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The aggregate of microorganisms in the soil environment is a microbiome that emerged

as a vital component of sustainable agriculture in the recent past. These beneficial

microorganisms perform multiple plant growth-promoting activities including fixation,

mineralization, solubilization, and mobilization of nutrients, production of siderophores,

antagonistic substances, antibiotics, and release of plant growth-promoting substances,

such as auxin and gibberellin hormones, mediated by interactions between host plant

roots and microbes in the rhizosphere. Numerous plant species forms symbiotic

association with microbes and draw the benefit of mineral nutrient supply with the

expense of minimal energy, and their distribution is governed by nature and the number

of root exudates, crop species, and cultivars. On the other hand, microorganisms with

critical roles in the microbiome can be isolated, formulated, and developed as a new

biological product called biofertilizers. Agriculturally, important microbes with Fe- and

Zn-solubilizing attributes can be used for the biofortification of micronutrients in different

cereal crops. Regardless of the approach to be used, innovations with the use of

microbiomes represent the future of sustainable agriculture. Probiotic microbes, such as

Lactobacillus, etc., are increasingly being used as dietary supplements in functional food

products. Effective utilization of microbiome aids in promoting sustainable agriculture that

accomplishes a safe environment, which in turn manifests positively on human health.

Keywords: symbiotic association, microbiome, rhizosphere, solubilization, human health

INTRODUCTION

The world population is expected to reach 9.7 billion in 2050, with a subsequent increase in demand
for food andwater. In this scenario, food production needs to increase by 70% by 2050 (1). Intensive
cropping and exhaustive use of mineral fertilizers, agrochemicals, and water to meet global food
demand led to land degradation, environmental pollution, and depletion of natural resources. Food
production with minimal environmental impact and residual effect of chemicals on the food chain
is the way toward sustainable agriculture. Plants’ bodies can be considered a complex interplay of
ecological niches that harbor in their rhizosphere, surface tissues (rhizoplane and phylloplane), and
inner tissues (endosphere), a great diversity of microorganisms with which they establish a broad
range of beneficial, neutral, and harmful interactions. The typical relationship of plants with their
surrounding environment for a long time has been the topic of research in the scientific community.
Many studies have been conducted to answer the complicated questions about their interaction, but
in real life, plant–microbe interaction is much more complex. Harnessing the potential use of soil
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microbiota in agriculture is considered as a most fruitful and
long-term solution to environmental pollution, food security,
and human health (2).

The term microbiome was first coined by Lederberg and
McCray (3) defined as the “Set of resident micro-organisms
that inhabit a given host/environment.” In agriculture, microbes
are used as biocontrol agents (for controlling pests and
diseases), biostimulants (mobilizing locally available nutrients for
plant uptake), and biofertilizers (4). These microorganisms are
dynamic, as they have self-sustaining as well as self-replicating
capabilities and do not need repeated inoculation. The efficiency
and durability of microbial inoculants in promoting plant growth
and toward soil resilience depend on the environment, type
of plant, and microbial community (5). Plant microbiomes
are agriculturally important bioresources for agriculture as
beneficial microbes may enhance plant growth and improve
plant nutrition uptake through solubilization of P, K, and Zn,
nitrogen fixation, and other mechanisms including siderophore
production [microbe-mediated biofortification of different crops
(6)]. Beneficial microbes may increase crop yields, remove
contaminants, inhibit pathogens, and produce fixed nitrogen or
novel substances. The growth stimulation by plant microbiomes
can be a consequence of biological nitrogen fixation; production
of plant growth regulators, such as IAA, gibberellic acids, and
cytokines; biocontrol of phytopathogens through the production
of antibiotic, antifungal, or antibacterial agents; Fe-chelating
compound production; nutrient competition; induction of
acquired host resistance; and enhancing the bioavailability of
minerals. The microbiota comprises all living members forming
the microbiome. Microbiota is usually defined as the assemblage
of living microorganisms present in a defined environment. Soil
microbes help regulate our emotions and immune response,
and they also play a key role in determining the nutrient
content of our food. The hotspot for microbiota in the human
body is the gut, and their composition is majorly affected by
food and dietary intake (7). In general, the concentrations of
micronutrients in different crops are not adequate for human
nutrition in diets. Hence, consumption of such cereals and cereal
products are staple food in most human diets in both developed
and developing countries, providing a major proportion of
dietary energy and nutrients, which may result in micronutrient
malnutrition and related severe health complications (8).
More recently, an understanding of the complex interactions
between plant roots and microbial communities (plant growth-
promoting rhizobacteria and plant growth-promoting fungi) in
the rhizosphere has fueled research into the role and application
of soil microbes in the biofortification (“Biofortification is the
process of adding essential micronutrients and other health-
promoting compounds to crops or foods to improve their
nutritional value”) of crops. The biofortification approach
is getting much attention to increase the availability of
micronutrients, especially Se, Fe, and Zn in the major food
crops (9, 10). Sundaria et al. (11) reported that it is possible to
prime seeds before sowing by bombarding them with iron oxide
nanoparticles. This method would trigger more iron acquisition
in the wheat plants and, thus, increase the nutritive value of the
grains. The beneficial microbes can also be used as probiotics

as functional foods for human health. Probiotic microbes,
such as Bifidobacterium, Lactobacillus, Methanobrevibacter,
Methanosphaera, and Saccharomyces are increasingly being used
as dietary supplements in functional food products. Microbes
with beneficial properties could be utilized for sustainable
agriculture and human health. Currently, there has been an
increased curiosity in the development of new functional foods
and their assimilation into a healthy diet. Such products,
and especially probiotics, exert a beneficial effect on host-gut
microbiota after consumption and may be proficient to prevent
several diseases. Probiotics are defined as live microbiomes,
which when administered in ample amounts confer a health
benefit on the host. In this review, the importance of the way
and impact of the microbiome and biotechnological intervention
on sustainable agriculture following its manifestation on soil, and
environmental and human health.

SUSTAINABLE AGRICULTURE FOR SOIL
AND ENVIRONMENTAL HEALTH

To meet the global population demand, countries follow
intensive farming practices that enhance production but leave
detrimental effects on soil and adverse impacts on environment,
animal, and human health (12). The high dependence onmodern
agricultural practices and application of mineral fertilizers
and agrochemicals hinders internal nutrient cycling in soil
(13). Adoption of various mineral fertilizers and agrochemicals
causing harm to beneficial insects, soil microbiome, and plants,
generate contaminated runoff and pollute water systems, also
leading to climate change in terms of fluctuating temperature
and rainfall (14). Uneven distribution of rainfall caused severe
soil erosion and degradation showing a severely detrimental
effect on soil structure and productivity. The soil microbiome
plays an important role in plant growth development and soil
fertility for sustainable agriculture (4). The soil microbiome plays
a role in nutrient cycling through organic matter decomposition
and ecosystem functioning (nutrient recycling and resistance to
biotic and abiotic stress) (15). In sustainable agriculture, diverse
groups of the microbiome are used for nutrient acquisition
through rhizospheric or endophytic, or phyllosphere interaction
in symbiotic/free living mechanisms and plant protection
through the use of biopesticide/biofungicide. Conservation and
integrated use of natural resources, such as soil and water,
which are the main sources of mineral nutrients are crucial
for a safe environment, crop productivity, and human health.
Sustainable agricultural practices conserve natural resources
against deterioration of soil and water, minimize environmental
pollution, and maintain soil health and biodiversity. Sustainable
agriculture can be defined as an integration of plant and
animal products, such as farmyard manure (FYM), crop residue,
etc., that will meet human food and fiber demand through
efficient use of on-farm and non-renewable resources that can
enhance economic viability; the environment also improves the
quality of the farmer’s life as well as environmental quality
(16). Sustainability can be achieved through proper waste
management at the farm and using animal manure, so that
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FIGURE 1 | Components of sustainable agriculture.

adoption of off-farm resources, such as agrochemicals can
be minimized. For example, crop rotation with a variety of
crops, e.g., cereals–oilseed–pulse crop pattern (rice–soybean–
green gram) based on climatic condition and source of
water availability benefits the farmers, reduces production risk
and uncertainty, and enhances soil ecological sustainability.
Sustainable agriculture practices comprise practices, such as
agroforestry, intercropping, crop rotation, green manuring,
conservation tillage, cover crops, and adopting biofertilizers (17)
(Figure 1).

Crop Rotation
Crop rotation is a critical feature of sustainable cropping systems
because it provides numerous benefits to crop production,
building healthy soils, a major way to control pests, and a variety
of other benefits including nutrient cycling and decomposition
of organic residue, etc. They can help conserve, maintain, or
replenish soil resources, including organic matter, nitrogen, and
other nutrient inputs, and physical and chemical properties. Crop
rotation means changing the type of crop grown on a particular
piece of land from year to year. It has an important influence on
its microbial properties (18). Unsuitable land management can
lead to a loss of soil fertility and a reduction in the abundance
and diversity of soil microorganisms (19). The appropriate choice
of crops within the rotation and their sequence is crucial if
nutrient cycling within the field system is to be optimized and
losses minimized over the short and long term. Each crop species
has slightly different characteristics, e.g., N demanding or N2

fixing (20), shallow or deep rooting (21), as well as amount and
quality of crop residue returned (22). Soil microbes modify soil
structure by aggregating both mineral and organic constituents
via the production of extracellular compounds with adhesive
properties (17).

Veneklaas et al. (23) indicated that several legume crops, such
as chickpea and white lupine, can mobilize soil and fertilizer P
through the exudation of organic acid anions, such as citrate
and malate and other compounds from their roots. Hocking and
Randall (24) reported an improvement in growth and P nutrition
of less P-efficient crops following organic-anion exuding legumes.

Khadr et al. (25) indicated that application of organic manure to
crops grown in 3-year rotation implemented in low soil fertility
increases soil organic matter and increases available soil N, P, and
K, compared with no manure application. Crop rotations can
increase total soil carbon (C) and nitrogen (N) concentrations
over time, which may further improve soil productivity. Kelley
et al. (26) found that the replacement of dry season rice by maize
in rice–rice rotation caused a reduction in soil C and N due
to a 33–41% increase in the estimated amount of mineralized
C and N during the dry season. As a result, there was 11–12%
more C sequestration and 5–12% more N accumulation in soils
continuously cropped with rice than in the maize–rice rotation
with the greater amounts sequestered in N-fertilized treatments.

Intercropping
Intercropping involves cultivating two or more crops in a field
simultaneously and is mainly practiced in regions where soils are
relatively degraded. Intercropping is receiving increasing global
interest as an agricultural practice as farmers strive to be more
sustainable and maintain soil health (27). This intercropping
system reduces land and water demand, and offers an inexpensive
management strategy in environments projected to face water
scarcity. In sustainable agriculture, intercropping plays a major
role in themain economic yield balance to farmers andmaintains
the yield stability of the crops. Intercropping practices have a
complementary effect for plants used regarding resource use,
which effectively utilizes solar radiation, water, and nutrient
elements compared with pure cropping (28).

Therefore, the positive effects of intercropping include the
maintenance of soil water and utilization of the available
environmental resources; it is also facilitated through the
activity of microorganisms and nitrogen fixation (29). Therefore,
intercropping can lead to improvements in the physiological
and biochemical characteristics of the plant rhizosphere,
which in turn increases productivity. The beneficial effects of
intercropping can also encourage the proliferation of natural
enemies, reduce disease and insect injury, and inhibit weed
growth all of which undoubtedly lead to positive effects
for the final products of the intercropping unit area under
sustainable agriculture. Multiple benefits can be obtained from
the application of different intercropping systems, which can
improve soil conditions and the environment in which the plant
grows and, thus, increase crop productivity.

Conservation Tillage
Using plow and maintaining 30% crop residue on the soil
surface after harvest is called conventional tillage practice (CT).
In sustainable agricultural production systems, conservation
tillage practices have been widely used to alleviate the
negative effects of conventional cropland management practices.
Typical conservation tillage practices include no-tillage (NT) or
reduced-tillage (RT) methods (30) and crop residue retention.
Conservation tillage practices alter the spatial distribution of
soil microbial populations and soil organic matter in the
soil profile (31). No-tillage practices lead to higher C and N
concentrations and water content in the surface soil, resulting
in increased enzyme activity levels and microbial resource use
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efficiencies relative to conventional tillage (CT) practices (32, 33).
Conservation tillage can also alter soil pH, thereby influencing
soil microbial diversity and soil suitability for the growth of crops
(34), promoting the formation of fungal hyphal networks, and
leading to higher soil fungal population sizes (35). Additionally,
microbial population size and diversity in agricultural soils can
be affected by either tillage (36, 37) or crop residue retention
(38) as well as the combined effects of tillage and crop residue
retention (39).

Recent meta-analyses have quantified the effects of
conservation tillage practices, including decreases in crop
yield (30), increases in soil enzyme activity levels (33), increases
in soil microbial biomass (31), and improvements in soil
physical properties (40). Many conservation tillage systems can
improve soil quality over time and reduce the soil erosion risk,
improve soil properties, and reduce tillage costs. Adoption of
conservation tillage can cause an increase in organic matter at
the soil surface, relative to conventional tillage, as a result of
maintaining a greater proportion of crop residue near the soil
surface. This stratification with the depth of soil organic matter
has important implications for soil quality and the environment
because the soil surface receives much of the fertilizer and
organic amendments and rainfall impact, and serves as an
interface for gaseous exchange.

Green Manuring
Today’s intensive agricultural practices, crop rotation, and
green manuring (GM) offer technology to achieve sustainable
production efficiently. Green manuring is the practice of
incorporating undecomposed green plants into the soil to
maintain the nutrient supply to the succeeding crop. Green
manuring is also known as the process of incorporating green
plants into the soil, which are raised in the same field or
another field at the green stage before flowering (41). Since
continuous and conventional cultivation leads to a decline in soil
organic matter (SOM) content, soil nutrients holding capacity
are affected severely, resulting in a loss of soil sustainability.
One of the options to maintain sustainability in agriculture by
restoring soil quality and reclaiming degraded soil is to increase
soil OM content by green manure crops because this practice
is eco-friendly, non-polluting, and non-hazardous to the soil,
water, and air (42, 43). Green manure crops are mainly grown
for the benefit of the soil and are very commonly referred
to as soil fertility-building crops. Besides, green manure crops
increase microbial growth and their dynamics in soil by releasing
nutrients and energy materials as root exudates and eventually
enhance soil fertility and soil health (44, 45). Additionally,
microorganisms synthesize polysaccharide gums that bind the
soil particles together to form soil aggregates and, thus, soil
structure is maintained properly. Soil microbes decompose
organic substances present in soil and become instrumental to
transform unavailable forms of nutrients to their available form
for crops. During the decomposition of plant residues in soil,
the distribution and population dynamics of soil microorganisms
are significantly influenced. Ghosh et al. (46) reported that the
GM with dhaincha and sunn hemp supplemented with urea
at different levels exhibited an increase in sugarcane yield up

to 57% along with the significant increase in SOM, total N,
available P and S in the soil. N loss from soil amended with
GM is considered significantly low compared with chemical
nitrogenous fertilizers. It has been observed that microbial
population, growth, and diversity are significantly influenced by
GM and soil admixture. This might be attributed to the fact
that easily available energy and nutrient source through GM
was delivered to the soil microbial community, which stimulate
their activity and growth. More microbial proliferation leads
to more extracellular enzymes, and their favorable abundance
causes major transformations of nutrients from plant unavailable
forms to their available forms.

Biofertilizers
Meeting the projected demand for healthy and sustainable food
production is a crucial challenge. Increasing crop productivity
by mitigating climate change and preserving agroecosystems is
one of the significant goals of sustainable agriculture. Sustainable
agriculture has been defined as an alternative integrated approach
that could be used to solve fundamental and applied issues
ecologically related to food production. It integrates biological,
physical, chemical, and ecological principles to develop new
practices that are not harmful to the environment. Successful
application of microbes helps in maintaining soil health,
improving water holding capacity, carbon storage, root growth,
availability and cycling of essential nutrients, filtering pollutants,
and also in conservation of biodiversity (47). Microbes in soil
and overall soil health can be depleted by common agricultural
practices; nevertheless, but this can be prevented by various ways
of improving soil quality (48).

Integrated pest management (IPM), as one of the effective
methods used in modern agriculture, takes into account all
plant protection methods available in the application. IPM
defines the management of pests by reducing pest numbers
to acceptable levels, taking into consideration protecting the
environment, non-target organisms, and human health (49).
IPM implies the integration of appropriate measures that
minimize the risks for human health and the environment
by preventing the development of pest populations and by
ensuring the use of plant protection products and other forms of
intervention at economic and ecologically justified and reduced
levels. In insect pest management, several plant products derived
from neem, custard apple, tobacco, pyrethrum, etc., have been
used as safer insecticides (50). Compounds, such as limonene,
pyrethrum/pyrethrins, rotenone, sabadilla, and ryania, are widely
used across the globe to control fleas, aphids, mites, ants, roaches,
ticks, beetles, caterpillars and thrips, squash bugs, harlequin bugs,
thrips, etc. (51, 52).

Agroforestry
Agroforestry is multiple land-use systems in which crops and
woody perennials are grown on the same land management unit.
Agroforestry system is practiced all over the world, and it has
major importance in reducing the impact of climate change.
Nowadays, climate change is the problem of developed and
developing countries, thus, meeting to find out a solution to
reduce the impact of climate change on agriculture, biodiversity,
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and food security. Thus, agroforestry is now receiving increasing
attention as a sustainable land management option the world
over because of its ecological, economic, and social attributes.
Agroforestry, an ecologically and environmentally sustainable
land use, offers great promise toward mitigating the rising
atmospheric CO2 levels through carbon sequestration. Synergies
between climate change adaptation and mitigation actions are
particularly likely in situations involving income diversification
with tree and forest products. These options also reduce the
susceptibility of land-use systems to extreme weather events,
enhance soil fertility, and favor the conservation and restoration
of forest and riparian corridors. Sequestration of carbon in soils
and in the biota, along with payments to resource-poor farmers
for the ecosystem services rendered, would be a timely win–win
strategy in the fight against food insecurity and global warming.

The importance of agroforestry cannot be overemphasized,
as it has several advantages in the provision of food and other
basic needs (i.e., fuel wood, staking materials, fibers, timber,
medicinal concentrates, oils, fruits, and fodder for animals) for
a large proportion of the rural population as well as its role in
soil fertility restoration and the control of weeds in addition
to amelioration of environmental degradation. Advocates have
contended that soil conservation is one of its primary benefits.
The presence of woody perennials in agroforestry systems
may affect several biophysical and biochemical processes that
determine the health of the soil substrate (53). The less disputed
of the effects of trees on soil include amelioration of erosion,
primarily through surface litter cover and understory vegetation;
maintenance or increase in organic matter and diversity, through
continuous degeneration of roots and decomposition of litter;
nitrogen fixation; enhancement of physical properties, such as
soil structure, porosity, and moisture retention through the
extensive root system and canopy cover; and enhanced efficiency
of nutrient use because the tree–root system can intercept, absorb
and recycle nutrients in the soil that would otherwise be lost
through leaching (54).

SOIL BENEFICIAL MICROORGANISMS AS
A LINK TO SUSTAINABLE AGRICULTURE

Soil is a natural medium for plant growth and development.
Soil is the most diverse and complex habitat that consists
of the smallest organisms in the soil and includes bacteria,
actinomycetes, fungi, algae, etc. The plant microbiome is a
key determinant of plant health and productivity (55) and
has received substantial attention in recent years (56, 57).
Microbes in the rhizosphere can establish beneficial, neutral,
or detrimental associations of varying intimacies with their
host plants (Figure 2). Specific interactions between microbes
and model plants, such as in Rhizobium–legume symbioses
(41), are well understood. A significant amount, 5–20%, of
the products of photosynthesis (the photosynthate) is released,
mainly into the rhizosphere (the soil–root interface) through
roots (12). These photosynthates include rhizodeposit exudates,
mucilage, and sloughed cells. Root exudates contain a variety of
compounds, predominately organic acids and sugars, and also

FIGURE 2 | Role of the microbiome in sustainable agriculture.

amino acids, fatty acids, vitamins, growth factors, hormones,
and antimicrobial compounds (58). Root exudates are key
determinants of rhizosphere microbiome structure (59–62). The
composition of root exudates can vary between plant species
and cultivars (63, 64) and with plant age and developmental
stage (65–67).

Among the various advantages of the microbiome for
plants, symbiotic associations between nitrogen-fixing bacteria,
mainly rhizobia, arbuscular mycorrhizal fungi, and phosphate-
solubilizing bacteria, are typical examples of the microbiome
for how plants obtain nitrogen and phosphorus, respectively
(53). The interaction between nitrogen-fixing bacteria and
legume crops, and arbuscular mycorrhizal fungi and phosphate-
solubilizing bacteria increases the availability of nitrogen and
phosphorus for plants since the bacteria fix the nitrogen and
solubilize phosphorus ions, while the fungi translocate them to
the plant (54). Bacillus, Azotobacter, Microbacterium, Erwinia,
Beijerinckia, Enterobacter, Flavobacterium, Pseudomonas, and
Rhizobium bacteria are known as phosphate solubilizers (54).
The microbiome containing rhizobia, the legume nodule
microbiome, consists of other endophytic bacteria, both of
which are responsible for direct and indirect growth promotion
mechanisms in plants (55). Some nitrogen-fixing endophytes
are cyanobacteria (Anabaena, Nostoc, Calothrix), Azotobacter,
Azospirillum, and Gluconacetobacter (54). However, fixators can
also be free living and establish themselves in non-leguminous
plants, as is the case, for example, with the genera Beijerinckia,
Klebsiella, and Bacillus (54).

Another method is phytostimulation or biostimulation
intrinsically linked to plant growth and made up of the
production of phytohormones by the microbiome (52), such
as indole-3-acetic acid (IAA), auxin, gibberellins, cytokinins,
and salicylic acid (SA) (56). Besides, some bacteria can secrete
an enzyme, 1-carboxylic acid-1-aminocyclopropane (ACC)
deaminase, which reduces the level of ethylene in the plant
(57, 68). Aguiar-Pulido et al. (58) reported that bacteria from
the tomato rhizospheric microbiome produced the hormone
IAA, and promoted plant growth. Duran et al. (59) found,
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in the roots of cereals (wheat) and oilseed (soybeans) crops,
rhizospheric bacteria producing IAA and ACC deaminase, which
were Pseudomonas spp. The microbiome also plays an essential
role in plant tolerance to extreme conditions, such as salinity,
drought, and exposure to heavy metals (60). Soil salinity has
hindered the growth rates of plants and reduced their yield.
However, the negative impact of high levels of salt in the soil
can be minimized through the production of phytohormones by
the microbiome, with a consequent increase in plant resistance
to these extreme environments (60). In a study in Ref. (61),
the rhizosphere microbiome was able to promote germination
and growth of Hibiscus hamabo under salinity conditions.
Recently, in Refs. (62, 63) a model was proposed to explain the
establishment and maintenance of the beneficial and degrading
microbiome in the rhizosphere of contaminated soil plants. Four
strategies were identified, including plant selection based on
the microbiome, interference from root exudates, disturbance,
and feeding of supply lines, to ensure that the microbial
community is kept under control in polluted environments.
Plants that live in oil-contaminated soils depend on their
microbiome for survival, growth optimization, and biomass
production (64). At the same time, as the contamination of these
areas increases, there are changes in the composition of the
microbiome, favoring hydrocarbon-degrading microorganisms
associated with plant growth (59). The plant–microbiome
interaction will not always be efficient for phytoremediation;
therefore, human interventions are necessary to optimize this
interaction and promote the degradation of pollutants (63).
Understanding the potential of the microbiome for agriculture
can lead to its use as an inoculant or its manipulation, to
select more efficient microbial groups for plant development
(66). Besides that, reducing the use of pesticides and chemical
fertilizers based on an understanding of the potential of the
plant microbiome is of paramount importance in advancing
sustainable agricultural practices (Table 1).

The microbiome can also be used as a biocontrol agent.
There are a few examples of biocontrol by the plant-associated
microbiota (84) through the production of siderophores,
volatile compounds, enzymes, and antibiotics, in addition to
phytohormone levels being modulated (85, 86). The plant
microbiome also inhibits the growth and activity of pathogens
through competition for nutrients and microenvironments
through parasitism, antibiosis (17), and the resistance they confer
to the plants’ immune system (87). Some soil bacteria are capable
of protecting the plant from pathogens belonging to the genera
Pseudomonas, Streptomyces, Bacillus, Paenibacillus, Enterobacter,
Pantoea, Burkholderia, and Paraburkholderia (88, 89). In
the soil microbiome, the phyla Acidobacteria, Actinobacteria,
and Firmicutes were able to control the wilt caused by
Fusarium oxysporum (90), while the endophytes Serratia and
Enterobacter were able to control the pathogenGaeumannomyces
graminis, which caused take-all of wheat (91). Soil microbiome
promotes plant growth through the biocontrol mechanism. The
microbiome stimulates growth through bio-fertilization, that
is, by controlling the availability and acquisition of nutrients
by plants (92). Manipulation of the plant microbiome has the
potential to reduce the incidence of plant disease (93), increase

agricultural production (94), reduce chemical inputs (95), and
reduce emissions of greenhouse gases (96), resulting in more
sustainable agricultural practices. This goal is seen as vital in
sustaining the world’s growing population.

Although both soil and plant microbiomes have important
roles in crop performance and yield, the greater chance of
success in using plant microbiomes is driven by eco-evolutionary
interactions between plant species and their microbiomes.
However, to realize the full potential of the crop microbiome
to support productive and sustainable croplands would require
a better understanding of the structure and function of the
crop microbiomes, and their interactions with host species
across the globe soil types at a level similar to the Human
Microbiome Project.

ROLE OF MICROBIAL BIOTECHNOLOGY
IN AGRICULTURE

Agricultural technologies ensured a green revolution in the
middle of the 20th century but caused high ecological costs and
contributed to global pollution, unfavorable climate change,
and loss of biodiversity (97). Biotechnology and microbiology
together offer a broad field of research for the improvement of
crop quality, crop productivity, and sustainability of existing
systems to produce more and better quality agricultural products
through genetically modified organisms (GMO) and transgenic
crops. Microbial biotechnology played a sustainable role in
sustainable agriculture in various ways, i.e., biofertilizers,
biopesticides, bioherbicides, bioinsecticides, etc. Microbial
biotechnology reduces the dependence on agrochemicals in
sustainable agriculture by the management of biotic and abiotic
stresses. This management contains several steps from the
selection of microorganisms, selection of targets to the selection
of genes from related or unrelated genetic resources. Microbial
biotechnology assisted with genetic engineering will lead to the
advancement in modifications of plant and animal pathogens
for lesser virulence, disease-diagnostic tools, and improvement
in microbial agents for biological control of plant and animal
pests, and development of new and better microbial agents
for bioremediation, etc. (98). Soil microbiome is considered as
one of the major components for the microbial biotechnology
tools to sustainable agriculture. In that, rhizosphere acts as a
microhabitat and are rich in diversity of microorganisms (99).
Microbial biotechnology assisted with genetic engineering will
lead to the advancement in modifications of plant and animal
pathogens for lesser virulence, disease-diagnostic tools, and
improvement in microbial agents for biological control of plant
and animal pests, and development of new and better microbial
agents for bioremediation, etc. (100). The tools of molecular
biotechnology have augmented preciseness in plant breeding by
distinguishing, DNA isolation, gene cloning, and transferring of
genes desired from one species to another species (101).

Soil microbes are thought of jointly as the most important
parts for the sustainable production of sustainable and healthy
food. Microhabitat for microorganisms in the rhizosphere is
enriched with a huge diversity of microorganisms (102, 103).
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TABLE 1 | Essential contributions of soil microorganisms toward sustainable agriculture in different crops.

Microbiome Crop Mechanism References

Bacillus amyloliquefaciens 5113

and Azospirillum brasilense NO 40

Wheat Increase enzyme activity in drought conditions to protect

wheat from water stress

(69)

Mesorhizobium sp. Bengal gram Enhance the acquisition of nutrients and increase the yield (70)

Bacillus licheniformis

K11

Pepper Auxin and ACC deaminase production and reduce drought

stress

(71)

Erwinia species and

P. chlororaphis sp.

Coffee Production of organic acids and increase the availability of

insoluble phosphate to soluble phosphate in soil

(72)

Bacillus thuringiensis AZP2 Wheat Stress tolerance enhancement (73)

Pseudomonas putida

H-2-3 sp.

Soybean Induced tolerance against abiotic stress (74)

Burkholderia gladioli

and Penicilliumaculeatum sp.

Oil palm Increase the availability of P in peat soil (75)

Pseudomonas aeruginosa FP6 sp. Chili Siderophore production to increase the availability of iron (76)

Metarhizium sp. Bean (Phaseolus vulgaris) Increases the diversity of plant growth by suppressing the

activity of the Fusarium solani pathogen

(77)

Streptomyces, Luteimonas, and Enterobacter

sp.

Tomato Inoculants affect the bacterial structure and promote plant

growth

(78)

Plasmodiophora brassicae sp. Chinese cabbage (Brassica rapa) Changes the bacterial and fungal community concerning

healthy plants

(79)

Pseudomonas syringae sp. Kiwifruit Affects phyllosphere microbiome and reduces the diversity (80)

Ralstonia solanacearum sp. Tomato Alters the root exudation profile (81)

Methylobacterium sp. Potato Alteration of endophytic microbial community (82)

Rhizoctonia solani sp. Lettuce Increases the diversity of Gammaproteobacteria (83)

In biotechnology, rhizospheric microbes play a vital role in
creating agricultural sustainability by varied means (104), such
as increasing N2 fixation; increasing the availability of P, S,
Zn, and Fe; managing abiotic and biotic stresses; increasing
productivity, quality of crops, and bioremediation (105). The
major benefits of microbial biotechnology are many. It helps to
produce a crop without much application of chemical fertilizers,
pesticides, herbicides, etc. It also keeps our environment safe and
clean for the use of future generations. The benefit of microbial
biotechnology helps us to avoid the use of hazardous pollutants
and wastes that affect natural resources and the environment.

The development of society should be done in such a way
that it helps to protect our environment and also helps us to
develop it. Biotechnology and microbiology together offer a
broad field of research for the improvement of crop quality,
crop productivity, and sustainability of existing systems to
produce more and better quality agricultural products through
genetically modified organisms (GMO) and transgenic crops.
Some of the examples of genetically manipulated crops for the
global benefit are as follows: control ripening improves shelf
life and quality (e.g., tomatoes, peas, peppers, tropical fruits,
broccoli, raspberries, and melons), insect resistance to reduce
insecticide use (e.g., tomatoes, potatoes, corn, rice, lettuce, coffee,
cabbage family, and apples), fungal resistance to reduce fungicide
use (e.g., peppers, tomatoes, and cucumbers), viral resistance
to reduce diseases caused by plant viruses and, since insects
carry viruses, reduce the use of insecticides (e.g., potatoes,
tomatoes, cantaloupe, squash, cucumbers, corn, oilseed rape
canola, soybeans, and grapes), and herbicide tolerance improves

weed control (e.g., soybeans, tomatoes, corn, cotton, oilseed rape
canola, and wheat) (101, 102, 106).

Biotechnological intervention plays a pivotal role in this
context regarding the identification of the microbiome. In
the recent past, genetic material sequencing and increment
power of computation is extensively used for the detection
of microbes in the microbiomes of different agro-ecologies,
which makes it easy to identify microbiome in every feasible
environment bypassing the necessity to isolate and culture
microbes. Extrapolating such diverse knowledge is greatly
worthwhile to develop approaches in the manipulation of
the microbiomes for the higher acquisition of nutrients and
enhanced biotic and abiotic stress tolerances causing better
productivity of crops (107). As a matter of fact, the technology of
sequencing, synchronized with bioinformatic tools, has not only
discovered speedymicrobiome identification (108) but also made
it feasible to rapid gene microbiome annotation within a lesser
period (109). Next-generation sequencing (NGS), a recently
emerged technology, is now being used because of its remarkable
advantages over the conventional method of Sanger sequencing.
The advancement in this technology has caused high-throughput
sequencing, which has supplementarily enhanced the various
outcomes, which previously appeared to be hard and arduous by
traditional techniques (110). The completed genome sequences
are of great quality by characterization, represent further precise
genomic data, and can be implemented for model organisms
and agriculturally important microorganisms (111). Marching
ahead in this direction, the recently advanced sequencing tool
metagenomics reveals the study of genetic matter of microbes
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that exists in environmental samples, by employing high-
throughput sequencing tools. In studying the aboveground and
belowground microbiomes, metagenomic analysis has a huge
potential to provide sufficient information about the detection
of microbial composition and diversity, novel genes, microbial
pathways, and interactions.

Due to the cheap cost of sequencing, an amazing number
of microbiomes have been discovered and identified in the
earlier contemporary period using studies of metagenomics
(112) through direct assessment of the sequence of the 16S/18S
rDNA amplicons. Additionally, the third-generation sequencing
technique, SMRT (single-molecule real-time sequencing), does
not require a prior PCR process that relies upon a single molecule
of DNA. The pyrosequencing of 16S/18S rDNA amplicons is now
in use to inspect the taxonomical identification (from the phylum
to the genus level) of the microbiome in various soils (91).

Agricultural practices are, as of now, implemented on a
worldwide scale, and diverse methodologies are being routed to
meet sustainable environmental and economical developments,
with the final aims of maintaining yield while safeguarding
the biosphere. Agricultural microbiology is introduced as
a synthetic research field responsible for the exchange of
knowledge from general microbiology and microbial ecology to
agricultural biotechnology. Analysis of the regular circulation of
microorganisms between plants, animal, and soil-borne niches
is required to reconstruct the arrangement of the microbiota in
natural and agricultural ecosystems (113).

MICROBIOTA FOR HUMAN HEALTH

As a major source of food, fiber, and biodiversity, the soil is
considered an important resource not only for agriculture but
also for human health and the environment. Plants require
nutrients and clean water to generate nutritious food, and
healthy soils provide them. Humans are becoming increasingly
conscious of how their nutrition affects their overall health.
However, we frequently overlook the complete food life cycle,
focusing solely on the quality of the last processing phases
and ignoring the soil’s health, which is essential to sustain
the 95% of food derived from the soil (114). Healthy soil
generates a healthy society. Soil microbes play a key role in
determining the nutrient content of our food through the
mineralization of degradable organic compounds to inorganic
forms that are readily available to crops. The large diversity
of microbiome in soil affects its microbial ecology, including
its primary productivity and nutrient cycling. Healthy soils are
the foundation of sustainable and productive agroecosystems,
and they can be maintained by following basic soil health
principles, such as minimal soil disturbance, protecting surface
soils by growing cover crops, increasing plant diversity through
crop rotation, and organic manure enhancing soil microbiome,
etc. (115). Agroecosystem/natural ecosystem (“agroecosystem
that has been modified for the production of food and
fiber”) functioning has been isolated from the internal cycle of
important plant nutrients, such as nitrogen and phosphorus,
due to a heavy reliance on artificial chemical fertilizers and

pesticides in the soil rhizosphere. Successful application of
beneficial microbes helps in maintaining soil health, improving
water holding capacity, carbon storage, root growth, availability
and cycling of essential nutrients, filtering pollutants, and
also in conservation of biodiversity (110, 116, 117). The
maintenance and development of soil health and fertility are
important for our agricultural productivity and human health
considered as mostly dependent on plant-based products (118,
119).

At present, the biofortification approach is getting much
attention in increasing the availability of micronutrients,
especially Fe and Zn, in the major food crops. Biofortification
is a sustainable process that can increase the vitamin or
mineral nutrient contents in cultivated plants or animals via
agronomic practices, plant breeding, or transgenic techniques
(120). The production of biofortified staple crops mainly
depends on the content of available soil nutrients for plants
and then human health and nutrition. Promising results
have been obtained using the biofortification of different
nutrients or vitamins for many crops under different climatic
conditions. Van Der Heijden et al. (121) reported that
combined application with native plant growth-promoting
rhizobacteria (PGPR) combined with arbuscular mycorrhizal
fungi (AM) showed the best effect on yield and biofortification
of micronutrients (Fe and Zn) in wheat grain. The Food
Safety Authority of Ireland (122) reported that the use of
microorganisms possessing multifarious nutrient sequestering
and plant growth-promoting traits, which can load high levels
of minerals in plant roots and translocate to the edible
parts, can be another promising biofortification strategy. Bouis
and Saltzman (123) reported that the iron concentration
doubled in lentil seeds when grown in association with
pseudomonas species.

Bioprocessing engineering has developed this further, with
the particular production of food. The genus Lactobacillus and
other species of Lactobacillus are beneficial microbes of particular
interest because of their long history of use (123). The term
“probiotic” is used to describe food supplements, specifically
designed to improve health, and this concludes the probiotic
as a “live microbial feed supplement which beneficially affects
the host by improving its microbial balance.” The procedure
of microorganisms by which they act as probiotics or do their
effects are not properly unknown, but the many studies revealed
that they may be involved in modifying the pH value, may
neutralize the pathogens through the production of compounds
that exerts the property of antimicrobial (probiotics produce
a wide range of antimicrobial metabolites, i.e., organic acids,
diacetyl, acetoin, hydrogen peroxide, and bacteriocins). These
activities contribute to microbiological safety by controlling
the growth of other microorganisms, and inhibit pathogenic
bacteria, and may occupy the receptor sites of the pathogens
as well as chase them for an available nutrient (124). In
human health, apart from their application, phytase-producing
microbes provide great promises for nutritional applications
in human food and animal feed. Exogenous phytase addition
has been used to enhance the mineral bioavailability (125),
and dephytinization, by the addition of exogenous phytase in
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porridges of different cereal crops, such as maize, oats, rice,
and wheat, has been shown to improve iron bioavailability
in humans (126). It has been demonstrated that phytic
acid significantly reduces (about 86%) bioavailability of Fe
from infant cereal diets in an in vitro digestion study in
a Caco-2 cell model (127), and dephytinization markedly
improved Fe and Zn bioavailability in these diets (128).
The present review revealed microbes reported from different
sources including plant microbiome, human microbiomes, and
its biotechnological application in agriculture, and human
health. Microbiomes having multifunctional plant growth-
promoting attributes can be utilized as bio-inoculants for
sustainable agriculture.

CONCLUSION

This review examined the role of the microbiome in sustainable
agriculture and human health. In sustainable agriculture, soil
health is mainly determined by the presence and diversity of
microbes present in the soil rhizosphere. The diversity and
abundance of soil and rhizosphere microorganisms influence
plant composition, productivity, and sustainability. Deploying
microbes to improve agriculture productivity is an extremely
attractive approach that is non-transgenic and can be viewed
collectively as the extended plant genome. Because these
same microbes can contribute to restoring soil health and
productivity, they have a bright future in low-input, sustainable
agriculture. Improved assessment of soil health indicators
is necessary to further enhance our understanding of how
production strategies and environmental factors affect the
physical, biological, and chemical stability and dynamics of the
soil–rhizosphere–plant systems and their impact on short- or
long-term sustainability.

FUTURE PROSPECTS

One of the challenges for future research work includes the
protection and conservation of rhizosphere biodiversity and
its potential application in agricultural soils. The current
use of microbial inoculants has proven useful to address
some agronomic challenges; however, large-scale adoption
remains low mainly owing to inconsistency in the efficacy
under different environmental conditions. The increasing
demand for safe food and better nutrition, advancing research
technologies, and interest in sustainable agriculture have
further renewed global interest in the microbiome. More
knowledge and deeper understanding are needed on how
agronomic practices under changing climatic conditions affect
the composition, abundance, and biofunctionality of microbes
in delivering multiple agroecosystem services. Sustainable
agriculture is important for today’s agricultural practices because
policymakers, conservationists, ecologists, scientists, farmers,
and biologists are all interested in debating the topic of
sustainable agriculture (129). Presently, the agricultural soil has
been polluted due to extensive use of mineral fertilizers and
agrochemicals. The use of the microbiome offers an assured
distinct advantage over many other control agents and methods.
The use of microbial technology would be fruitful for the
development of ecological and sustainable agriculture (130–133).
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