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Abstract: Background: Enhanced agricultural production is essential for increasing demand of the
growing world population. At the same time, to combat the adverse effects caused by conventional ag-
riculture practices to the environment along with the impact on human health and food security, a sus-
tainable and healthy agricultural production needs to be practiced using beneficial microorganisms for
enhanced yield. It is quite challenging because these microorganisms have rich biosynthetic reposito-

ries to produce biomolecules of interest; however, the intensive research in allied sectors and emerg-
ing genetic tools for improved microbial consortia are accepting new approaches that are helpful to
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farmers and agriculturists to meet the ever-increasing demand of sustainable food production. An im-
portant advancement is improved strain development via genetically engineered microbial systems
(GEMS) as well as genetically modified microorganisms (GMOs) possessing known and upgraded
functional characteristics to promote sustainable agriculture and food security. With the development
of novel technologies such as DNA automated synthesis, sequencing and influential computational
tools, molecular biology has entered the systems biology and synthetic biology era. More recently,
CRISPR/Cas has been engineered to be an important tool in genetic engineering for various applica-
tions in the agri sector. The research in sustainable agriculture is progressing tremendously through
GMOs/GEMS for their potential use in biofertilizers and as biopesticides.
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Conclusion: In this review, we discuss the beneficial effects of engineered microorganisms through
integrated sustainable agriculture production practices to improve the soil microbial health in order to
increase crop productivity.
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1. INTRODUCTION organisms are sensitive to chemicals added into agricultural
land as fertilizers. Most of these recalcitrant compounds are
absorbed by the plants and over-consuming such crops lead
to systemic disorders in humans [4]. Many microorganisms
present in soil could counteract the adverse effects caused by
the chemical fertilizers to the environment. Therefore, rein-
troducing efficient strains of microorganisms in the soil is
considered to play an important role in the restoring of soil
ecosystems for sustainable agriculture [S]. Sustainable agri-
culture is a promising concept to achieve food security for
the increasing world population in the circumstances of cli-
mate change. To meet the needs of food, it is expected to
increase crop productivity by 70-100% which is vital for a
global population exceeding 9 billion by 2050. To maintain
an equilibrium between increased food production without
triggering any unfavorable effect on the environment is a
challenging task. One of the promising approaches to devel-
op sustainable crop production is to enrich the beneficial
microbiome associated with plants. Microbes residing in the

Sustainability is the capacity of the biosphere and human
civilization to co-exist. The concept of sustainability is com-
posed of three aspects, i.e. economic, environmental and
social [1]. Therefore, it is rather important to think and work
towards a system for conserving the resources, social sup-
ports, economic competitiveness and environmental safety.
The health of the planet is mainly based on the development
of an efficient and sustainable system, especially in agricul-
ture because the soil is the base of many biological processes
such as nutrient cycling, waste decomposing, biological ni-
trogen fixation, efc. which function with the assistance of
soil microorganisms [2, 3]. Current agriculture practices
such as using chemical fertilizers and pesticides are contrib-
uting an enormous amount of chemicals and groundwater
pollution in the lands. Many synthetic fertilizers are the
source of acid radicals and increase soil acidity. Soil
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soil system have tremendous potential to increase the growth
of crops, nutrient acquisition, biotic/abiotic stress tolerance,
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soil fertility, and disease resistance [3]. Though, with the aid
of conventional agriculture farming methods that use chemi-
cal fertilizers and pesticides to increase crop productivity, air
and groundwater pollution has increased at an alarming rate
leading to eutrophication of water bodies. At this point, sus-
tainable development goals (SDGs) have taken efforts to
propose ways towards ensuring bio-safety through the pro-
duction of “nutrient-rich high-quality food” [6]. In recent
years, SDGs have channelized the innovative aspects of crop
production with the aid of microbial biofertilizers as an al-
ternative to agrochemicals. The documentation on the in-
volvement of microbes in agriculture has emerged in the
literature since 1965; however, the relationship to sustainable
agriculture is yet to be revealed. To understand the role of
microbes, it is necessary to study their involvement in soil
conservation, crop rotation, integrated pest control and ferti-
lizer management practices. The adoption of microbes with
beneficial properties for specific tasks shall enable new
research platforms for synthetic biologists to apply the new
repository of tools for sustainable agriculture. Moreover,
with the development of systems biology, and synthetic
biology tools like (re)engineering genomes through
homologous recombination systems, CRISPR/Cas9 showed
great potential in promoting the efficiency of the microbial
inoculants used in sustainable agriculture practices and their
interaction with plants and other functional groups of soil
microorganisms. Given that the recent developments in
molecular tools gears for both bacterial and fungal systems,
the advance of novel technologies as one of the next edges in
biotechnology.

2. PLANTS VS SOIL MICROBIOME

Soil is a reservoir of widespread microbial communities
that are vital for various soil functions and are quite com-
plex. It is essential to understand the behavior of these mi-
crobial communities in soil and how they work together in
response to changing environmental conditions. Since the
last two decades, researchers have focused on the effect of
biodiversity loss on ecosystem functioning and how it varies
among the functional traits of species in the above ground
and below ground soil. It is commendable that research on
soil biodiversity is stepping into a new phase that scientists
and policymakers are now more aware of the importance of
soil biodiversity and its beneficial side to human society and
ecosystem [7]. Soil microbes play a central role in the for-
mation and improvement of soil fertility, farmland material
circulation, enhancing stress resistance in plants, resistance
towards soil-borne pathogens, degradation and detoxification
of heavy metals in soil [8]. Plants have evolved to cope with
environmental stress in association with soil microorganisms
and such plant-associated microorganisms are called plant
microbiota and also referred to as plant holobiont [9]. Recent
studies have shown that plant-soil microbiome interactions
can be complex and varies from plant species. Soil microbio-
ta interacts with the plants either directly or indirectly im-
proving the health and fitness of the plants [10]. Healthy
plant-microbial interactions support plants to manage with
varying stress conditions and diseases, it improves the ex-
change of mineral substances such as nitrogen or phosphate,
and act as biocontrol agents to prevent pathogen attack in
plants [11, 12].

Sudheer et al.

Microbiome in the soil represents all types of microbes
living in the soil ecosystems that include bacteria, fungi,
archaea and protozoa. Many of them are critical performers
in augmenting soil fertility and crop yield. It is estimated that
10° microbial cells/g of soil are documented and display a
great level of variety. About 10% of microbes living in
plant-influenced areas are capable of growing in standard
culture media, whereas the others are uncultivable microbes,
but recognizable using molecular techniques [13]. Microbes
foster agriculture productivity by aiding and controlling the
availability of supplements to plants and by promoting toler-
ance towards environmental stress conditions. Plant associ-
ated microbiomes are expected to increase plant adaptability
and high-yield in agriculture. Plant-microbe interaction is
one of the significant, exciting areas of research since the
evolution of crop improvement manoeuvres. Understanding
the role of plant microbiomes and their responses to the
changing environmental conditions is thus vital in the devel-
opment of a sustainable crop improvement concept. In a
beneficial plant-microbial interaction, mutual benefits exist
for the interacting organisms. As an outcome of photosyn-
thesis, more organic biomasses are released into the soil via
root exudates of plants and then used by soil microorganisms
as a substrate to grow. These microorganisms, in turn, im-
prove plant growth via different mechanisms to facilitate
plant nutrition, resistance to pathogenesis, and many more
vital functions. Members of the plant microbiota are meta-
bolically adapted for the utilization of plant-derived carbon
compounds. Apart from the utilization of rhizodeposits and
low molecular-weight carbon sources, the metabolism of
one-carbon compounds and plant cell wall components are
frequently found in plant-associated bacteria [14]. Different
modes of interaction occur between soil microorganisms and
plant roots. Those microorganisms living close to the root,
and utilizing N, and C metabolites release from the root are
called rhizosphere microbes or rhizomicrobiome. Some mi-
croorganisms colonize on the root surface of plants, whereas,
few microorganisms colonize inside the intracellular spaces
of root tissue called endophytes. The specialized microbes
which live inside the plants via specialized root structures or
nodules are called symbiotic microbes (Fig. 1).

Rhizomicrobiome fosters the yield and productivity of
crops by contributing in different ways, such as improving
soil fertility and texture, nutrient acquisition, secretion of
intra and extracellular molecules like antibiotics, hormones,
signalling molecules and secondary metabolites [15]. It is
necessary to keep a better understanding of the possible
mechanisms and pathways involved in designing effective
strategies to combat the increasing food demand in the world
without damaging the ecosystem as opposed to conventional
agricultural practices. Though the plant microbiome is rec-
ognized as a crucial potential player in microbial diversity,
the associated plant species and their relation with bacterial
communities are yet to be studied. The developments in-
volved in biological technologies make it feasible to use mi-
crobes and their metabolites enrich the uptake of plant nutri-
ents, crop yield, pest control, and alleviate stress responses in
the plants. To have in-depth knowledge and understanding of
the future possibilities of microbial technology, their efficacy
and reliability in the real-world conditions have to be im-
proved. Moreover, the lack of suitable methodology has in-
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Fig. (1). An illustration of various microbes involved in plant-microbial interaction. (4 higher resolution / colour version of this figure is availa-

ble in the electronic copy of the article).

hibited the developments and understanding of the wide-
ranging mechanisms in the rhizosphere involving plant-
microbial relations.

3. HOW PLANT-MICROBIAL NETWORKS WORK IN
THE SOIL?

Plants are associated with a range of other organisms,
which includes epiphytes (living on plant surfaces), endo-
phytes (living within plant cells), soil and rhizosphere mi-
crobes, which are living in association with subsurface plant
organs and root-soil interfaces [16]. The rhizosphere zone
embodies the most diverse habitat where plants and microbes
interact with each other and are central to ecosystem func-
tioning. Plant-microbe interaction benefits all plants in the
ecosystem and increases productivity. Different factors such
as the interaction between microbes, secretion of exudates by
plant root, genetic exchange between uni/multicellular or-
ganisms, nutrient transformation and exchange favor the sub-
surface world [17]. Understanding the complete functioning
of rhizosphere microbes is important to manage the ecosys-
tem and harness its potential benefits effectively. A major
mechanism to improve agriculture or forest sustainability,
refining water quality, plant productivity, climate alteration
and biodiversity conservation is by manipulating the rhizo-
sphere.

Understanding the mechanism of how microbial popula-
tions respond and recuperate from instabilities such as a
pathogenic attack, climate change, drought, efc. is a real
challenge for the researchers. By reports, individual microbi-
al communities react in a different way to climatic circum-
stances, e.g. soil fungi are more resistant to drought condi-
tions but comparatively less resistant than bacteria [18]. Fur-
thermore, the regaining of fungi, as well as bacteria towards
stress condition, is governed by plants and its response to

stress conditions. Though some of the previous studies have
shown the impacts of climate change and other disturbances
on soil microbial communities by focussing on single prop-
erties of soil microbial communities and their functioning,
there is a gap in determining the multitude of direct and indi-
rect interactions that occur between the microbial networks
that co-exist in the soil [19]. De Vries and coworkers report-
ed an insightful study showing that drought has sustained
effect on the bacterial communities and their co-occurrence
network by changing the vegetation composition and subse-
quent reduction in soil moisture, which reveals the potential
long term consequences on the above and below ground mi-
crobial communities to withstand future disturbances [18].

Plant associated microorganisms such as prokaryotic
bacteria and eukaryotic fungi thrive in a variety of living
habitats and interact with plants via symbiotic or saprophytic
relation. Most of the microbial population remains in the
rhizosphere zone, but some are able to penetrate and live
inside plant tissues called ‘endophytes’ [20]. The endophytes
colonize in different parts of plants and different compart-
ments of plant apoplast. Most of the endophytes can escape
from the plant immunity response and colonize inside plant
cells affecting the growth of the plants and reactions to path-
ogens, herbivores, and environmental fluctuations. Most
endophytes are uncultivable, as a reason the diversity analy-
sis and molecular interactions with plants need to be ana-
lyzed by molecular approaches.

The relation between soil microbes and plants works on
positive or negative feedback mechanisms among each other
based on the chemical environment. For example, to face the
stress conditions, plants communicate with the microbial
community through an intricate series of any trophic cas-
cades [21]. Plant-microbe communications are generally
controlled through quorum sensing (QS) via a population-
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dependent mode [22]. In QS, microbes produce a low-
molecular-mass signalling molecule which can be recog-
nized by microbial cells and allows the whole population to
initiate an intensive action once a critical concentration has
been achieved. Bacterial communications in various Gram-
negative bacteria produce common signal molecules, i.e.,
Nacylhomoserine lactones (N-AHLs). The study conducted
by Crepin and coworkers reveals that a rhizosphere bacte-
rium, Rhodococcus erythropolis was capable of catabolizing
the N-AHLs created by a pathogenic bacterium, Pectobacte-
rium atrosepticum, consequently reducing its virulence,
which is a tritrophic chemical interaction. Pathogens utilize
QS consuming N-AHLs to create microcolonies (also bio-
film) in the rhizosphere to impose pathogenicity in host or-
ganisms [23]. One of the main challenges faced by research-
ers is profiling of an intelligent group of procedures where
the uncultivable microorganisms (e.g. Tannerella forsythia,
Abiotrophia spp.) dominates some of the microbial commu-
nities.

In the current situation of environmental/climatic chang-
es, advancements in molecular methods are quite promising,
which lead to the development in the studies of soil microbi-
al diversity and plant-microbe interactions. For example, to
study the stress responses in plant-microbe interaction, in the
crops, it is possible to expand the capability of soil microbes
for stress alleviation [24]. Different abiotic and biotic stress
factors, such as contamination, diseases, nutrient deficits,
drought, pests, and salinity, efc. change plant-microbe rela-
tions in the rhizosphere. Modifying the crops or microbes
against any of these factors would offer a better possibility
for crop improvement.

4. APPLICATION OF MICROBIAL INOCULANTS IN
AGRO-ECOSYSTEM

Microbial inoculants are described as plant stimulators
because of their beneficial functions in agricultural crop
productivity. The host plant microbiome interaction is cru-
cial for plant growth because microbes could affect the
growth of plants and development at different stages of
growth, i.e., germination to flowering [25]. Upon applica-
tion, in the rhizosphere soil, microbial inoculants stimulate
the normal processes to enrich nutrient uptake and productiv-
ity, abiotic stress tolerance, and quality of crops (Fig. 2).
These microbial inoculants are frequently counted in agricul-
tural management carry-outs intended at reducing chemical
contributions, increasing efficiency and improving the natu-
ral stability of agro-ecosystems [26].

Soil inoculants are applied in the soil by combining di-
verse classes of soil organisms within single inoculant so
that they could possibly take benefit of numerous plant
growth encouraging mechanisms. But identifying the mech-
anisms performed by each class of organisms in the soil will
be difficult to predict [27]. A certain group of bacteria col-
lected and isolated from soil have the property that permits
them to employ favorable properties on plants but some of
them even upon inoculation to soil fail to show expected
results. For example, Azospirillum, Rhizobia and Agrobacte-
rium released into the field as a seed inoculant often in-
creased crop yield whereas Pseudomonas species failed to
give expected results. It is rather complicated that even upon
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the release of genetically altered microbial inoculants, it is
difficult to predict the bacterial existence and persistence and
also the expression of improvements in their traits. It is pos-
sible these days to observe the altered inoculant bacteria sub-
sequent to their introduction in field ecological unit and to
evaluate their influence on the local microflora. Similarly,
local environmental influences play a substantial role in de-
fining the endurance and perseverance of bacteria when re-
leased in fields. Temporary shifts in favor of the new bacte-
ria and disfavor of some existing populations of the bacteria
and fungi in the plant rhizosphere might happen with some
inoculant release. The changes observed were, however, less
important than those observed under usual agricultural prac-
tices. Intragenic and intergenic gene transfer among soil bac-
teria was reported in some studies [28].

The utilization of microbial-based crop improvements is
growing globally, especially in developing countries like
Asia and Africa, where multi-strain developed from rhizo-
sphere soil has been practiced with a success rate of 10%
increase in the grain yield [29, 30]. One of the challenging
aspects during the microbial inoculants introduction in agri-
culture structure is overcoming the colonization or conserva-
tion of new inoculants in the rhizosphere. Numerous studies
have shown successful microbial colonization in the soil,
whereas if it comes to agricultural context, the yield often
shows inconstant or temperate results with a fast decline in
the inoculant number and its activity in the soil [31]. The
main reasons considered for the decline in the inoculant
population maybe competition with indigenous soil microor-
ganisms, changes in growth conditions such as humidity, pH,
texture, and temperature. Agriculture practices like tilling
and heavy use of agrochemicals also impact the efficiency of
microbial inoculants. Another consistent factor is the choice
of a host plant and its association with the inoculant. But this
selection may vary based on the immune system of the host
plant, plant root exudates, and the indigenous endophytes
present in the plant tissue [32].

The microbes that live in the rhizosphere soil interact
with plants and bring beneficial effect to the host plants. In
plant-microbial interactions, plants release root exudates to
attract mutualistic microbes which could improve plant func-
tions such as nutrient uptake, yield, stress resistance, efc.
Using various molecular techniques, plant-microbial interac-
tions could be well studied and beneficial strains of microbes
can be selected for genetic plant functions such as nutrient
uptake, yield, stress resistance, efc. Using various molecular
techniques, plant-microbial interactions could be well stud-
ied and beneficial strains of microbes can be selected for
genetic modifications. CRISPR/Cas9 (Clustered Regularly
Interspaced Short Palindromic Repeats) and RNAi (RNA
interference) are efficient methods for gene editing to ma-
nipulate improved strains of microbes of interest. Genetically
modified microbial inoculants are then applied in agro-
ecosystem to achieve a sustainable increase in plant/crop
productivity.

4.1. Microbial Inoculants as Biofertilizers

For attaining the food requirements of the increasing
population, maintaining soil fertility is extremely necessary.
Biofertilizers are one of the best alternatives to meet this



Insights on Engineered Microbes in Sustainable Agriculture

Current Genomics, 2020, Vol. 21, No. 5 325

Plant
phenotype

Root

exudates

AHL mimic Q‘.
signals d

and

Beneficial effects

Genomics
Genome study (SNP, CNV, LOH) || Production of
phytohormones
(IAA,ABA,
cytokinins, GA)

Transcriptomics
(mRNA,miRNA, ncRNA)

Proteomics

Environmental factors

Selection,
isolation

beneficial
rhizosphere
microbiota

(proteins) «  Nutrient utilization
Epi ics (DNA N, P, K, S, Fe)
histone modification) . Stress alleviator
Mutagenesis Synthesising
(DNA modification) (ACC deaminase)
Metabolomics ¢ Phytoremediation
(Metabolites) «  Producing
antioxidant enzymes
(redox reaction,
transformation)
¢ Allelopathy
(antifungal
metabolites, ISR)

Application of engineered microbial
inoculants

Wild Gene Engineered
type editing  microbes

- an- 700

(CRISPR/Cas9, * Biofertilizers
RNAi) « Biocontrol
Microbial | > agents
licati « Bior
« Stress
alleviators

-seed treatment
-seed bio-priming
-encapsulation

( Improvement in crop

quality

bt
Sustainable
agriculture

Fig. (2). Plant-microbial interactions and sustainable agriculture applications. (4 higher resolution / colour version of this figure is available in

the electronic copy of the article).

requirement, as they are made of beneficial microbes which
can increase plant productivity and escalate food production
without affecting environmental stability. The microorgan-
isms present in the biofertilizers supply nutrients to plants
that are already present in the field. Nitrogen-fixing bacteria,
mycorrhizal fungi, phosphorus, potassium and sulfur solubil-
izers are well-studied examples of rhizosphere microorgan-
isms used as biofertilizers [33-35]. Microbial inoculants are
applied in the form of liquids or in dry formulations. In order
to have optimum functionality of microbial inoculants in the
field, a larger amount of inoculum is needed, which is practi-
cally not feasible [36]. During the inoculation of biofertilizer
to cropland, microorganisms used as biofertilizer should
reach and colonize around the rhizosphere zone of the plant
and initialize a plant-microbe interaction and encourage the
plant growth by direct and indirect mechanisms. Based on
the mechanisms of action, microorganisms used as bioferti-
lizers are classified into symbiotic biofertilizers and asymbi-
otic biofertilizers. Symbiotic microorganisms always keep a
symbiotic association with the roots of host plants, and form
specialized root or structures in and around the plant root.
Primary symbiotic organisms are nitrogen-fixing rhizobacte-
ria and arbuscular mycorrhizal fungi (AMF) [37]. Nitrogen
fixing bacteria, such as Rhizobia species generally inhabit in
the legume root nodules. Mycorrhizal symbiosis with plant
roots is relative, and their interaction favours N, P, and water

uptake by the plant. Ectomycorrhiza and endomycorrhiza are
the two main types of mycorrhizal association with plants.
Ectomycorrhizal fungi colonize plant roots as a net in the
outer cell wall layers of plant roots without invading into the
plant cells (e.g. species from the phyla Basidiomycota and
Ascomycota). One of the endomycorrhizal fungi, arbuscular
mycorrhiza, colonizes the root cortex to form a mycelial
network and form vesicles and arbuscules in root cells hav-
ing adsorptive and storage functions. Possibly the most
common AMF in natural and anthropogenic habitats is
Glomeraceae species in genera Glomus, Rhizophagus and
Funneliformis (earlier all in Glomus) [38]. Non-symbiotic
biofertilizers such as plant growth-promoting rhizobacteria
(PGPR) like Pseudomonas, Azospirillum, Azotobacter, Ba-
cillus, Actinobacter, etc. [39] reside outside the plant roots
and colonize in the rhizosphere area. PGPR species have
been the most studied species, and different authors have
proposed various definitions to organize the concept of bio-
fertilizer viz, PGPB, PSHB. Plant growth-promoting bacteria
(PGPB) are microbes, directly influencing the plant growth
by improving the mineral nutrient uptake as well as through
the synthesis of phytohormones [40]. Some PGPR species
are highly selective and impact selected organisms which
again causes inconsistency of quality and efficiency in field
conditions [41]. Plant stress homeostasis-regulating bacteria
(PSHB) are the microorganisms that support plants under
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stress conditions [40]. Some biofertilizers are reported to
increase the nutritional properties of vegetables by enhancing
the metabolic contents in those plants which contribute to
antioxidant potentials in human health. For example, the
amount of total phenolic compounds, carotenoid contents
and anthocyanins of lettuce has been increased upon inocula-
tion with Glomus fasciculatum and Azotobacter chroococ-
cum [42]. Similarly, soybean seedlings inoculated using Rhi-
zobacteria showed an increase of 75% in the biosynthesis of
phenolic acid [43]. Based on the treatment methods and stor-
age conditions, viability of microbes used in the inoculated
seeds vary and it will affect the success of inoculation in the
field.

4.2. Microbial Inoculants as Biocontrol Agents

Many bacteria, fungi, and actinobacteria are used as bio-
control agents to protect plants from harmful pathogens and
perform antibacterial and antifungal activities. A variety of
microbial inoculant formulations are offered in the market
which have potential applications in agriculture as well as
horticulture crops. These microbial inoculants work by either
releasing hydrolytic enzymes (extracellular), competing for
the nutrients and the secondary metabolites that are detri-
mental to the plant pathogens at lower concentration [44].
Some of the microbial inoculants are reported to have herbi-
cidal activity. Colletotrichum coccodes, a mycoherbicide of
velvetleaf and mycoherbicides of Striga are few examples
that have already been reported by researchers [45, 46]. An-
other popular example is the antibiotics produced by Tricho-
derma harzianum_ which inhibits wood decay and pathogen-
ic fungi [47].

Fungal biocontrol agents such as Aspergillus niger, A.
Sfumigatus, Penicillium aurantiogriseum, P. citrinum, P. fu-
niculosum, and Trichoderma koningii were found active
against the plant pathogenic fungi Phytophthora infestans
[48]. Many researchers have reported the efficacy of Amphi-
bacillus xylanus, Bacillus amyloliquefaciens, Sporolactoba-
cillus inulinus and Microbacterium oleovorans in growth
inhibition towards fungal pathogens [4]. Mitsuaria sp. pro-
vided remarkable biocontrol effect on the bacterial leaf spot
diseases [49]. Pseudomonas spp. exhibited a biocontrol out-
come on Fusarium wilts [49]. Bacillus spp. were evaluated
as effective in the regulation of microbial diseases in many
plants by biological control as they are capable of producing
volatile inhibitory substances [49]. Rhizobia sp. demonstrat-
ed promising effects as an effective biocontrol agent for
Pythium disease [50].

4.3. Microbial Inoculants Designed for Biotic and Abiotic
Stress Tolerance

Due to climate change and natural and anthropogenic
factors, crops are facing increased stress, which leads to a
decrease in crop productivity. Though many trials and stud-
ies have been conducted to develop strategies to deal with
abiotic stress, still a permanent solution seems to be a chal-
lenging task. Microorganisms have been found to favor
plants under such conditions and could help in fighting
against stress via some direct-indirect mechanisms. Stress
can be categorized into biotic and abiotic. Biotic stress is
caused due to pests and plant pathogens (bacteria, fungi,
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nematodes, insects, and viruses), whereas abiotic stress could
be caused by drought, flooding, gases, heavy metals, salinity,
temperature, and nutrient quantity. These stress conditions
could result in a yield reduction, based on the plant factors
and soil types and also the ecology and evolution of plant—
soil microbe interactions [51]. There will be an imbalance in
nutritive elements, hormones, physiological disorders (ab-
scission, epinasty, and senescence), and susceptibility to ail-
ments [52].

PGPRs are efficient bacteria that could work on some
soil types and help plant growth via direct or indirect mecha-
nisms. In the direct mechanism, the nitrogen is fixed via bio-
logical nitrogen fixation. Phytohormones like IAA (indole-3-
acetic acid), iron and phosphates solubilized by bacterial
siderophores are provided to the plants. In the indirect mech-
anism, PGPR releases enzymes such as bacterial 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase that
stimulates physiological changes at the molecular level.
ACC deaminase directly controls the plant ethylene produc-
tion, resulting in altered plant growth and progress. ACC
deaminase producing bacterial strains assist plants in elimi-
nating the adverse effects produced by stress. Plants treated
by bacteria having ACC deaminase were found to have
widespread root growth owing to fewer quantities of eth-
ylene. Like this, plants may fight several sources of stress.
Recently, PGPR with ACC deaminase activity was used to
enhance the plant growth under nutrient deficiency, heavy
metal stress, salinity and drought [53-55]. For example,
chickpea plants circumvented drought stress with the help of
PGPR bacteria Pseudomonas putida -MTCC5279 by the
differential expression of genes involved in ethylene biosyn-
thesis (ACS and ACO), salicylic acid (PR1), and jasmonate
(MYC2) signalling. P. putida exhibited drought tolerance by
modifying membrane integrity, ROS scavenging ability and
osmolyte accumulation [56]. Similarly, ACC deaminase
making strain of P. fluorescens REN1 improved root elonga-
tion in rice plant under constant flooding situations [57].
Inoculation of the tomato plants subjected to low tempera-
tures with P. frederiksbergensis OS261 and P. vancouveren-
sis OB155 increased the expression of antioxidant activity
and cold acclimation genes in leaf tissues [58]. Similarly,
AMF is found to bring tolerance to stresses like drought and
salinity. AMF have a well known function in improving
plant tolerance to pathogens and abiotic stress, therefore,
AMEF inocula are highly preferred in restoring the agriculture
and forest lands [59, 60].

5. MICROBIAL INOCULANT DELIVERY IN THE
FIELD

Another important factor that must be given considera-
tion is the inoculant delivery in agriculture fields. Upon di-
rect addition of microbial inoculants to the field, 90% inocu-
lants could be gone during application in the field and it im-
poses a considerable cost to the farming arrangement and
labor cost. Therefore, an effective method of inoculum dis-
persion into the field is important which could allow con-
trolled release and longer effective in the agriculture field. It
will ensure more success for the microbe mediated im-
provement of crops. Seed treatment, seed bio-priming, en-
capsulation methods and root dip are the main delivery sys-
tems already in practice [32, 61]. For example, PGPR is de-
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livered through several means such as seed treatment, root
dip, soil application, and irrigation based on the survival in
nature and mode of infection of the pathogen. It is anticipat-
ed that a model microbial inoculant formulation facilitates
the delivery of the living biocontrol agents in their viable
state, at the right place, and at the right time [61]. In seed
treatment, an inert carrier (such as gum arabic and xanthan
gum) facilitates product adherence to seeds by mixing seeds
with the formulated products [62]. In seed priming, the seeds
are mixed with an organic carrier and then the moisture con-
tent is brought to a level just below what is required for seed
treatment. It was tested to deliver 7. harzianum to control
Pythium induced damping-off on cucumber [63]. In microbi-
al seed bio-priming techniques, a substantial increase in the
microbial groups applied to seed exteriors are observed [5]
which could result in early activation of the priming inocu-
lants beforehand networking with spermosphere (i.e. seed
surrounding zone) pathogens [36]. In encapsulation tech-
nique a specialized seed-coating (alginate microbeads) pro-
cess is used which involves enveloping the seed with mi-
crobes, and possibly a few other components such as pesti-
cides or micronutrients, in a gelatinous or polymer gel ma-
trix, thereby prolonging the survival of microbial inoculants
on seed [64]. Significant plant growth was observed when
Bacillus subtilis CC-pgl04 and Pseudomonas putida CC-
FR2-4 encapsulated in alginate complemented with humic
acid was used to inoculate Lactuca sativa L. [65]. Micro-
encapsulation and micro-composites of beneficial microbes
with bentonite and alginate are verified to raise the effective-
ness of microbial inoculants in an agricultural setting [66,
67].

6. ROLE OF GENETIC ENGINEERING AND MO-
LECULAR METHODS IN PLANT-MICROBIAL IN-
TERACTION

Meeting agriculture productivity without losing the quali-
ty of agricultural land is more promising by the application
of microbial inoculants. But at the same time lack of appro-
priate methods to understand the mechanisms of underlying
plant-microbe interaction in the rhizosphere is another con-
straint. Taking this into consideration, researchers have con-
tributed valuable time for developing and engineering mi-
crobial inoculants that could apply in the agriculture land as
biopesticides, bioherbicides, biocontrol agents and bioferti-
lizers. Microbial inoculants are destined to be eco-friendly
and sustainable plant nutrient transporters. They have the
capability to minimize chemical input impacts and accord-
ingly intensify the quality and quantity of farm products. Use
of microbial inoculants reduces the application of chemical
fertilizers. Microbial inoculants will be a promising envi-
ronmentally sustainable approach for the future green revolu-
tion, since they are connected closely with plant growth,
health, and productivity [32].

Genetic engineering has already advanced that engi-
neered microbes which have been used from biosynthesis to
bioremediation. The technologies for the production as well
as the application of microbial inocula are under constant
progress and improvement. Several PGPR species are al-
ready used worldwide as biofertilizers, contributing to plant
growth-promoting mechanisms; hence it is important in for-
estry and sustainable agriculture productivity [68]. Soil mi-
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crobial population is multifaceted, active and differs in struc-
ture between different sections and levels, this creates an
actual challenge for researchers. A critical problem to face
such research is sampling entities. The major concerns in-
clude replicating numbers, sample size, type of sampling
(randomized or regular intervals), microsite variation and
spatial scaling. Even rhizospheric soil, which is mostly re-
searched, is also practically very tough to precisely define.
Though, to explain a more generalized response, the side-
distance outcome on bulk soil is more reliable. Time-course
reports are also essential in monitoring inoculation results
according to the buffering capability of the agro-ecosystem.
However, the methods used to examine soil microbial groups
at functional and taxonomic levels are difficult and restrict
the exhaustive samplings. Usually, for culture-dependent
approaches, the study is limited to restricted samples.
Whereas, the culture-independent approaches usually do not
authorize the definite identification of taxonomic sets. Also,
the bias brought by PCR amplification and DNA extraction,
the culture-independent approaches also represent some in-
herent restrictions [69].

A plethora of molecular techniques have been developed
to learn the variety of microorganisms occupying the rhizo-
sphere zone and how effectively, they interact with each oth-
er including the influence of global climate change on soil
microbiome diversity (Fig. 2). Another fact to notice is that
with these molecular techniques, the total soil microbiome
together with the unculturable microbes can be detected us-
ing molecular markers. The functional capability and phylo-
genetic identity of microbes could be characterized by DNA
and the gene expression, in a given state could be studied by
referring to the RNA. Metagenomics studies having been
used for many years to study environmental samples. Meta-
genomic study involves DNA isolation and cloning, which
comprised of some genes and operons which will be exposed
to diverse techniques by cloning approaches, high through-
put sequencing, PCR amplification, or microarray hybridiza-
tion. The creation of metagenomic libraries which could be
screened for functional and structural genes or for phenotyp-
ic characters linked to proteins, together with enzymes, and
also secondary metabolites profiling [24]. Different PCR
derived quantitative methods make it easier to amplify mi-
crobial DNA take out from soil samples and resulted in easi-
er decoding of microbial diversity. Researchers prefer 16S
(for bacteria) and 18S (for fungi) small ribosomal subunit
sequences as microbial community target molecular markers.
The sequence investigation of this cloned 16S/18S rRNA
gene is the base to compare, microbial richness, evenness,
composition, and structure of microbial groups. The PCR
products called amplicons, having identical, or analogous
variable region is operational taxonomic units (OTUs). The
amplicons are later assessed by molecular typing approaches
(which permits a specific molecular fingerprint aimed at a
target microbial community structure), cloning and by se-
quencing methods. Nowadays high throughput next-
generation sequencing procedures such as pyrosequencing
allows assessing the sequence of the amplicons directly so
that taxonomic character from the phylum to genus level of
microbial groups in various soils and biomes can be possible.
On the other hand “single molecule real-time sequencing”
(SMRT), a third-generation sequencing technology does not
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even need a PCR analysis since it is based on a single DNA
molecule. Functional gene microarray-based methods such
as PhytoChip and GeoChip are two promising approaches to
monitor the richness of specific taxonomic set in the com-
munities. The functional gene arrays are developed to meas-
ure the activity of definite functional microbial actions. One
of the modern analytical technique proposed to study the
rhizosphere colonization dynamics is the fluorescence in situ
hybridization (FISH), in which DNA/RNA probes tag ho-
mologous sequence microbes and enable localization.

Plant microbial interaction and sustainable agricultural
applications deal with either the usage of microbial groups or
a precise modification of microbe or plant. Genetic modifi-
cation method and gene silencing were extensively used to
learn gene functions and trait improvement. Another promis-
ing approach called transgenic technology helps to get a fast-
er outcome through the incorporation of extraneous genetic
material that confines its extensive usage due to regulatory
matters [70]. In this regard, gene editing is getting much at-
tention so that editing genomes in a specific manner without
the incorporation of a foreign gene. In this technique engi-
neered endonucleases create a double-strand break (DSB)
that endure DNA repair through endogenous mechanisms,
thus create diverse mutations via two main pathways i.e.
homology-directed repair (HDR) and non-homologous end-
joining (NHEJ) [71].

Recent development has also exploited CRISPR—Cas to
enhance the efficiency of genome editing in microbial
systems to be used in agriculture and to perform strategic
genetic knock-in to activate silent biosynthetic gene clusters
and improved metabolic output [72]. There are several ways
by which targeted genetic modification could be achieved.
The most used are three meganucleases, which are
CRISPR/Cas (CRISPR-associated) system, transcription
activator-like effector nucleases (TALENSs) and zinc finger
nucleases (ZFNs) [73]. The genome editing capability of
ZNF/TALEN is ruled by factors like the DNA-binding affin-
ity, TALE proteins and specificity of the gathered zinc-
finger. Whereas, CRISPR/Cas structures are more efficient,
versatile, cost-effective and specific. It has been used as the
most attractive gene-editing tool to study the genetic and
molecular aspects of plant microbial interactions [74].
Through CRISPR/Cas, a Type II bacterial immune system
has been seen in quite a few prokaryotes. About 40 % bacte-
ria and most archea species are reported to have CRISPR
loci [75]. An organized idea of the plant-microbial commu-
nications will permit the utilization of proper molecular tools
to boost the capacity of plants or microbes for agronomic
trait enhancement [76].

Synthetic biology is a rapidly growing field of science
involves redesigning of organisms for useful purposes by
engineering them to have new abilities. Synthetic biology
promises an increase in crop productivity and sustainability
by modifying microbial genomes involved in crop
improvement. It can provide various tools to address many
of the challenges faced in agriculture and benefits the global
economy. To provide the necessary foundation for systems
and synthetic biology research of microbes in agriculture
applications and/or interactions, multidisciplinary characteri-
sation is necessary including DNA barcoding and recently
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multivariate modular metabolic engineering techniques for
strain improvement. This technique has huge potential for
enhanced products from microbial sources to be used in
sustainable agri-biotech that also helps in developing an
optimised strain for improved agriculture practices.
Application of CRISPR/cas9 technology is ubiquitous across
synthetic biology. One of the key applications of CRISPR/
Cas9 to agriculture is the potential for nuclease-based gene
drives to eliminate pest species [77]. CRISPR-based differ-
ent tools are used in chromatin engineering, gene regulation,
single base editing, epigenetic editing, imaging, etc. [78, 79].
Screening of the target gene from a large population is pos-
sible these days through different CRISPR-based screening
techniques such as barcoding, gene tagging, nucleic acid
detection, and lineage tracing, along with functional-specific
genomic library [76]. For successful agriculture production,
certain aspects to be considered such as increase the inocu-
lum production, create quality control protocols, minimizing
the variability in field trials, and to create specific normative
to each inoculant category and its application [24].

Next-generation sequencing studies have provided deep
insight into the community composition of the above and
below ground compartments of various host plants ranging
from tree species to crop plants. From some of the studies, it
was confirmed that the bacterial plant microbiota is com-
posed of only a few dominant phyla of Firmicutes, Actino-
bacteria, Bacteroidetes and Proteobacteria [80]. Garcia-
Salamanca and co-authors revealed that bacteria belonging to
the phyla Bacteroidetes, Acidobacteria, and Proteobacteria
were predominant in the bulk soil, whereas, Gammaproteo-
bacteria found prevalent in the rhizosphere in the study of
microbial groups that inhabit maize plants cultivated in car-
bonate-rich soil with pH 8.5, via culture-independent PCR-
based approaches [81]. This indicates the variability in the
classes of organisms that adapt to the rhizosphere soil habi-
tats. Bacteria that live on the root surface can effectively
modify root phytohormone and thereby promote the nutrient
availability and growth in plant. In case of the mycorrhizal
fungi, they change root aquaporin gene expression, and criti-
cally enhance the surface area, so that the plant root struc-
tures take up nutrients and water. Muller and Sachs have
developed a promising strategy for the selection and intro-
duction of beneficial indigenous inoculant based on breeding
methods [82]. According to their method individual plants
displaying best performance, such as growth, disease re-
sistance, or drought resistance are identified and screened for
microbes harboring a phenotype of interest and isolated ei-
ther from the rhizosphere or root compartments. Harmful
pathogens were removed and the remaining potential isolates
were used alone or combined as composite microbial inocu-
lum. For different crop varieties, mixed microbial inoculants
can be used, for this microbial consortia need to be crop-
optimized over sequential inoculation in order to intensify
microbial colonization as well as the plant beneficial proper-
ties. In comparison to single isolates, microbial consortia
showed more efficiencies, higher chances of existence and
activities in the roots of the crops [3].

RNA interference (RNALI) is a recent genetic engineering
tool to amend the genes at the expression level. RNAI is a
vital procedure in plants in order to resist pathogens. In
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RNAI, plants inhibit both the transcriptional and post-
transcriptional gene expression by three diverse sets of pro-
teins. Though, pathogens activate an anti-silencing mecha-
nism to block host RNAi via the expression of some sup-
pressors. The interruption of the silencing step is a virulence
policy of pathogens to endorse infection in the conquered
hosts [83]. In agriculture, the efficacy of RNAi anti-pathogen
has been proved. In a study Ganbaatar and co-authors uti-
lized Escherichia coli strain holding RNAi sequences to
eliminate a corn pathogen, Mythimna separata. In this case,
genetically modified microorganisms did not destroy the
pathogen straight away instead transferred the dsRNA to
silence the targeted genes in the pathogen [84]. It is a prom-
ising tactic to engineer beneficial microbes and intensify the
plant resistance to specific pathogens. Moreover, it could
help to get knowledge of the gene expression and functions
and also manipulating the genes to get desired genotype and
phenotypes viz, defense against invading pathogens, nutrient
acquisition and mobilization [32].

When considering plant-microbial interaction, host ge-
netics has a projecting role in creating the microbiome com-
position [85]. It is reported that many of the plant genes and
its function are correlated with plant microbiota and its sur-
rounding environmental conditions [86]. Quantitative genetic
tools like QTL (quantitative trait loci) mapping are useful in
allowing the identification of gene loci underlying signifi-
cant biological characters of any organism [87]. These in-
formation improved plant varieties through genetic engineer-
ing and further plant breeding methods. As soon as QTL or
genetic characteristics of crops, which controls the commu-
nications between crop and helpful microbiomes, are recog-
nised they are utilized to produce novel and better-quality
crop variations which can attract and connect advantageous
indigenous microbiota [32]. The CRISPR/Cas9 technology
holds great potential in improving the capability of plants to
favorably recruit helpful microbiota [88]. An analogous
method can be used to deploy the primary colonization via
hub microbiota to ultimately form the fundamental and com-
plete plant microbiomes in probable manners. Moreover, a
combination of conventional breeding methods with genetic
engineering and omics technologies has great potential to
enhance crop improvement. New findings in molecular biol-
ogy and genomics have already offered tools for enhancing
the efficiency of conventional plant breeding and genetic
engineering of crops. But some researchers claim that mo-
lecular approaches to conventional breeding are safer and
superior than genetic engineering [89, 90]. Under certain
circumstances, conventional breeding could not achieve
some traits upon incorporation with modern molecular tools.
As an example, incorporation of a natural insecticide from
another species into a particular crop plant, like Cry proteins
from Bacillus thuringiensis. Modification of the plant micro-
bial interaction system against microbial pathogens may be
an interesting to improv the disease resistance in agricultural
crops. Modern bioengineering technologies are helpful on
enhancing plant resistance against pathogens by using genet-
ic engineering [91] and thus increased agricultural productiv-
ity. The most important genes for this purpose are those en-
coding chitinases, glucanases, peroxidases and antifungal
proteins from Trichoderma species [92].
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7. FUTURE PERSPECTIVES

Engineering the microbes could effectively enhance the
crop productivity in the fastest and easiest way to perform
and also makes it possible to introduce directly in the agri-
culture field. The engineered microbial system is the hope to
expand their application as beneficial communities are used
in agriculture, and thus enhance crop productivity and envi-
ronmental sustainability. Though they can be superior in
performance to the natural microbial inoculants, their suc-
cessful existence in the soil matters [93, 94]. There is an on-
going controversy in the application of genetically engi-
neered microbial inoculants in the field. The main drawbacks
of using microbial inoculants include the narrow persistence
of individual genotypes of microbes in the field, gene trans-
fer in the soil harm between strains, uncertainty on the sur-
vivability, efficacy of the strains, and environmental threats
associated with the genetically altered organism such as in-
creased pathogenicity, emergence of pests or weeds [95].
One of the important questions considered upon introducing
microbial inoculants in the field is, what happens to local
soil microbial communities when alien species are intro-
duced? Also, genetically modified/engineered microorgan-
isms need constant monitoring of their behavior, which are
very expensive and are vulnerable to biosafety restrictions.
Moreover, the statutory exclusions in many countries control
the extensive release of genetically altered microbes to the
field because the release of genetically modified organisms
may risk the environment by creating new pathogens, harm
other soil microbes, and disrupt biotic communities. Similar-
ly, role of invasive species and their deleterious effects in the
soil ecosystem have received very little attention. For exam-
ple, the introduction of commercial AM inoculants in the
ecosystem may consider to harm the endemic AMF commu-
nities in the soil and it may seriously affect the ecosystem
functioning [94].

CONCLUSION

Overall, various research methods are used these days to
explore if the rhizosphere zone could be engineered to pro-
mote the growth of helpful microbes while preventing the
plant pathogen growth. A profound understanding of the part
of plants to shape the rhizosphere microbial population struc-
ture along with connecting the rhizosphere microbial com-
munities over genetic engineering/molecular techniques
could make a remarkable impact on sustainable agriculture
management. Though it is challenging, the “biased rhizo-
sphere” concept [96] could work well if there is the oppor-
tunity of aggravating the creation of plants of specialized
compounds which could be catabolized by targeted benefi-
cial microbial inoculants. This approach will help in analyz-
ing bacterial competitiveness and perseverance in the phyto-
sphere. Moreover, it opens innovative prospects for future
agricultural advances based on exploiting the advantageous
microbial facilities to lessen the inputs of agrochemicals, and
thus achieving sustainable environmental and economic
goals. Therefore, microbial biotechnology coupled with ge-
netic engineering promises advancement in the modification
of plant and pathogens for minor virulence, improvement in
biological control agents, better microbial agents for biore-
mediation, efc. Functional and metabolic engineering, and
synthetic biology are all terms used to describe various as-
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pects needed to successfully engineer microbes. Further re-
search on the processes involved may enhance the efficiency
of genetic engineering approaches and extend the use of such
system to a broader range of application, it offers an excit-
ing, proven approach for better agricultural practices and
productivity.
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