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The agriculture sector has been put under tremendous strain by the world’s growing population. The use of fertilizers and pesticides in conventional
farming has had a negative impact on the environment and human health. Sustainable agriculture attempts to maintain productivity, while
protecting the environment and feeding the global population. As a result, beneficial microorganisms are regularly being explored as a safer option
in the agriculture sector for their ability to produce valuable bioactive secondary metabolites, particularly for crop protection. Such natural (bio)
products are harmless to plants, humans, and the environment. In our quest for the search of the sources of bioactive constituents from the
microorganisms, endophytes are the front-runner. They mutually reside inside the plant providing support against phytopathogens by releasing an
array of bioactive secondary metabolites building climate reliance of the host plant. The purpose of this review is to examine the biocontrol
potential of endophytes in sustainable agriculture.
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Introduction
According to information from specialized sources, demand for agricultural production is expected to increase by at least 70% by 2050. At the
same time, people are becoming aware that sustainable agricultural practices are fundamental to meet the future world’s agricultural demands
(Altieri, 2004). This is why modern agriculture is being implemented on a global scale and diverse research approaches are being undertaken
addressed to meet environmental and economical sustainability issues, trying to save at most as possible usage of non-renewable natural resources.
A recommended approach is that based on exploiting the role of soil microbial communities for a sustainable and healthy crop production, while
preserving the biosphere. Actually, soil microorganisms play fundamental roles (microbial services) in agriculture mainly by improving plant
nutrition and health, as well as soil quality (Lugtenberg, 2015). Endophytes are organism which presents inside the living tissue and parts of plants
like leaves, roots, stems and they are also present inside the soil. Endophytes form colony and remain concentrated at specific point. The organism
that causes no any disease symptom in plant is termed as endophyte. Endophyte may be gram positive or gram negative. They are actually
endosymbionts make mutualistic relation with plant. Approximately 300,000 plants existing on earth containing one or more endophytes. One plant
contains more than one species of endophytes some are cultivable or some are non-cultivable. Molecular characterization and identification is very
helpful for identification of bacteria. Entophytes colonized in plants without producing any disease symptom. Entophytes are suitable biocontrol
agent for phytopathogens (Berg et al., 2005). Endophytes have tendency to remove the contamination of soil (Ryan et al., 2008). Accordingly,
several strategies for a more effective exploitation of beneficial microbial services, as a low-input biotechnology, to help sustain environmentally
friendly agro-technological practices have been, and are being, proposed. The final goal is to optimize the role of the root-associated microbiome in
nutrient supply and plant protection. Since the interactions between microbial communities and crops are influenced by diverse ecological factors
and agronomic managements, the impact of environmental stress factors must be considered, particularly in the current scenario of global change,
as they affect a proper management of the crop-microbiome interactions (Zolla et al., 2013). Endophytes concentrated in below ground parts as
compare to the aerial parts of plants (Rosenblueth and Martínez, 2004). Endophytes colonized into extracellular spaces as well as the conducting
tissue of plants. Endophytes microorganism has ability to penetrate the plant tissue in xylem tissue or in the outer cortex of plant. Mid ribs of leaves
conducting tissues and extra cellular spaces concentrated with endophytes as compare to other parts. Endophytes mostly are motile bacteria.
Oligonucleotide probes used to identify the location and activity of endophytes in plants (James, 2000). Bacteria also enter into plant by vegetative
propagation. Endophytes interact with plant species for the ecological benefits as well as evolutionary benefits. (De Weert et al., 2002) said that the
mobility of endophytes make interaction with host plant by chemotaxis. Carbohydrates and organic acid play important role in interaction with host
plant in below ground parts. Endophytes attached with root bacteria and increase the plant growth and other beneficial mechanism in plants
(Elbeltagy et al., 2000). Cracks formed by herbivores and damage provide by pathogen create the way of entering for endophytes bacteria.
Endophytes produce endoglucanases enzyme, this enzyme is also helpful in bacterial entrance (Reinhold et al., 2006). Another enzyme endo
polygalacturonidases produce the way of entrance for endophytes bacteria (Elbeltagy et al., 2000). Host plant growing stage important for the
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population of endophytes it varies from growing stage.
Bacterial endophytes have recently been in focus as biocontrol agents, as they provide additional benefits in comparison to rhizospheric colonizer
(Hallmann 2001). Bacterial endophytes are recruited from the rhizosphere at the site of wound, cut, or lesion and colonize both vegetative and
reproductive parts of plant like tuber, root, stem, leaf, flower, and fruits (Gray and Smith 2005). Mechanisms by which they protect their host plant
are more or less similar as described for PAM in the rhizosphere. Different workers have reviewed the elaboratedmechanisms of these endophytes
(Chaturvedi et al. 2016). Mechanisms by which endophytes enhance plant growth are categorized as direct and indirect. Direct mechanisms include
nitrogen (N2) fixation, phosphate (P) solubilization, iron (Fe) chelation, 1-aminocy clopropane-1-carboxylate (ACC) deaminase activity, and
phytohormone production, whereas indirect modes include pathogen suppression by outcompeting them for macro- and micronutrients, siderophore
production, antibiotic production, establishment of the plant’s systemic resistance, secretion of lytic enzymes, and secondary metabolite production.
Diseases of bacterial, fungal, and viral origin, and in some cases damage caused by nematodes and insects, can be decreased by endophytic
inoculation (Ryan et al. 2008). Few endophytic microbes elicit the phenomenon of induced systemic resistance (ISR). The role of bacterial
endophytes in connection with ISR has been reviewed by Kloepper and Ryu (2006). Several examples of bacterial endophytes such as
Actinobacter, Bacillus, Burkholderia, Enterobacter, Paenibacillus, Pantoea, Pseudomonas, Rhizobium, Streptomyces, etc. are used nowadays as
biocontrol agents against plant pathogens. Bacillus pumilus INR7, an endophyte found in the stem of cucumber plant, is capable of suppressing
cucurbit wilt disease caused by Erwinia tracheiphila under field conditions. There was noteworthy increase in plant growth parameters and disease
suppression in sets receiving bacterial treatment in comparison to control sets under field conditions. Pseudomonas fluorescens PICF7 is a native
olive (Olea europaea L.) root endophyte and active biocontrol agent against Verticillium wilt of olive. Strain PICF7 is an active root colonizer, and
this rapid invasion not only triggers defense response in root system but also mounts an extensive range of systemic defense responses in
aboveground aerial parts of plant like stems and leaves, thus explaining how ISR contributes to biocontrol. As reported, different species of
endophytic Paenibacillus have been associated with diverse crop plants including Arabidopsis, Coffea arabica, potato, poplar, pinus, etc.
(Rybakova et al. 2016). Paenibacillus strain PB71 was obtained from the spermosphere of the Styrian oil pumpkin (SOP), and could efficiently
inhibit the phytopathogen Didymella bryoniae, causal organisms of SOP under greenhouse conditions. Paenibacillus is well known for producing
large amount of diverse hydrolyzing enzymes that enable plant tissue colonization (El-Deeb et al. 2013). Excellent colonizing ability of
Paenibacillus results in biofilm formation around the plant roots that act as a protective barrier and restrict the entry of pathogen (Timmusk et al.
2005). Additionally, these endophytes also release certain types of volatile metabolites that hinder the growth of pathogens and induce systemic
resistance in plants. Currently, few species of Paenibacillus can produce antimicrobial compound known as polymyxins, which is active against
gram-negative bacteria such as Acinetobacter baumannii, Pseudomonas aeruginosa, Klebsiella pneumonia, and Stenotrophomonas maltophilia
(Niu et al. 2013). A very good example of endophytic bacteria is Rhizobium. Several reports suggest Rhizobium as an efficient plant growth
promoter, but limited data is available on its biocontrol potential. An endophytic strain of R. etli isolated from potato rhizosphere (and further reisolated from the root interior) has been shown to be a potent antagonist against potato cyst nematode Globodera pallida and root-knot nematode
Meloidogyne incognita, respectively. There are two mechanisms that have been proposed for this antagonism: first is the massive colonization of
internal tissues of plants by Rhizobium, thereby suppressing the growth of invading pathogens by niche occupation, nutrient competition, and
antibiosis (Hallmann et al. 1997). The second mechanism was believed to be stimulation of general plant defense resistance mechanism (ISR). This
defense mechanism is activated due to lipopolysaccharides secreted by the strain (Reitz et al. 2001). Bacillus amyloliquefaciens recorded strong
antagonism against wide range of phytopathogens like Aspergillus niger, Botrytis cinerea, Alternaria alternata, Fusarium oxysporum, and Pythium
aphanidermatum, which causes damping-off disease in tomato. The main mechanism responsible for this inhibition was production of metabolites
like cyclic lipopeptide (CLP). In vivo field experiments were also carried out to check the efficacy of the strain in reducing damping-off disease in
tomato. Metabolites of CLP were extracted, and active fractions were again tested against P. aphanidermatum by well diffusion method. Detailed
analysis of CLP by liquid chromatography coupled with mass spectroscopy (LC/MS) showed compounds like iturin, fengycin, and surfactin
(Zouari et al. 2016). Similarly another endophytic strain of Bacillus subtilis E1R-J proved to be a promising biocontrol agent against Blumeria
graminis, causal organism of wheat powdery mildew (Gao et al. 2015). An endophytic bacterial strain, B. subtilis MJMP2, isolated from fermented
Brassica campestris displayed strong antimicrobial activity against Xanthomonas oryzae, Rhizoctonia solani, and Fusarium oxysporum, pathogens
responsible for causing blight disease, sheath blight, and root rot, respectively, in rice. The metabolite responsible for antagonism was identified as
iturin A, which disturbs fungal cytoplasmic membrane by forming transmembrane channels, resulting in the leakage of K+ ions from the fungal
cells (Hsieh et al. 2009). Hastuti et al. (2012) reported other endophytic strains of Streptomyces, AB131-1, AB131-2, and LBR02, to be efficient in
reducing bacterial leaf blight (BLB) caused by Xanthomonas oryzae in rice crop. Effectiveness of the strains was checked both under laboratory
and field conditions. Strains AB131-1 and LBR02 displayed strong inhibition of Xanthomonas by producing enzymes like phosphatase, chitinase,
cellulase, and siderophore. Other endophytes, Streptomyces griseofuscus and S. hygroscopicus, established 54.5% and 21.8% biocontrol against
pathogen Magnaporthe oryzae (anamorph Pyricularia oryzae), which attacks rice plant and causes disease incidence (Tian et al. 2004). Endophytic
strain of Serratia, isolated from the stems of Triticum aestivum, exhibited antifungal activity against phytopathogens like Cryphonectria parasitica,
Rhizoctonia cerealis, and Botrytis cinerea. Diverse mechanisms of biocontrol like chitinase, exoprotease, antibiotic pyrrolnitrin, and siderophore
production were displayed by Serratia against these pathogens (Liu et al. 2010). Endophytic strains belonging to the genus Enterobacter displayed
antagonistic activity against Verticillium dahliae causing verticillium wilt in cotton. The strain was phylogenetically affiliated to Enterobacter
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cancerogenus. Its biocontrol efficacy was monitored in pots and further taken to the field with cotton as test crop. Field trials confirmed its
antimicrobial activity against V. dahliae due to its excellent root-colonizing ability (Berg and Hallmann 2006). Enterobacter cancerogenus HA02
displayed extensive colonization and secretion of siderophores and protease that helped in controlling verticillium wilt (Li et al. 2010).
Bioactive Metabolites from Endophytes
Bioactive metabolites or compounds can be defined as by-products obtained from plants, animals, and microbes (Baker et al. 2000). These
bioactive metabolites halt the growth of disease-causing agents especially pathogens causing disease in plants. Few endophytes, which produce
bioactive metabolites, belong to the genera Bacillus, Burkholderia, Pseudomonas, Rhizobium, Trichoderma, Phoma, etc. These genera are already
known for their secondary metabolite products like antibacterial, antifungal, antiviral, antioxidant, anticancer, insecticidal, immunosuppressants,
volatile organic compounds (VOCs), etc. (Strobel 2003). In addition, wide-ranging bioactive metabolites such as alkaloids, aliphatic compounds,
benzopyranones, phenols, flavonoids, quinones, steroids, terpenoids, tetralones, xanthones, etc. have been associated with endophytes (Tan and Zou
2001). An endophytic Pseudomonas viridiflava, isolated from grass species, produces novel antimicrobial compound ecomycin that is effective
against a wide range of microbes (Miller et al. 1998). VOCs obtained from endophytes also possess antibacterial, antifungal, and antiviral
properties (Firakova et al. 2007). Group of phenolic acids were extracted from the culture broth of a Phoma sp. by Hoffman et al. (2008),
displaying antagonistic activities against Sclerotinia sclerotiorum, Pythium ultimum, and Rhizoctonia solani. Further research highlighted the role
of another bioactive metabolite pyrrocidines, an alkaloid derivative isolated from endophyte Acremonium zeae residing in maize plant, in
antagonizing phytopathogen like Aspergillus flavus and Fusarium verticillioides (Wicklow et al. 2005). An endophyte Ampelomyces isolated from
the medicinal plant Urospermum picroides synthesized quinolone-derived bioactive metabolites known as 3-O-methylalaternin and altersolanol.
These compounds presented inhibitory spectrum against a wide range of pathogens such as Staphylococcus aureus, S. epidermidis, and
Enterococcus faecalis at minimum inhibitory concentration (MIC) value ranging from 12.5 to 25 mg/ml (Aly et al. 2008). Phenolic compounds,
like pestalachloride, were extracted from endophytic fungi Pestalotiopsis adusta, which established significant antifungal activity against plant
pathogens Gibberella zeae, Verticillium albo-atrum, and Fusarium culmorum (Li et al. 2008). Ethyl 2, 4-dihydroxy-5,6-dimethylbenzoate and
phomopsilactone are bioactive metabolites, isolated from an endophytic fungus Phomopsis cassiae that showed robust antifungal activity against
phytopathogenic fungi Cladosporium sphaerospermum and C. cladosporioides (Silva et al. 2005).
Mode of Application
As discussed above, entry point is specific for certain bacteria; hence, the mode of application acts as major detrimental factor in deciding the
efficacy of endophytes for disease suppression. Endophytic formulations are available either in powdered form or liquid form and can be inoculated
by diverse methods like seed pelleting, seed dressing, soils drench, and foliar spray (Ramyabharti et al. 2016). Seed coating is the most common
technique of inoculation as it is very easy and requires small amount of inoculant. Soil drench is generally used while introducing large bacterial
cells in the soil. Granules of marble combined with perlite, peat, charcoal, and soil are also in use for soil inoculation as they enhance inoculant to
be in contact with plant roots (Bashan et al. 2014). Recently, spraying methods are gaining popularity in case of endophyte inoculation as they can
very easily enter inside the plant system and deliver better results. Endophytes that reside within fruits and flowers could just be sprayed or
sprinkled to get good results. Ramyabharathi et al. (2016) observed the utility of liquid formulation developed from endophytic Bacillus subtilis
strain for enhancing shelf life of strain and reducing wilting symptoms (caused by Fusarium) in tomato plant. Formulation of the endophytic fungus
Cladosporium oxysporum prepared from culture filtrates and conidial suspensions was tested for its inhibitory activity against the black bean aphid
Aphis fabae by micro-irrigation technique. Results showed that formulation developed from culture filtrate gave much better results in inhibiting
aphid population in comparison to conidial suspension, hence suggesting that proteolytic activity plays much important role in inhibition than the
chitinolytic activity of the fungus against the aphid (Bensaci et al. 2015). Gao et al. (2015) evaluated different bio-preparations of endophytic B.
subtilis strain using their cells, cell-free culture supernatant, crude proteins, and non-protein fermentation liquid against Blumeria graminis
infection in wheat. Application of these formulations demonstrated significant reduction of disease incidence in wheat plant; however, best results
were obtained when fermentation liquid of B. subtilis was applied on the leaves in comparison with other formulations/treatments. Talc-based
bioformulation developed from the combination of rhizobacteria P. fluorescens (Pf1) and endophytic bacteria Bacillus sp. was quite effective in
reducing the incidence of Banana bunchy top virus by 52% in field conditions and also enhancing growth attributes of host plant (Harish et al.
2009). Apart from direct inhibition of pathogens, endophytes are also known to induce host resistance, which is evidenced by an upsurge in PR
proteins, defense-related proteins, and phenolic compounds in host plants. Applications of consortia of beneficial microbes, which can occupy
different niches, are considered advantageous over formulations with single microbes. Formulation developed from this combination was not only
effective in suppressing banana bunchy top virus but also active in reducing panama wilt of banana caused by Fusarium oxysporum (Harish et al.
2009). Talc-based bioformulation developed from rhizobacterial strains of Pseudomonas fluorescens and endophytic fungus B. bassiana amended
with chitin recorded an enhanced biocontrol activity against leaf miner insect and collar rot disease (Senthilraja et al. 2013). Chitin supplement
augmented the antagonistic activity of the entomopathogenic fungal and bacterial bioformulation, thus assisting the fact that chitin may induce
systemic resistance in plants against insect pests and pathogens (Senthilraja et al. 2010). Muthu and Sharma (2011) reported the potency of talcbased bioformulation developed from Trichoderma viride and endophytic P. fluorescens (EBL 20-PF) in inhibiting growth of Pythium
aphanidermatum (causes damping-off disease in chili). Formulation of these co-inoculating bioagents displayed high elicitation of defense-related
enzymes, PR proteins, and phenols, in comparison with their sole application (Muthu and Sharma 2011).
Conclusion
After analyzing the available scientific literature, it can be concluded that studies on endophytes have opened a new avenue in the area of plant
disease management. Endophytes are designated as future “plant probiotics” as they reside inside the plant host and leverage multiple beneficial
effects without causing any harm to the host plant.
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