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ARTICLE INFO ABSTRACT

Keywords: Modern intensive agricultural practices face numerous challenges that pose major threats to global food security.

Beneficial microorganisms In order to address the nutritional requirements of the ever-increasing world population, chemical fertilizers and

g,hlfzosf_’l}_‘ere pesticides are applied on large scale to increase crop production. However, the injudicious use of agrochemicals
iofertilizers

has resulted in environmental pollution leading to public health hazards. Moreover, agriculture soils are
continuously losing their quality and physical properties as well as their chemical (imbalance of nutrients) and
biological health. Plant-associated microbes with their plant growth- promoting traits have enormous potential
to solve these challenges and play a crucial role in enhancing plant biomass and crop yield. The beneficial
mechanisms of plant growth improvement include enhanced nutrient availability, phytohormone modulation,
biocontrol of phytopathogens and amelioration of biotic and abiotic stresses. Solid-based or liquid bioinoculant
formulation comprises inoculum preparation, addition of cell protectants such as glycerol, lactose, starch, a good
carrier material, proper packaging and best delivery methods. Recent developments of formulation include
entrapment/microencapsulation, nano-immobilization of microbial bioinoculants and biofilm-based bio-
fertilizers. This review critically examines the current state-of-art on use of microbial strains as biofertilizers and
the important roles performed by these beneficial microbes in maintaining soil fertility and enhancing crop
productivity.

Soil fertility
Crop production
Sustainable agriculture

1. Introduction During recent high input farming systems and technologies, chemical

fertilizers (consisting of N, P or K) are applied excessively to provide the

Agriculture sector contributes towards one third share in global gross
domestic products. However, with the increasing trend in human pop-
ulation, world’s population has been estimated to rise upto 9.5 billion by
2050, leading to high food demand (Green et al., 2005; Gerland et al.,
2014). Besides availability of limited fertile land, urbanisation, unex-
pected weather events connected to climate change, abiotic and biotic
stresses are the major constraints for the production of several crops
(Glaser and Lehr, 2019). Furthermore, soil quality, availability of nu-
trients, environmental conditions as well as the biological health of the
soil are other important criteria for improving crop yield per unit area
for achieving the targeted goal of food security (Tilman et al., 2011).

plant nutrient requirement for increasing the agriculture productivity
worldwide. However, only a limited amount (30-40%) of these nutri-
ents is absorbed by the plants due to low fertilizer-use efficiency and rest
is lost to soil causing environmental pollution. In addition, heavy metals
and radionuclides are present in chemical fertilizers, which are difficult
to degrade, thus making them persistent pollutants in nature. Another
major issue related to application of excessive chemical fertilizers is
eutrophication of water sources. These pollution problems leading to
public health hazards necessitated the development of technologies that
are sustainable and eco-friendly, which could reduce the application of
synthetic fertilizers (Santoyo et al., 2012; Zhang et al., 2021). Therefore,
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application of beneficial microbiomes as biofertilizers in sustainable
agriculture  practices has emerged as innovative and
environment-friendly technology for improving soil fertility and plant
growth (Adesemoye et al., 2009; Bertola et al., 2019; Ullah et al., 2019a;
Murgese et al., 2020; Fasusi et al. 2021).

All terrestrial plants are colonized by diverse, complex and interac-
tive communities of microorganisms (Sasse et al., 2018; Xiong et al.,
2021). The colonization of microbes on the plants can be either
epiphytic, endophytic or rhizospheric (Rossmann et al., 2017). The
study of microbial communities inhabiting the diverse habitats and their
collective contribution to plant growth development and protection has
received intense interest over the last two decades. Various microor-
ganisms present within the plant rhizosphere include procaryotic or-
ganisms i.e., bacteria and archaea, unicellular protozoa, multicellular
eucaryotic nematodes and fungi, and viruses (Glick and Gamalaro,
2021). Many of these microorganisms within the plant’s microbiome
play many vital roles in promoting the growth and development of
agriculturally important crop plants (Bakker et al., 2013; Bulgarelli
et al., 2013; Fasusi et al., 2021). For screening of efficient beneficial
microbial strains for use as biofertilizer, microorganisms isolated from
the rhizosphere are screened for plant growth-promoting (PGP) traits
along with effective colonization ability (Andreozzi et al., 2019; Pandey
et al., 2019). Various beneficial properties of PGP microbes for utiliza-
tion as biofertilizer include decomposition of organic matter, enhancing
nutrient availability, production of phytohormones and contribution
towards mitigation of abiotic and biotic stresses (Lalitha, 2017; Sehra-
wat and Sindhu, 2019; Zhang et al., 2021). Biofertilizers comprise of
living or latent cells, which are applied either to soil, seed or seedlings
for improving nutrients availability and uptake from soil (Fasusi et al.,
2021). Use of biofertilizers has currently emerged as cost effective and
ecofriendly alternative than chemical-based fertilizers. Substantial
progress has been achieved recently in development of effective bio-
fertilizers for different crops.

2. Rhizosphere biology and microbial diversity

Plants release a significant proportion (varying from 2% to even
50%) of their photosynthates as rhizo-deposits or root littre into the
rhizosphere (Kuzyakov and Domanski, 2000; Jones et al., 2004; Huang
et al., 2014). The rhizo-deposits, including sugars, organic acids, amino
acids, fatty acids, phenolics, nucleotides, sterols and vitamins, provide
critical carbon sources for rhizobacteria and plant pathogens (Sasse
et al., 2018). In a stride to evaluate the impact of root exudates on
proliferation of the microorganisms in the rhizosphere, Kawasaki et al.
(2021) altered the expression of transporters in rice (Oryza sativa L.) and
wheat (Triticum aestivum L.), which affected the release of substrates
(simple organic anions, including malate, citrate, and y-amino butyric
acid) from root apices. These altered level of root exudates, either
separately or in combination, encouraged the proliferation of specific
beneficial root microbiomes from the soil. However, the root type
(seminal or nodal), position along the roots (apex or base) and soil type
also had a greater influence on microbiome structure. Thus, rhizosphere
harbours a great abundance of varied microorganisms, several of which
support the plants in nutrient procurement from soil and in suppressing
pathogenic invasion (Bulgarelli et al., 2013; Leach et al, 2017).
Plant-associated microbiome includes nitrogen fixers,
phosphate-solubilizing bacteria (PSB), mycorrhizal fungi, biocontrol
agents, bioremediation agents, plant growth promoting rhizobacteria
(PGPR) and pathogenic microbes (Sehrawat and Sindhu, 2019; Singh
et al., 2021).

Applications of recent technologies to explore taxonomic and func-
tional components of diverse microbiomes have resulted in selection and
manipulation of particular microbial community from rhizosphere for
sustainable crop production (Brewin et al., 1990; Mohanram and Kumar,
2019; Gupta et al., 2021). The information regarding microbial com-
munity composition, species relative abundance in a niche and signaling
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between microbes and plants in the rhizosphere contributes towards
establishing a relationship between crop plants, environmental factors
and ecosystem functions (Torsvik et al., 1996; Garbeva et al., 2008;
Sehrawat et al., 2020). Recent developments in next generation
sequencing techniques allowed significant improvement in interpreting
the functioning of microbiomes specifically inhabiting the crop rhizo-
sphere (Gupta et al., 2021). Also, the plant genetic diversity alongwith
soil properties tend to influence the composition and diversity of rhi-
zospheric community (Garbeva et al., 2008; Vorholt et al., 2017; Jiang,
2017; Xu, 2018; Matthews et al., 2019) and these communities may
share similarities within different agroecosystems.

The methodological progress made so far has provided the infor-
mation about composition of microbiome inhabiting a specific crop
(Busby, 2017; de Vries et al., 2020) and the selection basis of a particular
beneficial microbial species from soil rhizosphere. It is estimated that
bulk soil in general contains 10° to 10° bacterial cells per gram of soil
and there is remarkable ten-fold enrichment of bacterial numbers in the
rhizosphere zone (Tkacz et al., 2020; Wang et al., 2020; Glick and
Gamalaro, 2021). Similarly, population of other organisms including
fungi, actinomycetes, algae, protozoa and nematodes get stimulated in
the rhizosphere. For understanding the structure, diversity and functions
of rhizosphere microbiome and their interactions with different envi-
ronmental factors, traditional approaches are complemented with
modern omics-based approach based on next-generation sequencing
(NGS) technologies (Gupta et al., 2021; Raghu et al.,, 2021). Bio-
prospecting the emerging field of ecosystems’ engineering and
plant-microbe interactions in the rhizosphere marks a promising op-
portunity to confer tolerance towards abiotic and biotic stresses to host
plant and support the nutrition of host plants for developing sustainable
solutions to improve crop productivity under current and future climatic
conditions (Singh et al., 2021).

Current unravelling of the complex microbial communities using
molecular tools showed that fertile soil contains both beneficial as well
as detrimental organisms, which act as facilitators of plant processes
(Zipfel and Oldroyd, 2017; Thoms et. al., 2021). For example,
nitrogen-fixing, phosphate-solubilizing, plant growth-promoting rhizo-
bacteria and AM fungi provide nutrients to the plants leading to stim-
ulation of plant growth (Hurek et al., 2002; Dobbelaere et al., 2003;
Mohanty et al., 2021). Some microbes secrete phytohormones such as
indole acetic acid (IAA), gibberellins (GA) and cytokinins that change
root architecture (Jangu and Sindhu, 2011; Duca et al., 2014; Khan
et al., 2020). On the other hand, particular microorganisms isolated
from the soil or rhizosphere have been found to inhibit the growth and
activity of phytopathogens, and may also alter plant immune responses
and community ecology (Sahu and Sindhu, 2011; Sehrawat and Sindhu,
2019; Wang et al., 2022). Secretion of specific metabolites such as fla-
vonoids, acetosyringone, strigolactones and MBOA (break-down prod-
uct of root exuded benzoxazinoid) may act as attractant for beneficial
microbes and as a signal to trigger plant immunity (Torres-Vera et al.,
2014; Hu et al., 2018; Phour et al., 2020). On the contrary, detrimental
organisms adversely affect the growth and development of plants, and
are termed as deleterious rhizospheric bacteria (DRB) (Barazani and
Friedman, 2001). However, the proliferation, population and distribu-
tion of beneficial as well as pathogenic microbes varies with soil pH,
temperature, moisture and nutrient availability (Dumbrell et al., 2010;
Laceg and Wilson, 2001). Therefore, understanding of rhizosphere
biology in context to climate change and abiotic stresses is the urgent
need to harness beneficial microbial interactions as a low-input tech-
nology for agricultural sustainability (Dubey et al., 2016).

3. Mechanisms of action of beneficial microbes

Microbes being phylogenetically diverse and multifaceted, interact
with plants in different ways including symbiosis, parasitism,
commensalism, amensalism and neutralism (Glick and Gamalaro,
2021). The growth of these microbes is dependent on plant
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photosynthesis and reciprocate by influencing plant growth, thereby
collectively termed as plant microbiome (Wang et al., 2008; Lebeis et al.,
2012; Klaus and Bulgarelli, 2015; Muiller et al., 2016; Zhang et al.,
2021). Recently, beneficial plant-microbiome associations are being
exploited for improving crop production. Plant beneficial microbes
improve soil properties, increase availability of soil nutrients, enhance
resistance  towards pathogens and also produce plant
growth-stimulating hormones (Chaparro et al., 2012; Wasai and Mina-
misawa, 2018; Kour et al., 2020b; Yadav et al., 2020a). Though, soil
microbiome is constituted of bacteria, fungi, algae, protozoa, archaea
and viruses, but beneficial bacterial communities make important con-
tributions towards improving crop productivity for the sustainable
agriculture (Mueller and Sachs, 2015; Adesemoye and Kloepper, 2009;
Haney et al., 2015; Berg et al., 2016; Mohanty et al., 2021).
Rhizosphere-inhabiting microorganisms contribute towards plant
growth promotion either through direct mechanism or indirect

Agricultural practices

Fertilizers
Pesticides
Crop rotation
Biofertilizers

Direct mechanism ——I——

e Nitrogen Fixation

e Solubilising of P, K, Zn, S

e Organic matter
decomposition

e Hormone production

e Siderophore

e ACC deaminase

Pot house/
Greenhouse
screening
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mechanisms. Enhanced availability of nutrients and phytohormone
production are directly involved in plant growth promotion (Malik and
Sindhu, 2011; Santoyo et al., 2021b), whereas suppression of diseases by
biocontrol agents, amelioration of abiotic stresses and bioremediation of
pollutants and contaminants are the indirect mechanisms that
contribute towards improved plant health and crop productivity (Glick
and Gamalero, 2021; Sehrawat et al., 2021; Zhang et al., 2021) (Fig. 1).

3.1. Direct mechanisms involved in plant growth promotion

Beneficial bacterial inoculants provide nitrogen, phosphorous, po-
tassium and other plant nutrients to the crop without any chemical input
to soil leading to improvement of plant growth and increase in crop yield
(Singh and Gupta, 2018; Tiwari et al., 2018; Vimal et al., 2018; Basu
et al., 2021). Moreover, production and excretion of different phyto-
hormones i.e., IAA, gibberellins (GA) and cytokinins have been reported

Phyllospheric

Plant
Endophytic

Microbiome
Rhizospheric
Indirect mechanism

Production of antibiotics
Siderophores

Hydrolytic enzymes
HCN and VOCs

Release of antioxidant
enzymes

« Osmoprotectants

e Seed germination

e Seedling growth

e Root and shoot growth
e Suppression of disease
e Crop yield

e Plant Biomass
e Crop yield
e Crop quality

Fig. 1. A schematic view of screening the rhizosphere bacteria for beneficial traits, their pot house evaluation and subsequent selection for use in biofertilizer

production and application.
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to increase the root surface area for more adsorption of plant nutrients
from the soil (Jangu and Sindhu, 2011; Duca et al., 2014; Khan et al.,
2016; 2020).

3.1.1. Enhanced nutrient availability

About 16 micro- and macro-nutrients are essentially required for the
growth of plants and deficiency of any of these nutrients could lead to
malfunctioning and imbalanced growth. Nutrient availability is affected
by different parameters of soil, climate and type of crop plant. Soil mi-
crobes maintains the optimum concentration of soil nutrients, hence
providing better plant growth and crop yield (Richardson et al., 2009;
Hirel et al., 2011; Kumar et al., 2021) (Table 1). Rhizosphere manage-
ment, through use of beneficial microbes helps to enhance nutrient
availability in soil for the better plant growth via solubilization of zinc,
potassium and phosphate, nitrogen fixation and phytohormones pro-
duction (Sehrawat and Sindhu, 2019; Sharma et al., 2019). Mycorrhizal
fungi and PGPR are considered to play crucial role in nutrient avail-
ability in soil along with amelioration of stresses (Santoyo et al., 2021a)
and thus, these microorganisms have become important components
towards the effective functioning of soil ecosystem.

Current Research in Microbial Sciences 3 (2022) 100094

The application of beneficial microorganisms as biofertilizers helps
in increasing nutrients levels either by; (i) influencing metabolism of
plant, thus altering composition of root exudates, (ii) influencing the
solubility and availability of nutrients, (iii) increasing the interactions
with other soil microbes (Sindhu and Suneja, 1997; Adesemoye and
Kloepper, 2009; Fitter et al., 2011; Miransari, 2011a; Miransari, 2011b).
Microbes mineralize nutrients by acidolysis, oxidoreduction, chelation
or by secreting compounds like oxalate, gluconate, citrate, catechol,
lactate and pseudobactin (Marschner and Rengel, 2007; Uroz et al.,
2009; Parmar and Sindhu, 2019). Arbuscular mycorrhizal fungi tend to
associate symbiotically with terrestrial plants and increase availability
and uptake of water and minerals, in return of consuming carbon from
plant (Javaid, 2009; Kumar et al., 2021). Host plant provides a suitable
environment or habitat for the germination of fungal spores into fungal
hyphae, thus creating a mycorrhizosphere. Thus, there are huge
numbers of microorganisms in the rhizospheric region, which play
important role in the release of phosphorus, potassium and zinc from
different insoluble compounds in soil (Sindhu et al., 2014, 2016, 2019b;
Wallenstein, 2017; Zhang et al, 2021). The application of
nutrient-mobilizing microbial inoculants has been found to stimulate

Table 1

Inoculation responses of beneficial rhizobacteria on plant growth.

Types of biofertilizer
Nitrogen- fixing
bacteria

Phosphate-
solubilizing
bacteria (PSB)

Potassium-
solubilizing
bacteria (KSB)

Coinoculation of
beneficial
bacteria

Bacterial strain used
Azotobacter sp. strain Avi2 (MCC 3432)

Agzotobacter chroococcum, A. vinelandii

Herbaspirillum seropedicae (strain
ZAE94)

Enterobacter cloacae (PGLO9)

Bradyrhizobium sp.

Rhizobium meliloti

Pseudomonas stutzeri (CSP03), Bacillus
subtilis (TTP02), Pseudomonas putida
(PHPO03)

Alcaligenes faecalis sub sp. faecalis str S8

Bacillus subtilis LK14

R. leguminosarum

Pseudomonas moraviensis,
Bacillus halotolerans, Enterobacter
hormaechei and Pseudomonas
frederiksbergensis

Bacillus edaphicus strain NBT

Bacillus muciloginosus

Acidothiobacillus ferooxidans Bacillus cereus

Azotobacter, phosphate solubilising
bacteria and potash mobilizing bacteria

Azospirillum lipoferum or Azotobacter
chroococcum Bacillus megaterium,
Arthrobacter chlorophenolicus, Enterobacter
sp., Pseudomonas aeruginosa

Plant growth promoting activity
Nitrogen fixation, production of
IAA, siderophore

Nitrogen fixation, P
solubilization, production of
NH;, HCN, IAA

Nitrogen fixation, production of
siderophore, IAA

Nitrogen fixation, phosphorous
solubilization, siderophore
production, ACC deaminase
Nitrogen fixation, siderophore
and IAA production, P
solubilisation

Nitrogen fixation, production of
siderophore and chitinase
Solubilization of P and zinc, IAA,
N, fixation, siderophore, NH3
production

P solubilization, production of
IAA, hydrogen cyanide,
chitinolytic, proteolytic and
pectinolytic enzymes

P solubilization, production of
IAA

P solubilisation

P solubilization, production of
IAA, Siderophores, cellulase,
ammonia and metal tolerance

Potassium solubilisation
Potassium solubilisation

Potassium solubilization
Potassium solubilization

Nitrogen fixation, P
solubilization, K mobilization,
IAA production

Nitrogen fixation, IAA
production

Production of IAA, HCN,
siderophore, P-solubilization and
N-fixation

Effect on plant productivity parameters
improved vegetative and reproductive growth in
rice

Increased shoot and root length, leaf and root
number, chlorophyll content of maize

Enhanced mineral uptake, increased diameter,
weight, length of ear, number of grains/rows, cob
weight and grain yield

Enhanced potato growth and yield, significant
increase in vegetative growth parameters including
root and shoot length, root as well as shoot biomass
Increased vegetative parameters and seed yield in
mung bean

Increased growth and yield, pods quality and better
use of nitrogen in peanut
Enhanced plant growth in arid soils

Better growth, increased root weight and length,
plant height and aerial plant part weight

Enhanced host plant’s nutrient uptake and
amelioration of stress

Improved growth and yield, and better resistance
against drought in soybean improved wheat seed
germination, plant growth, nitrogen and potassium
uptake, and Zn absorption

Increased root and shoot Growth, and K content in
cotton and rape

Increased the plant biomass, yield and uptake of K in
Sudan grass

Increased growth and yield, improved oil
composition in pumpkinIncreased plant height,
branches number, shoot dry weight, K uptake and
total yield of potato

Increased yield components and yield of wheat,
improved soil nutrients balance, increased
microbial activity in the rhizosphere

Enhanced growth parameters, pigments, K-+,
osmolytes, K+/ Na+ ratio and the activity of CAT,
POD and APX of the salt-affected maize plants
Increased plant height, grain yield, straw yield and
nutrients acquisition
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IAA: Indole acetic acid; HCN: Hydrogen cyanide; ACC: 1-aminocyclopropane-1-carboxylic acid; PSB: Phosphate solubizing bacteria; KSB: Potassium solubilizing
bacteria; CAT: Catalase; POD: Peroxidase; APX: Ascorbate peroxidase.
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the root and shoot growth, enhanced nutrient uptake and increased seed
yield of different crops under pot house as well as in field under different
agro-environmental conditions (Etesami et al., 2021; Jia et al., 2021;
Patel et al., 2021; Santoyo et al., 2021b) (Table 1).

In various studies conducted to establish the role of PGPR in
increasing nutrient availability and plant growth promotion, inoculation
of Azotobacter chroococcum was found to increase the the contents of
total nitrogen (N) and total phosphorus (P) in maize plants relative to
the uninoculated control treatment (Song et al. (2021). A. chroococcum
treatments changed the contents of soil ammonium-N (NH4"-N) at the
seedling stage (+17.78%) and heading stage (+34.48%), as well as soil
nitrate-N (NOx-N; —23.94%) and soil available P (Olsen-P; —15.38%) at
the heading stage. The average grain weight over 4 years was higher
(+17.07%) in A. chroococcum inoculation treatment than that in the
control treatment. In similar studies, coinoculation of sugarcane with
different PSB strains including Bacillus sp. BACBR04, Bacillus sp.
BACBRO6 and Rhizobium sp. RIZBRO1, along with use of compost as a P
source, resulted in increased P content in shoot compared with the un-
inoculated treatments, which received only compost or triple super-
phosphate (i.e. soluble P) (Estrada-Bonilla et al., 2021). This treatment
also displayed an increase of nitrogen and potassium content in plant
tissue. Filipini et al. (2021) showed that application of Azospirillum
brasilense, on seed or by foliar spraying, and seed inoculation of Rhizo-
bium tropici, had an synergistic effect and increased plant biomass,
accumulated nitrogen, thousand-grain weight and grain yield of com-
mon bean (Phaseolus vulgaris L.). in a field experiment.

3.1.2. Phytohormone production

Plants as well as bacteria synthesize certain phytohormones or plant
growth regulators in very low concentrations, which influence the root
and shoot growth, shape, flowering, senescence and seed growth along
with various physiological processes including cell division, develop-
ment, gene expression and stress responses (Jangu and Sindhu, 2011;
Malik and Sindhu, 2011; Khan et al., 2020). Phytohormones increase
root hair length and surface area of roots, and thus nutrient and water
uptake ability of the plant roots are improved (Tsegaye et al., 2017).
Enhanced metabolic activity due to production of the phytohormones
helps in defence, normal functioning of cell and abiotic stress manage-
ment (Khan et al., 2020). Plant growth-promoting bacteria either se-
cretes hormones or alters concentration of hormones within the plant
during biotic and abiotic stresses.

Phytohormones are grouped into five classes; auxin, cytokinins,
gibberllins, ethylene and abscisic acid (Cassan et al., 2014). Apart from
these, some other classes have also been identified like jasmonates,
brassinosteroids and strigolactones, which act as targets for the meta-
bolic engineering to construct crop plants which can withstand abiotic
stress. Most of the PGPRs are known to produce cytokinins, auxins and
ethylene, but only limited microbes are known to secrete gibberllins
(van Loon, 2007; Egamberdieva et al., 2017; Abd Allah et al., 2018).
Pseudomonas has been reported as an excellent IAA producer genus;
however, P. putida is better than P. fluorescens in terms of IAA production
(Bharucha et al., 2013; Kumar et al., 2015a). Batista et al. (2021)
demonstrated that the genome of the Bacillus thuringiensis strain RZ2MS9
harbours the complete set of genes required for indole acetic acid pro-
duction. Inoculation of tomato with B. thuringiensis strain RZ2MS9
caused 24% increase in the shoot dry weight of the Micro-Tom (MT).
The application also modified the root architecture of tomato, with an
increase of 26% in the average lateral root length and inhibition of the
axial root. Moreover, RZ2MS9-treated MT plants also presented elon-
gated root cortical cells with intensified mitotic activity at the cellular
level. On the other hand, no growth alteration was detected in the
auxin-insensitive diageotropic (dgt) plants either with or without the
RZ2MS9 inoculation.

The production of cytokinins and gibberellins have been reported in
various microbial genera and these bioactive hormones affect seed
germination, stem elongation, root hair development, flowering, fruit
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setting and other developmental processes (Maheshwari et al., 2015;
Kang et al., 2019). Phytohormone strigolactones production by plants
and microbial species has been associated with root and shoot system’s
regulation, leaf senescence and nutrient stress (Torres-Vera et al., 2014;
Visentin et al., 2016; Xie et al., 2019). The inoculation of ACC
deaminase-producing PGPR strains, which lowers the stress hormone
ethylene concentration in plant roots, protect plants against abiotic
stress (Gamalero and Glick, 2015) and increases plant growth (Khan-
delwal and Sindhu, 2012). Salomon et al. (2014) isolated Bacillus
licheniformis Rt4M10 and Pseudomonas fluorescens RtéM10 from rhizo-
spheric regions of grape vine, which produced ABA, IAA and gibberel-
lins. Ghosh et al. (2019) depicted alleviated water stress due to the
modulation in endogenic accumulation and relocation of ABA, gibber-
ellic acid and cytokinin in both shoot and roots of plant by Pseudomonas
putida strain GAP-P45.

3.2. Indirect mechanisms contributing towards plant growth stimulation

Plant pathogens including harmful bacteria, fungi and viruses cause
various diseases on different crop plants. These diseases caused by plant
pathogens adversely affect global crop productivity and account for
20-40% yield losses annually in various cereal and legume crops (Oerke,
2006). Injudicious application of pesticides for disease control causes
environmental pollution leading to public health hazards and therefore,
efforts are being made to characterize antagonistic microorganisms for
use as biopesticides for increasing agricultural crop production (Santoyo
etal., 2012; Anand et al., 2020; Jiao et al., 2021; Wang et al., 2022). The
mechanisms to control the diseases include the synthesis and secretion
of siderophores, hydrolytic enzymes, antibiotics, volatile organic com-
pounds, hydrogen cyanide and induction of systemic resistance (Santoyo
et al., 2012; Sehrawat and Sindhu, 2019, Sharma et al., 2019; Khanna
et al., 2021). Memenza-Zegarra and Zuniga-Davila, (2021) isolated 26
strains from the rhizosphere of common bean (Phaseolus vulgaris) plants
and most of the strains inhibited the growth of pathogenic fungi i.e.
Sclerotinia, Fusarium and Rhizoctonia due to the production of both vol-
atile and non-volatile organic compounds, hydrolytic enzymes, side-
rophores and antifungal lipopeptide. Bacillus IcBac2.1 strain showed
significant inhibition of the majority of phytopathogens due to pro-
duction of antifungal lipopeptides. Similarly, Alcaligenes TvPs2.4 and
Pseudomonas TvPsl.6 strains showed the highest growth inhibition
against the tested phytopathogens. SPME/GC-MS analysis of culture
filterates showed that each strain produced 21 volatile organic com-
pounds and the highest concentration of dimethyl disulfide and
D-limonene compounds were obtained.

3.2.1. Siderophore production

Iron is one of the vital elements involved in plant metabolism and its
deficiency could lead to abnormal respiration and photosynthesis (Zuo
and Zhang, 2011). Iron is present as Fe>* in aerobic environments,
which is a major resource in soil. Fe*! readily forms hydroxides and
oxyhydroxides, which becomes unavailable to microbes and plants as
they consume iron as Fe'?2 form (Pahari and Mishra, 2017; Ghazy and
El-Nahrawy, 2021). Ferrous is obtained via siderophore secretion and
these  siderophores are the chelating compounds with
low-molecular-weight. Siderophore forms a complex with Fe3*, after
which or Fe®" form is reduced to Fe2+, which is released into the cell
(Kashyap et al., 2017). This easily absorbable Fe?*t is either directly
taken up as iron-siderophore complex or the iron is exchanged via a
ligand (Rasouli-Sadaghiani et al., 2014; Novo et al., 2018). Siderophores
are composed of electron-rich atoms like oxygen and nitrogen, which
binds up with cations (Chu et al., 2010; Ghavami et al., 2017). Apart
from iron mobilization, siderophores are also involved in uptake of
molybdenum and vanadium (nitrogenase co-factors) for Azotobacter
vinelandii (McRose et al., 2017). However, when Mo was limited, then
production of catechol type siderophore was increased (McRose et al.,
2017).
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Siderophores are produced by Pseudomonas, Aeromonas, Azotobacter,
Bacillus, Rhizobium, Azadirachta, Streptomyces, Burkholderia and Serratia
(Sahu and Sindhu, 2011; Sabet and Mortazaeinezhad, 2018; Sultana
et al., 2021). Siderophore-producing bacteria were found to play crucial
role in growth promotion and biocontrol activity. Iron nutrition in
graminaceous and dicot plants was enhanced by siderophore-producing
fluorescent Pseudomonas species (Shirley et al., 2011). Inoculation of
siderophore-producing Bacillus subtilis in pepper showed significant
suppression of Fusarium wilt disease caused by Fusarium oxysporum (Yu
et al., 2011). Similarly, the production of siderophores by fungal species
i.e. Penicillium citrinum, Aspergillus niger and Trichoderma harzianum also
contributed towards biocontrol activity and their inoculation resulted in
increased growth of chickpea (Cicer arietinum) (Yadav et al., 2011).
Siderophore-producing Pseudomonas sp. were found to control plant
disease in green gram (Vigna radiata) and resulted in promotion of plant
growth (Sahu and Sindhu, 2011). Similarly, inoculation of
siderophore-producing Pseudomonas aeruginosa caused suppression of
the disease in chilli and paddy as well (Sasirekha and Srividya, 2016;
Kumar et al, 2017b). The inoculation of groundnut with
siderophore-producing Bacillus species caused 82% release of iron on
day 32 of plant growth (Sarwar et al., 2020). Ghazy and El-Nahrawy
(2021) reported siderophore production and antagonistic activities in
B. subtilis MF497446 and Pseudomonas koreensis MG209738 strains.
Inoculation of maize with B. subtilis and P. koreensis suppressed the pre-
and post-emergence damping off disease caused by Cephalosporium
maydis under greenhouse experiment. In field experiment, coinoculation
of a mixture of B. subtilis and P. koreensis showed significant increases in
catalase (CAT), peroxidase (POX) and polyphenol oxidase (PPO) activ-
ities, as well as total chlorophyll and carotenoids than control treat-
ments during the two growing seasons. Similarly, the highest effect in
reducing infection and increasing the thickness of the sclerenchymatous
sheath layer surrounding the vascular bundles in maize stem was
observed reflecting the increase in yield and yield parameters.

3.2.2. Enzyme production

Metabolic activity of any organism is regulated by the activity of
various enzymes. Extracellular enzymes secreted by bacteria, archaea
and fungi in the soil causes depolymerization and mineralization of
structurally complex biomolecules in soil. The activities and synthesis of
these enzymes could be manipulated to facilitate carbon sequestration,
bioremediation and for plant growth promotion (Burns et al., 2013).
PGPRs synthesize diversity of enzymes, for instance Pseudomonas, Ba-
cillus, Xanthomonas and Agrobacterium sp. produces proteases and lipases
(Ghodsalavi et al., 2013). Under abiotic stress conditions, various en-
zymes i.e., ascorbate peroxidase (APX), catalase (CAT), gluta-
thione/thioredoxin peroxidase (GPX) and glutathione S-transferase help
in amelioration of stress (Willekens et al., 1995; Wagner et al., 2002;
Mittler et al., 2004; Nivetha et al., 2021). Hydrogen peroxidase enzyme
is also known to function as a signal molecule in biotic and abiotic stress,
photosynthesis and cell cycle (Sofo et al., 2015).

Salinity stress tolerance was enhanced in wheat by inoculation of
PGPRs due to the alleviated concentration and activity of numerous
antioxidant enzymes including manganese-dependent superoxide dis-
mutase (MnSOD), peroxidase (POD), catalase, glutathione reductase
(GR) and ascorbate peroxidase (Bharti et al., 2016). Yasmin et al. (2016)
studied the inoculation effect of Pseudomonas sp. Rh323 and Pseudo-
monas sp. in rice and observed a strong activity of polyphenol oxidase in
leaves, while a maximum activity of phenylalanine ammonia-lyase and
peroxidase was observed for the plants inoculated with Pseudomonas sp.
in contrast to control. Further, production of lytic enzymes for instance,
chitinases, lipases, proteases, cellulase and p-1,3 glucanases by benefi-
cial microbes was found to inhibit the growth of pathogenic fungi
including Botrytis, Rhizoctonia, Sclerotium, Phytophthora, Pythium and
Fusarium (Hayat et al., 2010). Five Pseudomonas strains were found to
produce chitinase and cellulases, and these bacteria showed growth
inhibition of Pythium aphanidermatum and Rhizoctonia solani on medium
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plates (Sindhu and Dadarwal, 2001). Coinoculation of these antagonistic
Pseudomonas strains with Mesorhizobium sp. Cicer strain resulted in sig-
nificant increase in nodule biomass under sterilized conditions. PGPRs
inoculation was found to prevent diseases like rhizome rot disease and
leaf blight disease of turmeric (Vinayarani and Prakash, 2018), collar rot
disease in peanut (Gajera and Vakharia, 2012) and early blight disease
in tomato (Babu et al., 2015).

Haroon et al. (2021) demonstrated that inoculation of ACC deami-
nase- and exopolysaccharides (EPS)-secreting strains of Bacillus mega-
terium, B. tequilensis and Pseudomonas putida positively invigorated
growth attributes such as relative water content and photosynthetic
pigments of wheat seedlings under saline conditions. Plants inoculated
with PGPR also showed decreased concentration of malondialdehyde
(MDA) and hydrogen peroxide (H2052). Besides this, inoculation of PGPR
also reduced electrolytic leakage and enhanced enzymatic activity for
the scavenging of reactive oxygen species (ROS) along with increased
production of proline and total soluble sugar. Higher expression of Salt
Overly Sensitive (SOS1 and SOS4) genes was observed by qPCR
expression analysis of selected genes, predicting their potential role to
tolerate salinity stress in wheat plants.

Chitinase has been reported as another prominent plant protecting
enzyme against pathogens (Maksimov et al., 2011) and can be extracted
from Trichoderma, Pseudomonas and Bacillus (Babu et al., 2015).
Sixty-three bacterial isolates obtained from termite mounds showed
termite killing ability under Petri plate conditions and the production of
chitinase, lipase and protease was correlated with termiticidal activity
(Rakshiya et al., 2016). Recently, many biocontrol agents have been
found to suppress various plant diseases along with stimulation of the
growth and yield of different crops under pot house and field conditions
(Sharma et al., 2018). Of the 90 endophytic and rhizospheric isolates
obtained from field-grown common bean plants, 12 bacterial strains
consisting of Bacillus amyloliquefaciens, B. halotolerans, B. velezensis,
Agrobacterium fabrum and Pseudomonas lini, exhibited up to 71% inhi-
bition of Fusarium sp., Macrophomina sp. and Alternaria sp. on common
bean cv. Coco blanc (Sendi et al., 2020). Biochemical analysis of the
antagonistic and plant growth-promoting activities of these biocontrol
strains revealed the production of xylanases, chitinases, siderophores,
HCN, phosphate-solubilizing activity and indole-3-acetic acid. However,
the complex interactions between the plant, environment and biocontrol
agents, are the reasons behind inconsistency observed in disease sup-
pression and plant growth stimulation.

3.2.3. Antibiotic production

Soil serves as microbial pool for the growth and maintenance of di-
versity of organisms, including commensals, pathogens and symbionts
(Mendes et al., 2013). With increasing population of microbes, compe-
tition for food and space also increases, which leads to adaptation of
different strategies by different microbial species for their survival and
establishment in particular niche (Song et al., 2005; Demaneche et al.,
2008; Philippot et al., 2010; Arora et al., 2013a). The most popular
strategy adopted for survival during microbial competition is the anti-
biotic production (Sehrawat and Sindhu, 2019; Jiao et al., 2021). An-
tibiotics are low-molecular-weight heterogenous compounds, which are
toxic against competing microbial strains (Duffy, 2003). Antibiotics can
be either volatile (aldehydes, ketones, alcohols and sulphides) or
non-volatile (phenylpyrrole, cyclic lipopeptide amino polyols and het-
erocyclic nitrogenous compounds) (Gouda et al., 2017; Fernando et al.,
2018). Antibiotics may possess antimicrobial, antiviral, antioxidant,
antitumor, anti-helminthic, phytotoxic and/or cytotoxic activities, and
may also act as plant growth-promoting compounds at low concentra-
tion (Kim, 2012). In response, microbes develop IAR (intrinsic antibiotic
resistance) against the antibiotics, therefore antibiotic-producing strain
and the competing strain with IAR provides survival strategies (Nesme
and Simonet, 2015). Further, antibiotics produced by PGPR are kind of
antagonistic agents produced against phytopathogens (Glick et al.,
2007; van Loon, 2007). Antibiotics inhibit the growth of detrimental
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organisms due to distortion of cell membrane, inhibition of translation,
arrest at ribosomal RNA formation stage and inhibition of cell wall
synthesis (Maksimov et al., 2011).

PGPR strains have been found to produce various types of antibiotics
such as 2,4-diacetyl phloroglucinol (DAPG), phenazine-1-carboxylic
acid (PCA), phenazine-1-carboxamide, pyroluteorin, pyrrolnitrin,
oomycin A, viscosinamide, butyroaminectone, kyanoaminectone,
zymicrolactone, zymicrolactone A, rhamnolipids, cepacyamide A, eco-
mycins, pseudomonic acid, azomycin and cepafungins (Sindhu et al.,
2010; Sindhu et al., 2017; Santoyo et al., 2019). Besides this, various
Bacillus strains have been reported to produce antibiotics like myco-
subtilin, bacillomycin D, iturins, fengycin, surfactin and zwittermicin A,
while on the other hand fluorescent Pseudomonas produces pyoluteorin,
phenazines, oomycin A, 2,4-diacetyl phloroglucinol, viscosin and mas-
setolide A. Various antibiotics like surfactins, fengycin, phenazine and
DAPG phenazine were retrieved from the rhizosphere of wheat maize,
potato and rice, which showed antagonism against pathogenic fungi
including Fusarium moniliforme, Fusarrium oxysporum, Aspergillus niger,
Aspergillus flavus and Collectotrichum falcatum (Ali et al., 2020). Secretion
of phenazine-1-carboxylic acid and 2,4-DAPG antibiotics by the Pseu-
domonas sp. caused suppression of Rhizoctonia solani growth (Mendes
et al., 2011). Similarly, the production of DAPG antibiotic by Pseudo-
monas fluorescens suppressed the infestation of Meloidogyne incognita
(nematode) and Fusarium oxysporum (Meyer et al., 2016). Sundar-
amoorthy and Balabaskar (2013) showed that combined application of
Bacillus subtilis and P. fluorescens caused maximum reduction of Fusarium
wilt disease under greenhouse conditions and a significant stimulatory
effect on plant height and dry weight of tomato plants (upto 27% in-
crease) was observed compared to non-bacterized control.

3.2.4. Induced systemic resistance

Plant responds to any pathogenic attack with a defence mechanism,
which includes induced systemic resistance (ISR) and systemic acquired
resistance (SAR). The attack of pathogens on plant is counteracted by
two strong responses, which includes jasmonate pathway and ethylene
pathway, named on the basis of the signaling molecule involved (Pan-
gesti et al., 2016). In case of ISR, flagellar proteins, O-antigen side chain,
chitin, pyoverdine, lipopeptide surfactants and salicylic acid act as
signaling molecules (Doornbos et al., 2012). Different routes are adop-
ted by biocontrol agents to ensure ISR in plants, which include phyto-
hormones secretion, PAMPs (pathogen associated molecular patterns),
MAMPs (microbes associated molecular patterns) and production of
elicitors molecules, which could be volatile organic compounds, side-
rophores, phytases and miRNAs (Rodriguez et al., 2019; Abdul Malik
et al., 2020).

Some of the strains of Bacillus, Pseudomonas, Serratia and Rhizobium
are not host specific and are able to provide resistance to a variety of
hosts (Choudhary et al., 2007). About 80% disease incidence reduction
in spotted wilt virus in tomato was observed by Beris et al., (2018) after
inoculation with Bacillus amyloliquefaciens and the disease control was
correlated with salicylic acid signaling pathway. Kousar et al. (2020)
depicted the resistance against the insect Spodoptera litura in tomato by
the application of Bacillus endophyticus and Pseudomonas aeruginosa via
the secretion of compounds like abscisic acid, salicylic acid, phenolics
and IAA. Serratia marcescens strain 90-166 produced catechol-type
siderophore, which induced resistance in cucumber to various patho-
gens i.e. Fusarium oxysporum, Colletotrichum orbiculare, Pseudomonas
syringae, Erwinia tracheiphila and cucumber mosaic virus (Press et al.,
2001).

Induced systemic resistance against pathogens resulted in deposition
of callose, lignin and phenolics in epidermal and cortical cell walls,
boosted expression of stress genes and overproduction of enzymes
including peroxidases, phenylalanine ammona lyase, chitinase and
polyphenol oxidase along with increase production of phytoalexin (Heil
and Bostock, 2002; Yi et al., 2013). In poplar plant, Salicylic acid acti-
vated the biosynthesis of catechin and pro-anthocyanidins, which
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decreased proliferation of the foliar root fungus Melamspora larcipopu-
lina (Ullah et al., 2019b). The platelet-activating factor acetyl hydrolase
produced by Trichoderma harzianum induced the resistance in maize via
jasmonic acid signaling pathway regulation against the foliar pathogen
Curvularia lunata (Yu et al., 2015). Strain RS11 acted as a positive
regulator for genes involved in ethylene and jasmonic acid biosynthesis
and regulated defence against the necrotrophic pathogens Botrytic cin-
erea and Alternaria alternata (Singh et al., 2019).

In a study conducted to establish the role of beneficial microbes in
strengthening plant immune system through ISR, single and consortium
of two selected Streptomyces strains (Streptomyces shenzhenensis TKSC3
and Streptomyces sp. SS8) was applied in rice and the treatments sup-
pressed ISR-mediated bacterial leaf streak (BLS) disease caused by
infection of Xanthomonas oryzae pv. oryzicola (Xoc) (Hata et al., 2021).
Streptomyces treatments (both single and consortium) increased perox-
idase (POX), polyphenol oxidase, phenylalanine ammonia-lyase, and
B,1-3 glucanase (GLU) accumulation compared to untreated plant.
Consortium treatment TKSC3 + SS8 showed the highest disease sup-
pression efficiency (81.02%) and the lowest area under the disease
progress curve value (95.79), making it the best to control BLS disease.
In addition, consortium treatment TKSC3 + SS8 induced the highest
POX and GLU enzyme activities at 114.32 pmol/min/mg protein and
260.32 abs/min/mg protein, respectively. Moreover, seed bacterization
of rice by Streptomyces strains improved seed germination and vigor
relative to the untreated seed. Seed bacterization with consortium
treatment of two selected Streptomyces strains also increased seed
germination, root length, and dry weight by 20%, 23% and 33%,
respectively under greenhouse conditions. In another study, tran-
scriptomic analysis of defense-related genes using the markers of the
salicylic acid (SA) signaling pathway (PR-1A and GLUA) or jasmonic
acid/ethylene (JA/ET) signaling pathway (CHI3, LOXD, and PAL),
showed increased transcription patterns in tomato plants treated with
Bacillus subtilis MBI600 (Bs MBI600) or Fusarium oxysporum f. sp. radi-
cis-lycopersici — Forl (Samaras et al., 2021). Besides this, transcriptional
activation of two auxin-related genes (SiPin6 and SiLax4) was also
observed. The application of Bs MBI600 on pathogens-inoculated to-
mato plants revealed satisfactory disease control efficacy compared to
chemical treatment and also caused significant increases in shoot and
root lengths. Similarly, Taha et al. (2021) showed that compound
6-pentyl-a-pyrone (6PP) obtained from endophytic fungal strain Tri-
choderma koningii CTX1172 (AUMC 11,520) induced systemic resistance
in tobacco (Nicotiana tabacum cv. White Burley) plant against tobacco
mosaic virus (TMV) and exhibited 10-60% symptoms inhibition at low
concentrations (10-30 pg mL™!) achieving 100% biocontrol efficacy at
high concentrations (40 and 50 pg mL™!) compared with control.
Application of 6PP not only increased the accumulation of proline, but
also increased the activities of pathogenesis-related enzymes (superox-
ide dismutase, peroxidase and polyphenol oxidase), indicating that 6PP
acts as elicitor for induction of resistance in tobacco against TMV. On the
molecular level, plants treated with 6PP also showed augmented and
rapid expression of defense-related genes including PR-a, PR-b and
PR-10, implying the potential of a pyrone compound in biocontrol of
plant viral disease.

3.2.5. Production of hydrogen cyanide and ammonia

Another significant trait for biocontrol activity by the PGPRs is the
production of hydrogen cyanide (HCN) and ammonia. Some of the rhi-
zobacterial strains are well known for the simultaneous synthesis of both
HCN and ammonia giving a synergistic effect on growth of plants
(Kumar et al., 2016b). HCN has been reported to chelate metal ions,
makes phosphorous available in soil and also contributes as highly toxic
metabolite against growth of phytopathogens (Rijavec and Lapanje,
2016). Production of hydrogen cyanide ensures the use of PGPR strains
as biocontrol agent in agriculture (Rijavec and Lapanje, 2016; Sehrawat
et al., 2022). Cyanogenic strain of Pseudomonas fluorescencs were found
to cause enhancement in germination rate, length of root and shoot of
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wild barley, rye and wheat (Heydari et al., 2008). HCN producing PGPB
strains are used as biofertilizer as they influence growth and yield of
various crops (Rijavec and Lapanje, 2016; Kumar et al., 2016a,b). Apart
from HCN, ammonia produced by rhizobacterial strains provides ni-
trogen to the plant, thus promoting biomass and elongation of root and
shoot (Marques et al., 2010).

Bacillus sp. isolated from Phaseolus vulgaris were found to produce
HCN, which can inhibit phytopathogens including Rhizoctonia scle-
rotinia, Fusarium oxysporum, F. solani, Sclerotinia sclerotiorum, Macro-
phomina phaseolina and Colletotricum sp. (Kumar et al., 2012b). Zain
et al. (2019) characterized bacteria that showed antagonism against
phytopathogenic Fusarium spp. in the cotton and sugarcane rhizosphere.
It was demonstrated that production of lytic enzymes, IAA, HCN and
phosphate solubilization in these isolated rhizobacteria contributed to-
wards the control of pathogen’s growth and caused the promotion of
plant growth. Sendi et al. (2020) showed that twelve bacterial strains
(endophytic and rhizospheric isolates) obtained from field-grown com-
mon bean plants exhibited up to 71% of inhibition of the three patho-
genic strains belonging to Fusarium sp., Macrophomina sp. and Alternaria
sp. Biochemical analysis of the antagonistic and plant growth-promoting
activities revealed the phosphate-solubilizing activity and production of
xylanases, chitinases, siderophore, HCN and indole-3-acetic-acid. In
another study, Anand et al. (2020) reported that HCN is a dominant
inhibitor when mycelial growth inhibition was carried out using in vitro
volatile compounds of Phytophthora infestans (causal agent of late blight
of potato). HCN-negative mutants (Dhcn) were obtained from two
cyanogenic Pseudomonas strains, P. putida R32 and P. chlororaphis R47.
Further in vitro studies of volatile-mediated interactions demonstrated
that HCN played a major role in growth inhibition of mycelium (57% in
R47 and 80% in R32). But when combined interaction study of volatile
and diffusible compound was carried out, a low inhibition was observed
by HCN.

Pathak et al. (2021) screened 39 Bacillus isolates for plant growth
promoting traits in vitro and found that 48.7% isolates were IAA pro-
ducers, 38.4% of the isolates showed the ability to solubilize the phos-
phate and 71.8% isolates were able to produce ammonia. All the isolates
showed the ability to produce hydrogen cyanide and protease. In
another study, thirteen bacteria were isolated from salt-polluted soil
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(Sharma et al., 2021). Isolates HB6P2 and HB6J2 showed maximum
tolerance to salts at 10% followed by HB4A1, HB4N3 and HBSP1. All the
salt-tolerant bacterial isolates showed HCN production with maximum
production by HB6J2 isolate and ammonia production was maximum in
HB6P2 (12.3) and least in HB8P1 (6.2). Three potent isolates HB6J2,
HB8P1 and HB4N3 were identified as Bacillus paramycoides, Bacillus
amyloliquefaciens and Bacillus pumilus, respectively using 16S rDNA
sequencing. These bacteria may play an important role in the recycling
of plant nutrients through phytostimulation and phytoremediation.

4. Types of biofertilizers

Biofertilizers are the formulation of living or latent cells of microbes,
which provides additional advantage in nutrient uptake and plant per-
formance in rhizosphere. The biofertilizer formulation technique is
simple with low installation cost and the former can be composed of
single or a mix of two or more diverse microbial strains including Ace-
tobacter, Azotobacter, Bacillus, Pseudomonas, Rhizobium, PGPB or plant
growth promoting bacteria and AM or arbuscular mycorrhiza (Basu
et al., 2021; Fausi et al., 2021; Mohanty et al., 2021). Biofertilizers are
subdivided into different groups (Fig. 2), which are as follows:

4.1. Nitrogen-fixing microbes

The process of converting atmospheric nitrogen into ammonia by the
diazotrophic microbes is known as biological nitrogen fixation (BNF).
BNF allows the replenishment of total nitrogen content and the fixed
nitrogen regulates the crop growth and yield. Chemical fertilizers cause
increased nitrogen oxide emission, water eutrophication and soil acid-
ification. Whereas, biologically fixed nitrogen is sustainable and is less
available for leaching and volatilization. Nitrogen fixation is more or
less limited to bacteria and archaea, which forms a large portion of
diazotrophic organisms. Nitrogen-fixing groups include green sulphur
bacteria, firmibacteria, actinomycetes, cyanobacteria and all sub-
divisions of the proteobacteria. However, only methanogens are able to
fix nitrogen among archaea. Different bacterial strains are able to carry
out nitrogen fixation with different physiologies including: aerobic (for
example, Azotobacter), anaerobic (Clostridium), facultatively anaerobic

Free living —» Azotobacter, Clostridium, Nostoc, Klebsiella

Nitrogen fixing microbes

Phosphate
solubilizing/mobilizing microbes

Potassium
solubilizing/mobilizing microbes

Plant growth promoting
rhizobacteria

Associative —» Azospirillum, Acetobacter diazotrophicus
Symbiotic — Rhizobium, Frankia, Anabaena azollae, Trichodesmium
Bacillus circulans, B. subtilis, Pseudomonas striata, B. polymyxa

Arbuscular mycorrhiza, Glomus sp., Gigaspora sp., Acaulospora sp.

Zinc solubilizing microbes — Mycorrhiza, Pseudomonas sp., Bacillus sp.

Bacillus mucilaginosus, B. circulanscan, B. edaphicus/ Bacillus sp.,
Aspergillus niger

Sulfur oxidizing microbes — Thiobacillus sp.

—> Pseudomonas sp., Erwinia, Bacillus, Streptomyces, Xanthomonas

Fig. 2. Categories of different biofertilizers along with microbial species involved.
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(Klebsiella) or heterotrophs; anoxygenic (Rhodobacter) or oxygenic
(Anabaena) phototrophs; and chemolithotrophs (Leptospirillum ferroox-
idans). Diazotrophs are inhabitants of varied habitats of soil and water,
and contribution of different diazotrophic bacteria varies from 20 kg-
300 kg N/ha/year (Table 2). Diazotrophic bacteria can develop associ-
ation with grasses, symbiotic relationship with termites, cyanobacterial
symbioses, actinorhizal association with woody plants and symbiosis
with legumes leading to root nodule formation.

Nitrogenase is the key enzyme, which carries out conversion of
dinitrogen into ammonia during the process of nitrogen fixation. It is a
complex metalloenzyme having conserved mechanistic and structural
properties (Rees and Howard, 2000; Lawson and Smith, 2002). Nitro-
genase is constituted of two components; a dimeric Fe (iron) protein
(dinitrogenase reductase) and a heterodimeric MoFe protein (dini-
trogenase). The Fe protein is an ATP dependent electron donor, while
the MoFe protein is the catalytic site possessor. Though diazotrophs
have molybdenum-iron nitrogenase enzyme but under the scarcity of
molybdenum, some of the microbes have alternative nitrogenase having
vanadium-iron or iron-iron cofactors as observed in Azotobacter vine-
landii and Rhodobacter capsulatus (Eady, 1996). Nitrogenase is an oxygen
sensitive enzyme and for Fe protein it is deliberated by the [4Fe-4S]
cluster, which is exposed on surface and functions as a bridge between
the subunits of dimer. There are two different kinds of metal centres
within MoFe protein: P cluster (8Fe-7S), FeMo cofactor (MoFe7S9
homocitrate), substrate reduction site (Einsle et al., 2002; Seefeldt et al.,
2004). Dinitrogen reduction can be expressed by the equation as follows:

N, +8¢ +8H" + 16 Mg ATP — 2 NH;3 + H, + 16 Mg ADP + 16 Pi

Nitrogenase is encoded by at least 20 nitrogen fixation (nif) genes in
aerobic diazotrophic bacteria. In model organism Klebsiella pneumoniae,
nif genes are organized in seven operons known as nif cluster (spanning
over 24 kb DNA located either on plasmids or chromosome), which
comprises various nif genes including structural, regulatory and sup-
plementary genes. Gene nifH encodes Fe protein, while Mo-Fe protein is
encoded by nifD and nifK, collectively these genes are the structural nif
genes. However, some additional genes are also involved in nif gene
regulation, maturation process of electron transport, Fe-Mo cofactor
biosynthesis and assembly, which includes nifE, nifN, nifX, nifQ, nifW,
nifV, nifA, nifB, nifZ and nifS (Masepohl et al., 2002; Lee et al., 2000). In
addition, four operons containing fixABCX, fixGHIS, fixLK and fixXNOQP
genes have been identified in Rhizobium meliloti (Kallas et al., 1985; Earl
et al., 1987), which were involved in electron transfer, regulatory and
other accessory functions to carry out nitrogen fixation by nitrogenase
(Fischer, 1994; Edgren and Nordlund, 2004; Wongdee et al., 2018).

4.1.1. Symbiotic nitrogen-fixing microbes

Symbiotic association with roots of legumes is formed by species of
Mesorhizobium, Agzorhizobium, Allorhizobium, Rhizobium and Sino-
rhizobium (collectively termed as Rhizobium) (Sindhu and Dadarwal,
1997). Various Rhizobium strains form nodules on specific leguminous

Table 2
Amount of nitrogen fixed by different microbial strains.
Category Biofertilizers Amount/ha/  References
year
Free-living  Azotobacter 20-40 Kg N Thomas and Singh, 2019
Blue green algae 20-40 Kg N Singh et al., 2016
Symbiotic Rhizobium 50-300 Kg N  Brahmaprakash and Sahu,
2012
Azolla-Anabaena 30-60 Kg N Kollah et al., 2016
Frankia 89.7 Kg N Brahmaprakash and Sahu,
2012
Associative  Azospirillum 20-160KgN  Okumura et al., 2013;
Pathak et al., 2017
Acetobacter 20-150KgN  Boddey et al., 1995

diazotrophicus
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plants contributing to the enhanced growth, increased nutrition of plant
and improvement in soil fertility (Sindhu et al., 2019b). Another
important aspect of nitrogen fixation is leghemoglobin formation in
nodules, which helps in maintaining a low concentration of oxygen
necessary for the activity of oxygen-sensitive nitrogenase (Marchal, and
Vanderleyden, 2000). The process of nitrogen fixation carried out by
Rhizobium enables the legumes to be less dependent on chemical fertil-
izers as compared to the non-leguminous plants (Goyal et al., 2021).

Inoculation of effective strains of rhizobia in various legumes pro-
duced a significant increase in plant biomass and grain yield of various
legume crops (Sindhu et al., 1992; Thies et al., 1991; Goel et al., 2001).
However, numerous failures and inconsistencies have been reported in
achieving yield increases following inoculation with rhizobial strains
under field conditions (Miller and May, 1991). Moreover, the left-over
nitrogen in the field after harvesting of legumes was found often
equivalent to the application of 30-80 Kg of fertilizer nitrogen per
hactare (Sindhu et al. 1992). Mfilinge et al. (2014) revealed that inoc-
ulation of Rhizobium strains in soybean altogether enhanced growth and
yield constituents such as number of branches bearing pod per plant,
total number of pods per plant and seed number per pod. So also,
inoculation of Rhizobium leguminosarum strains onto seeds of pea and
lentil brought about enhancement of nodulation, shoot/root weight and
yield of pea seed (Bourion et al., 2017). The effect of variations in the
rhizosphere microbial communities and their interactions with bra-
dyrhizobia was found to affect the symbiotic efficiency in soybean (Han
et al., 2020).

In exception, Acetobacter strains showed the potential of nitrogen
fixation under aerobic conditions and in symbiotic relationship with
sugarcane. Acetobacter produced gibberellic acid and indole acetic acid
essential for the proliferation of rootlets, thus increasing the surface area
for efficient nutrients and water uptake, and enhancing phosphate sol-
ubilization leading to promotion of the growth and sugar recovery in
sugarcane. Another symbiont Azolla has been reported to associate with
nitrogen-fixing blue green algae (BGA), Anabaena azollae, which is a
highly efficient biofertilizer strain. Anabaena is frequently observed in
the rice fields and fixes approximately 40-60 Kg N/ha of rice crop
(Kannaiyan, 1993).

Sometimes, dual inoculation strategies have shown more stimulation
of plant growth and increase in crop yield than single inoculation
(Sivaramaiah et al., 2007; Chaudhary and Sindhu, 2016). For example,
combined inoculation of Bradyrhizobium spp. and Azospirillum brasilense
significantly increased the soybean yield in comparison to single inoc-
ulation of Bradyrhizobium spp. in a field experiment (Hungria et al.
2015). Similarly, the application of rhizobia with cyanobacterium
Anabaena laxa and Trichoderma sp. showed promotive effects on nodu-
lation, nitrogen fixation and crop yield of pea, chickpea and lentil (Babu
et al, 2015). In another study, 20% increase in wood yield of
non-nodulating legume Schizolobium parahyba var. amazonicum was
observed by coinoculation of AM fungi and PGPRs (Cely et al., 2016).
Kavadia et al. (2021) evaluated the effect of tripartite symbiotic asso-
ciations on cowpea plants grown under limited N supply, with or
without a symbiotic nitrogen-fixing bacterium, Sinorhizobium meliloti
and combinations of three different arbuscular mycorrhizal fungal spe-
cies namely Dominikia disticha, Claroideoglomus etunicatum and Rhizo-
phagus irregularis in a pot gnotobiotic trial. Inoculation with both AMF
and S. meliloti increased above ground biomass production compared to
inoculation with AMF only, but the positive stimulation effect depended
on the specific AMF partners used. Single inoculation with AMF showed
a highly positive impact on the growth and P uptake of cowpea, but the
nitrogen-fixing bacteria (NFB) inoculation was needed to address N
deficiency in planta. The AMF composition in plant roots was also altered
in the presence of the S. meliloti. Plant nitrogen content of cowpea plants
significantly increased under the presence of both symbionts compared
to AMF alone, while phosphorus content was hardly affected by dual
inoculations. However, the efficiency of synergism depends on the
specific AMF partners used and it is not related to their colonization
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levels.

4.1.2. Free-living nitrogen fixing bacteria

Azotobacter is one of the prime members among free-living diazo-
trophic bacteria (Aasfar et al., 2021). Different Azotobacter strains have
been isolated from neutral to alkaline soil and usually found in the
rhizosphere of various non-legume crops including cotton, wheat, rice
and vegetables (Sindhu and Lakshminaryana, 1982; Jain et al., 2021).
Arable cultivated soil is chiefly inhabited by Azotobacter chroococcum
along with Azotobacter insignis, A. beijerinckii, A. macrocytogens and
A. vinelandii, which potentially fixes up to 2-18 mg N/g of carbon used
in culture medium (Moraditochaee et al., 2014; Smercina et al., 2019).
Some of the Azotobacter strains have been found to act as potential
biocontrol agent and also reported to excrete bioactive compounds like
phytohormones, which promotes mineral uptake by enhancing the root
growth (Mahanty et al., 2016; Noar and BrunoBarcena, 2018). Azoto-
bacter vinelendii secretes azotobactin siderophore under iron deficiency
(Noar and BrunoBatrcena, 2018). Wang et al. (2018) conducted an
experiment with Azotobacter chroococcum to evaluate its effect on ni-
trogen fixation. An alteration was observed in structural configuration of
nitrogenase, which uplifted the nitrogen fixation by 158%, when carbon
source was applied at 4 pg/mL concentration.

Pandey and Kumar (1989) concluded the findings of various exper-
iments and stated that Azotobacter inoculation could significantly
enhance the yields of different crops including maize, rice, sorghum,
pearl millet and wheat by 0-72% as compared to the uinoculated con-
trols without any amendments. The addition of farm yard manure and
fertilizers caused 8-43% increase in the yields of wheat over the control
treatment. Lakshminarayana et al. (2000) inoculated wheat (WH291)
with Azotobacter chroococcum strain A103 and observed a 16.3% in-
crease in grain yield, while inoculation of same wheat variety with
analogue-resistant mutants of same strain of Azotobacter increased grain
yield by 10-30% under field conditions. Sangwan et al. (2012) showed
that seed treatment of wheat variety WH711 with Bacillus strain SYB101
caused 32.6% increase in seed yield, whereas this strain caused 23.1%
increase in seed yield of another wheat variety Raj3765 in comparison to
uninoculated control treatment. On the other hand, Azotobacter chroo-
coccum inoculation resulted in only 7.4% increase in case of Raj3765
variety.

Chaudhary et al. (2013) reported that inoculation with salinity
tolerant Azotobacter strains caused significant increase in total nitrogen,
biomass and grain yield of wheat variety WH157 in earthen pots con-
taining saline soil under pot house conditions. Maximum increase in
plant growth parameters was obtained after inoculation with Azoto-
bacter strain ST24 at fertilization dose of 120 Kg N/ha. Yousefi and
Barzegar (2014) observed the outcome of collective inoculation of
Azotobacter and Pseudomonas in comparison to control and reported a
rise in grain yield, harvest index, biomass and protein content of wheat
by 34.3, 7.7, 12.5 and 13.6%, respectively. Around 10-12% increase in
crop productivity has been reported after the inoculation with Azoto-
bacter strains under different agroclimatic conditions. Different species
of Azotobacter fix 20-40 Kg/ha/year of nitrogen and inoculation of
selected strains enhanced germination and vigour of young plants along
with grain yield in wheat (Kader et al., 2002). Jain et al. (2021) found
that all the isolated 24 Azotobacter strains showed IAA, siderophore,
HCN, and ammonia production, whereas seven Azotobacter strains
showed phosphate solubilization. Significant diversity was revealed
among all the isolates by Amplified Ribosomal DNA Restriction Analysis
(ARDRA) and the dendrogram differentiated twenty-four of the strains
into two major clusters at a similarity coefficient of 0.64. The amounts of
acetylene reduced (Nj fixation) by Azotobacter strains varied in the
range of 1.31 to 846.56 nmol CyH4 mg protein ! h™!. Inoculation of
Agzotobacter strains significantly increased the various plant growth pa-
rameters of maize plantlets under pot studies.

Another important free-living nitrogen-fixing group is cyanobac-
teria, which are anaerobic, photosynthetic blue green algae and are
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inhabitants of alkaline moist soil. Free-living photosynthetic cyanobac-
teria (Anabaena, Nostoc, Aulosira, Calothrix etc.), or symbiotic cyano-
bacteria (Azolla-Anabaena system) or blue green algae (BGA), which are
commonly found in lakes, ponds, springs, wetlands, streams and rivers,
has been reported to fix about 4-6 billion kilograms of Ny annually
(Song et al. 2005; Singh et al. 2016). The prominent genera Nostoc and
Anabaena were described to fix up to 20-25 Kg N/ha. These are used as
biofertilizer for rice crop during rainy season. Azolla sp. is generally used
for wetland and livestock feed. The latter synthesises micronutrients
such as proteins, amino acids and lipids. Cyanobacteria have also been
reported for increasing water holding capacity (Saadatnia and Riahi,
2009), soil fertility and crop yield apart from the synthesis of phyto-
hormones, vitamins and amino acids (Rodriguez et al., 2006). It further
decreases the growth of weeds and soil salinity, while increases the
phosphorous levels in the soil (Wilson, 2006; Bhuvaneshwari and Singh,
2015). Cyanobacterial strains are known to increase the growth and
yield of chilli, cotton, barley, oats, maize, tomato and radish (Thajuddin
and Subramanian, 2005). Species of Tolypothrix, Calothrix, Nostoc linkia,
Aulosira fertilisima, Anabaena variabilis and Scytonema are applied for the
cultivation of rice under lowland and upland conditions (Prasad and
Prasad, 2001).

4.1.3. Associative nitrogen-fixing microbes

Azospirillum is usually applied as biofertilizer on wetlands in many
countries including Italy, Mexico, Belgium, Africa, USA, Pakistan,
France, Germany, Uruguay, Australia, Argentina and Brazil (Okon and
Labandera-Gonzalez, 1994; Bashan and De-Bashan, 2010; Hungria et al.,
2010; Glick, 2014; Mehnaz, 2015; Pereg et al., 2016). Azospirillum
species associates with plant roots and synthesize various compounds
involved in plant growth promotion, for instance IAA, gibberellins and
cytokinin. At present, around 17 diverse species of Azospirillum have
been characterized, although Azospirillum brasilense and Azospirillum
lipoferum are the most studied ones (Rodrigues et al., 2015). Azospirillum
alone fixes nitrogen upto 20-40 Kg/ha/year in non-legumes. Azospir-
illum species change the root morphology for the increased plant
nutrient efficiency (Fibach-Paldi et al., 2011) and it furthers supports
plants under stress conditions by modulating osmosis and elasticity of
cell wall (Richardson et al., 2009; Groppa et al., 2012). Bacilio et al.
(2004) showed that inoculation of A. lipoferum strain JA4 showed
improved plant growth (higher height and dry weight of root as well as
shoots) under continous irrigation with 160 mM NaCl when contrasted
with uninoculated control plants. Double inoculation of Rhizobium
species with Agzospirillum and/or other PGPR strains significantly
improved nodule number, nitrogen fixation, plant biomass and total
nitrogen contents of several legumes in contrast with single inoculation
with Rhizobium alone or uninoculated plants (Molla et al., 2001; Remans
et al., 2008).

Alen’kina and Nikitina, (2021) evaluated the effect of lectins from
two strains of Agzospirillum brasilense Sp7 (epiphyte) and Azospirillum
brasilense Sp245 (endophyte) on germination and growth characteristics
of the host wheat plant under abiotic stresses. The lectins of A. brasilense
Sp7 and Sp245 neutralized the negative effects of simulated abiotic
stresses, heavy metals (CuSO4, CoSO4, ZnSO4, Pb(CH3COO0)3), hypo- and
hyperthermic stress, salinization and drought with different efficiency,
causing a decrease in seed germination of wheat. For both Azospirillum
strains, the most pronounced effect on germination was observed in the
case of exposure to heavy metals. Thus, stimulating effect of lectins was
demonstrated on the length and number of roots of wheat seedlings. The
lectin of the endophytic strain showed a higher efficiency as compared
to the lectin of the epiphytic strain.

4.2. Phosphate-solubilizing/mobilizing microbes
Phosphorous is a vital macronutrient required for the growth and

development of a plant (Bamagoos et al., 2021). Soil harbours a fair
volume of phosphorous amounting to a range of 400-1200 mg/Kg of the
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soil. But the concentration of soluble or inorganic available phosphorus
i.e., orthophosphate is very low, hence low availability of phosphorous
in the soil results in reduction of the crop yield (Miller et al., 2010; Wang
et al., 2017). Usually, phosphorous exists in the form of tricalcium,
dicalcium phosphate and minerals. The process of solubilization and
mineralization in soil i.e., conversion of organic form of phosphate into
inorganic form is carried out by phosphate-solubilizing bacteria (Oteino
et al., 2015; Tandon et al., 2020). PSB secretes organic acids like citric
acid and gluconic acids, which solubilizes the organic reservoirs of
phosphates. Also, PSB secretes phytases and nucleases enzymes for
mineralizing the organic reservoirs of phosphates (Novo et al., 2018; Ku
et al., 2018). PSBs are also well known for producing secondary me-
tabolites such as IAA and siderophores, which causes plant growth
promotion (Hariprasad and Niranjana, 2009). Interestingly, ability to
produce indole acetic acid was associated with improved phosphate
solubilizing activity of rhizobacteria (Alemneh et al., 2021) and addition
of L-tryptophan to growth media was found to increase the P-solubiliz-
ing activity of PSB that were able to produce IAA greater than 20 pg
mL~L.

Numerous microbes including Escherichia freundii, Bacillus, Pseudo-
monas, Achromobacter, Brevibacterium, Erwinia sp., Flavobacterium sp.,
Micrococcus sp., Corynebacterium, Xanthomonas sp., Nostoc, Rhodococcus
sp., Serratia phosphaticum, Acytonema, Calothrix brauna and Tolypothrix
ceylonica, Bacillus, Pseudomonas, Achromobacter, Brevibacterium, Bur-
kholderia, Sarcina sp. and Scytonema have been reported to solubilize
phosphorous in soil (Oteino et al., 2015; Santoyo et al., 2021b). Simi-
larly, many fungi including Fusarium sp., Rhodotrula minuta, Saccharo-
myces cerevisiae, Torula thermophila, Paeciliomyces, Penicillium, Sclerotium
rolfisi, Cephalosporium sp., Aspergillus sp., Cylindrocladium sp., and
Alternaria sp., were reported to show phosphate solubilization (Sindhu
et al., 2014). The phosphorus solubilizing microbial strains like Asper-
gillus, Bacillus, Escherichia, Arthrobacter and Pseudomonas have been re-
ported to solubilize upto 30-35 kg P2Os/ha (Gaur et al., 2004).

Inoculation with three strains of phosphorus-solubilizing bacteria i.
e., Pseudomonas fluorescens strains (CB501, CD511 and CE509) was
carried out in Zea mays under greenhouse conditions (Henri et al.,
2008). Obvious results of enhanced growth, yield and phosphorous
uptake were recorded. P. fluorescens strain CB501 showed maximum
growth promotion of maize plants with a global effect of +37%, fol-
lowed by CE509 strain (+21.2%) and CD511 strain (4+16.7%). Yousefi
et al. (2011) conducted an experiment with four types of soil including
loam, sandy loam, clay and clay loam soil types, and three phosphorus
fertilizers were taken at the dose of 0, 20 and 40 mg/kg soil along with
four levels of PSM or phosphate solubilizing microorganisms. They
observed the maximum shoot dry matter in clay loam soil (21.5 g/pot).
Further when PSB and AMF were inoculated as a combination than
shoot dry matter, spike number and grain yield were increased by 52, 19
and 26%, respectively as compared to control. Qureshi et al. (2012)
studied the effect of Bacillus sp. inoculation on cotton. An increased seed
yield (1630 kg ha’l) was observed as compared to control (1511 Kg
ha!) at pH 8.3 for clay loam soil under field conditions. Further, a
positive effect was recorded on plant parameters like plant height,
number of bolls and soil available phosphorous on inoculation with
Bacillus sp.

Ditta et al. (2018) showed that inoculation of PSB in chickpea caused
an increase of 23%, 13%, 17% and 15% in number of nodules per plant,
shoot length, number of pods per plant and grain yield, respectively in
chickpea. Further, there was a rise in soil aggregate stability (37%) and
2.35 times more phosphorous was released from rock phosphate. Also,
nitrogen, phosphorous and protein content was enhanced in straw and
chickpea i.e. 11%, 42% and 16%, respectively. Wang et al. (2021) re-
ported that inoculation of peanut with purple non-sulfur bacteria Rho-
dopseudomonas palutris, PSB Burkholderia cepacia ISOP5 and a
coinoculation of these two bacteria could enhance the yield by 12.5%,
8.1% and 19.5% after 5 years of inoculation. Further, these treatments
also influenced nitrogen absorption and protein content in peanut seeds.
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Inoculation of these bacteria also caused an increased composition of
genes functioning in organic phosphorous mineralization and inorganic
phosphorus solubilization. However, inoculum did not affect bacterial
community diversity and richness.

Mycorrhiza also play crucial role in phosphorus mobilization,
nutrient cycling and enhancement of microbial biomass. Generally,
indigenous arbuscular mycorrhizae (AM) are found in soil, which col-
onizes the plant roots and stimulate plant growth. Inoculation of low
phosphorous soil with mycorrhiza causes a sudden increase in avail-
ability of phosphorous. Arbuscular mycorrhizal fungi are symbiotic in
nature and readily associate with cereals and horticulture plants (Dalpe
and Monreal, 2004), and are best known for improving phosphorus
bioavailability. Fungal hyphae are long enough to penetrate those far-off
soils where plant roots fail to reach and thus plants with mycorrhizal
association surpass the non-mycorrhizal association ones in terms of
exploring soil nutrients (Pandey et al., 2019). Genera like Scutellospora,
Glomus, Acaulospora and Gigaspora are frequently utilized as
biofertilizers.

Toro et al. (1997) described that coinoculation of G. intraradices and
Bacillus subtilis in onion results in improved accumulation of N and P
along with increased plant biomass. The inoculated rhizobacteria
released Pi from the added rock phosphate (RP) and at least 75% of the P
in dually inoculated plants was derived from the added RP. Yao et al.
(2005) studied the growth-promoting effect of Glomus intraradices and
Gigaspora margarita on Litchi chinensis. Glomus mosseae is widely studied
and reported to increase the weight and length of shoot and root in
wheat (Bhale et al., 2018). Mycorrhiza also positively influences the soil
structure (Bhat et al., 2017). The positive effects of mycorrhizal inocu-
lation include improvement in plant health, soil productivity, soil
aggregate stability and increase in crop yield (Begum et al., 2019).
Therefore, three-way interactions among bacteria, fungi, and plant
result in biogeochemical phosphorous cycling and sustainable nutrient
avaialability to plants.

Etesami et al. (2021) reviewed the contributions of silicon addition
along with inoculation of phosphate—solubilizing bacteria and arbus-
cular mycorrhizal fungi (AMF) in improving the P availability. The
combined strategy of using Si along with AMF and PSB was found highly
useful in improving the P availability and its uptake by plants compared
to using either of them alone. In similar studies, Nacoon et al. (2021)
evaluated the effects of coinoculation between an arbuscular mycor-
rhizal fungus and PSB to promote the growth and production of sun-
choke under field conditions. The results showed the presence of PSB
and AMF colonization at the harvest stage in both years. PSB was found
to positively affect AMF spore density and colonization rate. Inoculation
with both AMF and PSB was positively correlated with growth and
production of sunchoke. Coinoculation of AMF and PSB was found to
enhance various plant parameters, suggesting that AMF and PSB could
effectively promote growth and production of sunchoke under field
conditions.

4.3. Potassium-solubilizing microbes

Potassium is ranked at third position as crucial plant nutrient after
nitrogen and phosphorous (Ding et al., 2021; Patel et al., 2021). Po-
tassium is available in plentiful amount in the soil but only a small
fraction (1-2%) of it is available to plants. Hence, a system of continuous
replenishment of potassium in soil solution is needed for its adequate
availability to crop plants (Park et al., 2009; Meena et al., 2014; Parmar
and Sindhu, 2019). Like other nutrients, potassium also influences
growth and development of plants, and if it is not supplied in required
amount, plant growth will be slow with poorly developed roots and low
yield (Williams and Pittman, 2010). Potassium also affects important
physiological processes such as starch production, root growth and
stomatal movement (Gallegos-Cedillo et al., 2016). In deficiency of
potassium, root growth becomes slow and gets poorly developed, seeds
will be of small size and disease susceptibility will be more leading to
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reduction in crop yield (Troufflard et al., 2010).

PGPRs present in the soil and rhizosphere convert the potassium
present in insoluble form into soluble form. Some of the potassium-
solubilizing microbes (KSMs) are Acidothiobacillus, Enterobacter hor-
maechei, Paenibacillus sp., Aminobacter, Pseudomonas, Paenibacillus glu-
canolyticus, Sphingomonas, Aminobacter, Bacillus circulans, Burkholderia,
and Acidothiobacillus ferrooxidans (Uroz et al., 2007; Parmar and Sindhu,
2019). Organic acid secreted by microorganisms’ leads to dissolution of
potassium, therefore KSMs application may be a promising strategy for
improving crop productivity (Sindhu et al., 2016). Inoculation studies of
potassium-solubilizing bacteria showed increased germination per-
centage, seedling vigour, uptake of nutrients, growth and yield of plant
on the application of KSMs (Basak and Biswas, 2009; Singh et al., 2010;
Sindhu et al., 2016). Similar effects of improved NPK content and
growth of root as well as shoot was observed by Sheng and He (2006),
when wheat was inoculated with Bacillus edaphicus strain in soil with
little potassium content. Singh et al. (2010) evaluated the inoculation
effect of consortia comprising of Azotobacter chroococcum, Rhizobium sp.
and Bacillus mucilaginosus in maize and wheat. Results showed signifi-
cant assimilation of potassium, which resulted in enhanced crop pro-
ductivity. Plant growth-promoting effects have been demonstrated by
inoculation of potassium-solubilizing microbes in various crops
including pepper, cucumber (Han and Lee, 2006), wheat (Sheng and He,
2006), cotton, rape (Sheng, 2005) and Sudan grass (Basak and Biswas,
2009).

A compilation of 20 greenhouse experiments and 12 field trials
showed that inoculation with KSM improved the crop yield by an
average of 17% in different crops (Basak et al. 2020). Ashfaq et al.
(2020) showed that inoculation of the five best halotolerant potassium
solubilizing bacterial strains i.e. Acinetobacter pitti strain L1/4, A. pitti
strain L3/3, Rhizobium pusense strain L3/4, Caprivadus oxalaticus strain
L4/12 and Ochrobactrum ciceri strain L5/1 significantly improved the
shoot length, fresh weight, dry weight and chlorophyll contents of paddy
plants grown under saline conditions. Similarly, inoculation of Paeni-
bacillus mucilaginosus caused improved growth of apple seedlings (Chen
et al., 2020). Bakhshandeh et al. (2020) reported that four plant
growth-promoting microorganisms i.e., Bacillus cereus (B1), Bacillus
megaterium (B2), Trichoderma longibrachiatum (F1) and Trichoderma
simmonsii (F2) promoted soybean seed germination and seedling growth
under laboratory and pot experiment conditions. Combinations of these
PGPM and single inoculations of B2, F1, F2 were considered to be the
best treatments for improving seed germination, seedling growth and
potassium uptake of soybean plants in both experiments. Ali et al.
(2021) reported that inoculation with the potassium solubilizing bac-
terium Bacillus cereus significantly increased the plant height, branch
number and shoot dry weight of potato by about 15, 27 and 26%,
respectively. The biofertilization of potato with B. cereus significantly
increased the total yield of potato by 21% in comparison to uninoculated
plants. A total potato tuber yield of 40 ton per hectare was achieved by
application of K-feldspar at a rate of 240 kg K20 per hactare along with
inoculation of B. cereus.

Ding et al. (2021) applied 50 and 100% of K recommended dose with
or without potassium solubilizing bacteria (PSB) and 40 kg of humic
acid (HA) ha™! to faba bean (Vicia faba L., cv. Giza 843) plants grown in
sandy loam soils. Maximum potassium use efficiency (KUE) (40%) was
obtained in the soil treated with HA and PSB. Maximum growth and
yield of faba bean plants was observed by application of humic acid and
PSB to the plants fertilized with 50% of the recommended dose. Chlo-
rophyll and carbohydrates in the leaves were increased by 36 and 50%,
respectively, above the control, as results of HA and PSB application.
Adding half of K requirements for faba bean in a mineral form with 40 kg
of HA and PSB led to 14% and 19% increases in the seed and straw yield
compared to the full mineral fertilization without bacterial inoculation.
In another study, Raji and Thangavelu (2021) isolated fifteen culturable
saxicolous (rock-dwelling) bacterial isolates with varied K solubilizing
ability from two sites. Of these, four potential K solubilizer isolates were

12

Current Research in Microbial Sciences 3 (2022) 100094

identified as Bacillus subtilis, Bacillus cereus, Bacillus licheniformis and
Burkholderia cenocepacia by 16S rRNA gene sequencing. Potassium sol-
ubilization differed among the bacterial isolates and was significantly
influenced by K sources. Isolated KSB produced different organic acids,
indole acetic acid and siderophore under in vitro conditions. Inoculation
of KSB improved the tomato plant growth parameters like plant height,
leaf area, total root length, root/shoot ratio, and tissue K content in
sterilized and unsterilized soils under greenhouse conditions. Higher
residual K content was also observed in the KSB inoculated post-harvest
soils. Simiarly, an experiment was conducted in wheat (Triticum aestivum
L.), which comprised twelve-treatment combinations (Patel et al.,
2021). The treatments consisted of two levels of farm yard manure
(FYM) viz., 0 tha~! (FO) and 10 t ha~! (F1) and two levels of potassium
mobilizing bacteria (KMB) viz., without KMB (KMBO) and with KMB
(KMBL1) and three levels of potassium viz., 0 kg K5O ha! (K0), 20 kg
K20 ha™! (K1) and 40 kg K20 ha™! (K2). The application of FYM, po-
tassium mobilizing bacteria and potassium showed significant increase
in root biomass, dry matter, spike length, total number of tillers and
grain yield of wheat. Treatment combination KMB1K2 (KMB along with
potassium @ 40 kg ha™!) recorded significantly the highest spike length
(10.54 cm), whereas treatment combination FIKMB1K2 (FYM @ 10 t
ha™! along with KMB and potassium @ 40 kg ha™') recorded signifi-
cantly higher grain yield (5640 kg ha™!) of wheat.

4.4. Zinc solubilizing microbes

Among micronutrients, zinc deficiency is the most widespread
nutrient deficiency (Hafeez et al., 2013). Deficiency of zinc (Zn) imparts
negative effects not only to plants but also to human health. Deficiency
of zinc is ranked at 5th position in terms of human-related death in
under developed countries. Zinc is involved in the synthesis of chloro-
phyll, enzymes, proteins and metabolic reactions (Ali et al., 2008).
Plants suffering from zinc deficiency produce symptoms like chlorosis,
low membrane integrity and leaf size, retarded shoot growth, reduced
grain yield, pollen formation, root development, water uptake and
transport and increased vulnerability to heat, light and fungal infections
(Tavallali et al., 2010; Kamran et al., 2017). In wheat, Zn deficiency
causes stunted growth and yellowing of leaves. Hence, it becomes
utmost important to address zinc deficiency as a top priority concern
among other micronutrients (Hussain et al., 2018; Kumar et al., 2019).

Although the zinc requirement of a plant can be met by the chemical
fertilizers (Reyes and Brinkman, 1989), but these agrochemicals pose a
threat to the environment. The alternative technology for providing zinc
to the plant is to inoculate the crop with the zinc-solubilizing microor-
ganisms. A major portion of zinc available to plant is provided by the
microbial activity (Sindhu et al., 2019a). Microbes produce organic
acids, which cause decline in pH and these organic acids act on zinc
complexes in soil, thus cause sequestering the zinc cation. Zinc solubi-
lization may involve production of chelated ligands, siderophore (Sar-
avanan et al, 2011) and redox system present on cell membrane
(Wakatsuki, 1995; Chang et al., 2005). Prominent zinc-solubilizing mi-
crobes are Pseudomonas sp., Rhizobium spp., Bacillus aryabhattai, Thio-
bacillus thioxidans and Azospirillum sp. (ljaz et al., 2019). Naseer et al.
(2020) characterized bacterial isolates having the ability to solubilize
indigenous zinc oxide along with multifarious plant growth promoting
traits. Based on their sequencing, bacterial isolates were identified as
Bacillus megaterium strain AN24, Bacillus aryabhattai strain AN30, Ba-
cillus megaterium strain AN31 and Bacillus megaterium strain AN35.

Inoculation with zinc solubilizing bacteria Bacillus aryabhattai
showed growth-promoting effect in maize (Mumtaz et al., 2017). Jha
(2019) demonstrated that inoculation with zinc solubilizing Pseudo-
monas pseudoalcaligenes and Bacillus pumilus enhanced the plant height
and dry weight of rice. Bacillus strains provided a strong base for
developing biofertilizer. Zaheer et al. (2019) studied the inoculatiom
effect of two phosphorus and Zn-solubilizing bacterial strains i.e. Bacillus
sp. strain AZ17 and Pseudomonas sp. strain AZ5 on the growth of
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chickpea plant. Bacterial strains AZ5 and AZ17 increased the grain yield
by 17.47% and 17.34% as compared to control, while strain AZ5 was
better than the latter and enhanced the Zn uptake (26.12%), P uptake
(26.12%), dry weight of nodules (22.53%), number of nodules
(26.32%), straw weight (16.04%) and grain yield (17.47%). Bhatt,
(2020) isolated zinc solubilizing bacteria from Capsicum annuum L. and
isolate CDK25 was found to be the most potent owing to its maximum
zinc solubilization ability. Isolate CDK25 was also endowed with mul-
tiple PGP attributes viz., phosphate solubilization, phytase production,
indole acetic acid and siderophore production. This isolate was identifed
as Bacillus megaterium based on 16S rRNA gene sequencing. Hussain
et al. (2020) detected the effect of zinc solubilising Bacillus spp. AZ6 on
maize and an overall increase in biomass, growth, chlorophyll content
(90%) and yield was reported. Vaid et al. (2020) studied the effective Zn
mobilization to rice grains using rhizobacterial consortium and the grain
yield of rice during two years was increased by 19.7-27.9 and
17.1-20.4% over control.

Kang et al. (2021) demonstrated that Leclercia adecarboxylata MO1
produced siderophores that could solubilize Zn and silicate, and it
showed a tolerance to Zn supplementation (2 and 5mM) in growth
medium. This bacterium also produced significant amounts of IAA.
Bacterization of cucumber plants with L. adecarboxylata MO1 strain
decreased hydrogen peroxide (H,O3) and Zn uptake in both roots and
shoots, and also improved antioxidant systems (e.g. catalase (CAT),
peroxidase (POD), polyphenol peroxidase (PPO), superoxide anion
(SOA), lipid peroxidation (MDA), and glutathione (GSH)). Inoculation
with L. adecarboxylata also reduced stress-responsive endogenous
abscisic acid (ABA) and salicylic acid (SA) in plants grown under Zn
toxicity of 2 and 5mM as compared with non-inoculated plants under
control conditions. In another study, Bashir et al. (2021) evaluated the
effect of zinc-lysine chelate alone (0.1, 0.5, 1.0 and 1.5%) as seed
priming and in combination with Zn-solubilizing bacteria (PMEL-1,
PMEL-48, PMEL-57 and PMEL-71)) on grain biofortification of autumn
maize. Results indicated that Zn accumulation was 18.5% higher in the
seeds primed with 1.5% solution of Zn-lysine chelate and inoculation of
ZSB strains compared to control treatments. Seed priming with 1.5%
Zn-lysine chelate in combination with ZSB inoculation significantly
improved cob diameter and cob length by 16.75% and 42% during 2016
and by 11.36% and 34.35% during 2017. The Zn contents were
increased by 15.3%, 15.6%, 49.1%, and 33.0% in grain, cob-pith, stem
and roots, respectively compared from control. Thus, the combined
application of 1.5% Zn-lysine chelates along with ZSB inoculation could
be used for combating malnutrition.

Batool et al. (2021) isolated 50 bacterial strains from chickpea
rhizosphere and were screened for in vitro Zn solubilizing efficiency by
culturing on tris-minimal agar medium supplemented with insoluble Zn
compounds (ZnO and ZnCO3). Six potential zinc solubilizing bacteria
(ZnSB) (ZnSB7, Paenibacillus polymyxa; ZnSB11, Ochrobactrum interme-
dium; ZnSB13, Bacillus cereus; ZnSB21, Streptomyces; ZnSB24, Steno-
trophomonas maltophilia; and ZnSB25, Arthrobacter globiformi) were
selected based on Zn solubilization efficiency. Seed inoculation of
chickpea with ZnSB13 exhibited maximum phosphatase, dehydrogenase
and microbial activities in plant rhizosphere in pot experiment, and
caused a maximum availability of soil Zn. Inoculation with ZnSB13
strain maintained higher net photosynthetic rate, transpiration rate and
stomatal conductance and water use efficiency that caused considerable
increase in dry biomass, nodulation and yield of chickpea. Furthermore,
inoculation of ZnSB13 exhibited maximum increase in grain N, grain P
and Zn contents in root, shoot and grains of chickpea, suggesting
improved Zn biofortification in chickpea.

4.5. Sulphur oxidizing microbes
Macronutrient sulphur is needed in high amount by plants as it is a

constituent of macromolecules like amino acids (cysteine, cystine and
methionine) and also involved in regulation of various enzymes like
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superoxide dismutase, ascorbate peroxidase, monodehydro-ascorbate
reductase, dehydro-ascorbate reductase and glutathione reductase.
Sulphur deficiency causes chlorosis and low lipid content along with
lower plant growth and yield (Saha et al., 2018). Soil is composed of
organic as well as inorganic sulphur and the process of conversion of
organic sulphur into plant utilizable inorganic sulphur (i.e., SO427) form
is carried out by sulphur-oxidizing bacteria (SOB) including Xantho-
bacter, Alcaligenes, Bacillus, Pseudomonas, Thiobacillus sp., Thiobacillus
thioparous and T. thioxidans (Kertesz and Mirleau, 2004; Riaz et al.,
2020). Sulphur-oxidizing microorganisms also exhibited other plant
growth-promoting activities.

Hoda and Gomaa (2005) reported that inoculation of SOB and spe-
cific root nodule bacteria (Okadin) in cowpea plants along with appli-
cation of municipal refuse compost, cabronite and elemental sulphur
considerably increased the dry weights and number of seeds of cowpea
along with different minerals (S, K, N, P, Fe, Mn, Zn and Cu) of the used
soil. In another experiment, the application of municipal refuse compost
was found to maximize the role of sulphur and SOB. Chemoautotrophic
(Thiobacillus ferrooxidans) and heterotrophic sulphur oxidizing bacteria
(SOB; M2 and A12 strains) were inoculated along with pyrite as sulphur
sources into canola seeds (Brassica campestris var toria) cv. Bhavani.
SOBs were found to increase the grain and straw yields, and up to
fourfold increase in nitrogen uptake was observed by bacterization in
S-deficient alkaline soil (Anne et al., 2014). Besides nitrogen, uptake of
other nutrients like Fe, Cu and Mn was also increased due to nutrient use
efficiency of these microbes. Maximum S-content up to 8.34 mg/g of
plant biomass was recorded in treatment having inoculation of A12
strain along with pyrite. Increased plant height, nitrogen uptake and
yield were observed for maize when it was inoculated with Thiobacillus
sp. (Pourbabaee et al., 2020). Similarly, inoculation of sulphur-oxidizing
bacteria increased bulb weight and diameter in garlic (Pourbabaee et al.,
2020). Thus, sulphur oxidizing microbes can be exploited for use as
potential biofertilizers under alkaline soil conditions for onion, oats,
ginger, grape, garlic and cauliflower (da Silva Jtnior et al., 2018; Macik
et al., 2020).

Boroujeni et al. (2021) isolated salt-tolerant sulfur-oxidizing bacteria
of genus Halothiobacillus from saline and sulfidic habitats of Iran. Three
species (eight strains) of Halothiobacillus genus were identified, which
belonged to H. neapolitanus, H. hydrothermalis and H. halophilus. Salinity
(0, 0.5, 1, 2 and 4 M NaCl) caused a significant impact on bacterial
biomass and sulfate production during the oxidation of thiosulfate and
elemental sulfur. The highest amount of biomass and sulfate was pro-
duced by H. neapolitanus strain I19 at 0.5 and 1 M NaCl concentration,
suggesting that the application of these bacteria to increase sulfate
storage of saline soils and for crop production. Amin and Mihoub (2021)
examined the impacts of applying a mixture of bone-wood chips biochar
and sulfur at different rates with sulfur-oxidizing bacteria (Thiobacillus
spp.) in calcareous sandy soil. The results revealed that applying biochar
amendment improved significantly labile P and P associated with cal-
cium fractions compared with control. In a similar study, Gilani et al.
(2021) conducted two-location field experiment to investigate the effect
of Thiobacillus and different levels of sulfur fertilizer on growth and
physiological indices in the replacement intercropping of sesame and
mung bean. Sulfur fertilizer was used at three levels: control level (S0),
50% of recommended amount (S1), 100% of recommended amount
(S2). Thiobacillus bacteria were used at two levels: TO and T1. The results
showed that growth indices chlorophyll a, chlorophyll b, total chloro-
phyll, biological yield, and grain yield of sesame and mung bean were
significantly affected by the studied treatments. Also, sulfur fertilizer,
100% of the recommended amount, increased all studied indices in both
plants except for chlorophyll a in sesame. Interaction effects of cropping
ratio and location on growth indices, grain biological yield, chlorophyll
a of sesame and mung bean were significant.
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4.6. Plant growth promoting rhizobacteria

PGPR includes bacteria, which are free living in nature and obtained
from the rhizosphere having the capability to produce and secrete me-
tabolites, which promote plant growth after colonizing their roots
(Beneduzi et al., 2012). Upon inoculation, PGPR help the plant to
withstand drought stress (Timmusk et al., 2014; Niu et al., 2018; Ilyas
et al., 2020), salinity (Mayak et al., 2004; Bharti et al., 2013) and biotic
stress (de Vasconcellos and Cardoso, 2009; Verma et al., 2016). Inocu-
lation of PGPRs has been reported to enhance seed germination, soil
fertility and plant growth via the production of auxins, ethylene, gib-
berellins etc. (Jang et al., 2017; Tahir et al., 2017). Members from
various genera like Agrobacterium, Arthrobacter, Alcaligenes, Azotobacter,
Acinetobacter, Actinoplanes, Bacillus, Frankia, Pseudomonas, Rhizobium,
Micrococcus, Streptomyces, Xanthomonas, Enterobacter, Cellulomonas,
Serratia, Flavobacterium, Thiobacillus etc. are included in PGPR (Glick
and Gamalaro, 2021; Kumar et al., 2021; Santoyo et al., 2021b).

Many PGPRs have been reported to promote plant growth and crop
yield by increasing nutrient availability and uptake, producing plant
hormones and suppressing of soil-borne diseases (Santoyo et al., 2021b).
Valetti et al. (2018) observed that inoculation of rapeseed with six
phosphorus solubilizing strains (including three strains of Bacillus and
one each of Serratia, Arthrobacter and Pantoea) enhanced final crop yield
by 21-44% even without P application under field conditions. Some of
the PGPR strains possessed multiple beneficial activities and their
inoculation may cause synergistic effect leading to enhanced crop pro-
duction. For example, Bacillus strain M-3, Burkholderia strain OSU-7 and
Pseudomonas strain BA-8 showed the capability of phosphorus solubili-
zation along with production of IAA and cytokinin (Aslantas et al.,
2007). The improved nutrient status and production of plant hormones
caused by inoculation of these PGPR strains increased the fruit yield by
73.7, 88.2 and 137.5%, respectively in young apple trees. In another
experiment, inoculation of P. fluorescens strain N21.4, having the
capability to produce siderophores and chitinases, to blackberry roots
resulted in enhanced plant growth and number of fruits alongwith in-
crease in promotion of total phenolics, flavonols and epi-
catechins/catechins metabolites (Garcia-Seco et al., 2015).
Coinoculation of PSB and PGPR strains i.e. Bacillus polymyxa, Rhizobium
and Pseudomonas fluorescens showed significant enhancement in
nutrient uptake over the single inoculation of PGPR (Rhizobium or
Pseudomonas fluorescens), PSB (Bacillus polynmyxa) or control uninocu-
lated plants in wheat (Singh and Singh, 2012; Jaybhay et al., 2017).

Pellegrini et al. (2021) evaluated the effects of a four bacterial strain
consortium comprising of Azospirillum brasilense, Gluconacetobacter
diazotrophicus, Herbaspirillum seropedicae and Burkholderia ambifaria on
growth of Allium cepa L. and on soil health. The results showed a positive
influence of bacterial application on plant growth, with increased plant
height (+18%), total chlorophylls (+42%), crop yields (+13%), and
bulb dry matter (+3%) with respect to the control under field condi-
tions. Differences were also observed between control and treatments in
the bulb extracts in terms of total phenolic contents (+25%) and anti-
oxidant activities (+20%). Bacterial consortium also caused an increase
in total organic carbon, organic matter and available phosphorus, as
well as higher concentrations of nutrients in soil than the control at
harvest. Kumar et al. (2021) characterized most effective Bacillus pum-
ilus strain JPVS11 out of 36 plant growth-promoting bacteria (ST-PGPB)
isolated from sodic soil of eastern Uttar Pradesh, India. This strain
showed production of IAA, ACC deaminase activity, P-solubilization,
proline accumulation and exopolysaccharides (EPS) production at
different concentrations of NaCl (0 —1200 mM). Pot experiment was
conducted on rice (Oryza sativa L.) variety CSR46 at different NaCl
concentrations (0, 50, 100, 200, and 300 mM) with and without inoc-
ulation of Bacillus pumilus strain JPVS11. Inoculation of Bacillus pumilus
strain JPVS11 improved the growth performance of rice as compared to
non-inoculated and a significant enhancement of plant height
(12.90-26.48%), root length (9.55-23.09%), chlorophyll content
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(10.13-27.24%), carotenoids (8.38-25.44%), plant fresh weight
(12.33-25.59%), and dry weight (8.66-30.89%) were recorded from 50
to 300 mM NaCl concentration in inoculated plants as compared to
non-inoculated. Moreover, the plants inoculated with Bacillus pumilus
strain JPVS11 showed improvement in antioxidant enzyme activities of
catalase and superoxide dismutase. Besides, the significant improve-
ment in soil enzyme activities, such as alkaline phosphatase, acid
phosphatase, urease and p-glucosidase were recorded in inoculated pots
as compared to non-inoculated plants.

Kubi et al. (2021) identified the salt-tolerant rhizobacterium Pseu-
domonas psychrotolerans CS51, which produced several biochemicals
like indole-3-acetic acid (33 + 1.8 ng/mL) and gibberellic acid (GA3; 38
+ 1.3 and GA4; 23 + 1.2 ng/mL) in Luria-Bertani (LB) media. The sole
inoculation of P. psychrotolerans isolate CS51, silicon (3 mM) and com-
bined CS51 + Si significantly enhanced maize biomass and chlorophyll
content under normal and salinity stress (200 mM). Phytohormonal
results showed that salinity stress increased abscisic acid (ABA; three
folds) and jasmonic acid (JA; 49.20%). However, the sole and combined
isolate CS51 + Si application markedly reduced ABA (1.5 folds) and JA
content (14.89%). Besides, the sole and isolate CS51 + Si co-application
strengthened the antioxidant system, such as flavonoid (97%) and
polyphenol (19.64%), and lowered the proline content (57.69%) under
NacCl stress. Similarly, the CS51 and Si inoculation (solely or combined)
significantly enhanced the Si uptake (4 folds) and reduced the Na* up-
take (42.30%) in maize plants under NaCl stress. The results suggested
that combining of isolate CS51 with Si can be used against salinity stress
in maize plants and may be commercialized as a biofertilizer. Thus,
applications of diverse microbial inoculants may also enhance the
agri-produce quality and promote the synthesis of functional secondary
metabolites along with improvement in the productivity of agricultural
crops.

5. Commercial biofertilizers: Preparation and application

For any product to produce desired effect on crop, it must be
perfectly formulated and applied. With current scenario, efficient mi-
crobial inoculants have to be characterized, which could be used as
inoculant for wide range of soil conditions (Etesami et al., 2021; Patel
et al., 2021; Santoyo et al., 2021b). However, the bioinoculants avail-
able in global market are either of low quality or contain contamination
of other undesired microbes (Herrmann and Lesueur, 2013; Yadav and
Chandra, 2014). Thus, inconsistency is observed in performance of
bioinoculants when applied under field conditions. Also, some of the
inoculants are not able to produce the same stimulatory effect in the
field, which can be due to inappropriate formulation (Vassilev et al.,
2015; Biradar and Santhosh, 2018). Hence, inoculant formulation is a
critical aspect and should be prepared in a way that allows high sur-
vivability of PGPR from storage period to application (Soumare et al.,
2019; Amenaghawon et al., 2021). Bioinoculant formulation comprises
inoculum preparation, addition of additives, opting for a good carrier,
sterilization of carrier material, up scaling, quality control measures and
proper packaging with the best delivery methods (Fig. 3). Formulation
can be solid-based or liquid, the former further can be either dry or wet
as per the requirement (Berninger et al., 2017; Oliveira et al., 2017;
Berger et al., 2018).

5.1. Liquid formulation

Combination or mixture of microbial cultures and different liquids
like water, oil and polymers constitute the liquid inoculants and the
latter is mixed with culture so to increase stability, adhesion and
dispersion capacity (Lee et al., 2016). Liquid inoculants are dominating
the market as they are easy to prepare and cheap over solid formulation
(Lee et al., 2016; Dey, 2021). Once the growth of bacterial cultures is
harvested/prepared, some protective agents like natural polymers (e.g.,
xanthan gum, carrageenan, arabic gum, alginate, gelatin, etc.), synthetic
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Fig. 3. Flow chart for selection of beneficial microbial strains and different steps involved in preparation of biofertilizer.

polymers [e.g., polyvinyl pyrrolidone (PVP) and polyvinyl alcohol],
glycerol, horticultural oil, monosaccharides (glucose) or disaccharides
(e.g., lactose) are added in the liquid medium to prolong the viability of
microbial culture through storage (Lee et al., 2016; Valetti et al., 2016;
Bernabeu et al., 2018). The added polymers have been reported to create
a microenvironment that is having high water activity, which limits heat
transfer, thus maintaining conditions necessary for bacterial survival
(Mugnier and Jung, 1985). However, microbes are vulnerable to abiotic
stresses mainly due to nutrient limitation and thermal shock, which
lowers the population of viable cells (He et al., 2015; Berger et al., 2018;
Bernabeu et al., 2018). The minimum number of viable cell in a
formulation must be 107 cfu/mL during cold storage and application (He
et al., 2015; Valetti et al., 2016).

Riddech et al. (2021) used PGPR strains Bacillus licheniformis BDS31
and Pseudomonas azotoformans C2-114 for the production of bio-
fertilizer in the form of granules and powder. The bacterial suspension of
100 cfu/ml was immobilized on different substrates including the
binder polyvinylpyrolidone, starch and sodium alginate. The survival of
bacterial cells was found highest in the granule biofertilizer
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supplemented with mannitol (Granule + M3: 59% mannitol, 10% PVP,
6% sodium alginate, 10% starch, 5% bacterial cells and 10% water). The
seedling growth of Dipterocarpus alatus was enhanced by application of
biofertilizer and it also promoted plant height and the number of leaves
at 30 days after cultivation of plant seedlings. Such efficiency was
comparable to that obtained from chemical and commercial
biofertilizer.

During storage, protective agents regulate or maintain nutrients,
physical characteristics and impart osmo-protection (Lee et al., 2016;
Berninger et al., 2017). Some of the oils from horticulture crops are safe
and a cheap option of additional nutrition for bacteria like Rhodop-
seudomonas palustris PS3 (Lee et al., 2016). Pero-dexin, which is an in-
dustrial waste by-product of coconut water and starch can cut down the
cost of formulation along with the additional advantage of nutrient
source for bacteria (Abbas et al., 2014; Anith et al., 2016). Some of the
cell protectants such as glycerol shields the cells from tension and helps
in balancing transmembrane traffic and osmotic pressure (Li et al.,
2009). Further it has high water activity, thus prevent the cell from
desiccation and due to this fluidity, the formulated inoculant will be
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easily applied to seeds (Singleton et al., 2002). Another cell protectent is
lactose that possesses high water binding capacity and it prevents the
formation of ice crystal during cold storage. Moreover, it stabilizes the
cell membrane and maintains the protein integrity and functions (Leslie
et al., 1995). Lactose contains eight hydroxyl groups, which protects the
bacterial cell, during storage, from free radicals (Zarate et al., 2005).
Another fascinating technique, which is proved to be efficient is the
biofilm-based biofertilizers (Das et al., 2017). Currently, PGPRs are
immobilised on a fungal matrix for biofilm formation. In biofilms, bac-
terial cell shows enhanced survival and PGPR activity as compared to
free cell (Rabin et al., 2015).

For evaluating the role of organic fertilizer in improving nutrient
acquisition and promotion of plant growth, Li et al. (2021) applied
liquid organic fertilizer in sunflower cropland and investigated its
response on rhizosphere microbial community structure and
co-occurrence patterns. Compared with the untreated soils, organic
fertilizer treatment increased soil nutrient concentrations by
13.8-137.1% while reducing soil pH and salinity by 5.6% and 54.7%,
respectively. Organic fertilizer treatment also improved sunflower yield,
plant number, and plant height by 28.6-67.3%. Following organic fer-
tilizer treatment, the relative abundances of some halotolerant microbes
and phytopathogenic fungi were reduced in organic fertilizer-treated
soils, in contrast to increases in the relative abundances of plant
growth-promoting microbes and organic matter decomposers, such as
Nocardioides, Rhizophagus and Stachybotrys. More keystone taxa (e.g.,
Amycolatopsis, Variovorax and Gemmatimonas) were positively corre-
lated with soil nutrient concentrations and crop yield-related traits in
organic fertilizer-treated soils. Overall, liquid organic fertilizer amend-
ment ameliorated the adverse effects of salinity-alkalinity stress on
sunflower yield by improving soil quality and optimizing rhizosphere
microbial community structure and co-occurrence patterns.

5.2. Solid formulation

Solid formulations contain the microbial culture preparations either
in the form of granules or powder and contain organic or inorganic
carrier molecules. Solid bioinoculant formulation can be bifurcated
based upon particle size and applications (Lee et al., 2016). Solid
formulation containing protectants, additives and carriers can be either
wet or dry, but the composition more or less remains same. However, in
wet formulation, there is no drying process due to which the water
content remains high throughout storage and even during application as
well. Further the wet formulation is alginate-based (Joe et al., 2014;
Liffourrena and Lucchesi, 2018), peat (Oliveira et al., 2017; Zhou et al.,
2017), clay (Schoebitz et al., 2014), biogas sludge mixed with enriched
soil (Mukhtar et al., 2017) and biochar (Tripti et al., 2017). Carriers
must be selected on the basis of cost, toxicity, chemical stability and
suitable for management by farmers (Malusa et al., 2012; Bashan et al.,
2014).

In solid wet formulation, PGPR immobilization prevents the effect of
harsh conditions and is carried out either by biofilm formation or
adhesion on a support or curbing over alginate beads (Rabin et al.,
2015). Marcelino et al. (2016) entrapped Azospirillum brasilense Ab-V5
on biodegradable foam via biofilm formation and the foam was made
from conventional compounds, which were further mixed with by
products from industries like e.g., sugarcane bagasse, glycerol and cas-
sava starch. Liffourrena and Lucchesi (2018) carried out entrapment of
Pseudomonas putida A (ATCC 12,633) over alginate beads, which was
supplemented with a high resistant inorganic perlite. It additionally
provided the mechanical stability to the beads and enhanced survival of
bacteria. Another recent technique includes nano-immobilization of
microbial bioinoculants by electro-spinning (De Gregorio et al., 2017).
Dry formulations are deprived of high-water content, which provides
extended survival of bioinoculant (Melin et al., 2006).

Dry inoculants are dried by using freeze drying, air drying, dessica-
tion and spray drying. Spray drying and shade drying are low-cost
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methods while the methods like lyophilization as well as spray drying
are equipment-based methods and are energy intensive due to which
they are expensive (Ruiz-Valdiviezo et al., 2015; Berninger et al., 2017;
Basheer et al., 2018). Freeze drying is a soft dehydration method having
a cell protector mixed with the bacterial cells (Wessman et al., 2013;
Berninger et al., 2016; Tamreihao et al., 2016).

Among powder inoculation, talc is the most basic natural carrier,
which is used for long term storage due its reduced moisture absorption
andrelative hydrophobicity, which averts hydrate bridge formation
(Martinez-Alvarez et al., 2016). On the other hand, dry systems of PGPR
immobilized by entrapment/microencapsulation in alginate or zeolite
have been successfully developed (Campos et al., 2014; Berninger et al.,
2017). Along with the carrier material, some of the adhesive or pro-
tective substances are added for enhanced survival (Schoebitz et al.,
2012). These substances include gelatin (Berninger et al., 2017), car-
boxymethyl cellulose (Martinez-Alvarez et al., 201 6; Basheer et al.,
2018), arabic gum (Berninger et al., 2016), disaccharides such as lactose
and sucrose (Cabrefiga et al., 2014; Molina-Romero et al., 2017),
maltodextrin (Campos et al., 2014) and milk-derived compounds (Ber-
ninger et al., 2017). The efficacy of cell protectants totally depends upon
the microbial species involved and the former concentration needs to be
optimized according to species (Morgan et al., 2006). Sodium glutamate
makes the cell membrane more fluid by stabilizing the headgroups and it
influences the membrane conservation and also increases the bacterial
resistance to drying (Martos et al., 2007). Further, amino groups of milk
proteins react with the amino groups of carrier molecules, thus stabilizes
the protein structure (Sharma et al., 2014). Like glycerol and maize bran
residue, whey is also a cheap compound, which serves as additional
nutrient as well as protectant (Vassilev et al., 2017; Zhang et al., 2018).

6. Mode of application of formulated biofertilizers

For any biofertilizer strain to become effective, it must possess the
competitive ability for its survival, persistence and establishment under
the provided environmental conditions (Sindhu and Dadarwal, 2000).
Once the PGPR strain is established, its population starts rising and
provides desired growth-promoting effects. The performance results of
biofertilizer inoculation are slower in comparison to chemical fertilizers.
But their effect is long lasting, which results in improvement of soil
fertility. There are several methods for the application of biofertilizers i.
e., roots dipping, soil application and seed inoculation with the appli-
cation of either liquid or dry formulation (Mahanty et al., 2017).
Though, precautions must be taken before the application of bio-
fertilizer. For instance, one must avoid storing the prepared solution of
microbes’ overnight and direct exposure to sunlight. Further, for storage
of biofertilizer optimum range is between 0°C to 35°C.

For the application on seeds, roots or soil, the suspension of the dry
bioinoculant is prepared by rehydrating dry bioinoculant (Malusa et al.,
2012; Berninger et al., 2017). On the other hand, liquid formulations are
used as such in their native form and require no rehydration. For seed
application, carrier biofertilizer is diluted with water or jaggery forming
slurry, to which sterilized seeds are added and mixed so to provide a
uniform coating. After that the coated seeds are air dried before sowing
in the field (Lawal and Babalola, 2014). Root dipping method is opted
for transplanted crops and in this biofertilizer is mixed with water. Roots
are dipped into the diluted biofertilizer suspension and kept for a while
after that they are transplanted. Soil application is done when farmer is
about to sow the seeds. Before sowing, biofertilizer is sprayed or spread
on the soil (Lawal and Babalola, 2014).

7. Limitations in biofertilizer production

Several constraints are involved in commercial production of bio-
fertilizers at a large scale, which include poor quality of soil, competition
to inoculated strain, abiotic stress, contamination, lack of effective
strain, skills, carrier material, awareness, storage, and even lack of
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regulations and safety standards (Bharti and Suryavanshi, 2021). The
credibility of the biofertilizers depends on labelling the product with
expiry date, name of microbes and action of microbes (Naveed et al.,
2015; Timmusk et al., 2017). Manufacturers must select the robust
exotic species, which must be further tested under different environment
conditions like different crops and soil. Quality control should be
compulsory at every level of biofertilizer production. The product must
possess 2-3 months shelf life, which can be further extended by sup-
plementing with additives and nutrients along with a carrier. Further,
emphasis must be given for amendment with organic matter like ver-
micompost and farmyard manure (Mamnabi et al., 2020) so to cut the
application of chemical fertilizer and to maintain soil quality and PGPR
efficacy without affecting growth and yield of crop. Coinoculation or
microbial consortium could provide better result of plant development
and increased nutrition uptake as well (Zeffa et al., 2020; Santoyo et al.,
2021) but there must be proper experimentation to study the synergistic
effect of microbes on different crops. There must be set regulations for
development, maintaince and promotion of biofertilizers. Moreover,
subsidies and incentives must be given by the government to farmers to
promote organic farming by use of PGPR as biofertilizers. The encour-
agement of farmers regarding use of biofertilizers may help in restora-
tion of soil fertility with additional advantage of sustainable crop

Table 3
Different microbial biofertilizers available in market.
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8. Potential of biofertilizer in agricultural market

History of biofertilizers initiated around 120 years ago with the
registration of Nitragin, which is Rhizobium inoculation for legume
plant. For almost 100 years, rhizobial strains are available in the market
as bioinoculants (O’Callaghan, 2016). According to Verma et al. (2019)
biofertilizers constitute around 5% of total fertilizers available in the
market. Among biofertilizers, approximately 150 products are microbial
strains which are registered for farming (Table 3). Consumers are
recently highly concerned about the food safety, environment and rising
pesticide residues in food, which has forced them to prefer chemical-free
products. Recently, organic retail sales have increased in the following
countries: USA, Germany, India, China, Switzerland and Denmark. At
present, the worth of biofertilizer market is USD 2.3 billion, which is
likely to increaseup to USD 3.9 billion by 2025 recording a CAGR of
11.6% during the forecast period.

Among biofertilizer market, the share of rhizobia meets about 79% of
world demand, while PSB possess 15% share. There are numbers of
manufacturing companies, which are ruling global market. Some of the
companies of North America and Asia are T Stanes & Company Ltd.

Types of biofertilizer Bacterial strain Product name

Application for crops References

Nitrogen-fixing Azotobacter chroococcum Bioazoto, Bhoomi

biofertilizer Rakshak, Azonik
Azotobacter chroococcum Dimargon
Azotobacter chroococcum Azotovit
Azotobacter vinelandii Rhizosum N
Azospirillum lipoferum Biospirillum, Green

Plus
Agzospirillum brasilense Azo-S
Agzospirillum brasilense Bio N
Agzospirillum brasilense Rhizosum Aqua
Azospirillum brasilense Azobacterin
Gluconoacetobacterdiazotrophicus Sugar-Plus
Rhizobium sp. Rizotorphin
Bradyrhizobium japonicum Bio Agro 10
Rhizobium leguminosarum Nodulator XL
Phosphate- Pseudomonas striata, B. polymyxa and Psol B

solubilizing/ B. megaterium

mobilizing

biofertilizer
Bacillus megaterium BioPhos
Bacillus mucilaginous and B. subtilis CBF

Potassium-solubilizing  Bacillus mucilaginous

biofertilizer
Bacillus circulans Kaliplant
Frateuria aurantia K sol B
Zinc-solubilizing Thiobacillus thiooxidans Zn sol B
biofertilizer
Thiobacillus thiooxidans Biozinc
Sulphur-oxidizing Thiobacillus thiooxidans Ssol B
biofertilizer
Delftia acidovorans and Bradyrhizobium  BioBoost
Jjaponicum
Plant growth- Pseudomonas chlorapsis Cedomon
promoting
biofertilizer
Azotobacter chroococcum and Bio Gold

Pseudomonas fluorescens

Bio-NPK, BioPotash

Wheat, sorghum, maize, mustard, cotton, vegetables,
horticulture crops, flowers, orchids, plantation crops,
ornamental and forest plants

Singh et al., 2014;
National fertilizer limited,
2018

Uribe et al., 2010

Mishra and Arora, 2016
Mehnaz, 2016

National fertilizer limited,
2018

Singh et al., 2014

Mishra and Arora, 2016;
Chakdar and Pabbi, 2020
Klimek-kopyra et al., 2018
Garcia-Fraila et al., 2017
International Panaacea
Limited, 2018

For normal, acidic and dry soil, paddy and other crops

For sugarcane

Pulses (grams, peas, lentils, moong, urd, cowpea and

arhar), fodder legumes (barseem and lucerne) and

forest tree legumes (subabul, shisam and shinsh)
Mikhailouskaya and
Bogdevitch, 2009
Uribe et al., 2010
Garcia-Fraile et al., 2017

For all crops Mehnaz, 2016

Dash et al., 2017

Celador-Lera et al., 2018
For all crops Singh et al. 2014
Mikhailouskaya and
Bogdevitch, 2009
Mehnaz, 2016
Wheat, paddy, pulses, citrus, ginger etc. Mehnaz, 2016
National fertilizers limited,
2018
For cereals, oilseeds, fiber crops, plantation crops, Mehnaz, 2016
medicinal crops, vegetables, flowers, orchards,forage
crops, and ornamentals

Adesemoye et al., 2017

For all crops Mehnaz, 2016

Mehnaz, 2016; Minaxi
Saxena et al., 2013
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(India), Novozymes (Denmark), International Panaacea Limited (India),
SOM Phytopharma Ltd. (India), Symborg (Spain), Madras Fertilizers
Limited (India), Kan Biosys (India), Kiwa Biotech (China), Gujarat State
Fertilizers and Chemicals Ltd. (India), Mapleton Agribiotech (Australia),
National Fertilizers Limited (India), Lallemand Inc. (Canada), Rashtriya
Chemicals & Fertilizers Ltd, (India) and Rizobacter Argentina S.A
(Argentina). Biofertilizers can be easily developed by a small company
for the use at small field. For instance, in America, Azospirillum strain is
selected from the field after robust testing and after that suitable
formulation are prepared, which is made available in the market.
Currently, over 100 of Azospirillum strains are commercially accessible,
which intended to boost crop yield mainly in wheat, maize, and soybean
in South America (Cassan and Diaz-Zorita, 2016). In India and China,
around one lakh hactares and 167 million hactares of area is under
organic farming, respectively (Sekhar et al., 2016).

9. Conclusion

Biofertilizer inoculation is a promising strategy to improve crop
yields and reduce the use of chemical fertilizers, thereby creating
environment-friendly sustainable agriculture (Basu et al., 2021; Chak-
raborty and Akhtar, 2021; Mohanty et al, 2021). Various plant
growth-promoting microbes have been characterized for beneficial
traits, which play a significant role in improving the accessibility of
nutrients such as N, P, K, Zn and S, in modulation of phytohormones,
suppression of plant diseases and alleviation of abiotic stresses (Wasai
and Minamisawa, 2018; Glick and Gamalaro, 2021). The inoculations of
individual or consortium of beneficial microorganisms have been found
to improve plant biomass and crop yield under greenhouse and field
conditions (Santoyo et al., 2021b). However, several constraints have
been found to limit crop growth under field conditions under diverse
agricultural ecosystems in some cases and the inoculation of multi-
functional PGPR strains does not improve plant growth, yield of crop
and quality of agri-produce. Because the growth conditions of microbes
are generally different under laboratory and greenhouse conditions,
which affect the survival and functioning of inoculated microorganisms
under field conditions (Sindhu and Dadarwal, 2000). Currently, the
amendment of these beneficial biofertilizer strains is made with organic
materials, cell protectants and nanoparticles to increase their survival
and efficacy leading to improvement in crop production. Moreover,
sequencing of a large number of microbial genomes and identification of
specific genes provided a powerful tool to enhance the synthesis and
release of PGP metabolites by the beneficial microbes (Bakker et al.,
2012; Koberl et al., 2015). Further, technological developments such as
the advent of next-generation sequencing, gene editing and bioengi-
neering of microbial communities, in silico modeling of proteins and
synthetic biology (Berg et al., 2014; Kaul et al. 2021; Ke et al., 2021)
may allow the manipulation of plants and microbes to deliver short and
long terms solutions for improving crop productivity to feed the world in
a more sustainable manner.
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