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Introduction

There is a greater need to consider microbial interactions in the plant-soil system as plants
are essential for sustaining human health. Most plant species associate with microorganisms in a
benefic way, for example, legumes associate with rhizobial bacteria, and most plants associate
with mycorrhizas and/or endophytic microorganisms (Bonfante & Genre 2010, Smith & Read
2008). Saprobe fungi microorganisms can break down cellulosic remains to simple sugars,
providing nutrients for other microorganisms, such as arbuscular mycorrhizal fungi (AMF)
(Radford et al. 1996). Saprophytic fungi Trichoderma harzianum, help in root colonization by
arbuscular mycorrhizal fungi and plant growth (Arriagada et al. 2009 a,b).

It is known that the soil biota, especially in a fertile soil, can create and modify their
habitat, influence soil health, and also help regulate greenhouse gases (Fortuna 2012). Among soil
biota, immeasurable microorganisms (bacteria, fungi, archaea, algae and cyanobacteria) live on the
soil or pedosphere but only a portion of them have been identified (Fortuna 2012). In 2013, Yang
et al. compiled information on phytosphere microorganisms and their benefits. The interaction of
ecosystem with phytobiome of plant tissues which includes many beneficial, mutualistic,
symbiotic microorganisms and earlier identified as obligate endophytes is needed an underpinning
research demand (Xia et al., 2014).

Rhizosphere, the zone of soil under the influence of plant roots (Sylvia et al. 2005), has
soil (soil pH, structure, oxygen availability) along with the altered antimicrobial concentration
provides a source of dead root and rich-carbon exudates, important for plant nutrition (Marschner
et al.1986, Dennis et al. 2010). Thus, the rhizospheric microorganisms can benefit plant health;
which is of increasing agronomic interest. The rhizospheric microbiome can provide
phytohormones and other nutrient which improve the growth, overcomes with phytopathogens
and assist plants against others abiotic stresses (drought, heat and salt) (Mendes et al. 2011,
Firakova et al. 2007). These microorganisms are selected in niches and interact with hosts to
reside in the endophytic compartments, which is found inside the roots being symbionts or
pathogens (Schulz et al. 2006). Among microorganisms associated with plants, most relevant
symbionts are rhizobia and mycorrhizal fungi; however, other partners are especially studied in
order to improve plant health. This review identifies major outlines with respect to the complex
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interactions occurring between the different microorganisms and plants, which may well influence
plant health.

Benefits from Arbuscular mycorrhizal fungi

Arbuscular mycorrhizal fungi (AMF) are important members of the soil microbial
community and play a very crucial role in plant growth promotion, plant protection and soil
quality improvements. These AMF are widely spread in agricultural systems and are beneficial for
organic farming because they act as a natural biofertiliser and improve plant growth and yield.
These are play a crucial roles in plant growth and health by improving nutrient uptake (especially
inorganic Phosphate), macronutrients (P,N,K and Mg) and micronutrients and improving water
uptake by their host plant (Ryan & Graham 2002). They improve drought resistance (Augé et al.
1994), tolerance to salinity and heavy metals and also protection against soil born pathogenic
fungi and nematodes (Smith & Read 2008). They also help increase resistance to foliar-feeding
insects (Gange & West 1994).

The use of fertilizers and biopesticides, monoculturing and other agricultural practices can
adversely affect AMF; however, organic agriculture prohibits some of the most detrimental
practices and thus AMF populations may be increased. Mycorrhizal associations are commonly
found in both wild and cultivated plants; however, Brassicaceae and Cyperaceae usually do not
associate with AMF. However, mycorrhizal colonization and beneficial effects to the plant species
are not well understood. Moreover, highly mycorrhizal associated plant species may positively
impact coexisting plants with respect to mycorrhizal colonization and nutrient acquisition, but the
effects on poorly mycorrhizal dependent plant species are less known. Yang et al (2015)
experimentally proved that, the symbiotic association with the leguminous tree (Robinia
pseudoacacia) and the appropriate AMF species (Funneliformis mosseae and Rhizophagus
intraradices) could be a useful approach for the phytostabilization and ecological restoration of
lead (Pb) polluted soils The best explored example of mutualistic symbiosis with the plant is the
mycorrhizal fungi and nitrogen fixing rhizhospheric bacterial. These mutual relationships are
beneficial and helpful to plat in increasing plant growth, yield and tolerance to biotic and abiotic
stresses. These organisms can grow, propagate and interacts with individual cells as well as
multitropic communities. Various researchers revealed that bacteria play an important role in
association with fungal spores (Walley & Germida 1997) and hyphae (Lumini et al. 2007) during
the interactions between plants and mycorrhizal fungi. These beneficial properties in sustainable
agriculture and soil health, increasing interest in topic worldwide.

Plants associate with microorganisms, such as symbionts rhizobia and mycorrhizal fungi;
however, other partners are especially important such as Trichoderma spp. (Fig. 1). Almonacid et
al. (2015) tested the effect of dual inoculation with AMF and saprophytic fungi (T. harzianum) on
a combination of wheat straw and sewage sludge remains and determined their effect on the dry
weight of tomato and on chemical and biochemical properties of soil. They reported this practice
is an interesting option as a biofertilizer to improve plant growth and biochemical properties of
soils.

It is known that saprobe fungi can disrupt cellulosic materials providing energy fonts for
other microorganisms such as Coriolopsis rigida and T. harzianum that can present increased root
colonization by AMF and plant growth (Arriagada et al. 2009a,b).

In this sense, plant associations with Trichoderma and dark septate fungi are increasingly
studied. However, mycorrhizal interactions may have important functions in terrestrial
ecosystems, being a topic of accelerated developing research. The arbuscular mycorrhizal fungi
(AMF) are being specially mined due to their multiples functions in terrestrial ecosystems. These
plant-soil symbionts can perform better under stressful conditions and the increasing recognition
of their importance led to an increasing number of groups (mostly in Ecology sciences)
worldwide. AMF structures such as total root colonized and percent root length colonized by
arbuscules can be used to estimate AMF abundance within a plant or ecosystem. The extraradical
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hyphae of AMF extend from roots into the surrounding soil much further than plant roots and
establish the mycorrhizosphere (Azcon 2014).

The study of AMF in different agroecosystems can contribute to better understanding of
the effect of global change on plants and soil associated communities. Many crops associate with
AMF and this symbiosis should be monitored with respect to the effects of global change. It is
known that land-use intensity will increase in the future for both food and bioenergy production;
however, long rotations are not deemed practical (reviewed by Bennet et al. 2012).

Notably, there is an increased interest in phytobiomes, which includes mutualistic
endophytes, pathogens and symbionts that interact with plants. A numbers of microbes as noted
within plant tissue than those previously identified as obligate endophytes (Xia et al., 2014). For
example, many bacterial phyla and four fungal phyla were found associated with commercial
crops such as tomato phytobiome (Xia et al. 2014).

Increasingly studies of phytobiomes (Table 1) have shown that microbial interactions
between AMF, Trichoderma harzianum, Aspergillus niger and plant roots are widespread in
natural environments providing various benefits to the host plant. In this sense, Singh (2015)
showed that AMF combined with T. harzianum and A. niger interactions are important in
determining the outcomes of plant competition and biocontrol of Fusarium wilt disease.
Moreover, Xia et al. (2015) also showed higher endophyte abundance and diversity in organically
cultivated tomato, corn, melon, and pepper, compared to conventional cultivation.

These findings point to the importance of sustainable cultivation systems to achieve the
greatest benefit for the phytobiome. Further studies on the phytomicrobiome will help improve
efficiencies in crop cycles (Smith et al. 2005).

Benefits of Trichoderma spp. in crop protection and improvements

Plant growth and improvement is predominantly performed by the promising rhizoshpheric
fungus Trichoderma spp. and bacteria Azotobacter. Trichoderma being a virulent plant symbiotic
fungus provides resistance to pathogenic microbes and plays promising role as a biocontrol agent
for crop improvement. Through mycoparasitism mechanism, it induces resistance in plants against
pathogens by producing antibiotics and competes for nutrition (Brotman et al. 2010).

Trichoderma harzianum T-22 was able to decrease the amount of the toxin fusaric acid,
secreted by Fusarium oxysporum f. sp. gladioli, harmful to Gladiolus grandiflorus corms (Nosir et
al. 2011). Trichoderma species and Piriformospora indica not only suppresses leaf pathogens but
also protects plants from rhizospheric pathogens.

Trichoderma spp. are found naturally in soils of nearly all types and in other habitats.
However, for agricultural purposes (e.g. for biocontrol of pathogens or to promote plant growth)
they may be added as a seed treatment or directly to the soil. If applied as a seed treatment the best
strains readily colonize the roots of the crop and will persist for up to 18 months after application
(Harman 2000b). Different strains of Trichoderma are used as biocontrol agents to control a
number of pathogenic fungi, although some strains are more effective than others. Several
reputable companies manufacture products that, for example in the USA, are legally registered for
control of specific pathogens (Harman 2000b). Trichoderma may also be applied to improve the
rate of plant growth, in particular to increase development of a deep root system which can help
plants such as maize, turfgrass and ornamentals to tolerate drought (Harman 2000b).

Biocontrol agents are known to deliver an extensive variety of consequences for plants.
Trichoderma spp. used as biocontrol agents are known to control infection by pathogens through,
for example, mycoparasitism or by the creation of antimicrobial compounds. Trichoderma is also
known to advance or repress plant development (Contreras-Cornejo et al. 2009). Diverse types of
Trichoderma exist in the rhizosphere and infiltrate plant roots, colonizing the epidermis and a few
cells below (Harman et al. 2004). This opportunistic, facultative beneficial interaction between
fungus and plant is determined by the capacity of Trichoderma to detect sucrose or different
nutrients from the plants, in exchange for boosting plant resistance against attacking pathogens
and enhancing photosynthetic capacity (Vargas et al. 2011). The proximity of Trichoderma spp. in
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the rhizosphere summons a composed transcriptomic, proteomic and metabolomic reaction in the
plant (Shoresh & Harman 2008). This response by the plant is frequently gainful, enhancing root
growth and development, crop yield and resistance to pathogens.

Colonization infers the capacity to follow and perceive plant roots, enter the plant and
withstand lethal metabolites delivered by the plants in response to attack by a remote organic
entity. Trichoderma strains must colonize plant roots before the plant responds by producing
antimicrobial compounds as a defence mechanism against microbial attack (Harman et al. 2004).
Trichoderma spp. can build enduring colonizations on the surface of plant roots and enter into the
epidermis where plants secrete antimicrobial compounds such as phytoalexins, phenolic
compounds, terpenoids, flavonoids and glycones as part of systemic plant reactions against fungal
pathogens.

Interactions between T. virens and arabidopsis studied by Contreras-Cornejo et al. (2009)
and reported that fungal association increase the biomass production and promotes the lateral root
growth through an auxine-dependent mechanism. Using a gene knockout technique, Viterbo et al.
(2010) reported on the part played by ACC (1-aminocyclopropane-1-carboxylate) deaminase in
regulation of canola (Brassica napus) root growth promotion by Trichoderma asperellum. In any
case, Trichoderma secretes small cysteine-rich hydrophobin-like proteins to encourage
connection. Entrance into the root is encouraged by secretary expansin-like proteins with
cellulose-binding modules and endo-polygalacturonase (Brotman et al. 2010, Moran-Diez et al.
2009). Once infiltration occurs in the root, the fungus begins to grow and develop intercellularly,
albeit being restricted to the epidermal layer and a few cells of the cortex immediately below the
epidermis. T. koningii has been found to suppress phytoalexin production during colonization of
Lotus japonicus roots (Masunaka et al. 2011).

Trichoderma as biofertilizer and in plant development

The addition of biofertilizers to soil can improve the retention of nutrients in plants and
may encourage soil richness and increased harvest yields. Root colonization by Trichoderma
strains has a beneficial effect on plants by improving resistance to abiotic stress and uptake of
nutrients, as well as increasing root development. Crop productivity in fields can increase up to
300% after the addition of Trichoderma hamatum or T. koningii as biofertilizer. However, there
are very few reports on strains that produce growth factors that have been detected and identified
in the laboratory (auxins, citokinins and ethylene) (Arora et al. 1992). An increase in seed
germination was observed when seeds were isolated from Trichoderma strains by a cellophane
film, which demonstrates that Trichoderma strains secrete plant-development-advancing elements
(Benitez et al. 1998).

According to Chang et al. (1986) improved germination, a fast rate of blooming and
increased height and weight of specific plants, namely pepper and chrysanthemums, were
observed when soil was treated with conidial suspensions of T. harzianum. Shivanna et al. (1994,
1996) recorded increased development of wheat and soybean under nursery conditions when
treated with Penicillium and Trichoderma. They further expressed that the reaction varied when
the same was attempted in field conditions yet increases in yield were perceived at times. T.
harzianum strain T-203 enters the roots and acts like a mycorrhizal growth, advancing
development (Kleifield & Chet 1992). Trichoderma spp. are known to control minor pathogens
such as Pythium sp. (Ahmad & Baker 1988, Harman et al. 1989) and in this roundabout way
advance development.

Trichoderma induces plant resistance to pathogens

The capacity of Trichoderma strains to protect plants against attack by root pathogens has long
been attributed to a hostile impact against the intrusive pathogen (Chet et al. 1997). Colonization of
the rhizosphere by Trichoderma strains protect plants against various classes of pathogens (viral,
bacterial and fungal pathogens), which indicates the incitement of responses that are similar to
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plant resistance mechanisms, like Induced systemic resistance (ISR), systemic acquires resistance
(SAR) and hypersensitive response (HR) (Harman et al., 2004).

Activation of plant resistance mechanisms do not necessarily need the presence of the live
form of the pathogen as plant genes react to elicitors. Trichoderma elicitors might be metabolites
that may bring about a combination of phytoalexins, pathogenesis-related (PR) proteins and other
compounds produced by the plant, which increases protection against a few plant pathogens
including microorganisms (Elad et al. 2000, Dana et al. 2001) and resistance to adverse abiotic
conditions. Yedida et al. (2000) showed that inoculation of cucumber roots with T. harzianum
(strain T-203) resulted in the production of PR proteins, including various hydrolytic chemicals.
Plants react promptly to Trichoderma intrusion by rapid particle fluxes and an oxidative burst,
subsequently demonstrated by the presence of a combination of callose and polyphenols (Shoresh
et al. 2010). These events include salicylic acid (SA) and jasmonic acid/ethylene (JA/ET)
signalling, resulting in the whole plant gaining varying degrees of resistance to pathogen assault.
This reaction is most ordinarily known as JA/ET- mediated ISR and takes after the reaction
activated by PGPR. According to recent discoveries (Yoshioka et al. 2012), larger inoculums of
Trichoderma may enact an SA-mediated SAR reaction, looking like to that summoned by
necrotrophic pathogens. The signalling events prompt ISR. An atomic cross-talk between plant
(cucumber) and T. virens might evidently trigger a downstream guard reaction by ramifications of
MAPK (mitogen-activated protein kinase) (Viterbo et al. 2005).

Some newly discovered Trichoderma spp. (phylogenetic investigation revealed a recent
evolution), namely Trichoderma stromaticum, Trichoderma amazonicum and Trichoderma
evansii, appear to have an endophytic relationship with plants, but they are not involved with the
soil/rhizosphere (Mukherjee et al. 2012). The Endophyte Trichoderma species promot the
transcriptional level changes in plants and also protect from various biotic and abiotic stresses
(Bailey et al. 2006; Bae et al. 2009). Few of these endophytes produced appressoria-like structure
when they colonize the surface of grandular trichomes (Bailey et al. 2006). This is one example
where Trichoderma utilizes a ‘non-root” mode of passage into the plant.
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Fig. 1 — Number of papers on arbuscular mycorrhizas and Trichoderma published annually since
1989, included in SCOPUS. Only those papers that had appeared in SCOPUS by January 2017 are
included.

Table 1 Journal articles dealing with beneficial fungi for plants.

Key words Number of journal articles

Beneficial fungi + Mycorrhiza 581

Trichoderma + Mycorrhiza 124

Phytobiome 14

Database survey conducted on January 2017 (SCOPUS); AMF = arbuscular mycorrhizal fungi.
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Gliocladium as biocontrol agent and Plant growth promotor

Gliocladium, an asexual common fungus of soil, is a parasite to many plant pathogens
(Viterbo et al. 2007). Gliocladium penicilloides and Gliocladium virens were transferred to genus
Trichoderma. Gliocladium catenulatum, parasitic to Sporidesmium and Fusarium spp., can
annihilate the host fungus by direct hyphal contact via pseudoappressoria (Punja & Utkhede 2004,
Viterbo et al. 2007). Gliocladium catenulatum-J1446 has been used commercially to reduce the
impact of damping off disease caused by Pythium ultimum and Rhizoctonia solani (Paulitz
Belanger 2001, Punja & Utkhede 2004). G. virens is also used as a biocontrol agent against a wide
range of pathogens like Pythium ultimum and Rhizoctonia solani (Hebbar & Lumsden 1999,
Viterbo et al. 2007). The fungus produces metabolites such as gliotoxine with anti-bacterial,
fungal, viral and anti-tumor properties. Molecular studies proved that the Trichoderma and the G.
virens are closely related, so it was suggested that this taxon should be denoted as T. virens
(Hebbar & Lumsden 1999, Paulitz & Belanger 2001, Punja & Utkhede 2004). G. virens
significantly controlled the growth of Alternaria alternata, Chaetomium spp., Penicillium
citrinum, Aspergillus niger, A. flavus, Rhizopus nigricans and Fusarium oxysporum fungal species
isolated from the stored seed (Agarwal et al. 2011).

Piriformospora indica as plant growth promotor

Verma et al (1998) discovered the Piriformospora indica (Genus-Piriformospora, Order-
Sebacinales), an endophytes with root colonizing efficiency associated orchid plants from India.
This is a monotypic fungus of Piriformospora genus. P. indica, a plant growth promotor fungi
form typical pyriform chlamydospores. Moreover, this axenically cultivable phytopromotional,
biotrophic mutualistic root endosymbiont has similar abilities to that of AMF. The fungi colonize
the roots of a wide range of higher plants improving nutrient uptake, disease resistance, stress
tolerance and growth-promotion (Unnikumar et al. 2013). Growth promotion activity was observed
in different plants such as Zea mays, Nicotiana tabaccum, Glycine max, Pisum satium, Withania
somnifera and Spilanthes calva (Rai et al. 2001, Verma et al. 1998), also in timber-yielding and
medicinal plants.

Association of beneficial fungi with plant roots is widespread among terrestrial plants species
and play a crucial role in improving host plant health. The Sebacinales order fungi are distributed
worldwide with high diversity at morphological and physiological levels (Weiss et al., 2011). P.
indica is one of the most studied fungi for its plant growth promotion activity and stress resistance
(Varma et al., 1999, Franken 2012). P. indica capable to colonize with the root of gymnosperm and
angiosperm both and the colonization id restricted to the rhizodermis (Deshmukh et al., 2006).
Ethylene is necessary for the colonization and induction of host responses (Camehl et al., 2010).
During the colonization phases, the gene responsible for the biosynthesis of gibberellic acid and
abscisic acidcan be induced (Schafer et al. 2009). The fungi can be culture in bioreactors for mass
production biofertilizer (Qiang et al. 2011).

More than 150 plant species interact with P. indica. Among them, horticultural,
agricultural, medicinal and other important plants were reported, Oryza sativa, Zea mays, Tridax
procumbans, Nicotiana tabacum, Arabidopsis thaliana and Brassica oleracea var capitata have
been shown to improved seed germination and seed formation (Varma et al. 2012). Better plant
growth was reported in several crops viz.Oryza sativa, Phaseolus vulgaris, Solanum
nigrum, Brassica  oleracea var capitata, Brassica  nigra, Nicotiana  tabbacum, Saccharum
officinarum, Tridax procumbans and Zea mays (Varma et al. 2012). P. indica also interacts with
medicinal plants such as Artemisia annua, Abrus precatorius, Azatarichta indica, Bacopa
monniera, Curcuma longa, Linum album, Stevia rebaudiana, Trigonella foenum-graecum, to
name just a few (Goltapeh & Danesh 2006, Oelmdiller et al. 2009, Das et al. 2012).

P. indica is very effective when it was inoculated with various crops. Commercialization
of P. indica will be possible after the defining the parameter for inoculation at the specific time,
quantity and type of soil. The endophyte can reduce the uses of chemical fertilizers; improve crop
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yield, plant resistance and biotic and abiotic tolerance (Unnikumar et al., 2013). P. indica also
help in improving plant growth and productivity along with seed germination (Ansari et al., 2014).

Conclusion

Beneficial fungi contribute to plant growth and productivity. The above reviewed articles
consistently report the association of plants with soil fungi and the benefits to the plant are
reported extensively. Arbuscular mycorrhizal fungi and biocontrol agents such as Trichoderma
and Gliocladium spp. summarise just a few of the beneficial fungal characteristics that improve
plant cultivation. This review condenses the beneficial fungal characteristics that are utilised to
promote biotechnological advantages for plants. Creating a sustainable economy and protecting
our environment are, more than ever before, dominant topics in our everyday life. Increasing
demands on our agricultural industry due to increasing population and energy crop production
demands more efficient crop management. Positively, the focus is shifting to sustainable organic
farming. This shift will require more from biocontrol agents and plant growth promotors in plant
protection and as biofertilizers. Continuous research in this topic will aid innovation and
advancements in biotechnologically beneficial fungi in relation to plant production.
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