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Addressing the pressing issues of increased food demand, declining crop
productivity under varying agroclimatic conditions, and the deteriorating soil
health resulting from the overuse of agricultural chemicals, requires innovative
and effective strategies for the present era. Microbial bioformulation technology
is a revolutionary, and eco-friendly alternative to agrochemicals that paves the
way for sustainable agriculture. This technology harnesses the power of potential
microbial strains and their cell-free filtrate possessing specific properties, such as
phosphorus, potassium, and zinc solubilization, nitrogen fixation, siderophore
production, and pathogen protection. The application of microbial
bioformulations offers several remarkable advantages, including its sustainable
nature, plant probiotic properties, and long-term viability, positioning it as a
promising technology for the future of agriculture. To maintain the survival and
viability of microbial strains, diverse carrier materials are employed to provide
essential nourishment and support. Various carrier materials with their unique
pros and cons are available, and choosing the most appropriate one is a key
consideration, as it substantially extends the shelf life of microbial cells and
maintains the overall quality of the bioinoculants. An exemplary modern
bioformulation technology involves immobilizing microbial cells and utilizing
cell-free filters to preserve the efficacy of bioinoculants, showcasing cutting-
edge progress in this field. Moreover, the effective delivery of bioformulations in
agricultural fields is another critical aspect to improve their overall efficiency.
Proper and suitable application of microbial formulations is essential to boost soil
fertility, preserve the soil's microbial ecology, enhance soil nutrition, and support
crop physiological and biochemical processes, leading to increased yields in a
sustainable manner while reducing reliance on expensive and toxic
agrochemicals. This manuscript centers on exploring microbial
bioformulations and their carrier materials, providing insights into the selection
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criteria, the development process of bioformulations, precautions, and best
practices for various agricultural lands. The potential of bioformulations in
promoting plant growth and defense against pathogens and diseases, while
addressing biosafety concerns, is also a focal point of this study.

KEYWORDS

bioformulation, plant growth promoting microbes, carrier, viability, sustainability

1 Introduction

In the last few decades, rampant chemical fertilization and
biomagnification of hazardous chemicals in the food chain has
posed a threat to human health and destroyed the health of the
soil. The deterioration of soil fertility and decline in the indigenous
beneficial soil microbial population led to decreased crop production.
Hence, an alternative and green approach is needed to maintain
agricultural productivity without reliance on chemical fertilization.
The use of microbial bio-formulations offers an alternative approach
for utilizing beneficial plant microorganisms to achieve good plant
growth and productivity. The use of bio-formulated products,
especially biofertilizers, has been widely popularized as an
alternative to the agrochemicals (KKhan et al., 2020a; Pathak et al,
2022; Ayilara et al., 2023). Therefore, the term bio-formulation can be
represented as the ‘development of material containing living but
valuable microbial strains, using suitable carrier materials for their
productive use in agriculture, industry, bioremediation, etc (Balla
et al, 2022). The key ingredients of a bio-formulated product/
bioformulation are potential microbes, possessing plant growth
promoting properties including nutrient solubilizers, nitrogen
fixers, biocontrol agents, and bioremediation (Pirttila et al., 2021).
The major goals of microbial formulations preparation are: (i) to
create an appropriate environment for the bioinoculants functioning,
ii) to provide physical and chemical protection for an extended period
of time to circumvent a rapid reduction in cell viability during
storage, (ii) to support the competition of inoculants with the
indigenous soil microbiota, and (iii) to reduce losses engendered
from depredation by the local micro-fauna. Another goal, however, is
to provide a sufficient source of live bioinoculant cells that are
accessible for interaction with plants and the soil microbiome
(Vassilev et al., 2020). It has been observed that direct use of plant
beneficial microorganisms in the green house or small scale is fine but
on field or large scale, viability issue of the microorganisms gets
enhanced. Indeed, it is necessary to obtain a significant number of
microbial cells (at least 10°-107) in order to obtain a positive response
of the formulated product (Bashan et al., 2014; Vassilev et al.,, 2020).
The abiotic substrates, which have the ability to provide a safer
environment for microbial cells and can accommodate viable and
physiologically active cells, are called as carrier substances. Solid or
liquid materials are used as ‘carriers’ for the development of various
microbial formulations, depending on the product type (Naik et al,
2020). The solid formulations are produced in solid, powdery, or

granular form and are based on either inorganic or organic carriers.
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Various carrier materials such as peat, vermiculite, coal, compost,
perlite, agro-industrial waste, polysaccharides, etc. are used to
produce the most important solid formulations. In contrast, liquid-
based formulations also contain microbial cultures with desirable
properties, modified with additives that improve the viscosity,
constancy, and dispersibility of the cell suspension (Mishra and
Arora, 2016). In recent years, formulation technologies have paid
more attention to the immobilization of cells, since the tactic of gel-
cell immobilization is the technological solution that can better
ensure the quality and standardization of the formulated product.
In addition, particular attention has recently been paid to cell-free
formulations (Tewari et al, 2020). These formulations resemble
fermentation broth and encompass various metabolic products,
including metal chelators (siderophores), antibiotics, enzymes,
notably those with lytic capabilities, toxins, and soluble phosphate.
Collectively, these components have the potential to exert a beneficial
influence on plant growth. Delivery of bioformulations is a
mandatory step, done either by inoculating the soil directly or by
treating plants/seeds (Rocha et al., 2019a). The escalating concern
over the inadequate uptake of chemical fertilizers by plants and their
detrimental impact on ecosystems, alongside a global rise in
apprehension regarding pollution, greenhouse gas accumulation,
and an increased emphasis on plant-based food production, has led
to a surging demand for biofertilizer agents. Farmers are increasingly
embracing biofertilizers to sustainably and organically cultivate their
crops. To date, numerous biofertilizers have been successfully
commercialized for various environmental conditions and crops.
However, a significant obstacle to the widespread success of
biofertilizers in agroecosystems is the lack of knowledge in selecting
and correctly applying them. This knowledge gap erodes the
confidence of farmers in biofertilizers. Hence, there is a critical
need to disseminate knowledge within farming communities about
the scientifically sound methods of selecting and applying correct
microbial bioformulations according to their native environment
and crops.

2 Stages of bio-formulation
preparation

Bioformulation’s performance greatly depends on multiple
dynamics under field conditions, including microbial
composition, the carrier used for bioformulation preparation,
delivery method, application strategies, and sustenance of
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microbial strains in native soil and plant ecosystem, which are being
selected during the development of bioformulations (Bargaz et al.,
2018). The development of effective and efficient bioformulation
mainly depends on the constituents used to prepare the
bioformulation, which comprises potential beneficial microbial
strains, a suitable carrier, and an adjuvant (Aamir et al,, 2020).
Steps considered for the bioformulation development are
summarized below (Figure 1):

2.1 Selection of potential
microbial candidate

The selection of microorganisms for bioformulation
development is an essential step for the startup process of
bioformulation. Primary selection of microbial strains occurs on
the grounds of their plant growth promoting (PGP), antagonistic,
degradation potential, and any other useful properties (Wong
2019; Singh et al, 2020). In order to select potential
candidates, various microbial sources such as soil, water, and

et al,

any other specific substances are being used for isolation, they
were tested for various properties such as siderophore and lytic
enzymes production, nutrient solubilization, production of
phytohormones and antibiotics, xenobiotics degradation or
2015) which
make them a potential candidate for bioformulation development.

heavy metal bioremediation, etc. (Vassilev et al,

Further, these microbes were tested for In vitro and In vivo plant
growth promotion and bioremediation properties assessment. In
addition, some desirable characteristics must be met with the
microbial strains, including genetic stability, physiological
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adaptability with the host environment, extended self-life,
survival capability under harsh conditions, efficient colonization
with the host plant, non- pathogenicity, etc (Chakraborty, 2020).
Sometimes, instead of a single microbe, more than one microbial
strain is used for bioformulation preparation. Species of diverse
genera ie. Acetobacter, Arthrobacter, Azotobacter, Azospirillum,
Bacillus, Burkholderia, Clostridium, Enterobacter, Flavobacterium,
Frankia, Hydrogenophaga, Kluyvera, Microcoleus,
Phyllobacterium, Pseudomonas, Serratia, Streptomyces,
Rhizobium, Trichoderma, etc. have been already reported for
splendid PGP potential and being considered for bioformulation
preparation (Soni et al., 2017; Alawiye and Babalola, 2019; Suyal
et al,, 2019; Jeyakumar et al., 2020; Comite et al., 2021). Further,
many microorganisms such as Penicillium bilaiae, Rhizobium
leguminosarum, Bradirhizobium japonicum, Bacillus
amyloliquefaciens, Trichoderma virens having multiple plant
growth and biocontrol properties have been commercialized as
biofertilizers through various organizations.

2.2 Carrier selection and
bioformulation assemblage

A suitable carrier is an important constitute of bioformulation
preparation. It acts as delivery material for live microbial strains
during the processing from laboratory to field. Individually or
compositely, suitable inorganic/organic or synthetic carriers viz.
peat, coal, clays, talc, vermiculite, charcoal, cellulose, sawdust, wheat
bran, alginate beads, rice husk, polyacrylamide gel, calcium sulfate,
silica gel etc. can be used to support microbial growth and effective

In-vitro screening Greenhouse screening

Commercialization

Product registration

Diagrammatic representation of steps involved in bioformulation development.
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delivery of desired microbes into the field (Vishwakarma et al,
2018; Table 1). Different carrier materials demonstrate multiple
effects on microbial viability and the efficacy of delivery. Carriers
used for bioformulation preparation can significantly impact the
shelf life, bioavailability, release rate, and overall performance of the
bioinoculants-based bio-formulation. Therefore, compatibility with
the microorganisms, potential toxicity or immune response from
the carrier should be prioritized during the selection of the carrier
material. The carrier should also protect bioactive compounds from
deterioration brought on by external elements including heat, light,
and moisture. The carrier should be able to permit controlled
release of the bioactive chemicals depending on the intended
application in order to increase their bioavailability. Additionally,
the carrier material’s particle size merits attention because smaller
particles typically give faster dispersibility and dissolving rates. It’s
critical to assess if the chosen carrier can be processed and scaled up
effectively while remaining ecologically friendly in the context of

10.3389/fpls.2023.1270039

commercial manufacturing (Singh et al., 2020; Aloo et al,, 2022;
Rojas-Sanchez et al., 2022);. During bioformulation preparation, the
sterilization of carriers is an essential step. For this, gamma
irradiation at a dose rate of 4.0 kGy for 1 h or autoclaving at
121°C for 20-30 min, is the most suitable way of carriers
sterilization, and being used for selected carriers viz. rice husk,
wheat bran, clay, peat moss and the mixture of peat moss and
vermiculite (El-Fattah et al., 2013; Sahai et al., 2019). The sterilized
carrier is mixed with actively grown microbial strains and air dried
overnight to retain 15-20% moisture content, which is essential to
lower down the microbial metabolic activities (Samavat et al., 2014).
Furthermore, the mixture is packed and sealed in pre-sterilized i.e.
autoclaving or gamma irradiation, polypropylene bags and stored at
room temperature with 80% relative humidity (Arora et al., 2010;
Suryadi et al., 2013; Namsena et al., 2016; Bargaz et al., 2018). A
good bioformulation must contain at least ~ 107 cfu/g of microbial
cells (Jambhulkar and Sharma, 2014; Samavat et al., 2014).

TABLE 1 Examples of carrier-based microbial bio-formulation tested on various crops with their advantageous effects.

Carrier and Microbial Inoculant

Additive

Reference

Talc + CMC Bacillus sp.; P. putida, P. jesinni MP1 Cowpea, lady’s finger, Enhance seed germination and plant growth, Basheer et al.
Cucumber, lettuce, Stabilize microbial survival, Increase soil nutrient (2019); Joshi et al.
Chickpea status (2019)
Talc P. fluorescens Rice Enhance plant growth and nutrient status, Saravanakumar
reducing disease index in rice et al. (2007)
Talc + chitin P. fluorescens Mungbean Increase plant growth Saravanakumar
et al. (2007)
Talc + Xanthum Paenibacillus alvei Cotton Enhance plant growth, reducing the disease Schoina et al.

Gum

caused by Thielaviopsis basicola (2011)

Saw-dust+ CMC Ensifer meliloti,

Bradyrhizobium sp.

Mucuna pruriens

Nodulation enhancement, Increased survival Aeron et al. (2012)

Industrial Oxalic B. japonicum Soybean
Acid

Perlite + Arabic R. leguminosarum, B. megaterium Soybean
gum

Canola oil as Sinorhizobium meliloti Alfalfa

emulsion

Enhanced plant growth and nodulation, Increase Rebah et al. (2007)

in shelf life

Increase survival at low temp Daza et al. (2000)

Enhance survival, Increased nodulation John et al. (2011)

Alginate + humic | P. putida, B. subtilis Lectuca sativa

acid

Peat Melons

+Vermiculite

PGPB (six consortia)

Peat + Chitin or B. subtilis, Klebsiella pneumoniae

Groundnuts, Pigeon pea

Enhance plant growth Rekha et al. (2007)

Kokalis-Burelle
et al. (2003)

Enhance plant growth, Provide disease tolerance
to plants

Increase seed germination, high multiplication, Manjula and Podile

A. niger provide efficiency against disease (2001)

mycelium

Peat + Sugar A. brasilense Wheat Enhance in plant growth Piccinin et al.
(2013)

Clay soil + CMC/ | Bradyrhizobium japonicum, B. Soybean Enhancement in plant growth, Increase in survival | Albareda et al.

Gum arabic megaterium of microbes (2008)

Clay soil + Thiobacillus and Rhizobium sp. Ground nut Enhancement in plant growth and nodulation Anandham et al.

elemental S (2007)

CMC/corn starch A. amazonense, G. diazotrophicus, H. Sugarcane Increase in shelf life of bacteria, Increase Da Silva et al.

+ MgO seropedicae, H. rubrisubalbicans, and B. colonization (2012)

tropica
Frontiers in Plant Science 04 frontiersin.org
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2.3 Desiccation tolerance testing

Bacterial desiccation is a natural abiotic stress condition, usually
occurring in the environment by freezing, heating, or drying and
rewetting conditions of soil due to low precipitation or irrigation.
Hence the bioformulation must show sustenance against this for
efficient effect. Several spore-forming microbes could survive under
desiccation, but the condition becomes lethal, especially for non-
spore forming bacteria. Although, multiple physiological
mechanisms have been observed behind the desiccation tolerance
in non-spore forming microbial strains, which include synthesis of a
compatible solute such as disaccharide trehalose or hydroxyl
pyrimidine hydroxyl ectoine (Roder et al., 2005; Narvaez-
Reinaldo et al., 2010; Khan and Singh, 2021), production of heat-
shock proteins, enzymes and exopolysaccharides modification or
repair of DNA mechanisms (Berninger et al, 2018). Hence,
desiccation tolerance has great biotechnological interest in
microbial cellular stabilization which allows the long-term storage
of formulated products for commercial uses. Microbial inherent
desiccation tolerance could be improved during the bioformulation
process by applying some strategies including drying methods i.e.
freeze-drying, vacuum-drying, spray-drying, fluidized bed-drying,
and air-drying, the addition of external protectants, triggering of
stress adaptation, triggering of exopolysaccharide secretion, and
indirect protection by “helper” microbial strains (Berninger et al,
2018). Drying method is well known efficient way for long term
storage. By following suitable drying conditions, the quality and
self-life of the products can be enhanced equally. Further,
disaccharide such as trehalose is an example of such protectant.
During desiccation, trehalose forms hydrogen bonds with other
proteins in the absence of water, preventing protein denaturation
(Garcia, 2011). Moreover, the implication of sublethal stress,
including the variation of pH, temperature, depletion of nutrients,
anoxic conditions, and salt stress conditions has been suggested
before the desiccation to activate the cellular protective mechanisms
(Liu et al., 2014).

2.4 Storage stability testing

The determination of the storage ability of bioformulation is
an essential and critical factor in bioformulation efficacy. Usually,
the self-life of the product and its microbial stability can be
expected from 6 to 12 months (Berninger et al, 2018). The
additives and low temperature storage are essential factors for the
survival and stability of bioformulation. The stability test is
performed through serial dilution plating at different time
intervals and colony forming unit (CFU) estimation is done,
which should not be less than 10* CFU per gram sample (Wong
et al., 2019). Several encapsulation materials, a wide temperature
range, and different environmental conditions are being used to
test the bioformulation sustenance capacity, which determines the
shelf life of bioformulation. Further, bioformulations packaged
into suitable bags to carry efficient microbes and to
maintain humidity.

Frontiers in Plant Science
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2.5 Validation, registration and approval

After bioformulation preparation and its successful
demonstration in fields, the bioformulation is further processed
for validation, in which the same bioformulation is tested through
multi-locational field trials. After validation, the bioformulation
needs registration through patent and risk-related approval
before commercialization.

3 Carriers and adjuvant used
for bio-formulation

Carrier and adjuvant impart a major role in microbial survival
during production, storage, and application processes (John et al.,

2011; Herrmann and Lesueur, 2013).

3.1 Carrier

The success of any bioformulation mainly depends upon the
carrier or bulking agent, which is the 2™ most prominent component
used in the preparation of bioformulation. The carrier material
provides a protective environment and energy source for microbial
growth and development and guarantees the successful release of the
bacterial cells after the application. Carriers used in seed treatment
should have good adhesion capacity with seeds to get better efficacy
(Hegde and Brahmaprakash, 1992). The characteristics of the carrier
include being cost-effective, easy to be processed, chemically stable,
good moisture absorption and buffering capacity, non-toxic for both
plant and microbes, and ensuring bacterial cell viability after a
specified period of storage (minimum 2-3 months). There are
varieties of carriers used nowadays according to the physical form
of bioformulation. Solid carriers commonly are derived from soil
materials like peat/plant soil, coal, clays, and lime (Hartley et al,
2004), some are derived from organic materials (saw-dust, composts,
charcoal, chitosan and alginate (Bashan et al, 2002; Power et al, 2011),
or some are inorganic material like talc, vermiculite, bentonite and
kaolin (Smith, 1992). Liquid bioformulation can be produced in
broth medium, carbohydrate, mineral or organic oil, emulsions and
microbial suspensions. Some examples of carrier-based
bioformulation applied on various crops have been listed in Table 1.

Currently, different types of carrier material are available but the
selection of a suitable one is a must, because it is the carrier’s material
that supports the survival of bioagents. The degree of support of
carrier material depends upon the nutrient and moisture holding
status of the carrier. The high moisture retaining carriers having a low
C:N ratio and pH near 7 is considered to be the best for increasing the
shelf life of the bioformulation (Arora et al., 2014; Sohaib et al., 2020).
Arora et al. (2014) tested the capacity of survival of different carrier
materials such as sand, begasse, saw dust, wood ash, and coriander
husk and found that higher moisture retaining carrier i.e., Coriender
husk which retains 7.5 times moisture is the best for sustaining the
bacterial survival. However, another experiment conducted by Sohaib
et al. (2020) found that carriers having a low C:N ratio i.e., Compost
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and Biogas slurry are more effective in increasing the shelf life as well
as plant growth and development of wheat over carriers having high
C:N ratio. Therefore, the water holding capacity and C:N ratio of the
carrier must be taken into consideration for the selection of an
effective carrier.

Initially, in 1896 gelatin was first used as a carrier in the
commercial production of Nitrogen bioformulation in the United
States of America. Later ‘peat’ replaced all carriers and was named as
a “gold” carrier until the 1990s (Williams 1984). The success of peat-
based formulation can be varied according to the physical state of
peat in bioformulation (Solid/powder, pellet, liquid/slurry). In a
study, granular peat-based bioformulation greatly enhanced plant
growth compared to powder and slurry-based bioformulation
(Clayton et al, 2004). Peat in combination with either chitin or
chitin-like materials, enhances the biocontrol efficiency of
bioformulation along with the growth of microbes and promoted
seed germination and plant biomass (Manjula and Podile, 2001).
Lignite, charcoal, sawdust, various composts, organic wastes, and
vermiculite are the other popular alternatives to peat. Inorganic
material like talc-based formulations is very popular in India, as it
is economical and easily available. Despite its limitations, this talc-
based formulation has shown to be beneficial in various crops as
biological control and enhancer of plant growth (Saravanakumar
et al,, 2009). Moreover, in a comparative study of different materials
such as talc, kaolinite powder and bran of wheat, barley, and soybean
used as a carrier for Pseudomonas fluorescens isolate RRb-11 based
fertilizers, talc powder based microbes and has a maximum shelf life
of 150 days after storage and is also best to manage bacterial leaf
blight disease in rice (Jambhulkar and Sharma 2014). Whereas some
Pseudomonas strains in peat bioformulation could stabilize for two
years at ambient temperature (Georgakopoulos et al., 2002).

Bioformulations with easily degradable high carbon containing
carriers like biochar based Bradyrhizobium japonicum lead to
higher bacterial survival efficiency and better nodulation in
soybean (Glodowska et al., 2017). Charcoal-based carrier, i.e.,
biochar, enhances the survivability of bioformulation and is
environmentally benign as they don’t have any hazardous
impacts. Another advantage of employing charcoal is that it may
be kept without being sterilized owing to its low water content. In
addition, Alginate is a nontoxic biodegradable synthetic polymer
and is also used in the encapsulation of microorganisms. Alginate-
based carrier provides longer shelf life to microbes and provides
constant and slow delivery of inoculums to their target site (Bashan,
1986). A study has shown that dried alginate beads could sustain
microbial survival for up to 14 years (Bashan and Gonzalez, 1999).
Bioformulations using Bacillus subtilis and Pseudomonas corrugate
in alginate-based formulations produced incredible outcomes
compared to charcoal and liquid-based bioformulations (Trivedi
et al., 2005).

3.2 Adjuvant/adhesives used
in bioformulation

Adjuvants/adhesives are natural or synthetic polymers or
polysaccharides, polyalcohol derivatives, or caseinate salts that
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increase the stabilization of microbes, enhance the adhesion
potential, help in handling and mixing, and reduce the amount of
dust in bioformulation (Jambhulkar et al., 2016; Pedrini et al,
2017). Adhesive application in bioformulation also prevents the
dispersion of inoculants during sowing. Nowadays, carboxymethyl
cellulose (Zhou et al., 2017), methyl cellulose (Lopisso et al., 2017),
gum arabic (Ehteshamul-Haque et al., 2007), pelgel (Ugoji et al.,
2006), skim milk (Power et al., 2011), humic acids (Schoebitz et al.,
2013), PVP (Polyvinylpyrrolidone) (Surendra and Baby, 2016),
glycerol (Anitha et al., 2016) and trehalose (Surendra and Baby,
2016) are generally used as an adjuvant in bioformulation
preparation. Carboxymethyl cellulose (CMC) is a non-ionic
water-soluble polymer, which is the most common or widely used
adjuvant because of its easy availability and cheap economical value.
Stimulatory effects of CMC have been demonstrated in various
studies for increasing the shelf life and efficacy. Application of CMC
supplemented saw dust carrier-based Rhizobium inoculants with M.
pruriens demonstrated fighting against M. phaseolina pathogen
(Aeron et al., 2012). In one study of chickpea (Cicer arietinum L.)
seed treatment with CMC based Pseudomonas jesenii MP1 and
Rhodococcus gingshengii S1010 bioformulations results in increased
overall crop growth and soil nutrition (Joshi et al, 2019). Gum
arabic is a complex polysaccharide, that protects the microbes from
desiccation and increases their survivability (Wani et al., 2007). Poly
vinyl pyrrolidone is a synthetic polymer that helps the survival of
Bradyrhizobium japonicum in formulation (Singleton et al., 2002).
PVP also protects against desiccation and provides the defense to
inoculated microbes against toxic phytochemicals secreted by seed
coats during germination. The additional adhesive layering of seeds
with superfine calcium salts has decreased seedling mortality and
increased plant growth. Here, calcium salts promote plant growth
by balancing the acidic nature of the soil (Murata et al., 2008). The
use of humic acid as an additive with Ca*>* amended alginate-based
encapsulation of Bacillus, resulted in high bacterial survival and a
positive impact on plant growth. The advantage of the inclusion of
humic acid in this formulation is its function as a carbon source for
the bacteria, which may lead to the survival of microbes during long
storage (Rekha et al., 2007).

3.3 Adjuvants in liquid bioformulation

Generally, it has been seen that solid carrier-based
bioformulations exhibit low shelf life and cannot retain bacterial
load during the crop cycle (Chaudhary et al., 2020). To answer this
problem, the use of liquid-based bioformulation is a better option.
They provide long shelf life to microbes and maintain the survival of
bacteria during the whole crop cycle. They also provide temperature
and stress tolerance to bioinoculant (Chandra et al., 2018). The use
of various adjuvants/adhesives in liquid bioformulations can
improve the survival of microbes in a stressful environment,
which results in better establishment with host interactions
(Mugilan et al,, 2011). The amendment of glycerol imparts long
shelf life and stress tolerance to Pseudomonas against high
temperature and desiccation via increased water holding capacity
(Taurian et al., 2010). In another liquid bioformulation,
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Azospirillum in 16mM trehalose and phosphate solubilizing strain
in 3% PVP maintain very high microbial density (10° CFU/ml) as
PVP protect microbes in toxic and stressed circumstances because
of their water retention capacity (Surendra and Baby, 2016).
Therefore, it can also be concluded that glycerol, PVP or
trehalose amended liquid bioformulation can be more reliable
and have high potential in the agricultural field. The survivability
of microbes depends upon the physio-chemical properties of the
carrier. So carriers must be selected based on microbial
multiplication and survival during storage and the general
method of planting. In summary, each carrier and adjuvant have
some advantages and disadvantages. So, the selection of a carrier for
bioformulation production is an essential step which majorly
depends upon the cost, effectiveness, and need of the grower.

4 Types of bio-formulation

Bioformulation is a biologically active component of microbial
biomass and its metabolites with the carrier material. It can be used as a
plant growth promoting agent, nutrient acquisition, biocontrol, etc., in
eco-friendly means (Aamir et al,, 2020). The bioformulations can be
categorized into solid, liquid, encapsulated, metabolites, and cell-free
culture supernatant (Mishra and Arora, 2016; Tewari et al., 2020).
Some of the bioformulation categories are mentioned below (Table 2).

10.3389/fpls.2023.1270039

4.1 Solid bioformulation

After field applications, solid bioformulations provide the
protective and nutritive platform for desired microbes. It reduces
contamination chances and enhances storage efficiency. It includes
granules, powdered, and water-dispersible granular formulations
containing active ingredients, binders, and carrier material. Based
on applications, the solid bioformulation materials include soil-
derived carriers i.e. charcoal, fine clay, turf, organic carriers i.e.
sawdust, wheat, soy and oat bran, vermicompost, sewage sludge,
animal manure, cork compost and inert carriers i.e. talc, peat,
perlite, vermiculite, alginate, bentonite, kaolin, silicates,
polyacrylamide beads, charcoal, etc. (Mishra and Arora, 2016).
Further, solid bioformulation is characterized by the following:

4.1.1 Granular formulation

The granular bioformulation comprises dry particles with active
ingredients (5 - 20%), binder, and granular carrier (Brar et al,
2006). Granules are coarse particles (size 100 - 1000 pum), non-
dusty, and without risk of inhalation. Some commonly used
granules are wheat granules (Navon, 2000), corn meal baits
(Tamez-Guerra et al., 1996), gluten (Behle et al., 1997),
cottonseed flour, gelatin, sodium alginate, semolina wheat flour
(Andersch et al., 1998), and pesta granules (Wong et al., 2019).
Granular bioformulations are quite effective with some limitations,

TABLE 2 Categorization of bioformulations based on their characteristics and carrier.

Main Sub- Characteristics Carrier used Reference
categories | categories
Solid Granular Dry particles, active ingredients (5 -20%), Wheat granules, corn meal baits, gluten, Tamez-Guerra et al., 1996;
coarse particles (100 -1000 um), non-dusty cottonseed flour, gelatin, sodium alginate, Behle et al., 1997; Andersch
semolina wheat flour, and pesta granules et al,, 1998; Navon, 2000
Wettable powdered | 50 - 80% powder, 15 - 45% filler, 1 - 10% Wheat bran-sand mixtures, sawdust sand Jambhulkar and Sharma, 2014;
(WP) dispersant, and 3 - 5% surfactant molasses mixture, organic cakes, farmyard Zimdahl, 2018
manure, talc, charcoal, and flyash
‘Wettable/Water- Small granules, non-dusty, free-flowing, with = Water or some other liquids Mishra and Arora, 2016
dispersible dry dispersible agents, eco-friendly and
granular (WDG) readily miscible with water
Liquid Suspension Non-dusty, measurable and easily pour for Water, broth, fruit juices, jaggery syrups Michereff Filho et al., 2009;
concentrate spraying purposes and polyvinylpyrrolidone (PVP) Singh and Merchant, 2012;
Tadros, 2013
Oil miscible Suspension with active ingredients in Organic liquids Singh and Merchant, 2012;
flowable organic liquids Michereff Filho et al., 2009
concentrate
Encapsulated Macro and Coating of microbial cells within a Natural polymers i.e. alginate, agarose, Gonzalez-Ferrero et al., 2020;
microencapsulation | polymeric material to produce beads, chitosan, cellulose, collagen, xanthan, and Wu et al,, 2020
macroencapsulation bead size (mm - cm), synthetic polymers i.e. poly(ethylene
microencapsulation bead size (1 - 1000 um) | glycol), polyvinyl alcohol, polyurethane,
poly(ether-sulfone), polypropylene, sodium
polystyrene sulfate, and polyacrylate poly
(acrylonitrile-sodium methallylsulfonate)
Metabolites - Bacterial secondary metabolites, act as Inert carriers i.e. talc, peat, vermiculite, Confortin et al., 2019;
bioregulator, enhance plant growth, control silicates, polyacrylamide beads, charcoal etc. = Chatterton and Punja 2009;
phytopathogenic attack Onofre-Lemus et al., 2009;
Cell free culture | - Cellular supernatant with suitable carrier, Talc, charcoal, CaCO5 Tewari et al., 2020
supernatant higher shelf-life
(CFCS)
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including the inactivation of active constituents in the presence of
Ultraviolet light. Wong et al. (2019) reported reduced disease
severity (> 43%) of rhizosphere when applied with pesta granules
in the roots of Bananas. Researchers have observed that granular
bioformulation was superior to peat and liquid carrier in terms of
total biomass, nitrogen fixation, and nodule formation under stress
conditions (Zaidi et al., 2017). Peat is adaptive, nontoxic, similar to
soil, and made of the decomposition of vegetative materials with
high water holding capacity (Ceglie et al., 2015). Aini et al. (2019)
confirmed that the peat can be used as a carrier for ectomycorrhizal
and arbuscular mycorrhizal fungi. While granules have more
advantages over peat. Granules contain living microorganisms
inside and covering made of calcite, marble, silica, etc, and are
easier to handle, transport, and storage. Vermiculite is another type
of granule with yellowish-brown material like mica with moisture-
retentive properties. It has been used as a carrier for PGP bacteria
i.e. Bacillus sp. and Pseudomonas sp. (Maheshwari et al., 2015).

4.1.2 Wettable powdered formulation

Wettable powdered (WP) formulation consists of 50 — 80%
powder, 15 - 45% filler, 1 - 10% dispersant, and 3 - 5% surfactant
(Brar et al, 2006). These formulations are readily miscible with
water and long shelf life of up to 18 months. Active ingredients
impregnate this kind of bioformulation, and after applying water, it
can be used as a standard insecticidal spray. WP formulations have
some benefits, including uniform distribution of essential gradients,
residual control, high holding of active gradients, without
sedimentation issues, and fewer skin hazards. WP formulation
can be hazardous after inhalation and needs precaution while
mixing or agitating vigorously. It is difficult to mix in very hard
or alkaline water and clog nozzles and screens. Various herbicides
i.e., triazines, phenyl ureas, uracils, and others, have been prepared
by WP formulation (Zimdahl, 2018). Wheat bran-sand mixtures,
saw dust and molasses mixture, organic cakes, farmyard manure,
talc, charcoal, and fly ash are some carriers used in preparations of
WP formulation. Talc is an inert material used broadly to study
rhizospheric soil bacteria viz. Bacillus spp., B. firmus (Suryadi et al.,
2013), P. aeruginosa, P. fluorescens (Jambhulkar and Sharma, 2014)
etc. While charcoal is free from waxy material, eco-friendly, and can
be stored for a long time without sterilization with low
water content.

4.1.3 Wettable/water-dispersible
granular formulation

Wettable/water dispersible small granules are solid, non-dusty,
free-flowing, with dry dispersible agents, which are eco-friendly and
readily miscible with water. This formulation has a major role in
nematode control and consists of 90% of nematode-based products
available in the market (Mishra and Arora, 2016). It bears similar
properties to wettable powdered (WP) formulations and can replace
those (Ijaz et al., 2019). WDGs have advantages over WP as easy to
handle, transport, and mix, seldom clog nozzles, and reduced
applicator exposure during mixing and loading. The limitations of
WDGs are abrasiveness to sprayers, leaving a visible residue in the
container’s bottom, and the requirement of moderate agitation.
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4.2 Liquid bioformulation

Liquid formulations are aqueous suspensions and consist of
biomass suspensions in water, oils or both (Schisler et al., 2004). It
contains 10 - 40% microorganisms, 1 — 3% suspender, 1 - 5%
dispersant, 3 — 8% surfactant, and 35 - 65% carrier liquid (Brar
et al., 2006). Liquid bioformulations are helpful in stabilizing
organisms throughout production, distribution, and storage. It
protects from abiotic environmental factors and increases
persistence. Liquid bioformulations can be categorized as
suspension concentrates (Tadros, 2013), oil-miscible flowable
concentrate, ultralow volume suspension (Singh and Merchant,
2012), and oil dispersion (Mbarga et al., 2014). The liquid carriers
may be water, broth, fruit juices, jaggery syrups, and
polyvinylpyrrolidone. The suspension concentrates have been
prepared by mixing solid active ingredients with poorly soluble in
water and stable to hydrolysis (Tadros, 2013). This mixture is non-
dusty, measurable, and easily poured for spray. The oil-miscible
flowable concentrate is a suspension with active ingredients in
organic liquids. The ultralow volume suspension is used in their
respective equipment. This equipment is aerial or ground spray for
fine spray purposes (Singh and Merchant, 2012). Oil dispersion
formulation comprises one active ingredient suspended in the oil
phase and is chiefly used as herbicide and insecticide.
NagaChandrabose (2018) has been found efficient liquid
bioformulation of P. fluorescens, Purpureocillium lilacinum, and
Trichodermaviride against the natural population of root-knot
nematode Meloidogynehapla. Recently, Prakash and Arora (2020)
developed a liquid bioformulation to enhance the growth, nutrient
uptake and stevioside content of Stevia rebaudiana by using paneer-
whey. Moreover, oils of groundnut, pongamia, and sunflower with
nutrient broth and water have been used as a carrier, which retains
the survival of B. subtilis, Brevibacillus borstelensis, Brevibacillus sp,
Lysinibacillus xylanilyticus, and consortium (Jayasudha et al., 2018).
Hence, liquid bioformulations help to enhance the shelf life of
products and act as an excellent carrier to stabilize the bioinoculants
throughout production, distribution, and long-duration storage.

4.3 Encapsulated bioformulation

The solid and liquid bioformulations have certain limitations like
long term storage and viability of microbial spores. In such a scenario,
immobilization and encapsulation have improved shelf-life and eased
the field application of bioinoculants (Wong et al., 2019; Vassilev
et al, 2020). Encapsulation provides controlled release of dynamic
target bacterial cells and their metabolites in their rhizospheric
environment (Wu et al., 2020) which gives a new strategy for soil
microflora improvement and development of sustainable agriculture.
Encapsulated bioformulations involve the coating of microbial cells
within a polymeric material to produce beads, which are permeable to
nutrients, gases, and metabolites for maintaining cell viability within
the beads (John et al,, 2010). Encapsulated bioformulation protects
the active microbial components under unfavorable or
environmental stress conditions i.e. mechanical injuries, pH,

frontiersin.org


https://doi.org/10.3389/fpls.2023.1270039
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Khan et al.

temperature, biochemical factors, ionic strength, etc. Gelatin,
cellulose, starch, and some other polymers have been used in the
encapsulation process (Cheze-Lange et al,, 2002). There are two types
of methods of encapsulation formation i.e. macro-encapsulation and
microencapsulation. The macro-encapsulation involves beads of
millimeters to centimeters in size, while microencapsulation is 1 —
1000 pum in size. Humic acids have significantly higher viability for
encapsulation in certain bacteria. Natural polymers i.e. alginate,
agarose, chitosan, cellulose, collagen, xanthan, and synthetic
polymers i.e. poly(ethylene glycol), polyvinyl alcohol, polyurethane,
poly(ether-sulfone), polypropylene, sodium polystyrene sulfate, and
polyacrylate poly(acrylonitrile-sodium methallylsulfonate) have also
been distinguished for cell encapsulation (De Vos et al, 2014).
Diversity among nitrogen fixing bacteria (NFB) in symbiotic and
non-symbiotic associations has revolutionized the crop yield and
progress of sustainable agriculture. In this progress,
microencapsulation in biofertilizers provides an alternative
approach to the development of traditional nitrogen-based
fertilizers. NFB and nodule-forming bacteria in association with the
nodules of lupine plants of Southern Chile and their

10.3389/fpls.2023.1270039

microencapsulation by spray drying using sodium alginate:
maltodextrin has provided an alternative approach for Nitrogen
biofertilizer (Campos et al., 2014). Recently, a novel electrospun
microbial composite-based seed coat encapsulation of Canola
(Brassicanapus) seeds has been developed for its rhizosphere
stabilization by using a composite of poly(vinyl alcohol)/poly
(vinylpyrrolidone) plasticized with glycerol and the microbial
consortium of Bacillus subtilis and Serratia marcescens (Hussain
et al,, 2019).

4.4 Metabolite bioformulation

Bacteria secrete various secondary metabolites to act as
bioregulators, plant growth promoters, and antagonists against
phytopathogens (Table 3). Moreover, such microbial metabolites
are B-1,3-glucanase (Confortin et al, 2019), ACC-deaminase
(Onofre-Lemus et al., 2009), Hydrogen cyanide (Olanrewaju
et al, 2017), phenazines (Biessy and Filion, 2018), pyrrolnitrin
(Pawar et al, 2019), 2,4-diacetylphloroglucinol (Almario et al,

TABLE 3 Overview of sources, target site and properties of microbial metabolites.

SN  Metabolites Microbial source Target site

Properties Reference

1. B-1,3-glucanase B. bassiana, Fungi cell wall containing Target insects i.e. Aproaerema modicella Confortin et al,, 2019;
P. fluorescens, C. rosea f.  P-glucans and fungi i.e. A. niger, Fusarium sp. Chatterton and Punja 2009
catenulata Pythium sp.
2. ACC-deaminase Burkholderia spp. Host plant secreted ethylene Efflux of plant ACC, plant growth Onofre-Lemus et al., 2009
promoting under stress conditions like
flooding, saline condition, drought etc.
3. Chitinase C. rosea f. catenulata Fungal cell wall Target fungi i.e. Aspergillus niger, Chatterton and Punja 2009
T. harzianum, A. Fusarium sp. Pythium sp.
album,
4. Hydrogen cyanide Bacterial genera i.e. Inhibit cytochrome ¢ oxidase = Antimicrobial against fungi and bacteria, Olanrewaju et al., 2017
(HCN) Rhizobium, mobilization of elements from rock
Pseudomonas, forming i.e. phosphate
Alcaligenes, Bacillus,
5. Phenazines Pseudomonads i.e. Interact with cell membrane, | Broad spectrum antibiotic properties, Yu et al., 2018; Biessy and
P. chlororaphis, uncoupling of oxidative inhibit the growth of eukaryotic plant Filion, 2018
P. fluorescens, phosphorylation, the pathogens including fungi and nematodes
B. linens, B. cepacia, M. generation of ROS
amazei, P. ugglomemns
6. Pyrrolnitrin Pseudomonas Target terminal electron Natural antifungal antibiotics Tripathi and Gottlieb 1969;
pyrrocinia, transport system Pawar et al., 2019
Pseudomonas spp.,
Burkholderia species
7. 2,4- Fluorescent Protein gradient across the Elicit plant defences through induced Almario et al., 2017
diacetylphloroglucinol = Pseudomonads mitochondrial membrane systemic resistance, modulation of plant
hormonal balance by acting as auxin-
mimetic compound
8. Pyoluteorin Pseudomonads Unknown Control soil-borne diseases Keswani et al., 2020
9. Viscosinamide Pseudomonas fluorescens | Tightly coupled to cell Biosurfactant, Antifungal properties Nielsen et al., 1999

DR54 proliferation

against Pythium ultimum and Rhizoctonia
solani
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TABLE 3 Continued

Metabolites

Microbial source

10.3389/fpls.2023.1270039

Reference

Target site

Properties

10. Tensin, Amphisin Pseudomonas fluorescens =~ Unknown Provide site for bacterial attachment, Nielsen et al., 1999;
96.578 Antifungal properties against P. ultimum
and R. solani
11. Siderophores Pseudomonads High-affinity iron-chelating Provide microbial ability to obtain iron Deveau et al., 2016;
compounds from the environment and exhibit Rezanka et al., 2019
antagonistic activity
12. Pyochelin Pseudomonas ISR with ROS, Antimicrobial properties against Pythium Ho et al,, 2018
aeruginosa work with Fe-pyochelin and sp., Xanthomonas spp., and other
pyocyanin synergistically phytopathogens
13. Tetracenomycin Streptomyces Cell membrane Aromatic polyketide antibiotics Gurusinghe et al,, 2019
glaucescens,
Acinetobacter sp.
14. Dialkylresorcinols Pseudomonas spp. Cell-cell communication Antimicrobial properties against Gram- Schéner et al,, 2015
molecule positive bacteria, mycobacteria, yeasts,
and fungi
15. Peptides antibiotics Fluorescent Cell membrane Antifungal agent, biosurfactant Gross and Loper, 2009
Pseudomonas spp.
16. Rhizoxins Rhizopus microsporus, Binding to B-tubulin, 16-membered polyketide macrolides Gross and Loper, 2009;
Pseudomonasfluorescens | thereby interfering with exhibit significant phytotoxic, antifungal,
microtubule dynamics and antitumoral activity
17. Mupirocin P. fluorescens Blocks protein synthesis in Polyketide antibiotic exhibits antibacterial = Capobianco et al.,, 1989; El-

bacteria

activity against Gram positive bacteria

Sayed et al., 2001

18. Oxyvinylglycines

Pseudomonas spp.

Inhibit cellular enzymes that
require pyridoxal phosphate
(PLP) as a co-factor

Naturally produced non-proteinogenic
amino acids

Okrent et al.,, 2016

19. Orfamide A Pseudomonas fluorescens  Target B-glucan synthesis Cyclic lipopeptide, exhibit antifungal and Jang et al., 2013; Oni et al,,
Pf-5, P. protegensF6 insecticidal properties 2019

20. Orfamide H Pseudomonas protegens Target B-glucan synthesis Inhibiting the aspersoria formation of the Oni et al., 2019; Ma et al,,
CHAO fungus Magnaporthe oryzae 2020

21. Phenazine-1- Pseudomonasfluorescens | Act on exopolysaccharide Antifungal activity against Phytophthora Morrison et al., 2017;

carboxylic acid

(LBUM636), P.
aeruginosa LV

formation, distort and
damaged fungal hyphae

infestans, Botrytis cinerea

Simionato et al., 2017

22. Furanomycin P. fluorescens SBW25, Isoleucyl-tRNA synthetase Antibacterial properties Trippe et al., 2013;
S. threomyceticus Masschelein et al., 2017
23. Brabantamide A Pseudomonas sp. Cell wall Antibacterial, antifungal and anti- Schmidt et al., 2014
oomycete activity
24. Obafluorin P. fluorescens (SC12936) = Unknown Antibacterial properties Pu et al,, 1994
25. Aeruginaldehyde P. fluorescens, Unknown Antifungal properties Ye et al,, 2014
Burkholderia cepacia
26. Safracins P. fluorescens DNA Antagonist activity against Santos Kron et al., 2020
Erwiniaamylovora in apple flower
27. Syringomycins SP22 P. syringae Lipid of cell membrane Antifungal against Saccharomyces Bender et al., 1999; Bensaci
or SP25 cerevisiae and Candida albicans et al.,, 2011
28. Tabtoxin P. syringae Glutamine synthetase Antibacterial and phytotoxic properties Arrebola et al,, 2011
29. Syringopeptins P. syringae Cell membrane Antibacterial, antifungal, Biosurfactant Scholz-Schroeder et al.,
properties 2001; Grgurina et al., 2005
30. Andrimid P.fluorescens, Pantoea Acetyl-CoA carboxylase Antibacterial properties Matilla et al., 2016; Liu
agglomerans et al., 2008
31. Kalimantacin Pseudomonas sp. Fabl Antibacterial properties Thistlethwaite et al., 2017
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2017), pyoluteorin (Keswani et al., 2020), viscosinamide, tensin,
Amphisin (Nielsen et al., 1999), siderophores (Deveau et al., 2016);,
pyochelin (Ho et al, 2018), tetracenomycin (Gurusinghe et al,
2019), dialkylresorcinols (Schoner et al., 2015), peptides antibiotics
and rhizoxins (Gross and Loper, 2009), mupirocin (El-Sayed et al.,
2001), oxyvinylglycines (Okrent et al., 2016), orfamide A and H (Ma
et al., 2020), phenazine-1-carboxylic acid (Morrison et al., 2017),
furanomycin (Masschelein et al., 2017), brabantamide A (Schmidt
et al,, 2014), obafluorin (Pu et al., 1994), eruginaldehyde (Ye et al.,
2014), safracins (Santos Kron et al., 2020), syringomycins SP22 or
SP25 (Bensaci et al., 2011), tabtoxin (Arrebola et al., 2011),
syringopeptins (Grgurina et al., 2005), rimid (Matilla et al., 2016),
kalimantacin (Thistlethwaite et al., 2017) etc. These metabolites
exhibit various properties like antimicrobial activity, insecticidal
properties, mobilization of nutrient elements, eliciting plant defense
systems, and acting as biosurfactants (Table 3). Most of the above
said microbial metabolites belong to the secretions of soil
rhizosphere microbial communities. Pieces of evidence support
that using such a combination of metabolite-producing bacteria
as bioinoculants may promote plant growth and enhance
agricultural productivity (Morel et al., 2015; De Souza et al., 2017;
Santiago et al., 2017; Tewari et al., 2020). The isolation,
characterization, and structural elucidation of bioactive microbial
metabolites have depended on high-throughput technologies of
molecular biology and analytical chemistry i.e. DNA chip, UV-
Vis, Ultra-high-performance liquid chromatography - diode array
detector - quadrupole time-of-flight mass spectrometer (UHPLC-
DAD-QToF-MS), etc. (Gurusinghe et al., 2019; Kwon et al., 2019).

4.5 Cell free culture
supernatant bioformulation

The secreted products in the form of enzymes, toxins, and other
metabolites from desired microbial cells can be used to prepare
CFECS bioformulation. The CFCS bioformulation is prepared by
separating the supernatant from the cell pellet by centrifugation and
passing through a 0.22 pm filter and mixing with a suitable carrier
(Tewari et al., 2020). Multiple studies have significantly isolated and
implemented the CFCS to enrich soil fertility and crop
improvement. Patel and Thakker (2020) have assessed the
amount of soluble phosphate from the CFCS while evaluating the
mineral weathering efficiency of Streptomyces nanhaiensis YM4, the
rhizospheric fungi of the millet crop. Moreover, in studying
biocementation process of soil by calcite and aragonite,
Citrobacter freundii and Pseudomonas azotoformans have been
reported highest extracellular urease activities i.e. 45.5 + 3.4 and
54.9 = 3.5 U/ml, respectively. The study confirms that cell-free
supernatants of C. freundii and P. azotoformans have participated in
the precipitation of CaCOj; from the cementation solution of urea
and CaCl, (Abdel-Aleem et al., 2019). Manhas and Kaur (2016)
have reported the biocontrol potential of Streptomyces hydrogenans
and, cell and culture supernatant against Alternaria brassicicola, the
causal agent of black leaf spot and damping-off of seedlings of
crucifers. Recently, Kaur et al. (2019) have worked on biocontrol
and plant growth promoting properties of Streptomyces sp. MR14,
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the soil actinobacteria, concluded its role of supernatant and extract
in suppressing Fusarium wilt disease caused by Fusarium
moniliforme in tomato plants. In a similar study, Bacillus
amyloliquefaciens LZNO1 showed antagonistic properties against
Fusarium oxysporum f. sp. niveum, which was examined by
functional components of CFCS from B. amyloliquefaciens. CFCS
had shown damage to cell membrane integrity, which was further
confirmed by confocal laser scanning microscopy. The major
metabolites in CFCS were identified as myriocin, sphingofungin
E, sphingofungin F, 3-methyl-2-oxovaleric acid, gabapentin, and
sphingofungin C (Xu et al, 2019). Further, Silambarasan et al.
(2012) have explained the antagonistic properties of CFCS of
Actinobacteria isolates from Ratnagiri hills, Tamil Nadu, against
Bacillus subtilis, Klebsiella, B. cerus, Staphylococcus aureus,
Escherichia coli, Curvularia sp., Candida albicans, C. trophicalis.
CFCS bioformulation has been observed with higher shelf life than
living cells for plant growth promotion (Tewari et al., 2020). Hence,
CFCS can provide the scenario for next-generation bioformulations
by enhancing crop productivity and the development of
sustainable agriculture.

5 Factors affecting the efficacy of
microbial bioformulation

The efficiency of microbial formulations can be altered by
various biotic and abiotic factors. These factors affect the
acclimatization, viability, activities, and overall performance of
microbial formulation. Some key factors that can impact
microbial formulation efficiency are listed below (Mawar et al,
2021; Rojas-Sanchez et al., 2022):

» Strain Selection: The selection of appropriate microbial
strains is vital, as different strains have varying abilities to
thrive in different environmental conditions and they only
perform desired functions at their best in their loving
environment conditions.

Carrier: The choice of carrier materials or additives in the
formulation directly influences the protection, delivery, and
release of the microbes. These materials should be selected
to enhance microbial survival and activity.

Storage Conditions: Proper storage conditions, including
temperature, humidity, and packaging, are critical to
maintaining the viability of the microbes in the
formulation.

Shelf Life: The shelf life of the formulation can
significantly impact its efficiency. Microbial formulation
having shorter shelf lives may require more frequent
application, while longer shelf lives can reduce the need
for frequent reapplication.

Environmental competition: The ability of microbes to
adhere to surfaces and colonize their intended habitat is
crucial because microbes in formulations may face stressors
such as UV radiation, chemical exposure, and competition

with native microorganisms. Interactions with native
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microorganisms or other introduced strains can affect the
performance of the formulated microbes.

Application Method: The method of application, whether
through spraying, irrigation, injection, or other means, can
impact the distribution and effectiveness of the formulation
in the target area.

Environmental Conditions: External environmental
conditions, such as seasonal variations and climate
changes which determine the biotic and abiotic factors
(pH, Temperature, salinity, soil type, microbiota, etc.) of
such regions can affect the efficiency of microbial
formulations.

Quality Control: Rigorous quality control measures
during the manufacturing process are critical to ensure
consistency and reliability in microbial formulations
because contamination of any foreign microorganisms
greatly affects bioformulation efficiency.

Genetic Stability: In some cases, the genetic stability of the
microbial strains in the formulation should be considered
to ensure that they maintain their desired traits over time.

Apart from above mentioned factors, numerous other factors
are also responsible for influencing the efficiency of microbial
formulations. Optimizing these factors based on the specific
application and environmental conditions is essential for
maximizing the working efficiency of microbial formulations.

6 Role of bioformulation

Plant growth promoting microorganisms (PGPM) are those
beneficial microbes that help in plant’s growth and development
through protection from biotic and abiotic stresses and by
maintaining nutrient availability (Upadhayay et al., 2022a;
Upadhayay et al., 2022b; Khan et al., 2020b; Khan et al., 2022).
Therefore, the implementation of PGPM as a microbial-based
formulation is the current time to ensure high crop productivity
with better nutritional values of plants and maintain the high
nutritional status of soil (Geetha and Balamurugan, 2011;
Accinelli et al., 2018).

6.1 Enhancer of crop yield
and nutritional quality

The main application of biofertilizers in agriculture is to ensure
food security and the nutritive value of plants for the good health of
consumers like humans. After the green revolution, the continuous
use of chemical fertilizers was able to fulfill food quality, but it is
diminishing the nutritional value of plants and soil. Nitrogen (N),
phosphorus (P) and Potassium (K) are essential macronutrients for
proper plant growth and act as major limiting factors in terms of
crop production as these elements play a vital role in plant
metabolism, growth, and development. N, P, and K are present in
different forms in soil, but the plants do not take the majority forms
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(Khan et al., 2019). Hence, most of the soil land in the entire world
lacks plant-available nutrients (Karamesouti and Gasparatos, 2017).
Therefore, in agriculture practice, the use of chemical fertilizers to
increase the NPK content in soil increased, resulting in the leaching
of excessive minerals into the soil environment. Plants uptakes
nitrogen, phosphorus, and potassium through their roots from the
soil, so the application of N-fixation bacteria, phosphate solubilizing
bacteria (PSB), and potassium solubilizing bacteria as biofertilizers
will increase the available NPK in soil and influence the plant
nutritional status along with yield (Figure 2). “BioGro” inoculant is
a mixture of microbial strains isolated from rice crop soils. The
application of this inoculant increases the grain yield and nutrients
like N and P content in rice (Nguyen et al., 2017). Colla et al. (2015)
reported a significant increment in the growth of shoot, root
biomass, and leaves number by 23%, 64%, and 29%, respectively,
and an increase in yield (8.3% to 32.1%), depending on the growing
season and high nutritional grain quality along with enhancement
in protein, K, P, Fe, and Zn concentrations after direct treatment
with consortium of arbuscular mycorrhizal (AM) fungi (R.
intraradices and F. mosseae) and T. atroviride as compared with
untreated. The seed inoculation with the liquid formulation of
Pseudomonas flouorescens increased the plant growth, biomass,
and grain yield, and reduced the recommended dose of N
fertilizer in maize (Sandini et al., 2019). A study to identify the
best combination of bioformulation and chemical fertilizers for
maximum chickpea production in hilly areas found that
bioinoculants (N-fixers and PSB) with 20 Kg N/ha urea
concentration resulted in high crop yield in chickpea and
enhanced the rhizosphere and soil nutrition in comparison to
alone biofertilizer, chemical fertilizer, and untreated control, as
bioformulation increased the survivability of microbes (Joshi et al.,
2019). This combinational approach for applying bio and chemical
fertilizer to improve production with economic efficiency was also
found applicable in sugarcane (Pereira et al., 2018). These studies
showed that the correct combination of appropriate doses of
chemical and biofertilizers could boost plant growth, which will
help reduce the amount of chemical fertilizers.

6.2 Role as biocontrol agents

Bio-control agents (BCA) and inducers of induced systemic
resistance (ISR) have been widely studied to reduce the use of
chemical fungicides in agriculture crops. In most cases, BCA can
control plant pathogens directly or indirectly by developing a non-
physical relationship with host-pathogen (Figure 2). Another way to
prevent the plant from biotic stresses is the competition for
micronutrients and space to colonize and survive in the
rhizosphere (Upadhayay et al., 2021). BCA colonization at pre-
empty infection sites allows them to consume available plant
resources and leaves the pathogen for nutrient and space scarcity.
In a study of Lindow (1987), plant foliar colonization of
Pseudomonas syringae strain on pear plants resulted in less
infection caused by Erwinia amylovora than untreated plants.

Another way to control plant infection against pathogenic
microorganisms and insects is to induce an Induced systemic
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Plant beneficial strategy adopted by plant growth promoting bacteria.

response (ISR) defense system in plants (Pieterse et al, 2014).
Bacillus spp are reported to produce cyclic lipopeptide
compounds that result in plant ISR mechanism elevation through
jasmonic acid (JA)/ethylene and salicylic acid (SA) pathways
against phytopathogens. Chitin amended talc-based
bioformulation of Pseudomonas fluorescens Pfl reduced the
disease effect of Macrophomina root rot in Moongbean by
inducing the expression of the defense-related proteins and
phytochemicals accumulation at the site of infection, which
decreased the colonization of pathogens in the root
(Saravanakumar et al., 2007). In this study, chitin amendment
increased the growth and survival of chitinolytic microbes
through acct as a carbon source in bioformulation (Bell et al., 1998).

Singh et al. (2014) found that seed coating of chickpea with a
bioformulation using gum arabic as an adjuvant led to higher plant
growth and an elevated amount of phenolic compounds in fungal
pathogen Sclerotium rolfsii infected chickpea, in comparison to
untreated control and single inoculations. Similarly,
Saravanakumar et al. (2007) studied a mixture of three
Pseudomonas fluorescens Pfl, TDKI, and PY15 strains to reduce
the rot disease in rice with an increase in grain yield
(Saravanakumar et al., 2007). In both studies, these consortia led
to the activation of the plant host defense mechanism by elevating
the level of defense-related enzymes, proteins, and phenolic content
in the plant, which causes the ISR mechanism activation in the host
to deal with biotic stresses. While in another application of
Trichoderma strains with two synthetic fungicide agents
(acibenzolar-S-methyl and thiamethoxam) decreased disease
indices of phytopathogen Pyrenophora tritici-repentis in wheat by
inducing plant defense system and activating pathogenesis-related
enzymes which directed for ethylene signaling (Perello and Bello
2011). The combination of microbial-based bioformulation with
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chemical compounds has resulted in more growth and caused less
disease occurrence, so the use of the biological and chemical
combinatorial approach for healthy plant and crop production
will reduce the fungicide application. There is a robust future for
new development and research in applying multi-strain carrier-
based bioformulation in agriculture to manage biotic stresses.

6.3 Controlling abiotic stress

The use of microbial bioformulations is often seen as a viable
alternative to improve the crop yield under different abiotic
pressures (Singh et al., 2021). Abiotic stress like drought,
waterlogging, low or high temperature, salinity stress, and
deficient or excessive mineral content negatively influence plant
growth, yield, and nutritional quality of seeds. Recently, a research
study documented improved cowpea’s biomass and crop yield
under water-deficient conditions following treatment with silicon
dioxide and starch-based- P. putida bioformulation (Rocha et al.,
2019b). The study of Sohaib et al. (2020) reported that a bacterial
consortium promotes high nitrogen and phosphorus content in
straw and grains with better wheat plant growth and crop
productivity by mitigating the salt stress and reducing ethylene
production in organic compost biogas slurry based carrier
bioformulation. Accelerated ethylene production is known to
occur in stress conditions and induce senescence by degrading
chlorophyll pigments, mineral misbalancing, and inhibiting
protein synthesis under salinity stress. This result was also
supported by previous research that highlighted the application
of ACC deaminase containing bio-inoculants prevented ethylene’s
output, which protects the plant from senescence (Zahir et al,
2011). The above-mentioned carrier-based bioformulation surges
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the survival of the above bacterial consortia until three months,
which is best to protect the wheat plant. The same kind of effect
was also reported by using PGPB like Pseudomonas fluorescens
YsS6, Pseudomonas migulae 8R6 in peat-based bioformulation in
tomato plants (Ali et al., 2014), and application of liquid-based
alone or combination of different ACC deaminase producing
microbes UW3 (Pseudomonas sp.) and UW4 (P. sp.)
rhizobacterial isolates CMH3 (P. corrugata) in both barley and
oats under high salt stress (Chang et al., 2014). Under abiotic
stress, plant’s survival mechanisms induce through complex
signaling pathways, which remarkably enhance by PGPR
through the array of mechanisms (Wang et al., 2019). Under
stress, plant activates signaling pathways with sensors, receptors,
and ion channels. Specific protein kinases, like AtHKT1 in
Arabidopsis thaliana, detect signals, triggering downstream gene
activation via secondary messengers like reactive oxygen species
and inositol (Gupta et al., 2022). These messengers induce calcium
oscillations, driving stress-responsive protein formation (Ali et al.,
2017). In a study, Bacillus subtilis priming was reported to
modulate the HKT/K+ transporter gene (HKT), improving the
K+/Na+ ratio by reducing Na+ uptake (Zhang et al., 2008). In
another study, Pseudomonas fluorescence and P. putida regulate
the At3g57530 gene, impacting calcium and calcium-dependent
protein kinases (CDPKs). Rhizobacteria offer drought resilience
through RIDER (Rhizobacterial-Induced Drought Endurance and
Resilience). RIDER involves PGPR-induced changes like
producing phytohormones, exopolysaccharides, cyclic metabolic
pathways, and reinforcing antioxidant defenses with compounds
like amino acids, polyamines, sugars, and heat shock proteins
(Saharan et al, 2022). Additionally, the Piriformospora indica
fungal endophyte was also found to enhance drought resistance by
upregulating antioxidant enzymes, drought-related genes, and
CAS mRNA levels in stressed leaves (Sun et al., 2010).

In a research endeavor, chickpea seeds were subjected to an
experimental treatment involving the use of sodium alginate and
CaCl, as carriers for Paenibacillus lentimorbus B-30488. This
treatment led to a notable proliferation of beneficial bacteria in
the soil and the formation of biofilms. Subsequently, this enhanced
bacterial activity played a pivotal role in improving the chickpea
plants’ resilience to drought stress by positively modulating their
physiological responses to dehydration (Khan et al., 2011). Use of
sodium alginate and calcium chloride increases the biofilm
production and better seed attachment in this bioformulation and
leads to overcoming the drought effect in plants. So further, these
bioformulations may also be used in the phytoremediation of
marine soils.

7 Delivery methods of bio-formulation

There are just a few methods for applying microorganisms to
crops because of limitations during bioformulation preparations.
Nowadays, various devices for micro-based fertilizers application
are available, such as rotating drums, mixers, and sprayers, which
vary from industrialized to field, affecting bioinoculant application
cost and labor time. Bio-formulations are commonly applied in
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three ways, 1) soil inoculation (direct soil treatment), 2) plant
treatment (seedling/root dipping/foliar spray), and 3) through
seed coating or treatment of seed (seed soaking) (Mahmood et al.,
2016; Figure 3). Each method has some advantages and drawbacks,
depending upon the amount of inoculant used, equipment
requirement, cost, and treatment area (Bashan et al., 2014). The
application methods mainly depend on the type of cultivated crop,
working efficiency of bioformulation, and types/medium of
formulations used (Bejarano and Puopolo, 2020).

7.1 Soil treatment

This method is more convenient for farmers because it takes less
time for large areas and protects small or fragile seeds from damage,
but it is expensive and generally needs a very high amount of
inoculants. Soil treatment is used when many bacterial species are
being applied to the soil, which enhances the probability of
inoculant interaction with the rhizosphere, thus improving overall
plant growth. Soil can be treated by solid, liquid, or encapsulation-
based bioformulation (Malusa et al., 2012; Bashan et al., 2014).
Granular forms of carriers like peat, charcoal, perlite, or other soil
material have shown good effect in soil inoculation. Powder,
slurries, and liquid inoculants have also been effectively added
directly to the soil. In this approach, bioformulation is spread on
the top surface of moist soil of the field before sowing using granular
applicators, hand or mechanical sprayers. Soil treatment can also be
done in the standing crop, but bioinoculants could not be
distributed uniformly during these circumstances. Soil treatment
is more beneficial when dealing with soil-borne phytopathogens as
they protect plants from preoccupying sites. This approach has
limitations in large application areas due to cost, large quantities of
inoculants, and the requirement of specific equipment (Vosatka
et al,, 2012).

7.2 Plant treatment

It is the direct application of biofertilizer to plants via two
methods, either through root dipping or foliar spray. In this way of
treatment, we can inoculate more inoculum or a concentrated
amount of microbes as it allows multiple applications of
bioformulations. In foliar spray, wettable or liquid bio-
formulations are usually added to foliar sections of plants with
the use of spray equipment which varies from hand to aircraft like
mechanical equipment to combat above-ground plant pathogens,
especially foliar pathogens, and provide nutrition to plants. A
suppression in disease caused by Sclerotinia sclerotiorium in
canola plants was reported after the foliar application of liquid
bioformulation containing consortium of Pseudomonas
chlororaphis (PA-23), Bacillus amyloliquifaciens (BS6 and E16)
and Pseudomonas sp (DF41) (Fernando et al., 2007). For foliar
spray, a major disadvantage is the need of large amount of microbial
inoculant, which may be expensive, laborious, and treatment timing
as it is limited to low environment temperature, high relative
humidity, and turgid leaves during application (Bejarano and
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Puopolo, 2020). Root dipping of rice seedlings in talc-based
bioformulation of Pseudomonas fluorescens suspension prior to
transplantation reported a decrease in bacterial leaf blight of rice
(Jambhulkar and Sharma 2014). This method decreases disease
incidences because of previous inoculants colonization in the rice
rhizosphere, which primarily avoids the development of the host-
pathogen partnership. The root dipping method’s main
disadvantage is the preparation of the nursery, which is a
mandatory, laborious, and time-consuming procedure (Adholeya
et al., 2005; Mahmood et al., 2016).

7.3 Seed inoculation

It is the most common bioinoculant application method as it
needs a relatively low quantity of bio-formulation, which is widely
used in a variety of cereals and legumes (Woomer et al., 2014). Seed
inoculation or seed treatment delivers PGPM directly to the
rhizosphere of the target plant, or in the case of an endophyte,
these microbes enter the plant itself, which helps to develop an
intimate plant-microbe interaction (Philippot et al., 2013). Seed
treatment may be done using a number of methods, such as seed
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soaking, seed coating (seed dressing, pelleting/encrusting, film
coating, slurry coating), and bio-priming, based on the size, shape,
weight of treated seed and equipment availability (Joshi et al., 2019;
Rocha etal,, 2019a). In brief, seed coating is generally done by making
a slurry of carrier-based bioformulation, with or without adjuvant,
followed by uniform mixing of slurry onto the seeds, and further
drying creates a thin layer of bio-inoculants over seeds (Choi et al,,
2016). These inoculants can be applied with seeds by hand, low cost
spinning drums, wide dough or cement mixers or hydraulic machines
or automated seed coaters (Schulz and Thelen, 2008). Drying could
also be performed either by natural air drying or using drying
equipment. During liquid bioformulation application, inoculants
are sprayed directly on seeds, followed by drying. Another
advantage of seed inoculation is that it can also be used to modify
seed characteristics (shape, size, weight, etc.) to make it easier to
manage seed sowing and supply effective bio-inoculants to seeds
(Halmer, 2008). Apart from the many advantages (such as low
amount of inoculants, cost effective, fast, ready to use product),
seed inoculation through bioformulation also has several
drawbacks. The main drawbacks of seed inoculation are poor
survival or reduced shelf life of active microbes in bioformulation
and less inoculant coating over the small seed (due to lesser surface
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area). Sometimes seeds may be destroyed during the inoculation
process, which prevents the germination of the seed. In some cases,
the seed coat can be lifted out of the soil during germination, causing
the death of the bacteria. So, the choice of inoculation method
depends on the equipment available, the size and shape of the seed,
the delicacy of seed coat and cotyledon, and the comfort and cost-
effectiveness for the farmer (Deaker et al., 2004).

8 Biosafety issue and risk assessment
of microbial bioformulations

Biosafety encompasses a set of procedures aimed to prevent
biological risks to both humans and the environment. There is
substantial literature providing detailed guidelines for handling
microorganisms of various biosafety levels. Biosafety levels (BSL)
are used to indicate the minimum safety practices recommended for
handling different risk-groups of microorganisms. At BSL-1,
microorganisms pose low individual and community risks as they
are non-pathogenic. BSL-2 microorganisms present moderate
individual risk and low community risk, while BSL-3
microorganisms carry high individual risk but still have low
community risk. On the other hand, BSL-4 microorganisms are
highly pathogenic and represent significant risks to both
individuals and communities (Emmert and ASM Task Committee
on Laboratory Biosafety, 2013). In the context of organic farming,
beneficial microorganisms are being used as biofertilizers in
agriculture. Due to existing policy restrictions and selection of the
nonpathogenic microorganism belonging to the BSLI, the
development of biofertilizers primarily relies on wild-type microbes
(bacteria and fungi), which are predominantly sourced from soil and
plants rather than human and animal hosts (Bach et al., 2016). But in
the current fast research, scientists are focusing only on the beneficial
traits of isolates while the pathogenicity is being neglected through
paying little attention to characterizing these strains at the species
level or studying their pathogenicity before large-scale field
applications and by imagining that the bacteria is being isolated
from natural source like soil and water and therefore it would be
nonpathogenic. In a consequence of this, some of using biofertilizers
are found to have belonged to BSL-2 microorganisms and have been
shown to behave as opportunistic pathogens, posing risks to both the
environment and human health. Apart from this, efforts to improve
isolation and selection techniques have led to the discovery of novel
genera and species with potential as biofertilizers. However, the lack
of reference strains for pathogenicity comparison and the potential
presence of closely related strains in hospital environments raise
concerns about the safety and applicability of these novel isolates for
commercial distribution (Uzcategui-Negron et al, 2011). The
application of these biofertilizers often results in their proliferation,
making them the dominant bacteria. As a consequence, they interact
with non-target plants, causing alterations in the composition and
prevalence of species, and in some cases, leading to a reduction in
local plant biodiversity (Kardol et al, 2007). Moreover, extensive
microbial activities of such opportunistic pathogens, including the
production of antibiotics or growth-regulatory substances, can
significantly impact the local microbial community, affecting the
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composition and prevalence of beneficial and harmful bacteria in the
ecosystem. This, in turn, may lead to disruptions in nutrient cycles
and changes in plant biodiversity. Therefore, the use of actinobacteria
in agriculture or biotechnology requires rigorous precautions since
some of these isolates are associated with life-threatening diseases
(Gneiding et al, 2008). Similarly, even well-known PGPRs like
Arthrobacter agilis can be a cause for concern due to the potential
impact of volatile blend emissions or the production of certain
substances. Furthermore, Arthrobacter oxydans (strain CF39) has
been consistently identified in clinical samples, indicating its potential
as an opportunistic pathogen (Mages et al., 2008). In the case of
arbuscular mycorrhizal (AM) fungi, once considered mutualistic
fungal symbionts beneficial to plants, but it was found that they
could also be deleterious to their host plants due to competition,
leading to changes in plant growth and overall ecosystem dynamics
(Bever, 2002).

To prevent the potential pathogens in the environment, even
when the PGPR appears as safe, it is highly recommended to
conduct in-depth characterization and validations of PGPR
strains under controlled conditions before field application.
Rather than solely depending on the 16S rRNA gene sequence or
any other traditional identification methods, it is crucial to adopt
contemporary interdisciplinary tools and a polyphasic approach to
comprehensively assess the identification, risk assessment, and
ecological significance of each strain. Whole genome sequencing
is suggested as a cost-effective and efficient approach to obtaining
comprehensive phylogenomic information about isolates, including
taxonomic relationships. Moreover, molecular identification and
characterization of virulence-related genes can assist in assessing
the safety of novel bacterial isolates. Standardization of
methodologies and information sharing will aid in the selection of
suitable microbes as next-generation bacterial inoculants. The use
of the Environmental and Human Safety Index (EHSI) can help
catalog isolated strains for PGP and compare them with recognized
PGPRs with known pathogenic or deleterious effects on the
ecosystem. By adopting the Precautionary Principle and
incorporating the Environmental and Human Safety Index, we
can make informed decisions to minimize potential risks
associated with the use of bacterial inoculants and ensure
environmental and human safety (Vilchez et al., 2016).

9 Challenges and limitations in
utilizing microbial formulation

In recent years, there has been a growing interest in harnessing
the power of beneficial soil microorganisms for the production of
biofertilizers, aimed at boosting plant productivity. This approach
has witnessed significant successes, yet it is not without its set of
challenges and constraints. The complexities of replicating their
positive effects on plants under ever-changing environmental
conditions at field conditions pose a primary hurdle.
Furthermore, there is a need to raise awareness within farming
communities about the scientific methods of applying microbial
bioformulations in the field and the ecological importance of these
microbial formulations. Education and outreach efforts are crucial
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to foster their adoption and successful application. Ethical concerns
may also arise, particularly when considering the use of genetically
modified microorganisms or non-native species in these
formulations. The acceptance of such practices within society can
play a pivotal role in their adoption. Additionally, the existing
native soil microorganism populations can present significant
barriers to the successful implementation of these inoculants. The
consistency of microbial biofertilizers across diverse environmental
conditions and crop types is not guaranteed. Selecting the right
microbial strains for specific agricultural contexts can be a
challenging task. Moreover, the efficacy of these strains can vary
based on factors like soil type, temperature, pH, and moisture levels.
Another limitation is the limited shelf life of microbial
formulations. Over time, the viability of microorganisms in these
formulations can diminish, reducing their effectiveness in the field.
To maintain the consistency and effectiveness of these products,
rigorous quality control during production is essential. Studies have
revealed issues of contamination and the presence of unintended
bacterial strains in commercial biofertilizers such as Herrmann and
Lesueur (2013) performed the analysis on 65 commercial
biofertilizers, and revealed that merely 37% of these products met
the criteria for being labeled as “pure.” In contrast, a significant 63%
of the tested biofertilizers exhibited contamination by one or more
bacterial strains. Furthermore, in 40% of the cases, the tested
products lacked the specified strains entirely and were instead
found to contain contaminants. A shortage of suitable carriers for
these formulations, inadequate storage facilities to prevent
contamination and the unpredictability of their effectiveness due
to extreme weather conditions add to the list of constraints.
Additionally, the credibility of biofertilizer application can be
undermined by the absence of crucial labeling information, such
as expiration dates and the identification of microorganisms used in
production. Most biofertilizers also exhibit selectivity in their
actions, limiting their compatibility with certain chemical
pesticides or fertilizers, which can affect integrated pest
management or nutrient management programs. To overcome
these challenges and limitations, continuous research,
development, and collaboration among scientists, agricultural
practitioners, and policymakers are imperative. It is crucial to
explore and leverage the potential benefits of microbial
formulations while actively addressing their drawbacks to advance
sustainable agricultural practices.

10 Conclusion and future prospects

The primary focus in advancing agricultural productivity to
meet the needs of our growing global population lies in investing in
the development of microbial formulations. This greener approach
supports plant growth and environmental sustainability. While
bacterial strains often perform well in laboratory settings, their
efficacy in field conditions is hindered by factors such as poor
survivability, inappropriate carrier selection, or ineffective delivery
methods. To ensure the success of bioformulations, the process
begins with the critical task of selecting microbial strains carefully.
These chosen strains must possess a competitive edge against native
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microflora while demonstrating beneficial functions even under
stressful conditions, all the while maintaining their bio-efficacy once
released. Creating an effective bioformulation demands several
essential steps, including proper isolation and characterization of
the microbial strains for their plant growth-promoting traits.
Additionally, rigorous testing for pathogenicity is necessary to
ensure bio-safety. Moreover, the selection of an ideal carrier is
crucial to enhance the shelf life of the bioformulation and preserve
its efficacy. Field conditions play a vital role in determining the
success of a bioformulation. Therefore, it is imperative to assess the
survival of the formulated product in real-world agricultural
settings. The overall cost of developing and implementing the
formulated product should be considered to ensure its feasibility
and practicality on a larger scale.

Shifting the research focus towards the development of broad
temperature and elevation ranged bioinoculants based
bioformulation, harnessing their potential metabolites, holds the
key to advancing sustainable and safe practices. Rather than solely
concentrating on the isolation and characterization of new bacterial
bioformulation, this approach offers several benefits by utilizing
bioinoculants bioformulation that relies on potential metabolites,
we can significantly enhance field efficacy while simultaneously
addressing biosafety concerns. These bioformulations can be
tailored to deliver targeted benefits, promoting plant growth,
disease resistance, and nutrient uptake without the risk associated
with introducing entirely new bacteria into the environment.
Moreover, there is a pressing need to explore ways to stabilize
these bioformulations and increase their shelf life. By doing so, we
ensure their long-term viability and practicality for widespread
agricultural adoption, promoting cost-effectiveness and
convenience. To achieve this, research efforts should be directed
toward identifying numerous inexpensive and non-toxic carrier
materials. These materials can play a crucial role in preserving the
bioformulations’ effectiveness and longevity, allowing farmers easy
access to sustainable solutions without imposing harmful
consequences on the environment or human health. Lastly, to
truly replace agricultural chemicals and make agriculture more
sustainable and productive, it is essential to investigate effective
delivery methods. Implementing innovative delivery techniques can
ensure that bioinoculant bioformulation reaches their target areas
efficiently, maximizing their beneficial impact on crops and
reducing the need for conventional chemical interventions. By
emphasizing these research areas—developing specific
bioinoculants bioformulation based on potential metabolites,
stabilizing formulations, exploring eco-friendly carrier materials,
and optimizing delivery methods—we pave the way for a more
sustainable, productive, and environmentally friendly approach
to agriculture.

Author contributions

AK: Conceptualization, Writing - review & editing, Writing -
original draft. AVS: Conceptualization, Supervision, Writing -
review & editing. SG: Writing - original draft. AA: Writing -
original draft. AP: Resources, Writing - original draft. VU: Writing

frontiersin.org


https://doi.org/10.3389/fpls.2023.1270039
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Khan et al.

- review & editing. BK: Writing - review & editing. VB: Writing -
review & editing. AJ: Writing - review & editing. RG: Writing -
review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

The first author gratefully acknowledge the Ministry of
Environment, Forest and Climate Change, Govt. of India for
providing financial assistance as Senior Research Fellowship
under the project “Characterization of Kidney Bean (Rajmah)
Rhizosphere Microbiome from Higher Altitude of Indian Central
Himalaya” sanctioned under the scheme of National Mission on

References

Aamir, M., Rai, K. K, Zehra, A., and Dubey, M. K. (2020). Microbial bioformulation-
based plant biostimulants: a plausible approach toward next generation of sustainable
agriculture. Microbial Endophytes, 195-225. doi: 10.1016/B978-0-12-819654-0.00008-9

Abdel-Aleem, H., Dishisha, T., Saafan, A., AboulKhadra, A. A., and Gaber, Y. (2019).
Biocementation of soil by calcite/aragonite precipitation using Pseudomonas
azotoformans and Citrobacter freundii derived enzymes. RSC Adv. 9 (31), 17601-
17611. doi: 10.1039/C9RA02247C

Accinelli, C., Abbas, H. K., and Shier, W. T. (2018). A bioplastic-based seed coating
improves seedling growth and reduces production of coated seed dust. J. Crop Improv.
32, 318-330. doi: 10.1080/15427528.2018.1425792

Adholeya, A., Tiwari, P, and Singh, R. (2005). “Large-scale inoculum production of
arbuscular mycorrhizal fungi on root organs and inoculation strategies,” in In vitro culture
of mycorrhizas. Eds. S. Declerck, F. JA and D. G. Strullu (Berlin: Springer), 315-338.

Aeron, A., Khare, E., Arora, N. K., and Maheshwari, D. K. (2012). Practical use of
CMC-amended rhizobial inoculant for Mucuna pruriens cultivation to enhance the
growth and protection against Macrophomina phaseolina. J. Gen. App Microbiol. 58 (2),
121-127. doi: 10.2323/jgam.58.121

Aini, N., Yamika, W. S. D., and Ulum, B. (2019). Effect of nutrient concentration,
PGPR and AMF on plant growth, yield and nutrient uptake of hydroponic lettuce. Int.
J. Agric. Biol. 21 (1), 175-183. doi: 10.17957/IJAB/15.0879

Alawiye, T. T., and Babalola, O. O. (2019). Bacterial diversity and community
structure in typical plant rhizosphere. Diversity 11 (10), 179. doi: 10.3390/d11100179

Albareda, M., Rodriguez-Navarro, D. N., Camacho, M., and Temprano, F. J. (2008).
Alternatives to peat as a carrier for rhizobia inoculants: solid and liquid formulations.
Soil Biol. Biochem. 40 (11), 2771-2779. doi: 10.1016/j.50ilbi0.2008.07.021

Alj, F., Bano, A., and Fazal, A. (2017). Recent methods of drought stress tolerance in
plants. Plant Growth Reg. 82 (3), 363-375. doi: 10.1007/s10725-017-0267-2

Ali, S., Charles, T. C,, and Glick, B. R. (2014). Amelioration of high salinity stress
damage by plant growth-promoting bacterial endophytes that contain ACC deaminase.
Plant Physiol. Biochem. 80, 160-167. doi: 10.1016/j.plaphy.2014.04.003

Almario, J., Bruto, M., Vacheron, J., Prigent-Combaret, C., Moenne-Loccoz, Y., and
Muller, D. (2017). Distribution of 2,4-diacetylphloroglucinol biosynthetic genes among
the Pseudomonas spp. reveals unexpected polyphyletism. Front. Microbiol. 8.
doi: 10.3389/fmicb.2017.01218

Aloo, B. N., Mbega, E. R,, Makumba, B. A., and Tumuhairwe, J. B. (2022). Effects of
carrier materials and storage temperatures on the viability and stability of three
biofertilizer inoculants obtained from potato (Solanum tuberosum L.) Rhizosphere.
Agriculture 12, 140. doi: 10.3390/agriculture12020140

Anandham, R, Sridar, R,, Nalayini, P., Poonguzhali, S., and Madhaiyan, M. (2007).
Potential for plant growth promotion in groundnut (Arachis hypogaea L.) cv. ALR-2 by
co-inoculation of sulfur-oxidizing bacteria and Rhizobium. Microbiol. Res. 162 (2),
139-153. doi: 10.1016/j.micres.2006.02.005

Andersch, W., Hain, R., and Kilian, M.
microorganisms Vol. 8 (Germany: US Patent).

(1998). Granulates containing

Frontiers in Plant Science

10.3389/fpls.2023.1270039

Himalayan Studies (Grant No. Ref. No.: Revised/GBPNI/NMHS-
2019-20/MG_60).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Anitha, M., Kamarudin, S. K., and Kofli, N. T. (2016). The potential of glycerol as a
value-added commodity. Chem. Eng. J. 295, 119-130. doi: 10.1016/j.cej.2016.03.012

Arora, N., Khare, E., and Maheshwari, D. K. (2010). “Plant growth promoting
rhizobacteria: constraints in bioformulation, commercialization, and future strategies,”
in Plant Growth and Health Promoting Bacteria, Microbiology Monographs, vol. 18 . Ed.
D. K. Maheshwari (Berlin Heidelberg: Springer-Verlag), 97-116. doi: 10.1007/978-3-
642-13612-2_5

Arora, N. K., Tiwari, S., and Singh, R. (2014). Comparative study of different carriers
inoculated with nodule forming and free living plant growth promoting bacteria
suitable for sustainable agriculture. J. Plant Pathol. Microbiol. 5 (2), 1-3.
doi: 10.4172/2157-7471.1000229

Arrebola, E., Cazorla, F. M., Perez-Garcia, A., and Vicente, A. (2011). Chemical and
metabolic aspects of antimetabolite toxins produced by Pseudomonas syringae
pathovars. Toxins 3, 1089-1110. doi: 10.3390/toxins3091089

Ayilara, M. S., Adeleke, B. S., Akinola, S. A., Fayose, C. A., Adeyemi, U. T.,
Gbadegesin, L. A., et al. (2023). Biopesticides as a promising alternative to synthetic
pesticides: A case for microbial pesticides, phytopesticides, and nanobiopesticides.
Front. Microbiol. 14, 1040901. doi: 10.3389/fmicb.2023.1040901

Bach, E., dos Santos Seger, G. D., de Carvalho Fernandes, G., Lisboa, B. B., and
Passaglia, L. M. P. (2016). Evaluation of biological control and rhizosphere competence
of plant growth promoting bacteria. Appl. Soil Ecol. 99, 141-149. doi: 10.1016/
j.apsoil.2015.11.002

Balla, A., Silini, A., Cherif-Silini, H., Chenari Bouket, A., Alenezi, F. N., and Belbahri,
L. (2022). Recent advances in encapsulation techniques of plant growth-promoting
microorganisms and their prospects in the sustainable agriculture. Appl. Sci. 12 (18),
9020. doi: 10.3390/app12189020

Bargaz, A., Lyamlouli, K., Chtouki, M., Zeroual, Y., and Dhiba, D. (2018). Soil
microbial resources for improving fertilizers efficiency in an integrated plant nutrient
management system. Front. Microbiol. 9 (1606), 1-25. doi: 10.3389/fmicb.2018.01606

Bashan, Y. (1986). Alginate beads as synthetic inoculant carriers for slow release of
bacteria that affect plant growth. Appl. Environ. Microbiol. 51 (5), 1089-1098. doi:
10.1128/aem.51.5.1089-1098.1986

Bashan, Y., de-Bashan, L. E., Prabhu, S. R., and Hernandez, J. P. (2014). Advances in
plant growth-promoting bacterial inoculant technology: formulations and practical
perspectives, (1998-2013). Plant Soil 378 (1), 1-33. doi: 10.1007/s11104-013-1956-x

Bashan, Y., and Gonzalez, L. E. (1999). Long-term survival of the plant-growth-
promoting bacteria Azospirillum brasilense and Pseudomonas fluorescens in dry
alginate inoculant. App Microbiol. Biotechnol. 1 (2), 262-266. doi: 10.1007/
5002530051391

Bashan, Y., Hernandez, J. P., Leyva, L. A, and Bacilio, M. (2002). Alginate
microbeads as inoculant carriers for plant growth-promoting bacteria. Biol. Fertil
Soils 35, 359-368. doi: 10.1007/s00374-002-0481-5

Basheer, J., Ravi, A., Mathew, J., and Krishnankutty, R. E. (2019). Assessment of
plant-probiotic performance of novel endophytic Bacillus sp. in talc-based formulation.
Probiotics Antimicrob. Proteins 11 (1), 256-263. doi: 10.1007/s12602-018-9386-y

frontiersin.org


https://doi.org/10.1016/B978-0-12-819654-0.00008-9
https://doi.org/10.1039/C9RA02247C
https://doi.org/10.1080/15427528.2018.1425792
https://doi.org/10.2323/jgam.58.121
https://doi.org/10.17957/IJAB/15.0879
https://doi.org/10.3390/d11100179
https://doi.org/10.1016/j.soilbio.2008.07.021
https://doi.org/10.1007/s10725-017-0267-2
https://doi.org/10.1016/j.plaphy.2014.04.003
https://doi.org/10.3389/fmicb.2017.01218
https://doi.org/10.3390/agriculture12020140
https://doi.org/10.1016/j.micres.2006.02.005
https://doi.org/10.1016/j.cej.2016.03.012
https://doi.org/10.1007/978-3-642-13612-2_5
https://doi.org/10.1007/978-3-642-13612-2_5
https://doi.org/10.4172/2157-7471.1000229
https://doi.org/10.3390/toxins3091089
https://doi.org/10.3389/fmicb.2023.1040901
https://doi.org/10.1016/j.apsoil.2015.11.002
https://doi.org/10.1016/j.apsoil.2015.11.002
https://doi.org/10.3390/app12189020
https://doi.org/10.3389/fmicb.2018.01606
https://doi.org/10.1128/aem.51.5.1089-1098.1986
https://doi.org/10.1007/s11104-013-1956-x
https://doi.org/10.1007/s002530051391
https://doi.org/10.1007/s002530051391
https://doi.org/10.1007/s00374-002-0481-5
https://doi.org/10.1007/s12602-018-9386-y
https://doi.org/10.3389/fpls.2023.1270039
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Khan et al.

Behle, R. W., McGuire, M. R,, Gillespie, R. L., and Shasha, B. S. (1997). Effects of
alkaline gluten on the insecticidal activity of Bacillus thuringiensis. J. Econ Entomol 90,
354-360. doi: 10.1093/jee/90.2.354

Bejarano, A., and Puopolo, G. (2020). “Bioformulation of microbial biocontrol agents
for a sustainable agriculture,” in How Research Can Stimulate the Development of
Commercial Biological Control Against Plant Diseases (Cham: Springer), 275-293.

Bell, A. A, Hubbard, J. C,, Liu, L., Davis, R. M., and Subbarao, K. V. (1998). Effects of
chitin and chitosan on the incidence and severity of Fusarium yellows of celery. Plant
Dis. 82 (3), 322-328. doi: 10.1094/PDIS.1998.82.3.322

Bender, C. L., Alarcon-Chaidez, F., and Gross, D. C. (1999). Pseudomonas syringae
phytotoxins: mode of action, regulation, and biosynthesis by peptide and polyketide
synthetases. Microbiol. Mol. Biol. Rev. 63 (2), 266-292. doi: 10.1128/ MMBR.63.2.266-
292.1999

Bensaci, M. F,, Gurnev, P. A, Bezrukov, S. M., and Takemoto, J. Y. (2011). Fungicidal
activities and mechanisms of action of Pseudomonas syringae pv. syringae
lipodepsipeptide syringe peptins 22A and 25A. Front. Microbiol. 2. doi: 10.3389/
fmicb.2011.00216

Berninger, T., Gonzalez Lopez, 0, Bejarano, A., Preininger, C., and Sessitsch, A.
(2018). Maintenance and assessment of cell viability in formulation of non-sporulating
bacterial inoculants. Microb. Biotechnol. 11 (2),277-301. doi: 10.1111/1751-7915.12880

Bever, J. D. (2002). Negative feedback within a mutualism: host-specific growth of
mycorrhizal fungi reduces plant benefit. Proc. R. Soc Lond. Biol. 269, 2595-2601. doi:
10.1098/rspb.2002.2162

Biessy, A., and Filion, M. (2018). Phenazines in plant-beneficial Pseudomonas spp.:
biosynthesis, regulation, function and genomics. Environ. Microbiol. 20, 3905-3917.
doi: 10.1111/1462-2920.14395

Brar, S. K., Verma, M., Tyagi, R. D., and Valero, J. R. (2006). Recent advances in
downstream processing and formulations of Bacillus thuringiensis based biopesticides.
Process Biochem. 41, 323-342. doi: 10.1016/j.procbio.2005.07.015

Campos, D. C., Acevedo, F., Morales, E., Aravena, J., Amiard, V., Jorquera, M. A,,
et al. (2014). Microencapsulation by spray drying of nitrogen-fixing bacteria associated
with lupin nodules. World J. Microbiol. Biotechnol. 30 (9), 2371-2378. doi: 10.1007/
s11274-014-1662-8

Capobianco, J. O., Doran, C. C., and Goldman, R. C. (1989). Mechanism of
mupirocin transport into sensitive and resistant bacteria. Antimicrob. Agents
Chemothe. 33 (2), 156-163. doi: 10.1128/AAC.33.2.156

Ceglie, F. G., Bustamante, M. A.,, Amara, M. B., and Tittarelli, F. (2015). The
challenge of peat substitution in organic seedling production: optimization of growing
media formulation through mixture design and response surface analysis. PloS One 10
(6), €0128600. doi: 10.1371/journal.pone.0128600

Chakraborty, A. P. (2020). Carrier based bioformulations of PGPR-characteristics,
shelf life and application in improving health status of crop plants—A mini review. Int.
J. Res. Rev. 7, 88-98.

Chandra, D., Srivastava, R., and Sharma, A. K. (2018). Influence of IAA and ACC
deaminase producing fluorescent pseudomonads in alleviating drought stress in wheat
(Triticum aestivum). Agri Res. 7 (3), 290-299. doi: 10.1007/s40003-018-0305-y

Chang, P., Gerhardt, K. E., Huang, X.-D., Yu, X.-M., Glick, B. R,, Gerwing, P. D., et al.
(2014). Plant growth-promoting bacteria facilitate the growth of barley and oats in salt-
impacted soil: implications for phytoremediation of saline soils. Int. J. Phytoreme 16,
1133-1147. doi: 10.1080/15226514.2013.821447

Chatterton, S., and Punja, Z. K. (2009). Chitinase and B-1, 3-glucanase enzyme
production by the mycoparasite clonostachys rosea f. catenulata against fungal plant
pathogens. Can. J. Microbiol. 55 (4), 356-367. doi: 10.1139/w08-156

Chaudhary, T., Dixit, M., Gera, R., Shukla, A. K., Prakash, A., Gupta, G., et al. (2020).
Techniques for improving formulations of bioinoculants. 3 Biotech. 10 (5), 1-9. doi:
10.1007/s13205-020-02182-9

Cheze-Lange, H., Beunard, D., Dhulster, P., Guillochon, D., Caze, A.-M., Morcellet,
M., et al. (2002). Production of microbial alginate in a membrane bioreactor. Enzym
Microb. Technol. 30, 656-661. doi: 10.1016/S0141-0229(02)00030-3

Choi, E. S., Sukweenadhi, J., Kim, Y. J,, Jung, K. H,, Koh, S. C,, Hoang, V. A, et al.
(2016). The effects of rice seed dressing with Paenibacillus yonginensis and silicon on
crop development on South Korea’s reclaimed tidal land. Field Crops Res. 188, 121-132.
doi: 10.1016/j.fcr.2016.01.005

Clayton, G. W., Rice, W. A., Lupwayi, N. Z., Johnston, A. M., Lafond, G. P., Grant, C.
A, et al. (2004). Inoculant formulation and fertilizer nitrogen effects on field pea:
Nodulation, N, fixation and nitrogen partitioning. Can. J. Plant Sci. 84 (1), 79-88. doi:
10.4141/P02-089

Colla, G., Rouphael, Y., Bonini, P., and Cardarelli, M. (2015). Coating seeds with
endophytic fungi enhances growth, nutrient uptake, yield and grain quality of winter
wheat. Int. J. Plant Prod. 9, 171-190. doi: 10.22069/ijpp.2015.2042

Comite, E., El-Nakhel, C., Rouphael, Y., Ventorino, V., Pepe, O., Borzacchiello, A.,
et al. (2021). Bioformulations with beneficial microbial consortia, a bioactive
compound and plant biopolymers modulate sweet basil productivity, photosynthetic
activity and metabolites. Pathogens 10 (7), 870. doi: 10.3390/pathogens10070870

Confortin, T. C,, Spannemberg, S. S., Todero, L, Luft, L., Brun, T., Alves, E. A, et al.
(2019). Microbial enzymes as control agents of diseases and pests in organic
agriculture. New Fut Dev. Microb. Biotechnol. Bioeng, 321-332. doi: 10.1016/B978-0-
444-63504-4.00021-9

Frontiers in Plant Science

10.3389/fpls.2023.1270039

Da Silva, M. F., de Souza Anténio, C., de Oliveira, P. ]., Xavier, G. R., Rumjanek, N.
G., de Barros Soares, L. H., et al. (2012). Survival of endophytic bacteria in polymer-
based inoculants and efficiency of their application to sugarcane. Plant Soil. 356 (1),
231-243. doi: 10.1007/s11104-012-1242-3

Daza, A., Santamaria, C., Rodriguez-Navarro, D. N., Camacho, M., Orive, R., and
Temprano, F. (2000). Perlite as a carrier for bacterial inoculants. Soil Biol. Biochem. 32
(4), 567-572. doi: 10.1016/S0038-0717(99)00185-6

Deaker, R., Roughley, R. J., and Kennedy, I. R. (2004). Legume seed inoculation
technology—a review. Soil Biol. Biochem. 36 (8), 1275-1288. doi: 10.1016/
j.s0ilbio.2004.04.009

De Souza, G. L. O. D,, de Silva, D. F., Nietsche, S., Xavier, A. A., and Pereira, M. C. T.
(2017). Endophytic bacteria used as bioinoculants in micropropagated banana
seedlings. Rev. Bras. Frutic. 39 (2), e-324. doi: 10.1590/0100-29452017324

Deveau, A., Gross, H., Palin, B., Mehnaz, S., Schnepf, M., Leblond, P., et al. (2016).
Role of secondary metabolites in the interaction between Pseudomonas fluorescens and
soil microorganisms under iron-limited conditions. FEMS Microbiol. Ecol. 92 (8),
fiw107. doi: 10.1093/femsec/fiw107

De Vos, P., Lazarjani, H. A, Poncelet, D., and Faas, M. M. (2014). Polymers in cell
encapsulation from an enveloped cell perspective. Adv. Drug Delivery Rev. 67-68, 15—
34. doi: 10.1016/j.addr.2013.11.005

Ehteshamul-Haque, S., Sultana, V., Ara, J., and Athar, M. (2007). Cultivar response
against root-infecting fungi and efficacy of Pseudomonas aeruginosa in controlling
soybean root rot. Plant Biosyst. 141 (1), 51-55. doi: 10.1080/11263500601153529

El-Fattah, D. A. A., Eweda, W. E., Zayed, M. S., and Hassanein, M. K. (2013). Effect of
carrier materials, sterilization method, and storage temperature on survival and
biological activities of Azotobacter chroococcum inoculant. Ann. Agri Sci. 58 (2),
111-118. doi: 10.1016/j.a0as.2013.07.001

El-Sayed, A. K., Hothersall, J., and Thomas, C. M. (2001). Quorum-sensing-
dependent regulation of biosynthesis of the polyketide antibiotic mupirocin in
Pseudomonas fluorescens NCIMB 10586The GenBank accession numbers for the
sequences determined in this work are AF318063 (mupA), AF318064 (mupR) and
AF318065 (mupl). Microbiol. 147 (8), 2127-2139. doi: 10.1099/00221287-147-8-2127

Emmert, E. A.ASM Task Committee on Laboratory Biosafety (2013). Biosafety
guidelines for handling microorganisms in the teaching laboratory: development and
rationale. J. Microbiol. Biol. Edu. 14 (1), 78-83. doi: 10.1128/jmbe.v14i1.531

Fernando, W. G., Nakkeeran, S., Zhang, Y., and Savchuk, S. (2007). Biological control
of Sclerotinia sclerotiorum (Lib.) de Bary by Pseudomonas and Bacillus species on
canola petals. Crop Protect. 26 (2), 100-107. doi: 10.1016/j.cropro.2006.04.007

Garcia, A. H. (2011). Anhydrobiosis in bacteria: from physiology to applications. J.
Biosci. 36, 939-950. doi: 10.1007/s12038-011-9107-0

Geetha, V. V., and Balamurugan, P. (2011). Organic seed pelleting in mustard. Res. J.
Seed Sci. 4, 174-180. doi: 10.3923/1jss.2011.174.180

Georgakopoulos, D. G., Fiddaman, P., Leifert, C., and Malathrakis, N. E. (2002).
Biological control of cucumber and sugar beet damping-off caused by Pythium ultimum
with bacterial and fungal antagonists. J. App Microbiol. 92 (6), 1078-1086. doi: 10.1046/
j.1365-2672.2002.01658.x

Glodowska, M., Schwinghamer, T., Husk, B., and Smith, D. (2017). Biochar based
inoculants improve soybean growth and nodulation. Agric. Sci. 8, 1048-1064.
doi: 10.4236/as.2017.89076

Gneiding, K., Frodl, R., and Funke, G. (2008). Identities of Microbacterium spp.
encountered in human clinical specimens. J. Clin. Microbiol. 46, 3646-3652. doi:
10.1128/JCM.01202-08

Gonzalez-Ferrero, C., Irache, J. M., Marin-Calvo, B., Ortiz-Romero, L., Virto-Resano,
R., and Gonzalez-Navarro, C. J. (2020). Encapsulation of probiotics in soybean protein-
based microparticles preserves viable cell concentration in foods all along the
production and storage processes. J. Microencapsulation 37 (3), 242-253. doi:
10.1080/02652048.2020.1724203

Grgurina, I, Bensaci, M., Pocsfalvi, G., Mannina, L., Cruciani, O., Fiore, A., et al.
(2005). Novel cyclic lipodepsipeptide from Pseudomonas syringaepv. lachrymans
strain 508 and syringopeptin antimicrobial activities. Antimicrob. Agents Chemother.
49 (12), 5037-5045. doi: 10.1128/AAC.49.12.5037-5045.2005

Gross, H., and Loper, J. E. (2009). Genomics of secondary metabolite production by
Pseudomonas spp. Natural Product Reps. 26 (11), 1408-1446. doi: 10.1039/b817075b

Gupta, A., Bano, A., Rai, S., Mishra, R., Singh, M., Sharma, S., et al. (2022).
Mechanistic insights of plant-microbe interaction towards drought and salinity stress
in plants for enhancing the agriculture productivity. Plant Stress 4, 1-12. doi: 10.1016/
j.stress.2022.100073

Gurusinghe, S., Brooks, T. L., Barrow, R. A, Zhu, X., Thotagamuwa, A., Dennis, P.
G., et al. (2019). Technologies for the selection, culture and metabolic profiling of
unique rhizosphere microorganisms for natural product discovery. Molecules 24, 1955.
doi: 10.3390/molecules24101955

Halmer, P. (2008). Seed technology and seed enhancement. Acta Hortic. 771, 17-26.
doi: 10.17660/ActaHortic.2008.771.1

Hartley, E., Gemell, L. G., and Herridge, D. F. (2004). Lime pelleting inoculated
serradella (Ornithopus spp.) increases nodulation and yield. Soil Biol. Biochem. 36,
1289-1294. doi: 10.1016/j.s0ilbio.2004.04.010

Hegde, S. V., and Brahmaprakash, G. P. (1992). A dry granular inoculant of
Rhizobium for soil application. Plant Soil 144 (2), 309-311. doi: 10.1007/BF00012890

frontiersin.org


https://doi.org/10.1093/jee/90.2.354
https://doi.org/10.1094/PDIS.1998.82.3.322
https://doi.org/10.1128/MMBR.63.2.266-292.1999
https://doi.org/10.1128/MMBR.63.2.266-292.1999
https://doi.org/10.3389/fmicb.2011.00216
https://doi.org/10.3389/fmicb.2011.00216
https://doi.org/10.1111/1751-7915.12880
https://doi.org/10.1098/rspb.2002.2162
https://doi.org/10.1111/1462-2920.14395
https://doi.org/10.1016/j.procbio.2005.07.015
https://doi.org/10.1007/s11274-014-1662-8
https://doi.org/10.1007/s11274-014-1662-8
https://doi.org/10.1128/AAC.33.2.156
https://doi.org/10.1371/journal.pone.0128600
https://doi.org/10.1007/s40003-018-0305-y
https://doi.org/10.1080/15226514.2013.821447
https://doi.org/10.1139/w08-156
https://doi.org/10.1007/s13205-020-02182-9
https://doi.org/10.1016/S0141-0229(02)00030-3
https://doi.org/10.1016/j.fcr.2016.01.005
https://doi.org/10.4141/P02-089
https://doi.org/10.22069/ijpp.2015.2042
https://doi.org/10.3390/pathogens10070870
https://doi.org/10.1016/B978-0-444-63504-4.00021-9
https://doi.org/10.1016/B978-0-444-63504-4.00021-9
https://doi.org/10.1007/s11104-012-1242-3
https://doi.org/10.1016/S0038-0717(99)00185-6
https://doi.org/10.1016/j.soilbio.2004.04.009
https://doi.org/10.1016/j.soilbio.2004.04.009
https://doi.org/10.1590/0100-29452017324
https://doi.org/10.1093/femsec/fiw107
https://doi.org/10.1016/j.addr.2013.11.005
https://doi.org/10.1080/11263500601153529
https://doi.org/10.1016/j.aoas.2013.07.001
https://doi.org/10.1099/00221287-147-8-2127
https://doi.org/10.1128/jmbe.v14i1.531
https://doi.org/10.1016/j.cropro.2006.04.007
https://doi.org/10.1007/s12038-011-9107-0
https://doi.org/10.3923/rjss.2011.174.180
https://doi.org/10.1046/j.1365-2672.2002.01658.x
https://doi.org/10.1046/j.1365-2672.2002.01658.x
https://doi.org/10.4236/as.2017.89076
https://doi.org/10.1128/JCM.01202-08
https://doi.org/10.1080/02652048.2020.1724203
https://doi.org/10.1128/AAC.49.12.5037-5045.2005
https://doi.org/10.1039/b817075b
https://doi.org/10.1016/j.stress.2022.100073
https://doi.org/10.1016/j.stress.2022.100073
https://doi.org/10.3390/molecules24101955
https://doi.org/10.17660/ActaHortic.2008.771.1
https://doi.org/10.1016/j.soilbio.2004.04.010
https://doi.org/10.1007/BF00012890
https://doi.org/10.3389/fpls.2023.1270039
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Khan et al.

Herrmann, L., and Lesueur, D. (2013). Challenges of formulation and quality of
biofertilizers for successful inoculation. Appl. Microbiol. Biotechnol. 97, 8859-8873. doi:
10.1007/s00253-013-5228-8

Ho, Y. N,, Lee, H. J., Hsieh, C. T,, Peng, C. C,, and Yang, Y. L. (2018). Chemistry and
biology of salicyl-capped siderophores. Stud. Natural Product Chem. 59, 431-490.
doi: 10.1016/B978-0-444-64179-3.00013-X

Hussain, Z., Khan, M. A,, Igbal, F., Raffi, M., and Hafeez, F. Y. (2019). Electrospun
microbial-encapsulated composite-based plasticized seed coat for rhizosphere
stabilization and sustainable production of canola (Brassica napus L.). J. Agri Food
Chem. 67 (18), 5085-5095. doi: 10.1021/acs.jafc.8b06505

Tjaz, M., Ali, Q., Ashraf, S., Kamran, M., and Rehman, A. (2019). “Development of
future bioformulations for sustainable agriculture,” in Microbiome in Plant Health and
Disease. Eds. V. Kumar, R. Prasad, M. Kumar and D. Choudhary (Singapore: Springer),
421-446.

Jambhulkar, P. P., and Sharma, P. (2014). Development of bioformulation and
delivery system of Pseudomonasfluorescens against bacterial leaf blight of rice
(Xanthomonas oryzae Pv. oryzae). J. Environ. Biol. 35 (5), 843-849. doi: 10.1007/
978-81-322-2644-4_13

Jambhulkar, P. P., Sharma, P., and Yadav, R. (2016). “Delivery systems for
introduction of microbial inoculants in the field,” in Microbial Inoculants in
Sustainable Agricultural Productivity (New Delhi: Springer), 199-218.

Jang, J. Y., Yang, S. Y., Kim, Y. C, Lee, C. W,, Park, M. S,, Kim, J. C,, et al. (2013).
Identification of Orfamide A as an insecticidal metabolite produced by Pseudomonas
protegens F6. J. Agri Food Chem. 61 (28), 6786-6791. doi: 10.1021/jf401218w

Jayasudha, S. M., Kirankumar, K. C., Mesta, R. K., and Ippikoppa, R. (2018). Liquid
formulation using different oils and shelf life study of effective bacterial bio-agents. Int.
J. Curr. Microbiol. App Sci. 7 (4), 317-324. doi: 10.20546/ijcmas.2018.704.036

Jeyakumar, S. P., Dash, B., Singh, A. K., Suyal, D. C,, and Soni, R. (2020). “Nutrient
cycling at higher altitudes,” in Microbiological advancements for higher altitude agro-
ecosystems & sustainability. Eds. R. Goel, R. Soni and D. C. Suyal (Singapore: Springer
Nature, Singapore Pvt Ltd), 293-305.

John, R. P., Tyagi, R. D, Brar, S. K., and Prévost, D. (2010). Development of emulsion
from rhizobial fermented starch industry wastewater for application as Medicago sativa
seed coat. Eng. Life Sci. 10, 248-256. doi: 10.1002/elsc.201000002

John, R. P., Tyagi, R. D, Brar, S. K., Surampalli, R. Y., and Prevost, D. (2011). Bio-
encapsulation of microbial cells for targeted agricultural delivery. Crit. Rev. Biotechnol.
31, 211-226. doi: 10.3109/07388551.2010.513327

Joshi, D., Chandra, R,, Suyal, D. C., and Kumar, S. (2019). Impacts of bioinoculants
Pseudomonas jesenii MP1 and Rhodococcus qingshengii S10107 on chickpea (Cicer
arietinum L.) yield and soil nitrogen status. Pedosphere 29 (3), 388-399. doi: 10.1016/
§1002-0160(19)60807-6

Karamesouti, M., and Gasparatos, D. (2017). “Sustainable management of soil
phosphorus in a changing world,” in Adaptive soil management: from theory to
practices (Singapore: Springer), 189-214.

Kardol, P., Cornips, N. J., Van Kempen, M. M. L., Bakx-Schotman, J. M. T., and van
der Putten, W. H. (2007). Microbe-mediated plant-soil feedback causes historical
contingency effects in plant community assembly. Ecol. Monogr. 77, 147-162. doi:
10.1890/06-0502

Kaur, T., Rani, R, and Manhas, R. K. (2019). Biocontrol and plant growth promoting
potential of phylogenetically new Streptomyces sp. MR14 rhizospheric origin. AMB
Expr 9, 125. doi: 10.1186/5s13568-019-0849-7

Keswani, C., Singh, H. B., Garcia-Estrada, C., Caradus, J., He, Y. W., Mezaache-
Aichour,, et al. (2020). Antimicrobial secondary metabolites from agriculturally
important bacteria as next-generation pesticides. Appl. Microbiol. Biotechnol. 104,
1013-1034. doi: 10.1007/500253-019-10300-8

Khan, A., Joshi, M., and Singh, A. V. (2020b). “Rhizospheric Microbial Community:
Ecology, Methods, and Functions,” in Rhizosphere Microbes: Soil and Plant Functions.
Eds. S. K. Sharma, U. B. Singh, P. K. Sahu, H. V. Singh and P. K. Sharma (Singapore:
Springer Nature), 127-148.

Khan, N., Mishra, A., Chauhan, P. S, and Nautiyal, C. S. (2011). Induction of
Paenibacillus lentimorbus biofilm by sodium alginate and CaCl, alleviates drought
stress in chickpea. Ann. Appl. Biol. 159, 372-386. doi: 10.1111/j.1744-
7348.2011.00502.x

Khan, A., and Singh, A. V. (2021). Multifarious effect of ACC deaminase and EPS
producing Pseudomonas sp. and Serratia marcescens to augment drought stress
tolerance and nutrient status of wheat. World J. Microbiol. Biotechnol. 37 (12), 1-7.
doi: 10.1007/s11274-021-03166-4

Khan, A, Singh, A. V., Upadhayay, V. K,, Ballabh, A., and Prasad, B. (2022).
Influence of PGPR on growth and yield of oat (Avena sativa L.) under field conditions.
Indian J. Ecol. 49 (4), 1351-1356. doi: 10.55362/1JE/2022/3670

Khan, A, Singh, J., Upadhayay, V. K,, Singh, A. V., and Shah, S. (2019). “Microbial
biofortification: a green technology through plant growth promoting microorganisms,”
in Sustainable green technologies for environmental management (Singapore: Springer),
255-269.

Khan, A., Upadhayay, V. K., Panwar, M., and Singh, A. V. (2020a). “Soil microbiota:
A key bioagent for revitalization of soil health in hilly regions,” in Microbiological
Advancements for Higher Altitude Agro-Ecosystems & Sustainability. Eds. R. Goel, R.
Soni and D. C. Suyal (Singapore: Springer), 183-200.

Frontiers in Plant Science

10.3389/fpls.2023.1270039

Kokalis-Burelle, N., Vavrina, C. S., Reddy, M. S., and Kloepper, J. W. (2003).
Amendment of muskmelon and watermelon transplant media with plant growth-
promoting rhizobacteria: Effects on seedling quality, disease, and nematode resistance.
Hort Technol. 13 (3), 476-482. doi: 10.21273/HORTTECH.13.3.0476

Kwon, O. C, Ju, W. T,, Kim, H. B, Sung, G. B., and Kim, Y. S. (2019). UPLC-DAD-
QTOF/MS analysis of flavonoids from 12 varieties of Korean mulberry fruit. . Food
Qual. 2019, 1528917. doi: 10.1155/2019/1528917

Lindow, S. E. (1987). Competitive exclusion of epiphytic bacteria by Ice—
Pseudomonas syringae mutants. App Environ. Microbiol. 53 (10), 2520-2527. doi:
10.1128/aem.53.10.2520-2527.1987

Liu, X. T., Hou, C. L,, Zhang, J., Zeng, X. F,, and Qiao, S. Y. (2014). Fermentation
conditions influence the fatty acid composition of the membranes of Lactobacillus
reuteri 15007 and its survival following freeze-drying. Lett. Appl. Microbiol. 59, 398
403. doi: 10.1111/lam.12292

Liu, X,, Fortin, P. D., and Walsh, C. T. (2008). Andrimid producers encode an acetyl-
CoA carboxyltransferase subunit resistant to the action of the antibiotic. Proc. Natl.
Acad. Sci. U.S.A. 105 (36), 13321-13326. doi: 10.1073/pnas.0806873105

Lopisso, D. T., Kithlmann, V., and Siebold, M. (2017). Potential of soil-derived fungal
biocontrol agents applied as a soil amendment and a seed coating to control Verticillium wilt
of sugar beet. Biocontrol Sci. Tech. 27, 1019-1037. doi: 10.1080/09583157.2017.1357800

Ma, Z., Zhang, S., Liang, J., Sun, K., and Hu, J. (2020). Isolation and characterization
of a new cyclic lipopeptide orfamide H from Pseudomonas protegens CHAO. J. Antibiot
73, 179-183. doi: 10.1038/s41429-019-0254-0

Mages, I. S., Frodl, R., Bernard, K. A., and Funke, G. (2008). Identities of Arthrobacter
spp. And Arthrobacter-like bacteria encountered in human clinical specimens. J. Clin.
Microbial. 46, 2980-2986. doi: 10.1128/JCM.00658-08

Maheshwari, D. K., Dubey, R. C., Agarwal, M., Dheeman, S., Aeron, A., and Bajpai,
V. K. (2015). Carrier based formulations of biocoenotic consortia of disease suppressive
Pseudomonas aeruginosa KRP1 and Bacillus licheniformis KRB1. Ecol. Eng. 81, 272—
277. doi: 10.1016/j.ecoleng.2015.04.066

Mahmood, A., Turgay, O. C., Farooq, M., and Hayat, R. (2016). Seed biopriming with
plant growth promoting rhizobacteria: a review. FEMS Microbiol. Ecol. 92, fiw112. doi:
10.1093/femsec/fiw112

Malusa, E., Sas-Paszt, L., and Ciesielska, J. (2012). Technologies for beneficial
microorganisms inocula used as biofertilizers. Sci. World J. 2012, 491206. doi:
10.1100/2012/491206

Manhas, R. K., and Kaur, T. (2016). Biocontrol Potential of Streptomyces
hydrogenans strain dh16 toward Alternaria brassicicola to control damping off and
black leaf spot of Raphanus sativus. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01869

Manjula, K., and Podile, A. R. (2001). Chitin-supplemented formulations improve
biocontrol and plant growth promoting efficiency of Bacillus subtilis AF 1. Can. J.
Microbiol. 47 (7), 618-625. doi: 10.1139/w01-057

Masschelein, J., Jenner, M., and Challis, G. L. (2017). Antibiotics from gram-negative
bacteria: a comprehensive overview and selected biosynthesis highlights. Natural
Product Rep. 34, 712-783. doi: 10.1039/C7NP00010C

Matilla, M. A., Nogellova, V., Morel, B., Krell, T., and Salmond, G. P. (2016).
Biosynthesis of the acetyl-CoA carboxylase-inhibiting antibiotic, andrimid in Serratia is
regulated by Hfq and the LysR-type transcriptional regulator, AdmX. Environ.
Microbiol. 18 (11), 3635-3650. doi: 10.1111/1462-2920.13241

Mawar, R., Manjunatha, B. L., and Kumar, S. (2021). Commercialization, diffusion
and adoption of bioformulations for sustainable disease management in Indian arid
agriculture: Prospects and challenges. Circ. Econ. Sust. 1, 1367-1385. doi: 10.1007/
$43615-021-00089-y

Mbarga, J. B., Begoude, B. A. D., Ambang, Z., Meboma, M., Kuate, J., Schiffers, B.,
etal. (2014). A new oil-based formulation of Trichoderma asperellum for the biological
control of cacao black pod disease caused by Phytophthora megakarya. Biol. Control 77,
15-22. doi: 10.1016/j.biocontrol.2014.06.004

Michereff Filho, M., Faria, M., Wraight, S. P,, and Silva, K. F. A. S. (2009).
Mycoinseticides and mycoacaricides in brazil: How are we standing after four
decades? Arch. Biol. Institute 76 (4), 769-779. doi: 10.1590/1808-1657v76p7692009

Mishra, J., and Arora, N. K. (2016). “Bioformulations for plant growth promotion
and combating phytopathogens: a sustainable approach,” in Bioformulations: For
sustainable agriculture (New Delhi: Springer), 3-33.

Morel, M. A, Cagide, C., Minteguiaga, M. A., Dardanelli, M. S., and Castro-Sowinski, S.
(2015). The pattern of secreted molecules during the co-inoculation of alfalfa plants with
Sinorhizobium meliloti and Delftia sp. strain JD2: an interaction that improves plant yield.
Mol. Plant Microbe Interact. 28, 134-142. doi: 10.1094/MPMI-08-14-0229-R

Morrison, C. K., Arseneault, T., Novinscak, A., and Filion, M. (2017). Phenazine-1-
carboxylic acid production by Pseudomonas fluorescens LBUM636 alters Phytophthora
infestans growth and late blight development. Phytopathol. 107 (3), 273-279.
doi: 10.1094/PHYTO-06-16-0247-R

Mugilan, I, Gayathri, P., Elumalai, E. K., and Elango, R. (2011). Studies on improve
survivability and shelf life of carrier using liquid inoculation of Pseudomonas striata.
Int. J. Pharm. Biol. Arch. 2 (4), 1271-1275. Available at: https://api.semanticscholar.
org/CorpusID:56012224

Murata, M. R,, Zharare, G. E., and Hammes, P. S. (2008). Pelleting or priming seed
with calcium improves groundnut seedling survival in acid soils. J. Plant Nutri. 31 (10),
1736-1745. doi: 10.1080/01904160802324787

frontiersin.org


https://doi.org/10.1007/s00253-013-5228-8
https://doi.org/10.1016/B978-0-444-64179-3.00013-X
https://doi.org/10.1021/acs.jafc.8b06505
https://doi.org/10.1007/978-81-322-2644-4_13
https://doi.org/10.1007/978-81-322-2644-4_13
https://doi.org/10.1021/jf401218w
https://doi.org/10.20546/ijcmas.2018.704.036
https://doi.org/10.1002/elsc.201000002
https://doi.org/10.3109/07388551.2010.513327
https://doi.org/10.1016/S1002-0160(19)60807-6
https://doi.org/10.1016/S1002-0160(19)60807-6
https://doi.org/10.1890/06-0502
https://doi.org/10.1186/s13568-019-0849-7
https://doi.org/10.1007/s00253-019-10300-8
https://doi.org/10.1111/j.1744-7348.2011.00502.x
https://doi.org/10.1111/j.1744-7348.2011.00502.x
https://doi.org/10.1007/s11274-021-03166-4
https://doi.org/10.55362/IJE/2022/3670
https://doi.org/10.21273/HORTTECH.13.3.0476
https://doi.org/10.1155/2019/1528917
https://doi.org/10.1128/aem.53.10.2520-2527.1987
https://doi.org/10.1111/lam.12292
https://doi.org/10.1073/pnas.0806873105
https://doi.org/10.1080/09583157.2017.1357800
https://doi.org/10.1038/s41429-019-0254-0
https://doi.org/10.1128/JCM.00658-08
https://doi.org/10.1016/j.ecoleng.2015.04.066
https://doi.org/10.1093/femsec/fiw112
https://doi.org/10.1100/2012/491206
https://doi.org/10.3389/fpls.2016.01869
https://doi.org/10.1139/w01-057
https://doi.org/10.1039/C7NP00010C
https://doi.org/10.1111/1462-2920.13241
https://doi.org/10.1007/s43615-021-00089-y
https://doi.org/10.1007/s43615-021-00089-y
https://doi.org/10.1016/j.biocontrol.2014.06.004
https://doi.org/10.1590/1808-1657v76p7692009
https://doi.org/10.1094/MPMI-08-14-0229-R
https://doi.org/10.1094/PHYTO-06-16-0247-R
https://api.semanticscholar.org/CorpusID:56012224
https://api.semanticscholar.org/CorpusID:56012224
https://doi.org/10.1080/01904160802324787
https://doi.org/10.3389/fpls.2023.1270039
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Khan et al.

NagaChandrabose, S. (2018). Liquid bioformulations for the management of root-
knot nematode, Meloidogyne hapla that infects carrot. Crop Prot. 114, 155-161.
doi: 10.1016/j.cropro.2018.08.022

Naik, K., Mishra, S., Srichandan, H., Singh, P. K., and Choudhary, A. (2020).
Microbial formulation and growth of cereals, pulses, oilseeds and vegetable crops.
Sustain Environ. Res. 30 (1), 1-8. doi: 10.1186/s42834-020-00051-x

Namsena, P., Bussaman, P., and Rattanasena, P. (2016). Bioformulation of
Xenorhabdus stockiae PB09 for controlling mushroom mite, Lucia phorus perniciosus
Rack. Bioresour Bioprocess 3, 19. doi: 10.1186/s40643-016-0097-5

Narvaez-Reinaldo, J. J., Barba, I., Gonzalez-Lopez, J., Tunnacliffe, A., and Manzanera,
M. (2010). Rapid method for isolation of desiccation-tolerant strains and
xeroprotectants. App Environ. Microbiol. 76 (15), 5254-5262. doi: 10.1128/
AEM.00855-10

Navon, A. (2000). “Bacillus thuringiensis application in agriculture,” in
Entomopathogenic bacteria: from laboratory to field application. Eds. J. F. Charles, A.
Delecluse and C. L. Roux (Dordrecht: Springer), 355-369.

Nguyen, H. M., Sako, K., Matsui, A., Suzuki, Y., Mostofa, M. G., Ha, C. V., et al.
(2017). Ethanol enhances high-salinity stress tolerance by detoxifying reactive oxygen
species in Arabidopsis thaliana and rice. Front. Plant Sci. 8, 1001. doi: 10.3389/
fpls.2017.01001

Nielsen, T. H., Christophersen, C., Anthoni, U., and Sorensen, J. (1999).
Viscosinamide, a new cyclic depsipeptide with surfactant and antifungal properties
produced by Pseudomonas fluorescens DR54. J. App Microbiol. 87, 80-90. doi: 10.1046/
j.1365-2672.1999.00798.x

Okrent, R. A, Trippe, K. M., Maselko, M., and Manning, V. (2016). Functional
analysis of a biosynthetic cluster essential for production of 4-
formylaminooxyvinylglycine, a germination-arrest factor from Pseudomonas
fluorescens WH6. Microbiology 163 (2), 207-217. doi: 10.1101/080572

Olanrewaju, O. S., Glick, B. R., and Babalola, O. O. (2017). Mechanisms of action of
plant growth promoting bacteria. World J. Microbiol. Biotechnol. 33, 197. doi: 10.1007/
s11274-017-2364-9

Oni, F. E., Olorunleke, O. F., and Hofte, M. (2019). Phenazines and cyclic
lipopeptides produced by Pseudomonas sp. CMR12a are involved in the biological
control of Pythium myriotylum on cocoyam (Xanthosomas agittifolium). Biol. Control
129, 109-114. doi: 10.1016/j.biocontrol.2018.10.005

Onofre-Lemus, J., Hernandez-Lucas, 1., Girard, L., and Caballero-Mellado, J. (2009).
ACC (1-Aminocyclopropane-1-Carboxylate) deaminase activity, a widespread trait in
Burkholderia species, and its growth-promoting effect on tomato plants. App Environ.
Microbiol. 75 (20), 6581-6590. doi: 10.1128/AEM.01240-09

Patel, K. B., and Thakker, J. N. (2020). Deliberating plant growth promoting and
mineral-weathering proficiency of Streptomyces nanhaiensis strain YM4 for the
nutritional benefit of millet crop (Pennisetum glaucum). J. Microbiol. Biotechnol.
Food Sci. 9 (4), 721-726. doi: 10.15414/jmbfs.2020.9.4.721-726

Pathak, V. M., Verma, V. K., Rawat, B. S., Kaur, B., Babu, N., Sharma, A, et al. (2022).
Current status of pesticide effects on environment, human health and it’s eco-friendly
management as bioremediation: A comprehensive review. Front. Microbiol., 2833.
doi: 10.3389/fmicb.2022.962619

Pawar, S., Chaudhari, A., Prabha, R., Shukla, R,, and Singh, D. P. (2019). Microbial
pyrrolnitrin: natural metabolite with immense practical utility. Biomolecules 9, 443.
doi: 10.3390/biom9090443

Pedrini, S., Merritt, D. J., Stevens, J., and Dixon, K. (2017). Seed coating: science or
marketing spin? Trends Plant Sci. 22, 106-116. doi: 10.1016/j.tplants.2016.11.002

Pereira, A. M., Moraes, J. C., Moraes, M. J., Akasaki, J. L., Tashima, M. M., Soriano,
L., etal. (2018). Valorisation of sugarcane bagasse ash (SCBA) with high quartz content
as pozzolanic material in Portland cement mixtures. Materiales Construccion. 68 (330),
el53. doi: 10.3989/mc.2018.00617

Perell6, A. E., and Dal Bello, G. M. (2011). Suppression of tan spot and plant growth
promotion of wheat by synthetic and biological inducers under field conditions. Ann.
Appl. Biol. 158, 267-274. doi: 10.1111/j.1744-7348.2011.00460.x

Philippot, L., Raaijmakers, J. M., Lemanceau, P., and van der Putten, W. H. (2013).
Going back to the roots: the microbial ecology of the rhizosphere. Nat. Rev. Microbiol.
11, 789-799. doi: 10.1038/nrmicro3109

Piccinin, G. G., Braccini, A. L., Dan, L. G., Scapim, C. A., Ricci, T. T., and Bazo, G. L.
(2013). Efficiency of seed inoculation with Azospirillum brasilense on agronomic
characteristics and yield of wheat. Ind. Crops Prod. 43, 393-397. doi: 10.1016/
j.indcrop.2012.07.052

Pieterse, C. M., Zamioudis, C., Berendsen, R. L., Weller, D. M., Van Wees, S. C., and
Bakker, P. A. (2014). Induced systemic resistance by beneficial microbes. Annl Rev.
Phytopathol. 52, 347-375. doi: 10.1146/annurev-phyto-082712-102340

Pirttila, A. M., Mohammad Parast Tabas, H., Baruah, N., and Koskimaki, J. J. (2021).
Biofertilizers and biocontrol agents for agriculture: How to identify and develop new
potent microbial strains and traits. Microorganisms 9 (4), 817. doi: 10.3390/
microorganisms9040817

Power, B, Liu, X., Germaine, K. J., Ryan, D., Brazi, D., and Dowling, D. N. (2011).
Alginate beads as a storage delivery and containment system for genetically modified
PCB degrader and PCB biosensor derivates of Pseudomonas fluorescens F113. J. Appl.
Microbiol. 110, 1351-1358. doi: 10.1111/§.1365-2672.2011.04993.x

Frontiers in Plant Science

21

10.3389/fpls.2023.1270039

Prakash, J., and Arora, N. K. (2020). Development of Bacillus safensis-based liquid
bioformulation to augment growth, stevioside content, and nutrient uptake in Stevia
rebaudiana. World ]. Microbiol. Biotechnol. 36, 8. doi: 10.1007/s11274-019-2783-x

Pu, Y., Lowe, C,, Soilet, M., and Vederas, J. C. (1994). Synthesis, stability and
antimicrobial activity of (+)-obafluorin and related beta.-lactone antibiotics. J. Org
Chem. 59 (13), 3642-3655. doi: 10.1021/j000092a025

Rebah, F. B, Prévost, D., Yezza, A., and Tyagi, R. D. (2007). Agro-industrial waste
materials and wastewater sludge for rhizobial inoculant production: a review.
Bioresource Technol. 98 (18), 3535-3546. doi: 10.1016/j.biortech.2006.11.066

Rekha, P. D, Lai, W. A, Arun, A. B,, and Young, C. C. (2007). Effect of free and
encapsulated Pseudomonas putida CC-FR2-4 and Bacillus subtilis CC-pg104 on plant
growth under gnotobiotic conditions. Biores Technol. 98 (2), 447-451. doi: 10.1016/
j.biortech.2006.01.009

Rezanka, T., Palyzova, A., Faltyskova, H., and Sigler, K. (2019). Siderophores:
amazing metabolites of microorganisms. Stud. Natural Product Chem. 60, 157-188.
doi: 10.1016/B978-0-444-64181-6.00005-X

Rocha, I, Ma, Y., Souza-Alonso, P., Vosatka, M., Freitas, H., and Oliveira, R. S.
(2019a). Seed coating: a tool for delivering beneficial microbes to agricultural crops.
Front. Plant Sci. 1357. doi: 10.3389/fpls.2019.01357

Rocha, 1., Ma, Y., Vosatka, M., Freitas, H., and Oliveira, R. S. (2019b). Growth and
nutrition of cowpea (Vigna unguiculata) under water deficit as influenced by microbial
inoculation via seed coating. J. Agron. Crop Sci. 205, 447-459. doi: 10.1111/jac.12335

Roder, A., Hoffmann, E., Hagemann, M., and Berg, G. (2005). Synthesis of the
compatible solutes glucosylglycerol and trehalose by salt-stressed cells of
Stenotrophomonas strains. FEMS Microbiol. Lett. 243 (1), 219-226. doi: 10.1016/
j.femsle.2004.12.005

Rojas-Sanchez, B., Guzman-Guzman, P., Morales-Cedefio, L. R., Orozco-Mosqueda,
M. D. C, Saucedo-Martinez, B. C., Sanchez-Yaiez, J. M, et al. (2022). Bioencapsulation
of microbial inoculants: mechanisms, formulation types and application techniques.
App. Biosci. 1 (2), 198-220. doi: 10.3390/applbiosci1020013

Sahai, P., Sinha, V. B, and Dutta, R. (2019). Bioformulation and nanotechnology in
pesticide and fertilizer delivery system for eco-friendly agriculture: a review. Acta Sci.
Agric. 3 (11), 2-10. doi: 10.31080/ASAG.2019.03.0675

Saharan, B. S., Brar, B, Duhan, J. S,, Kumar, R,, Marwaha, S., Rajput, V. D, et al.
(2022). Molecular and physiological mechanisms to mitigate abiotic stress conditions
in plants. Life 12 (10), 1634. doi: 10.3390/life12101634

Samavat, S., Heydari, A., Zamanizadeh, H. R,, Rezaee, S., and Aliabadi, A. A. (2014).
Application of new bioformulations of Pseudomonas aureofaciens for biocontrol of
cotton seedling sampling-off. J. Plant Prot Res. 54 (4), 334-339. doi: 10.2478/jppr-2014-
0050

Sandini, I. E., Pacentchuk, F., Hungria, M., Nogueira, M. A., da Cruz, S. P., Nakatani,
A. S, et al. (2019). Seed inoculation with pseudomonas fluorescens promotes growth,
yield and reduces nitrogen application in maize. Int J Agric Biol. 22, 1369-1375.
doi: 10.17957/1JAB/15.1210

Santiago, C. D., Yagi, S., Ijima, M., Nashimoto, T., Sawada, M., Ikeda, S., et al. (2017).
Bacterial compatibility in combined inoculations enhances the growth of potato
seedlings. Microbe Environ. 32 (1), 14-23. doi: 10.1264/jsme2.ME16127

Santos Kron, A., Zengerer, V., Bieri, M., Dreyfuss, V., Sostizzo, T., Schmid, M., et al.
(2020). Pseudomonas orientalis F9 pyoverdine, safracin, and phenazine mutants remain
effective antagonists against Erwinia amylovora in apple flowers. App Environ.
Microbiol. 86 (8), €02620-e02619. doi: 10.1128/AEM.02620-19

Saravanakumar, D., Harish, S., Loganathan, M., Vivekananthan, R., Rajendran, L.,
Raguchander, T., et al. (2007). Rhizobacterial bioformulation for the effective
management of Macrophomina root rot in mungbean. Arc Phytopathol. Plant
Protect. 40 (5), 323-337. doi: 10.1080/03235400600587326

Saravanakumar, D., Lavanya, N., Muthumeena, K., Raguchander, T., and
Samiyappan, R. (2009). Fluorescent pseudomonad mixtures mediate disease
resistance in rice plants against sheath rot (Sarocladium oryzae) disease. Biocontrol.
54 (2), 273-286. doi: 10.1007/s10526-008-9166-9

Schisler, D. A, Slininger, P. J., Behle, R. W., and Jackson, M. A. (2004). Formulation
of Bacillus spp. for biological control of plant diseases. Phytopathol. 94 (11), 1267-1271.
doi: 10.1094/PHYTO.2004.94.11.1267

Schmidt, Y., van der Voort, M., Crusemann, M., Piel, J., Josten, M., Sahl, H. G,, et al.
(2014). biosynthetic origin of the antibiotic cyclocarbamate Brabant amide a (SB-
253514) in plant-associated Pseudomonas. Chem. Bio Chem. 15, 259-266. doi: 10.1002/
cbic.201300527

Schoebitz, M., Lopez, M., and Roldan, A. (2013). Bioencapsulation of microbial
inoculants for better soil-plant fertilization. A review. Agron. Sustain Dev. 33 (4), 751—
765. doi: 10.1007/s13593-013-0142-0

Schoina, C., Stringlis, I. A., Pantelides, I. S., Tjamos, S. E., and Paplomatas, E. J.
(2011). Evaluation of application methods and biocontrol efficacy of Paenibacillus alvei
strain K-165, against the cotton black root rot pathogen Thielaviopsis basicola. Biol.
Control 58 (1), 68-73. doi: 10.1016/j.biocontrol.2011.04.002

Scholz-Schroeder, B. K., Hutchison, M. L., Grgurina, I, and Gross, D. C. (2001). The
contribution of syringopeptin and syringomycin to virulence of Pseudomonas syringae
pv. Syringae strain B301D on the basis of sypA and syrB1 biosynthesis mutant analysis.
Mol. Plant Microbe Interact. 14 (3), 336-348. doi: 10.1094/MPMI.2001.14.3.336

frontiersin.org


https://doi.org/10.1016/j.cropro.2018.08.022
https://doi.org/10.1186/s42834-020-00051-x
https://doi.org/10.1186/s40643-016-0097-5
https://doi.org/10.1128/AEM.00855-10
https://doi.org/10.1128/AEM.00855-10
https://doi.org/10.3389/fpls.2017.01001
https://doi.org/10.3389/fpls.2017.01001
https://doi.org/10.1046/j.1365-2672.1999.00798.x
https://doi.org/10.1046/j.1365-2672.1999.00798.x
https://doi.org/10.1101/080572
https://doi.org/10.1007/s11274-017-2364-9
https://doi.org/10.1007/s11274-017-2364-9
https://doi.org/10.1016/j.biocontrol.2018.10.005
https://doi.org/10.1128/AEM.01240-09
https://doi.org/10.15414/jmbfs.2020.9.4.721-726
https://doi.org/10.3389/fmicb.2022.962619
https://doi.org/10.3390/biom9090443
https://doi.org/10.1016/j.tplants.2016.11.002
https://doi.org/10.3989/mc.2018.00617
https://doi.org/10.1111/j.1744-7348.2011.00460.x
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1016/j.indcrop.2012.07.052
https://doi.org/10.1016/j.indcrop.2012.07.052
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.3390/microorganisms9040817
https://doi.org/10.3390/microorganisms9040817
https://doi.org/10.1111/j.1365-2672.2011.04993.x
https://doi.org/10.1007/s11274-019-2783-x
https://doi.org/10.1021/jo00092a025
https://doi.org/10.1016/j.biortech.2006.11.066
https://doi.org/10.1016/j.biortech.2006.01.009
https://doi.org/10.1016/j.biortech.2006.01.009
https://doi.org/10.1016/B978-0-444-64181-6.00005-X
https://doi.org/10.3389/fpls.2019.01357
https://doi.org/10.1111/jac.12335
https://doi.org/10.1016/j.femsle.2004.12.005
https://doi.org/10.1016/j.femsle.2004.12.005
https://doi.org/10.3390/applbiosci1020013
https://doi.org/10.31080/ASAG.2019.03.0675
https://doi.org/10.3390/life12101634
https://doi.org/10.2478/jppr-2014-0050
https://doi.org/10.2478/jppr-2014-0050
https://doi.org/10.17957/IJAB/15.1210
https://doi.org/10.1264/jsme2.ME16127
https://doi.org/10.1128/AEM.02620-19
https://doi.org/10.1080/03235400600587326
https://doi.org/10.1007/s10526-008-9166-9
https://doi.org/10.1094/PHYTO.2004.94.11.1267
https://doi.org/10.1002/cbic.201300527
https://doi.org/10.1002/cbic.201300527
https://doi.org/10.1007/s13593-013-0142-0
https://doi.org/10.1016/j.biocontrol.2011.04.002
https://doi.org/10.1094/MPMI.2001.14.3.336
https://doi.org/10.3389/fpls.2023.1270039
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Khan et al.

Schéner, T. A., Kresovic, D., and Bode, H. B. (2015). Biosynthesis and function of
bacterial dialkylresorcinol compounds. App Microbiol. Biotechnol. 99 (20), 8323-8328.
doi: 10.1007/500253-015-6905-6

Schulz, T. J., and Thelen, K. D. (2008). Soybean seed inoculant and fungicidal seed
treatment effects on soybean. Crop Sci. 48 (5), 1975-1983. doi: 10.2135/
cropsci2008.02.0108

Silambarasan, S., Kumar, E. P., Murugan, T., Saravanan, D., and Balagurunathan, R.
(2012). Antibacterial and antifungal activities of Actinobacteria isolated from
Rathnagiri hills. J. App Pharm. Sci. 2 (10), 099-103. doi: 10.7324/JAPS.2012.21020

Simionato, A. S., Navarro, M. O. P., de Jesus, M. L. A., Barazetti, A. R., da Silva, C. S.,
Simoes, G. C., et al. (2017). The effect of phenazine-1-carboxylic acid on mycelial
growth of Botrytiscinerea produced by Pseudomonas aeruginosa LV strain. Front.
Microbiol. 8. doi: 10.3389/fmicb.2017.01102

Singh, S., Gupta, G., Khare, E., Behal, K. K,, and Arora, N. K. (2014). Effect of
enrichment material on the shelf life and field efficiency of bioformulation of
Rhizobium sp. and P-solubilizing Pseudomonas fluorescens. Sci. Res. Rep. 4 (1), 44-50.

Singh, A. V., Khan, A, and Joshi, M. (2021). “Plant-Microbe Interaction: A
Sustainable Strategy to Elevate Salinity Tolerance in Plants,” in Microbes and
Signaling Biomolecules Against Plant Stress (Singapore: Springer), 37-54.

Singh, K. N., and Merchant, K. (2012). “The agrochemical industry,” in Handbook of
industrial chemistry and biotechnology. Ed. J. A. Kent (New York: Springer Science
Business Media), 643-699.

Singh, J., Singh, A. V., Upadhayay, V. K., and Khan, A. (2020). Comparative evaluation
of developed carrier based bioformulations bearing multifarious PGP properties and their
effect on shelf life under different storage conditions. Environ. Ecol. 38 (1), 96-103.

Singleton, P., Keyser, H., and Sande, E. (2002). Development and evaluation of liquid
inoculants. Inoculants nitrogen fixation legumes Vietnam. ACIAR Proceedings
Canberra. 109e, 52-66.

Smith, R. S. (1992). Legume inoculant formulation and application. Can. J. Microbiol.
38 (6), 485-492. doi: 10.1139/m92-080

Sohaib, M., Zahir, Z. A., Khan, M. Y., Ans, M,, Asghar, H. N,, Yasin, S,, et al. (2020).
Comparative evaluation of different carrier-based multi-strain bacterial formulations to
mitigate the salt stress in wheat. Saudi J. Biol. Sci. 27, 777-787. doi: 10.1016/j.5jbs.2019.12.034

Soni, R,, Kumar, V., Suyal, D. C,, Jain, L, and Goel, R. (2017). “Metagenomics of Plant
Rhizosphere Microbiome,” in Understanding Host-Microbiome Interactions - An Omics
Approach. Eds. R. Singh, R. Kothari, P. Koringa and S. Singh (Singapore: Springer), 193-205.

Sun, J. L., Johnson, J. M., Daguang, C., Sherameti, I, Oelmiillera, R., and Lou, B.
(2010). Piriformospora indica confers drought tolerance in chinese cabbage leaves by
stimulating antioxidant enzymes, the expression of drought-related genes and the
plastid-localized CAS protein. J. Plant Physiol. 167, 1009-1017. doi: 10.1016/
i.jplph.2010.02.013

Surendra, G. K., and Baby, A. (2016). Enhanced shelf life of Azospirillum and PSB
through addition of chemical additives in liquid formulations. Int. J. Sci. Environ.
Technol. 5 (4), 2023-2029.

Suryadi, Y., Susilowati, D. N., Kadir, T. S., Zaffan, Z. R., Hikmawati, N., and Mubarik,
N. R. (2013). Bioformulation of antagonistic bacterial consortium for controlling blast,
sheath blight and bacterial blight disease of rice. Asian J. Plant Pathol. 7 (3), 92-108.
doi: 10.3923/ajppa;j.2013.92.108

Suyal, D. C,, Joshi, D., Debbarma, P., Soni, R., Dash, B., and Goel, R. (2019). “Soil
metagenomics: Unculturable microbial diversity and its function,” in Varma A.,
Choudhary D. (eds) Mycorrhizosphere and Pedogenesis (Singapore: Springer), 355-362.

Tadros, T. (2013). “Suspension concentrates,” in Encyclopedia of colloid and interface
science. Ed. T. Tadros (Berlin/Heidelberg: Springer), 1334-1334.

Tamez-Guerra, P., McGuire, M. R., Medrano-Roldan, H., Galan-Wong, L. J., Shasha,
B.S., and Vega, F. E. (1996). Sprayable granule formulations for Bacillus thuringiensis. J.
Econ Entomol 89, 1424-1430. doi: 10.1093/jee/89.6.1424

Taurian, T., Anzuay, M. S., Angelini, J. G., Tonelli, M. L., Luduefa, L., Pena, D., et al.
(2010). Phosphate-solubilizing peanut associated bacteria: screening for plant growth-
promoting activities. Plant Soil 329 (1), 421-431. doi: 10.1007/s11104-009-0168-x

Tewari, S., Pooniya, V., and Sharma, S. (2020). Next generation bioformulation
prepared by amalgamating Bradyrhizobium, cell free culture supernatant, and
exopolysaccharides enhances the indigenous rhizospheric rhizobial population,
nodulation, and productivity of pigeon pea. App Soil Ecol. 147, 103363. doi: 10.1016/
j.apsoil.2019.103363

Thistlethwaite, I. R. G., Bull, F. M., Cui, C., Walker, P. D., Gao, S. S., Wang, L., et al.
(2017). Elucidation of the relative and absolute stereochemistry of the kalimantacin/
batumin antibiotics. Chem. Sci. 8, 6196-6201. doi: 10.1039/C7SC01670K

Tripathi, R. K,, and Gottlieb, D. (1969). Mechanism of action of the antifungal antibiotic
pyrrolnitrin. J. Bacterial. 100 (1), 310-318. doi: 10.1128/jb.100.1.310-318.1969

Trippe, K., McPhail, K., Armstrong, D., Azevedo, M., and Banowetz, G. (2013). Pseudomonas
fluorescens SBW25 produces furanomycin, a non-proteinogenic amino acid with selective
antimicrobial properties. BMC Microbiol. 13, 111. doi: 10.1186/1471-2180-13-111

Trivedi, P., Pandey, A., and Palni, L. M. (2005). Carrier-based preparations of plant
growth-promoting bacterial inoculants suitable for use in cooler regions. World J.
Microbiol. Biotechnol. 21 (6), 941-945. doi: 10.1007/s11274-004-6820-y

Ugoji, E. O., Laing, M. D., and Hunter, C. H. (2006). An investigation of the shelf-life
(storage) of Bacillus isolates on seeds. S Afr J. Bot. 72, 28-33. doi: 10.1016/
j.sajb.2005.04.001

Frontiers in Plant Science

10.3389/fpls.2023.1270039

Upadhayay, V. K,, Singh, A. V., and Khan, A. (2022a). Cross Talk between zinc-
solubilizing bacteria and plants: A short tale of bacterial-assisted zinc biofortification.
Front. Soil Sci. 1, 788170. doi: 10.3389/fs0il.2021.788170

Upadhayay, V. K,, Singh, A. V., Khan, A., and Pareek, N. (2021). Influence of zinc
solubilizing bacterial co-inoculation with zinc oxide supplement on rice plant growth
and Zn uptake. J. Pharm. Innov. 10, 113-116. doi: 10.3389/fmicb.2022.852192

Upadhayay, V. K, Singh, A. V., Khan, A,, Singh, J., Pareek, N., and Raghav, A.
(2022b). FE-SEM/EDX based zinc mobilization analysis of Burkholderia cepacia and
Pantoea rodasii and their functional annotation in crop productivity, soil quality and
zinc biofortification of paddy. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.852192

Uzcategui-Negron, M., Serrano, J. A., Boiron, P., Rodriguez-Nava, V., Couble, A.,
Moniée, D., et al. (2011). Reclassification by molecular methods of actinobacteria
strains isolated from clinical cases in Venezuela. J. Med. Mycol. 21, 100-105. doi:
10.1016/j.mycmed.2011.03.004

Vassilev, N., Vassileva, M., Lopez, A., Martos, V., Reyes, A., Maksimovic, L, et al.
(2015). Unexploited potential of some biotechnological techniques for biofertilizer
production and formulation. Appl. Microbiol. Biotechnol. 99 (12), 4983-4996. doi:
10.1007/500253-015-6656-4

Vassilev, N., Vassileva, M., Martos, V., Garcia del Moral, L. F., Kowalska, J.,
Tylkowski, B., et al. (2020). Formulation of microbial inoculants by encapsulation in
natural polysaccharides: focus on beneficial properties of carrier additives and
derivatives. Front. Plant Sci. 11, 270. doi: 10.3389/fpls.2020.00270

Vilchez, J. I, Navas, A., Gonzalez-Lopez, J., Arcos, S. C., and Manzanera, M. (2016).
Biosafety test for plant growthpromoting bacteria: proposed environmental and human
safety index (EHSI) protocol. Front. Microbiol. 6, 163230. doi: 10.3389/fmicb.2015.01514

Vishwakarma, K., Kumar, V., Tripathi, D. K., and Sharma, S. (2018).
Characterization of rhizobacterial isolates from Brassicajuncea for multitrait plant
growth promotion and their viability studies on carriers. Environ. Sustain. 1, 253-265.
doi: 10.1007/542398-018-0026-y

Vosatka, M., Latr, A., Gianinazzi, S., and Albrechtova, J. (2012). Development of
arbuscular mycorrhizal biotechnology and industry: current achievements and
bottlenecks. Symbiosis 58 (1), 29-37. doi: 10.1007/s13199-012-0208-9

Wang, D. C,, Jiang, C. H., Zhang, L. N., Chen, L., Zhang, X. Y., and Guo, J. H. (2019).
Biofilms positively contribute to Bacillus amyloliquefaciens 54-induced drought
tolerance in tomato plants. Int. J. Mol. Sci. 20 (24), 6271. doi: 10.3390/ijms20246271

Wani, P., Khan, M., and Zaidi, A. (2007). Co-inoculation of nitrogen-fixing and
phosphate-solubilizing bacteria to promote growth, yield and nutrient uptake in
chickpea. Acta Agron. Hung. 55 (3), 315-323. doi: 10.1556/AAgr.55.2007.3.7

Williams, P. M. (1984). Current Use of Legume Inoculant Technology. In M.
Alexander. (Eds.) Biological Nitrogen Fixation, Boston, MA. doi: 10.1007/978-1-
4613-2747-9_8

Wong, C. K. F,, Saidi, N. B., Vadamalai, G., The, C. Y., and Zulperi, D. (2019). Effect
of bioformulations on the biocontrol efficacy, microbial viability and storage stability of
a consortium of biocontrol agents against Fusarium wilt of Banana. J. Appl. Microbiol.
127 (2), 544-555. doi: 10.1111/jam.14310

Woomer, P. L, Huising, J., Giller, K. E., Baijukya, F. P., Kantengwa, S., and
Vanlauwe, B. (2014). N2Africa: Final Report of the first Phase - 2009 - 2013.
(N2Africa reports; No. 73). N2Africa

Wu, Z, Li, X, Liu, X,, Dong, J., Fan, D., Xu, X,, et al. (2020). Membrane shell
permeability of Rs-198 microcapsules and their ability for growth promoting
bioactivity compound releasing. RSC Adv. 10, 1159-1171. doi: 10.1039/CO9RA06935F

Xu, W., Wang, H,, Lv, Z, Shi, Y., and Wang, Z. (2019). Antifungal activity and
functional components of cell-free supernatant from Bacillus amyloliquefaciens LZNO1
inhibit Fusarium oxysporum f. sp. niveum growth. Biotechnol. Biotechnol. Equip. 33 (1),
1042-1052. doi: 10.1080/13102818.2019.1637279

Ye, L., Cornelis, P., Guillemyn, K., Ballet, S., and Hammerich, O. (2014). Structure
revision of N-mercapto-4-formylcarbostyril produced by Pseudomonas fluorescens
G308 to 2-(2-hydroxyphenyl)thiazole-4-carbaldehyde [aeruginaldehyde]. Nat. Prod
Commun. 9 (6), 789-794. doi: 10.1177/1934578X1400900615

Yu, J. M., Wang, D., Pierson, L. S,, and Pierson., E. A. (2018). Effect of producing
different phenazines on bacterial fitness and biological control in Pseudomonas
chlororaphis. Plant Pathol. J. 34 (1), 44-58. doi: 10.5423/PP].FT.12.2017.0277

Zahir, Z. A., Zafar-ul-Hye, M., Sajjad, S., and Naveed, M. (2011). Comparative
effectiveness of Pseudomonas and Serratia sp. containing ACC-deaminase for
coinoculation with Rhizobium leguminosarum to improve growth, nodulation, and
yield of lentil. Biol. Fertility Soils 47 (4), 457-465. doi: 10.1007/s00374-011-0551-7

Zaidi, A., Khan, M. S,, Saif, S., Rizvi, A., Ahmed, B., and Shahid, M. (2017). “Role of
nitrogen-fixing plant growth-promoting rhizobacteria in sustainable production of
vegetables. Current perspective,” in Microbial strategies for vegetable production. Eds.
A. Zaidi and M. S. Khan (Cham: Springer), 49-79. doi: 10.1007/978-3-319-54401-4_3

Zhang, H., Kim, M. S,, Sun, Y., Dowd, S. E,, Shi, H., and Pare, P. W. (2008). Soil
bacteria confer plant salt tolerance by tissue specific regulation of the sodium transporter
HKT1. Mol. Plant Microb. Inter 21, 737-744. doi: 10.1094/MPMI-21-6-0737

Zhou, J., Deng, B., Zhang, Y., Cobb, A. B,, and Zhang, Z. (2017). Molybdate in
rhizobial seed-coat formulations improves the production and nodulation of alfalfa.
PloS One 12 (1), €0170179. doi: 10.1371/journal.pone.0170179

Zimdahl, R. L. (2018). “Herbicide formulation,” in Fundamentals of weed science, 5th
Ed. (UK: Academic Press). doi: 10.1016/B978-0-12-811143-7.00017-2

frontiersin.org


https://doi.org/10.1007/s00253-015-6905-6
https://doi.org/10.2135/cropsci2008.02.0108
https://doi.org/10.2135/cropsci2008.02.0108
https://doi.org/10.7324/JAPS.2012.21020
https://doi.org/10.3389/fmicb.2017.01102
https://doi.org/10.1139/m92-080
https://doi.org/10.1016/j.sjbs.2019.12.034
https://doi.org/10.1016/j.jplph.2010.02.013
https://doi.org/10.1016/j.jplph.2010.02.013
https://doi.org/10.3923/ajppaj.2013.92.108
https://doi.org/10.1093/jee/89.6.1424
https://doi.org/10.1007/s11104-009-0168-x
https://doi.org/10.1016/j.apsoil.2019.103363
https://doi.org/10.1016/j.apsoil.2019.103363
https://doi.org/10.1039/C7SC01670K
https://doi.org/10.1128/jb.100.1.310-318.1969
https://doi.org/10.1186/1471-2180-13-111
https://doi.org/10.1007/s11274-004-6820-y
https://doi.org/10.1016/j.sajb.2005.04.001
https://doi.org/10.1016/j.sajb.2005.04.001
https://doi.org/10.3389/fsoil.2021.788170
https://doi.org/10.3389/fmicb.2022.852192
https://doi.org/10.3389/fmicb.2022.852192
https://doi.org/10.1016/j.mycmed.2011.03.004
https://doi.org/10.1007/s00253-015-6656-4
https://doi.org/10.3389/fpls.2020.00270
https://doi.org/10.3389/fmicb.2015.01514
https://doi.org/10.1007/s42398-018-0026-y
https://doi.org/10.1007/s13199-012-0208-9
https://doi.org/10.3390/ijms20246271
https://doi.org/10.1556/AAgr.55.2007.3.7
https://doi.org/10.1007/978-1-4613-2747-9_8
https://doi.org/10.1007/978-1-4613-2747-9_8
https://doi.org/10.1111/jam.14310
https://doi.org/10.1039/C9RA06935F
https://doi.org/10.1080/13102818.2019.1637279
https://doi.org/10.1177/1934578X1400900615
https://doi.org/10.5423/PPJ.FT.12.2017.0277
https://doi.org/10.1007/s00374-011-0551-7
https://doi.org/10.1007/978-3-319-54401-4_3
https://doi.org/10.1094/MPMI-21-6-0737
https://doi.org/10.1371/journal.pone.0170179
https://doi.org/10.1016/B978-0-12-811143-7.00017-2
https://doi.org/10.3389/fpls.2023.1270039
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Microbial bioformulation: a microbial assisted biostimulating fertilization technique for sustainable agriculture
	1 Introduction
	2 Stages of bio-formulation preparation
	2.1 Selection of potential microbial candidate
	2.2 Carrier selection and bioformulation assemblage
	2.3 Desiccation tolerance testing
	2.4 Storage stability testing
	2.5 Validation, registration and approval

	3 Carriers and adjuvant used for bio-formulation
	3.1 Carrier
	3.2 Adjuvant/adhesives used in bioformulation
	3.3 Adjuvants in liquid bioformulation

	4 Types of bio-formulation
	4.1 Solid bioformulation
	4.1.1 Granular formulation
	4.1.2 Wettable powdered formulation
	4.1.3 Wettable/water-dispersible granular formulation

	4.2 Liquid bioformulation
	4.3 Encapsulated bioformulation
	4.4 Metabolite bioformulation
	4.5 Cell free culture supernatant bioformulation

	5 Factors affecting the efficacy of microbial bioformulation
	6 Role of bioformulation
	6.1 Enhancer of crop yield and nutritional quality
	6.2 Role as biocontrol agents
	6.3 Controlling abiotic stress

	7 Delivery methods of bio-formulation
	7.1 Soil treatment
	7.2 Plant treatment
	7.3 Seed inoculation

	8 Biosafety issue and risk assessment of microbial bioformulations
	9 Challenges and limitations in utilizing microbial formulation
	10 Conclusion and future prospects
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


