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Abstract: Salinity is one of the most important abiotic stresses that influences plant growth and
productivity worldwide. Salinity affects plant growth by ionic toxicity, osmotic stress, hormonal
imbalance, nutrient mobilization reduction, and reactive oxygen species (ROS). To survive in saline
soils, plants have developed various physiological and biochemical strategies such as ion exchange,
activation of antioxidant enzymes, and hormonal stimulation. In addition to plant adaption mecha-
nisms, plant growth-promoting rhizobacteria (PGPR) can enhance salt tolerance in plants via ion
homeostasis, production of antioxidants, ACC deaminase, phytohormones, extracellular polymeric
substance (EPS), volatile organic compounds, accumulation of osmolytes, activation of plant antiox-
idative enzymes, and improvement of nutrients uptake. One of the important issues in microbial
biotechnology is establishing a link between the beneficial strains screened in the laboratory with
industry and the consumer. Therefore, in the development of biocontrol agents, it is necessary to
study the optimization of conditions for mass reproduction and the selection of a suitable carrier
for their final formulation. Toward sustainable agriculture, the use of appropriate formulations of
bacterial agents as high-performance biofertilizers, including microbial biocapsules, is necessary to
improve salt tolerance and crop productivity.
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1. Introduction

Plants are exposed to a variety of biotic and abiotic stresses throughout their life.
Salinity is one of the most important abiotic stresses that influences plant growth and
productivity. About 20% of agricultural lands are affected by salinity, and this amount
continuously increases [1]. Salinity is defined as the total concentration of dissolved salts in
water. The accumulation of salts in the soil, particularly sodium and chloride ions, causes
the salinization of agricultural lands. Salinity affects plant growth by ionic toxicity, osmotic
stress, hormonal imbalance, the reduction in nutrient mobilization, and the production of
reactive oxygen species (ROS) [2]. Therefore, salinity causes wilting, drying, and death
of plants.

Plants respond to salinity stress at different levels, including physiological, biochem-
ical, and molecular pathways. The main strategies of plants to survive under salt stress
include the biosynthesis of osmoprotectants, activation of antioxidant enzymes, and syn-
thesis of antioxidant compounds, ion homeostasis, ion transport and uptake, synthesis of
polyamines and nitric oxide, and hormone modulation [1].
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Plant growth-promoting rhizobacteria (PGPR) facilitate plant growth directly and
indirectly. While PGPR stimulates plant growth by mobilizing nutrients in soils or produc-
ing growth regulators, they protect plants from pathogens with various mechanisms [3].
Salinity also reduces the microbial diversity of soils. In addition, salinity affects microbial
activities such as soil respiration and soil enzyme activity [4]. However, extremophilic
microorganisms have specific adaption strategies to live in saline soils [5]. Several studies
revealed that PGPRs could enhance salt tolerance in plants via the production of antiox-
idants, ACC deaminase, indole-3-acetic acid (IAA), extracellular polymeric substance
(EPS), and volatile organic compounds, improving nutrients uptake. The effects of salinity
stress on plants, adaption, and the role of PGPRs in plant salt tolerance are shown in
Figure 1 briefly.

Salinity Stress

ROS generation

Ton toxicity, loss turgor
Leaf senescence
Inhibition of photosynthesis
Reduced plant growth

Figure 1. Impacts of salinity stress on plant, adaption, and PGPR-mediated salt tolerance.

The sustainability of plant yield under abiotic stress conditions requires integrating dif-
ferent strategies to alleviate stress impacts in plants. These strategies include the integrative
application of beneficial microbes, osmoprotectants, nutrients, and chemical stimulants [6].
Although ideal bacterial agents have been reported during laboratory screenings, their
application in the field has not been very successful. One of the reasons for this lack of
success can be considered the adverse effect of environmental factors (including salinity
stress) on the bacteria used, which reduces their efficiency and may kill them [7,8]. To
increase their viability and improve their performance, it is necessary to add a suitable
formulation of these factors in the soil. Encapsulation is a new formulation of bacterial
agents that, during the gradual release in the soil, increase the survival of bacterial agents
and thus improve their activity [9]. In addition to beneficial bacterial agents, the polymers
used in this type of formulation can improve soil and plant conditions [10].

2. Salinity and Its Effects on Plants

Salinity is defined as the total concentration of dissolved salts in water. The accu-
mulation of salts in soil, particularly sodium and chloride ions, causes the salinization of
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lands [2]. Soil salinization can be caused by agricultural practices including the overuse of
fertilizers, insecticides, and fungicides, unsustainable use of the land, incorrect irrigation
practices, wastewaters, and excessive drainage of the water tables [11]. The extreme of
chemical or organic nitrogen fertilizers causes a rise in nitrate content in the soil that can be
detected as a rise in the soil’s electrical conductivity (EC). In addition, the application of
fertilizers with a high potassium and sodium content can cause the accumulation of these
salts under particular conditions and lead to soil degradation. In silty-clay soils under
climate conditions, limited rainfall and high temperatures favor high evapotranspiration
and the quick accumulation of salts in the first layers of the soil [12,13]. Measuring the
electrical conductivity (EC) of the soil defines the salinity of that particular soil. In saline
soil, the extract solution of the soil has an electrical conductivity of 20 mM or more [14].
The acceptable limit of EC causing no damage to the crop is <0.7 dS/m, while an EC over
3.0 dS/m severely affects the crop yield [15]. Physiochemical characteristics of saline soils
such as salt content, poor aeration, enhancement of crusting, reduced infiltration, and
difficult root penetration affect plant growth and development [16].

Salinity stress is considered hyperionic or hyperosmotic stress. High salt accumulation
in soil and plants cause osmotic stress. Therefore, water loss from leaves is accelerated.
During the initial salinity stress, water absorption of the root system decreases [17,18].
Plants are more sensitive to salinity stress in their early growth stages compared to later
development stages. The most sensitive stages of a plant’s growth to salinity are germina-
tion and seedling [19]. Salinity affects the morphology, physiology, and biochemistry of
plants and thus causes the significant reduction in crop yield. Ionic imbalance occurs due
to the entrance of Na* and C1™~ into the plant cells. Excessive uptake of these ions causes
physiological disorders such as the reduction in seed germination, seedling growth, flower-
ing, and fruiting. High Na* concentration inhibits the uptake of K*, which is an essential
element for plant growth and development [20]. Salinity also leads to ROS formation and
oxidative damage in cellular components such as proteins, lipids, and DNA [1]. Under
saline stress, the leaf area and chlorophyll content of leaves decrease. In addition, the
activity of photosystem II is inhibited during salinity stress, which leads to a reduction in
photosynthetic efficiency [21]. Plants under salt stress show some morphological changes,
including leaf thickening and succulence, decreased internode lengths, necrosis of organs
or entire plants, wilting, and drying [22].

3. Plant Strategies in Response to Salinity

Plant species vary in salt tolerance depending on species, climate, soil type, its features,
and agricultural practices. Plants based on adaptive evolution against salinity are classified
into two types: halophytes and glycophytes. Most plant species are glycophytes that
cannot withstand salinity [4,23]. To survive in saline soils, plants have developed various
physiological and biochemical strategies, including the biosynthesis of osmoprotectants,
activation of antioxidant enzymes and synthesis of antioxidant compounds, ion home-
ostasis, ion transport and uptake, synthesis of polyamines and nitric oxide, and hormone
modulation [1]. Some of these strategies are discussed below.

3.1. Osmoprotectants

Compatible osmolytes protect the structure and maintain osmotic balance within
the cell by continuous water influx. These compatible solutes or osmolytes consist of
sugars, sugar alcohols, amino acid derivatives, and sulfonium compounds. Glycine betaine,
sugars, proline, and polyols are the most important osmoprotectants [24]. As a response to
salinity and drought stresses, soluble carbohydrates accumulate in plant tissues and lead to
osmoprotection, osmotic adjustment, carbon storage, and radical scavenging. For example,
trehalose is a disaccharide that accumulates in plants under various abiotic stresses and
suppresses apoptotic cell death [25,26].

In response to salt stress, the concentration of proline increases in plant cells while
other amino acids such as cysteine, arginine, and methionine decrease [27]. In addition,
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the osmoprotectant, intracellular proline, also functions as an organic nitrogen reserve
during stress recovery. Some reports have shown that proline improved salt tolerance by
increasing the antioxidant enzyme activities, photosynthetic activity, plant growth, and
preservation of plant water status under salt stress [28,29]. Glycine betaine is a quaternary
ammonium compound mainly localized in chloroplasts and plays an essential function in
photosynthetic efficiency and plasma membrane integrity [24]. This organic compound
is also found in animals and microorganisms. Glycine betaine also protects the plant cell
by osmotic adjustment, stabilizes proteins, and reduces ROS [30,31]. The accumulation of
glycine betaine under salinity stress was reported to be high in some salt-tolerant plants.
Its concentrations vary depending on species; for example, in sorghum, they are as much as
tenfold higher than those in maize [32]. Under salt stress, the ultrastructure of rice seedlings
showed several damages such as the swelling of thylakoids, the disintegration of grana
and intergranal lamellae, and the disruption of mitochondria. However, the pretreatment
of rice seedlings with glycine betaine prevented these damages [33,34].

Polyols or polyhydric alcohols are correlated with the tolerance to salinity and drought
in plants, microbes, and animals [35]. Sugar alcohols are a class of polyols that play a role
as compatible osmolytes and ROS scavenging compounds [31]. They exist in both acyclic
and cyclic forms in plants. Acyclic forms of sugar alcohols are the most common in plants
such as mannitol, glycerol, and sorbitol. These compatible solutes protect the cell and cause
the stabilization of enzymes or membrane structures in stress periods. Mannitol synthesis
is induced in plants under stress conditions. In addition, the accumulation of pinitol, a
cyclic polyol, within the plant cell was reported during salinity stress [1].

3.2. Antioxidants

During biotic and abiotic stresses, the generation and accumulation of reactive oxy-
gen species (ROS) occur in plants. ROS strongly oxidize compounds and are potentially
harmful for cell integrity [36]. Antioxidant enzymes and nonenzymatic compounds play
an essential role in detoxifying ROS induced by salinity and other stresses. Salt tolerance
is positively correlated with the activity of antioxidant enzymes, including superoxide
dismutase (SOD), catalase (CA), ascorbate peroxidase (APX), glutathione peroxidase (GPX),
glutathione reductase (GR), and polyphenol oxidase (PPO). The activities of APX, mon-
odehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and GR
increased in shoots and decreased in the roots of wheat [37]. Under high salt concentration,
higher activities of SOD, CA, APX, GR, and GST were detected in tomato plants [38].
Nonenzymatic compounds can enhance salt tolerance in plants. For example, silicon (Si)
increased rice plant growth under salinity stress. The hormonal and antioxidant responses
are affected by Si application to the rice root zone. Catalase, peroxidase, and polyphenol
oxidase were more pronounced in control plants than in Si-treated plants under salinity
stress [39]. There is strong evidence that anthocyanin accumulation occurs in plants under
salt stress [40]. While ascorbate is one of the significant antioxidants in the plant cell, the
exogenous application of this compound alleviates the adverse salinity impacts in plants
and promotes plant recovery from stress [41,42]. In addition, the exogenous application
of glutathione as a free radical scavenger mitigates the effects of salt stress in plants [43].
Other nonenzymatic antioxidants such as vitamins C and E, carotenoids, and lipoic acid
have been reported that can protect the plants against oxidative stress [44].

3.3. Polyamines

Polyamines are small, polycationic aliphatic molecules with low molecular weight
in the plant kingdom. Putrescine, spermidine, and spermine are the most common
polyamines found in plants. Putriscine as a diamine forms a primary substrate for higher
polyamines such as spermidine and spermine [45,46]. When the plants are exposed to salin-
ity stress, the endogenous polyamine level increases [47]. The application of exogenous
polyamine increases the level of endogenous polyamine during stress. The positive effects
of polyamine include maintaining membrane integrity, the reduction in ROS production,
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controlling the accumulation of Na* and C1™ ions in different organs, and the regulation of
gene expression for the synthesis of osmolytes [48-50]. In arabidopsis, mutants of polyamine
biosynthesis genes showed sensitivity to salinity [51]. The overexpression of putrescine,
spermidine, and spermine enhanced salt tolerance in rice, tobacco, and Arabidopsis [52].
Spermidine and spermine are inducers of NO, another critical signaling molecule involved
in salt tolerance [53].

3.4. Hormone Regulation

Abscisic acid (ABA) is considered a stress phytohormone that mitigates the adverse
effects of stresses in plants. The expression of ABA is upregulated under osmotic stress
in plants. Salinity causes water deficit and osmotic stress; therefore, the production of
ABA increases in shoots and roots [54]. ABA is an important cellular signal that modulates
the expression of several salt and osmotic stress-responsive genes [55]. Salicylic acid (SA)
and brassinosteroids (BR) also respond to abiotic stresses in plants. The endogenous level
of SA and the activity of SA biosynthetic enzymes increased in rice seedlings under salt
stress [56]. The exogenous application of SA and BR leads to improved salt tolerance in
plants [57]. In barley, the SA led to the enhancement of chlorophyll content and carotenoids
and maintained membrane integrity under saline conditions [58]. The application of BR
enhanced the SOD, POX, APX, and GPX activity and the accumulation of tocopherol,
ascorbate, and reduced glutathione [59].

4. PGPR Enhance Salt Tolerance in Plants

Plant growth-promoting rhizobacteria (PGPR) are well known to improve plant
growth and disease reduction by several mechanisms such as the production of plant
growth regulators, secondary metabolites, and nitrogen fixation, enhancement of the avail-
ability of different mineral nutrients, decomposition of organic matter, and induction of
resistance in plants against various pathogens [60].

Salinity reduces the microbial diversity of soils and affects microbial activities such as
soil respiration and soil enzyme activity [4]. However, extremophilic microorganisms have
specific adaption strategies to live in saline soils [5]. Several studies revealed that PGPR
could enhance salt tolerance in plants via ion homeostasis, the production of antioxidants,
ACC deaminase, phytohormones, extracellular polymeric substance (EPS), volatile organic
compounds, the accumulation of osmolytes, the activation of plant antioxidative enzymes,
and the improvement of nutrient uptake [61].

4.1. Improvement of Nutrient Uptake and Solubilisation

The uptake of essential plant nutrient elements such as nitrogen, phosphorous, and
potassium reduces under salinity stress. PGPRs are well known to improve nutrient uptake
and solubilization [62,63]. Studies have confirmed that PGPR increases plants’ nitrogen
uptake by symbiotic and nonsymbiotic mechanisms [64]. Rhizobium sp. Is the prominent
example of the symbiotic association for the biological fixation of N2 in plants. Rhizobium
performs well in establishing nodules on the root of legumes at saline soils and improves
legumes’ growth under stress conditions [65]. Other nitrogen-fixing bacteria such as
Azospirillum, Azotobacter, Burkholderia, Bacillus, and Paenibacillus are not plant-specific [66].

Phosphorous (P) is another essential macronutrient and is taken up by plant roots in
H,PO,~ or HPO4% -soluble forms. Under natural conditions, P is primarily unavailable
to plants because of its precipitation in soil. Halotolerant PGPR can convert unavailable
phosphorous into available phosphorus by the acidification, ion exchange, and chela-
tion mechanisms under salt conditions [67,68]. Potassium (K) plays an essential role in
plant metabolisms, grain filling, and promoting plant resistance against biotic and abiotic
stresses [69]. Naturally, most of the potassium of soil is not directly available for plants.
Moreover, salinity stress decreases the availability of this element. K-solubilizing bacteria
can improve the solubilization of potassium in soils even under salt stress [70]. PGPR can
increase the availability of other nutrient elements such as Fe, Cu, Zn, and Mn to plants [71].
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Siderophore production is a mechanism that PGPR applies to iron acquisition from the
environment in competition with pathogens. Siderophores are small molecules with a
high affinity to Fe**. Siderophores function as plant growth promotors and inducers of
resistance in plants against pathogens. Many PGPRs such as actinobacteria, Pseudomonas
spp., and Bacillus spp. produce siderophores [72]. Salinity reduces Fe availability due to the
inhibition of proton pumps. Siderophore-producing bacteria have been shown to enhance
salt tolerance in several plant models [73,74].

4.2. Production of ACC Deaminase

Ethylene as a growth hormone produces endogenously in plants. The ethylene pro-
duction is accelerated in plants under various stresses, including salinity, which adversely
affects plant growth. Some of the PGPR can produce 1-amminocyclopropane-1-carboxylate
(ACC) deaminase, which regulates ethylene production. Therefore, the adverse effects of
elevated ethylene levels can be mitigated by PGPR under salinity conditions. In several
studies, the production of ACC deaminase is one of the main reasons bacteria mediated
plant growth promotions under salt stress (Table 1), for example, Pseudomonas fluorescens
in groundnut [75], Streptomyces sp. in tomato [76], and Serratia sp. SL-12 in wheat [77].
Barnawal et al. [78] reported that Arthrobacter protophormiae with ACC deaminase activity
protected pea plants against salinity stress. In another study, PGPR with ACC deaminase
activity induced salt tolerance in sunflower [79]. Halotolerant Bacillus spp. strains showed
that induced salinity stress can help wheat seed germination and seedling growth by
producing ACC deaminase [80].

Table 1. Alleviation of impacts of salinity stress on plants by PGPR-containing ACC deaminase.

Plant Species Bacterial Strain References
Burkholderia sp. MTCC 12259 [81]
Serratia sp. SL-12 [77]
Wheat (Triticum aestivum L.) Klebsiella sp. SBP-8 [82]
Bacillus pumilus FAB10 [83]
Chryseobacterium gleum sp. SUK [84]
Pea (Pisum sativum L.) Arthrobacter protophormiae [78]
Tomato (Solanum lycopersicum L.) Streptomyces sp. [76]
Peppers (Capsicum annuum L.) Bacillus sp. [85]

Arabidopsis thaliana . . )

Barley (Hordeum vulgare L. Hartmannibacter diazotrophicus E19 [86]
Pantoea sp., Enterococcus sp. [87]
Mung bean (Vigna radiata L.) Pseudomonas syringae Pseudomonas [38]

fluorescens Rhizobium phaseoli

4.3. Production of IAA

Indole-3-acetic acid (IAA) is the main auxin that promotes plant growth and is in-
volved in many processes such as root development, seed germination, and plant tolerance
against stresses [89]. Some PGPR produce this hormone, mainly actinobacteria species such
as Streptomyces sp., Kitatospora sp., Nocardia sp., and Frankia sp. [90-92]. IAA functions as an
effector molecule between bacteria and plants in bacteria and bacteria interactions [93]. The
salt-tolerant actinomycetes strain increased tomato plant growth by several mechanisms,
including IAA production [94]. Several studies have demonstrated that PGPR, with the
ability to produce IAA, can improve plant growth under salinity stress. For example, IAA-
producing Rhizobium bacteria improved rapeseed seedlings growth under salt stress [95].
Abeer et al. [96] revealed that B. subtilis promoted Indian bassia plants growth by producing
IAA and reducing ethylene levels under salinity conditions.



Sustainability 2021, 13, 12758

7 of 17

Other phytohormones such as cytokinins, gibberellins, and abscisic acid (ABA) are reg-
ulated by PGPR under salt stress. ABA mitigates the effects of high salinity by accumulating
compatible solutes and cations, including Ca?* and K* in root vacuoles [97].

4.4. Production of EPS

Bacteria produce extracellular Polymeric Substances (EPS) under natural conditions.
It has been reported that EPS-producing PGPB can alleviate salinity stress [98,99]. Indeed,
most of the bacteria can survive under stress conditions by the production of EPS. EPS
includes biopolymers such as polysaccharides, polyamides, and polyesters. Under salinity
stress, bacteria form biofilms as a common property. The structural stability of the biofilm
is maintained by EPS [100]. EPS also plays a role in the establishment of plant-microbe
interactions [98]. EPS alleviates the adverse effects of salinity stress by reducing the Na*
content available for plant uptake [99]. The formation of biofilm by salt-tolerant Halomonas
variable and Planococcus rifietoensis caused an improvement of plant growth and aggregation
of soil under salt stress [101].

4.5. Other Mechanisms

The production of volatile organic compounds (VOCs) by PGPR increases plant
growth and modulates stress responses. VOCs are low-molecular-weight compounds,
including ketones, aldehydes, alcohols, and hydrocarbons. VOCs emitted by PGPR can
stimulate many chemical and physical changes, which improve plants tolerance against
abiotic stresses [102]. B. subtilis GB03 produces VOCs, which stimulate many hormonal
signals in Arabidopsis such as auxin, cytokinins, brassinosteroids, gibberellins, and sali-
cylic acid [103,104]. The production of 2-undecanone, 7-hexanol, and 3-methylbutanol
by Paraburkholderia phytofirmans led to salinity stress tolerance and enhancement of plant
growth [105]. Other compounds produced by PGPR, such as enzymatic and nonenzy-
matic antioxidants, bacteriocins, osmolytes, including polyamines, sugars, sugar alcohols,
betaines, and amino acids, can stimulate salt tolerance in plants [2].

5. Formulation Technology

One of the critical issues in microbial biotechnology is establishing a link between
the beneficial strains screened in the laboratory and the consumer industry. Therefore, in
developing beneficial factors such as microbial biocontrol agents, it is necessary to study
the optimization of nutritional and physiological conditions for mass production and select
a suitable carrier for the formulation. In addition to the efficiency of the biocontrol agent, it
must become one of the standard formulations so that it can be mass-produced and widely
used. Various carriers such as kaolin, talc, soil, and sand are used in microbial formulations.
Today, polymeric materials (carbohydrates, proteins, and lipids) have a special place
in the formulation due to their high ability to absorb and retain water and biological
products [106]. The stability of fertilizers and biocontrol agents during storage and after
use is one of the problems in production. As the production and storage conditions of
the formulation are significant in preserving microbial populations and play a key role
in its effectiveness and marketing, it can be said that the final product formulation is the
culmination of knowledge in fertilizer production technology and biocontrol agents [107],
and the acquisition of new practical formulations plays an essential role in agriculture.

5.1. Encapsulation

One of the effective formulations that has been considered by many sciences today,
including agriculture, is the encapsulation of microbial agents. Microbial agents trapped
in this formulation, while gradually releasing, increase their chances of survival under
adverse environmental conditions and, as a result, increase their efficiency by increasing
the percentage of colonization. Encapsulation is the continuous coating around an internal
matrix that encloses the inside of the capsule wall as a core. In recent studies, it has been
suggested to use various methods such as encapsulation of PGPR to increase their efficiency
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and survival for obtaining a good biofertilizer. Encapsulation is performed by multiple
processes such as extrusion, emulsion, and spray drying (Figure 2). Different polymers
are used for encapsulation and other multiple applications, which can be referred to as
alginate, gelatin, gum arabic, xanthan, gellan gum, whey protein, chitosan, starch, etc. [108].
The most important of these is alginate [109]. With these various and available materials, it
is possible to create capsules that are released under different conditions.

Physical Techniques

Spray drying
Extrusion
Emulsification
Freeze drying

Core Material

J

Encapsulation

Shell Material

\/

Chemical Technigues

Molecular inclusion

Coacervation
Co crystallization
\ J

Figure 2. Various techniques for encapsulation of bacteria.

5.2. Bacterial Encapsulation with Various Polymers against Salinity Stress

Salinity stress increases ethylene production in the plant, which in most cases acts
as a stress hormone [110]. Recent research has shown that plants inoculated with PGPR
containing ACC deaminase can grow better under salinity conditions. Achromobacter
piechaudii has ACC deaminase activity and was able to increase the growth of tomato plants
in the presence of NaCl salt (up to 172 mM) [111]. However, microorganisms are quickly
wasted in the environment and do not have long-term effectiveness. To accomplish this,
the process of encapsulating bacteria is used to increase their efficiency.

The survival rate of Pseudomonas putida Rs 198 encapsulated with sodium alginate,
bentonite, and starch on cotton roots under saline conditions has been investigated. The
results indicated that the encapsulation of alginate, starch, and bentonite survival rate
of P. putida Rs-198, in free and encapsulated bacteria, after 50 days of storage is 81.07%
and 89.67%, respectively [112]. P. putida Rs-198 in microcapsules has higher survival and
colonization rates than free cells do on cotton roots, and encapsulated P. putida Rs-198
could produce as many gibberellins and auxin as free cells on cotton roots cells, with or
without salt stress [113]. Therefore, it can be stated that a suitable formulation by encap-
sulating PGPR with alginate, starch, and bentonite to reduce salt stress in cotton plants
will be beneficial in sustainable agriculture [114]. Encapsulation by alginate and granule
formation is based on mineral carriers such as zeolite with the help of Parabukholderia
phytofirmans Ps]N, which is a Gram-negative bacterium that was formulated as formulation
techniques to obtain stable inoculations. The survival of this bacterium was examined
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for seven months [115]. It was found that choosing the right formulation increases the
survival of PsJN by up to 100,000 times. Alginate particles (less than 100 microns) are
very efficient for coating formulations [116]. This study investigated two different ap-
proaches to formulating beneficial plant bacteria, including alginate encapsulation and
immobilization in zeolite particles. Both methods yielded inoculants with morphological
characteristics suitable for seed coating and in-furrow placement, respectively. A critical
factor in encapsulating alginate is the balance between sizes. This can be carried out by
optimizing the matrix composition and choosing a suitable method such as extrusion.
Physical properties of zeolite-based inoculations, such as brittleness and extrudability, can
be combined with the ratio of zeolite and additives. The results showed that the formula-
tion of Paraburkholderia phytofirmans PsJN’s viability is much higher than that of Bacillus
subtilis during drying [117]. The formulations of Pseudomonas fluorescens and Burkholderia
cepacia with phosphate alginate showed improved growth of wheat plants in semi-arid and
saline stress areas [118]. Bacterial strains of Pseudomonas fluorescens BAM-4 and Burkholderia
cepacia BAM-12 were immobilized using sodium alginate and alginate-skim milk as a
carrier to check the phosphate solubilization in vitro and were found to have a significantly
higher activity than the control. Their effectiveness was also tested in vivo on the growth
of wheat plants in semi-arid potted conditions. Another study on soil salinity showed that
cyanobacteria Cyanothece sp. and Rhizobacter enterobacter cloacae were encapsulated with
methyl salicylate [119]. In addition, various nanomaterials such as graphene, graphene
oxide, and carbon nanotubes were used in combination with biofertilizers against soil
salinity in encapsulated form. Nanosized materials can act as desalination hives as soil salt
ion removal agents during irrigation, reducing soil salinity [120]. Graphene oxide is the
most plausible candidate because of its hydrophilicity and favorable spectral interaction
with algae with no detectable inhibition of photosynthesis [121]. When released from
a capsule, the rhizobacterium will colonize the root zone and allow for more efficient
water and nutrient absorption as it produces a growth hormone that enhances root growth.
The cyanobacterium, when released, would also allow for the bioavailability of nutrients
and nitrogen fixation, as well as the production of an array of growth hormones and bio-
stimulants. Graphene oxide and graphene represent promising candidates for inclusion
with biofertilizers in the treatment of salinized soils, but again, the type of plant should be
considered [122]. To increase survival and better performance of Azospirillum lipoferum, it
was encapsulated with alginate, and one year after encapsulation, the bacterial population
was 1010 CFU g1, which was used to solve the salinity problem of the sorghum field [123].

5.3. Examples of Using PGPR Encapsulation against Salinity Stress in Different Plants

Microcapsules containing Klebsiella oxytoca Rs-5 were prepared for the growth of cot-
ton plants under salinity stress [124]. The survival rate of encapsulated bacteria after 14,
21, and 28 days in the soil was calculated as close to 90%. In addition, the treatment of
cotton with bacteria reduced salinity stress factors and increased cotton plant growth [124].
Physiological parameters in cotton containing a bacterial encapsulation such as chlorophyll
a, soluble sugar, malondialdehyde, and proline were better than cotton without cotton
encapsulation conditions. Microencapsulated bacteria also effectively increased super-
oxide dismutase, peroxidase, and catalase activity in cotton. The use of K. oxytoca Rs-5
capsules increased seed germination and plant growth under salinity stress and can also
be valuable and effective as a biological fertilizer [124]. Another study on the confinement
of Pantoea agglomerans KL with sodium alginate by Komal et al. [125] on rice under green-
house conditions showed that the pressure used showed a decrease in salinity stress (100
mM of NaCl) and has been effective in increasing the growth of rice plants. In addition,
malondialdehyde had a significant effect on plant growth in elongation, biomass, and
photosynthetic pigment, and decreased proline levels. In addition, an increase in calcium
and potassium absorption and a decrease in sodium was observed in the plant-containing
a bacterial encapsulation. In addition, electron microscopic analysis of the roots of plants
with salinity stress showed significant colonization of the roots by encapsulation. It can be
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stated that the research showed the ability of P. aglomerans encapsulation of the KL strain
to increase plant growth and improve salinity stress [125]. To reduce salinity and increase
the yield of plants under salinity stress, another study on the bean plant by encapsulating
bacteria Rhizobium tropici CIAT 899 was performed, and it was shown that rhizobacteria,
after the dissolution of the coating contaminates the plant roots, formed nodules in the
roots, increased plant yield and germination, and ultimately reduced soil salinity [126].
In this study, a biomaterial formulation was used to improve the coverage of seeds with
biofertilizers and their release into the soil to increase seed germination and reduce soil
salinity. Increased survival of encapsulated bacteria and its gradual release resulted in
acceptable soil performance [126]. Another study was performed using calcium-alginate
microcapsules with Klebsiella oxytoca strain Rs-5 for the survival of cotton plants under
salinity stress [114]. In this study, sodium alginate and calcium chloride were used as
capsule wall coatings, which showed that the activity of microcapsules was best when
using the sodium alginate concentration, while the particle size of the microcapsules was
0.85-1.10 mm [114]. The bacterial population released from the capsule was 1010 cfu/g,
which was studied for three weeks. Encapsulation of the bacteria with alginate caused
the better growth of cotton plants under salinity stress under greenhouse conditions [114].
This study showed the encapsulation of sodium alginate with Azosprillum lipoferum and
Paenibacillus polymyxa bacteria in a basil field under salinity stress in two growing sea-
sons [127]. The PGPR bacteria improved the absorption of minerals such as potassium and
phosphorus in the roots. It also increased plant growth, which increased the absorption of
nutrients from the soil [128]. The microcapsules prepared in this study were a good soil
improver for plant growth [129]. In addition, it was observed to improve soil structure and
permeability in saline soils due to increasing salt leaching, reducing surface evaporation,
and preventing the accumulation of salt in surface soil. Encapsulated bacteria can also in-
crease plant growth under salinity stress directly or indirectly and in plant defense against
ROS (reactive oxygen species), and they are related to defense systems including antioxi-
dants such as catalase, peroxidase, superoxide dismutase, glutathione reductase, ascorbate
peroxidase, and nonenzymatic compounds including ascorbate, x-tocopherol, carotenoids,
and ascorbate [130]. Exopolysaccharides produced by pseudomonads can bind to cations
such as Na + and thus make them suitable for plants under salinity stress [130]. This
research was conducted to evaluate the effect of the microencapsulation of three species of
growth-promoting rhizobacteria, including Paenibacillus polymyxa MSRHS5, Bacillus naka-
murai MSRH1, and Bacillus pacificus MSRH3, on the growth and yield of wheat plants
under salinity stress using sodium alginate (Triticum aestiv) [131]. The three strains MSRHI,
MSRH3, and MSRHS5 were characterized as salt-tolerant bacteria. P. polymyxa MSRH5
had a nitrogen fixation ability, while B. nakamurai MSRH1 and B. pacificus MSRH3 were
able to solubilize phosphate and K, respectively. Bacteria encapsulated with alginate were
examined in wheat plant roots using a transmission electron microscope [131]. Under
soil salinity conditions in two consecutive field trials, the results cleared those strains in
two forms to succeed in colonizing the plant root. The reduction in shoot proline was
35.8% with capsules inoculation, the relative water content (%) was improved to 60.57%,
and the electrolyte leakage recorded improved to 18.1% compared to the control. This
encapsulation of bacteria prevented the destruction of wheat rhizospheres against salinity
stress and its destruction [131]. As a result, it can be used to preserve wheat plants in areas
with saline soils to increase yields [131]. The harmful effect of salinity stress on crops must
be reduced. For this reason, the use of bacterial microencapsulation with methyl salicylate
was investigated. The bacteria tested included the cyanobacterial strain Cyanothece sp. and
the rhizobacterium Enterobacter cloacae, which was applied to wheat in the field [119].
The results showed that this encapsulation reduced the destructive effect of salinity stress,
especially when combined with methyl salicylate. When nanomaterials were added to
biofertilizers at the highest salinity, the salinity inhibitory effect was further reduced. Cyan-
othece sp. is a nitrogen-fixing and photosynthetic cyanobacterium that combines with a
heterotrophic bacterium that actively inhales and consumes oxygen, thereby stabilizing
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nitrogen and producing CO, during respiration, thereby facilitating photosynthesis. These
nanomaterials have a high level and can act as desalination agents and ion removers from
soil salt solution when irrigated with saltwater, thus reducing the effects of salinity [119].
When released from the capsule or delivered in mulch, Rhizobacterium colonizes the
root zone and makes it more efficient to absorb water and nutrients by absorbing growth
hormone, which increases root growth [122]. Similarly, when released, cyanobacteria can
produce nutrient bioavailability and nitrogen fixation and the production of a set of growth
hormones and bio-stimulants [132]. The effect of selenium and carrageenan (NC Se/Car)
encapsulation was studied using Clavibacter michiganensis ssp. for better potato growth
in salinity stress areas [133]. Electron microscope data showed that NC Se/Car contain
microencapsulated selenium nanoparticles. Experiments on potato plants have shown the
NC Se/Car stimulant effect on plant biometric indices and the reduction in harmful effects
of salinity. These results indicate that this formulation can be used as a stimulant of plant
growth and its resistance to salinity factors [133]. Examples of bacterial encapsulation by
the polymer coating against salinity stress are shown in Table 2.

Table 2. Bacterial encapsulation by polymer coating against salinity stress.

Bacteria Coating References
Parabukholderia phytofirmans Alginate [115]
Pseudomonas fluorescens Alginate [118]
Burkholderia cepacia Alginate [118]
Cyanobacteria cyanothece Methyl salicylate [119]
Rhizobacter enterobacter Methyl salicylate [119]
Azospirillum lipoferum Alginate [123]
Pantoea agglomerans Alginate [125]
Klebsiella oxytoca Calcium-Alginate [114]
Azosprillum lipoferum Alginate [127]
Paenibacillus polymyxa Alginate [127]
Paenibacillus polymyxa Alginate [131]
Bacillus nakamurai Alginate [131]
Bacillus pacificus Alginate [131]
Cyanothece sp. Methyl salicylate [119]
Enterobacter cloacae Methyl salicylate [119]
Clavibacter michiganensis Selenium + Aggregates [133]

6. Conclusions

Salinity stress causes severe losses of agricultural crop productivity worldwide. Al-
though breeding techniques have been used to improve salt tolerance and productivity in
plants, these techniques are not cost-effective and have been unsuccessful in transferring
salt tolerance to the target species in some cases. Plants” adaption to salinity stress involves
complex pathways including physiological and metabolic networks. PGPR can help to
overcome the adverse effects of salt stress in plants with various mechanisms. Thus, using
efficient formulations of microbial agents as biofertilizers to improve salt tolerance and
crop productivity is an essential step toward sustainable agriculture. The commercial-
ization of microcapsules of bacterial agents and their supply to farmers can improve the
yield of agricultural products and increase the quantity and quality of organic agricultural
products. It is necessary to further study the survival of salt tolerance of PGPR in soils and
the interactions of these bacteria with soil microflora and complex environmental factors.
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