarcane bagasse, ground corncobs, sawdust,
ice and wheat bran are used as either food base or substrate alone
r in combination to grow Trichoderma. When using solid fermen-
ation to produce the inoculum, the food base in the formulation
hould favor the bioinoculant (Papavizas et al., 1984) or even better,

 food base that can only be utilized by desired microorganisms is
trongly recommended (Nelson and Powelson, 1988). This method
f formulation requires minimal cost and small scale production
ut it is bulky and requires large space for production, inocula-
ion and storage including drying and milling. Furthermore, from
n engineering point of view, control of pH and nutrient availability
n solid fermentation systems is more complex, impacting quality
ontrol of the product. In both solid and liquid fermentation sys-
ems, it is required to dry the product to achieve higher stability
nd longer shelf life (Jin et al., 1992). Drying is essential in order to
revent spoilage by microbial contamination but results in losses
f viability during the process, particularly when carried out at ele-
ated temperatures (Jin and Custis, 2011). A dry product has the
dvantage of convenient storage and transport. Spray drying is per-
aps the method of choice among the different drying techniques

or large scale production due to its low cost (Morgan et al., 2006).

Microencapsulation of conidia with sugars, such as sucrose, tre-

alose, molasses or glycerol increases the survival of Trichoderma
Jin and Custis, 2011). Microencapsulation is defined as a pro-
ess in which very small particles or droplets are surrounded by a
vel formulations are expected to improve the biostimulant action as novel fungal
entyl-2h-pyran-2-one and auxins increase root branching, secondary metabolites

protective coat, or embedded in a homogeneous or heteroge-
neous matrix, to produce small capsules (Gharsallaoui et al., 2007).
This process results in prolonged shelf life and controls micro-
bial release, thus enhancing its application efficiency (John et al.,
2011; Rathore et al., 2013). Microencapsulation provides living
cells with a physical barrier that protects them from adverse envi-
ronmental conditions (O’Riordan et al., 2001; Ross et al., 2005).
For instance, the use of a maltodextrin-gum biopolymer matrix
for microencapsulation of T. harzianum resulted in high conidia
survival after spray-drying, 11-fold higher than non-encapsulated
conidia (Muñoz-Celaya et al., 2012).

Some additives including protectants and carriers have been
used to increase fungal survival under adverse environmental con-
ditions, including fine clay, peat, vermiculite, alginate, wheat, bran,
talc, diatomaceous earth, corn and sugarcane bagasse and pas-
teurized soil (Martínez-Medina et al., 2009; Doni et al., 2014). A
study used bentonite–vermiculite as a solid substrate for both T.
harzianum proliferation and as a carrier based on the consider-
ation that both are harmless to the environment, low cost, and
easily available. It investigated the survival and effectiveness of T.
harzianum bentonite–vermiculite formulation and its growth pro-
motion on melon plants under nursery conditions compared with
the incorporation of this agent as conidia suspension (Martínez-
Medina et al., 2009). The effectiveness of the application of T.
harzianum to plants was  related directly to its formulation, since
the level of T. harzianum colony-forming units lasted after 8 weeks,
whereas the supply of liquid suspension reduced it by two orders

of magnitude. Plants treated with the bentonite–vermiculite for-
mulation showed a higher shoot weight than untreated plants.
The effectiveness of other carriers of Trichoderma sp. SL2, includ-
ing ground corn or sugarcane bagasse on rice seedling growth was
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lso tested (Doni et al., 2014). The use of potato dextrose agar
s carrier was not practical for field application due to its short
helf life and high cost. When a Trichoderma sp. SL2 suspension
ixed with ground corn was used as a treatment supplied to soil,

t significantly enhanced rice root length, fresh weight and total
iomass as compared to the mixture with sugarcane bagasse or
he control, indicating its potential application as carrier for Tricho-
erma spp. inoculants. In another study, greater dry weight of radish
hoots was evidenced when Trichoderma was applied to compost
s a peat–bran inoculum in comparison to its supply as suspen-
ion of conidia (Baker et al., 1984). Similar observations were made
y Kleifeld and Chet (1992) who found that a peat–bran prepara-
ion of T. harzianum T-203 was more effective in promoting plant
rowth in pepper and other plants than conidial suspensions or
eed coatings. Importantly, in the peat–bran inoculated plants Tri-
hoderma proliferated on roots for over 25 days, suggesting that
he peat–bran could be used as a food reservoir for Trichoderma.
evertheless, Bell et al. (2000) reported a contrasting effect on the
resence nutrients in a pellet formulation of T. harzianum,  which

nhibited growth of cucumber seedlings, whereas a seed coat for-
ulation stimulated growth, leading the authors to suggest that the

ood source included in the pellets could have supported growth of
nhibitory microbes in the soil.

Application of Trichoderma inoculum at early stage of crop
rowth permits to maximize its benefits in terms of root devel-
pment and nutrient uptake. Increases in plant growth following
richoderma treatment depend on the specific crop or plant geno-
ype. For example, in a series of repeated trials, six strains of
richoderma consistently promoted growth of lettuce (Ousley et al.,
994). However, when Baker (1988) tested the same isolate on pea
nd radish, he found only small increases in growth. In a more
ecent study, Tucci et al. (2011) showed that genetic variability
mong wild and cultivated tomato varieties affects the outcome of
he interaction with two strains of T. atroviride and T. harzianum.  The
xpected beneficial response, which included enhanced growth,
as obtained for some, but not all tested varieties. Furthermore,

t least in one case, treatment with Trichoderma had no effect or
esulted even detrimental on crop growth. A simple explanation
or the lack of beneficial effects is that the isolates differ in their
apacity to colonize certain plant roots. However, it can not be dis-
arded that the promotion or inhibition effects exhibited by the
ame strain in different interactions may  be due to differential
roduction of secondary metabolites, some of which may  be detri-
ental to certain plant genotypes, and that may  be the result of the

richoderma-plant metabolic crosstalk.
Successful results do not only rely on the use of an effective

ioinoculant but also on the method of delivery or application on
he seed, root and soil. In this sense, either seed treatment or coat-
ng, are highly recommended and effective methods of application
f Trichoderma for agricultural purposes (Mathre et al., 1999). It is
referable to apply in advance Trichoderma into the soil to build
p a Trichoderma population, which may  provide synergic effects
ith other agronomical practices such as organic fertilization. In

ontrast, soil fumigation or fungicide application may  negatively
ffect native or incorporated Trichoderma populations.

. Effects of Trichoderma on growth, nutrient uptake and
tress tolerance of crops

.1. Plant growth
Trichoderma improves plant growth and development in axenic
ystems, in greenhouses, or in the field (Table 1). Several reports
ave shown the beneficial effects of Trichoderma spp. on hor-
icultural crops such as cucumber, periwinkle, chrysanthemum
ulturae 196 (2015) 109–123

and lettuce on seed germination, vegetative growth and flowering
(Chang et al., 1986; Hermosa et al., 2012; Studholme et al., 2013).
Cucumber seedlings grown in soil amended with T. harzianum
propagules sustained a 30% increase in seedling emergence 8
days after sowing. Three weeks later, these plants exhibited a
75% and 95% increase in root length and total root area, respec-
tively, and substantial increases in dry weight, shoot length and
leaf area (Yedidia et al., 2001). This early report showed correla-
tion between increased root growth and shoot biomass production,
which was further observed in crops such as maize, bean and
tomato (Björkman et al., 1998; Björkman, 2004; Harman, 2011;
Vargas et al., 2009; Azarmi et al., 2011; Pereira et al., 2014). Tricho-
derma isolates including T. harzianum isolate T-969, T. harzianum
isolate T-447 and Trichoderma sp. isolate T were supplied either
directly to tomato seeds or to nursery soil. Seed germination rate
was not affected by Trichoderma application, whereas shoot height,
shoot diameter, shoot fresh and dry weights were increased by
Trichoderma sp. T and T. harzianum T-969. Plants grown on soil
amended with Trichoderma sp. T and T. harzianum T-969 had also
a marked increase in leaf number, leaf area and chlorophyll con-
tent (Azarmi et al., 2011). The interaction between T. harzianum
CECT 2413 strain and the tomato-root system was also studied dur-
ing the early stages of root colonization by the fungus. Inoculation
of T. harzianum conidia into the liquid medium of hydroponically
grown tomato plants caused profuse adhesion of hyphae to the
roots as well as colonization of the root epidermis and cortex. Con-
focal microscopy of a T. harzianum strain that expressed the green
fluorescent protein (GFP) revealed intercellular hyphal growth and
the formation of plant-induced papilla like hyphal tips. Analysis of
the T. harzianum–tomato interaction in soil indicated that the con-
tact between the fungus and roots persisted over a long period of
time (Chacón et al., 2007). T. parareesei and T. reesei, which produce
cellulases and xylanases of industrial interest also increased lateral
root development and acclimatized tomato plants to grow under
salt stress conditions (Rubio et al., 2014).

Propagation in vitro of cuttings is important for many horticul-
tural crops. Increased vigor of rooted cuttings results in optimized
propagation with reduced fungicide inputs, improved quality and
faster stock turnout. Adams et al. (2007) compared the effects of
T. harzianum Rifai 1295-22, also known as ‘T-22’ and commercial
formulations of ectomycorrhizal fungi in the establishment and
growth of crack willow (Salix fragilis L.). Tree samplings grown
with T. harzianum T-22 produced shoots and roots that were 40%
longer than those of the controls and shoots that were 20% longer
than those of samplings grown with ectomycorrhiza. Moreover,
T. harzianum T-22 samplings produced more than double the dry
biomass of controls and more than 50% extra biomass than the ecto-
mycorrhiza treated samplings. In another work, the potential of
62 Trichoderma isolates to enhance root development on cuttings
was evaluated in a screening bioassay using the ornamental plant
Impatiens walleriana (Clouston et al., 2010). Six individual Tricho-
derma isolates and a commercial mixture of isolates were identified,
which improved root length, root dry weight, shoot dry weight, and
root/shoot ratio when compared to untreated cuttings. Sofo et al.
(2010) tested the effects of Trichoderma T-22 on shoot growth and
rooting of GiSeLa6 (Prunus cerasus × P. canescens)  and of GF677 (P.
amygdalus × P. persica), cultured in vitro. The results showed that
early inoculation of the fungus at the stage of shoot transfer to
root-inducing medium damaged both GiSeLa6 and GF677 plants,
whereas, following later inoculation (7 d after shoot transfer to
root-inducing medium), the plants survived and showed significant
increases in shoot growth and root development. In particular, root

lengths in GiSeLa6 and GF677 plants increased by 180% and 136%,
respectively, compared to non-inoculated controls. These morpho-
logical characteristics could increase the quality and viability of
nursery planting material and provide advantages during the plant
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Table 1
Biostimulant effects of Trichoderma applications on agronomical and physiological aspects of horticultural crops, and Arabidopsis thaliana.

Crop Trichoderma species/strain Application mode Experimental conditions Effects Reference

Arabidopsis Trichoderma virens and Trichoderma
atroviride

Seedling were grown in Petri dishes
and inoculated with 1 × 106 conidia

In vitro Increased lateral root formation and
biomass production

Contreras-Cornejo et al. (2009)

Arabidopsis Trichoderma hamatum strain GD12 Trichoderma bran inoculum added to
soil before sowing

Microcosms Promoted root and shoot growth Studholme et al. (2013)

Arabidopsis Trichoderma asperelloides T203 Root system was inoculated with a
solution containing 1 × 105 sporesa/ml

Hydroponics Improved seed germination Brotman et al. (2013)

Arabidopsis Trichoderma virens Tv29.8 and
Trichoderma atroviride IMI 206040

Seedling were grown in Petri dishes
and inoculated with 1 × 106 conidia

In vitro Improved plant growth under saline
conditions, induced lateral root and
root hair formation

Contreras-Cornejo et al.
(2014b)

Arabidopsis Trichoderma virens and Trichoderma
virens �ppt1

Seedling were grown in divided Petri
dishes and exposed to fungal volatiles
emitted from a colony developed from
1  × 106 conidia

In vitro Increased lateral root formation and
growth

Contreras-Cornejo et al.
(2014c)

Bean Trichoderma harzianum (ALL 42) Seeds were immersed in a spore
suspension containing 2.4 × 108

conidia/ml

In vitro Increased overall plant size and the
number of lateral roots

Pereira et al. (2014)

Cherry Trichoderma harzianum T-22 Plants were inoculated with
approximately 50,000 conidia

In vitro Increased shoot growth and root
development

Sofo et al. (2010)

Chickpea Trichoderma harzianum, Trichoderma
viride and Trichoderma virens

The growth medium or seeds were
inoculated with a talc-based
formulation of ground mycelium

In vitro Increased shoot branching, biomass,
grain yield and P and N uptake

Rudresh et al. (2005)

glasshouse and
field conditions

Chickpea Trichoderma sp. Agar plates were inoculated with a
fungal mycelial disc of 5 mm diameter

In vitro Increased solubilization of inorganic
phosphate

Rawat and Tewari (2011)

Chrysanthemum Trichoderma harzianum 5 × 106 conidia per g of soil or sprayed
on roots at a concentration of 1 × 108

conidia/ml

Greenhouse Promoted seed germination, vegetative
growth and flowering

Chang et al. (1986)

Cucumber Trichoderma harzianum 5 × 106 conidia per g of soil or sprayed
on roots at a concentration of 1 × 108

conidia/ml

Greenhouse Promoted seed germination, vegetative
growth and flowering

Chang et al. (1986)

Cucumber Trichoderma harzianum T-203 Mycelial inoculum added directly to
the nutrient solution and applied to
the soil

Hydroponics Increased root length, total root area,
shoot length and leaf area

Yedidia et al. (2001)

and
greenhouse

Cucumber Trichoderma harzianum Plants grown in Petri dishes were
inoculated with 1 × 106 spores. Seeds
were coated with a spore suspension
containing 2 × 108 sporesa/ml

In vitro Increased the length of root hairs and
lateral roots

Samolski et al. (2012)

hydroponics
greenhouse

Cucumber Trichoderma asperelloides T203 Root system was inoculated with a
solution containing 1 × 105 germinated
sporesa/ml

Hydroponics Improved seed germination Brotman et al. (2013)

Lettuce Trichoderma hamatum strain GD12 Trichoderma bran inoculum added to
soil before sowing

Microcosms Promoted root and shoot growth Studholme et al. (2013)

Lettuce Trichoderma atroviride MUCL 45632 The substrate was supplied with
prepared tablets containing 4.5 × 105

conidia

In vitro Enhanced shoot and root dry weight,
and chlorophyll content

Colla et al. (2015a)

greenhouse, and
field conditions
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Table 1 (Continued)

Crop Trichoderma species/strain Application mode Experimental conditions Effects Reference

Maize Trichoderma harzianum 1295-22 Seeds were treated with a suspension
of  5 × 106 sporesa

Greenhouse Increased root and shoot growth Björkman et al. (1998)

Maize Trichoderma harzianum T-22 Seeds were treated with a commercial
formulation, containing 1 × 109 CFU
(primarily conidia)

Greenhouse Induced root and shoot growth,
increased plant biomass

Harman et al. (2004)

Melon Trichoderma harzianum Solid bentonite–vermiculite
formulation

Nursery conditions Increased plant growth and shoot
biomass

Martínez-Medina et al. (2009)

containing 1 × 109 conidia/g
Melon Trichoderma atroviride MUCL 45632 The substrate was  supplied with

prepared tablets containing 4.5 × 105

conidia

In vitro Enhanced shoot and root dry weight,
and chlorophyll content

Colla et al. (2015a)

greenhouse, and
field conditions

Pepper Trichoderma harzianum 5 × 106 conidia per g of soil or sprayed
on  roots at a concentration of 1 × 108

conidia/ml

Greenhouse Promoted seed germination, vegetative
growth and flowering

Chang et al. (1986)

Pepper Trichoderma atroviride MUCL 45632 The substrate was  supplied with
prepared tablets containing 4.5 × 105

conidia

In vitro Enhanced shoot and root dry weight,
and chlorophyll content

Colla et al. (2015a)

greenhouse, and
field conditions

Periwinkle Trichoderma harzianum 5 × 106 conidia per g of soil or sprayed
on  roots at a concentration of 1 × 108

conidia/ml

Greenhouse Promoted seed germination, vegetative
growth and flowering

Chang et al. (1986)

Tomato Trichoderma harzianum Rifai T-22 Seeds were treated with a conidial
suspension of 2 × 107 CFU per g of seed

In vitro Promoted seed germination and
growth

Mastouri et al. (2010)

Tomato Trichoderma harzianum and
Trichoderma sp.

Seeds were immersed in 1 ml  of
suspension containing 106–107 sporesa

per ml

Greenhouse Promoted shoot and root growth, and
increased leaf number, leaf area and
chlorophyll content

Azarmi et al. (2011)

Tomato Trichoderma harzianum Plants grown in Petri dishes were
inoculated with 1 × 106 spores. Seeds
were coated with a spore suspension
containing 2 × 108 sporesa/ml

In vitro Increased the length of root hairs and
lateral roots

Samolski et al. (2012)

Hydroponics,
greenhouse

Tomato Trichoderma parareesei Plants were grown in Petri dishes and
inoculated with 1 × 106 conidia

In vitro Increased lateral root development and
promoted growth

Rubio et al. (2014)

Tomato Trichoderma atroviride MUCL 45632 The substrate was  supplied with
prepared tablets containing 4.5 × 105

conidia

In vitro Enhanced shoot and root dry weight,
and chlorophyll content

Colla et al. (2015a)

greenhouse, and
field conditions

Zucchini Trichoderma atroviride MUCL 45632 The substrate was  supplied with
prepared tablets containing 4.5 × 105

conidia

In vitro Enhanced shoot and root dry weight,
and chlorophyll content

Colla et al. (2015a)

greenhouse, and
field conditions

a Authors do not specify the type of spores used (presumably conidia).
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cclimatization phase. Thus, selected strains of Trichoderma may
e used to develop plant growth promotion products that fasten
he rooting process and improve cutting establishment for horti-
ultural species.

.2. Plant nutrition

Intensive agriculture demands an adequate supply of nutrients,
hich act as structural components of cells or play roles in photo-

ynthesis and metabolism. At the rhizosphere, both macronutrients
nd micronutrients undergo a complex dynamic equilibrium of sol-
bilization, uptake and transport that is greatly influenced by root
ssociated microorganisms. In particular, N and P can directly act
s signals that alter post-embryonic root development, modifying
rimary and lateral root growth and root hair formation and may
e involved in the success of plant-microbe associations (Giehl and
on Wirén, 2014; Ruiz-Herrera et al., 2015).

Accumulating information has shown the efficacy of Tricho-
erma spp. as biofertilizers, since their application to soil, seeds
r plant surfaces increases the solubility of nutrients as well as
he nutrient uptake capacity of the root and/or their distribution
ithin plant parts. These beneficial properties are explained via
odulation of root architecture or through the exudation of sub-

tances that increase nutrient availability such as siderophores
nd organic acids (Samolski et al., 2012; Zhao et al., 2014). The
mportance of root architectural alterations induced by Tricho-
erma in plant nutrition was evident following the early work by
jörkman et al. (1998). This report showed the correlation between

ncreased root growth and shoot biomass production in maize,
hich was investigated in detail later in Arabidopsis and cucum-

er plants (Contreras-Cornejo et al., 2009; Samolski et al., 2012).
. virens and T. atroviride promoted Arabidopsis seedling growth
ncreasing root and shoot biomass production via prolific forma-
ion of lateral roots (Contreras-Cornejo et al., 2009; Fig. 2C and D).
noculation of cucumber roots with a T. harzianum strain that over-
xpresses the qid74 gene, which encodes a cysteine-rich cell-wall
rotein, increases root hair initiation and growth, whereas fewer
nd shorter root hairs developed in roots inoculated with a strain
efective on qid74. Modifications in root architecture in cucumber
lants induced by WT  or qid74 overexpressing strains increased
lant biomass through an efficient use of N, P, K and micronutrients
Samolski et al., 2012).

Data showing the increase of nutrient content in horticultural
nd crop species as a result of Trichoderma inoculation confirm
he biostimulation properties of these fungi. T. harzianum 1295-
2 increased the availability of P and several micronutrients such
s Fe, Mn  and Zn in liquid sucrose–yeast extract medium in vitro
Altomare et al., 1999). T. harzianum strain T-203 (later on identified
s Trichoderma asperellum and recently as Trichoderma asperel-
oides)  increased 90% and 30% the P and Fe concentration in roots,
espectively. An increased growth response was  apparent as early
s 5 days post-inoculation, resulting in an increase in root and shoot
iomass production with a concomitant elevation in the concentra-
ion of Cu, P, Fe, Zn, Mn  and Na in inoculated roots (Yedidia et al.,
001).

Phosphate solubilization is a major beneficial trait of Tri-
hoderma regarding the depletion of phosphate mines and the
oncomitant increase in P fertilizer prices. Rudresh et al. (2005a)
eported the ability of nine isolates of Trichoderma spp. to solubilize
alcium phosphate as compared with an efficient phosphate-
olubilizing bacterium Bacillus megaterium subsp. phosphaticum PB
hat was used as the reference strain. T. viride (TV 97), T. virens

PDBCTVs 12) and T. virens (PDBCTVs 13) released 70% more P than
he reference bacterial strain. Pot culture and field evaluations fur-
her demonstrated that T. harzianum (PDBCTH 10), T. viride (TV 97),
nd T. virens (PDBCTVs 12) increased P uptake in chickpea (Cicer ari-
ulturae 196 (2015) 109–123 117

etinum L.) plants supplied with rock-phosphate as P source, which
correlated with growth and yield parameters. T. harzianum retained
its P solubilizing potential at varying concentrations of cadmium,
indicating that Trichoderma may  provide advantages to plants even
in soils polluted with heavy metals (Rawat and Tewari, 2011). In
another study, T. harzianum isolate T-969, increased the concentra-
tions of Ca, Mg,  P and K compared with the control, with positive
effects on shoot height, shoot diameter, and shoot fresh and dry
weights in tomato seedlings (Azarmi et al., 2011). An interesting
possibility, still to be investigated, is that Trichoderma or its metabo-
lites could up-regulate the expression of nutrient transporters in
plants roots, thus improving nutrient uptake efficiency.

Iron (Fe) deficiency is an agriculturally important problem in
alkaline soils due to the insolubility of Fe forms. To investigate
the potential of Trichoderma to solubilize Fe in the rhizosphere,
a high siderophore-producing strain of T. asperellum (T-6) was
isolated from cucumber roots. Applying strain T-6 to sterilized
soil could increase soil levels of Fe2+ and siderophores, as well as
increase Fe2+ and Fe3+-chelate reductase activity in cucumber roots
(Zhao et al., 2014). Extracellular Fe3+ reducing activity and organic
acid release were evidenced upon analysis of the culture filtrate
of T-6. Moreover, Colla et al. (2015a) demonstrated that T. atro-
viride MUCL45632 was  able to produce two  types of siderophores:
hydroxamate and catechol compounds. These results indicate that
Trichoderma influences Fe nutrition of crops. Exudation of organic
acids and release of Fe3+ reducing enzymes may  contribute in the
solubilization and reduction of insoluble Fe3+ to the more soluble
Fe2+ boosting the root Fe uptake capacity.

The improvements of Trichoderma-based biostimulants may
help farmers reduce the use of fertilizers and develop novel strate-
gies to optimize fertilizer use efficiency. With this aim, Molla et al.
(2012) tested the ability of Trichoderma spp. to increase growth of
tomato plants when supplied together with fertilizer. It was found
that supplementation of fertilizer with Trichoderma enhanced plant
production by 50% compared with a standard dose of N, P, and K
macronutrients, minimizing the use of fertilizer and their potential
negative effects in the environment.

4.3. Abiotic stress tolerance

Heat, drought, cold, and salinity are the major abiotic stresses
that induce severe cellular damage in crop plants. Fungal species are
commonly found in association with plant communities resisting
naturally to different types of stress (Marasco et al., 2012). Tricho-
derma colonized plants display an in increased endogenous level of
auxins, ethylene and gibberellins, plant enzymes, antioxidants and
compatible solutes and compounds like phytoalexins and phenols
that provide tolerance to environmental stress. Since ethylene is
considered a plant growth regulating compound that inhibits root
development and plant growth (Lewis et al., 2011), its production
by fungi or in plants in response to fungal root colonization may  be
important to fine-tune induced biotic or abiotic stress responses.

4.3.1. Salt tolerance
The beneficial effects of Trichoderma species on alleviating the

adverse effects of salt stress have been recently documented in
Arabidopsis and crop plants (Mastouri et al., 2010, 2012; Rawat
et al., 2013; Contreras-Cornejo et al., 2014b; Hashem et al., 2014).
Mastouri et al. (2010) reported that T. harzianum T-22 treated
seeds germinated faster and more uniformly than untreated seeds
whether the stress applied was  osmotic, salt, or suboptimal temper-
atures. Treatments with the antioxidant glutathione, or application

of T-22, resulted in a similar protective effect. These findings sup-
port the notion that T. harzianum strain T-22 increases seedling
vigor during osmotic stress by inducing physiological responses
of plants against oxidative damage. Application of T. hamatum to
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chradenus baccatus plants grown under standard conditions stim-
lated plant growth. Salt treatments that increase salt levels in
lant tissues decreased growth, pigment content, membrane sta-
ility, water content, and total lipid content (Hashem et al., 2014).
hese effects were explained because salt stress causes lipid per-
xidation and thus adaptive responses mediate plant survival via
iosynthesis of phenols, diacylglycerol, sterol esters, nonesteri-
ed fatty acids, and activation of antioxidant and ROS detoxifying
nzymes. T. hamatum alleviated the antagonistic effect of salinity
n plant growth and metabolic processes.

Arabidopsis and cucumber plants treated with Trichoderma
sperelloides prior to salt stress imposition showed significantly
mproved seed germination (Brotman et al., 2013). An evaluation
f Arabidopsis roots inoculated with T-203 by microarray anal-
sis coupled with qPCR studies revealed wide gene transcript
eprogramming, involving genes related to osmo-protection and
esponse to oxidative stress. The monodehydroascorbate reductase
MDAR), and superoxide dismutase (SOD) genes were up-regulated
n Arabidopsis and cucumber, respectively, while an increase in the
ool of ascorbic acid in plant hosts contributed to the osmoprotec-
ant properties of Trichoderma.

Auxin signaling is a major target of salinity stress in plants (Zörb
t al., 2013). Auxin production by T. virens (Tv29.8) and T. atro-
iride (IMI 206040) promoted plant growth in both normal and
aline conditions, which was related to altered root architecture
nd biochemical changes. Arabidopsis seedlings grown under saline
onditions inoculated with Trichoderma spp. showed increased lev-
ls of abscisic acid, l-proline, and ascorbic acid, and enhanced
limination of Na+ through root exudates (Contreras-Cornejo et al.,
014b). These data show the critical role of auxin signaling and root
rchitecture to salt tolerance in Arabidopsis and suggest that these
ungi may  enhance the plant IAA level as well as the antioxidant
nd osmoprotective status of plants under salt stress.

.3.2. Drought tolerance
Trichoderma spp. may  enhance drought tolerance to plants

ia improved root development (Contreras-Cornejo et al., 2009;
hukla et al., 2012), activating antioxidant protection against dam-
ge by dehydration (Mastouri et al., 2012; Brotman et al., 2013),
nd/or delaying drought induced changes in stomatal opening,
hotosynthesis and chlorophyll leaf content. The tolerance to
ater deficit of tomato seedlings was attributed to activation

f antioxidant responses and higher activity of ascorbate and
lutathione-recycling enzymes (Mastouri et al., 2012). Bae et al.
2009) reported that the total amino acid (histidine, arginine, pro-
ine, c-aminobutyric acid, valine, and leucine) content increased
n response to drought in untreated cacao plants, but not in T.
amatum DIS 219b-colonized seedlings, suggesting that amino acid
ccumulation may  be a response to drought. Thus, Trichoderma
iminished the negative effects of stress on plant metabolism.
hukla et al. (2012) showed that the primary direct effect of Tricho-
erma colonization in rice was promotion of root growth, regardless
f water status, which caused delay in the drought responses of
ice plants. Five Trichoderma isolates that were resistant to drought
ere identified, which delayed drought induced changes like sto-
atal conductance, net photosynthesis and leaf greenness. Drought

onditions varying from 3 to 9 days of withholding water led to an
ncrease in the concentration of many stress induced metabolites
n rice leaves, while Trichoderma colonization caused a decrease
n proline, MDA  and H2O2 contents, and increased phenolic com-
ound concentration (Shukla et al., 2012). Contreras-Cornejo et al.
2015a) investigated the potential of T. virens and T. atroviride in
odulating stomatal aperture and plant transpiration. Arabidopsis
ild type (WT) seedlings and ABA-insensitive mutants abi1-1 and

bi2-1 were co-cultivated with these fungi under well watered con-
itions and stomatal aperture and water loss determined in leaves.
ulturae 196 (2015) 109–123

Arabidopsis WT  seedlings inoculated with Trichoderma showed both
decreased stomatal aperture and reduced water loss when com-
pared to uninoculated seedlings. This effect was  absent in abi1-1
and abi2-1 mutants. T. virens and T. atroviride induced the abscisic
acid inducible marker abi4:uidA and produced ABA, which might be
involved together with auxins, in stress tolerance mechanisms. All
together, these reports show a novel facet of Trichoderma in boost-
ing plant health under drought stress. Moreover, fungal metabolites
can be useful toward regulating stomatic aperture and water use
efficiency of plants.

5. Molecular mechanisms of Trichoderma phytostimulation

Arabidopsis thaliana has been established as an excellent model
system to study the genetic and physiological mechanisms by
which Trichoderma promotes plant growth. This has been possible
because of the vast knowledge gained from physiological processes
and genetic pathways on this small weed, and the ability to test the
Trichoderma-plant interaction under axenic conditions (Contreras-
Cornejo et al., 2009, 2011). With the advent of genomics revolution,
other crops such as maize (Shoresh and Harman, 2008; Vargas et al.,
2009, 2011; Harman, 2011), tomato (Rubio et al., 2012) and bean
(Pereira et al., 2014) have been used to advance the existing knowl-
edge about the genes and proteins mediating the phytostimulation
process.

Contreras-Cornejo et al. (2009) investigated in detail the role
of auxin signaling in Trichoderma–plant interactions in Arabidop-
sis thaliana. The authors found that mutations in genes involved in
auxin transport or signaling, AUX1, BIG, EIR1 and AXR1, reduced the
beneficial effects of Trichoderma on biomass production and root
branching. Colonization of roots induced the auxin response, which
correlated with increased development of lateral roots. The applica-
tion of three identified indolic compounds to Arabidopsis seedlings
showed a dose-dependent effect on biomass production, increasing
yield in small amounts (nM range) but repressing growth at higher
concentrations (mM  range). For example, the application of indole-
3-carboxaldehyde to Arabidopsis seedlings inhibited primary root
growth while inducing adventitious root formation (Contreras-
Cornejo et al., 2011). The connection between fungal produced
auxin and root development elicited by Trichoderma was found to
depend on mitogen activated protein kinase signaling (Contreras-
Cornejo et al., 2015b). Inoculation of Arabidopsis with T. atroviride
regulates root growth and root hair formation modulating MPK6
activity, likely depending on ethylene (ET) and auxin signaling. It
was found that ET, and indole-3-acetic acid (IAA) produced by the
fungus induce MPK6 activity. Further analysis of auxin-related gene
expression in WT  seedlings and ethylene-related mutants showed
that the effect of ET on root growth and differentiation apparently is
mediated by auxin signaling, thus indicating that an auxin-ethylene
crosstalk involving MPK6 fine-tunes seedling growth and develop-
ment in response to a beneficial soil fungus. In consequence, MPK6,
and its MAP  kinase associated cascade, whose components remain
to be identified, seems to be a regulation node to maintain and/or
amplify the hormonal effects underlying plant development.

Root colonization with T. harzianum (T-22) induced changes in
the proteome of shoots of maize seedlings. Using a proteomics
strategy, proteins that are involved in carbohydrate metabolism,
photosynthesis or development were identified likely mediating
the maize response to Trichoderma inoculation. 16 up-regulated
proteins were related to DNA metabolism and genetic informa-
tion processing including transcription factors and nuclear proteins
such as RNA polymerase I, II, and III, RNA-binding and nuclear pro-

teins, a BTB/POZ domain-containing protein, splicing factor SC35,
FCP1-like phosphatase, and a DNA repair-recombination protein,
RAD50 (Shoresh and Harman, 2008). This suggests that the differ-
ences observed in plants biostimulated with Trichoderma require



 Hortic

t
i
c
g
t

m
a
w
t
a
T
a
s
w
f
a
3
c
e
w
t
o

6

6

o
d
r
C
o
c
r
t
H

a
3
(
t
T
p
l
l
7
l
I
a
M
l
a
s
r
t
f
i
T
m
2
s
c
a
l

J. López-Bucio et al. / Scientia

he involvement of regulatory proteins. Down regulated proteins
ncluded a �-glucosidase protein, which putatively hydrolyzes
ytokinin–conjugates and releases free cytokinins during plant
rowth and development and a small peptide (DVL protein) found
o affect Arabidopsis development (Shoresh and Harman, 2008).

T. harzianum (ALL-42), isolated from Brazilian Cerrado soil pro-
oted common bean growth, overall size, foliar area, root area,

nd the number of lateral roots in comparison to plants grown
ithout the fungus. A proteomic analysis revealed changes in pro-

ein profiles with potential regulatory functions including a histone
cetyl-transferase complex component, and NAC1 domain protein.
he transcription factors classified as NAC family members play

 crucial role in a wide range of plant developmental processes,
uch as lateral root development. Changes in protein metabolism
ere also observed in the root proteomics maps, up-regulated

or common bean plants challenged with phytopathogenic fungi
nd T. harzianum. An increase in fructokinase, glyceraldehyde-
-phosphate dehydrogenase (GAPDH) and ferritin, which play a
rucial role in carbohydrate metabolism, as well as iron nutrition,
xplains some of the biofertilizer properties of this fungus. Ferritin
as highly expressed in the proteomic maps of Trichoderma-

reated plants, suggesting an additional role in increasing the ability
f plants to mobilize and transport iron (Pereira et al., 2014).

. Bioactive compounds from Trichoderma

.1. Auxins

Auxin signaling plays a role in nearly every aspect of plant devel-
pment from embryogenesis to reproduction. Signals from the
evelopmental program, physiological status, and encounters with
oot microorganisms all converge on the auxin pathway (Ortiz-
astro et al., 2011; Kazan, 2013; Simon et al., 2013). The potential
f plant-associated microorganisms to produce free IAA, auxin pre-
ursors or auxin signal mimics influence the endogenous auxin
esponse of the host and are important modulators of root sys-
em architecture (Contreras-Cornejo et al., 2009; Felten et al., 2009;
ilbert et al., 2012).

T. virens and T. atroviride produce a variety of molecules with
uxin activity as part of their metabolism including IAA, indole-
-ethanol, indole-3-acetaldehyde and indole-3-carboxaldehyde
Contreras-Cornejo et al., 2009, 2011). Following the hypothesis
hat direct plant growth-promoting activity of T. harzianum strain
-22 could depend on changes in the levels of different classes of
lant growth regulators, Sofo et al. (2011) analyzed phytohormone

evels in cherry rootstocks (Prunus cerasus × P. canescens)  inocu-
ated with this fungal strain. Root and shoot growth increased by
6 and 61%, respectively in plants treated with T-22, which corre-

ated with 49 and 40% higher levels of IAA in both leaves and roots.
n tomato plants, the phytostimulant properties of Trichoderma spp.
lso depended on auxin accumulation (Chowdappa et al., 2013;
artínez-Medina et al., 2014). T. harzianum OTPB3 strain was  iso-

ated from rhizosphere of field grown beans (Phaseolus vulgaris L.)
nd significantly increased root and shoot growth, leaf area and
eedling vigor index in tomato. The level of IAA increased 45% in
oots of tomato seedlings inoculated with OTPB3 when compared
o uninoculated controls (Chowdappa et al., 2013). In another work,
our Trichoderma isolates were collected from agricultural soils and
dentified as T. harzianum (two isolates), Trichoderma ghanense, and
richoderma hamatum.  Their plant growth-promoting activity on
elon plants was examined in vivo, and compared to that of T-

2. Several growth-related phytohormones were analyzed in the

hoots of plants whose roots were colonized by the different Tri-
hoderma isolates. An increase in auxin and a decrease in cytokinins
nd abscisic acid content were particular signatures of the iso-
ates that promoted plant growth (Martínez-Medina et al., 2014).
ulturae 196 (2015) 109–123 119

Although these later reports did not explain whether increased
IAA content observed in tomato and melon originated from pro-
duction by the fungi or the plant, the natural isolates might be
able to produce auxin as reported for T. virens,  alternatively, fun-
gal colonization may  up-regulate plant genes for IAA biosynthesis
or down-regulate the genes involved in the catabolism of this hor-
mone.

6.2. Secondary metabolites

Secondary metabolites comprise an heterogeneous group of
natural compounds produced by plants and fungi, which aid the
producing organism to survive and reinforce basic functions, such
as competition or symbiosis (Demain and Fang, 2000; Bérdy, 2005).
Accumulating evidence has revealed the interesting bioactivities of
secondary metabolites in plant growth and development (Ramírez-
Chávez et al., 2004; Vinale et al., 2008). In ecosystems, plants
communicate with neighbors through volatile organic compounds
(VOCs), which influence plant growth but less is known about the
physiological effects of fungal VOCs on plants (Ortíz-Castro et al.,
2009).

The production of secondary metabolites in Trichoderma spp.
is strain-dependent and includes volatile and non-volatile sub-
stances, such as 6-n-pentyl-6H-pyran-2-one (6PP), gliotoxin,
viridin, harzianopyridone, harziandione and peptaibols (Vinale
et al., 2008; Reino et al., 2008). T. atroviride produces at least 25 dif-
ferent VOCs including alcohols, ketones, alkanes, furanes, pyrones,
mono terpenes and sesquiterpenes (Stoppacher et al., 2010). The
VOC profiles vary depending on environmental/biological growth
conditions, since comparison to the control cultures revealed an
inhibiting effect of cultivation of T. atroviride in the presence
of the mycotoxin fusaric acid (FA) on the biosynthesis of 6PP,
�-phellandrene, �-phellandrene, p-menth-2-en-7-ol and berg-
amotene, whereas the production of 1-octen-3-ol, 3-octanol and
3-octanone was  increased in the presence of FA. Two recent reports
tested the effects of Trichoderma VOCs on Arabidopsis growth and
development. Hung et al. (2013) exposed plants to VOCs released
by mature colonies of T. viride cultured on Petri plates by plac-
ing them into a growth chamber with shared atmosphere without
direct physical contact. Plants grown in the presence of T. viride
volatiles produced 45% more total biomass, had increased size,
flowered earlier, and developed more lateral roots when com-
pared to controls. Similarly, T. virens improved plant growth and
root branching via emission of VOCs (Fig. 2D). GC–MS analysis
of T. viride VOCs revealed 51 compounds of which isobutyl alco-
hol, isopentyl alcohol, and 3-methylbutanal were most abundant.
Contreras-Cornejo et al. (2014c) examined the effects of VOCs
from T. virens and those produced by a mutant strain defective
on the 4-phosphopantetheinyl transferase 1 (TvPPT1), in plant
growth promotion using divided Petri plates (Fig. 2C and D). T.
virens produced a series of hydrocarbon terpenes, including the
sesquiterpenes �-caryophyllene, (−)-�-elemene, germacrene D,
�-cadinene, �-cadinene, �-amorphene, and �-selinene and the
monoterpenes �-myrcene, trans-�-ocimene, and cis-�-ocimene,
which were absent in �ppt1 mutant. WT  and �ppt1 fungal emis-
sions did not affect primary root growth, but the formation of
lateral roots and growth of these structures was  clearly induced,
indicating that such VOCs promote root branching. Other major
secondary metabolites produced by T. harzianum and T. atroviride
biocontrol strains have been investigated for their effect on plant
growth promotion. An auxin-like activity was  observed on etio-

lated pea stems treated with 6PP, which also promoted the growth
of tomato and canola seedlings. Tomato plants sprayed with 6PP
had increased total biomass and root biomass that correlated with
a highly branched root system (Vinale et al., 2008).
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T. harzianum produces harzianic acid (HA) and isoharzianic acid
iso-HA), a stereoisomer of HA, which promote plant growth. In a
ecent work, iso-HA improved germination, stem and root lengths
nd leaf area in tomato (Vinale et al., 2014). HPLC–DAD experiments
howed that the production of HA and iso-HA was affected by the
resence of plant tissue in the liquid medium. In particular, tomato
issue elicited the production of HA but negatively modulated the
iosynthesis of its analogue iso-HA, suggesting that different forms
f the same Trichoderma secondary metabolite have specific roles in
he molecular mechanism regulating the Trichoderma–plant inter-
ction (Vinale et al., 2014). This report indicates that HA and the
ew secondary metabolite iso-HA are active in plants and can be
seful for agricultural applications. The identification of molecules
ith plant growth promoting properties can support the develop-
ent of new biostimulants based on fungal compounds as active

ngredients, which represent an attractive alternative to products
ontaining only living microorganisms.

Trichoderma elicitors can be used to stimulate the production
f secondary metabolites in plants (Ming et al., 2013). Tricho-
erma atroviride D16 is an endophytic fungus isolated from the root
f Salvia miltiorrhiza, which produces various diterpene quinones
ermed tanshinones, which have been widely used for the treat-

ent of cardiovascular diseases and menstrual disorders, as well as
or the prevention of inflammation. The extract of mycelium (EM)
nd the polysaccharide fraction (PSF) isolated from T. atroviride D16
romoted hairy root growth and stimulated the biosynthesis of tan-
hinones in hairy roots. Although the active constituent responsible
or these biological activities of the extracts is still unknown, these
esults suggest that metabolites from T. atroviride could elicit chem-
cal responses in the host plant likely by influencing the expression
f genes involved in the secondary metabolite biosynthesis path-
ay.

. Conclusions

The use of plant beneficial fungi in agriculture has greatly
ncreased during the past decade mostly due to their multi-level
roperties, and their expected success as biofertilizers (Harman,
011; Ansari et al., 2013). Beneficial fungi with broad-host range
ndergo long-term interactions with a large variety of plants,
hereby playing a significant role in natural and managed ecosys-
ems and in the adaptation of crops to global climate changes
Ansari et al., 2013; Ellouze et al., 2014). Trichoderma spp. are
romising fungi toward the development of sustainable agricul-
ure. As such, there is an ongoing necessity to accelerate their
ntegration in agriculture production systems, the development of
uccessful inoculation systems and modes of delivery. The constant
ncrease in food demand throughout the world, the rise of biofuels
roduction and the imminent depletion of phosphate stock provi-
ioning strengthen the necessity to seriously support research on
richoderma and translate their beneficial biostimulant potential to
eld-grown crops.

Nutrients are taken up at the root epidermis by root hairs, a pro-
ess mediated by specific transport proteins. It is noteworthy that
oot tips are able of sensing the local and internal concentrations
f nutrients to affect root hair growth and root system architecture
Ruiz-Herrera et al., 2015). Consequently, it would be expected that
he root capacity to acquire macro and micronutrients boost in the
resence of microbes via increased nutrient solubilization and/or
ransport. The recent identification of transporter proteins such as
he NRT1.1 nitrate transporter, which plays a key role in mediating

he adaptations of roots to fluctuating levels of NO3

− availability,
ut also facilitates uptake of auxin (Krouk et al., 2010) opens an

nteresting novel avenue for research, as the transporters may  not
nly promote localized root growth facilitating NO3

− influx into
ulturae 196 (2015) 109–123

cells, but also modulating auxin accumulation in roots. Intrigu-
ingly, silencing of another nutrient transporter, the high-affinity
ammonium transporter PiAMT1 from barley, whose transcripts
accumulate during N starvation, resulted in enhanced coloniza-
tion of this host by the beneficial root endophyte Piriformospora
indica (Lahrmann et al., 2013). Determining whether Trichoderma
metabolites including auxins and VOCs may  target any nutrient
transporters such as NRT1.1 or AMT1 may  provide the desired com-
bined advantages toward improving both root development and
nutrient acquisition.

Biostimulated plants resulting from root colonization by Tricho-
derma spp. better resist environmental stresses such as drought
and salt, and have an improved capacity to survive certain bacte-
rial and fungal pathogen attacks. Intracellular signaling processes
that translate fungal perception into genetic, metabolic and devel-
opmental responses in roots are the focus of current plant–microbe
interactions research. Important signaling pathways involved in
recognition of microbial elicitors, such as pathogen-associated
molecular patterns (PAMPs) or microbe-associated molecular pat-
terns (MAMPs), as well as auxin and other growth regulating
substances, include mitogen-activated protein kinase (MAPK) cas-
cades (Xu and Zhang, 2015). The recent findings that Arabidopsis
thaliana MPK6 play a critical role in Trichoderma plant responses
(Contreras-Cornejo et al., 2015b) open new interesting research
questions, as this MAP  kinase protein has been found to control
plant defense responses, root development and P acquisition (Meng
et al., 2013; López-Bucio et al., 2014; Lei et al., 2014). A very inter-
esting possibility is that Trichoderma could enhance P uptake via
MPK6 signaling, but it still remains to be determined whether this
signaling module operates in crops and the signaling cascade acting
upstream of MPK6 awaits further elucidation.
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