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Abstract

Agricultural food production and sustainability need intensification to address the current global food supply to meet human
demand. The continuous human population increase and other anthropogenic activities threaten food security. Agrochemical
inputs have long been used in conventional agricultural systems to boost crop productivity, but they are disadvantageous to a safe
environment. Towards developing environmentally friendly agriculture, efforts are being directed in exploring biological re-
sources from soil and plant microbes. The survival of the rhizosphere and endosphere microbiota is influenced by biotic and
abiotic factors. Plant microbiota live interdependently with the host plants. Endophytes are regarded as colonizer microbes
inhabiting and establishing microbial communities within the plant tissue. Their activities are varied and include fixing atmo-
spheric nitrogen, solubilizing phosphate, synthesis of siderophores, secretion of metabolite-like compounds containing active
biocontrol agents in the control of phytopathogens, and induced systemic resistance that stimulates plant response to withstand
stress. Exploring beneficial endophyte resources in the formulation of bio-inoculants, such as biofertilizers, as an alternative to
agrochemicals (fertilizers and pesticides) in developing environmentally friendly agriculture and for incorporation into crop
breeding and disease control program is promising. Therefore, in this review, endosphere microbial ecology, associating envi-
ronmental factors, and their roles that contribute to their effectiveness in promoting plant growth for maximum agricultural crop
productivity were highlighted.
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Introduction pollution, toxicity to soil microorganisms, and disease in

humans (Campos et al. 2019; Sandargo et al. 2019).

Agriculture for food production needs to be intensified to
meet the current trend in the world population. The world
aims at ensuring food stability, but due to unpredictable
climatic changes, there is a need to find an alternative and
fast approach to ensure food sustainability (Aloo et al.
2019). Application of chemical fertilizers and pesticides
has caused an improvement in agricultural productivity,
thus assuring food security, and agriculture for food produc-
tion needs intensification through adequate and proper use
of agro-inputs (Wolde-Meskel et al. 2018). The use of ag-
rochemicals is characterized by high cost, environmental
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Similarly, the use of the agrochemical is surrounded with
a lot of disadvantages and detrimental influences on the
functional ecosystem where living organisms dwell, and
their prolonged use reduces crop quality and quantity, soil
fertility, causing eutrophication in the water bodies, in-
crease soil acidity, thus, affecting the microbial composi-
tion and their resistance which makes them persist in the
environment (Segaran and Sathiavelu 2019). Although the
use of agro-allied farm inputs, such as synthetic fertilizers
and pesticides by farmers, is aimed at improving crop
yields, boosting agricultural production, and averting hun-
ger and famine among the growing human population in the
world, a lot of environmental problems are associated with
their use, due to poor management and improper use, which
sometimes escalate to grievous environmental problems
(Sharma and Singhvi 2017). In 1992, the World Health
Organization (WHO) had reported over 3 million pesticide
poisoning affecting individuals with 220,000 deaths.
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There are many facets of agriculture, but it is mainly to
supply food to the growing population and abundant raw ma-
terials to industries as a source of income and economic
growth. Nevertheless, its inefficient and inadequate practices
have greatly reduced soil fertility. There is a need to design the
best option for boosting agricultural production using afford-
able and scalable farming approaches through technological
progress by exploring veritable microbial resources for max-
imum crop productivity in a sustainable manner (Igiehon and
Babalola 2017). In present-time agricultural practice, plant
breeding and technological advancement, as well as the appli-
cation of agrochemicals, such as pesticides and fertilizers,
have progressively improved crop yield, though with major
concerns threatening the ecosystem and environment. The use
of agrochemicals has contributed greatly to global warming
which has resulted in the depletion in oxygenation in the
aquatic habitat (Zhang et al. 2018Db).

Crop yield and agricultural produce are often influenced by
environmental factors causing global warming through chang-
es in the temperatures, rainfall, anthropogenic, and other hu-
man activities. Global warming is a phenomenon challenging
agricultural production and increasing the risk of food insecu-
rity, damage to crop plants, shortage, and scarcity of food for
humans, which can result to hunger, and even death. Other
anthropogenic and occupational activities, such as urbaniza-
tion, have stemmed from the emission of greenhouse gasses as
a result of deforestation and poor land use; changes in agri-
culture, forestry, and land-use contribute to about 25% of
global emissions (Paul et al. 2019). The effects of global
warming and greenhouse gas emission can be ameliorated
by setting agricultural policies that would encourage the use
of biological-based (biofertilizers or biopesticides) or non-
toxic organic material (compost) in place of agrochemicals
(fertilizers and pesticides), as biofertilizers and biopesticides
are easily formulated from environmental microbes isolated
from plants and soil (Bargaz et al. 2018).

Globally, the problems facing agricultural production vary
per region. Poor soil fertility, erratic rainfall, and changes in
climatic conditions affect the growth of plants with many ef-
fects on crop yield. The influence of environmental factors on
living organisms, most notably the minute life, affects the
nutrient mobilization and assimilation by plants in developing
sustainable agriculture and improving crop productivity
(Omomowo and Babalola 2019). The reduction in agricultural
crop output is usually due to continuous cropping or over-use
of cultivated land that results in nutrient loss, land degrada-
tion, the long term use, sole reliance on chemical fertilizers
and pesticides, pest and rodent attacks and urbanization in-
volving clearing and removal of the topsoil where nutrients
are deposited (Doni et al. 2019; Omomowo and Babalola
2019).

Proper agricultural management and practices are the best
way to ensure agrarian sustainability by application of farm
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inputs that promote soil health and retain nutrients in the soil.
Human beings tend to amend the soil by application of syn-
thetic agrochemicals and other agro-allies instead of using
biologically synthesized products from soil-inhabiting organ-
isms (Mahanty et al. 2017). This could be due to a lack of
awareness and knowledge that a populous unseen microbial
world exists naturally in a different environment with a range
of activities in promoting plant growth, soil health, root elon-
gation, seed germination, crop yields, drought control, formu-
lation of biofertilizers, biopesticides, etc. (Igichon and
Babalola 2017). Poor land-use by continual application of
chemical fertilizers and pesticides reduces soil nutrients, alters
soil physicochemical characteristics, and makes plants vulner-
able to pests and diseases, thus affecting different microbiota
communities in the soil. Since adequate nutrient supply to soil
boosts the growth of plants and soil health under proper envi-
ronmental, proper soil management by conserving nutrients in
such a way to enhance soil microbiota would better enhance
crop yields and productivity (Odelade and Babalola 2019).
The activities of microorganisms found in the soil not only
limit pests and diseases, but facilitate catalysis, the breakdown
of complex organic matter, and removal of toxic heavy metal
pollutants, as well as improving soil fertility and soil health
(Salam and Varma 2019).

Beneficial plant-microbe interactions are usually symbiot-
ic, as the beneficial microbes confer many benefits on the
plant. The internal tissues or organs of plants harboring a
community of microorganisms is known as endophytes,
which directly affect the physiological features of plants due
to their interaction, without developing any disease symptoms
or damaging the host immune responses (Aloo et al. 2019).
The peculiar niches occupied by endophytes in a habitat dif-
ferentiating them from the rhizosphere might likely cause a
change in their functions, adaptations, responses, competence,
and specialization. Even in the endosphere, not every part is
colonized by the same microbes; some are specialized as per
the region or location they colonized. The colonizer and sur-
vival endophytes type are commonly found colonizing plant
reproduction organ (ovules) while the seeds endophytes colo-
nizer are characterized to be competitors which make them
adapt to the harsh environment (Sahu et al. 2019). The com-
petence of bacterial endophytes and their growth-promoting
efficacy in the seed of rice has been reported (Banik et al.
2019; Zhou et al. 2020).

Despite the variance in the microbial population in eco-
logical niches, the free-living microbes found in the soil
and root interface, i.e., rhizosphere, such as PGP
rhizobacteria, and the endophytes community could share
similar mechanisms of actions, directly or indirectly in
plant growth promotion and boosting crop immunity
(Orozco-Mosqueda et al. 2018). The association of benefi-
cial microbes with the host plants is more advantageous in
a suitable host plant. Microbial interactions benefit plants
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in many ways as they enhance or promote the growth of
plants and improve crop yields, control of phytopathogens,
mobilization of soil nutrients through mineralization, and
solubilization (Ojuederie and Babalola 2017). The micro-
bial endophytes attributed with plant growth-promoting
potentials such as siderophore production for iron chela-
tion, fixing of atmospheric nitrogen, phosphate solubiliza-
tion, growth hormones (auxins, cytokinin, gibberellin, etc.)
stimulation, pathogen suppression, tolerance to environ-
mental stresses, secretion of secondary metabolites, and
antimicrobial sources have been well documented (Patel
et al. 2018; Ojuederie et al. 2019; Fadiji and Babalola
2020a).

It is not only in the roots, stem, shoot, flowers, and
leaves of plants that endophytes can be found, the seeds
could as well represent an important source of endophytic
microbes, most especially in rice and sunflower plants
(Banik et al. 2016). Endophytes abruptly establish a micro-
bial community with the roots and the shoots of the rice,
also the sunflower during the growing stage, and this has
shown the competence of the rice and sunflower roots in
terms of colonization, growth, and survival and transmis-
sion to the next generation hosts (Jordaan et al. 2019). The
proximity of microbial endophytes in the seeds to the shoot
has been reported to be closer than to the roots (Alawiye
and Babalola 2019). The adaption of the microbial endo-
phyte community commonly influences their response to
the prevailing environmental conditions of the host plant as
well as the entire community structure inhabiting the dif-
ferent host plants (Fig. 1).

Different findings and reports have been documented on
the activities of isolated and indigenous rhizobacteria and the
endophytic community with the host plant (Enebe and
Babalola 2018, Omomowo and Babalola 2019). However,
little or no information is available on the exploration and
harnessing of tiny-big unseen endophytic microbes and their
resources in various agricultural applications. It is, therefore,
imperative to carry out an overview of the endosphere con-
cept inhabiting the plant roots, seeds, and other parts of the
plant by highlighting their significant roles in plant growth
promotion for improved agricultural production and sustain-
ability, which is the main focus of this review. The authors
believe that more than 40% of microbes in the plant
endosphere could possess plant growth-promoting novel
genes, and harnessing them would be of great promise in
agriculture. Therefore, the understanding of endophytic mi-
crobial community structures as contained in this review re-
vealed their possible exploitation potential and applications
in developing agriculturally friendly systems in the formula-
tion of biological or microbial-based products
(biofertilizers) as an alternative to agrochemicals in enhanc-
ing soil fertility for improved crop productivity thus form the
principal goal of the study.

The endosphere

The microorganisms inhabiting the internal tissue of plants are
referred to as endophytes. If their interactions with the host
plant are beneficial, without causing disease symptoms, viz. a
viz., their presence does not cause harm to the plants, but
instead they help in the control of pathogens and promote
plant growth, they can be regarded as plant growth promoters
(Hong et al. 2018).

The microbial interactions with the plant, their beneficial
roles in promoting plant growth and health are still largely yet
to be explored, this has allowed researchers to find out more
about endophytes novel attributes, making it an interesting
area of study from complex and diverse plant species for var-
ious application in medicine, food, and agriculture (Audipudi
et al. 2017; De Silva et al. 2019). The use of a culture-
independent method in the identification of endophytes using
16S rRNA amplicons sequencing is known. Specifically, the
study carried out by Bertani et al. (2016) reported on the
isolation of an assumed total number of 318 of endophytes
from plant organs confirmed that the isolates displayed plant
growth-promoting ability.

The microbial interactions with the host plants can be mu-
tual, parasitic, symbiotic, or antagonistic. Microorganisms are
found inhabiting various ecological niches in plants such as
the rhizoplane, rhizosphere, endosphere, phyllosphere, and
atmosphere, thus benefiting the host plant (Yang et al.
2018). Recent research findings focusing on the isolation of
different microorganisms from various ecological niches have
thrown more light on the understanding of microbes, includ-
ing those inhabiting the interior part of the tissues of the plants
(Omomowo and Babalola 2019). The internal tissues of the
plant are known to be sterile without contaminants, but they
contain beneficial microorganisms that stabilize the internal
environment as well as contribute to the physiological func-
tions of the plants (Soldan et al. 2019). More research is now
being directed to the understanding of microbial ecology in
the endosphere. In the endosphere, the microorganisms
inhabiting the region confer benefits to plants rather than be-
ing pathogenic. Endosphere represents an endo-compartment
within the plant tissues harboring a diverse community of
microorganisms living there without developing disease
symptoms or negative influence on the host plant. For in-
stance, the microbial communities which include bacteria, ar-
chaea, or fungi shall be discussed in detail in subsequent dis-
cussion. However, some examples of microbial domains pre-
viously isolated from the endosphere compartments of the
respective commercial crop are represented (Table 1).

Consequently, the presence of microbial domains within
the plant tissues enables them to elicit their biocontrol poten-
tial in the control of plant pathogens that affect crop yield (De
Silva et al. 2019). Besides, they enable the plant to withstand
or tolerate environmental stresses, and to synthesize
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Fig. 1 Plant growth-promoting microbes, effects of environmental factors, and plant nutrition

biologically active metabolites, needed for plant growth.
Hence, the plants internally colonized microbes confer bene-
fits, and secretion of metabolites needed for microbial growth
in contributing to the general plant growth is referred to as the
“endosphere effect.” The group of microbes found in the
plants that elicit their plant growth-promoting effect and syn-
thesis of bioactive agents in the control of plant pathogens is
classified as PGP endophytes (PGPE) (Soldan et al. 2019).

On the other hand, plants growing on the soil have di-
verse microbial communities colonizing them. However,
the available data on the endosphere community is still
small when compared to the success that has been recorded
in the study of rhizosphere microbial counterparts. The
endosphere is the internal tissue of plants colonized by
microorganisms without showing any pathological or se-
vere effects on the host plant, and the microorganisms
inhabiting this region are called endophytes (Verma and
White 2018; Fadiji and Babalola 2020a).
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Endophytes get into the plant via vertical means by seed
inoculation and horizontally from the rhizosphere into the
plant roots through signals intrusion (Santoyo et al. 2016;
Omomowo and Babalola 2019). These two measures enable
microbes to establish or colonize the host plant. Endophytes
stand as a promising candidate in maintaining host defense
mechanisms against foreign pathogens. According to the lit-
erature on the importance of rhizosphere microbes (Enebe and
Babalola 2018; Alawiye and Babalola 2019; Odelade and
Babalola 2019), plant endophytes equally share similar poten-
tial in supplying nutrients to plants by nitrogen fixation, phos-
phate solubilization, protect the plants from foreign pathogens
by secretion of essential metabolites compounds, enhance
plant tolerance to environmental stresses by induced systemic
resistance (ISR), modulate the physiological functions of
plants, and synthesize biopesticides in the control of crop pests
(Verma and White 2018). Research insights into the herbicidal
activities of endophytes are under study.
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Table 1 Microbial endophytes domain associated with commercial crops

Host plant Microbial domains References

Maize (Zea mays)  Bacteria: Bacillus species (B. subtilis, B. amyloliquifaciens, B. velezensis, Gond et al. (2015); Babalola et al. (2020);
B. pumilis, B. lecheniformis), Pantoea spp., Burkholderia spp., Geobacillus Renuka and Ramanujam (2016); Yadav
spp., Paenibacillus spp., Cryseobacterium spp., Flavobacterium, Pedobacter ~ (2018)
spp., Brevibacillus spp., Cytophaga spp., Acidovorax spp., Brachybacterium
spp.
Fungi: Alternaria alternate, Giberella moniliformis, Curcularia lunata,
Cladosporium oxysporum, Auriobasidium pullulans, Cladosporium
tenuissium, Fusarium graminearum, Epicoccum sorghinum, Trichoderma
harzianum, Acremonium strictum, Chaetomium cochliodes, Scopulariopsis
gracilis, Epicocum purpurascens, Microdochium bolleyi, Giberella zeae
Soybean (Glycine  Bacteria: Enterobacter ludwigii, Variovorax paradoxus, Norcadioides de Almeida Lopes et al. (2016)
max) alkalitolerans, Acinetobacter oleivorans, Curtobacterium flaccumfaciens, Russo et al. (2016); Yadav (2018)
Rhizobium pusense, Bacillus arayabhattai, Arthrobacter nicotinovorans,
Bacillus subtilis, Burkholderia cepacia, Microbacterium binotii, Pantoea
stewartii, Ralstonia insidiosa, Xanthomonas axonopodis, Xanthomonas
arboricola, Arthrobacter niigatensis, Arthrobacter globiformis
Fungi: Phoma herbarum, Colletotrichum capsici, Colletotrichum boninense,
Penicilium funiculosum, Alternatia alternate, Arthrinium phaeospermum,
Aspergillus niger, Clonostachys rosea, Culvularia lunata, Fusarium
graminearum, Macrophomina phaseolina, Scopulariopsis brevicaulis,
Trichiderma saturnisporum

Sorghum Bacteria: Pantoea dispersa, Acinetobacter calcoaceticus, Pseudomonas fulva, Mareque et al. (2015); de Fretes et al. (2018)
(Sorghum Microbacterium testaceum, Ralstonia insidiosa, Cupriavidus necator, Zida et al. (2014)
bicolor L.) Herbasprilum frisingense, Achromobacter xylosoxidans, Stenotrophomonas

maltophilia, Rhizobium mesosinicum, Bacillus megaterium, Bacillus pumilis,
Brevibacillus brevis, Paenibacillus pabuli, Kocuria varians, Curtobacterium
oceanosedimentum, Lysinibacillus odysseyi

Fungi: Fusarium equiseti, Leptosphaeria sacchari, Macrophomina phaseolina,
Exserohilum rostrtum, Gloeocercospora sorghi, Vurvularia penniseti,
Acremonium strictum, Epicoccum purpurascens, Colletotrichum
sublineolum, Botrydiplodia theobromae, Melanospora zamiae, Bipolaris
sorghicola, Alternaria longissimi, Rhizoctonia solani

Millet (Pennisetum Bacteria: Paenibacillus dendritiformis, Bacillus axarquiensis, Pseudomonas ~ Verma and White (2018)
glaucum) spp., Enterobacter hormaechei, Enterobacter cloacae, Bacillus safensis, Mousa et al. (2015)

Bacillus subtilis, Bacillus amyloliquefaciens, Stenotrophomonas spp.,
Macrococcus caseolyticus

Fungi: Diplodia seriata, Fusarium lateritium, Penicillium camemberti,
Nigrospora oryzae, Epicoccum nigrum, Bionectria ochroleuca, Davidiella
tassiana, Aspergillus flavus, Alternaria alternate, Paraconiothyrium
brasiliense, Trichoderma longibrachaitum, Torrubiella confragosa

Cowpea (Vigna Bacteria: Bradyrhizobium kavangense, Bradyrhi. Soli, Kluyvera cryocrescens, Ndungu et al. (2018)
unguiculata) Rhizobium leguminoserum, Rhizo. etli, Rhizo. mayense, Rhizo. Gonzaga et al. (2015)

multihospitium, Rhizo. pisi, Rhizo. sophoriradicis, Rhizo. endophyticum,
Neorhizobium galegae, Sphingobacterium multivorum, Chryseobacterium
daecheongense

Fungi: Fusarium sporotrichioides, Colletrichum lindemuthianum,
F. chlamydosporum, Alternaria destruens, Alternaria spp., Curvularia
mosaddeghii, Penicillium oxalicum, Macrophomina phaseolina, Curvularia

Spp.
Sugarcane Bacteria: Actinomadura rayongensis, Microspora amethystogenes, Kruasuwan and Thamchaipenet (2016)
(Saccharum Streptomyces angustmycinicus, Micromonospora carbonacea, Acinetobacter Romao-Dumaresq et al. (2016); Yadav (2018)
occifinarum) nosocomialis, Kosakonia cowanii, Paenibacillus illinoisensis, Bacillus

aerophillus, Pantoea cypripedii, Gluconacetobacter diazotrophicus,
Herbaspirillum seropedicae

Fungi: Metarhizium bruneum, Diaporthe endophytica, Fusarium verticillioides,
Epicoccum nigrum, Zygoascus spp., Dictyosporium spp., Alternatia spp.,
Penicillium spp., Resinicium spp., F. oxysporum, Trichoderma virens,
Penicillium restrictum, Aspergillus oryzae, Epicoccum spp., Trichoderma

Spp.
Sunflower Bacteria: Bacillus subtilis, B. licheniformis, B. pumilis, Achromobcater Leff et al. (2017)
(Helinathus xiloxidans, Grimontella spp., Moraxella spp., Asticcacasulis spp., Thompson et al. (2018)

annuus)
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Table 1 (continued)

Host plant Microbial domains References

Azospirillum spp., Mitsuaria spp., Shinella spp., Alcaligenes spp.,
Pseudomonas spp., Rhizobium spp.
Fungi: Colletotrichum truncatum, Penicillium citrinum, P. apserum,
Aspergillus terreus, Alternaria destruens, Fusarium proliferatum, Diaporthe
novem, Acremonium spp., Nigrospora oryzae, Guignardia cammillae, and
Chaetomium sp.
Cotton (Gossypium Bacteria: Bacillus pumilus, B. brevis, B. amyloliquefaciens, Clavibacter spp.,
spp.) Xanthornonas spp., Erwinia spp., Agrobacterium spp., Burkholderia spp.,
Rhizobium spp., Variovorax spp., Artharobacter spp., Bacillus pumilis,
Bulkhoderia pickettii, B. gladioli, B. Solanecearum, Agrobacterium
radiobacter
Fungi: Purpureocillium lilacinum, Penicillium simplicissimum, Leptosphaeria
spp., Talaromyces flavus, Phomopsis archeri, Acremonium fusidioides,
Cladosporium cladosporioides, Colletotrichum gloeosporioides, Fusarium
lateritium, Glomerella cingulate, Guignardia bidwellii, Lecanicillium lecanii,
Nigrospora sphaerica, Pestalotiopsis maculans, Phoma eupyrena, Rhizopus
microsporus, Rhodotorula glutinis, Tritirachium oryzae
Wheat (Triticum Bacteria: Pantoea spp., Herbaspirillum spp., Stenotrophomonas spp.,
spp.) Peanibacillus spp., Janthinobacterium spp., Caulobacter spp.,
Flavobacterium spp., Pseudomonas spp., Rhodococcus spp., Dyadobacter
spp., Pedobacter spp., Stenotrophomonas spp., Janthinobacterium spp.,
Burkholderia cepacia, Bacillus subtilis, Pseudomonas trivialis, Didymella
exitialis, Alternaria infectoria, and Microdochium nivale
Fungi: Trichoderma hamatum, Pleospora herbarum, Trichoderma atroviride,
Talaromyces flavus, Phoma glomerata, Alternaria alternate, Epicoccum
nigrum, Fusarium avenaceum, Coriolopsis halotolerans, Botrytis cinerea,
Diaprothe eres, Fusarium redolens, Gaemannomyces graminis, Athelia
bombacia
Rice (Oryza sativa) Bacteria: Bacillus altitudinis, B. velezensis, Delftia lacustris, Rhizobium
oryziradicis, Flavobacterium gelidilacus, Microvirgula aerodenitrificans,

Shaikh et al. (2017)
Vieira et al. (2011); Shaikh et al. (2017)

Kuzniar et al. (2019)
Comby et al. (2016); Ofek-Lalzar et al. (2016)

Moronta-Barrios et al. (2018)
Potshangbam et al. (2017)

Pesudomonas psudoalcaligenes, P. veronii, Sphingobium spp., Asticcacaulis
spp., Halothiobacillus spp, Shewanella spp., Methylotenera mobilis,

Limnobacter spp.

Fungi: Nigrospora oryzae, Exserohilum rostratum, Penicillium chrysogenum,
Daldinia eschscholtzii, Fusarium oxysporum, Curvularia lunata,
Chaetomium globosum, Cladosporium cladosporioides, Acrophialophora
levis, Nigrospora oryzae, Pyricularia oryzae, Thielavia terricola,
Trichoderma asperrellum, Aspergillus tubingensis, Ulocladium chartarum,
Daldinia eschscholtzii, Penicillium simplicissimum, Aspergillus ustus

Endosphere bacteria community

The large community of bacteria colonizing the inner tissue of
plants predominantly defends plants against environmental
stresses. They elicit strong defense mechanisms in response
to the various factors linked with plant growth, survival, and
health (Omomowo and Babalola 2019). The microorganisms
penetrating through the soil infiltrated into the plant roots with
unique biological functions in sustainable agriculture.
Recruitment and exploration of soil-endophytes for their eco-
logical and agricultural importance have recently been report-
ed (Fadiji and Babalola 2020b). The endo-compartment is an
environment suitable only for microorganisms with coloniz-
ing potential benefits the plant. How endophytes colonize the
internal tissue of plants in large numbers and elicit defense
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mechanisms by protecting plants is a question that has not
been answered. Understanding mechanisms by which
microbe-microbe and plant-microbe interactions would be
promising in exploring their agricultural and biotechnological
importance. In literature, it has been reported that the ability of
microbes to elicit their defense responses in developing a
healthy disease-free plant for sustainability depends on their
communication pathways, though the actual mechanisms un-
dergone by root endophytes in promoting plant growth have
not been clearly defined (Bamisile et al. 2018).

The colonization of the narrow space by endophytes within
the plant tissues as well as colonization of endophyte-like
pathogens make it suitable in controlling the plant pathogens
through the niche exclusion and synthesis of antimicrobials
(Fadiji and Babalola 2020a). The greater the number of active
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microorganisms, the more effective they are in the environ-
ment via various microbial activities beneficial to plants
through the following processes: Plant growth promotion by
the production of plant growth factors, such as growth hor-
mones (e.g., auxin, gibberellin, and cytokinins), suppression
of biosynthetic environmental stress-related plant hormones
such as ethylene under stress, bio-fixation of atmospheric ni-
trogen, potassium mineralization, phosphate solubilization
and a draft of systemic induced plant resistance (Igiechon and
Babalola 2017). The need for plant-microbe interactions is
essential in establishing a mutual relationship in supporting
plant growth. In an ecosystem, the plants shield and secrete
exudates that supply nutrients to the microorganisms while the
microorganisms produce growth stimulators and biocontrol
agents needed for plant growth and control of phytopathogens
for improved crop productivity (Olanrewaju et al. 2019).

Endophytes bacteria are the common microbial domains
found associating with plants, stimulating plant growth, and
conferring stress tolerance, owing to their firm establishment
with the host plant. The allelopathic actions of endophytic
bacteria that improve plant growth have been reported
(Polyak and Sukcharevich 2019). Studies on bacterial endo-
phytes characterization from different parts of plants, which
include roots, seeds, stems, leaves, and flowers have been
reported (Tyc et al. 2020; Wolfe and Ballhorn 2020; Xie
et al. 2020) (Table 2). The bacteria population is more pro-
nounced in the root zone than the aerial parts of the plant
above the ground level i.e., flowers, stems, and leaves. The
screening of plant growth-promoting bacterial endophytes iso-
lated from crop plants, which include maize, rice, tomato, and
other essential crops, has been well documented (Liu et al.
2020; Zhou et al. 2020).

The exploration of bacterial endophyte resources in the
formulation of bio-inoculants and application in agriculture
would help sustainably in achieving the desired agriculture
productivity. The endophytic bacteria species isolated from
various plants which include Bradyrhizobium, Enterobacter,
Pseudomonas (rice—Oryza sativa), Pantoea, Pseudomonas,
Enterobacter (sugar cane—Saccharum officinarum), Bacillus
(millet—Pennisetum glaucum and Citrus spp.), and
Curtobacterium (soybean—Glycine max) that promote plant
growth, induced plant tolerance to abiotic stress, stimulation
of biocontrol agents against plant pathogens in controlling
their infestation have been reported (De Silva et al. 2019;
Sheirdil et al. 2019; Shen et al. 2019).

In the endosphere, a large population of microorganisms
interacts with each other, most notably the bacteria species,
and till today, little information has been documented about
their isolation. In contrast, some have not been cultured at all.
The culturable bacterial endophytes are suspected to be Gram-
positive and Gram-negative (Alawiye and Babalola 2019).
Studies on the bacterial endophytes from various plants have
been successfully carried out by many researchers, which

include Pantoea sp., Kosakonia sacchari, Herbaspirillum
sp., Enterobacter ludwigii EnVs6, Brevibacillus spp.,
Enterobacter spp. strain 638, Bacillus megaterium,
Ralstonia spp., Pantoea anamatis, Azoarcus spp. BH72,
Azoarcus spp. CIB, Azospirillum spp. B510, Burkholderia
phytofirmans PsIN, Enterobacter sp. Sal87, E. ludwigii
EnVs2, E. ludwigii. LecVs2, Erwinia sp. ErVvl, Pantoea
vagans PaVvl, P. vagans PaVv7, P. vagans PaVv9,
Gluconacetobacter diazotrophicus Pal5 A, Herbaspirillum
seropedicae SmR1, Kibdelosporangium phytohabitans
KLBMP 1111(T), Klebsiella pneumoniae 342,
Methylobacterium extorquens DSM 1360, Pseudomonas
ananatis S6, P. ananatis S7, P. ananatis S8, Pseudomonas
fluorescens WHG6, Pseudomonas putida W619, P. putida
TJI51, Staphyloccous proteamaculans 568,
Stenotrophomonas maltophilia R551-3, Staphylococcus
epidermidis SE4.6, S. epidermidis SE4.7, Staphylococcus
epidermidis SE2.9, S. epidermidis SE4.8, and Variovorax
paradoxus S110 from the phylum: Proteobacteria,
Alphaproteobacteria, and Firmicutes; class:
Betaproteobacteria, Gammaproteobacteria, Actinobacteria,
Cyanobacteria, and Bacilli; order: Rhodocyclales,
Rhodocyclales, Rhodospirillales, Burkholderiales,
Enterobacteriales, Pseudonocardiales, Nostocales, and
Bacillales (Liotti et al. 2018; Pinto-Carbd et al. 2018; Eke
et al. 2019). The bacterial community in the endosphere
thrives well, due to low competition that occurs in the zone
with other microbes.

Endosphere fungi community

The fungi form a close mutual (positive) or pathogenic
(negative) association with plants. The mycorrhizal asso-
ciation between fungi and bacteria makes their firm inter-
actions with the plant contributing to the physiological
functions of the plants (Verzeaux et al. 2017). The mutual
coexistence between fungi and the host plant roots en-
ables them to utilize nutrients secreted in the root zone
as well as securing the microbes from harsh environmen-
tal conditions. In turn, the microbes enhance the plant
growth by stimulating plant growth hormones (auxin, cy-
tokinin, gibberellin, etc.), synthesis of metabolites (en-
zymes and antibiotics), production of siderophores, and
stimulating the plant to induce systemic resistance
(Odelade and Babalola 2019).

The beneficial fungi domains colonizing the roots, stems,
flowers, and leaves of many plants contribute maximally to
their growth and improve crop yields. The ability of fungal
endophytes secreting antimicrobial compounds confers much
resistance on plants against any form of pest or pathogen at-
tack (Segaran and Sathiavelu 2019). Fungal endophyte use as
a biocontrol agent is achieved by breaking the intracellular
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Table2 Common examples of bacterial endophytes and their agricultural importance
S/ Bacterial endophytes Host plant Functions References
N
1. Cronobacter sakazakii KM042090 (OF115) and Kocuria rhizophila Wheat (Triticum Stress tolerance Afridi et al.
KF875448 (14ASP) aestivum) (2019)
2. Enterobacter tabaci R3-2, Enterobacter tabaci R2-7, Stenotrophomonas Rice (Oryza sativa) Stress tolerance to cadmium  Zhou et al.
maltophilia RS-5, Pantoea agglomerans R3-3, Sphingomonas sanguinis (2020)
R7-3
3. Pseudomonas granadensis T6; Rhizobium larrymoorei E2 Rice (Oryza sativa) Plant growth promotion, Shen et al.
biocontrol, and pesticide (2019)
tolerance
4. Bacillus cereus strain (CPHN4), B. sonorensis strain (CPHN12), B. subtilis ~ Chickpea (Cicer Shoot growth Maheshwari
strain (CPHR3), Pseudomonas chlororaphis strain (PHN9), Ochrobactrum arietinum) etal.
sp. (PHR6), Pantoea agglomerans (CPHN2), Ornithinibacillus spp. (2019)
(PHN14)
5. Burkholderia stabilis EB159 (PG159) Ginseng (Panax Biocontrol of phytopathogens Chowdhury
ginseng Meyer) and Bae
(2018)
6. Bacillus velezensis Potato (Solanum  Biocontrol of phytopathogens Cui et al.
tuberosum) (2020)
7. Pantoea spp., Pseudomonas spp., and Enterobacter spp. Millet (Eleusine Plant growth-promoting Verma and
coracana) White
(2018)
8. Bacillus, Lysinibacillus, and Stenotrophomonas Tomato (Solanum  Biocontrol of phytopathogens Sahu et al.
lycopersicum) (2019)
Bacillus amyloliquefaciens LE109, B. subtilis LE24, and B. tequilensis PO80 Lime (Citrus spp)  Biocontrol of Pathogens Daungfu et al.
(2019)
Enterobacter sp. and Burkholderia phytofirmans (PsIN) (FD17) Maize (Zea mays)  Tolerance to drought, plant de Araujo
growth stimulation etal.
(2019)
Agrobacterium radiobacter, Enterobacter cloacae, Burkholderia gladioli, ~ Corn, cotton Stimulate plant growth Lin et al.
Burk. Solanacearum, Serratia spp., Rhizobium japonica, Variovorax (Gossypium (2018)
paradoxus, Bacillus megaterium, and B. pumilis barbadense)
9. Bacillus amyloliquefaciens YN201732 Tobacco Biocontrol of phytopathogens Jiao et al.
(Nicotiana (2020)
tabacum)

metabolism of most pests at the early stage of their growth,
thereby affecting their respiration, reproduction, as well as cell
development that lead to their death. Also, the use of entomo-
pathogenic fungi in the control of plant pests is known (Jaber
and Ownley 2018). Furthermore, the mycotoxigenic fungi se-
crete certain metabolites that weaken the attack of pests on
plants due to the toxic effect on the pests. Fungi endophytes
secrete biologically active compounds that enable the host
plant to withstand environmental stresses and improve their
growth. They as well produce certain plant growth stimula-
tors, such as growth hormones that confer growth and health
benefits to the plants. Some of these hormonal compounds
include indo-acetic acid, gibberellic acid, and piperine
(Cheng et al. 2019).

Concerning the aforementioned relevance of endophyt-
ic fungi, their significant roles in the ecosystem cannot be
overemphasized. Endophytic fungi directly or indirectly
maintain interaction with the host plant by making
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nutrients available for plant growth, exhibiting fungicidal
effects on the plant pathogens, and their systemic-induced
resistance enables plants to tolerate high-salinity environ-
ments (Ali et al. 2019). Most endophytes produce en-
zymes needed in the biodegradation of pollutants in the
environment, though not many findings have been docu-
mented in this regard. The use of fungal endophytes as a
source of bio-inoculants in the formulation biofertilizers is
known as this has tremendously contributed to achieving
the desired sustainable agriculture through their applica-
tion in improving crop yield, and they are less toxic to
living organisms (Maheshwari et al. 2019). Similarly, fun-
gal endophytes confer natural immunity to the host plant,
boosting their adaptations and survival in a stressed or
disturbed environment in fighting against phytopathogens
(Omomowo and Babalola 2019). The potential application
of endophytic fungi is becoming a hub of research interest
by many researchers; their invaluable incorporation in
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sustainable agricultural and industrial biotechnological
applications is promising in modern agriculture. The at-
tractive features of these microbes are that they can easily
harness to formulate bioinoculants and applications with-
out negative environmental impacts.

Fungal endophytes resources, if adequately harnessed,
would make a turnaround in agro-industry in replacing
chemical fertilizers as they naturally synthesize essential
compounds that promote plant growth (Maheshwari et al.
2019). The growth of fungi in an acidic environment can
be a determinant in selecting their genetic traits in im-
proving agricultural production. Fungal endophytes,
which include Aspergillus oryzae, Aspergillus awamori,
Aspergillus fumigatus, Paecilomyces variotii, Penicillium
purpurogenum, Penicillium aurantiogriseum, Alternaria
alternate, Piriformospora indica, Fusarium proliferatum,
Porostereum spadiceumm that stimulate plant growth
promotion and increase plant tolerance against environ-
mental stress have been reported (Ali et al. 2019). The
agricultural relevance of fungal endophytes is shown in
Table 3.

Table 3

Endosphere archaeal community

The endosphere archaeal community is the third microbial
domain to be studied in this review. The endosphere archaeal
community mostly populates the soil, and internal tissues of
plants, as many studies have validated this (Moissl-Eichinger
et al. 2018; Zhang et al. 2018a; Watanabe et al. 2020), but
documentation about archaea is still lacking. The current re-
search into various microbial domains in the internal tissues of
the plant continues to receive more attention by researchers
since their significant role in an ecosystem is huge.

Naturally, archaea form a close association with the soil
and plant root environment as their growth usually influenced
by soil and plant types as well as other pathogens (Moissl-
Eichinger et al. 2018). The intense research into archaea, as
well as their recruitment, would be similar to bacteria and
fungi, although their isolation is quite challenging. In this
review, we hypothesized that the large biomass of archaea
community in the soil might be due to exudates released from
the plant roots which encourage them to build a biofilm in the
plant root zones, although this is based on speculation because

Common examples of fungal endophytes and their agricultural importance

S/ Fungal endophytes
N

Host plant

Function(s) Reference

1.  Sarocladium strictum C113L, Penicillium olsonii
ML37, Anthracocystis floculossa P1P1,
A. floculossa F63P

2. Streptomyces hygroscopicus OsiSh-2

3. Trichoderma hamatum, Penicillium spp.,
Paecilomyces lilacinus
Phialophora mustea, Cadophora malorum

4. Penicillium citrinum, Aurobassium pullunts,
Dothideomycetes spp.

5. Yarrowia lipolytica, Aspergillus fumigatus TS1,
Fusarium proliferatum BRL1

6. Alternaria spp., Colletotrichum spp., Diaporthe

spp., Metarhizium robertsii (Zea mays)

7. Penicillium chrysogenum and P. crustosum

Acaulospora colombiana, Claroideoglomus
etunicatum, Gigaspora margarita (GMAR),
Rhizophagus clarus, Scutellospora calospora

9.  Porostereum spadiceum AGH786

10. Aspergillus oryzae

11. Talaromyces spp., Hyalodendriella spp.,
Aureobasidium pullulans, Paracamarosporium
leucadendri, Cladosporium spp.,
Collectotrichum boninense, Fusarium spp.,
Penicillium chrysogenum

Wheat (Triticum aestivum)

Rice (Oryza sativa)

Wheat (Triticum aestivum)

Corns (Crocus sativus)

Mandarin (Citrus reticulata)

Crown of thomns
(Euphorbia milii L.)
Soybean (Glycine max), maize

Felty germander (Teucrium polium) Plant growth promotion

Sugarcane (Saccharum officinarum) Plant growth stimulation

Soybean (Glycine max)

Radisg (Raphanus sativus)

Bugweed (Solanum mauritianum)

Biocontrol of phytopathogens Rojas et al. (2020)

Biocontrol of phytopathogens Xu et al. (2019a)
Biocontrol of phytopathogens

Promote plant growth da Silva et al. (2020)

Induce stress tolerance Sadeghi et al. (2020)

Plant growth-promoting,
salinity stress tolerance

Fungicidal effect, promote
plant growth, biocontrol
activity

Bilal et al. (2018)

de Araujo et al.
(2019); Rojas
et al. (2020)

Bilal et al. (2018)
Fors et al. (2020)

Omomowo and
Babalola (2019)

Stimulate plant growth
promotion, tolerance to
salinity stress

Plant growth-promoting,
biocontrol of
phytopathogens

Biocontrol activity,
antimicrobial synthesis,
control of plant pathogens

Sun et al. (2018)

Pelo et al. (2020)
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little or no findings have established their colonization, diver-
sity, functions, and symbiotic interactions with the host plant.
Some of the archaea examples include Methanobacterium
thermoautotrophicum Methanococcus jannaschii,
Nitrosopumilus maritimus, Haloferax sulfurifontis,
Haloferax prahovense, Halogranum gelatinilyticum,
Methanoregula boonei, Methanosphaerula palustris,
Nitrosopumilus, Nitrososphaera, and Nitrosocosmicus
oleophilus MY3 (Song et al. 2019).

The archaea community in the endosphere of many plants
remains abundant and yet unexplored. Archaea contribute to
plant growth promotion owing to their ability to synthesize
growth-promoting stimulators, and biocontrol agents in the
control of plant pathogens as well as enriching soil nutrients
(Odelade and Babalola 2019). Endosphere archaea could
serve as a premise to rhizospheric archaea studies because
their activities positively influence plant growth physiological
fitness. The archaea community in the endosphere can exert
beneficial effects on host plant by (a) producing plant hor-
mones (auxin, gibberellins, cytokinins, etc.), (b) enhancing
plant nutrition by nitrogen fixation, iron chelation, phosphate
solubilization, potassium mineralization, etc., (¢) synthesis of
antimicrobials as biocontrol agents against phytopathogens,
and (d) inducing systemic resistance in the response of the
plant to withstand various ecological stresses (Moissl-
Eichinger et al. 2018; Odelade and Babalola 2019).

Endophytic archaea participate in the nitrification process
that converts ammonia to nitrate in the presence of ammonia
monooxygenase, though the mechanism of this is still not well
understood. Then, ammonia-oxidizing archaea (AOA) and
ammonia-oxidizing bacteria (AOB) could be promising in
the biodegradation of complex molecules due to their oxidiz-
ing potential. Archaea occupy up to 20% of the world bio-
mass, yet the understanding of the archaea community in the
terrestrial habitat is still inadequate, thus limiting their explo-
ration for agricultural use. From literature, little documenta-
tion is available on the biotechnological and agricultural im-
portance of archaea. Archaea have the potential to add benefits
to plants such as the halo-archaea and methanogenic archaea
groups that exhibit similar functions to plant growth-
promoting rhizobacteria in producing siderophore, antibiotics,
plant hormones (auxin, gibberellins, cytokinins, etc.), solubi-
lization of phosphorus, iron chelation, mineralization of po-
tassium, and nitrogen fixation (Odelade and Babalola 2019).

For the past few decades, the study of archaea has taken a
new dimension in understanding their diversity in various
ecological functions. Archaea occupy a major habitat in the
biosphere, though till now, little information is available on
their environmental impacts and functions. Archaea are dis-
tributed across various ecospheres within the plants as they are
found inhabiting the caulosphere, laminosphere, rhizosphere
and endosphere, although they are scarcely found in the
phyllosphere. The colonization, distribution, and adaptation
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of endophytic archaea in a microenvironment are affected by
various environmental factors such as energy stress and path-
ogen competition that have caused a great shift in the
microniche. Despite the growth of archaea under different
environmental conditions, which has been experimented
(Doni et al. 2019), how they interact with plants by eliciting
their functional and ecological roles still needs to be
researched because it is still unclear.

The isolation of archaea phylum, Crenarchacota from the
roots of leguminous plants has been reported (Yadav et al.
2019), though its further exploration in developing biological
products and applications in agriculture is still lacking. Studies
on the isolation of AOA, Nitrosocosmicus loeophilus MY3
from the rhizosphere soil of Arabidopsis thaliana as well as
other ammonia-oxidizing bacteria showed that their interac-
tions stimulate plant growth and induced systemic resistance
against plant pathogens (Jung et al. 2016). The plant-growth-
promoting ability and biocontrol potential of archaea
Nitrosocosmicus loeophilus MY 3 against bacterial pathogens,
Pectobacterium carotovorum, and Pseudomonas syringae
have been reported (Song et al. 2019). Based on the phyloge-
netic comparison, archaea are classified as Crenarchaeota
mostly hyperthermophilic-sulfur utilizers, Euryarchaeota
(methanogens), and halophiles. The type of environmental
samples collected determines the archaea activities and gene
expression. The phylogenetic trees showing the genetic corre-
spondence of archaea genome depicts its similarity to that of
Gram-positive bacteria, thus making antibiotic option easier
since archaea are resistant to many antibiotics synthesized by
Gram-positive bacteria (Samson et al. 2019).

The characterization of archaea belonging to phyla halo-
archaea, family halo-bacteriaceae from the hypersaline envi-
ronment and mesophilic archaea from swamps, soils, oceans,
marshlands, sewage, oceans, the intestinal tract of animals and
decomposed organic matter has been reported (Hassani et al.
2018), and their ability to colonize the plant-root region con-
tributes to plant growth for agricultural sustainability. The
contribution of archaea to plant growth can be monitored un-
der field experiments. The direct isolation of archaea by con-
vectional culture-dependent methods from environmental
samples is tedious, time-consuming, and difficult to cultivate.

Since the culturing of archaea is difficult and complex, the
mechanisms of their interactions with plants, and pathogenic
nature are not currently known, which may be due to ineffi-
cient research, hence the need to acquire knowledge about
archaea domains is important. Based on general microbiology
knowledge that microorganisms are present everywhere
(ubiquitous), found associated with healthy plants, we can
say that for this reason archaea interaction with the plant is
specie-specific with a positive effect based on their important
functions in promoting plant growth, improving crop yields,
adaptation to ecological stress, plant diversification due to
nutrients absorption at the same time soil health. In the root
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endosphere, archaea closely interact with other microbes.
Therefore, the use of track methods can be employed in de-
termining their phenotype and genotype, as well as physiolog-
ical functions, which include solubilization of mineral ele-
ments, nitrogen fixation, plant hormone, antibiotic syntheses,
and production of chelating agents (Hassani et al. 2018).

Many research findings on the identification of PGPM
(bacteria and fungi) by both conventional and molecular
methods have been documented (Fadiji and Babalola 2020b;
Samson et al. 2019). Recently, the use of shotgun
metagenomics high throughput sequencing techniques in the
analysis of plant-soil microbial community interestingly has
enabled in the identification of total microbes present, partic-
ularly unidentified archaea with novel genes or traits in
harnessing their biological resources in amending soil, formu-
lation of biofertilizers in ensuring agricultural sustainability.
The bioremediation of xenobiotic substances such as non-
biodegradable pollutants in the soil by soil bacteria has been
documented (Ayangbenro et al. 2019). Nevertheless, few re-
ports are available on the use of bacteria in an engineered
environment, while no documentation has been reported on
archaea. The synergistic actions between archaea with other
microbes in the rhizosphere and endosphere enhance the
plant’s efficiency in achieving various environmental tasks.
The study of the microbial community in the endosphere is
not limited to determining only the microbial type or diversity
but notably used in identifying novel traits applicable in agri-
culture, medicine, and industries. To date, the knowledge re-
garding the archaea community inhabiting the endo-
rhizosphere is limited; hence, this limits their full exploration
for various agricultural applications. Therefore, employing a
metagenomics approach in the study of the archaeal commu-
nity from environmental samples would provide researchers a
fast approach method in detecting their novel genes or traits
for specific functions in promoting plant growth, thus im-
proved agricultural productivity sustainably.

Factors influencing microbial diversity
in the endosphere

The colonization, abundance, and diversity of microorgan-
isms in the endo-rhizosphere regions are affected by many
factors (physical, chemical, and biological). The key attributes
of environmental factors influencing the survival of microbial
endophytes are represented (Table 4). The physical factors
include the temperature, soil pH, light intensity, geographical
locations, time, water availability (rainfall), chemical factors
including exudates, mineral elements, other organic sub-
stances, and the biological factors including pathogens, nem-
atodes, viruses, protozoans, and beneficial plant growth pro-
moter (Ojuederie et al. 2019). All these factors positively or
negatively influence the survival of microorganisms in the

endosphere. The adaptation strategies of microbes to strive
well in an econiche depend on their ability to tolerate or resist
environmental stresses (Enebe and Babalola 2018).

The erratic rainfall, abnormal high temperatures leading to
the release of toxic gasses (CO,) to the atmosphere due to
human activities have resulted in the greenhouse effect caus-
ing global warming, and this affects the ecosystem, hence,
making it unfriendly for both plants and microorganisms to
inhabit. As stated in the previous endosphere bacteria commu-
nity that rhizosphere microbes form a premise in establishing
endosphere community in the plant roots because of the high
rhizodeposits and exudation secretion containing nutrients
which provide nutrient for the microorganism to stimulate
growth factors that enhance plant growth and health. The
availability of abundant organic substrates can influence the
abundance and performance of diverse endophytic microbes
in the root zone, unlike endophytes found in the leaves and
stems that are affected by physical factors (Li et al. 2019).

Moreover, soil mineral composition such as iron, phospho-
rus, and nitrogen affect the microbial population found in the
rhizosphere, thus causing a change in the microbial commu-
nity both outside and in the internal root environment. The
nitrogen fixer, as well as phosphate solubilizer microbes,
make nutrients more abundant in the soil by enhancing nitro-
gen, potassium and phosphorus uptake by the resident roots
microflora, in response to the improvement in crop yield
(Maheshwari et al. 2019; Ramakrishna et al. 2019). The mi-
crobial population in the endosphere often stems from the
growing plant seeds or rhizoplane or bulk soil and strives
under different environmental conditions. Factors, such as
plant age, type, soil pH, plant developmental stages, excess
or limited organic compounds, and nutrient availability, are
known to influence the microbial competence and activities in
the root zone (Shymanovich and Faeth 2019). It has been
affirmed that the plant growth stage, soil physicochemical
parameters, and plant species attest to be the principal factors
influencing the rhizosphere and endosphere microbial com-
munities (Ojuederie et al. 2019).

The roles of PGPR and endophytes

The biotransformation of organic residue in our environment
is subjected to environmental treatment using microorgan-
isms. Plant decomposition due to the activities of microorgan-
isms influences the microbial community. The difference in
the microbial community results in changes in the soil com-
position and characteristics. The ability of PGPR to grow un-
der harsh environmental conditions buttress their potential in
subverting the effects of environmental stress on crop yields
(Enebe and Babalola 2018; Ojuederie et al. 2019). Under
harsh conditions, plant growth and crop productivity are af-
fected by a reduction in the crop yield. One example of soil
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Table 4  Factors influencing microbial diversity in the rhizosphere and endosphere

Factors

Key attributes

Physical factors

* Soil

» Temperature

» Water availability (rainfall)
* Time and seasons

* Geographical locations

Chemical factors

» Exudates (metabolites)

* Mineral elements (N, P, K, Fe), other
inorganic substances

Biological factors

* Pathogens, nematodes, viruses,
protozoans

* Beneficial microorganisms

* Plants

The soil components (humid), leaching, composting or manuring, soil amendment with chitin,
biodegradation of organic matter content, soil management (crop rotation), soil particle size, soil pH,
nutrient limiting, chemical fertilizer and pesticide application, presence of soil pathogens.

High accumulation of carbon(iv)oxide, less atmospheric oxygen.

Erratic or low rainfall, drought, poor irrigation system

Early planting season, growth stage monitoring, climate change, and autumn season, wet or dry season.

Arid and semi-arid zones, Sahara and sub-Sahara regions, low land or highland.

Enhance the microbe’s infiltration, inhibition of pathogens, and facilitate microbe metabolism.
Proliferation, inhibition of cellular biosynthesis, nutrient availability, nutrient acquisition, synthesis of
biomolecules, source of energy

Cause diseases in plants, reduce crop yields, competing for nutrients and space with indigenous microflora

Secretion of growth hormones, induce plant immune responses, suppress plant diseases, nutrient
acquisition.

Plant type/species, age of the plant, plant genotype, root zone, plant developmental stages, plant cultivars.

bacteria, Bacillus spp. has been used in the formulation of
biopesticides and promotes plant growth factors. The applica-
tion of biopesticide formulated from soil microbe Bacillus
thuriengensis, Bacillus sphaericus, etc., has been extensively
used in agriculture in the control of phytopathogens and pes-
ticides, due to its antimicrobial secondary metabolites pro-
duced, as the best alternative to chemical pesticides in disease
prevention program (Jiao et al. 2020).

However, since there is a potential of unseen allies with
vast importance in soil, exploring their resources can

Table 5

resolve various agricultural challenges through
bioproducts production, such as biofertilizers and biopes-
ticides, as an alternative to the use of agrochemicals
(Igichon and Babalola 2017). The growth of a plant in
ecological niches can be said to be the function of plant-
microbes interactions mediating vital responses allying the
plant root as well as the soil environment. The beneficial
microorganisms can stimulate plant growth by making nu-
trients available to plants through nitrogen fixation, phos-
phate solubilization, and potassium mineralization. All

Roles of plant growth-promoting rhizobacteria (PGPR) and endophytes

PGPR

Growth influence

1. Pseudomonas aeruginosa, Serratia spp., Streptomyces

Reduce plant toxicity, stimulate plant growth, production of growth hormones (auxins,

spp. cytokinins, giberellins, etc.)

2. Bacillus cereus, B. subtilis, Stenotrophomonas,
Azotobacter spp.

Induce systemic resistance, enhance plant growth, nitrogen fixation, enhance nutrient
acquisition

3. Pseudomonas fluorescens, Azospirillum spp., Rhizobium Control of plant pathogens, induce systemic resistance, enhance plant growth,

spp., Pseudomonas spp.

production of siderophores, nitrogen fixation

4. Coniothyrium spp., Trichoderma spp., Ampelomyces spp. Stimulate plant growth, biocontrol of phytopathogens, synthesis of biocontrol agents and
siderophores, and enzyme production

Plant endophytes

1. Bacillus subtilis, Curtobacterium spp., Pseudomonas
granadensis, Rhizobium larrymoorei

Stimulation of plant growth, plant tolerance to biotic and abiotic stresses, induce
systemic resistance, secretion of plant growth hormones and other bioactive
compounds

2. Rhizobium larrymoorei, Pantoea dispersa, Enterobacter Production of plant growth hormones, nitrogen fixation, acquisition of soil nutrients,

cloacae, Pseudomonas granadensis

3. Gordonea terrae, Pseudomonas spp., Bacillus
amyloliquefaciens, Bacillus tequilensis

4. Porostereum spadiceum, Penicillium aurantiogriseum,
Alternaria alternata, Yarrowia lipolytica

5. Aspergillus oryzae, Paecilomyces variotii, Penicillium
purpurogenum, Piriformospora indica

synthesis of bioactive metabolites against phytopathogens

Promote plant growth, secretion of metabolites, production of biocontrol agents

Plant growth enhancement, stimulate plant tolerance to stresses, enhance plant tolerance
to biotic and abiotic stresses

Stimulate plant growth, bioactive metabolite synthesis in the control of phytopathogens,
production of plant growth stimulators

Sources: Odelade and Babalola (2019); Sadeghi et al. (2020)
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these attributes are cumulated for better crop productivity
(Omomowo and Babalola 2019).

Microbes are classified based on their responsiveness to
plant growth (Table 5). The microbes involved in direct asso-
ciation with soil or plant root-like Rhizobium partake in plant
nutrition by supplying essential soluble nutrients, in-plant
growth by phytohormones production, and many studies have
reported this (Duan et al. 2019). The use of active microor-
ganisms in the formulation of biofertilizer as sole bio-
inoculants in replacement of chemical fertilizers in promoting
plant growth and improving crop yields for better agricultural
productivity has been reported (Igichon and Babalola 2017,
Rostami and Azhdarpoor 2019).

Some groups of microorganisms can function neutrally but
remain in the soil; as such, they could either be classified as
beneficial or saprophytic. The neutral saprophytic microbes
that are involved in the degradation of organic material in
the soil, ensuring nutrients mineralization seem not to harm
or benefit plants but transform soil structural microbial dy-
namics, thereby influencing plant growth, health, and crop
productivity (Arora et al. 2019). The free-living bacteria, ar-
chaea, and fungi exerting beneficial effects on the plant for
improved crop production, contributing to sustainable agricul-
ture are referred to as beneficial plant growth-promoting mi-
croorganisms (PGPM). Due to advancements in the taxonom-
ic classification of bacteria, studies have shown that some
bacteria stimulating plant growth are referred to as PGP bac-
teria, most especially the rhizobacteria (Sadeghi et al. 2020).
In the present era, interest has been drawn towards PGPR by
grouping them into different taxa according to their nomen-
clature and mode of actions. The use of PGPR in the
biofertilization of farm crops has yielded successes by inocu-
lation. Research findings have identified PGPR as classified
into various genera, which include Stenotrophomonas,
Azotobacter, Azospirillium, Streptomyces, Bacillus,
Pseudomonas, Rhizobium, and Serratia. Similarly, some fun-
gi genera such as Trichoderma, Coniothyrium, and
Ampelomyces have been reported to be beneficial to the host
plant (Sadeghi et al. 2020).

The growth-promoting mechanisms of PGPR encom-
pass multiple mechanisms in enhancing plant protection
for higher productivity. The major benefits of PGPR to
plant growth can be achieved, firstly; by biofertilization
in making soil nutrients readily available to plants; second-
ly; phytostimulation that involves the synthesis of plant
growth hormones (auxin, gibberellin, cytokinins, etc);
thirdly; biocontrol of phytopathogens through the synthe-
sis of secondary metabolites possessing antimicrobial
properties, and lastly; induction of systemic resistance by
stimulating defense responses in plants against environ-
mental stress. Bacteria genera Pseudomonas and Bacillus
have been reported as the most abundant PGPR found in
the rhizosphere (Xu et al. 2019b).

Conclusion and prospects

In this review, various endophytic microbial domains were
studied with more emphasis on their roles in ecosystems.
Evidence has shown that bacterial and fungal endophytes col-
onize above (leaves, stems, flowers, flowers, and seeds) and
below (root/soil) of plant zones. Most rhizosphere bacteria
and mycorrhiza infiltrating the root tissues can be regarded
as root endophytes. Their presence is said to mediate various
biological functions and physiological processes in the host
plants. The roles of plant endophytes cannot be
overemphasized as some of them have been identified and
displayed their relevance in agricultural, biotechnological,
and pharmaceutical industries. Better still, their significance
in agriculture is promising but yet to be fully explored.

The coexistence of various microorganisms in the
endosphere could either be beneficial or pathogenic depend-
ing on the prevailing environmental factors. Plant age, type,
developmental stages, soil pH, soil nutrients, and presence or
absence of water/moisture, temperature, and pathogens form
major factors influencing the activities of endophytes in the
host plants. However, the important roles of endophytes in
agricultural crop productivity by secretion of certain metabo-
lites could facilitate their various activities in promoting plant
growth through phytohormones synthesis, siderophores pro-
duction, and secretion of antimicrobial substances, such as
antibiotics, ammonia, cyanide, and other volatile compounds,
that suppress activities of nematodes, protozoans, and viral,
bacterial, and fungal pathogens on plants, thus improving crop
productivity.

Many studies have been carried out on plant-root associat-
ed microbes, but harnessing their potential use in agriculture is
still limited. Findings have equally established that endo-
phytes possessing growth-promoting traits enhance plant
growth by various biological activities, thus are promising in
sustainable agricultural production. The application of endo-
phytes has been employed in various environmental studies,
such as for the removal of recalcitrant metals, decaying of
organic materials, mineralization, and solubilization of soil
nutrients, as well the synthesis of biocontrol agents against
plant pathogens. Also, endophytes exert beneficial effects on
plants by enhancing their tolerance to various environmental
stresses, such as drought or salinity. Under crop improvement,
harnessing endophyte potential can be employed in the for-
mulation of biofertilizers and biopesticides, on application to
improve crop yield and reduce dependence on chemical fer-
tilizers and pesticides that pose a serious threat to ecosystems,
environment, and human health.

Hence, this review provides information on the roles of
hidden tiny-big microorganisms living within the tissues of
plants, i.e., “microbial endophytes,” their biologically active
properties in the formulation of biofertilizers, biopesticides,
bioherbicides, and biostimulants to improve crop production
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in sustainable agriculture; as such, as an alternative in mitigat-
ing the menace posed by the use of agrochemicals to the
ecosystem. Consequently, further study on how vital microbi-
al metabolites can be extracted would enhance their potential
applications in agriculture. Above all, the study of the
endosphere community would revolutionize agriculture if ad-
equately harnessed.
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