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Abstract

Microbial communities in nature involve complex interactions with several biotic and abiotic components. An endo-symbiotic
association is one in which one organism lives within the host plant for at least a part of its life. It is often obligate and does not create
visible disease and has been reported to exist for at least 400 million years. Beneficial endophytes promote plant nutrient uptake,
host plant growth, reduce disease severity, inhibit plant pathogens and improve tolerance to environmental stresses. Stresses like
salinity, alkalinity, drought, global warming, temperature and pollution will increase in prominence and endophytes are predicted
to play a significant role and offer eco-friendly techniques to increase productivity under such conditions. There also exists the
potential for genetic modification of endophytes to impart additional stress tolerance traits in hosts. The present review discusses
the beneficial effect of fungal and bacterial endophytes, emphasizing improving crop productivity under abiotic stress conditions.
The review also discusses the various aspects of physiological and molecular mechanisms determining the interaction and stress

tolerance, enhancing plant functions and productivity.
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1. Introduction

An endophyte is an endosymbiont, often a bacterium or fungus,
that lives within a plant for at least part of its life cycle without
causing apparent disease. Endophytes are defined as the micro-
organisms which live inside the host plant (endosymbiont)
for the whole or a part of their life cycle without causing any
apparent disease symptoms. The relationship between plants
and microorganisms is an interesting subject and has been
studied in different purviews. However, the term ‘endophyte’
integrates a broad diversity of largely uncharacterized microbe-
plantinteractions. Endophyte-hostinteraction isasymptomless
microbial occupation of plant tissues that involves a balance
between microbial aggression and host defense. This balance
is dynamic and can be altered by changes in the physiological
condition of either host or microbe, affecting the potential
outcomes. For example, they do not cause any immediate
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overt adverse effects but may become pathogenic through host
senescence?. Thus, the interaction within an association is not
necessarily stable but may change from one form to another
across time and space’.

The alliance of endophytes with plants was probably
associated back when plants colonized the land and played a
sustained and crucial role in driving the evolution of terrestrial
life!. About 400 million years old fossil records have shown
plant association with endophytes and mycorrhiza fungi’.
The first discovery of endophytes was reported as early as
1904; they received attention only after the discovery of their
pharmacological and environmental importance®. Endophytic
bacteria are phylogenetically related to saprophytic bacteria
and plant diseases. Overall, abiotic and biotic variables, as
well as the host, impact the dynamic patterns of bacterial
endophytes, which in turn are controlled by the host plants.
The unique ecological niche that a plant provides has made
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endophytic bacteria an appealing and potentially successful
tool for agricultural applications, particularly for those
bacteria with commercial characteristics such as plant growth
stimulation and activation of plant defense systems. It is now
well known that these bacteria reside in several tissue types in
a wide range of plant species, implying that they are harbors in
almost all plants®”.

Endophytes have significant potential as a major source of
physiologicallyactive chemicals with promising pharmaceutical
or agricultural uses, as demonstrated by recent advancements
in screening methods®. As a result, there is a huge possibility
to find novel natural compounds such as alkaloids, phenolic
acids, quinones, steroids, saponins, etc. from untapped
endophytic microbes living in various niches and habitats’.
One of the most significant aspects of endophytes has been
in managing plant diseases and abiotic stresses by improving
plant growth and its physiological status'®'. Endophyte
colonization has been shown to assist in mitigating abiotic
stress such as drought through increased water potential and
improved osmotic adjustment, in addition to promoting the
survival and development of infected plants'?.

The increasing environmental stresses like global warming,
temperature, air pollution and adverse soil condition such as
salinity, metal toxicity, pesticides, drought and pH are affecting
nearly all plant activities and are important limiting factors
in crop output. There is considerable evidence that on the
global scale, the climate is changing. It is predicted to increase
temperature and decreasing precipitation will which uses a
dynamical model to obtain the regional information, strongly
depends on the horizontal resolution of the dynamical model.
It provides the most reliable assessment of the regional climate,
with the highest resolution. However, the computational
expense of this high resolution limits the sample size. The
third method (statistical downscaling eventually lead to
extended duration and severity of summer droughts'®. Various
crops grown in arid and semi-arid environments are regularly
subjected to a wide array of environmental stresses. Since
these environmental conditions play a fundamental part in
defining the significance and distribution of plants in natural
ecosystems, as well as the amount and rate of climate change,
will all have a significant impact on the extent to which plants in
ecological systems can resist stress and adapt. Thus, considering
endophytic associations as an essential stress management
system, the present review focuses on how the response of
plants to a stressed environment may depend on their ability
to form endophytic relationships with microorganisms.

2. Endophytic Microbial Diversity

The term endophytes are used as a microbial domain, which
includes fungi, bacteria, actinomycetes, etc. that occupy plant
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eco-niches and enhance plant growth immunity. Endophytes
show more diversity and abundance than the plant pathogens
within the plant systems'. Recent molecular research on
the variety of endophytic bacterial and fungal species has
demonstrated the abundance of species”. Although the
diversity of systemic endophytes in agronomic grasses has
been thoroughly researched, the interactions between host
plants and endophytes in wild populations and communities
remain unknown. Recently, the role of endophytic microbial
diversity in promoting the growth of wild medicinal plants has
been well-reported'* Materatski'” have disclosed temporal and
spatial variation in richness and diversity of fungal endophytes
associated with the phyllosphere of olive cultivars. The diversity
and biological activities of culturable endophytic fungi isolated
from Catharanthus roseus were also documented'®. Apart from
the endophytic diversity in the living plants, a methodology
for analyzing endophytic diversity in herbarium specimens
has been developed to understand the timeline and dynamics
of the distribution of plant-associated microbial biodiversity
to explore global change, phenology species distributions and
functional traits”. A diverse group of endophytic microbes
influenced the grain nutritional value in wheat under elevated
CO, condition”. In halophytic ecosystem, the endophytic
microorganism varied in richness and their colonization?'.
Thus, several reports of the diversity of culturable and non-
culturable endophytic fungi and bacteria are now known
in many plants, belonging to the phyla Pseudomonas,
Bacilli, Proteobacteria, Firmicutes and Actinobacteria, with
Enterobacter and Pseudomonas, etc. The potential of culturable
halotolerant endophytic bacteria isolated from Sporobolus
specatus (Vahr) Kunth and Cyperus laevigatus L. have been
reported to have plant growth-promoting characteristics®'.
Colonization with non-mycorrhizal culturable endophytic
fungi have been shown to enhance orchid growth and indole
acetic acid production®. Non-culturable endophytic bacterial
population has been shown to enhance plant’s resistance
topathogens™.

3. Endophytic Behavior in
Colonization

Endophytes occupy both above ground and below ground parts
of plants. Except for the rhizobacteria and endomycorrhiza that
enter the plant through the root rhizosphere, endophytes often
inhabit above-ground plant tissue such as stem, leaves and
flowers of the host plants*. The growth form of the endophytes
may be systemic or non-systemic (Figure 1A). Non-systemic
endophytes induce single spore origin infections, with each
spore colonizing a small proportion of the host whereas
systemic endophytes grow in host tissue intercellular gaps,
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infecting both vegetative and reproductive plant tissues®.
Endophytes can spread horizontally via spores or vertically
by seeds and clonal development of the host plant®. (Figure
1B). Systemic or vertically transmitted plant endophytes have
only been identified in 20-30% of all the grass species, but
non-systemic, horizontally transmitted endophytes have been
found in all major plant families”. In cultivated crops, the
systemic endophytes may be either very high or very low which
may be due to selective breeding of the cultivars harboring
endophytes which improve the agronomic characteristics of
the host*. Horizontally transmitted endophytes as compared
to systemic preferably result in an antagonistic or neutral
relationship with the host plant which may be because of the
less dependency of the horizontally transmitted endophytes
on survival of host and less tight relationship as compared to
the seed-borne endophytes®. The horizontal transmission is
affected by external factors such as the surrounding vegetation,
growing season, weather conditions and tree density*. Besides,
the means of transmission,” have classified endophytes based
on the source of nutrition, mode of reproduction, expression
of symptoms and colonization of host plant part. In Citrus
plant, Beauveria bassiana and Metarhizium anisopliae can
successfully colonize and improved the seedling age (seedling
height and leaf no.)*.

4. Endophytes in Plant’s Abiotic
Stress Tolerance

Abiotic stresses, such as salinity, drought, heavy metal toxicity,
harsh temperatures and oxidative stress pose significant
challenges to agriculture and are the leading cause of crop loss
globally, decreasing average yields of key agricultural plants by
more than 50%*. These abiotic stresses are manifested primarily
in the form of osmotic stress, ion distribution in the cell,
disruption of homeostasis and loss of membrane integrity***'.
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A series of physiological, morphological, molecular and
biochemical changes occur in response to abiotic stress that
leads to negative impact on plant growth and productivity’"*.
A detailed description of such endophytes and plants are
discussed comprehensively in the subsequent sections.

4.1 Role of Fungal Endophyte in Stress
Management

Various research has elucidated the role of fungal endophytes
in combating these stresses. Waller* analyzed the potential of
Piriformospora indica to protect Hordeum vulgare from salt
stress. The toxic effect of moderate salt stress like leaf chlorosis,
reduced growth and biotic stress was overcome entirely by P
indica by reprogramming the metabolic state of the plants. The
endophytes were reported to enhance antioxidant capacity and
activate the glutathione ascorbate cycle. Khan* a gibberellin-
producing strain, was investigated to assess its effects on
cucumber plant growth and heat (40°C has reported that the
endophytic association of Exophiala sp. with cucumber host
plant modulated heat stress by physiological and biochemical
components, under high temperature. However, the role of
endophytes in cold stress is inconclusive. Endophytic fungi
producing phytohormones such as auxins, gibberellins,
abscisic acid etc. are reported to thrive in harsh environments
and produce several secondary metabolites such as flavonoids
to assist the plant in tolerating or avoiding stress**.

Heavy metals like Cd (Cadmium), Cu (Copper) and Ni
(Nickel) added through agro-chemicals, sludge-based manure
in agricultural lands and arsenic from ground-water irrigation
pose abiotic stress on plants. Similarly, inorganic arsenic species
directly interact with the cellular compartments in plants to
disrupt physiological processes required for cell function and
plant metabolism, while arsenate generates ROS in the plant
tissue and induces lipid peroxidation and oxidative stress®.
The contribution of Arbuscular mycorrhizal fungi, Glomus
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claroideum and G. deserticola to arsenic tolerance of Eucalyptus
globules have been discussed”. Arbuscular mycorrhiza fungi
redistributed some heavy metals inside the plant, decreasing
the physiological damage caused to the plant. A thermophilic
endophyte Thermomyces lanuginosus isolated from a hot
desert-adapted plant Cullen plicata, can enhance heat and
water stress tolerance in desert plants and improve the growth
of its host plants through eco-physiological mechanisms?*.

The rise of global atmospheric concentrations of
Greenhouse Gases (GHGs) in recent times is increasing
rapidly. Changes in plant phenology due to climate change
in the commercially grown cereal varieties and many species
have been wide across taxonomic groups®. Tolerance to such
stress has been exhibited to be dependent on association
with fungal endophytes in rice’. Redman® tested the effect
of three endophytes on rice’s tolerance to high salinity, low
temperatures and desiccation, as well as the possibility of
employing symbiotic technology to reduce the effects of
climate change. Establishment of the symbiotic relationship
between Endophytic fungi, Arbuscular mycorrhizal and the
host species enhanced peanut drought resistant*'.

4.2 Role of Bacterial Endophytes in Stress
Management

Endophytic bacterial strains and rhizospheric bacterial
community both help plant growth; however, it is unclear
which of these two bacteria benefits the plant more.
Endophytic bacteria have a lower density inside plant
tissue than rhizospheric bacteria and bacterial pathogens'.
Endophytic bacteria originated in the rhizosphere and
phylloplane from the epiphytic bacterial populations. Several
of these endophytes have the potential to be biocontrol agents,
improving and promoting plant health®'"*>. Endophytic
bacteria Bacillus subtilis NBRIWY, isolated from wild betelvine
has been reported to impart biological control against
Fusarium oxysporum in the cultivated betelvine varieties under
conditions of high temperature and humidity*. The bacterium
was reported to directly confront the Fusarium in the plants
and degraded the fungal cell wall. Hardoim** has shown under
greenhouse conditions that biotic and abiotic factors both
influenced the endophytic bacterial community structure. Rice
plants planted in neutral-pH soil promoted the growth of seed-
borne Rhizobium radiobacter and Pseudomonas oryzihabitans,
whereas plants grown in low-pH soil supported the growth of
Enterobacter such as Dyella ginsengisoli. The only dominating
bacterial endophyte detected in plants grown in both soils
was the seed-borne Stenotrophomonas maltophilia. Sgroy*
grouped according to similarity, and identified by amplification
and partial sequences of 16S DNAr. Isolates were grown
until exponential growth phase to evaluate the atmospheric
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nitrogen fixation, phosphate solubilization, siderophores,
and phytohormones, such as indole-3-acetic acid, zeatin,
gibberellic acid and abscisic acid production, as well as
antifungal, protease, and 1-aminocyclopropane-1-carboxylate
(ACC isolated and characterized endophytic bacteria from
halophyte Prosopis strombulifera. Their study showed that
bacterial processes were involved in the stimulation of plant
growth or the regulation of stress homeostasis under in vitro
conditions of extreme salinity. Regulation of plant homeostasis
by micro-organisms with different PGP properties such as
nitrogen fixation, phosphate solubilization, siderophores
and phytohormones production, protease, antifungal and
1-aminocyclopropane-1-carboxylate ~ (ACC)  deaminase
activity has been shown in natural environmental conditions®.
Lead (Pb) resistant endophytic bacteria isolated from metal-
tolerant Commelina communis plants cultivated on Zinc
(Zn) and lead mine tailing enhanced the dry weights of above-
ground tissues (ranging from 39 to 71%) and roots (ranging
from 35 to 123%) in rape plants compared to the uninoculated
control®®. The endophyte enhanced plant growth under sub-
optimal conditions, increasing switch grass growth in marginal
areas and greatly contributing to the development a low-input,
sustainable feedstock production system. A review by Dudeja*’
nodules, leaves, flowers and sprouts of legumes, with numbers
ranging from few to more than 150. Endophytes can accelerate
seedling emergence, promote plant establishment under
adverse conditions and enhance plant growth. Endophytic
microbes promote plant growth by helping plants in acquiring
nutrients, e.g. via nitrogen fixation, phosphate solubilization
or iron chelation, by preventing pathogen infections via
antifungal or antibacterial agents, by outcompeting pathogens
for nutrients by siderophore production, or by establishing
the plant’s systemic resistance. Further growth promotion
is affected by producing phytohormones such as auxin or
cytokinin, or by producing the enzyme 1-aminocyclopropane-
1-carboxylate (ACC has given details of endophytes occurring
in different tissues, interactions and their benefits in legumes.
Figure 2 summarizes the impact of salinity, alkalinity and
drought stress on plants. Drought stress is mainly manifested
in the form of osmotic imbalance, leaf chlorosis, membrane
integrity and ion distribution in the cell. Salinity, alkalinity and
heavy metal have overlapping impacts as the plants reduced
nutrient uptake, lipid peroxidation, etc. while light and heat
usually cause accumulation of Reactive Oxygen Species (ROS),
decrease photosynthesis rate and cause membrane damage.
The endophytes help in overcoming these stress markers
and improve plant growth by producing phytohormones
and secondary metabolites and upregulating the antioxidant
enzymes. Endophytes, which live in host plants, have been
shown to promote plant growth by improving overall
plant hardiness, development and nutrients (nitrogen and
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Figure 2.

phosphorus) uptake into plants'>*. Bacterial endophyte
provided drought tolerance against changing agro-climatic
conditions in Ananas cosmosus by expressing plant beneficial
mechanisms including N, fixation and production of indole-
3-acetic acid (IAA) and ACC deaminase®. In water stress
responsive clones of Eucalyptus leaves endophyte abundance
and many taxonomic markers were reported to differentiate
the water stress tolerant groups and overcome water stress™.
Similarly, variability in endophyte population was associated
with the stress tolerant variety rather than applied stress
in wheat”. In barley plants it was shown that under stress
conditions the soil microbiota was disturbed affecting the
colonization of root endophytes and was dominated by seed
borne endophytes associated with plant disease development™.
These kinds of reports show that the microbial communities
present in the stress tolerant or wild varieties of plants are the
most potential sources of microbe’s selection and development
of endophyte-based inoculums for stress tolerance in
susceptible crops.

5. Endophyte Mediated Mechanisms
for Stress Tolerance

Although there are many examples of endophyte-mediated
tolerance to abiotic stresses in the literature, however they
mostly focus on assessing the plant growth promoting effects.
Mechanisms of plant-rhizobacteria interactions in alleviating
abiotic stresses have been reviewed***.
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A diametric representation of mechanisms employed by the endophytes to reduce the abiotic stress in plants.

Changes in root morphology, which are modulated by
phytohormones is a primary adaptation of plants that are
exposed to environmental stresses, and are also known to
be induced by endophytes™. Root growth promotion results
in a higher root surface that increases the water acquisition
and nutrient uptake. Waqas® have reported two endophytic
fungi Penicillium sp. and Phoma glomerata to produce phyto-
hormones such as gibberellins and indoleacetic acid and to
reduce the effect of abiotic stressors such as salt and dehydration
in cucumber. The production of IAA by the coryneform and
actinomycetes bacteria that were isolated from the roots of
winter rye as it boosted germination capacity and accelerated
seedling growth has reported®. One of the key factors
contributing to root morphology is ACC deaminase activity,
which is frequently secreted by endophytic and rhizosphere
bacteria”. It has been shown that ACC deaminase activity and
its regulation is one of the principal mechanisms by which
bacteria have a positive effect on plants growing under abiotic
stress conditions**’. Bacteria with this enzyme may hydrolyze
the immediate ethylene precursor ACC to a-keto-butyrate and
ammonia, resulting in a reduction in plant ethylene levels and
enhanced root growth'>**,

The endophytes are conferred to mitigate both abiotic
and biotic stress symptoms by inducing Induced Systemic
Resistance (ISR) and priming the physiological state of an
inoculated plant®. Many abiotic stresses, including hot and
cold temperatures, initiate a common biochemical reaction
and similar root physiological processes but later branch off
into unique pathways®- These branching off may be a result
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Table 1. Endophytes mediated abiotic stress tolerance mechanisms

Endophytes mediated abiotic stress tolerance mechanisms reported in different plants.

phosphorus and zinc, proline
level, and antioxidant enzymes
and up-regulates the synthesis
of Pyrroline-5-carboxylate
synthase (P5C5)

Stress Endophyte Isolation source Host Mechanism/Physiological Reference
response
Salinity Bacillus amyloliquefaciens Seeds Oryza sativa Ameliorates the effect 69
of salinity stress by up-
regulating the production
of essential amino acids and
modulatingthe endogenous
abscisic acid and salicylic acid
levels.
Penicillium Roots Solanum lycopersicum | Enhance energy production 70
brevicompactumec & and Lactuca sativa and sequestration of Na*
P. chrysogenum
Piriformospora indica Roots Medicago truncatula Overexpression of P5CS2, 71
defense-related gene PR1and
PR10 and transcription factor
MtAlfini-like and MtZfp-c2h2
to induce stress tolerance
Drought Pseudomonas Leaves of Alyssum Trifoliumarvense Nullified the effect of abiotic 72
azotoformans serpyllifolium stress by increasing the levels
Pantoea alhagi Leaves of Triticum aestivum of proline, soluble sugar, and 73
Sparsifoliashap. MDA
Drought and P indica Roots Triticum aestivum Plant growth promotes due 74
mechanical to a higher absorption site for
combined stress water and nutrient and lower
CAT activity
Drought and heat | Thermomyces lanuginosus Roots Cullen plicata Improved plant growth 38
Combined stress through increasing Eco
physiological parameters
such as photosynthesis rate,
stomatal conductance, and
transpiration rate, among
others.
Heavy metals Penicillium ruqueforti Roots Triticum aestivum Secreting indole acetic acid 75
Thom.
Exophiala pisciphila Roots A. thaliana Melatonin biosynthetic 76
enzyme limiting the heavy
metal accumulation
Nutrient Pseudomonas sp. and | Rhizosphere and root |  Triticum aestivum Increase biomass and 77
Pseudomonas mosselii micronutrient assimilation
Osmotic stress Piriformospora indica Roots Oryza sativa Increases the uptake of 63
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Heat stress

Aspergillus japonicus
EuR-26

Plant Euphorbia
indica L.

Glycine max and
Helianthus

Improved nutritional

78

quality and plant biomass by
negotiating the activity of the
ABA, catalase, and ascorbic
acid.

It exhibited ACC deaminase 79
activity and secretes extra-
cellular proteins under cold
conditionsand Lowers the
ROS level like H,0, and O,
in the seedlings.

Cold stress Pseudomonas sp. and

Brevibacterium sp.

Leaf apoplast of cold-
adapted wild plants

Phaseolus vulgaris L.

Epichloé seeds Festuca sinensis Increase sugar concentration 80

andexogenous calcium nitrate

increased root development, which resulted in improved water
uptake and a rise in water content, net photosynthetic rate,
Chlorophyll and carotenoids, transpiration rate and water use
efficiency were found to play a considerable role in mitigating
Pbstress in rice seedlings colonized with an endophytic
fungus. The endophyte colonization increased the chlorophyll

of the nature of the endophytic population of the plant.
The up-regulation of antioxidant enzymes like Superoxide
Dismutase (SODs), a broad response to various abiotic stress
conditions has been reported to get modulated by endophyte
P indica and alter the plant metabolism to prevent the
oxidative damage caused by stress®. Primarily during salt and
drought stress, several antioxidative enzymes are induced for fluorescence parameters Fv/Fm and Fv/Fo and decreased

detoxification of ROS. During abiotic stress, the interaction the malondialdehyde accumulation under Pb
Endophyte mediated adjustments in host cellular structures

and anatomical features are observed in epidermal cell size
and shape and wall thickening in cells proximal to hyphae®.
Bacterial endophyte mediate drought tolerance by lowering
the proline conc., electrolyte leakage and lipid peroxidation®’.
Synergistic association of endophyte provides abiotic as well as
heavy metal tolerance®. Although considerable understanding
of molecular, physiological and morphological mechanisms
is available in the literature, however, the modes of action
underlying endophyte mediated tolerance to biotic stresses
remain majorly unsolved. A list of endophytes-mediated
abiotic stress tolerance mechanisms in different crops/plants
are enlisted in Table 1.

stress®,

of an antioxidative environment mediated by Ascorbate and
osmolytes (polyamine, proline, etc.) results in the preservation
of plastid integrity and an increase in photosynthetic efficiency
in the colonized plant. Furthermore, P. indica stimulates
salt and drought stress-responsive genes in the plant, which
may play an essential role in agricultural plant abiotic stress
tolerance®®. Furthermore, a persistent up-regulation of the
antioxidative system in NaCl-treated roots of a salt-tolerant
barley cultivar, regardless of plant colonization by P. indica,
suggests that antioxidants may play a role in both hereditary
and endophyte-mediated plant tolerance to salinity®*.
Production of different osmolytes like proline, trehalose
and polyamine contribute toosmolyte adjustment playing a
significant role in imparting resistance to abiotic stress. P. indica,
aroot endophyte was reported to increase the level of osmolytes
like proline and polyamine in response to drought and salinity
stress in different crops®. Increased production of quaternary
amines, like betaine, glycine enhances both tolerances to water
deficiency and resistance to oxidative stress and protect plants
against frost and salinity”. Physiological mechanisms like
metabolic activity, lipid peroxidation, fatty acid composition,
fatty acid desaturation metabolic heat efflux and ascorbate
concentration underlie the P. indica mediated salt tolerance
studies in salt-sensitive barley®’. Using expression analysis of
Expressed Sequence Tags (ESTs) in different tissues of cocoa,
Trichoderma hamatum (DIS 219b) was reported to delay
drought responses by inducing changes in the physiology®.
The most basic reason offered was that DIS 219b colonization

6. Use of Endophytes in Agriculture

Agriculture and its product are not only the ultimate sources of
food and energy but also of livelihood worldwide. Basic needs
of livelihood such as food, energy and refuge are received
as a direct or indirect product of agriculture. However, due
to decreasing agricultural land and increasing population,
the present production levels will not be able to meet the
future food demand. Due to the rising global temperatures,
the prominence and persistence of salinity and drought are
increasing throughout the world, posing enormous threats to
sustainable agriculture. In fields, plants get confronted with
both abiotic and biotic stress conditions, which reduce growth
and productivity. To mitigate stress while not compromising
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Table 2. Artificial inoculation methods used with different endophytes

Method of treatment Endophytes, Crop/plant References

Seed treatment Beauveria bassiana Cucurbitaceae 89
Metarhizium robertsii Zea mays 90
Streptomyces thermocarboxydus Solanum lycopersicum 91
Baccilus amyloliquefaciens Pennisetum glaucum 88

Soil drenching B. bassiana Capsicum annuum Cassava 87,92

phaseolus vulgaris

Foliar spraying B. bassiana Solanum lycopersicum, Vitis 93,94
B. brongniartii V. Faba 86
Bacillus subtilis Betalvine 44
Stem injection Bacillus venezensis Nelumbo nucifera 95
B. bassiana Musa 96
Root dipping B. bassiana Nicotiana tabacum, Zea mays, 97
Triticum, Capsicum annuum 98
Trichoderma sp. Alliumcepa 99
Pseudomonas spp. Solanum lycopersicum 100
Treatment of leaf tissues B. bassiana Vitis 101
B. bassiana Sorghum, Nicotiana tabacum, 102
Triticum, Glycine max, Zea mays 103

on plant growth as well as yield, the use of endophytes and
rhizosphere microbes appear tobe anideal strategy®'. Exploiting
the positive characteristics of endophytes is critical at the
applied level, whether to enhance agricultural yields, adapt the
plant to optimal growing circumstances, manage plant diseases
or pests or in reforestation efforts®”. In spite of the extensive
studies regarding the beneficial effects of endophytes and their
metabolic products on various crops, their commercial use in
agriculture is still in initial stages. To further the development
of endophytes for agricultural applications, the discovery
of novel strains will be a fruitful pursuit. This may result in
the identification of new species that can be directly used
in agriculture or at least provide with noteworthy new and
additional information about mechanisms that endophytes
can use to enhance plant growth®. Diverse strategies have
been developed for implementation of endophyte for crop
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management and agriculture productivity*. Seleno-bacteria
used as a potential bio-inoculum for Se-biofortification and
applicable as a novel approach for sustainable growth of
soybean®.

It has been well documented that artificially inoculated
endophytes established themselves in crop plants and improved
the plant growth by improving plant biomass and other
parameters®*. There are different inoculation methods that
may vary with plant variety as well as the type of endophyte. It
is therefore important to understand the appropriate method
of inoculating an endophyte depending on their preference to
colonize the plant tissue followed by the mechanism of action.
As there are different findings from different experiments,
Table 2 summarizes the artificial inoculation methods
preferred according to endophytes.
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7. Endophytes as a Source of
Biotechnological Tools

Though endophytes serve as the second genome of plants, they
may be further genetically manipulated firstly as the source of
genes and second as carriers of genes transformed in them for
introducing desirable characteristics into host plants'*’. The
genes obtained from the endophytes may be used for making
transgenic plants or used for commercial production of many
enzymes and secondary metabolites. Zang'® has successfully
cloned, expressed, purified and characterized Endo-1, 4-f-
mannanase, or f-mannanase (an endohydrolase used to
hydrolyzemannans) from endophytic Paenibacillus sp. which
is isolated from Robinia pseudoacacia (black locust) seeds.
Their application as carriers of genes transformed in them for
introducing desirable characteristics into host plants has been
successfully shown in endophyte Fusarium oxysporum in which
nitrate reductase nia genes from Fusarium oxysporum has been
successfully transformed using plasmid pNH24 containing the
nia genes and plasmid pNOM 102 carrying the Escherichia coli
B-glucuronidase gus A gene'®. Ellatif'”’successfully used fungus
Trichoderma harzianum kj831197.1 to enhance the production
of microbial xylanase and for the cloning of xylanase genes in
E. coli DH5a using a pUCI19 vector using restriction enzymes
HindIII and EcoRI. It was shown that production of xylanase
was increased up to 23.9-folds.

8. Conclusions

A plant is associated with endophytic microbial community
comprising of diverse species of bacterial and fungal
populations. Although much is not known about how these
endophytes interact with the host tissues, however, they are
not just passive inhabitants but are active colonizers. They
manipulate plants’ morphology and physiology and alter plant’s
immune system and metabolite profiles thereby increasing the
potential fitness of plants by enhancing growth, development,
biomass especially in stress conditions. The successful use
of the endophytes in agriculture system will depend on
the competence of the strains to establish in the already
existing community of microorganisms grouped according
to similarity, and identified by amplification and partial
sequences of 16S DNAr. Isolates were grown until exponential
growth phase to evaluate the atmospheric nitrogen fixation,
phosphate solubilization, siderophores, and phytohormones,
such as indole-3-acetic acid, zeatin, gibberellic acid and
abscisic acid production, as well as antifungal, protease,
and l-aminocyclopropane-1-carboxylate (ACC With the
increasing in-depth knowledge of the mechanisms of enhanced
resistance to biotic and abiotic stresses and the phenomenon
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of cross-protection and field application mechanisms effective
technologies will be available very soon for field applications.
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