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13.1 Introduction

Microbial endophytes have been evolved over the period of time from being just 
defined as the microorganisms living inside the host plants indicating their location 
and type of association with their host. They are ubiquitous in higher plant species 
which live asymptomatically in the internal tissues and exhibit various relationships 
with their host. Microbial endophytes enter into the plants through wounds, root 
hairs, epidermal conjunctions, and naturally occurs as a result of plant growth (Shah 
et al., 2019). Besides entering to the plants through wounds or natural openings, endo-
phytic microorganisms actively penetrate the plant internal tissues using cellulase and 
pectinase hydrolytic enzymes (Paramanantham et al., 2019). They are well-known 
to increase plant growth and yield by nitrogen fixation, solubilization of potassium, 
zinc, and phosphorus; production of phytohormones like gibberellins, cytokinin, and 
auxin and having antagonistic activities as well as by reducing the stress ethylene in 
host plants (Patle et al., 2018; Rao et al., 2015a). Several studies have been document-
ed for understanding the structure and composition of plant-associated endophytes, 
which indicates plant-microbe, microbe-microbe interactions as well as abiotic factors 
that lead to plant endobiome composition and structure (Rakshith et al., 2016; Rao 
et al., 2017a). The plant endobiome is well-known to increase plant defense ability 
against several invading pathogens and insect herbivores. Several reports on the plant-
microbe interactions involved in endobiome provide an alternative way for different 
biosynthetic metabolic pathways which are responsible for the biosynthesis of several 
bioactive and novel biomolecules of commercial significance (Rao and Satish, 2015; 
Rao et al., 2017b; Sheik and Chandrashekar, 2018). Indeed, plant endobiome is an im-
portant factor in global biogeochemical cycles. Hence, the use of plant endobiome is 
considered to bear the potential to promote production of plant secondary metabolites, 
plant disease protection, and chemical inputs, leads to more sustainable agricultural 
applications with enhanced productivity (Singh et al., 2017).

Plant-microbe interactions have been extensively studied and explored since decades 
(Chisholm et al., 2006; Rao et al. 2015b; Strobel and Daisy, 2003; Zhang et al., 2006). 
However, cognizance of plant–microbe interactions and their relationship is highly 
complex (Rosenblueth and Martínez-Romero, 2006; Saikkonen et al., 1998; Saikkonen 
et al., 2004). But it has established certain microbial interactions which could exert 
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a positive effect, with respect to endophytes applications. Endophytes have been pre-
viously defined as microbes inhabiting internal tissues of host plant without expend-
ing any negative effects (Breen, 1994; Faeth, 2002; Hardoim et al., 2008; Mack and 
Rudgers, 2008). Endophytes extend advantages to the host plant like plant growth pro-
motion and defense against invading pathogens (Clay, 1988; Conn et al., 2008; Gao 
et al., 2010; Saikkonen et al., 2010). Endophytic behavior is often related to a set of 
genes, however, there is no definite understanding to specify the genes involved (Card 
et al., 2016; Sevilla and Kennedy, 2000). The direct benefits of endophytes to host plant 
include phytohormone production (Khan et al., 2011; Shi et al., 2009; Waqas et al., 2014), 
biocontrol against phytopathogens and pests due to antimicrobial secondary metabolites 
(Clay, 1989; Downing and Thomson, 2000; Mejía et al., 2008), iron chelators, due to 
siderophore production (Bartholdy et al., 2001; Lacava et al., 2008; Loaces et al., 2011), 
phosphate solubilizing compounds (Otieno et al., 2015; Taurian et al., 2010), nitrogen 
fixation (Cocking, 2003; Hurek and Reinhold-Hurek, 2003; James, 2000), induced sys-
temic tolerance (Kloepper and Ryu, 2006; Vu et al., 2006), and antagonism (Clay, 1991; 
Coombs et al., 2004; Ramesh et al., 2009; Schulz et al., 1999).

Plant growth promotion due to phytohormones produced by endophytes results in 
changes in the morphology and structure of host plant (Gaiero et al., 2013; Hardoim 
et al., 2008; Santoyo et al., 2016). The production of phytohormones such as indole 
acetic acid (De Battista et al., 1990), cytokinins (Frugier et al., 2008), gibberellic 
acid (Waqas et al., 2012), ethylene (Camehl et al., 2010), and auxins (Merzaeva and  
Shirokikh, 2010) would enable endophytes for their applications in sustainable agricul-
ture. The ability of endophytes reducing the atmospheric nitrogen, which is limited 
for plants would be addressed biologically as an alternate to chemical fertilizers. The 
insoluble phosphate could reduce from endophytes by expulsion of organic acids con-
verting them to soluble orthophosphate for plant uptake and utilization. Endophytes 
are well-known produced low-molecular weights called siderophore, which chelate 
iron for plant uptake and utilization. Some of them include catacholate, hydroxymate, 
and phenolate (Das et al., 2007). Indirect mechanism of benefits of endophytes con-
fers tolerance to stresses like drought, cold, and hypersaline condition through mecha-
nism, such as induced systemic resistance (ISR) and pathogenesis (Rodriguez and 
Redman, 2008; Waller et al., 2005).

13.2 Incidence of microbial endophytes diversity

The term biodiversity is used to describe the variation in population associated with 
organisms or between their populations. The understanding of biodiversity could open 
many avenues at different scientific levels. The taxonomic studies with systematics 
along with population biology could give insights for evolution, their conservation and 
most importantly for their efficient utilization for various applications. Microbial en-
dophytes association with the plant is ubiquitous; the existence of endophyte-free plant 
is a rare exception (Arnold, 2007; Porras-Alfaro and Bayman, 2011). Microorganisms 
in an ecosystem will directly influence the functioning and biodiversity of ecosystems. 
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In this regard, the incidence of endophytes in plants can influence the potential fac-
tors to determine the diversity in ecosystems and also they could alter the structure 
and functioning of plants, which is highly complex and unpredictable. The changes in 
a shift of incidence in endophyte population could trigger changes in plant commu-
nity composition due to various factors such as survivorship, competition (Rodriguez 
et al., 2009). Abiotic conditions could modify plants, which may have consequences in 
dynamics and diversity of the endophyte community (Bulgarelli et al., 2013). Hence, 
knowledge of different factors is imperative for environmental conservation and sus-
tainable agriculture.

Over the past decades, sufficient collective efforts from all over the globe have 
been concentrated for the diversity and role of microbial endophytes for sustainable 
agriculture. Endophytic assemblages with respect to endophytic associations have 
shed considerable knowledge in this regard (FROeHLICH and Petrini, 2000; Rao 
et al., 2015c). Several reports regarding diversity data have been published from acti-
nobacteria, bacteria, and fungi (Arnold, 2007; Rao et al., 2015a). Most of the reports 
are based on culture-dependent studies and very fewer reports on culture-independent 
techniques are available. The major disadvantage of the culture-dependent technique 
is that it does not reflect the aspect and functionality of unculturable microbiota, which 
could cause hindrance in understanding the complex phenomenon of host-endophyte 
relationship. The diversity incidences of bacteria and fungi have been reported more 
when compared with actinobacteria due to their slower growth rate. The endophytic 
bacteria have been reported from the following phylum Firmicutes, Proteobacteria, 
and Bacteroidetes with a varying distribution where the highest incidence was reported 
from Proteobacteria whereas least from Bacteroides (Andreote et al., 2009). The inci-
dences of fungal endophytes are reported in phylums Ascomycota and Basidiomycota 
where Ascomycota is the most dominant (Rodriguez et al., 2009).

Tian et al. (2004) reported the population diversity of four rice cultivars. The results 
revealed that Fusarium and Streptomyces genera to be predominant. The study also 
revealed the incidence of endophytic fungi to be more diverse in leaf and actinomy-
cetes in roots. The diversity study by Naik et al., (2009) in rice reported Streptomyces 
sp., Chaetomium globosum, Penicillium chrysogenum, Fusarium oxysporum, and 
Cladosporium cladosporioides as dominant species. Endophytes diversity was found 
to be lower during summer and high in winter suggesting the effect of climate on 
endophyte colonization.

13.3 Comparison of native and alien endophyte 
inoculants

Introduction of alien microbes imposes the threat for existing native endophytes, in turn 
leading to unforeseen disturbance. The disturbance could be due to elaborate interac-
tions exerted due to the presence of alien endophytes or absence of native endophytes 
(Bonnardeaux et al., 2007). The extent of invasion studies is more been focused on 
macroorganisms than microbes. The invasion risk associated with microbes is poorly 
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understood. The general focus on pathogenic microbes found to be invasive is prioritized 
for control and elimination, but the invasion of nonpathogenic microbes should also be 
considered even though there is low risk as it is not been detected (Pringle et al., 2009). 
A recent comparison study on indigenous mycorrhizal fungi Rhizophagus irregularis 
from yam and Acaulospora from cassava with commercial Rhizophagus intraradices 
revealed a high rate of colonization by native flora. The overall growth and yield of the 
plant was also found to be increased. One significant observation from the study was 
that the Rhizophagus irregularis from yam induce highest colonization between two in-
digenous microflora indicating the selective importance of native microflora from target 
plant species would be advantageous (Kouadio et al., 2017).

13.4 Growth promotional aspects due to symbiosis

Microbial endophytes colonization in host plant is considered as a symbiotic association. 
Microbial endophytes enhance their immune response and protection in the host plant 
and get benefited from secondary metabolites produced from these microbes aiding in 
plant growth (Berg, 2009). The symbiotic association is a coevolution of endophytes 
with host plant changes in microbial diversity that occurs depending on genotype, stage 
of growth, physiology, plant organs, and other ecological parameters. The evolution of 
endophytes brings in changes in cellular and molecular levels, which is highly complex. 
The intimate relationship occurring between endophyte and host plant is a positive se-
lection process for evolution, which confers beneficial for successful propagation and 
survival. They accord plants with negative hinderance of biotic and abiotic factors. These 
interactions have not only beneficial in terms of plant health, growth, development, and 
production but also soil quality, which could stabilize adverse ecological conditions due 
to various anthropological activities (Choudhary, 2012). The positive effects of signifi-
cantly increased plant biomass, dry matter yield, and grain yield would also produce 
higher income from agronomically with sustainability.

13.4.1 Direct mechanisms of plant growth promotion

13.4.1.1 Production of phytohormones

Endophytes produce phytohormones like indole-3-acetic acid (IAA), cytokinins, and 
gibberellins, which can stimulate the growth, reproduction, and germination. It also 
has a major role in conferring to biotic and abiotic stress. Endophytes have a crucial 
role in physiological changes in plants. Reddy et al., (2014) demonstrated when wheat 
was treated with Metarhizium robertsii, M. brunneum, and Beauveria bassiana, there 
was a substantial increase in overall plant yield and stand counts. Cotton plants inocu-
lated with B. bassiana and Purpureocillium lilacinum resulted in improved growth 
of plants along with biomass (Lopez and Sword, 2015). Artificial inoculation of the 
endophytic bacterium Pseudomonas spp. strains in cotton-improved plant height and 
number of nodes on the stem (Erdogan and Benlioglu, 2010).
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13.4.2 ACC deaminase activity

One of the major aspects in this regard is enzymatic hydrolysis of ACC 
(1-Aminocyclopropane-1-Carboxylate). ACC has involved in the ethylene biosynthet-
ic pathway, its intermediary between methionine to ethylene conversion. Endophytes 
utilize ACC exudate from plants before the oxidation occurs due to ACC oxidase in 
the plant. These endosymbionts cleave the ACC deaminase to α-ketobutyrate and 
ammonia, followed by utilization of ammonia decreasing ACC with simultaneous 
reduction of ethylene in the plant system. This phenomenon helps the host plants in 
stress tolerance along with the plant growth. Extensively studied phytohormone IAA 
which aid in cell division and elongation contributes indirectly in plant growth as well 
as plant defense response (Ali et al., 2014; Glick, 2014; Sun et al., 2009). Other than 
IAA, several plant hormones such as cytokinins and gibberellin can stimulate plant 
growth and modify plant morphology based on environmental conditions.

13.4.3 Micro and macro nutrient

Micro and macronutrients are necessary for the entire microorganisms, as they act 
as a cofactor for numerous enzymatic reactions occurring in the biological system. 
For example, iron which exists in ferric state (Fe3+) under aerobic conditions forms 
hydroxides and oxyhydroxides, which are insoluble. Siderophores could also trigger 
IAA biosynthesis, which is a beneficial aspect as mentioned earlier. For growth and 
development of biological system phosphorous is very much required. In nature, sol-
uble phosphorous exists in two forms, that is, monobasic and dibasic soluble forms. 
The available natural soluble phosphorous is limiting and in heavy metal concentra-
tion, P-uptake is highly affected leading to retardation in plant growth. Endophytes 
aid in conversion insoluble phosphorous to soluble forms by acidification, chelation, 
exchange reactions, and release of organic acids (Jog et al., 2014). Endophytes could 
also solve phytotoxicity imposed by high metal concentrations by biosorption and 
bioaccumulation mechanisms.

13.4.4 Abiotic stress

Microbial-endophytes interaction with host plants has been proved to bestow abi-
otic stress tolerance and to minimize the obstructive ecological impacts on native 
as well-cultivated plant communities. The intrinsic associations help the host plant 
in the acquisition of nutrients during stress. Symbiosis with endophytes confer a 
variety of tolerance to hosts such as heat tolerance in high temperate regions; salt 
tolerance in plant communities present in coastal regions (Choudhary, 2012). Other 
mechanisms include biological nitrogen fixation and also the release of PGP factors 
facilitating the vegetation. When wheat was artificially inoculated with Azospirillum 
brasilense provided the host plant to mitigate water stress with better grain yield 
(Furlan et al., 2017). Induction of systemic tolerance against water and salt stress 
was observed in tomato and pepper plants by Achromobacter piechaudii (Paul 
et al., 2017).
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13.4.5 Phytoremediation

Certain plants have the ability to strive on contaminated soil, this is associated with 
genetic as well as physiological changes employed to cope up with soil contaminants. 
One of the mechanisms includes harboring of endophytes especially bacteria for phy-
toremediation. These endophytes have evolved to tolerate high concentrations of pol-
lutants and simultaneously exhibit plant growth promotion. Endophytes in such cases 
are involved in various activities like synthesis of siderophores, phosphate solubi-
lization, ACC deaminase activity, production of IAA, cytokinins, and gibberellins 
(Kumar et al., 2015; 2016). Studies have revealed that endophyte resistance to heavy 
metals such as Cd, Zn, and Pb (Ma et al., 2015; Ullah et al., 2015). When Sedum plum-
bizincicola inoculated with endophytic bacterium Bacillus pumilus strain elevated the 
uptake of Cd, also increase in the root and shoot length of plants were observed. Thus, 
overall phyto-extraction capacity of the plant was observed along with plant growth 
promotion indicating the potential role of endophytes in phytoremediation.

13.5 Deciphering disease suppressive mechanisms

13.5.1 Indirect mechanisms of plant growth promotion

The indirect mechanism of plant growth promotion is due to suppression of pathogens 
on plants by inhibitory substances or by ISR in the host. Biocontrol of phytopatho-
gens using endophytes was first described by Timothy (Paulitz and Bélanger, 2001). 
Endophytes as biocontrol agents have been interesting, but have not been received 
considerable attention in this regard. Considering the present situation and challenges 
imposed by phytopathogens, employing endophytic microorganisms would surely 
create greater demand as well as the market. The isolation of native endophytes of par-
ticular species in their respective geographical location and assessment of its effects 
on phytopathogens as well implications on plant growth could provide dual benefits 
for sustainable agriculture.

13.5.2 Competition for niche and nutrition

Endophytes could essentially deprive the space and nutrition against phytopathogens. 
Due to intrinsic properties and better adaptation to host as well as its environment, en-
dophytes contend against invasive phytopathogens. The ability of native endophytes 
is relatively high on colonization in plant tissues when compared with invading patho-
gens (Backman and Sikora, 2008).

13.5.3 Antagonism

Antagonism refers to hostility toward microorganism to another; it can be either by 
parasitism or antibiosis. Parasitism is inhibition of another organism, with respect 
to fungus it can be termed as mycoparasitism. Mycoparasitism involves penetration 
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of the parasite into the host hyphae with specialized structures such as haustoria and 
release of secondary metabolites resulting degradation of fungal structure enabling 
nutrient uptake from host fungus (Clay, 1991). The widely studied Trichoderma spp. 
could be the best example while explaining mycoparsitism. Trichoderma spp. can 
secrete a wide range of cell wall-degrading enzymes which is crucial for mycoparasit-
ism. Enzymes like cellulase, xylanase, pectinase, glucanase, lipase, amylase, protease, 
endochitinases, β-glucanases, and proteases can degrade fungal cell walls (Adams, 
2004). The hyphae of Trichoderma spp. coils around pathogens forming specialized 
structures like hooks, appressorium, haustoria breaking the cell wall, and release of 
antimicrobial compounds leading to death (Markovich and Kononova, 2003; Verma 
et al., 2007). Four Pseudomonas strains isolated from the roots of Xanthium stru-
marium, Portulaca sp., Gossypium hirsitum, and Convolvulus arvensis showed sup-
pression of disease incidence due to Verticillium wilt (Erdogan and Benlioglu, 2010). 
Antagonism against Ralstonia solanacearum, causative agent bacterial wilt was ex-
hibited by two bacterial strains belonging to Streptomyces genera isolated from a to-
mato plant, mode of action was observed due to the production of siderophores and 
ACC deaminase activity Tan et al. (2011). The endophytic bacterium strain HA02 
had significant inhibition against Verticillium dahlia which is the causative agent 
of Verticillium wilt of cotton (Li et al., 2012). A study carried out by Ramesh and 
Phadke, (2012) using bacterial endophytes from the grape, watermelon, and papaya 
against Ralstonia solanacearum revealed the antagonistic activity of isolates. The re-
sults showed maximum inhibition by Enterobacter cloacae from papaya followed by 
Bacillus subtilis (EB-06) and B. flexus from watermelon and least by B. pumilus from 
the grape.

Antibiosis interaction by secretion of various secondary metabolites having an-
timicrobial properties or biostatic can suppress or reduce the growth of phytopatho-
gens. Biocontrol of phytopathogens such as Phytoptera infestans and Phytoptera 
capsica by Purpureocillium lilacinum which are documented to produced antibiotic 
leucinostatins (Wang et al., 2016). The culture-based study carried out by Mohan 
et al. (2015) revealed antagonistic potential of eight ectomycorrhizal fungal isolates 
Alnicola sp., Laccariafraterna sp., Lycoperdonperlatum sp., Pisolithusalbus sp., 
Russulaparazurea sp. Scleroderma citrinum, Suillusbrevipes sp., and Suillussubluteus 
sp., against Alternaria solani, Botrytis sp., Fusarium oxysporum, Lasiodiplodia theo-
bromae, Phytophthora sp., Pythium sp., Rhizoctonia solani, Sclerotium rolfsii, and 
Subramanio sporavesiculosa. The highest inhibition was shown against Suillusbre 
vipes while P. albus being least. The effective biocontrol of Capsicum bacterial wilt 
by Ralstonia solanacearum was observed by bacterial endophyte from Bacillus amy-
loliquefaciens due to production of antimicrobial protein LCI (Hu et al., 2010).

13.5.4 Induced systemic resistance

Plants have enabled themselves with diverse defense mechanisms to intercept and 
counter adverse negative impacts posed by invading pathogens. These pathways 
are triggered when the invasion of pathogens and pests occur. They involve specific 
pattern-recognition receptors, which could be either pathogen or microbe-associated 
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molecular patterns (PAMPs or MAMPs) based on signaling molecules from mi-
crobes or damage-associated molecular patterns (DAMPs), which are plant-based. 
Endophytes could trigger MAMPs prior to infection stage by phytopathogens ren-
dering ISR to host plant. Disease by Verticillium dahlia in oilseed rape was found 
to be suppressed by Serratia plymuthica along with plant growth stimulation, the  
role of AHL-mediated signaling for disease suppression was found to be in crucial  
in this regard (Müller et al., 2009). Olive root endophyte of Pseudomonas fluores-
cens was found to be effective against Verticillium wilt of olive. The isolate induced a  
broad range of defense response along with induction of systemic defense responses 
(Cabanás et al., 2014).

13.5.5 Endophytes as biocontrol agents against pests

Entomopathogenic fungi as a biocontrol agent against pests have been an emerging 
area of interest. Various genera of fungal endophytes have been reported to be ento-
mopathogenic. The instigation of entomopathogenic fungi was studied using soil fun-
gus Beauveria bassiana (Ascomycota) which was found to be effective against more 
than 700 insect pests, also being first commercial biopesticide. Many reports have 
been available in this regard from 1980s. Biocontrol using endophytes can also be em-
ployed for management of invertebrates’ pests (Jaber and Salem, 2014). Metarhizium, 
Beauveria, Lecanicillium, and Isaria are commercially available as biopesticides. 
Protection against both phytopathogens and arthropod pests render endophytes to 
be dual biocontrol agent. Biocontrol of Thripstabaci was found to be effective in 
onion with Fusarium sp., Hyprocrealixii, and Trichoderma sp. (Muvea et al., 2014). 
Artificial inoculation of B. bassiana for the control of H. armigera was successful in 
tomato plants (Qayyum et al., 2015a). Application of B. bassiana and M. brunneum in 
melon was effective in inducing a significant mortality rate of Bemisia tabaci for the 
pest management of Cucumis melo L (Garrido-Jurado et al., 2017).

Even though endophytes have developed strong antagonism against phytopatho-
gens, aiding in plant growth and induction of tolerance, there are several challenges 
need to be addressed for employing them as biocontrol agents. The artificial inocula-
tion could essentially face strong competition from microbial diversity which is al-
ready established in host plant and can also be influenced by the effect of ecological 
changes. The effectiveness could vary from lab trials and field trials. This may be 
attributed to a variety of factors such as less viability during storage, toxicity to untar-
geted organisms or may have poor colonization rate.

13.5.6 Mode of action by entomopathogenic fungi

The mechanism of infection in insects occurs through adhesion, penetration, prolif-
eration, and death. Adhesion of entomopathogenic fungi to insects is due to adhesion 
genes or hydrophobicity exerted by conidia. The hydrophobic lipid layer aid in at-
tachment of propagules. In specific adhesion by genes include adhesion proteins such 
as hydrophobins, some of the genes involved in this regard includes Mad1, ssgA, 
HYD1, HYD2, HYD3 (Moonjely et al., 2016). The conidia adhered to the cuticle 
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germinate with aid of insect components such as lipids, chitins, and proteins leading 
degradation of the cuticle. The lipids in the cuticle provide the major carbon source for 
conidial germination. After germination, the hyphae protrudes into cuticle releasing 
various proteolytic enzymes such as proteases, esterases, N-acetylglucosaminidases, 
chitinases, and lipases. The specialized hyphal structures formed appressoria confirms 
the successful penetration. After successful penetration, yeast-like bodies is formed 
in hemolymph now called blastopores ultimately resulting in death. In addition to 
these mechanisms entomopathogenic fungi such as Beauveria and Metarhizium also 
produce insecticidal metabolites such as beauvericin and destruxins (Strasser et al., 
2000). A study conducted by Kim et al., (2016) reported suppression of powdery mil-
dew by Zucchini Yellow Mosaic Virus (ZYMV) and aphids in cucurbits.

13.5.7 Host range and host specificity of entomopathogenic 
endophytes

The endophyte employed as controlling pests should be able to survive and maintain 
a symbiotic relationship with the host plant along with nontoxicity for nontarget or-
ganisms. Therefore, the target range and target specificity of entomopathogenic en-
dophyte of interest should be determined to avoid detrimental changes. Metarhizium 
robertsii species is often considered as a potential candidate due to narrow host speci-
ficity and also it does not cause any time-lapse problems (Wang and Leger, 2005).

13.5.8 Development of endophyte inoculants

The endophyte inoculants for sustainable agriculture have a potential market of inter-
est. It also has several challenges associated with the solutions which can develop the 
various industry for large-scale agronomical practices. The high uneconomical use of 
chemical and its adverse negative impacts could essentially be addressed using endo-
phyte technology. The native endophyte diversity with related crop wild relatives is 
more suitable for tangible benefits like improved colonization and adaptability, thus 
reducing the chances of the impact of alien species for the environment which could 
be detrimental. The establishment of endophyte diversity in particular genera from the 
diverse environment or more endemic to that region would provide significant cor-
relations on diversity dominance. To evaluate the diversity dominance for selecting 
endophytes, the most crucial factors to focused are sampling sites, plants should be 
disease-free, ecological parameters of sampling site (temperature, pH, water condi-
tions, and salinity), sites selected should be free from external influence of anthropo-
logical activities, that is, undisturbed natural habitat, should not consist of any invasive 
species, plant growth stages (Busby et al., 2017). After establishing dominant species, 
the second step is to screen for potential endophytes as inoculants could be assessed. 
The endophyte to be screened for application should not be pathogen for either human 
or plant, genetic variation between the host plant and endophyte should be minimum, 
the ability of potential isolate should grow on a range of substrates, purity of culture 
should be considered along with its ability to produce spore for artificial inoculation. 
Efficacy of single endophyte along with a mixture of endophyte inoculants in the host 
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plant could also be considered for efficient plant improvement and yield. The toler-
ance assessment for various biotic and abiotic stresses should be validated for at least 
three generations with significant statistical results would be required (Faye et al., 
2013). The successful translation from controlled environments to field trials would 
establish the successful commercialization. With global climate change and negative 
impacts by chemicals used in agriculture the employment of endophyte could provide 
a vision for sustainable agriculture.

13.5.9 Types of inoculation for delivery

The effect of artificial inoculation for colonization of endophytes depends on various 
biotic and abiotic factors, along with inoculation methods, growth media, and the 
density of inoculum. There are several inoculation strategies described such as foliar 
(micro-slit method, spraying conidial suspension), stem (micro-slit method), seed dip-
ping, root dipping, soil spray, and callus culture. Some of these techniques have been 
observed to show a high success rate which is briefly discussed in Fig. 13.1.

13.5.10 Foliar inoculation

Foliar inoculation has been found to be successful in the majority of crops. Artificial 
foliar inoculation of Beauveria bassiana suppressed disease severity of downy mil-
dew by Plasmopara viticola in grapevine (Jaber, 2015). Similarly, this method has 
been successful efficient in colonization in wheat, corn, bean, tomato, and pump-
kin (Gurulingappa et al., 2010), soybean (Russo et al., 2015), tomato (Resquín-
Romero et al., 2016), bean (Jaber and Enkerli, 2017), and grapevine (Rondot and 
Reineke, 2018).

13.5.11 Stem inoculation

Stem inoculation has also been found to be efficient in colonization of endophyte in-
oculants could be attributed to direct injection of conidia inside plant tissues by pass-
ing the external defense barriers. The stem inoculation has been successful in cacao 
(Rubini et al., 2005) and coffee (biocontrol of pest berry borer) (Posada et al., 2007).

Figure 13.1 Different artificial inoculation methods for the colonization of microbial 
endophytes and their applications.
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13.5.12 Seed dipping

The presoaking of seeds in conidial suspension has been reported by Powell et al. 
(2009) in tomotoes (B. bassiana); bean (Akutse et al., 2013), and tobacco (Russo 
et al., 2015).

13.5.13 Root dipping

The dipping young seedling roots in conidial suspensions have been found most ef-
fective in banana when compared with other techniques (Akello et al., 2007). Also, 
the method had in successful in the recovery of B. bassiana in tomato (Qayyum 
et al., 2015), tobacco, corn, wheat, and soybean (Russo et al., 2015).

13.5.14 Soil spray

Application of conidial suspensions around root seedlings has also been found suit-
able for endophytes colonization. Reports of soil drenching in sorghum (Tefera and 
Vidal, 2009), tomato (Elena et al. 2011); common bean (Parsa et al., 2016), cassava 
(Greenfield et al., 2016) has been found to be successful. Soil drenching by the co-
nidial suspension of B. bassiana and M. brunneum resulted in improved growth of 
sweet pepper plants.

13.5.15 TwinN

TwinN is a dried microbial inoculum packed with vacuum which provides prospicient 
shelf life period. For usage, first dissolved in less water and later in large amount of 
water. TwinN contains a consortium of microorganisms including growth hormones, 
nitrogen fixation, and phosphate solubilizers. These microorganisms can inhabit in 
the root, shoot, rhizosphere, and leaf as endophytes. It can be used as an inoculant 
for crops as well as trees. This TwinN can be well applied in irrigation, sprinkler, and 
spray depends on crops.

13.6 Commercialization of endophyte products 
for sustainable agriculture

Over the past 60 years, agriculture has been dependent on synthetic chemical pesti-
cides and fertilizers resulting in the evolution of resistance. Endophytic microbes as an 
alternate to the traditional agricultural practices have been recently focused and have 
found wide interest globally by researcher communities (Fig. 13.2). These endophytes 
are desired as they can host a wide range of benefits from plant growth to plant pro-
tection. But due to the legislations imposed on biopesticides based on regulations for 
synthetic substances, it has brought barriers for biomarket of endophytes. The major 
bioinoculants employed and marketed globally includes rhizobium that helps in ni-
trogen fixation and phosphate solubilizers which is likely to be increased in demand. 
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Most of the bioinoculants producers were from the United States and around 20–30 
nations globally (Olson, 2015; Ravensberg, 2015). The use of general standards has 
hindered performance and viability of bioinoculants. Therefore, employment of native 
endophytes to region specific could solve wide issues such as performance, viability, 
endophyte adaptability, colonization efficacy, and storage efficiency. However, the 
need of strict regulations and quality control should not be neglected in this regard. 
The regulatory regimes and economic implications would be discussed below with 
product market aspects, product evaluation, and risk factors involved. As the endo-
phyte application in agriculture is still in infancy the following evaluation would be 
based on available bioproducts in existence.

13.6.1 Bio vaccine

Bio Vaccine is a fungicide which contains Trichoderma viride and provide pro-
tection to the plant against rot and wilt diseases. It destroys fungal pathogens like  
Fusarium spp., Pythium, and Rhizoctonia which causes various rot and wilt diseases. 
Trichoderma viride emerges as coils around pathogens which degrades cell wall syn-
thesis of fungal pathogens by producing various enzymes like celluloses and chitin-
ases. This process is also called as mycoparasitism where one fungus kills other fun-
gus by reducing their growth and metabolic functionality. It also enhances systemic 
resistant to destroy plant pathogens. It helps to enhance nutrients and moisture in the 
root system and also increases the stress tolerance.

13.6.2 Biofertilizers

The term “biofertilizer” is a product which are not chemically synthesized, biode-
gradable, and can be used as a fertilizer. However, biofertilizer entail as a fertilizer 

Figure 13.2 Biocommercial beneficial applications of microbial endophytes.
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containing living organisms which is classified as phosphate-solubilizing and nitro-
gen-fixing biofertilizers which contains fungi or bacteria. They have been employed 
in many kinds of formulations.

AgriLife has launched fifteen biofertilizer products based on nitrogen fixers, phos-
phate solubilizers, potassium, ferrous, sulfur, manganese solubilizers, and zinc-mobi-
lizing microbes in the market. Each biofertilizers contains one bacterial strain and for 
each nutrient suppliment, specific biofertilizers are available (Mehnaz, 2016).

JumpStart contains Penicillium bilaii, a fungus which provides phosphate avail-
ability to plants. P. bilaii colonizes the plant root and helps to release various organic 
compounds to the soil which breaks the bond between phosphate and elements. Plants 
get more access to phosphate whereas the fungus gets their nutrient supplements from 
the plant, establishing a symbiotic relationship. It is mainly suitable for canola, wheat 
as well as legume crops.

TagTeam is a multi-action inoculant that is suitable for legume crops. It provides 
more usage of phosphate and helps to fix more nitrogen. It comes with a combination 
of a fungus Penicillium bilaii and rhizobia strains. This natural product is available in 
the form of granular and liquid formulations to use on soybean, pea, dry bean, lentil, 
and chickpea.

RhizoMyco is a biofertilizer that contains eighteen species of endo as well as ec-
tomycorrhizae and growth-promoting agents. RhizoMyco is available in the form of 
soluble or injectable form to give broad-spectrum benefits for enhanced nutrient sup-
plements and increases root systems.

RhizoMyx is a well-known endomycorrhiza inoculant which is designed to in-
crease the plant performance by enhancing root nodules development and providing 
nutrient suppliments more available.

13.6.3 Biocontrol products

Met52 is one of the potent bioinsecticides which contains spores of soil fungus 
Metarhizium anisopliae. The suspended spores of Metarhizium sp. attaches to the 
over surface of target insects which germinates, penetrates to the exoskeleton, and 
grows inside the pest. Later the death of target pest/insects will take place in a few 
days. Taegro is a bacteria-based biofungicides/bactericides which is used to suppress 
the selected soilborne and foliar diseases.

13.7 Bio market

Bioproducts in sustainable agriculture include biopesticides and biofertilizers which 
are derived naturally from animals, plants, and microbes for the plant growth promo-
tion and protection. The current bioproduct market includes around 3 billion US dol-
lars. The major market is located in the United States where more than 200 products 
are available followed by the European Union (EU) around 60. The rate of demand has 
been increasing around 10% global market annually. The growing concerns related to 
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synthetic analogues due to their negative effects on human health and environment, 
the bioproduct market would gradually over take in the future. Also, the unavailability 
of new chemical substitutes with new stringent regulations has reduced the chemical 
product market. The global attention in this regard has shifted to the inclination sci-
entific community and general population toward ecofriendly and safer technologies 
like bioproducts. The revenue for the North American biofertilizer market has risen 
over 72.5% (Dunham and Trimmer, 2015). The market price in the EU of bioproducts 
is around 25% more than synthetic analogues (Czaja et al., 2015; Olson, 2015).

13.7.1 Registration of product

The technical data required for bioproduct registration are quality, purity, and stabil-
ity; efficacy; crop safety and maximum residue levels (Snyder, 2015).

13.7.2 Quality control

The qualities of endophytes bioproduct are impeded due to natural microflora and 
varying their functions in a new host. There is no available standard for endophytes in 
this regard for their performance and availability (INVAM, 2008).

13.7.3 Efficacy of the products

The overall yield gain through the application of endophyte bioinoculants could be 
ascertained as a success. But there is always the possibility of end results to be varied 
or inconsistent sometimes may become contradictory. The use of native endophytes 
would ascertain that the above complications to be minimized. Also, collective soil 
dynamics with native microflora could also affect the performance of bioproduct 
(Verbruggen et al., 2013).

13.7.4 Regulation of endophyte-based bioproducts market

The bio market includes scientists, regulators, marketers, and end-users in commer-
cialization. The scientists are involved in the earlier stages of product development 
followed by regulators then marketers with the final end-users. If there is disagree-
ments between them, that needs to be resolved by mutual agreements. Assessment of 
risks needs to be evaluated which needs new regulation as there is no existing market 
in this regard to endophytes. Tailoring of these new regulations is most important. The 
elimination of tiresome lengthy process is one of the major concerns need to focus. 
Product development already involves a good amount of time, so it should not delay 
the new product commercialization.

13.7.5 Challenges in endophyte commercialization

The limited companies in bioproduct-based industries are one of the major problems. 
The lack of initial investment is the main lacuna. The government and private funding 
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for the development of these products are crucial. The government should provide 
improved regulations and should emphasize small and medium scale startups. The 
strategic investment in infrastructure is also a need for large-scale production. The 
regulatory frameworks for registration of bioproducts should be implemented with the 
view of faster commercialization for the products to enter the market.

13.7.6 Possible toxicity assessment

The beneficial aspects of microbial endophytes are intriguing, but toxin production 
potential of these microbes should not be neglected. It should be regulated as the pro-
hibition of toxin-producing endophytes for agricultural and industrial applications. 
The critical assessment and complete characterization of endophytes should be em-
ployed to carry out the assessment of genomic data with lab and field investigation.

13.8 Recent developments and applications of microbial 
endophytes

13.8.1 Auto fluorescent protein (AFP) technique

Auto fluorescent protein technique has been employed to study the plant-microbe 
interaction and their colonization. AFP as a marker system, coding for green fluores-
cent protein has been successful in the monitoring of colonized endophytes in root 
tissues (Tombolini and Jansson, 1998). Green fluorescent protein has an advantage of 
fluorescing without additional requirement of substrate or cofactor. This method has 
been using poplar plants using different artificial inoculation techniques used in the 
b-glucuronidase (GUS) reporter system (Germaine et al., 2009).

13.8.2 Genome studies

With the advancement of genome technologies whole genome of several endophytic 
bacteria like Enterobacter spp., Stenotrophomonas maltophilia, Pseudomonas putida 
are available (www.jgi.doe.gov). The valuable insights of mechanisms at molecular 
level would enable better understanding along with base for experimental design (Rao 
et al., 2016; Rao and Satish, 2015).

13.8.3 Genetic engineering

The genetic modulation of Metarhizium robertsii was carried out by Wang and St 
Leger, (2007) for expressions neurotoxin from scorpion, reduced the survival of the 
tobacco hornworm by 28%. Four insect toxins were engineered in Metarhizium acri-
dum, the synergistic effect of the combination of toxins reduced the incidence of ac-
ridids by 48% when compared with wild type (Fang et al., 2014). The whole genome 
analysis might enable the exploitation of gene clusters and depicting mechanisms 
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of complex interactions associated with endophyte-plant host relationship (Mohana 
et al., 2018). The genetic engineering of GRAS endophytes can enable tailored ben-
efits without affecting nontarget organisms should be more explored.

13.9 Conclusion and future perspectives

The depth of scientific knowledge about microbial endophytes and their mechanism 
is highly in its infancy with published research literature is either scarce or not fully 
understood. No microbial technology can be considered a successful technique until 
its commercial availability is proved. The endophytes specificity with the host plants 
is a major hurdle for large-scale production. The host-specific studies of endophyte 
are much required before initiating the large-scale production, which involves micro-
bial technology-based advance in research. More efforts are needed in the formulation 
of host plant specific inoculum doses of microbial endophytes. The optimized and 
enhanced host specific inoculants will certainly reduce the cost for production of bulk 
inoculum with their applications and thus might increase productivity. New strate-
gies of exploration like the discovery of novel endophytic strains or endophyte gene 
alterations are on the apparent horizon of replacing the need for host-specific targets. 
Instead, new endophytic microbes can be screened for suitable traits from medicinal 
plants growing under unique niche and extreme environment conditions. The alterna-
tive strategy of genetic manipulation can fit host plants with new traits like disease 
resistance, phytoremediation and other applications could more suitably regulate the 
metabolism.
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