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Introduction

Endophytes are the group of microorganisms that live inside host
microenvironment, receive protection from environmental stresses,
face lesser competition from other microbes and have greater access to
nutrients.! Since endophytes interact closer to plant than rhizosphere
and phyllosphere bacteria, their effects to the plants may be direct
and intense. Plant intercellular spaces are good sites for endophyte
multiplication because of the richness of nutrients like potassium,
calcium, sulfur, phosphorous and chlorine and carbohydrates,>*
various amino acids and organic acids.* Endobacteria directly
benefit plants by stimulating their growth and/or indirectly through
a reduction in the incidence of plant disease. Endophytes improve
seedling performance and survival by providing resistance against
insects and nematodes resistance and drought, improving nitrogen
assimilation thus yielding higher seed set.’

How endophytes benefit plants?

Very little is known about the endophyte directed mechanisms of
plant growth promotion.® Endophytes mediate plant growth promotion
through direct or indirect mechanisms. Since endophytes start their
journey as rhizosphere bacteria, it is assumable that they may retain
their attributes inside plant. Their mechanisms of benefit seem related
to rhizosphere bacteria because most of endophytes can be cultured
and can survive outside host in rhizosphere.

Directly beneficial mechanisms

Endophyte can directly benefit plants by providing antimicrobial
metabolites,” insecticidal by-products,® iron chelators,” phosphate
solubilizing compounds and nitrogen fixing abilities.!’ In addition,
endophytes influence plant growth through production of
phytohormones, siderophores, induced systemic tolerance through
1-aminocyclopropane-1-carboxylase deaminase production, induced
systemic resistance and antagonism. Also, several sulfur oxidizing
endophytes are known which oxidize elemental sulfur into sulfate
to be used by plants."! Moreover, endophytes are prolific sources of
phytochemicals'?> which impede plant pathogens.'>!* Endophytes are
a good source of biologically active secondary metabolite!*!'® and
contribute in plant metabolite production.'® Some of the important and
well-cited mechanisms are discussed below. These mechanisms may
induce direct or indirect benefit to plant.

Phytohormone production: Plant growth promotion by endophytes
through phytohormone production is perhaps the well-agreed method
which causes morphological and structural changes in the plant.
Because of these qualities, endophytes find their application in
agricultural system for sustainable agriculture.!” The mechanism of
phytohormones production by endophytes in host plants is similar to
that of plant growth promoting rhizobacteria. They enhance the growth
of non-legumes by improving their growth through the production of
indole acetic acid,'®!” gibberellic acid,"” ethylene®” and auxins.!

Nitrogen fixation: Nitrogen supply is the most limiting nutritional
factor for plant growth. Plants cannot reduce atmospheric N and
therefore require an external fixed N supply. Biological N fixation
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finds immense potential as an alternate to chemical fertilizers.
Several symbiotic prokaryotic endophytes which have the ability to
fix atmospheric nitrogen have potential in agriculture. Diazotrophic
endophytes can directly transport nitrogen to plants. Nitrogen fixing
free-living endophytic bacteria have been the focus of study since past
few decades.”’ The most famous and well-studied legume-Rhizobium
symbiosis is still the subject of worldwide research which is directed
towards enhancing the N2 fixation efficiency through plant and
bacterial genome manipulation.

Phosphate solubilization: Apart from N2 fixation, several
endophytes release organic acids into the soil which solubilize the
phosphate complexes and convert it into ortho-phosphate for plant
up-take and utilization. Although phosphorous exist abundantly in
soils, but the majority of it remains unavailable as an insoluble form.?
Several literature findings discuss the role of endophytes as phosphate
solubilizer. For e.g. endophyte Pantoea spp associated with root
nodule of peanut have been shown to possess phosphate solubilizing
activity.

Siderophore production: Some endophytes produce small molecular
compounds called siderophores which are iron chelating compounds
that can avail iron to plants and deprive pathogen of iron.” Out
of the range of siderophore produced by endophytes one with
biocontrol properties are catacholate, hydroxymate and/or phenolate
types.?* Also, siderophores specifically help iron deficient plant in
fixing nitrogen since diazotrophs require Fe++ and Mo factors for
nitrogenase synthesis and functioning.?

There is a plethora of literature to support the insecticidal effect of
endophytes.?® Some endophytes induce thickening of the endodermal
cell wall, which reduce the chances of pest penetration in stele.”’
Others intoxicate insects by secreting secondary metabolites. Toxicant
metabolites like pyrrolopyrazine alkaloid peramine,?® ergot alkaloid
ergovaline?® and pyrrolizidine loline alkaloids® have been reported in
several studies.

Indirectly beneficial mechanisms

Plants cope with a series of unfavourable environmental and biotic
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stresses like drought, cold, hypersaline condition, or pathogenesis.
Endophytes help plant to overcome such stresses through some
indirect mechanisms. For e.g. the mechanism of induced systemic
resistance (ISR) states that some endophytes which may have evolved
from plant pathogens could induce plant defence responses like
pathogens. Some of the known mechanisms are discussed below.

Bioremediation: Bioremediation refer to the methods of removing
pollutants from the environment. Plants secrete some toxic
metabolites, which it is unable to neutralize. The study of microbial
metabolism and the factors that influence the process is the key for
understanding bioremediation. Better understanding of underlying
microbial processes will allow us to alter the mechanism by molecular
tools and thus may help in enhancing effectiveness of bioremediation.
Endophytes can help in bioremediation through several means. They
reduce heavy metal stress to plants,® degrade toxic components®!
and toxic metabolites secreted by plants,*> remove greenhouse gases
from air®® and control pest growth on plants. Several methods are
available to induce effective bioremediation and some more cost
effective techniques are in the process of development.

Phytoremediation: Endophytes help in phytoremediation by
enhancing plant growth, decreasing metal phytotoxicity and by
affecting metal translocation and accumulation. Plant-endophyte
partnership can be harnessed to remediate wastelands and ground
water since endophytes provide plants with required degradation
pathways and metabolic abilities for enhancing degradation and
reducing phytotoxicity.** They boost phytoremediation and promote
plant growth through nitrogen fixation, mineral solubilization,
phytohormones  production, siderophore  production, using
1-aminocyclopropane-1-carboxylic acid as N source and by nutrient
transformation.*

Endobacteria help in facilitating photoextration of heavy metals.*
Several successful trials of heavy metal removal employing endophytic
bacteria along with plants have been conducted. Endophytes are
also helpful in polyaromatic hydrocarbon degradation (PAH).
Phytoremediation of oily soils using rhizosphere bacteria seems to be
the cost-effective and eco-friendly way of cleaning®® and remediating
polyaromatic hydrocarbon based soil contaminants.’” Plants degrade
PAHs by enhancing microbial density in rhizosphere and endosphere
to enhance catalysis of atmospheric oxygen into aliphatic or aromatic
hydrocarbons, producing corresponding alcohols.** Such type of
phyto remediating microflora might be naturally present in the plants
growing in chronically contaminated sites. For e.g. halophytic plants
like Halonemum strobilaceum, inhabiting the coastal regions of the
Arabian Gulf possess hydrocarbon utilizing microflora® and thus may
reduce oil load on costal area.

Biocontrol: Biocontrol refers to the eco-friendly way of reducing
plant pathogens that may cause damage to agriculture crops through
natural antagonists.” Most of the antagonistic rhizosphere bacteria
are known biological control agents and belong to genera Bacillus
and Pseudomonas. However, their use as an effective biocontrol
agent is limited by their inability to survive and colonize non-
native microclimates. Endophyte, on the other hand, has a survival
advantage over rhizosphere bacteria since they live in protected
microenvironment of the host. Most of the antagonistic endophytes
are Gram-negative and members of the family pseudomonaceae; the
entire group of fluorescent pseudomonads has evolved as biological
control agent (BCA).

Like rhizosphere bacteria endophytes also reduce plant pathogen
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severity by competing for nutrition in the same ecological niche
and by producing chemical substances harmful to plant pathogens,
thus affecting plant pathogens directly, indirectly or ecologically.*’
Some endophytes produce antibiotics in the rhizosphere, which
controls growth of harmful bacteria.*’ Antibiotics like ecomycins,
pseudomycins, munumbicins and xiamycins** with antibacterial
properties have been isolated from endophytes of several plants.
Other than antibiotics, endophytes produce a variety of metabolites,
which are applicable in agrochemicals and pharmaceuticals. These
metabolic products* play a crucial role in shaping the endosphere
microflora. The metabolites like flavonoids and flavones, which
are plant-signalling molecules with antimicrobial properties, are
produced as signalling response of microbial adhesion to root surface
(phytoalexins). Endophytes also reduce the impact of virus infection
on host, suggesting their role in induction of host response. Plant
viral diseases are often difficult to control directly, instead they
are indirectly controlled by killing the ‘pests’ involved as vector in
disease.” Involvement of selective endophytes that can reduce the
intensity of viral disease will help us in reducing our dependency on
chemical pesticides.

Biocontrol mechanism: Endophyts possess a range of biocontrol
mechanisms to counteract plant pathogens and insects. As a measure
of defence, plant secretes signalling molecules against pathogens in
endosphere. Plants tackle differently with pathogenic, associative,
symbiotic, or neutralistic microorganism through signalling
molecules.* Association of endophytes help plants to better interact
with other organisms.

As a means of biocontrol, Endophytes can elicit ISR in plants,
causing disease severity reduction and plant stress tolerance
improvement.* Some endophytic bacteria might actually elicit
plant defence although they are not spatially separated from the
pathogen.* Endophytes may also augment the defence against
herbivores and insects.*’** There are cascades of physiological steps
in signal transduction that lead to induced resistance to plants. It
has been found that B. pumilus SE34 triggers ISR in a sequence of
steps starting with elaboration of structural barriers, production of
toxic substances (e.g. phenolics and phytoalexinc), accumulation
of molecules (e.g. chitinase) and hydrolytic enzymes (e.g. B-1,3-
glucanases), which contribute in releasing oligosaccharides that
results in stimulating other defence reactions.' The ISR is induced
to restrict of pathogens to outer plant root cortex* by increasing host
cell wall density to restrict potential pathogen penetration,'* which
is activated by expression of pathogenesis-related (PR) proteins,
(chitinase and b-1,3-glucanase) and defence-related proteins,
(peroxidase, polyphenol oxidase, phenylalanine ammonia-lyase) and
phenolic compounds.* Endophytes also induce ISR to plants to fight
against viral pathogens. The reports show induction of ISR in tomato
plants by endophytes, Bacillus subtilis IN937b, B. pumilus SE34, and
B. amyloliquefaciens IN937a against cucumber mosaic cucumovirus
(CMV).! Several endophytes cause ISR in plants against banana
bunchy top virus.*® Also, the common endophyte genus Paenibacillus
is known to produce soluble and volatile metabolites that may inhibit
the pathogen growth.* Moreover, endophytes protect plants from root
pathogens by preparing biofilm around the roots.*” The experiment
on tall fescue (Festuca arundinacea Schreb.) shows that endophyte
infection enhances production volatile compound, monoterpene
B-ocimene. Also other monoterpenes such as (E,Z)-allo-ocimene,
limonene, myrcene, linalool and other compounds like methyl
salicylate, indole and nonanal are produced in increased amounts due
to endophyte infection.*
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Plant stress tolerance: In nature, plants face a variety of stresses
and react by modifying their own metabolism to get tolerant. The
beneficial endophytic bacteria may mediate plant adaptation to the
environmental stress.”> PGPR endobacteria alleviate plant stress
due to temperature, drought, heavy metal accumulation and solar
ultraviolet-B radiation (280-315nm).>* It has been shown that
endophyte enhance cold tolerance by altering photosynthetic activity
and metabolism of carbohydrates resulting in deposition of cold stress
related metabolites like starch , proline and phenolics.***¢ Endophytes
show similar effects due to drought stress.’” Likewise, plants deal
with salinity stress by accumulating endophyte mediated glycine
betain-like compounds.®® Also, abscisic acid (ABA) secreted by
Azospirillum lipoferum alleviate water-stress of maize plants. It has
been hypothesized that ABA signals the plant to resist water deficiency
by controlling stomata closure to reduce water loss.*> Another stress
type, salinity, hinders crop yield of many plants through ethylene
biosynthesis® that inhibits root growth. Reports show that ethylene
level, which is a measure of plant stress, can be reduced by some plant
growth promoting endobacteria by secreting ACC deaminase.®!

Also, the endophytes help host competitiveness towards pathogens
by some unknown mechanisms, which is independent of increased
growth.®? These mechanisms may involve increased production of
allelochemicals; increased plant vigor and seed yield,* increased tiller
numbers and leaf elongation rate and alteration of root architecture.*

Conclusions and future outlook

The depth of scientific understanding about endophytes is largely
in its infancy with research published in the literature is either
scarce or not fully understood.®® Endophyte study, which previously
remained hindered due non-cultivability of some endophytes is
now benefitting from culture independent methods of bacterial
identification. The entophytes must possess following attributes for
agricultural exploitation. They

i. must not induce plant disease,
ii. should be capable to spread inside plant parts,
iii. should be culturable and,

iv. must colonize plant parts naturally obligately with species spe-
cificness.® There is a strong need to search for novel entophyte
strains with as many desirable characters for enhancing the crop
yield.

Newer approaches of exploration, like search for novel endophytes
or endophyte gene alteration are on the horizon of replacing the need
for host specific studies. Instead, novel endophytes can be screened
for desirable traits from plants growing under extreme environments.
The alternative approach of gene manipulation can equip host plants
with new traits like herbicide resistance, phytoremediation etc. which
could more suitably regulate metabolism.

No microbial technology can be considered successful until its
commercial viability is proved. Endophyte specificity with the host
plant is the major hurdle in its large-scale production. The detailed
host specific population dynamics study of endophyte is required
before starting the bulk production, which requires technology based
advances in research. Efforts also require formulation of plant specific
inoculum doses of endophytes. The optimized host specific inoculum
dosage will reduce cost of bulk inoculum production and application
and thus may enhance productivity. Enhanced productivity will help
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to reduce our dependency on chemical fertilizers, pesticides and
fungicides. Future discovery of pesticides with synergistic effect on
endophyte bioinoculant may be able to control the range of pathogens.
The development of sprayable endophytes for use along with chemical
pesticides will pave the way for commercial pesticide development
for effective integrated pest management.
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