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Abstract: The excessive use of agrochemicals in the field to increase production and counteract the
negative effects caused by biotic and abiotic factors has led to a deterioration in soil fertility, plus an
increment in negative impacts on the environment and human health. Therefore, the application
of beneficial microorganisms as bioinoculants is an eco-friendly alternative to agrochemicals. Plant
growth-promoting bacteria and fungi have been effective in promoting plant growth and production,
as well as reducing the action of pathogens in multiple crops. However, successful application
of such beneficial microorganisms in the agricultural field has faced several difficulties, such as
survival, colonization efficiency and short periods of shelf storage. Therefore, it is essential to explore
novel ways to encapsulate, formulate and apply bioinoculants. To obtain the expected quality in
bioencapsulated products, it is essential to determine the type of polymer, capsule size, encapsulation
technique and use the correct chemical and physical cofactors involved in the production process.
Thus, this review highlights the various formulation types and application techniques, as well
as discussing the multiple advantages of using microbial encapsulates to have better results in
agricultural production.
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1. Introduction

The continuous increase in the world population is accompanied by a high demand for
agricultural products that must be satisfied in quantity and quality. In recent decades, and
particularly since the advent of the green revolution, excessive use of chemical fertilizers
has taken place to maximize production and improve the quality of crops and try to increase
the productivity of nutritionally poor soils [1]. However, the benefits initially observed by
the use of agrochemicals on crop productivity have been overshadowed by studies that
show the adverse effects of excessive use of these products on the environment [2].

Among the damages caused to the soil are the deterioration in its structure and texture
and a reduction in the populations of microflora and microfauna, which together trigger a
nutritional imbalance within the soil. In addition, chemical inputs are the main source of
contamination in soils used for agricultural production; they contribute significantly to the
contamination of water and the atmosphere, triggering diseases in living beings [2].

In addition to the above, it has been shown that the use of chemical fertilizers by
plants is inefficient, since they only take advantage of ~50% or less of the chemical doses
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applied, regardless of the nitrogen source with which they are formulated [3], causing an
accumulation of the products used in the soil.

The damages that have been caused over time by the excessive use of agrochemicals
require the development and implementation of technologies that have a minimal impact
on the environment and that are designed in such a way that they can maintain and
preserve the productivity of the soil. In addition, agricultural products intended for human
consumption that are free of chemicals gives added value to these products [4].

One of the technological options to decrease the amount of chemicals in the soil
environment is to use beneficial microorganisms that can promote plant growth and reduce
synthetic fertilizers without negatively affecting crop productivity [5,6]. The use of these
microorganisms, also known as biofertilizers, is one of the most important contributions
of biotechnology and microbiology to modern agriculture, and it is an alternative for the
reduction in production costs and the environmental impact caused by the excessive use of
agrochemicals [7,8].

Therefore, the inoculation of microorganisms that promote plant growth in crops is a
practical alternative to agrochemicals and can be applied directly to the soil, sprayed on
plants or used as a coating for seeds [9].

2. The Role of Beneficial Microorganisms as Inoculants

The interaction of plants with microbial communities results from co-evolution over
millions of years, contributing to the adaptation of plants on earth [10]. The interactions
between microorganisms and plants occurs mainly in the portion of the soil that is in
close contact with the plant root, known as the rhizosphere. This zone is defined as the
volume of soil associated with and influenced by plant roots [11], constituting a favorable
environment for the development of microorganisms in quantities that are much higher
than those found in the rest of the soil. These high microorganism concentrations are a
consequence of the fact that plants provide the necessary nutrients for the development of
these microorganisms, which in turn provide the plants with substances that promote their
growth, establishing a mutualistic relationship between both organisms [12].

The interactions between plants and beneficial microorganisms have been the subject
of various scientific investigations, since this relationship provides a viable alternative
for sustainable plant development and the conservation of the environment [4]. Some
microorganisms that promote plant growth include mycorrhizal fungi, beneficial fungi or
promoters of plant growth and certain rhizobacteria [13-15].

Mycorrhizal fungi are a group of root biotrophs that exchange mutual benefits with
approximately 80% of plants and include arbuscular mycorrhizae and ectomycorrhizae
from multiple fungal clades, such as Glomeromycota, Ascomycota and Basidiomycota [16].
Among the benefits of this mutualism is the supply of soil nutrients to plants in exchange
for carbon from the host plants. This relationship results in an increase in the absorption
of nutrients, the production of bioactive compounds and an increase in the production
of fruits and tubers. In addition, this relationship has been highly effective as a nemati-
cide, in addition to increasing the uptake of water to plants in certain environmental
conditions [16,17].

Beneficial fungi or plant growth-promoting fungi (PGPF) have taken on great im-
portance since it has been proven that they promote plant growth and, in turn, control
numerous foliar and root pathogens by activating induced systemic resistance (ISR) in the
host plant through various signaling pathways [8,18]. This group of organisms includes
species of genera, such as Trichoderma, Aspergillus and Phoma [19,20].

Plant growth-promoting bacteria (PGPB) are a set of bacteria that inhabit the rhizosphere.
Through different mechanisms, they promote plant growth and provide them with tolerance
to both biotic and abiotic stress conditions [21]. Within this group we find species belong-
ing to the genera Azospirillum, Azotobacter, Bacillus, Burkholderia, Enterobacter, Klebsiella and
Pseudomonas, as well as some endophytic species, such as Axoarcus, Gluconacetobacter and
Herbaspirillum [22-24].
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The role of inoculants, such as PGPF and PGPB, on plants is to improve plant growth,
production and resistance against several phytopathogens. These microorganisms are used
as different types of formulations, prepared accordingly to the desired function or effect of
the microorganism to be used. These formulations contain live or latent microorganisms
(bacteria or fungi, alone or in combination) and, depending on the mechanism they use to
promote plant growth (direct, indirect or both), are classified into one of three categories, i.e.,
biofertilizers, biostimulants or biopesticides [4,25]. The mechanisms of action of beneficial
microorganisms are discussed in the next section.

Biofertilizers are formulations with one or several microorganisms that provide
and improve the bioavailability of nutrients when applied to crops, biostimulants in-
clude microorganisms that promote plant growth directly through the production of hor-
mones and biopesticides include microorganisms that are used to control phytopathogenic
agents [26-28].

3. Mechanisms of Action of Beneficial Microorganisms

Certain microorganisms can promote plant growth through direct mechanisms or
indirect mechanisms, although some mechanisms can work both directly and indirectly [29].
These mechanisms of action are briefly described below. We recommend the reader to other
excellent recent reviews in this area [30,31].

3.1. Direct Mechanisms of Action

Direct mechanisms refer to the promotion of plant growth in two ways: microorgan-
isms make it easier for plants to acquire the nutrients they need or they help to modulate
the levels of plant hormones involved in the development and growth of plants [32-34].

With the increased use of chemicals in agriculture, much of the nutrients, such as
soluble inorganic phosphorus used as a chemical fertilizer, becomes immobilized soon
after its application, making it unavailable to plants [35]. Naturally, in the soil, insolu-
ble phosphorus is found as apatite or in some organic forms, such as inositol phosphate
(phytate), phosphomonoesters and phosphodiesters [36], forms which plants cannot di-
rectly assimilate. However, some microorganisms are capable of solubilizing inorganic
phosphates through the production of low molecular weight organic acids that act on the
inorganic phosphates making them available so that they can be used by plants [35]. Other
microorganisms contain enzymes that can break down organic phosphates into a plant
usable form [33].

Another important nutrient for plants is iron. The predominant form of iron in nature
is Fe?*, which is not assimilable by plants. Some microorganisms can synthesize complex
peptide molecules with a high affinity for Fe>*; these peptides are known as siderophores.
The siderophores trap iron forming a complex; this complex may be taken up by membrane
receptors of microorganisms and thus facilitates its acquisition. These iron-siderophore
complexes can also be assimilated by plants and subsequently broken down inside of the
plant, thus providing plants with the iron they need [37].

Nitrogen is one of the nutrients that plants require in larger concentrations, and it is
found primarily in organic form in the soil. Nonetheless, plants take up inorganic nitrogen
as ammonium and nitrates, rather than the organic form; thus, nitrogen mineralization
from organic to inorganic form is crucial for plant growth and crop production [38,39].
Nitrogen fixing bacteria have gained attention in this regard, due to their capability to
convert atmospheric nitrogen (N,) into ammonia (NHj3), which plants can use, in a process
called biological nitrogen fixation. Bacteria capable of such conversion encode the enzyme
nitrogenase (a highly conserved enzyme complex), which catalyzes the conversion of N, to
NHj; [40-42].

Biological mechanisms, such as nitrogen, sulfur or phosphorous fixation [43], pro-
duction of siderophores to increase iron bioavailability [44,45], phosphate and sulfates
solubilization [46,47] and iron sequestration [33] help to incorporate or increase nutri-
ents in the soil, along with their bioavailability to the plants. This increased provision
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of nutrients is provided by the following organisms: Rhizobium spp., Sinorhizobium spp.,
Mesorhizobium spp., Azotobacter spp., Azospirillum spp., Pseudomonas spp., Bacillus spp.,
Aureobasidium pullulans, Epicoccum nigrum, Scolecobasidium constrictum, Myrothecium cinctum
and Acidianus spp., among others [43,44,46,47].

Some rhizospheric and endophytic microorganisms can produce plant hormones
or induce their synthesis in plants. Many soil bacteria can produce hormones, such as
cytokinins, gibberellins or auxins. In addition, some rhizosphere microorganisms produce
the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase, where ACC is the
immediate precursor of ethylene, a hormone related to the senescence of plants and the
ripening of fruits and that very high levels of this hormone inhibit plant growth. The
enzyme ACC deaminase converts ACC into a-ketobutyrate and ammonia, thus ethylene
is no longer produced, and ammonia and «-ketobutyrate are compounds that can be
assimilated by plants [42,48,49]. ACC deaminase production has been observed in plant
beneficial organisms, such as B. subtilis, P. fluorescens, B. amyloliquefaciens, Enterobacter cloacae
and Trichoderma sp., among others [50-52].

3.2. Indirect Mechanisms of Action

Other microorganisms can promote plant growth indirectly. A common indirect
mechanism is competition for space and nutrients, where the beneficial microorganism
competes with a pathogen and the one with the greatest capacity to take up nutrients
and the fastest growth rate proliferating in the soil displaces the pathogen and prevents
it from colonizing and infecting plants [34,53,54]. The successful competition of PGPB
with pathogens provides plants with a greater opportunity to grow and develop. It is
worth mentioning that the production of siderophores can also be classified as an indirect
mechanism, since the microorganisms with the capacity to produce these molecules and
take up siderophore-iron complexes will limit the growth of the pathogen competing for
this nutrient [45,55,56].

The production of antibiotics or antimicrobial compounds is a common and often stud-
ied indirect mechanism of plant growth promotion. For example, pyrrolnitrin produced by
Pseudomanas spp. [57], iturine produced by Bacillus spp. [58] and syringomycin, produced
by P. syringae [59] are some of the most common antipathogen antibiotics.

In addition to antibiotics, various microorganisms produce volatile organic compounds
(VOCs) that can also be toxic to pathogens, preventing their growth or leading to their death,
such as dimethyl disulfide produced by Bacillus sp. E25 [60] and B. thuringiensis CR71 [61].
Some of these VOCs, in addition to having antimicrobial action, can also promote plant
growth directly, as is the case of dimethyl-hexa-decylamine [62]. Therefore, the production
of VOCs can be classified as both a direct and an indirect mechanism.

Another indirect mechanism of plant growth promotion is the production of lytic
enzymes related to the ability of the microorganism to parasitize and destroy the pathogen,
as is the case of mycoparasitism carried out by fungi of the genus Trichoderma, adhering
to the hyphae of the pathogen, where it secretes enzymes that degrade the cell wall,
resulting in the death of the pathogen, or the destruction of its structure, preventing its
development [50,63-65].

Finally, induced systemic resistance, initiated by the PGPB, is an indirect mechanism
that involves activating the biochemical and molecular defense responses of the host plant,
these may include the production of reactive oxygen species (ROS), phytoalexins, synthesis
of proteins related to pathogenesis (PR), lignin accumulation at the site of infection, among
others [66]. Some microorganisms that promote plant growth induce this defense response,
preventing the colonization or the development of infection by phytopathogens [45,67,68].

4. Formulation of Microbial Inoculants

To enable plant growth-promoting microorganisms to be used and applied in agri-
cultural practices, it is necessary to develop formulations based on these bioinoculants.
Formulating a bioinoculant includes the entire series of procedures and technologies after
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the growth in culture of the microorganisms that promote plant growth. Bioinoculant
formulation includes the mixture of a selected beneficial strain with a suitable vehicle that
preserves the viability of the microorganism in either a dormant or metabolically active
state during transport, storage and application [69]. To obtain a successful formulation,
the microorganism must overcome the conditions of temperature, humidity, salinity, UV
radiation and water stress present in the soil and during its formulation, in addition to
being effective and competitive against the native microbial populations of the soil [1,70].

The compatibility of the physical form of the bioinoculant (solids in the form of powder,
granules or capsules and liquids) and its incorporation through agricultural practices is
a key factor determining the durability of the product and its ability to colonize plant
roots [71]. According to the physical form of the inoculant, it is classified as a liquid
formulation, a solid formulation or bioencapsulated [21,71].

4.1. Liquid Formulation

Liquid formulations use culture broths or formulations based mainly on water, mineral
or organic oils. Seeds and seedlings can be immersed in the inoculant before sowing or
transplanting [70,72], and for the biocontrol of pathogens or physiological stimulation,
they can be sprinkled on the foliage of already established plants or applied directly to the
soil [73]. This formulation method is the most commonly used. It is directly applied to
crops without going through other processes following fermentation; most microorganisms
can survive for more than one year if the containers are kept at ~4 °C, they are easy to
inoculate and their application is very practical when implemented in irrigation or sprinkler
systems. Liquid formulations are relatively low cost. However, even when its efficacy
has been proven, its stability during storage is often limited due to its susceptibility to
contamination with other microorganisms [69,74].

Liquid formulations of different microorganisms, or even in microbial consortia, and
with the use of various additives, have managed to increase yields in agricultural fields.
For example, when a liquid bioinoculant based on sugar and coconut water, including
Pseudomonas spp., Bacillus spp., Klebsiella spp., Aspergillus spp., and Azotobacter spp., was
used to inoculate soybean plants, the result was improved nutrient solubility and increased
crop yield [75].

It has also been shown that the phosphate solubilization capacity and the survival rate
of Pseudomonas and Pantonea strains increases and are preserved when they are used in
liquid formulations up to three months after their formulation containing diluted concen-
trations of phosphate buffer and nutrient broth with glycerol [76]. In addition, Camelo-
Rusinque et al. [77] assessed the population dynamics of the Azotobacter chrocoocum strain
AC1 in MBR culture medium under bioreactor conditions after 105 days and found that
both the cell viability and the biological activity of the strain was maintained, regardless of
the storage temperature. This indicates that some liquid formulations can be used for a
specific time, with the organisms retaining their activity and continuing to be viable for use
as bioinoculants.

4.2. Solid Formulation

Solid formulations are used widely in the agricultural industry because of the ad-
vantages they offer during storage and transportation. A simple technique used for the
preparation of solid formulations is adsorption, which consists of mixing the microorgan-
isms with a solid support, such as vermiculite, perlite, sepiolite, kaolin, diatomaceous earth,
natural zeolite, peat or clay, the latter being of great interest in agriculture thanks to its
ability to act as a desiccant and provide excellent storage conditions for various inocula, as
it has a good ability to adsorb agents dispersed or suspended in it [78,79].

Peat is one of the supports most used worldwide in commercial crops due to its low
cost. However, being a complex organic matter, different batches present great chemical
variability and, consequently, it is difficult to maintain the same quality in all batches. In
addition, its storage is very susceptible to humidity, which decreases the inoculum cell
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survival [78]. According to Rose et al. [80], it is essential to be able to quantify the number of
viable cells of each microorganism per unit weight of inoculant, to determine the inoculum
potential at different application doses and for field results to be properly interpreted.

In a study by Quiroz Sarmiento et al. [81], the effectiveness of peat was evaluated with
the following bacteria: Serratia liquefaciens CPAC53, S. plymuthica CPPC55, P. tolaasii P61 and
P. yamanorum OLsSf5, in comparison with the encapsulation of the strains using alginate
beads. Following a storage period of 150 days, the results showed that the encapsulated
strains maintained the highest population. The effect of both types of bioinoculants on
poblano chili seedlings (Capsicum annum L.) was also evaluated. In this case, the best results
were observed with the encapsulated strains [81]. This suggests that the success in using
peat as a support material for solid formulations depends on the conditions in which the
bioinoculum will be used and the availability of other strategies.

A common technique of solid formulation is spraying or lyophilization. This technique
allows for the realization of high microbial survival rates without the need to use any
support, allowing for easy inoculum storage for long periods, at room temperature, without
the need for refrigeration. One of the disadvantages of lyophilization is that it is necessary
to protect the cell membrane and cytoplasm against dehydration during the storage period,
using a cryoprotectant, such as mannitol and microcrystalline cellulose [82]. In this way,
the cells remain viable and can be used long after lyophilization, for at least a year [83].

Lyophilized microorganisms may be mixed with a solid support or used directly.
For example, in the laboratory, Grzegorczyk et al. [84] studied the survival and storage
stability of a strain of Trichoderma hariazum, four strains of Trichoderma atroviride and two
strains of Trichoderma virens, after culture lyophilization in solid wheat straw medium with
and without the addition of maltodextrin. It was observed that the strains had a higher
survival capacity (except for strain T. atroviride TRS40), compared to the addition of distilled
water only, and in comparison with the bioformulation containing just maltodextrin. Three
months after lyophilization, the strains remained stable and most still showed cellulolytic
and xylanolytic activity.

Wessman et al. [85] studied the survival of the bacterial strains P. putida KT2440
and A. chlorophenolicus A6 after lyophilization in four different formulations, including
(i) sucrose, (ii) Ficoll PM400 a sucrose polymer, (iii) hydroxyethylcellulose (HEC), and
(iv) hydroxypropylmethylcellulose (HPMC). The polymers were chosen to obtain a monomeric
structure, such as sucrose. The results of this study indicated that a key factor to help cell
survival is the ability of the added ingredients to replace water during dehydration, thereby
maintaining the structure of proteins and cell membranes in a dry state. Disaccharides,
such as sucrose, show this property, while polymers, such as starch-based polysaccharide,
do not. Thus, some polymers can facilitate cell survival to the same extent as disaccharides
provided that certain physical properties of the formulation are controlled [85].

In fact, one of the techniques that have gained great importance in recent years thanks
to its advantages, is the solid formulations developed based on polymers. These polymers,
in the presence of ions or changes in chemical conditions, form complex matrices so that
microorganisms become immobilized and encapsulated in the matrix and are gradually re-
leased as the polymer degrades. The technique of microorganism immobilization ultimately
creates barriers between the microbes and the environment, improving their bioavailability
and preserving their biological stability [86].

5. Bioencapsulation of Plant Growth-Promoting Microorganisms

The growing demand for the use of microorganisms as bioinoculants for use in agri-
culture has facilitated the use of technological tools that allow compliance with the need to
develop products that can promulgate agricultural sustainability. When plants are commer-
cially inoculated with plant growth-promoting microbes, the formulation process generates
certain problems when applied in the field, given that the main physical form in which
the formulation is presented as a liquid or as powders that fails to protect the survival of
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the microbial strains in the face of abiotic conditions (temperature, humidity, salinity, UV
radiation, pH) present in the application process [87].

The use of polymers through the encapsulation technique has been proven as a highly
effective alternative to increase the viability of microorganisms and, in turn, provide
protection against the environmental conditions present [88,89]. Figure 1 represents the
various biotic and abiotic factors that bioencapsulated microbes face when used in the field.
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Figure 1. Biotic and abiotic factors that cause stress in plants and affect bioencapsulated microorganisms.

6. Classification of the Well-Encapsulated

Bioencapsulated microbes can be classified according to the type of mechanism used
by the microorganism to promote plant growth or according to the type of microorganisms
used in their formulation, whether they are bacteria, fungi or a combination of both [69,86].

6.1. Bioencapsulated Bacteria

Bacteria, particularly PGPB, have been widely used in agricultural research and have
proven to be a tool for improving plant health and growth without causing environmental
pollution [89,90]. PGPB manage to mitigate abiotic stress in the soil through the production
of phytohormones and associated metabolites, as well as through significant morphological
changes in the roots [91-93]. These changes result in a better nutritional status for plants
and, in turn, stimulate plant defense mechanisms to overcome unfavorable environmental
conditions [10,94].

Some bacteria can migrate from the rhizosphere to the internal tissues of the plant.
They do this through cracks that form in the roots as a consequence of growth, they can
also enter through lenticels, due to the emergence of lateral roots or by the cells of the root
hairs, among other ways. Once inside the plant, they can exert their action of promoting
plant growth either by direct or indirect mechanisms and, in turn, the bacteria are protected
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from abiotic stress and are exempt from competing for resources and space with other soil
microorganisms. The bacteria capable of colonizing the internal tissues of a plant without
causing damage are known as endophytes [30,95,96].

Some bacteria can form highly stable dormant spores that can germinate, forming
active bacteria when conditions are favorable [97]. Fully formed spores are recognized
as one of the most resistant life forms on the planet, they protect the bacterial genome
against heat, desiccation, radiation and oxidation, as well as being an efficient way to
escape predation by higher organisms. Spore germination is triggered by the presence of
nutrients in the environment, these are detected by membrane receptors and in a matter of
minutes, the nucleus of the spores is activated, the spore rehydrates, the cortex hydrolyzes
and its surface cover changes [98-100]. This naturally occurring process is considered to be
an effective technique for the development of inoculants as it allows greater survival of the
strains during the storage process, making it possible to develop encapsulation on a large
scale and, in turn, is more profitable [101].

Among the bacteria that form spores are Clostridium, Sporosarcina, Thermoactinomyces
and Bacillus; there are numerous reports of the beneficial effects of Bacillus strains on
crops of agricultural interest. Bacillus strains promote plant growth, increase phosphorus
solubilization and increase the production of growth regulators, and they are highly efficient
for pest control. Within this group is the B. thuringensis species, which is widely applied
worldwide as a consequence of its activity as a biological insecticide [102,103].

Many strains of bacteria have been used to make bioencapsulated bacteria based
on various polymers, and their effect as biostimulants and/or biopesticides has been
studied in several field or greenhouse experiments (Table 1). The bioencapsulation of
spore-forming bacteria provides them with additional resistance to environmental factors;
however, this type of formulation represents a greater advantage for those organisms that
do not form spores, also preserving their viability, which opens the possibility of using a
greater diversity of organisms that promote plant growth or biocontrol in the field.
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Table 1. Encapsulated microorganisms of agricultural importance, their beneficial effect on plant crop and application technique.

Encapsulated Microorganism Encapsulation Polymer Crop Effect Type of Assay Reference
Biocontrol against Gaeumannomyces graminis;
Streptomyces fulvissimus Uts22 Chitosan + gellan gum Triticum sp. Growth promotion of root and branches systemsin ~ Greenhouse assay [104]
wheat plants.
Pseudomonas fluorescens Ms-01 (Pf) Montmorillonite+alginate [Mt-Ag] y Triticum s Increase in root and branches biomass; Increase in Greenhouse assa [105]
Azospirillum brasilense DSM1690 (Ab) hallosite+alginate [Ha-Ag] p- root nitrogen adsorption y -
Azotobacter chroococcum C26 Carrageenan . Cell preservation - [106]
. e Alginate-bentonite- . . . N .
Bacillus subtilis SL-13 polyvinyl alcohol-SDS Gossypium hirsutum Increase in seed germination and plant biomass Greenhouse assay [107]
. . . . . Plant growth promotion under saline stress;
Pseudomonas putida Rs-198 Alginate /bentonite /starch Gossypium hirsutum increase in IAA and gibberellin production Greenhouse assay [108]
Ensifer fredii LP2/20 Agar and alginate - Bacterial community structure modifications Field assay [109]
Pseudomonas putida Alginate Capsicum annuum L. Plant growth promotion Greenhouse assay [110]
Pantonea agglomerans KL Alginate Oryza sativa Reduction in saline stress Greenhouse assay [111]
Paenibacillus polymyxa MSRHS5, Reduction in saline stress and increase in
Bacillus nakamurai MSRH1 Alginate Triticum aestivum L. lant erowth Field assay [112]
and Bacillus pacificus MSR H3 P &
Pseudomonas fluorescens strains . . Biocontrol against Fusarium solani;
VUPF5 y T17-4 Alginate-gelatin Solanum tuberosum Plant growth promotion Greenhouse assay [113]
Bacillus subtilis cbrf24 )((Z:;Eﬁ:r}lrmethylcellulose Solanum lycopersicum Nematicide against Meloidogyne incognita Greenhouse assay [114]
Pseudomonas fluorescens (KY823007),
P. taiwanensis (KY823006),
P. monteilii (KY823008), Laponite Vigna unguiculata Overall plant growth promotion Greenhouse assay [115]
P. rhodesiae (KY823010),
P. putida (KY823009).
Pseudomonas libenensis TR1 Alginate Vigna unguiculata glant growth promotion and reduction in Greenhouse assay [116]
rought stress
Pseudomonas sp. DN18 Algmate sgpplerpented with salicylic Oryza sativn Plant g}'owth promotion and biocontrol against Greenhouse assay [117]
acid and zinc oxide S. rolfsii
. . . . . . . . Plant growth promotion and biocontrol against
Bacillus licheniformis Alginate supplemented with chitosan Capsicum annuum L. Greenhouse assay [118]

S. rolfsii
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Table 1. Cont.

Encapsulated Microorganism Encapsulation Polymer Crop Effect Type of Assay Reference
Azospirillum brasilense,
Burkholderia cepacia, Bacillus thuringiensis,  Alginate S Increase in nitrate and phosphorous concentration .
B. megaterium, B. cereus, B. subtilis, B. Clay Eugenia stipitata in planta Field assay [119]
subtilis 1411 and Trichoderma sp.
Bacillus megaterium MTCC 2412,
Azotobacter
chroococcum MTCC 3853 Alginate Cajanus cajan Plant growth promotion Greenhouse assay [120]
Pseudomonas flourescens
MTCCTrichoderma viride MTCC 793
. Increase in root colonization of maize plants and
Glomus sp. y Acaulospora sp. Alginate Zea mays increase resistance to drought stress Greenhouse assay [121]
Mesorhizobium ciceri ST-282 Alginate + gelatin/pectin/ Cicer arietinum and . .
Bradyrhizobium japonicum M8 kaolin/bentonite Glycine max Increase in plant nodules Field assay [122]
Metarhizium brunneum CB15 Pectin/starch, cellulose, and yeast Solanum tuberosum Plant growth promotion; increase in nitrogen and Greenhouse assay [123]
phosphorous content
Metarhizium brunneum BIPESCO5 Alginate fsllllgzt’ﬁjleywp ersictin L. Increase in endophytic behavior Greenhouse effect [124]
Trichoderma viride Alginate in combination with calcium Lactuca satioa L. Increase.ln yield an.d secondary Field assay [125]
or copper metabolite production
Candida tropicals CY4, Cryptococcus Biocontrol againts E. oxysporim:
tephrensis TY17 and Saccharomyces Alginate Cucumber cv. Beta alpha & - Oxysp ! Greenhouse assay [126]

cerevisiae CuY10

Increase in plant growth
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6.2. Bioencapsulated Fungi

Among the fungi that have been bioencapsulated, the entomopathogenic fungi, myc-
orrhizal fungi and fungi that promote plant growth and biocontrol stand out.

Entomopathogenic fungi (HEP) are part of the most important biological formulations
in the microbial control of pest insects; they have also gained importance in their use
as plant growth promoters and even as good plant tissue colonizers. For example, the
endophyte, Metarhizum brunneum, encapsulated in alginate, was able to preserve its viability,
in addition to being able to efficiently colonize tomato plants [124].

Arbuscular mycorrhizal fungi (AMF) are plant growth-promoting organisms that,
following the process of absorbing mineral nutrients from the soil, transfer these nutrients
to the plant. Arbuscular mycorrhizal hyphae spread widely in the soil and function as
an extension of the roots, increasing the ability of plants to absorb water and nutrients
from the soil [127]. Among the beneficial effects they offer are stability to the soil structure,
greater host plant tolerance to water stress [128] and, as a consequence of its mycelium
increasing the absorption range of the roots, it mitigates aluminum toxicity stress generated
in the soil [129].

The use of encapsulation for AMF spores improves the efficiency and stability of
fungal bioinocula and, therefore, it is possible to meet the optimal mechanical properties
for their handling, transport and stability, following their formulation [121].

Trichoderma and Metarhizum are among the genera of fungi that promote plant growth
of agronomic importance, which, through their encapsulation based on polymers, have
managed to promote the plant growth of crops, such as Cajanus cajan, Lactuca sativa and
Solanum tuberosum [120,123,125].

7. Bioencapsulation Process

Bioencapsulation is a cell immobilization process that consists of trapping microorgan-
isms in a polymeric material, capable of allowing the passage of metabolites and gases to
preserve cell viability and forming small capsules [86,130]. The bioencapsulation process
uses different techniques, depending on the purpose and the type of microorganism being
used. However, for each bioencapsulation, it is necessary to take into account: the selection
of the material or polymer used, the desired size of the capsule, and the most appropriate
technique to use [86]. Figure 2 illustrates the general steps of the bioencapsulation pro-
cess of plant growth-promoting microorganisms (PGPM), and the most relevant points to
consider for bioencapsulation are described below.

Cell Alginate

suspension: Encapsulation{ Chitosan

bacteria, fungi o 1 material Others...
’O

N/

Extrusion
" Encapsulation Spray - drying
technique Emulsion

.
(-

D?
Bioencapsulated
inocula features:
Size
— (4 — Resistance
o ) S Cell viability
) Etc..
PGPM

Gelation b
bioencapsulated

Figure 2. General bioencapsulation process of plant growth-promoting microorganisms (PGPM).
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7.1. Coating Materials in Encapsulation

The materials used for the encapsulation of the microbial cells are a key part of the for-
mulation process. It is necessary that these materials have certain properties or characteristics,
such as the ability to (i) protect cells against environmental conditions, (ii) disperse with the
material to be encapsulated, (iii) release their contents under specific conditions, and (iv) cover
and maintain the encapsulated organisms within its structure [78,86,131,132]. These coating
materials include hydrogenated oils, waxes, maltodextrins, celluloses, starches, gums and
various polymers, the latter of which play a dominant role in determining and forming
capsules [69,86].

Polymers in general are chemical substances made up of many repeating units called
monomers, with multiple bonds chemically linked or polarized together to build the poly-
mer chain. Natural polymers (biopolymers) are compounds typically formed by polysac-
charides, such as cellulose, chitosan or starch, and proteins, such as keratin or collagen [133].
These biopolymers have gained importance in the manufacture of bioencapsulated mi-
croorganisms because, compared to synthetic polymers, they have greater benefits for the
microorganisms that are encapsulated within them. For example, greater resistance to envi-
ronmental factors and increased cell viability was observed with biopolymers, compared
to synthetic polymers [78,86]. Among the main polymers used in agricultural bacterial en-
capsulation are alginate and chitosan. In addition, other biopolymers, such as carrageenan,
gelatin and laponite, have been used [106,115,118], although their use is less frequent, or
they are used in combination with other polymers.

7.1.1. Alginate

Alginate is a linear polysaccharide of D-mannuronic and L-guluronic acids that is
naturally present in various species of algae and some bacteria [134,135]. Alginate is the
most widely used polysaccharide in the encapsulation process because it is a non-toxic,
biocompatible, inexpensive and readily available material that allows the encapsulation
of microorganisms in a simple way [136]. Among its main advantages is the fact that it
can gel easily, has good solubility and low viscosity and can be used in mild conditions,
allowing cells to be trapped with minimal losses of viability [134,137].

Calcium alginate capsules (pearls) are structured as a flexible network, and if they
have been used for encapsulation, they are filled with a large amount of water (97-98%
by weight). Using only alginate for cell bioencapsulation does not adequately protect
the cells during the drying or solidification process and, consequently, the pearls are
slightly deformed, so it is generally used in combination with other organic compounds.
These compounds include starch, glycerol, chitin, skim milk or humic acids [69,131,138].
Alternatively, alginate may be mixed with clays, such as montmorillonite or halloysite,
thereby increasing the mechanical resistance and improving the quality of the capsule, in
addition to the survival of microorganisms [105].

Biocapsules made with alginate have many advantages for microorganisms. Glomus sp.
and Acaulospora sp. alginate biocapsules increase water adsorption, thereby favoring the ger-
mination of these mycorrhizal fungi; increase colonization of plant roots; and plant resistance
to water stress [121]. The concentration of nitrate and phosphorus in Eugenia stipitata plants,
as well as plant biomass, increases when plants are treated with encapsulated inocula (with
alginate or clay) of Azospirillum brasilense, Burkholderia cepacia, B. thuringiensis, B. megaterium,
B. cereus, B. subtilis, B. subtilis strain 1411 and Trichoderma sp. [139]. Using alginate with gelatin,
pectin, kaolin or bentonite to encapsulate Mesorhizobium ciceri and Bradyrhizobium japonicum in-
creased the number of nodules formed in plants of Cicer arietinum (chickpea) and Glycine max
(soybean), in comparison with non-inoculated plants [122].

The use of alginate to encapsulate microorganisms of agricultural interest improves
their characteristics as biocontrol agents and as growth promoters, promoting endophytism
and the content of nitrogen and phosphorus in plants [112,113,116,123,140].
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7.1.2. Chitosan

Chitosan is made from glucosamine and N-acetyl-glucosamine units, is biodegrad-
able, abundant and easy to obtain from the deacetylation of chitin, a component of the
exoskeleton of crustaceans, mollusks, insects and fungi [141].

In the presence of anions and polyanions, such as alginate, chitosan can polymerize
through cross-links, reducing the porosity of the alginate, and, therefore, improving its pro-
tective effect of the encapsulated microbe [141]. By combining both biopolymers to encapsu-
late the bacterium Bacillus licheniformis, the promotion of plant growth of Capsicum annum L.
plants was improved, as well as its capacity to act as a biocontrol agent of the pathogen
S. rolfsii [118]. Streptomyces fulvissimus Uts22 encapsulated in a mixture of chitosan with gel-
lan gum promotes the development of roots and lateral shoots in wheat plants, in addition
to controlling the growth of the pathogen Gaeumannomyces graminis [104] (Table 1).

In general, the use of chitosan, whether applied alone or for the introduction of other
particles or microorganisms in agriculture, is highly efficient in controlling both biotic
and abiotic stress, in addition to promoting growth of various plant species, thus, when
used to encapsulate microbes, chitosan can have an additive effect to the benefits of the
microbe [142].

7.1.3. Other Biopolymers

In addition to alginate and chitosan, there are other polymers that can be used to
improve the stability and/or quality of capsules. Among these polymers is gum Arabic,
which is obtained from Acacia senegal and A. seyal trees and is made up of a mixture of
complex polysaccharides. In addition to oligosaccharides and glycoproteins, gum Arabic is
rich in essential elements and trace elements, such as aluminum, phosphorus, magnesium,
copper, zinc and iron, and acts as an emulsifier, stabilizer and protector from chemical
decomposition [143-145].

Starch is one of the most widely used accompanying polymers with alginate, as it
provides good protection to bacterial cells and allows optimal diffusion of micronutrients
and metabolites in various formulations [146]. The starch is mainly obtained from corn,
potato, barley and oats, and its amylose and amylopectin units are linked by glycosidic
bonds [147]. In combination with maltodextrin and sodium alginate, the encapsulation of
B. subtilis with these materials maintain cell viability and is an efficient way to control the
pathogen Fusarium oxysporum £. sp. lycopersici [148].

Maltodextrin, which is obtained from starch, is a linear polysaccharide of glucosamine
and N-acetyl-D-glucosamine units. It is used at low concentrations as a coating material
for the production of microparticles [148].

Gelatin, which is derived from collagen and consists of glycine, proline and 4-hydroxyproline
residues, is very useful as a thermoreversible gelling agent for encapsulation, either alone or
in combination with other polymers. Due to its amphoteric nature, it can also form a strong
interaction with anionic polymers, providing greater stability to the capsules. Gelatin, in
combination with gum Arabic, has been used to encapsulate Metarhizium anisopliae, which
is used to biocontrol fire ants (Solenopsis invicta) [145] or in combination with alginate to
encapsulate B. subtilis SL-13, greatly increasing cell viability [74].

Carrageenan, which is extracted from red seaweed (Irish moss) and some bacteria,
are polymers that have a linear structure made up of D-galactose units alternately linked
by «-(1,3) and 3-(1,4) bonds. These polymers can form a gel that traps microbial cells
and can be used in combination with alginate. However, the gelation of carrageenan is
induced by changes in temperature, which should be considered when using it to make
bioencapsulated microbes, especially when it comes to organisms that may be sensitive to
temperature [149,150].

Another polymer that has been used is agar/agarose. It is mainly extracted from
marine red algae and is composed of alternating (3-D-galactopyranosyl and 3,6-anhydro-
a-L-galactopyranosyl units. One of its important characteristics is that it is resistant to
degradation by most known microorganisms and is a thermosetting hydrogel, gelling



Appl. Biosci. 2022, 1

211

in response to a reduction in temperature. However, it has the disadvantages of low
mechanical strength and high cost [151,152], which should be considered when using it as
a material to produce bioencapsulated microbes.

An important factor for the success of the bioencapsulated microbe formulation is the
correct selection of the appropriate carrier for the microorganism of interest, providing
stability and protection against environmental factors, such as UV radiation, dryness and
high temperature [152]. Therefore, when choosing the appropriate polymer, factors, such as
availability of the polymer, resistance to environmental factors, ability to allow cell viability,
whether it will be used alone or in combination with other polymers and costs, should be
considered. Table 1 shows examples of studies where various biopolymers have been used
for microbial encapsulations.

7.2. Capsule Size Selection

According to the size of the capsule that is formed, capsules can be classified as macro-
capsules or microcapsules. Macrocapsules range in size from millimeters to centimeters,
while microcapsules range in size from 1 to 1000 um [86]. For the preparation of bioen-
capsulated microorganisms of agricultural interest, the use of microcapsules is preferred,
because the smaller size increases the cell concentration, is more resistant and can be better
dispersed in the soil or in pots [86,131].

The size of the capsule is important at the time of application in an agricultural
field; normally the most common formulation is 1-4 mm in size. However, when freely
mixed with seeds and sown together, the spheres can fall far from the seed and these
distances can be restrictive for many beneficial bacteria, even though their mobility in
the soil has been proven. To produce smaller spheres with sizes ranging from 50 to 200
um, it is necessary to use the appropriate technology that ensures the concentration of
the biomass of the microorganisms to be encapsulated [88,131], Therefore, a small capsule
size is preferred to favor its dispersion close to the plant and to ensure the interaction of
beneficial microorganisms with the plants (Figure 2).

7.3. Encapsulation Technigues

There are various encapsulation techniques that allow microcapsules to be produced.
However, their choice depends on various factors, such as the microorganism, to be encap-
sulated, the temperature, humidity, and agitation (all of which affect the microorganism’s
survival), the polymer to be used and the purpose of the bioencapsulation. The most
commonly used techniques for the formulation of bioencapsulated microbes for use in
agriculture is extrusion, although there are other techniques that could also be used, such
as the spray or emulsification technique.

7.3.1. Extrusion Encapsulation

Extrusion encapsulation is the most studied and oldest technique for producing
capsules with polysaccharides, such as alginate, as it has the advantages of low cost and ease
of implementation. This technique consists of mixing microbial cells in an aqueous solution
of biopolymer that has gelling capabilities, and then this mixture is extruded in a gelling
environment through a small nozzle or syringe to create small droplets of biopolymer
containing microbial cells [86]. This technique also incorporates some methods to coat or
gel the capsules, thus stabilizing the biopolymer droplets to prevent their dissociation or
aggregation and provides them with better quality [133].

There are two mechanisms to carry out the gelation of capsules. The first is called
external gelation and is obtained when the solution of the compound to be encapsulated is
added together with the selected coating material, the mixture is forced through nozzles
generating drops, and these fall into a bath of calcium ions, thereby forming a gel capsule.
This mechanism is quite common and is simple to perform; however, it produces heteroge-
neous gels because surface gelation often occurs before core gelation, resulting in a rigid
surface and a soft core [153,154]. The second mechanism, internal gelation, consists of the
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preparation of a solution of calcium ions and the compound of interest to be encapsulated,
this mixture is forced through a nozzle and poured into a bath of sodium alginate. To carry
out the release of calcium ions, the medium is acidified by adding an organic acid, such as
acetic, adipic or glucono &-lactone. In addition, a sequestering agent is added, which binds
with free calcium, thus slowing down the gelling process [155-157].

External gelation provides larger capsule sizes (>2000 pm) and better encapsulation
efficiency, therefore, it is used for the encapsulation of essential oils, bioactive compounds
and plant-derived extracts [158,159]. On the other hand, internal gelation is used more
frequently for the encapsulation of microorganisms due to the fact that a uniform capsule
size and a smooth surface are obtained, through which agglutinations, cracks and pores are
less likely to occur [154,160], resulting in better quality and more resistant capsules, without
the need to use organic solvents or high temperatures to harden or coat the capsules.

The extrusion technique is gentle on microorganisms and does not require toxic sol-
vents, and, therefore, does not cause cell damage, ensuring greater cell viability. However,
this technique has the disadvantages that the production capacity is low if it is required on
an industrial scale, and the size of the particles can be too large for some uses, such as agri-
culture [161]. However, other techniques can be adapted, along with extrusion, to obtain
the desired particle size, such as the precision particle manufacturing (PPF) technique, and
rotary atomization discs, among others [86,161].

Other bioencapsulation techniques have been used, such as spray-drying or emulsifi-
cation, to obtain capsules of beneficial microorganisms for the food industry; however, the
use and study of these techniques for the encapsulation of microorganisms of agricultural
interest is not well studied.

7.3.2. Spray Drying

Spray drying is a technique that has been employed mainly in the encapsulation of
microorganisms for the food industry [86,161]. It is a technique that consists of atomizing a
suspension that contains the microorganism to be encapsulated and a polymeric material
inside a chamber with hot gas (>100 °C up to 170 °C), generally air, which promotes the
evaporation of water, causing the microorganisms to remain trapped inside the encap-
sulating material, giving rise to the formation of microparticles [161]. However, because
this technique simultaneously dehydrates and raises the temperature of microorganisms,
various microorganisms, such as non-spore-forming bacteria can suffer high mortality [69].
In addition to temperature, other variables that need to be controlled are feed flow and
air flow, being key to determining the viability of microorganisms and the success of this
technique for the production of bioencapsulated microbes [162,163].

7.3.3. Emulsification

Emulsification is a technique used to encapsulate different microorganisms, and it
consists of mixing a disperse phase, formed by the cells and the encapsulating polymer, in
a continuous phase, which is generally oil or an organic solvent. In this way, an emulsion
of water in oil is obtained that is homogenized using a surfactant, such as Tween, and with
constant agitation, which promotes the stability of the capsules. Alginate, carrageenan and
pectin are ideal for use in this technique as encapsulating materials. Then a solidifying
agent, such as calcium chloride, is added to the emulsion to form the capsules that will later
be filtered. The capsules obtained can vary in size between 25 um and 2 mm, depending
on the speed of agitation, so this technique can be used to make microcapsules. However,
one of the main disadvantages of this technique is the use of organic solvents that could
be toxic in the subsequent use of the encapsulated microbes and removing the oil from
the capsules can be difficult [86,164]. On the other hand, with this technique other types
of low molecular weight materials can also be used to coat the capsules, however, the
microorganisms tend to be rapidly released through the gel [133].
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8. Benefits of Bioencapsulation in the Field

One of the greatest challenges in the use of plant growth promoting microorganisms
in the field is their distribution in the soil and how to apply them. By directly applying
microorganisms to the soil, they are exposed to environmental conditions that can be
harmful to them, such as lack of water, changes in pH and temperature, in addition to
the fact that their distribution area may be limited, all of which can result in the mortality
of organisms and a decrease in their ability to benefit crops [69]. The use of techniques
to immobilize and distribute microorganisms, such as the production of bioencapsulated
microbes, has become essential to overcome the limitations encountered with the direct use
of these in the field. Thus, bioencapsulation has many advantages for and the deliberate
release of microorganisms to the soil. These advantages include being able to provide
protection against environmental factors, increasing cell viability in the soil, favoring
cell dispersion and facilitating microbial cell contact with plants, thereby increasing their
effectiveness [69,86].

Among the microorganisms evaluated in the field or in greenhouse experiments, there
are fungi, such as Trichoderma and Metarhizum, and a variety of bacteria, including Bacillus,
Pseudomonas, Azotobacter, among others, which have been widely used as biofertilizers,
biostimulators or as biopesticides and insecticides in crops of interest, such as Zea mays,
Triticum sp., Solanum lycopersicum, Oryza sativa, etc., [90,105,114,121].

In a greenhouse experiment, the inoculation of wheat seeds with Streptomyces fulvissimus
Uts22 microcapsules, prepared with chitosan and gellan gum, promoted the growth of
plants and increased their resistance to the pathogen Gaeumannomyces graminis var. tritici,
to a greater extent than inoculation with the free bacteria [104]. In a separate greenhouse
experiment, with bell pepper plants, the inoculation of P. putida microcapsules significantly
promoted plant growth, compared to uninoculated plants or plants inoculated with un-
encapsulated bacterial cultures [110]. These examples are consistent with the benefits of
encapsulated microbes, compared to the application of liquid or unencapsulated cultures.

In the field, the inoculation of capsules of different bacteria of the genus Bacillus,
Azospirillum and Burkholderia increased the concentration of nutrients, such as nitrogen and
phosphorus, in Eugenia stipitata plants [119]. Microcapsules containing Mesorhizobium ciceri
ST-282 and Bradyrhizobium japonicum M8 increased the number of nodules in roots of
chickpea and soybean plants in a field experiment [122]. The encapsulation of T. viride
increased the content of secondary metabolites in lettuce plants, when grown in the field and
also in hydroponic culture [125], highlighting the importance of encapsulating beneficial
microorganisms, including both fungi bacteria in different cultivation techniques.

The encapsulation of Ensifer fredii LP2/20 applied to soil cultivated with kale signifi-
cantly modified the composition of the microbial community, also increasing the biomass
of plants [109], which suggests an interaction of the encapsulated microorganisms with the
soil microbiota, resulting in a positive effect for crops in general.

Beneficial microorganisms can also protect plants against different types of stress.
The encapsulation of Paenibacillus polymyxa MSRHS5, B. nakamurai MSRH1 and B. pacificus
MSR H3 reduce the effects caused by salt stress in wheat plants, in addition to increasing
plant biomass [112]. The inoculation of microcapsules of P. putida Rs-198 promotes plant
growth of cotton plants when they are subjected to salt stress [108], providing resistance
to this type of abiotic stress, and suggesting that encapsulated microorganisms can resist
environmental factors, such as salt stress.

It is worth mentioning that most of the bioencapsulation experiments have been carried
out under greenhouse conditions (Table 1) with favorable results. However, the application
of bioencapsulated microbes in field experiments poses other challenges, such as greater
exposure to environmental factors, that cannot be controlled. The studies mentioned above
and others referring to organisms of agricultural interest that have been encapsulated and
used in greenhouse or field experiments are summarized in Table 1.
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9. Conclusions and Perspectives

Today the growing world population is accompanied by an increased demand for
agricultural products. Thus, it is necessary to maintain food security for humans and ani-
mals without neglecting the conservation and improvement of ecosystems. The excessive
use of agrochemicals to increase agrarian production has caused great damage to human
health and ecosystems, deteriorating soil and water quality and in general, altering the
environment. However, one of the alternatives to agrochemicals in the field is the use of
beneficial microorganisms. Its use favorably contributes to increased crop yields, increased
tolerance to water and saline stress conditions, and increased resistance to phytopathogens,
thus potentially replacing the excessive use of chemical fertilizers and pesticides. However,
the employment of microorganisms in the soil poses various challenges, such as maintain-
ing cell viability and microbial resistance to different environmental conditions. Therefore,
it is important to study tools and techniques, such as bioencapsulation, which allow these
difficulties to be overcome.

Microbial encapsulation is one of the bioinoculum formulation methods that has at-
tracted great interest in the agricultural area, thanks to the benefits it offers by safeguarding
microbial cell viability during its formulation and later in its application and release in the
field. To hasten the adoption of this technology, it is important to carry out in-depth studies
on the appropriate bioencapsulation technique to be used, which is adjusted to the needs of
the crop, the microorganism used and the specific environmental conditions. This approach
should help to achieve the preservation of beneficial microorganisms and their efficient
distribution in the soil, thus guaranteeing their efficacy as biostimulants, biofertilizers
and biopesticides.
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