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Pathogen affects plant growth, host health and productivity. Endophytes, presumed to live inside the
plant tissues, might be helpful in sustaining the future of agriculture. Although recent studies have pro-
ven that endophytes can be pathogenic, commensal, non-pathogenic, and/or beneficial, this review will
focus on the beneficial category only. Beneficial endophytes produce a number of compounds which are
useful for protecting plants from environmental conditions, enhancing plant growth and sustainability,
while living conveniently inside the hosts. The population of endophytes is majorly controlled by loca-
tion, and climatic conditions where the host plant grows. Often the most frequently isolated endophytes
from the tissues of the plant are fungi, but sometimes greater numbers of bacteria are isolated. Beneficial
endophytes stand a chance to replace the synthetic chemicals currently being used for plant growth pro-
motion if carefully explored by researchers and embraced by policymakers. However, the roles of endo-
phytes in plant growth improvement and their behavior in the host plant have not been fully understood.
This review presents the current development of research into beneficial endophytes and their effect in
improving plant growth.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

It has been reported that the world’s population is likely to
increase up to 9.1 billion by 2050 (Liu et al., 2017). For this reason,
governments at all levels are trying their best to ensure a continu-
ous increase in agricultural productivity. However, ways to meet
up with this target are becoming difficult. Climate change, urban
sprawl, poor land management and over-dependence on synthetic
fertilizers are some of the factors posing threats to agricultural
development (Smith et al., 2016). The adoption of plant growth-
promoting (PGP) microorganisms (beneficial endophytes) as
biofertilizers in agriculture has shown great promise in providing
an effective and eco-friendly approach in ensuring food security
(Glick, 2014). Endophytes are examples of microorganism with
these prospects.

Endophytic microbes are microorganisms that successfully col-
onize the tissue of vascular plants and have been reported to be
isolated in most plants in these group (Brader et al., 2017; Fadiji
and Babalola, 2020a). They are initially known not to be harmless
to the host plants and their association with plants can be obligate
or facultative (Nair and Padmavathy, 2014). A recent study by
Brader et al. (2017) showed that endophytes can also be defined
in terms of their ecological niche and not only the function they
perform in the host. The study further revealed that some species
of endophytes can either pathogenic or beneficial. The majority
of the endophyte do not show any harmful effects on a few plant
species, however, when tested on other plants, they may be patho-
genic. The pathogenicity attribute of endophytes can be based on a
number of biotic interactions and environmental factors. For
example, fluorescent Pseudomonads, known to be beneficial to
most plants, can be pathogenic to the leatherleaf plant under spe-
cial conditions (Kloepper et al., 2013).

Nevertheless, endophytes have been observed to be active in
biological control of phytopathogens, plant growth enhancement,
and in the production of compounds or metabolites of biotechno-
logical or pharmaceutical importance (Sharma et al., 2017).
Growth of endophytes is generally strongly restricted by plants,
and in order to overcome this hindrance, endophytes make use
of numerous mechanisms of action in adapting to new living envi-
ronments (Dudeja et al., 2012).

Endophytic bacteria are classified as those bacteria that live
inside or on the surface of disinfected plant tissues and coexist
symbiotically (Patle et al., 2018). Endophytic fungi, on the other
hand, are fungi that reside inside the tissues of a plant without
having any harmful effect on the plant. Even though most of them
are not host-specific, certain group of endophytic fungi possess a
greater occurrence in some plants, indicating their preference for
these plant families as their host (Fadiji and Babalola 2020a). There
exists a wide diversity of endophytes, mostly with a great improve-
ment in their ecological roles alongside the production of numer-
ous amazing chemical secondary metabolites. Endophytes were
reported to be naturally resident in many host plants
(Suryanarayanan, 2013). Different endophytes can be found in dif-
ferent parts of a plant mainly in the stem, leaves or root (Fürnkranz
et al., 2012). Most endophytes that are found in vascular plants
were discovered to employ a plant-fungus interaction. This type
of interaction is symbiotic; most endophytes compliment nutrients
got from the host plants and also contribute significant benefits to
the host plants. These endophytes live harmlessly within the tis-
sues of the host they have colonized, thereby facilitating an indi-
rect defense against herbivores (Bamisile et al., 2018).

Endophytes receive nutrition as well as protection from the
host, while encouraging uptake of nutrients and protecting the
host from abiotic and biotic stresses and pests. It has also been
reported that the availability of endophytes affects the health of
the plant, developments, growth, and the different types of the
plant community, ecosystem functioning and population dynamic
(Hardoim et al., 2015). Many endophytic microbes have been
reported to have developed gradually finding their ways into the
plant, and as this association continues, they devise new ways to
inhabit, evolve, establish and improve the association they have
established with the host (Goyal et al., 2016).

Different endophytic microbes exist mainly in roots of plants
and decrease from the stem to the leaves. Different endophytic
microbe species can be present in numerous plants, while some
of the same species can be in a single plant. Some endophytes pre-
sent in the host remain as latent, while other interactions may be
pathogenic or non-pathogenic (Arora and Ramawat, 2014). In a bid
to ensure stable symbiosis, endophytes produce many compounds
which help in promoting host plant growth and improving envi-
ronmental adaptation (Das and Varma, 2009).

One of the recent problems, agriculturists battle with is over-
dependence on synthetic fertilizers for improving the growth of
plants, which has several side effects on human health and is not
eco-friendly. Efforts towards the improvement of endophytic
resources could give us numerous benefits, such as the discovery
of effective and novel metabolic compounds that might not easily
be synthesized through chemical means. As a result of this, an
urgent need for a proper understanding of the benefits of beneficial
endophytes, the biology of plants and the ecology of the microbes
are required. A number of experiments have been carried out, try-
ing to evaluate how endophytes colonize the host vegetative tis-
sues alongside their impact on growth promotion and health.
This study proposed to give an outlook of beneficial endophytes
(bacterial and fungal) and their potentials in improving plant
growth with an emphasis on current trends in endophytic
research.
2. Distribution pattern of endophytes in plant tissue

Endophytic microorganisms can be grouped into three main
categories based on the approach they adopt while living inside
plants. Obligate endophytes are microorganisms that cannot repro-
duce outside the plant tissue and most times are transferred
through seed instead of developing in rhizospheric soil (Hardoim
et al., 2015). Facultative endophytes are microorganisms that live
freely in soil but colonize the plant roots at the slightest opportu-
nity, using a systematic approach (Hardoim et al., 2015). The endo-
phytic microbes that are helpful in enhancing plant growth and
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health belong to this category (Hardoim et al., 2015). Passive endo-
phytes are microorganisms that do not originally intend to colo-
nize the plant tissues but end up colonizing them due to events,
such as wounds on the root hairs. Passive life may affect endo-
phytes by making them less active, since the technical know-
how required for cellular colonization of a plant is lacking
(Hardoim et al., 2011), thus making them less appropriate as pro-
moters of plant growth. However, a recent study showed that
endophytes associate with plants in many forms, including fungi
and bacteria (Mycoplasma or actinomycetes) that colonize plant
tissues (Gouda et al., 2016).

The distribution of endophytes living inside plants depends
strongly on a combination of the allocation of plant resources
and the ability to colonize. Endophytes in the roots of plants often
penetrate the site at which lateral roots emerge and help in colo-
nizing the epidermis, in the root cracks and below the root hair
zone (Zakria et al., 2007). Colonizers of this nature can effectively
establish populations both intracellularly and intercellularly
(Zakria et al., 2007). Once colonization is established, endophytes
can relocate to other parts of the plant, through the vascular tissues
from where they begin to proliferate systemically (Johnston-Monje
and Raizada, 2011). Johnston-Monje and Raizada (2011) demon-
strated the transport of the endophytes using green-fluorescent-
protein (GFP) labeling, into roots and tissues, the results showed
that endophytes introduced into stems proceed into the roots
and rhizosphere, thus suggesting that there may be a continuous
distribution of endophytic organisms in the microbiome of the
root.

The second factor affecting the distribution of endophytes is the
way resources are allocated in the whole plant. Many unique endo-
phytic microbe communities reside freely in the tissues of most
plants (Johnston-Monje and Raizada, 2011). To buttress our point,
studies by Garbeva et al. (2001) discovered that Pseudomonas sp.
were more prominent in the stems of potatoes (Solanum tubero-
sum) than in the roots which enhanced crop growth, after its
growth was considered for one month. Surette et al. (2003) sus-
pected that higher presence of endophyte within crowns of carrot
as compared with the metaxylem tissues might be attributed to a
higher level of photosynthate present in the crown regions, which
probably supply more resources for a larger community to
increase. When plant tissues are effectively colonized, endophytes
can be freely distributed in the host plant, thereby enhancing plant
growth promotion. However, discovering the mechanism behind
this distribution is still an important focus.
3. Root colonization behavior of endophytes

Endophytes have the capacity to colonize any part of the plant
including the embryo of seeds. The endophytes increase as the
seedling germinates and during its early growth (Shade et al.,
2017). As the seedlings continue to grow, the interactions between
soil and roots microbiome start. The first step involved in the col-
onization process, especially for endophytic bacterial cells. is called
attachment or adhesion (Kandel et al., 2017). Most bacterial endo-
phytes in the surroundings of plant roots move towards the roots
through chemotactic affinities for the exudates released by the
roots of the plants. This is often followed by attachment to the sur-
face of the plant root, which is very important in penetrating the
entry sites at the lateral root emergence region or through other
areas, as a result of wounds or mechanical injuries. The
exopolysaccharides produced by bacterial cells may also help in
enhancing the attachment of bacterial endophytes to the root sur-
face and this is very important for endophytic colonization at early
stages. The EPS secreted by bacterial endophyte Gluconacetobacter
diazotrophicus Pal5 was reported as a vital factor for surface attach-
ment and colonization of rice root (Meneses et al., 2011). Some
structures of the bacterial cells such as cell surface polysaccha-
rides, fimbriae and flagella can also aid the attachment of bacterial
cells to plant roots. However, in a study carried on maize endo-
phytes, it was observed that lipopolysaccharide (LPS) produced
by bacterial endophyte is important for its attachment and endo-
phytic colonization of the maize roots (Balsanelli et al., 2010). Also,
it had been reported that binding of N-acetyl glucosamine of LPS
with the lectins of the maize root is needed to enhance the attach-
ment and subsequent colonization of the plant roots by the bacte-
rial endophyte (Balsanelli et al., 2013). Microbial interactions in the
rhizosphere are triggered by plant exudates which enhances the
entrance of endophytes in the root of the plant. Endophytes even-
tually propel tissue colonization of plant and later continue by
moving in the stem, leaves and the entire plant endosphere
(Kandel et al., 2017).

Endophytic microbes are ever-present in many species of plant,
living actively or latently enhancing tissue colonization. Endo-
phytic bacteria are numerous and they colonize many species of
plant. The spread of endophytes starts from the root and decreases
across the plant stem and leaves. Immunological labeling tech-
niques with the aid of monospecific polyclonal antibodies were
applied against two Herbaspirillum frisingense strains and green
fluorescent protein (GFP)-fluorescence tagging, the result showed
that H. frisingense successfully colonize the root of Miscanthus
sinensis (Rothballer et al., 2008). The capability of endophytes to
successfully colonize the inner tissues of the host plant has
exposed their importance in agricultural practice. The differences
among endophytes in the endosphere are governed by question-
able events which influence colonization processes. Soil factors
have a great influence on how differently the community of endo-
phytes colonizes the plant. The initial steps which soil bacteria use
in colonizing plant roots are still questionable, considering the fact
that it depends solely on the interaction that exists between plant
root and bacterium. Reports have it that the way plant roots are
colonized rests greatly on the diversity, abundance, physiological
status and distribution of the supposed endophytes in the soil
(Van Overbeek and Van Elsas, 2008). Various factors determine
the community structures of endosphere and endophytic coloniza-
tion. The capability of soil bacteria to enter the root of the plant
through induced chemotaxis movement and colonize it effectively
through microcolony formation and attachment is the distinctive
factor an organism must possess in order to become an endophyte.
Endophytes show some signs of their interaction with the plants by
colonization and the formation of structures which are similar to
ectendomycorrhiza and ectomycorrhizal. Endophytes are present
in the vascular tissues of the plants serving as hosts, making
asymptomatic colonization intracellularly or intercellularly
throughout the root. Genetically engineered derivatives and wild-
type strain PsJN of Burkholderia sp. strain PsJN tagged with gfp
(PsJN: gfp2x) or gusA (PsJN: gusA11) genes were inoculated in
the rhizosphere of Vitis vinifera L. cv. Chardonnay plantlets. The
results showed that Burkholderia sp. strain PsJN successfully colo-
nized root surfaces, cell walls and the whole surface of some rhizo-
dermal cells (Compant et al., 2005). An endophytic fungus
identified as Hypocrea lixii isolate F3ST1 was able to colonize
onion plants thereby propelling antixenotic repellence of T. tabaci
(Muvea et al., 2015). Patel and Archana (2017) reported that Acine-
tobacter sp. and Achromobacter sp. isolated from Poaceae family
(maize, wheat pearl millet, sorghum, and rice) colonized the root
of wheat and enhanced growth improvement. Bacillus sp. from
tomato plant improved the growth of the wheat by colonizing its
root (Tian et al., 2017). Meneses et al. (2017) showed that Glu-
conacetobacter diazotrophicus isolated from sugarcane successfully
colonized the root of the rice plant and enhanced its growth.
Herbaspirillum seropedicae isolated from sorghum also colonized



Fig. 1. The model of the microbiomes present in the root.

Fig. 2. Applications of endophytic microbes in various research fields.
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the root and leaf of maize plant changing the metabolic profile and
nitrogen fixation (Brusamarello-Santos et al., 2017). Change in
gene expression was reported when Herbaspirillum seropedicae
colonized the root of wheat (Pankievicz et al., 2016). Pseudomonas
fluorescence was able to colonize the tissues of the plant, thereby
leading to growth enhancement, when exposed to phosphate defi-
cient conditions (Otieno et al., 2015). A study by Patel and Archana
(2017) showed that Ralstonia sp. isolated from the Poaceae family
colonized the root of maize and enhanced its growth. Endophytic
bacteria Consortium (Pseudomonas spp., Paenibacillus spp.,
Sphingomonas azotifigens) was also able to colonize the root, stem,
and leaf of Ryegrass and aid its growth promotion (Castanheira
et al., 2017). Fig. 1 shows the different microbiomes present in
the root region of a plant. In summary, it is evident that endo-
phytes can colonize the tissues of the plant both intracellularly
and extracellularly. Despite the fact that endophytes can be found
in almost all tissues of the plant, roots still have the closest contact
with the soil and may function as the first channel through which
endophyte penetrates the plant.
4. Contributions of endophytes to plant growth promotion

Endophytes have been reported to confer many types of protec-
tion to their host plant, viz. deterring herbivores by the production
of alkaloids that are toxic to grasses, endurance to thrive in hot
springs, and protection from pests in dicots (Arora and Ramawat,
2017). Endophytes are said to share close similarities with patho-
gens residing in the host plant. More evidence shows that the
interaction between pathogen and endophytes occurs in different
dimensions in the different hosts, and apparently, the physiology
of the plant that has been disturbed may inhibit the pathogen’s
growth, modify the nutrient balance in a way that will favor endo-
phyte, or trigger plant’s defense mechanism (Busby et al., 2016).
The plant’s colonization by endophytic fungi proffers enhanced
defense against some nematodes which affect plants. This is a com-
plex occurrence, and the antagonistic mechanism exhibited by
endophytes is yet to be fully understood (Busby et al., 2016). Thus,
endophytes have great importance in the efficiency of the
pathosystem and also in plant’s diversity, survival, and conserva-
tion (Arora and Ramawat, 2017). Endophytes influence plant activ-
ities in many dimensions and the actual functions of endophytes
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have not been clearly defined, but host plants generally benefit
from the presence of endophytic microorganisms in their tissues.
Promotion of plant growth can be passively or actively achieved
by endophytes using different mechanisms, even as metabolites
from endophytes confer different health to host plants by trigger-
ing plant survival in abiotic and biotic conditions, and also plant
growth enhancement. The summary of the applications of endo-
phytes is presented in Fig. 2.

4.1. Phytostimulation or biofertilization

The application of endophytes in agricultural sustainability has
increased crop growth and yield (Li et al., 2016, Kumar et al., 2017).
For years now, researches have established that endophytes pos-
sess the capacity to colonize plant tissues, thereby creating a
strong symbiotic association with their hosts (Kumar et al.,
2017). The interaction results in enhancement of plant growth
and improvement in the plant’s ability to survive under stress
(Saravanakumar and Samiyappan, 2007). Biofertilizers are an
eco-friendly, cheap, and renewable source of nutrients to plants
which help in reducing our dependence on chemical fertilizers
and play a significant role in increasing nutrient availability,
thereby enhancing plant growth (Pal et al., 2015). Endophytes pro-
duce many phytohormones, some of which include cytokinins,
auxins, and gibberellic acids. A study carried out on a wild cotton-
wood (Populus trichocarpa), shows that a diazotrophic endophytic
bacterium, Burkholderia vietnamiensis was isolated, which supports
plant growth promotion by secreting indole acetic acid (IAA) (Xin
et al., 2009). The claim was established by comparing B. viet-
namiensis inoculated plants with control plants, and it was found
that more dry biomass weight and increased nitrogen content were
gained by the inoculated plant. Increased amounts of bioactive
compounds GA4, GA7, and GA4 were reported from a novel fungus
strain, Cladosporium sphaerospermum which was discovered in Gly-
cine max (L) Merr. roots, which helps in improving the growth of
soybean and rice plants maximum (Hamayun et al., 2009). An
endophytic fungus Porostereum spadiceum AGH786 was inoculated
with Soya Bean seedling under NaCl stress in the greenhouse. The
result showed that phytohormones such as GAs, JA and ABA, and
isoflavones were secreted but GAs was secreted in higher quantity
than in the control (Hamayun et al., 2017). Potshangbam et al.
(2017) reported that some endophytic fungi such as Fusarium,
Sarocladium, Aspergillus, and Penicillium isolated from maize and
rice plants were determining factors in plant growth improvement.
The organisms were observed to enhance disease suppression,
stress tolerance and plant growth improvement. Some promising
endophytic bacteria were isolated from Echinacea purpurea and
Lonicera japonica in a study carried out by Gupta et al. (2016).
The isolates were found effective in siderophores production, phos-
phate solubilization, hydrogen cyanide production, indole acetic
acid production, and fixing of atmospheric nitrogen. Endophytic
bacteria are becoming prominent in plant growth promotion
because of their ability to increase the nitrogen present in the soil.
Some endophytic bacteria such as Rhizobium spp. and non-
nodulating strains such as Brevibacillus choshinensis, Microbac-
terium trichothecenolyticum, Micromonospora spp. and Endobacter
medicaginis have been reported to be present in the root nodules
of a plant (Igiehon and Babalola, 2018).

Fouda et al. (2015) studied endophytic fungi isolated from
Asclepias sinaica and identified as Penicillium chrysogenum and
Alternaria alternata. The results showed that the isolates enhanced
root growth and root elongation, which was attributed to ammonia
and IAA production. Abdallah et al. (2016) conducted research on
endophytic bacteria isolated from Withania somnifera fruits to
assess their ability to promote plant growth. The result showed
that the most active isolate Alcaligenes faecalis was found to pro-
duce indole-3-acetic acid and enhance phosphate solubilization.
Also, endophytic fungi associated with mangrove were assessed
for their ability to promote the growth of Oryza sativa L. It was
reported that all the endophytic fungi isolated enhanced the
growth of O. sativa L. ‘‘Cempo Ireng” (Tumangger et al., 2018). Dif-
ferent phytohormones produced by endophytes will improve plant
growth and reduce the dependence on synthetic fertilizers.
4.2. Antimicrobial activity

Many beneficial endophytes discovered in plants have been
found to exhibit antimicrobial properties. They assist in the control
of some pathogenic microorganisms in plants and/or animals. Most
endophytes in medicinal plants exhibit broad-spectrum bioactivity
towards pathogenic microorganisms (Devaraju and Satish, 2011).
About 37 bacterial endophytes were isolated from Samanea saman
Merr. and Tectona grandis L. plants, and results showed that eigh-
teen isolates produced effective inhibitory compounds against
Escherichia coli, Staphylococcus aureus, and Bacillus subtilis, and
the growth of Candida albicans was inhibited by 3 isolates through
in vitro method (Chareprasert et al., 2006). The antimicrobial
potential of the endophytic fungi like Alternaria sp., Chaetomium
sp., Alternaria tenuissima, Colletotrichum truncatum, Doth-
ideomycetes sp., Thielavia subthermophila, Nigrospora oryzae, discov-
ered in a medicinal plant known as Tylophora indica, were tested
against Fusarium oxysporum and Sclerotinia sclerotiorum and found
to strongly inhibit their growth (Kumar et al., 2011). A summary of
other studies is presented in Table 1.
4.3. Source of bioactive compounds

Endophytes are able to synthesize some bioactive compounds
that strengthen plant defense against pathogenic organisms, and
some of these compounds have been used in the discovery of novel
drugs. A recent report has it that many natural products originated
from endophytes, some of which include terpenoids, flavonoids,
alkaloids, and steroids. Antibiotics, anticancer, antidiabetic,
immunosuppressants, antiviral and biological control agents,
among others, are some of the characteristics attributed to bioac-
tive metabolites present in endophytes (Joseph and Priya, 2011).

Geldanamycin and rifamycin are Maytansinoids, which belongs
structurally to ansamycin family of polyketide macrolactams and
most times are produced by three close families of the plant
(Rhamnaceae, Celastraceae, and Euphorbiaceae) and some bacteria
isolates such as Actinosynnema pretiosum and mosses. It has been
speculated that rhizospheric microbes might also take part in the
plant’s maytansinoids biosynthesis (Nair and Padmavathy, 2014).

Another group of biologically active compounds produced by
endophytes is siderophores, which help in chelating microorgan-
ism iron ions for improved plant growth. They have been applied
in the area of medicine and agriculture. They are also an important
component of microorganisms which show a virulence trait, conse-
quently affecting animals, people, and plants. Studies were con-
ducted on five different strains of an endophytic fungus with
dark septate identified as Phialocephala fortinii, and three sidero-
phores were produced, namely ferrichrome C, ferricrocin, and fer-
rirubin, whose secretion depends greatly on the iron (III)
concentration and pH of the growth medium (Nair and
Padmavathy, 2014). However, P. fortinii shows promise for use in
industrial manufacturing of siderophores. A plant Taxus chinensis
produced an endophyte identified as Metarhizium anisopliae, which
was discovered to be the source of taxol (Liu et al., 2009). Also, the
leaves of a medicinal plant identified as Justicia gendarussa harbor
an endophyte named Colletotrichum gloeosporioides, which is also
notable for the production of taxol (Gangadevi and Muthumary,



Table 1
Summary of other studies on the antimicrobial activities and bioactive compounds produced by endophytes.

Endophytes Type of
Endophytes

Host Plant Pathogen active against Compounds secreted. References

Phomopsis sp. Endophytic
fungi

Plumeria acutifolia Pseudomonas sp, Escherichia coli, Klebsiella sp, Bacillus subtilis, Staphylococcus
aureus.

– Nithya and
Muthumary (2010)

Phomopsis sp. Endophytic
fungi

Allanmands cathartica Pseudomonas sp, E. coli, Klebsiella sp., B. subtiis, S. aureus. Terpene Nithya and
Muthumary (2011)

Fusarium solani Endophytic
fungi

Taxus baccata Staphylococcus. epidermidis, S. aureus, S. flexneri, B. subtilis. 1-tetradecene, 8-pentadacanone,
8-octadecanone, 10-
nonadecanone,octylcyclohexane

Tayung et al.
(2011)

Xylaria cubensis, Cyanodermella
sp., Lasella sp.

Endophytic
fungi

Citrus, Zanthoxylum of
Rutaceae and Cinnamomum
of Lauraceae

Erwinia carotovora, Xanthomonas campestries, Ralstonia solanceae. – Ho et al. (2012)

Alternaria sp, C. gloeosporoides,
Fusarium sp, Pestatiopsis sp.

Endophytic
fungi

Biota orientalis, Pinus excels
and Thuja occidentalis

Streptococcus faecalis, Salmonella typhi, – Subbulakshmi
et al. (2012)

Botrytis sp. Endophytic
fungi

Ficus benghalensis Klebsiella sp, E.coli, – Senthilmurugan
et al. (2013)

Aspergillus sp. Endophytic
fungi

Bauhinia guianensis E.coli, P.aurigonosa, S.aureus, B.subtilis Fumigaclavine C and Pseurtotin C Pinheiro et al.
(2013)

Pestalotiopsis mangiferae Endophytic
fungi

Mangifera indica Linn E.coli, B.subtilis, K. pneumonia. 4-(2,4,7-trioxa-bicyclo[4,10]-
heptan-3-yl

Subban et al.
(2013)

Alternaria alternata, A.
citrimacularis, A.niger

Endophytic
fungi

Aegle marmelos S.typhi, Proteus mirabilis, S.epdermidis, S.aureus, Shigella Sp, Shigella sp., P.
aeruginosa, E.coli, K.pneumoniae

– Mani et al. (2015)

Bacillus atrophaeus, Bacillus
mojavensis

Endophytic
bacteria

Glycyrrhiza uralensis
(Licorice)

F. oxysporim, Fulvia fulva, A. solani, C. goleosporoides, Verticillium dahlia 1,2-bezenedicarboxyl acid, Methyl
ester, Decanodioic acid, bis(2-
ehtylhexyl)ester.

Mohamad et al.
(2018)

Arthrinium sp. MFLUCC16-
1053

Endophytic
fungi

Zingiber cussumunar Staphylococcus aureus, E.coli, Laurenan-2-one, 3E-cembrene A,
Β-cyclocitral, sclareol, cembrene,
farnesol, b- isocomene

Pansanit and
Pripdeevech
(2018)

Xylaria sp., Penicillium sp. Endophytic
fungi

Piper aduncum, Aliberta
macrophylla

Cladosporium cladosporoides, C. sphaerospernum Dihydroiso-1-caumarin, (3R,4R)-
4,7-dihydrooxymellein, (R)-7-
hydroxylmellein.

Oliveira et al.
(2011)

Fusarium solani Endophytic
fungi

Taxa baccata Candida albicans, C. tropicalis Octylcyclohexane, 8-
octadecanone, 1-tetradecane, 8-
pentadecanone, 10-nonadecanone

Tayung et al.
(2011)

Alternaria sp, C. gloesporoides,
Fusarium sp., Pestalotropsis
sp.

Endophytic
fungi

Biota orientalis, Pinus excels,
Thuja occidentalis

C. albicans – Subbulakshmi
et al. (2012)

Phoma sp. Cinnamomum mollissimum Aspergillus niger 5-hydroxyramulosin Santiago et al.
(2012)

Lasmenia sp, Ophiceras
tenuisporium, Xylaria
cubensis, Cyanodermella sp.

Endophytic
fungi

Citrus, Zanthoxylum of
Ruatceae, Cinnamomum of
Laureceae

Alternaria solani, B. cinera, Colletotrichum gloesporiodes, C. higginsianum, C.
lageniformis, Fusariun oxysporium, Monacha fruticola, Penicillium digitatnum,
Puccinia sidii, Pythium aphanidermatum

– Ho et al. (2012)

Chaetomium globosum,
Myrothecium verrucaria

Endophytic
fungi

Caloptropis procera Alternaria alternata, Botrytis cinera, F. oxysporum, Pythium ultimum – Gherbawy and
Gashgari (2014)

Phomopsis sp. Endophytic
fungi

Aconitum carmichaeli Clinical Isolates Gavodermside D and Clavasterols Wu et al. (2013)

Pestalopsis mangiferae
Meyerozima sp and
Chaetomium globosum.

Endophytic
fungi

Mangifera indica
Linn Trattinnickia rhoifolia
(Burseraceae) and Protium
heptaphyllum

C. albicans
F. oxysporum

-
Cladosporin, chaetoviridin A and
Chaetoatrosin A

Subban et al.
(2013)Fierro-Cruz
et al. (2017)
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Table 2
Summary of major findings on the biocontrol activities of endophytes

Endophytes Type of
endophytes

Plant Source Pathogens Major Findings References

Ulocladium, Penicillium, Cladosporium, Aspergillus,
Fusarium Chaetomium, Alternaria, Paecilomyces,
Bipolaris, Trichoderma, Diaporthe, Nigrospora
and Phoma.

Endophytic
fungi

Strawberry
leaves

Third instar
larvae of D.
fovealis

The result showed that Paecilomyces isolates were
found to induce the highest mortality rates on the
pathogens

Amatuzzi
et al.
(2018)

Ochrobactrum sp. (CB361-80) and Pantoea sp
(CC372-83)

Endophytic
fungi

(Cucumis
sativa L.)

Pseudomonas
syringae pv.
Lachrymans

The result showed that the isolates were able to
control angular leaf spot disease in cucumber

Akbaba
and
Ozaktan
(2018)

Serratia (B17B), Enterobacter (E), and Bacillus
(IMC8, Y, Ps, Psl, and Prt)

Endophytic
bacteria

Papaya, snap
bean and
flowering
dogwood

Phytophthora
capsici

Phytophthora blight, caused by Phytophthora
capsici, which is the most destructive disease of bell
pepper in the United States was successfully
reduced invitro

Irabor and
Mmbaga
(2017)

Leptosphaeria sp., Penicillium simplicissimum,
Acremonium sp., and Talaromyces flavus

Endophytic
fungi

Cotton Verticillium
dahliae strain
Vd080

The Verticillium wilt of cotton was controlled and
improvement in cottonseed yield in tested cotton
fields was observed.

Yuan et al.
(2017)

Endophyte A22F1 Endophytic
fungi

Flowering
dogwood
(Cornus
florida)

Phytophthora
capsici

The result showed the control of root rot pathogens
in pepper.

Mmbaga
and
Gurung
(2018)

3628 A.E. Fadiji, O.O. Babalola / Saudi Journal of Biological Sciences 27 (2020) 3622–3633
2008). Table 1 gives a summary of some other studies where bioac-
tive compounds were produced by endophytes.

4.4. Biocontrol activities

Endophytic microorganisms are often acknowledged as having
some biocontrol activities, and are therefore a possible replace-
ment for inorganic chemicals. Endophytes play a beneficial role
not only for controlling conifers, but in insect herbivory too
(Posada and Vega, 2006). A fungal endophyte identified as Beauve-
ria bassiana has been reported to control pathogens of insects such
as borer insects, which mostly attack seedlings of sorghum (Tefera
and Vidal, 2009), and coffee (Posada and Vega, 2006). Botrytis
cinerea is an organism that causes rot of tomato fruits and reduces
their shelf life and postharvest quality. However, bacterial endo-
phytes identified as Bacillus subtilis, which was found resident in
the tissues of Speranskia tuberculata, gave a strong antagonistic
effect through in vitro studies on B. cinerea (Wang et al., 2009).
Pinellia ternate agglutinin (PtA) gene was expressed in Chaetomium
globosum YY-11, an endophyte discovered in grape seedlings,
alongside Enterobacter sp. and Bacillus subtilis which are endo-
phytic bacteria got from the seedlings of maize (Zhao et al.,
2010). These recombinant endophytic genes were active in con-
trolling populations of pests such as in the seedlings of most crops.
Also, in a related study, Enterobacter cloacae that harbors PtA gene
was discovered as an active bio-insecticidal agent in controlling
white-backed planthopper, Sogatella furcifera (Zhang et al., 2007).
However, the application of recombinant endophytic organisms
as biocontrol agents becomes essential, since they produce anti-
pest proteins through a novel technique for controlling plant pests,
these endophytes can successfully colonize crop plants. A sum-
mary of similar studies is presented in Table 2 below. This biocon-
trol activity by endophytes boosts plant resistance to diseases and
reduces dependence on pesticides.

4.5. Nutrient cycling

One of the important processes of balancing existing nutrients
and making present the nutrients for every component in an
ecosystem is called the nutrient cycle. Biodegradation of biomasses
that are dead is one of the numerous methods of bringing used
minerals back into the ecosystem which consequently brings them
to the level where they can be utilized by the organism. This then
becomes a continuous chain process. Many saprophytic organisms
perform an active role in the nutrient cycling process. Some studies
have proved that endophytes showcase a vital function in the
biodegradation of host plant litters (Promputtha et al., 2010). In
plant litter biodegradation, endophytic microorganisms, first of
all, colonize the plant and then trigger the saprophytic organisms
to act on it through an antagonistic reaction, thereby giving an
increase in the decomposition of litters (Nair and Padmavathy,
2014). He et al. (2012) reported that virtually all endophytes have
the potential for organic matter decomposition, some of which
include hemicellulose, lignin, and cellulose, which are desired in
decomposing different groups of organic matters.

4.6. Biodegradation and bioremediation

Most endophyticmicrobes have the capacity to decompose com-
plex organic compounds. Bioremediation is a way of removing
waste and pollutants present in the environment by the activities
of a microorganism. It is a bioprocess that depends greatly on
microorganisms in the breaking down of waste products. This is
achievable because of the numerous microorganisms which are
available in nature. The impact of endophyticmicrobes in exhibiting
bioremediation by Nicotiana tabaccum was studied by Mastretta
et al. (2009). The inoculation of N. tabaccum alongside endophytic
microbes showed an increase in the biomass numberwhen exposed
to cadmium (Cd) stress, and the number of noninoculated plants
was lower when compared to inoculated plants. This finding, how-
ever, showed the beneficial roles of endophytes from the seeds of
plants on the accumulation and toxicity of metals. Some fungal
endophytes were assessed for their ability to degrade the plastic
polymer polyester polyurethane (PUR) (Russell et al., 2011). Many
organisms showed their capacity for the degradation of PUR effec-
tively in liquid and solid media; however, genus Pestalotiopsis gave
the best result. Two isolates of Pestalotiopsis microspora successfully
used PUR as their only carbon source when exposed to anaerobic
and aerobic conditions. An enzyme serine hydrolase was predicted
to be responsible for this attributewhenmolecular characterization
was carried out, this enzyme can boost the stress tolerance poten-
tials of the plant (Russell et al., 2011).

Endophytic bacteria aid phytoextraction of most heavy metals.
Many studies on how endophytic bacteria can remove heavy met-
als have been carried out, indicating endophytes can help enhance
the stress tolerance potential of the plant (Rajkumar et al., 2010).
Endophytes are also found to be active in the degradation of pol-
yaromatic hydrocarbon (PAH) (Radwan, 2009). Many types of
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microorganism nowadays can produce strong surface bioactive
biomolecules of biosurfactants with varying molecular size and
chemical properties. The bioremediation ability of an endophytic
bacteria identified as Pseudomonas fluorescence RE1 (GenBank:
MF102882.1) was assessed on heavy metals such as Cr, Cd, Ni,
and Zn. The study revealed that the endophyte was able to with-
stand heavy metals at high concentration and can be used for sur-
vival by plants in environments contaminated with heavy metal
(Karnwal, 2018). This biodegradation and bioremediation activities
attributed to endophyte could be helpful for the survival of the
plant in extreme condition.

4.7. Cold and drought stress tolerance

Endophytes have been reported to enhance plant tolerance to
cold stress. A study carried out by Subramanian et al. (2015) on
tomato plants showed that inoculation with the psychrotolerant
endophytic bacteria, Pseudomonas vancouverensis OB155 and P.
frederiksbergensis OS261 enhances survival under cold stress (10–
12◦C). Reduced membrane damage and elevated antioxidant activ-
ities were recorded when compared with the control plant. How-
ever, genes for cold acclimation (LeCBF1 and LeCBF3) were
produced by the endophyte inoculated plants (Subramanian et al.,
2015). Also, an endophyte, Burkholderia phytofirmans strain PsJN
induced growth and also strengthened the cell wall of Arabidopsis
which resulted in increased resistance to cold stress (Su et al.,
2015). Endophytes were also reported to boost plant tolerance to
drought. Through the transcriptomics method, it was observed that
endophytic B. phytofirmans PsJN showed diverse functions when
inoculated in potato plants (Sheibani-Tezerji et al., 2015). Tran-
script used in cellular homeostasis, transcriptional regulation and
ROS detoxification were improved in potato inoculated with B.
phytofirmans PsJN in a drought stress area. This indicates that endo-
phytes can detect physiological changes in plants and regulate gene
expression for adaptation to that environment. Bacterial endo-
phytes therefore have the prospect of being used as a protective
agent in agricultural practices under severe climatic conditions
and they can affect physiological responses of the plant to stresses.

4.8. Secretion of volatile organic compounds

An endophytic fungus known as Hypoxylon sp. which was found
resident in the tissues of Persea indica gave an array of volatile
organic compounds (VOCs) notable among them were 1,8–1-met
hyl-1,4-cyclohexadiene, cineole, temporarily reported as alpha-m
ethylene-alpha-fenchocamphorone, among others that are yet to
be identified. It produced a strong VOC antimicrobial compound
active in inhibiting Phytophthora cinnamomi, Botrytis cinerea, Cer-
cospora beticola, Sclerotinia sclerotiorum, and Cercospora beticola.
This may have a big impact in the interactions between the fungus
and how it survives in the host tissue (Tomsheck et al., 2010). They
undeniably showed that Hypoxylon sp. produced 1, 8-cineole (a
monoterpene), which is a novel compound. This octane derivative
can be used as a fuel additive just as many VOCs produced by
Hypoxylon sp. The study suggests that sourcing for fungi that can
produce VOCs like Hypoxylon sp. will increase their utilization in
industries, medicine, and in the production of energy for improved
agricultural practices.

Phomopsis sp. a fungal endophyte, which was unusually isolated
from Odontoglossum sp., secreted a distinct number of VOCs which
are benzene, ethanol, and 2- propanone, and a monoterpene having
a peppery odor called sabinene (Singh et al., 2011). Gases from Pho-
mopsis sp. have antifungal characteristics and mixtures of the VOCs
have similar antibiotic activity against numerous plant pathogenic
fungi. A natural thujospenwas also revealed to be produced by Peni-
cillium decumbens Thom C. (Polizzi et al., 2011). Suwannarach et al.
(2013) showed that Nodulisporium sp. CMU-UPE34was able to pro-
duce 31 VOCs. The GC–MS analysis of the results showed that
numerous VOCs are produced, among which are acids, alcohols,
esters, and monoterpenes. However, eucalyptol, also called 1, 8-
cineole was the only volatile compound found to be produced in a
large quantity. Many chemicals such as butyl, ethanol, and ethyl
acetate which are VOCs spectrum have been reported to be pro-
duced naturally by Ceratocystis fimbriata, after thorough GC–MS
analysis, and have biotechnological importance in plant growth
promotion (Li et al., 2015, Kaddes et al., 2019). More studies need
to be carried out and channeled towards VOCs that have antimicro-
bial properties which will help in improving plant growth.
4.9. Combined roles performed by some endophytes

A number of endophytic microbes are known to possess the
ability to carry out different activities within their hosts. Some
Endophytes were discovered to have both antimicrobial and
herbicidal properties (Li et al., 2012). An endophytic bacterium,
Bacillus sp. SLS18, common for plant growth-promotion, was also
studied for its activity in biomass production when Solanum
nigrum L. was exposed to manganese and cadmium l (Li et al.,
2012). Results showed that it displayed great resistance against
antibiotics and heavy metals. The strain was also found to produce
siderophores, indole-3-acetic acid, and 1-aminocyclopropane-1-
carboxylic acid deaminase.
5. The influence of environmental conditions on endophytic
microbe population

Endophytes are numerous and they survive in different envi-
ronments, and some may even grow at extreme conditions
(Compant et al., 2010). The population of endophytes varies from
species to species and plant to plant. In the same species, the endo-
phytic population may not only be unique from one region to
another but also differs with a change in climatic conditions in
the same region. Some of the major factors affecting endophytes
are temperature, elevation, latitude, and rainfall which can work
together in influencing the composition of endophytes in plants.
Climate change may result in an uncontrolled rainfall which could
either occur in short supply or in excess (Enebe and Babalola,
2018). Excessive rainfall leads to flooding and erosion. These fac-
tors can sometimes affect the physiology of the plant, thus
revamping plant and endophyte interactions. Chareprasert et al.
(2006) studied temporal changes and the way they affect the total
endophytic fungi population and observed that matured teak
leaves (Tectona grandis L.) and the rain tree (Samanea saman Merr.)
gave a greater number of species and genera, with higher fre-
quency of colonization as compared to juvenile leaves, and their
presence increased across the rainy season. Thongsandee et al.
(2012) reported that the endophytic population and frequency in
Gingko biloba L. shows considerable difference in sampling dates
for all organs of plants studied, which are, petiole, young leaves,
and twigs. They observed that Phyllosticta sp. was present in both
petioles and leaves initially examined starting from August with
its peak in October. Phomopsis sp. was also detected in all twigs
examined throughout the planting year. These results infer that
the abundance of the two dominant endophytes differed with sea-
sons and are also organ-specific.

Dry environments may be helpful in selection and discovery of
drought-tolerant endophytes (Yandigeri et al., 2012); studies
focusing on an area in Namibia characterized with a prolonged
dry season showed that many endophytic microbe strains that
are desiccation-resistant were detected in maize, pearl millet,
and sorghum (Grönemeyer et al., 2012). Similarly, environments
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that are cold help in the selection of endophytes that are psy-
chrophilic (Nissinen et al., 2012).

However, recent studies carried out on the endophere micro-
biome of plants using high-throughput sequencing have showed
that genotype (Rodríguez-Blanco et al., 2015), host plant species
(Ding and Melcher, 2016), growing season (e.g., of trees) (Shen
and Fulthorpe, 2015, Ding and Melcher, 2016), developmental
stage (e.g., seedling or mature plant) (Yu et al., 2015, Ren et al.,
2015a), geographical location (field conditions) (Edwards et al.,
2015), host plant nutrient status (Hameed et al., 2015), fertilization
(Rodríguez-Blanco et al., 2015) and cultivation practice (Edwards
et al., 2015) are some of the factors reported to have significant
influence on the plant endopshere microbiome.

Studies comparing the diversity and abundance of endophytic
bacteria between transgenic glyphosate-resistant cultivars and
wild-type of soybean plants observed a higher diversity and abun-
dance in the culturable endophytes compared with the wild-type
plants (de Almeida Lopes et al., 2016). They reported that the geno-
type of the plant influenced the functional diversity of bacterial
endophytes and IAA-producing strains were isolated from one of
the three genotypes of sweet potato studied.

Alongside host properties, variations in environmental temper-
ature and CO2 regulate bacterial endophyte communities. Under-
standing how bacterial endophytes respond to climate change,
especially in the case of high temperature and CO2, can help in
terms of policies that involve environmental issues. A study by
Ren et al. (2015b) showed that bacterial endophytes from the
plant leaves are more influenced by climate than bacterial com-
munities of the soil. The community structure of bacterial endo-
phytes inhabiting leaves of rice was affected by high CO2 levels
at the filling and tillering stages, but not at maturity, and this
effect can be linked to the level of N fertilization levels (Ren
et al., 2015a). Also, (Ren et al., 2015b) showed that endophytes
community inhabiting leaves at different locations within the
plant reacted differently to increase in CO2. Available oxygen also
affected bacterial endophytes community inhabiting rice, espe-
cially the diazotrophs.
6. Challenges and advances in isolation and identification of
endophytes

Most endophytes have been found to be culturable, although
some are still not culturable. This has widespread effects in mea-
suring and identifying endophyte community structure and diver-
sity. Recent studies have proved the existence of endophytes
through various cultivation-independent experiments and fluores-
cence in situ hybridization-confocal laser scanning microscopy
studies (Berg et al., 2014). The use of modern molecular tools
alongside complimenting culture-independent techniques is now
widespread. These methods have their base as a polymerase chain
reaction (PCR), useful for amplifying a DNA region, most times
through16S rRNA, subsequently followed by purification methods
for analyzing endophyte communities, some of which sometimes
include community fingerprinting or cloning techniques (Gao and
Tao, 2012). However, the biased results attributed to PCR present
one of the major challenges faced in identifying these endophytes
(Lu et al., 2018). Currently, researchers are considering ways of
combining both culture-independent and dependent approaches
because each has bases inherent to it (Reinhold-Hurek and
Hurek, 2011).

The merging of culture-independent methods and culture-
dependent approaches has helped in discovering numerous endo-
phytes that are uncultured in most plant species (Pereira et al.,
2011). These species might show some important functional roles
in the plant (Sessitsch et al., 2012). New techniques will help scien-
tists to further explore the world of these organisms despite
reports of being uncultivable (Stewart, 2012). The use of Ribosomal
DNA (rDNA) ITS has been established to be a valuable source in
resolving phylogenetic relationships among genera or species star-
ing from lower levels (Nair and Padmavathy, 2014). It was also
recorded that the identification of nonsporulating fungi using ITS
sequences analysis was effective in reducing the effect of the
biased report often associated with fungi identification. Further-
more, ITS data and the Large Subunit (LSU) are strong tools to
end the difficulty often associated with the taxonomy of endo-
phytic microbes from Basidiomycetes (Rungjindamai et al., 2008).
In addition, more recently, genomic and metagenomic studies have
gained a lot of attention in endophytic research, as the approach
can help to identify different microbes (culturable and noncultur-
able) present in an environment (Fadiji and Babalola, 2020b). This
approach will also help to predict the functions of endophytes as
regards whether it is beneficial, pathogenic or nonpathogenic and
also identification of many uncharacterized taxa (Brader et al.,
2017; Fadiji and Babalola, 2020b).
7. Limitations in the use of endophytes

There is a serious need to explore the world of endophytic
microorganisms in a bid to identify competent ones that will per-
fect their function effectively under the influence of complex rhizo-
spheric plant–microbe interactions, and different ecological
situations. This is because numerous problems already exist which
are associated with the applications of endophytes, some of which
originate from microbial community-plant interaction complexity
and exhibition of poor rhizospheric competence in the presence
of endogenous microorganisms (Schulz et al., 2002). The popula-
tion of endophytes is also disturbed by a persistent change in the
condition of their environment and emerging soil biological, chem-
ical and physical properties. Being affected with factors earlier
mentioned, the effectiveness of an endophytic microbial popula-
tion is not clear.

Apart from assessing the functionality of endophytes, market-
ing, proper formulation, and production methods are also some
of the limitations in the use of these beneficial microbes for agri-
cultural practices. Another concern with the use of endophytes
from plants is that some of them are opportunistic pathogens for
animal, plant, or human pathogens and the application of these
microbes can cause mild to severe illness and sometimes outbreaks
of disease.
8. Future outlook

Considering the importance of endophytes, it is strongly recom-
mended that future studies should focus on the way the endo-
phytes react with the plant host in order to ascertain the best
way to make them effective for continuous crop production. Most
endophytes known for their numerous functions were isolated
through culture-dependent methods; there is still a need to
explore culture-independent techniques such as genomics and
metagenomics studies in order to be able to detect more novel
functions and species. Also, the mechanisms of action of most
endophytes are yet to be fully understood. Though some studies
are ongoing in this regard, it is very important that the different
underlying mechanisms of action of these endophytes should be
urgently examined, especially in the way they interact with other
microbes in the tissue of plants. Mechanisms backing up the ways
of distribution are not clear because endophyte species differ from
one plant to the other; they are still a novel field to be explored. A
better understanding of functions encoded by endophytic genomes
could help us to have insight to the mechanisms involved in plant–
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microbe interactions and establish genomic determinants of endo-
phyte lifestyle. Experiments studying the transcriptome character-
ization dynamics of most endophytes and their host plants are
promising methods in understanding some of the factors that drive
plant–endophyte interactions. Further studies can also focus on the
following:

i. Plant-microbe interaction for adaptation and stress
tolerance.

ii. How host plant secondary metabolism is affected by
symbiosis.

iii. How microbial secondary metabolism is affected by
symbiosis.

iv. The use of metagenomics and bioinformatics tools for the
determination of endophyte diversity, evolutionary relation-
ship and prediction of the real functions of endophytes.

9. Conclusion

Attention has been shifted to the world of endophytes due to
their ability to promote plant growth through different mecha-
nisms and functions as shown in this study. Numerous species of
endophytes isolated frommany agricultural plants shows that they
play a notable role in balancing plant physiology, restoration of
available nutrients in the plant, and phytoremediation among
others. The world of endophytes has attracted many researchers
in the last couple of years, as shown by the over 32,000 articles
published about their important attributes as seen on Google Scho-
lar, in both review and research papers. It is a known fact that sus-
tainable agriculture needs self-contained functioning and inputs
that are cheap and ecofriendly. To combat the emerging increase
in food demand, the use of biological dependent techniques is
needed, of which this study has presented endophytes as a possible
option. Still, the limitations facing endophytes are some of the hur-
dles affecting their usage in agriculture.
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