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Abstract

Plants being sessile are continuously exposed to a wide range of biotic and abiotic
stresses that exert adverse effect in their growth and development. Various
physiological, biochemical, and molecular machineries are employed by the
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plants to overcome these stresses. Endophytes are mostly the symbiotic fungi and
bacteria that reside inside the plant tissue and stimulate plant growth during stress
conditions. Endophyte-mediated plant stress tolerance holds significant role in the
analysis of plant-microbe interactions. Although still at its infancy, the
endophyte-mediated host stress tolerance including drought, salinity, high-
temperature stresses, and pathogenic infection has been well described in the
recent times. The molecular mechanism governing the endophyte-mediated
stress response includes the induction of plant stress genes and regulation of
reactive oxygen species. In the present review, we discuss the evidences
for bacterial and fungal endophyte-mediated stress tolerance and associated
mechanisms. This information from this review will help the scientific commu-
nity in the development of suitable biotechnological approaches toward usage of
endophyte microbes in the improvement of crop yield under multiple stress
conditions.
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Abbreviations

ABA Abscisic acid

ACC 1-Aminocyclopropane-1-carboxylate
AHK?2 Arabidopsis histidine kinase 2
APX Ascorbate-dependent peroxidases
CDK Cyclin-dependent protein kinase
CDPK Calcium-dependent protein kinase
CREI Cytokinin response 1

DHAR Dehydroascorbate reductases

GR Glutathione reductases

HR Hypersensitive responses

IAA Indole acetic acid

TIAA Indole-3-acetic acid

ISR Induced systemic resistance

JA Jasmonic acid

MAPK Mitogen-activated protein kinase
MDHAR Monodehydroascorbate reductases

PAMP Pathogen-associated molecular patterns
PRR Pattern recognizing receptors

ROS Reactive oxygen species

SA Salicylic acid

SAKA Stress-activated mitotic kinase

SAR Systemic acquired resistance

SOD Superoxide dismutase

VOC Volatile organic compounds
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1 Introduction

Endophytes are the group of ancestral endosymbionts, primarily consisting of
bacteria, fungi, and actinomycetes that reside for at least a part of their life cycle
or throughout life without causing any harm or disease in plants across the arctic
to tropical regions of the world [1]. They survive in different parts of the plant
including healthy stems, roots, twigs, node, internode, petioles, bark, leaves, fruit,
flower, and seeds without exhibiting any infection symptoms or severity in the host
tissues [2]. Geological time scale has shown that plant and endophyte interactions
have originated as early as the origin of the first group of higher plants on earth [3, 4].
The mutualistic symbiotic behavior of the endophytes and plants is demonstrated
from the fact that the host plant gives the shelter and nutrients to endophytes while
the later increases the survival chance of the host plant by increasing the tolerance
effect to insect herbivory as well as biotic and abiotic stresses [5, 6]. Interaction
between plants and microbes can be mostly classified as detrimental or neutral.
In most of the cases, the interaction is considered as beneficial, because microbes
consume the plants organic product for respiration and metabolism and at the
same time help in nutrient recycling and tolerance against various stresses. Benefi-
cial microbes encourage plant growth development and inhibit the plant diseases
by enhancing different types of the mechanisms which mainly include production
of growth regulators, hormones, and pathogen-inhibiting compounds. In rare
cases, the endophytic fungi, bacteria, and viruses have detrimental effect on the
host plants [7].

Endophytes have received significant importance in the recent times as they could
affect the interactions of plants with their environment and alter the course of their
interaction with infecting pathogens [8]. They have the ability to adapt in various
adverse environments including nutrient-deficient conditions, heavy pollution, and
rigid environmental conditions and produce huge amount of bioactive compounds
that are essentially used in pharmaceutical industries [9—11]. Endophytic fungi not
only inhibit the heat and light-mediated destruction of photosynthetic apparatus, but
they also increase the number of photosynthetically active pigments in plants [12, 13].
Bacterial and fungal endophytes facilitate the biological degradation of dead plants
which is essential for nutrient recycling and help in phytoremediation of polluted soil
and water [14, 15]. Some of the endophytes exhibit a good metal sequestration and
chelation system that helps in higher tolerance effect toward the heavy metals [16].
Volatile antibiotics secreted from endophytic fungi inhibit growth of the pathogen
through mycofumigation [17, 18]. Endophytes may also increase host fitness
and competitive abilities by increasing successful germination and growth rate or
enhancing the absorption of nutritional elements by the host [19]. In spite of all these
activities, the role of endophytes in crop improvement is still inconspicuous. Recent
findings clearly show that endophytes may have an important influence in the
regulation of plant growth and stress responses leading to augmentation of produc-
tivity. In this chapter, we aim at acquainting the readers with the generation charac-
teristics of endophytes and specifically focus on those facets of endophyte research
causing plant improvement through modulation of biotic and abiotic stress responses.



680 S. Nanda et al.

2 Response of Plants to External Stresses

Lack of mobility together with the absence of any specialized immune system
in plants brings in numerous challenges for plants in the form of biotic and abiotic
stresses. Often, the growth and development of plants gets compromised in over-
coming such environmental stresses. With due course of evolution, plants have
developed complex regulatory networks, which not only provide an appropriate
defense response against specific stresses but also determine the pertinent resource
distribution between plant development and defense. Several plants modify their
outermost structures such as leaves into trichomes and spines and deposit epidermal
layers of lignins, resins, and silica to limit pathogen invasions and discourage
herbivory. A diverse repertoire of secondary metabolites further aid in plant defense
responses [20].

As a second line of defense, plants can perceive various stress stimuli and can
induce local and systemic defense responses [21]. Recognition of pathogens or the
pathogen-associated molecular patterns (PAMPs) by the membrane-bound pattern
recognizing receptor (PRR) channels activates the plant immune responses through
the production of reactive oxygen species (ROS), hypersensitive responses (HR),
programmed cell death, tissue reinforcement at the site of infection, and expression
of defense-related proteins [21-23]. This kind of immune response is often referred
to as the PAMP-triggered immunity (PTI). These induced local defense responses
consequently lead to the establishment of immune response throughout the plant
known as the systemic acquired resistance (SAR) [21]. Having said that, successful
pathogen invasions often break down the PTI immunity in plants by secreting
several effectors into plant cells. However, the plant resistance genes (R genes),
mostly characterized as possessing the nucleotide-binding site (NBS) and leucine-
rich repeat (LRR) domains meticulously recognize the pathogen effectors and
thus trigger another type of immune response known as effector-triggered immunity
(ETI) [22].

Plants possess a complex and intertwined networks of signaling pathways
consisting of multiple signal molecules, phytohormones, and protein kinases.
The earliest possible signaling event includes the perception of abiotic and biotic
stresses through the induction of Ca®" influx and ROS accumulations in the
affected plants [21, 23]. Stress stimuli and presence of secondary signaling
molecules like ROS can lead to the accumulation of several phytohormones
including abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA), gibberel-
lins (GA), and ethylene (ET) [24]. Besides, a large number of plant kinases play
crucial roles in plant defense signaling and provide a highly complex crosstalk
network among all the players involved in defense response. Plant kinases includ-
ing calcium-dependent protein kinase (CDPK), cyclin-dependent protein kinase
(CDK), and mitogen-activated protein kinase (MAPK) have been reported in
numerous studies to participate, modulate, and confer defense against many biotic
and abiotic stresses in plants [25-29]. Thus, plant response to different stresses in
their natural habitat involves the maintenance of balance and fine-tuning of these
complex repertoire of defense strategies.
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Fig. 1 (a) Schematics depicting the mode of entry and colonization of endophytes in host plants.
(b) Strategies adopted by endophytes to establish in a host plant and transmitted into the host plant
progeny. V'T vertical gene transfer, F'/ first-generation progeny of a host plant

3 Endophytic Symbionts

Symbiosis is defined as the mutualistic, parasitic, or commensalic interactions
between two organisms for throughout the life or some part of their life [30]. Endo-
phytes are one of the most unexplored and diverse group of organisms that make
symbiotic associations with higher life forms and may produce beneficial substances
for host [31]. Plants form mutualistic symbioses with a variety of microorganisms
including endophytic fungi that live inside the plant and cause no overt symptoms of
infection. The microbes enter into the plants through natural pores or wounds created
by biotic stress and abiotic stresses and penetrate inside through the secretion of
a wide range of cell wall-degrading enzyme such as cellulase, cutinase, protease,
pectinase, hemicelluloses, and lignin peroxidase [32] (Fig. 1). The production of
ROS and the subsequent activation of multiple cellular mechanisms including
programmed cell death, necrosis, and systemic signaling help in maintaining the
mutualistic behavior between the plants and the microbes. However, the plants’
response to biotic and abiotic stresses due to the result of fungal, plant, or symbiotic
metabolism is still poorly understood [33—-35]. A fungal endophyte, Neotyphodium
coenophialum, present in the Lolium grasses helps in preventing herbivory by
producing different types of secondary metabolites [36]. Orchid mycorrhizal fungi
provide necessary nutrients critical to symbiotic seed germination [37]. Continued
interaction between plant and endophytes may also result in exchange of genetic
material leading to sustained synthesis of microbial-derived bioactive compounds
from generation after generation in the plant system [38, 39]. Establishment and
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maintenance of this long-term association between plants and fungus is regulated by a
group of stress-activated mitotic kinases (SaKAs). Deletion of SaKA gene(s) often
converts the mutualistic interaction into pathogenic action. SaKA mutant fungi often
result in developmental defects of plants including stunted growth, loss of apical
dominance, and premature senescence [40]. MAP kinases (MAPKs) are another
group of enzymes that are expressed during plant-microbe interaction. Activation
of MAP kinase pathway only results in the accumulation of ROS which have greater
role in the maintenance of abiotic stress tolerance and immunity against the invading
pathogen and enhancing endophytic growth [41, 42]. Temperature regulation is
another important aspect of symbiotic relationship between endophyte and plants.
While both the plants and endophyte can tolerate high temperature up to 65 °C during
symbiotic growth, they cannot survive above 40 °C under nonsymbiotic existence
[43]. Besides, endophytic symbionts also help in crop improvement through produc-
tion of antifungal, antibacterial, and nematicides which inhibits the pathogenesis in
the crop field. Likewise, siderophore produced by the endophytic fungi helps in
uptake of iron in low iron habitats and helps in providing nutrient supplements to
the plants [44]. Overall, the symbiotic relationship between plants and microbes
especially the fungi is highly significant for growth, development, and productivity
of crop plants.

4 Endophyte-Mediated Plant Growth

Water, light, and nutrients are integral to the growth, reproduction, and survival of
plants under different geographic regions. Often under natural conditions, the plants
also face unfavorable and hostile conditions collectively known as abiotic stresses
hampering homeostasis and growth. Being sessile, plants are exposed to a broad
range of environmental stresses as well as stresses induced by other living
and nonliving systems that they cannot escape. Extreme environmental conditions
below or above the optimal levels often limit plant growth and development.
Drought, low- or high temperature, salt stress and acidic conditions, heavy metal
stress, nutrient stress, and starvation are the major abiotic stresses that affect the plants
[45]. Biotic stresses include the damage done to plants by bacteria, viruses, fungi,
parasites, harmful insects, weeds, and cultivated or native plants. Fortunately, many
microorganisms including bacteria, fungi, and protozoa form beneficial or symbiotic
association with plants which benefit them not only to overcome various environ-
mental stresses but also support their growth and development. Although extensive
studies have been performed in understanding the mutualistic interactions between
plants and soil microbes, the interaction between plants and endophytes has only been
lately realized. Plant-endophyte interactions have revealed that endophytes help the
plants by promoting growth and enhanced defense responses, whereas the plants
possess the ability to choose these valuable microbiomes allowing to colonize within
its tissues [46, 47]. These endophytes significantly contribute to the regulation of
many vital physiological processes and promote the overall plant vigor and growth.
For instance, endophytic fungi facilitate the degradation of the cuticular cellulose
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resulting in improved carbon uptake and promote seed germination [48]. Endophytes
serve the growth and development of host plant by (1) assisting in the production
of hormones and compounds, (2) aiding in acquiring essential nutrients, and
(3) enhancing plant defense against biotic and abiotic stresses.

4.1 Production of Phytohormones and Other Growth-Inducing
Compounds

Phytohormones are the regulatory molecules that are essentially involved in the
growth, physiological processes, and defense responses in plants [49-51]. The col-
onized endophytes can effectively alter the phytohormonal homoeostasis, thereby
accelerating the plant growth [52]. Most of the plant endophytes, especially those
associated in plant roots, accelerate the plant growth and development via production
of the auxin class hormone indoleacetic acid (IAA). Several physiological processes
are influenced by IAA homeostasis including cell differentiation, seed germination,
development of vascular tissues, root formation and elongation, vegetative growth,
pigmentation, and photosynthesis [53]. Colonization of the plant-growth-promoting
bacterial endophytes in Solanum nigrum and Nicotiana attenuata promoted root
growth by 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity and ele-
vated production of indole-3-acetic acid (IAA) in the former, whereas only by IAA
accumulation in the later, respectively [52]. On the other hand, production of I[AA can
result in increased colonization efficiency of the bacterial endophytes, thus maximiz-
ing the endophyte-mediated plant growth [54]. In Populus trichocarpa, a diazotroph
endophytic bacteria Burkholderia vietnamiensis produces IAA required for plant
growth [55]. Similarly, Bal et al. [56] identified six endophytic bacteria from rice
plants grown in the costal fields which produced IAA and ACC deaminase. Further,
inoculation of the isolated bacterial strains into an indica rice cultivar “Naveen”
resulted in noticeable plant growth enhancements with elongated roots and increased
IAA production and ACC deaminase activity. In japonica rice cultivar Dongjin, the
association of endophytic fungi Paecilomyces formosus conferred enhanced plant
growth reflected by improved plant height, biomass, and chlorophyll content com-
pared to plants having no endophytic associations [57]. Passari et al. [58] isolated
BPSAC6, an endophytic bacterial strain of Bacillus sp. from Clerodendrum
colebrookianum which could produce three different phytohormones including
IAA, kinetin, and 6-benzyladenine.

Although endophytes can promote the growth kinetics of plants via IAA produc-
tion, they can also contribute in limiting the production of other phytohormones
like GA, JA, and ABA to help the plants overcome various stresses [58, 59]. Often,
GA-producing endophytic microorganisms contribute toward improved yield of
the host plant. Hamayun et al. [60] isolated an endophytic fungi Phoma herbarum
from the salt-stressed soybean plant roots, which showed promising plant growth-
promoting characters resulting in increased biomass and elevated production of
active GAs including GA1l, GA3, GA4, and GA7. Similarly, endophytic fungi
Cladosporium sp. isolated from cucumber have plant growth-promoting properties
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through the production of several active and inactive GAs [60]. Further, in Moringa
peregrine, two fungal endophytes Aspergillus caespitosus LK12 and Phoma
sp. LK13 isolated from the bark tissues were reported to enhance plant growth by
producing bioactive GAs [61]. Besides, endophytes play key roles in regulating the
cytokine and ET levels in plants. Ethylene has multitude roles in plants and actively
participates in plant defense signaling. The elevated level of endogenous ET during
stress response often negatively affects the growth and overall plant development
[53, 62]. The endophytes having ACC-deaminase activity catabolize the ET precur-
sor molecule ACC to 2-oxobutanoate and NHj; resulting in a lower level of ET after
neutralization of the pathogen attack [63]. The sunflower endophytic bacterial strains
SF2, SF3, and SF4 were reported to enhance plant growth under water stress
by producing SA [64]. Interestingly, in Arabidopsis and its endophytic fungus
Piriformospora indica association, P. indica produces high levels of cytokinins.
The trans-zeatin biosynthesis and the cytokinin response 1/Arabidopsis histidine
kinase 2 (CRE1/AHK2) receptor combinations are essential for P. indica-mediated
growth in Arabidopsis. Arabidopsis mutant lines having impaired CRE1/AHK2
receptor combination or lacking cis-zeatin resulted in reduced cytokinin levels
even in colonized roots [65].

Endophytes assist their host plants growth by producing other kinds of growth-
simulating chemicals apart from the phytohormones. These chemical entities range
from metabolites like sugars and polyamines to volatile compounds. The bacterial
endophyte Methylobacterium extorquens and the fungal endophyte Rhodotorula
minuta in Pinus sylvestris plants produce adenines and adenine ribosides which
serve as potential precursor molecules in cytokine biosynthesis and control the
morphological attributes of the plant [66]. In Arabidopsis, exposure to endophytic
volatile organic compounds (VOCs) including acetoin and 2, 3-butanediol resulted
in enhanced plant growth and better defense responses as compared to the wild
relatives [67, 68]. There are perhaps many more chemicals and bioactive compounds
synthesized by the endophytes which remains to be discovered and characterized
having significant involvement in plant growth development.

4.2 Role of Endophytes in Nutrient Acquisition

Endophytes play crucial roles in nutrient acquisitions in plants from the natural
habitat. Many plants lack the natural machinery to acquire some essential nutrients.
For instance, nitrogen is a major requirement for plants for its growth and survival.
However, most of the plants can’t use the atmospheric nitrogen and heavily rely
upon supplies of nitrogenous fertilizers. Others make symbiotic associations with the
nitrogen-fixating bacteria, mostly seen in legumes, which help the plants to utilize
the atmospheric nitrogen. However, the colonization of endophytes is markedly
different than those of rhizobial nitrogen-fixating symbionts. While the rhizobial
bacteria colonize within the plant much similar to infections, the endophytes enter
into plant roots via root junctions and wounding sites [69]. Plant growth-associated
traits provided by different endophytic microorganisms are listed in Table 1. Unlike
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Table 1 List of endophyte-plant associations leading to plant growth and development

Endophytes Type Host plant

Azoarcus spp., Bacteria | Oryza sativa
Azospirillum spp.,
Burkholderia spp.,
Paenibacillus spp.,
Micrococcus spp.,
Enterobacter spp.,
Leclercia adecarboxylata,
Pantoea spp.,
Staphylococcus
epidermidis,
Pseudomonas spp.,
Bacillus spp.,
Stenotrophomonas
maltophilia,
Ochrobactrum spp.,
Sphingomonas
yanoikuyae,
Flavobacterium spp.,
Curtobacterium sp.,
Frigoribacterium faeni,
Microbacterium spp.,
Acinetobacter sp.,
Staphylococcus cohnii,
Sphingomonas sp.,
Rhizobium larrymoorei,
Bacillus pumilus, Kocuria
palustris, Pantoea
ananatis,
Methylobacterium
radiotolerans,
Methylobacterium
fujisawaense,
Xanthomonas
translucens, Pantoea
ananatis,
Methylobacterium
aquaticum,
Sphingomonas melonis,
Sphingomonas
yabuuchiae, Micrococcus
luteus, Acidovorax sp.,
Xanthomonas translucens
Actinobacteria, Bacillus Bacteria | Triticum aestivum
spp-,
Gammaproteobacteria,
Paenibacillus spp.,
Firmicutes, Pantoea spp.,
Azospirillum lipoferum,
Klebsiella pneumoniae

Function

Nitrogen fixation, ACC
deaminase synthesis,
production of
phytohormones, enzyme
production, phosphate
solubilization, plant
growth promotion

Plant growth promotion,
IAA production,
phosphate solubilization,
nitrogen fixation

(continued)
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Table 1 (continued)

Endophytes

Type

Host plant

Function

Acinetobacter spp.,
Cronobacter spp.,
Burkholderia spp.,
Undibacterium, Pantoea
spp., Sphingomonas spp.,
Limnobacter spp.,
Staphylococcus spp.,
Enterobacter spp.,
Escherichia spp., Serratia
spp., Methylobacterium,
Tsukamurella,
Alcaligenes, Erwinia,
Microbacterium,
Rhodococcus spp.,
Bacillus spp.,
Azospirillum lipoferum,
Klebsiella pneumoniae

Bacteria

Zea mays

Plant growth promotion,
ACC deaminase
synthesis, IAA synthesis,
nitrogen fixation

Acinetobacter, Aeromonas
spp., Agrobacterium
radiobacter, Bacillus spp.,
Chryseomonas luteola,
Enterococcus,
Flavimonas
oryzihabitans,
Nocardioides,
Paracoccus,
Phyllobacterium,
Sphingomonas spp.,
Serratia proteamaculans

Bacteria

Glycine max

Plant growth,
solubilization of phytate,
IAA synthesis, ACC
deaminase synthesis,
acetoin and 2,3-butanediol
synthesis

Tulasnella violea,
Epulorhiza repen,
Trichosporiella
multisporum, Beauveria
spp., Fusarium spp.

Fungi

Dendrobium
[riedericksianum

Promote seed
germination, growth and
propagation

Cladosporium
sphaerospermum,
Alternaria alternata,
Colletotrichum spp.,
Aspergillus niger,
Cladosporium
cladosporioides,
Trichothecium roseum,
Chaetomium cochliodes,
Penicillium sp.

Fungi

Centaurea cyanus,
Centaurea nigra,
Papaver rhoeas,
Plantago lanceolata,
Rumex acetosa, Senecio
vulgaris

Growth promotion

Epichloé typhina

Fungi

Dactylis glomerata

Plant growth and
photosynthesis

Diaporthe sp.

Fungi

Cinchona ledgeriana

Alkaloid biosynthesis

(continued)
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Table 1 (continued)

Endophytes Type Host plant Function
Neotyphodium Fungi Festuca arundinacea Secondary metabolite
oenophialum production

Epichloé festucae Fungi Lolium perenne Iron homeostasis

rhizobial bacteria, endophytes also protect the oxygen-sensitive nitrogenase enzyme
by adopting different strategies. Oxygen is present in low concentration in the
natural rhizobial conditions, and presence of leg hemoglobin assists to scavenge
the traces of free oxygen in the nodules. However, the endophytes create a low
oxygen environment condition by adopting various biochemical or physical modi-
fications including exopolysaccharides and interior vesicles to exclude free oxygen
and compartmentalize the nitrogenase [70]. Carbohydrates produced through pho-
tosynthesis are offered to the endophytic symbionts in return of usable nitrogen. The
symbionts convert atmospheric nitrogen to ammonia by the help of nitrogenase
enzyme and energy. The most studied associations are the rhizobial and actinorhizal
plant-bacterial symbioses where several bacterial root endophytes such as Azoarcus
spp., Herbaspirillum spp., and Acetobacter spp. fix the atmospheric nitrogen [71].
Such endophytes converting atmospheric nitrogen into the plant usable ammonia or
nitrate form are known as “diazotrophs” and found in important crops including rice,
sugarcane, sweet potato, maize, and coffee [69].

The endophytic associations between Gluconacetobacter diazotrophicus and
sugarcane and pines are the well-studied symbiotic associations where the endo-
phyte helps the host plant in nitrogen fixation [71]. In sugarcane, G. diazotrophicus
facilitate a microaerobic environment to protect nitrogenase enzyme by metabolizing
sucrose at an extreme rate to fix atmospheric nitrogen. This phenomenon is known as
the respiratory protection, which is peculiar only to endophytes than the rhizobial
symbionts [72]. Apart from G. diazotrophicus, endophytes from other genera have
also been discovered to be associated with the cash crop sugarcane functioning in
nitrogen fixation process. Mixture of endophytic bacterial inoculation including
Burkholderia, Azospirillum, and Herbaspirillum with Gluconacetobacter into sug-
arcanes resulted in enhanced nitrogen fixation efficiency [73]. The resultant nitrogen
fixation in sugarcane was found to double the amount as compared to inoculation of
a single bacterial strain. The abundance of B. vietnamiensis endophytes in sugarcane
was reported to fix nitrogen by producing nitrogenase enzyme and reducing acety-
lene, an indirect assay for nitrogen fixation [74].

In rice, 13 nitrogen-fixating endophytes from the Burkholderia genus were
confirmed positive for nifD gene and acetylene reduction assay (ARA) [75]. GUS
assay revealed that B. vietnamiensis strain MGK3, an endophyte showing highest
ARA activity, entered via the root tips and lateral root junctions and colonized in the
intercellular spaces of the root cortex. In maize, B. unamae possessing nif gene
cluster and acetylene reductase activity colonizes in roots and stems [76]. Apart
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from Burkholderia, endophytes from Rhizobium, Rhanella, Pantoea, Pseudomonas,
Azospirillum, and Herbaspirillum genera were also reported to be found in maize
which showed potential biological nitrogen fixation capabilities [77]. In another
major crop wheat, Klebsiella pneumoniae was found to be an entophyte aiding wheat
plants to fix atmospheric nitrogen [78]. In addition to these crops, many diazotrophic
endophytes have been identified from plants like poplar, sweet potato, coffee,
and cottonwood. Poplar endophytic bacteria Paenibacillus spp. strain P22 have
been reported to help its host via nitrogen fixation and contributing toward over-
all increase in total nitrogen pool [79]. Another study reported that poplar and
willow trees harbor numerous endophytes having putative nitrogen-fixating roles,
mainly from genera of Burkholderia, Acinetobacter, Enterobacter, Pseudomonas,
Herbaspirillum, Rahnella, and Sphingomonas [80]. Nitrogen fixation is a vital
physiological process in plants that contributes to the overall vigor of the plant,
especially for plants growing in low soil-nitrogen concentration areas. Thus, the
endophyte-mediated nitrogen fixation serves as a crucial and highly beneficial
function for the host plants resulting in proper plant growth and development.

Apart from nitrogen, iron act in many beneficial ways in plant physiology.
Several plant endophytes are reported to play role in maintaining the iron homeo-
stasis in plants. Siderophores, produced by the endophytes, are the high-affinity iron-
chelating compounds to help in iron uptake [81]. A comparative genomic study of
the bacterial endophytes by Mitter et al. [82] revealed that endophytes deficient of
the siderophore biosynthesis genes possess additional clusters of membrane receptor
encoding genes to facilitate iron transport across the cell membrane. In addition,
siderophores help in building and maintaining the mutualistic relationship in some
plants and their endophytes. Production of siderophores by Epichloé festucae was
found to be an essential criterion to maintain the symbiotic relationship with the host
grass species Lolium perenne [81].

5 Endophyte-Mediated Abiotic Stress Tolerance

Plant growth and development is often compromised by the onset of several envi-
ronmental stresses as plants prioritize resistance over growth. In this scenario, the
endophytes living inside the host plants come in great support in overcoming the
challenges. Although endophytes are very short-lived as compared to their host, their
shorter life span helps in their rapid evolution in aiding the host toward tackling
the diversities. The capacity of different endophytes providing resistance against
these environmental stresses are exploited in modern sustainable agriculture [83].
In a plant-endophyte association, the later adopts and employs various strategies to
mitigate the abiotic stresses that come from the natural habitat of the host (Fig. 2).
Mechanisms like production of growth-promoting hormones and other compounds
and nitrogen fixations by plant endophytes, which have been already discussed in this
chapter, are actually two major ways of counteracting the deficiency of nutrients in
the habitat. Additionally, some endophyte can go a step ahead in providing critical
protection to host plants against harsh environmental conditions not only by
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stress types encountered by plants in their natural habitat

producing the growth-promoting compounds or nutrient acquisition but integrating
key genetic elements into the host plant genome which leads to production of stress-
responsive molecules in the plant [84].

Endophytes aid in plant stress resistance either by activating the host stress
responses or by producing chemical metabolites that act as anti-stress compounds
to mitigate the stress effects [85]. For instance, in cucumber, Penicillium and Phoma
spp. not only confer resistance against hyper-sodium toxicity and polyethylene glycol
(PEG)-mediated osmotic stress and drought but also positively regulate the growth
parameters including plant biomass and nutrition acquisitions [86]. In addition,
endophytes are reported to be involved in controlling the gene expressions in host
plants with respect to the abiotic stresses [48, 87]. Plants like rice and tomato with
beneficial endophytes can survive in water-deficit habitats and show better growth
kinetics as compared to the plants lacking these endophytes. The common drought
tolerance mechanisms provided by the endophytes include formation of thick cuti-
cles, accumulation of more solutes in plant tissues, and reduction in stomatal tran-
spiration [85]. Removal of Neotyphodium coenophialum endophytes from the tall
fescue grass caused water intake in plant, nutrient acquisition, and photosynthesis
[88]. In rice, the class 2 fungal endophytes originally classified by Rodriguez et al.
[89] were reported to confer drought and salinity tolerance in two commercial
cultivars originally intolerant to both drought and salinity [90]. Further, the same
cultivars exhibited endophyte-mediated improved growth and biomass
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accumulation, enhanced yield, and 20-30% reduction in water consumption. Vahid
et al. [91] reported the involvement of fungal endophyte Neotyphodium spp. in
conferring drought resistance in Lolium perenne plants reflected by improved growth
parameters in terms of higher biomass, plant height, and tiller numbers as compared
to the non-infected plants. More recently, bacterial endophytes have been reported as
controlling the expression of plant root vacuolar proton pumps [92]. The study
reported that bacterial endophyte-mediated manifestation of H+-PPase genes resulted
in upregulated expression of the root vacuolar proton pump conferring drought
tolerance in Capsicum annuum.

Apart from poor irrigation or water-deficit driven drought stress, variation in the
salt concentration of the soil is often considered a major threat to global agriculture.
High salinity in soil often result in severe crop damage, compromised yield, and at
times plant death. Plants possess many complex mechanisms to cope with soil
salinity. Regulation of salinity by the mutualistic in planta dwellers, the endophytes,
has been crucial in rescuing and overcoming such adversities. For instance,
Piriformospora indica, a fungal endophyte isolated from the rhizosphere of Prosopis
Jjuliflora and Ziziphus nummularia, help its host to adapt the hostile dessert habitat
[93]. Inoculation of P, indica into barley has resulted in enhanced resistance to biotic
stresses and improved salt tolerance [94]. Further, Baltruschat et al. [95] reported
that colonization by P. indica in the roots of the salt-sensitive barley cultivar “Ingrid”
resulted in increased plant biomass and decreased salinity-induced lipid peroxida-
tion, fatty acid desaturation, and metabolic heat efflux in the leaves. Additionally,
endophyte-inoculated barley plants displayed elevated ascorbic acid accumulations
and escalated activity of the antioxidant enzymes under salt stress. Inoculation of
systemic class 2 fungal endophytes in tomato plants conferred salt tolerance in the
infected plants [96]. Moreover, the infected plants exhibited higher plant biomass,
improved water-use efficiency, and enhanced photosynthetic abilities than the
uninfected tomato plants under salinity conditions. More recently, Aspergillus flavus
CHSI isolated from Chenopodium album has been reported to have high salt
tolerance characteristics [97]. In the in planta CHS1-soybean interaction study,
inoculation of CHS1 resulted in improved plant growth and mitigated the imposed
salinity stress by subsiding ABA and JA synthesis. Moreover, activity of the anti-
oxidant enzymes including superoxide dismutase (SOD), catalase (CAT), peroxi-
dase, and polyphenol oxidase was found to be upregulated in compared to
endophyte-free soybean plants under salt stress.

Mitigation of drought and salt stresses are usually associated with the accumula-
tion and subsequent scavenging of reactive oxygen species (ROS) [98]. Although
reduction in plant ROS levels can be aided by antioxidant compounds like
glutathione, ascorbate, and tocopherol, the major scavengers of ROS include SOD,
CAT, dehydroascorbate reductases (DHAR), monodehydroascorbate reductases
(MDHAR), glutathione reductases (GR), and ascorbate or thiol-dependent peroxi-
dases (APX) [99]. Accumulation of ROS in the plant cell can be toxic, leading to
oxidative damage to proteins, lipids, and DNA. Having said that, ROS often act as
an early event in the plant stress response signaling cascades [100]. Although pro-
duction and accumulation of ROS can often be seen in plant-pathogen interactions,
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relatively low amount of ROS is also needed in the development of a beneficial plant-
endophyte association. For example, the production of hydrogen peroxides or super-
oxides by Epichloé festucae is preconditioned by a mutualistic association between
the fungal endophyte and the host Lolium perenne grass [34]. While low concentra-
tion of ROS is beneficial for the plant growth and signaling, elevated ROS accumu-
lation may cause detrimental effects. Endophytes dwelling inside the plants help
their hosts in managing ROS concentrations and thus protecting them from the
detrimental effects of ROS. Exposure to high salt conditions caused ROS accumula-
tions in tomato, panic grass, and dunegrass without any endophytes, whereas the
endophyte-containing plants didn’t show ROS accumulations [101]. Interestingly,
some endophytes produce ROS to check the colonization levels in plants and
maintain mutualism, while others reduce the ROS levels to nullify the abiotic stress
effects on their hosts [34, 43]. Besides, salinity and drought both can disturb the
osmotic homeostasis in a plant causing imbalance in solute and ion concentrations
within a plant cell. Osmotic stress stimuli can be perceived by the plants as both
primary and secondary signals where accumulation of solutes, water loss, and ion
influx/efflux belong to the primary signals and accumulation of phytohormones,
generation of nitric oxide and phospholipids, and liberation of ROS belong to the
secondary signals. In addition, change in the habitat temperature and soil contami-
nations with heavy metals has arisen as potential abiotic stresses for the plants. While
the plant and its intrinsic machinery fail at times to provide protection against
high temperature conditions, the colonizing endophytes rescue their host from
these hostilities. For example, the fungal endophyte Curvularia protuberate in
Dichanthelium lanuginosum grass helps the host to survive and tolerate soil temper-
atures as high as 65 °C [12]. Another Ascomycetes endophyte isolated from durum
wheat (Triticum turgidum) conferred significant tolerance to drought and heat in the
inoculated plants [102]. Interestingly, the endophyte-free seeds produced from the
Ascomycetes-inoculated wheat plants under drought and heat stress showed increased
germination rate than the non-inoculated wheat plant seeds [102]. Similarly, several
plant endophytes, especially the root-associated endophytes, have been reported to
support their host in heavy metal tolerance and mitigate metal toxicity. Several strains
of Pestalotiopsis spp. isolated from the mangrove palm species Nypa fruticans
conferred significant tolerance against heavy metals including copper (Cu), zinc
(Zn), lead (Pp), and chromium (Cr) [103]. In vitro studies revealed that 1 out of the
93 endophytic isolates from the nipa palm could resist heavy metal contaminations to
alevel as high as 1000 ppm. Exophiala pisciphila, a root-associated fungal endophyte
in maize, was reported to provide tolerance against soil cadmium (Cd) toxicity [104].
Upon subjection of Cd stress, the E. pisciphila-inoculated plants exhibited upregul-
ated expression of maize genes responsible for metal uptake, translocation and
chelation, increased Cd accumulation on maize cell walls, conversion of Cd to lesser
toxic forms, and upregulated activities of antioxidants and antioxidant enzymes.
Moreover, the plants containing endophytes displayed improved growth parameters
with a significant decrease in Cd-induced phototoxicity levels as compared to the
maize plants lacking the endophytes. Penicillium funiculosum LHLO6 has been
reported to secret gibberellin that alleviated metal toxicity and reprogramed the
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growth of soybean plants under Cu and Cd stress [105]. Similarly, endophytes like
Pseudomonas spp. and Gigaspora spp. can improve plant resistance against metal
toxicity by altering the endogenous ethylene levels [106]. More recently, Mukherjee
etal. [107] reported that inoculation with Kocuria spp. and Enterobacter spp. isolated
from Lantana camara into a surrogate host Solanum nigrum resulted in enhanced
arsenic (As) tolerance and phytoremediation. Under an applied As consortium,
endophyte-inoculated S. nigrum plants exhibited improved photosynthesis, root-to-
shoot As transport, increased As bioaccumulation, and improved plant growth.
Elevated ROS levels were also observed in response to As stress, however no
ROS-mediated toxicities were experienced by the plants as the inoculated plants
exhibited enhanced antioxidant levels. Thus, endophytes efficiently and effectively
serve their host plants in overcoming various abiotic stresses there by maintaining a
homeostasis in between plant growth and defense response.

6 Endophyte-Mediated Plant Defense Response

Even with the intrinsic and well-evolved defense mechanisms, plants at times require
additional sophisticated defense strategies assisted by their microbial alliances to
defend and rescue themselves from an array of biotic stresses. During the interaction
between plant and endophytes, initially the infection of endophytes triggers the plant
defense similar to of a pathogen infection, but subsequently, the endophytes escape
these defense and colonize in the host plants [108] (Fig. 2). However, the defense
responses induced by the colonization of endophytes in plants act as a priming effect
and provide enhanced resistance against other phytopathogen. This phenomenon in
plants conferred by the endophytes is known as induced systemic resistance (ISR)
and commonly seen in bacteria-plant endophytic associations [108, 109]. In potato
plants, inoculation of endophytes from genera Pseudomonas and Methylobacterium
resulted in improved resistance against the necrotrophic pathogen Pectobacterium
atrosepticum via ISR [110]. However, the extent of resistance conferred by coloni-
zation of Methylobacterium bacteria was inversely proportional to the amount of
inoculum used. The induction of ISR and consecutive-enhanced pathogen defense
in host plants have been reported in response to the colonization of Pseudomonas
and Bacillus spp. bacteria [111]. Bacillus amyloliquefaciens, a bacterial endophyte
isolated from corn plants, exhibited in vitro antifungal activities against multiple
phytopathogens including Aspergillus flavus, Colletotrichum gloeosporioides, and
Fusarium moniliforme. Further, the pretreatment of B. amyloliquefaciens to corn
seedlings induced the expression of defense-related genes against pathogen infection
as compared to the non-inoculated controls [112].

While bacterial endophytes are the masters of manipulating the plant defense
and mimicking a priming defense effect against phytopathogen via ISR, the fungal
endophytes commonly don’t exhibit ISR-mediated defense responses in their hosts
[113, 114]. Conversely, the fungal endophytes produce growth-inhibiting chemi-
cal compounds against the invading pathogens and attacking herbivores to protect
their host plants. These chemicals include phenols, terpenoids, flavonoids,
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alkaloids, quinols, steroids, polyketones, and peptides [71]. Clavicipitaceous fungi
of several grass species produce alkaloids which provide defense against herbiv-
ory. For instance, indole diterpenoids, also known as lolitrems, are neurotoxic and
produced in endophyte-infected grass, which are responsible for intoxication of
cattle grazing on them [71]. Endophytic actinomycetes are extensively character-
ized for producing antimicrobial compound including munumbicins,
kakadumycinx, and coronamycin [71]. In Kandelia candel, the endophytic Strep-
tomyces sp. HKI0595 produces multicyclic indolosesquiterpene which has anti-
bacterial activity [115]. In orchid plants, spoxazomicins A to C having
antitrypanosomal activity were produced by the endophyte Streptosporangium
oxazolinicum KO07-0450T [116]. These compounds having different bioactive
functions are exploited in clinical or agricultural purposes, whereas their exact
roles in plant-microbe interactions are still under investigation [117]. Furthermore,
the horizontal transfer of endophytes and their establishment results in enhanced
biotic stress tolerance capacities by production of antibacterial, antiviral, antifun-
gal, and insecticidal compounds [118]. However, enhancing the host immunity is
not supported by all horizontally transmitted endophytes often due to the lack of
opportunity for interaction with plant pathogens; hence, their role in host protec-
tion is yet to be characterized. For example, colonization of plant pathogens in the
leaves of cacao plants doesn’t always result in disease, rather at times it acts as
harmless or beneficial endophytes [2, 119]. Moreover, the endophytic-mediated
production of antimicrobial compounds can be induced by the presence of a
phytopathogen [120].

Apart from production of antimicrobial compounds in their hosts, endophytes
code for several defense-related proteins and enzymes that further enhance the
host defense responses. In rice, the endophytic bacteria Paenibacillus polymyxa
confer defense against the rice false smut pathogen Ustilaginoidea oryzae by
exhibiting antagonistic activity and p-1,3-1,4-glucanase production [121]. In
wheat, bacterial endophyte colonizations support the host to overcome infection
by Fusarium graminearum [122]. Similarly, endophyte colonization of varied
bacterial genera in Zea mays, Arachis hypogaea, and Cucurbita pepo conferred
resistance to fungal phytopathogens by producing compounds of antifungal nature
[123—125]. In Fraxinus plants, the endophytes Pantoea agglomerans, Staphylo-
coccus succinus, and Aerococcus viridans produce several antibiotics that help to
protect the host from bacterial infections [126]. Recently, inhibition of infection in
tomato plants by the fungal pathogen Phytophthora infestans was achieved by the
inoculation of endophytic Phoma eupatorii isolate 8082. The inhibition of
P. infestans was found to be conferred by the enhanced endophyte-mediated
production of anthocyanins [127]. Cosme et al. [128] reported that tolerance to
root herbivory in plants can be aided by root colonizing fungal endophytes by
manipulating the JA and GA hormonal signaling. In addition to plant defense,
endophyte-produced secondary metabolites are involved in mechanisms of genetic
regulations, signaling, and the establishment of symbiosis and even influence host
secondary metabolism [129, 130]. Inoculation of Methylobacterium spp. into
strawberry plants resulted in the biosynthesis of flavor compounds, such as
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furanones [131]. Another report confirming the regulation of host metabolism by
the endophytes reported the discovery of bacterial endophytes and gene transcripts
in the vascular tissues of strawberry, the locations where the furanone biosynthesis
is carried out in plants [132]. Likewise, inoculation of a fungal endophyte Para-
phaeosphaeria sp. in the bilberry plant resulted in upregulated biosynthesis and
significant accumulation of phenolic acids, flavan-3-ols, and oligomeric pro-
anthocyanidins [133]. Overall, the colonization and establishment of endophytes
in plants helps in boosting the host immunity by employing one or more of the
above discussed strategies.

7 Conclusions

The sessile nature of the plants makes them to associate with diverse groups of
symbiotic microbes exhibiting significant role in plant development and protection.
Plants constitute an ecological niche within its inner space for the assemblage and
sustenance of multiple microbial symbionts. It appears that a majority of these
mutualistic microbes affect in the way plants network with their environment.
Myriads of studies have shown that endophytes confer stress tolerance, survivality,
and improved growth of the host plant species under extreme environmental condi-
tions including salinity, extreme temperature, drought, and environmental toxicity
[101, 134]. Additionally, recent reports also demonstrated that endophytes have
good potential for application in plant improvement and disease control [135]. There-
fore, it is collectively accepted that plants survive and flourish in the biotic and
abiotically stressed environments for the reason that the endophytic symbionts have
simultaneously evolved and essentially involved in their adaptation to stressed
ecosystems [136].

Multiple endophytes penetrate and infect plants without any symptoms. Further,
a few of them are inseparable from the plant system and vertically transmitted
from one generation to another [137]. This suggests that endophytes provide a vast
reservoir of heritable DNA providing genetic flexibility toward adaptation of the
plants to changing environments. The usage of such endophytes in a mechanized
agricultural system will be significant in the development of novel germplasms
leading to rapid agricultural productions. Besides, the ability of certain endophytes
to infect multiple hosts suggests that they could be transferred to native plants and
agricultural crops to improve their capabilities in tolerating multiple types of envi-
ronmental stresses brought about by ecological changes [101]. Although several
intellectual property rights and patents have been granted on different aspects of
endophytes [138], the commercial applications of endophytic microbes are still at its
infancy. It is essential that a large majority of these endophytes are subjected to
experimental trials and tests to evaluate their efficiency under natural conditions.
Both the plant host and the endophytes have to deal with the natural environment for
their survival. As such, a broader understanding and acknowledgment of the sym-
biotic interaction with the microbes is essential for optimum plant growth and
development.
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