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Abstract

:

The subject of this review is to discuss some aspects related to the use of biopolymeric matrices as carriers for plant-growth promoting bacteria (PGPB) in agricultural systems as a possible technological solution for the establishment of agricultural production practices that result in fewer adverse impacts on the environment, reporting some promising and interesting results on the topic. Results from the encapsulation of different PGPB on alginate, starch, chitosan, and gelatin matrices are discussed, systematizing some advances made in this area of knowledge in recent years. Encapsulation of these bacteria has been shown to be an effective method for protecting them from unsuitable environments, and these new products that can act as biofertilizers and biopesticides play an important role in the establishment of a sustainable and modern agriculture. These new products are technological solutions for replacing deleterious chemical fertilizers and pesticides, maintaining soil fertility and stability, and improving crop productivity and food security. Finally, in the near future, scale-up studies will have to provide new information about the large-scale production of these materials as well as their application in the field under different biotic and abiotic stress conditions.
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1. Introduction


The current scenario with regards to the continuous increase in world population growth has created concerns related to food production and the environmental impact of agricultural practices. Around 2.3 billion people in the world were moderately or severely food insecure in 2021 as a result of the COVID-19 pandemic in 2020–2021, while the ongoing war in Ukraine represents an additional challenge for ending hunger at a global level. The Russian Federation and Ukraine are among the most important producers of agricultural commodities in the world; these two countries together supplied 30 percent and 20 percent of global wheat and maize exports, respectively [1].



This scenario becomes more challenging when taking into account the climate changes experienced in the twenty-first century and the important global changes that have been encountered during the past decades. According to Abbass et al. [2], “climate change is characterized based on the comprehensive long-haul temperature and precipitation trends and other components such as pressure and humidity level in the surrounding environment. Besides, the irregular weather patterns, retreating of global ice sheets, and the corresponding elevated sea level rise are among the most renowned international and domestic effects of climate change.”



Climate changes at a global level result in several environmental biotic and abiotic stresses, which are threatening agricultural crop production [3,4]. According to the report published by the Intergovernmental Panel on Climate Change (IPCC) [5], climate change impacts are negatively affecting agriculture and crop production on a global scale, slowing the productivity growth of agriculture over the past 50 years. Global warming has been affecting soil health, increasing crop vulnerability to pests and diseases, adding pressure to food production systems, and undermining food security. Additionally, the availability and quality of water for population and agricultural uses should decrease as a consequence of the increased frequency of extreme events, such as floods, droughts, and heat stresses, resulting in adverse impacts on food availability and prices, as well as exposing populations to water scarcity.



Sohail et al. [6] report that agriculture faces a serious threat from climate change and that there is a growing need to develop new strategies to protect future agricultural production. In this sense, the scientific community and civil society have been directed to propose political and innovative solutions to mitigate these effects. The development of agricultural production systems based on sustainability can be one of the viable alternatives to this global challenge.



Sustainable agriculture includes several approaches and practices that are associated with food security, allow for more efficient use of natural resources, and contribute to accomplish some of the Sustainable Development Goals (SDGs), especially those associated with poverty, hunger, responsible consumption and production, climate change, and ecosystems [7,8]. Within this context, the establishment of a sustainable agriculture production system must attend to the needs for improved crop productivity with the maintenance of soil fertility and ecosystem services to reach food security for the current and future generations. The use of plant-growth promoting bacteria (PGPB) as agricultural inputs can meet the requirements for sustainability as an eco-friendly alternative to the use of potentially deleterious chemical fertilizers, herbicides, fungicides, and insecticides, while improving plant productivity and health [4,9,10,11,12,13,14].



In recent decades, agricultural biotechnology research has been directed towards the development of microbial inoculants containing one or more PGPB strains [12,13]. The use of several biopolymeric matrices as carriers for PGPB has been reported as a promising strategy to obtain new inoculant formulations, protecting microbial cells and their metabolites from adverse external conditions and ensuring the uniform and gradual release of cells near the targeted site [15,16,17,18,19,20,21,22,23].



The subject of this review is to discuss some aspects related to the use of biopolymeric matrices as carriers for PGPB in agricultural systems as a possible technological solution for the establishment of an agriculture that results in less adverse impacts on the environment, reporting some promising and interesting results on the topic. Results from the encapsulation of different PGPB on alginate, starch, chitosan, and gelatin matrices are discussed, systematizing some advances made in this area of knowledge in recent years.




2. Plant Growth-Promoting Bacteria (PGPB) and Their Mechanism of Action


Microbial populations are found in diverse ecological niches, while soil microbial communities play a pivotal role in this ecosystem’s functioning and services. Soil microbial diversity is influenced by a myriad of variables, including plant cover. The large variety of compounds released into the soil through plant roots provide nutrients for the microorganisms living in the root vicinity, creating a distinct site from the bulk soil referred to as the rhizosphere, which comprises the volume of soil surrounding plant roots [13,24,25,26,27,28,29,30]. PGPB are nonpathogenic microorganisms that are natural soil inhabitants and are enriched in the rhizosphere. They can colonize plant internal compartments and surfaces, establishing mutualistic relationships with the host plant that result in several beneficial effects for both partners [24,25,26,27,28,29,30].



PGPB have been used as biofertilizers and biopesticides for decades, improving plant health and promoting plant growth while protecting them from biotic (plant pathogens, including fungi, bacteria, viruses, insects, and nematodes) and abiotic (drought, salinity, flooding, extreme temperatures, pH, light intensity, and the toxicity of accumulated heavy metals) stresses by several different mechanisms, modulating the plant metabolism at physiological, morphological, biochemical, and molecular levels. The most studied abiotic stress conditions are drought and salinity [3,4,10,11,13,24,25,26,27]. PGPB can positively affect plant development through direct or indirect mechanisms [13,24,25,26,28,29].



Direct mechanisms are those that result in the direct promotion of plant growth, such as biological nitrogen fixation, phosphate solubilization, and the synthesis of phytohormones, including auxins (indole-3-acetic acid (IAA)), gibberellins, zeatin, and abscisic acid, which result in enhanced nutrient uptake and plant development. Additionally, some PGPB can modulate the concentration of phytohormone ethylene by synthesizing 1-aminocyclopropane-1-carboxylate (ACC) deaminase, an enzyme that cleaves the compound ACC, which is the immediate precursor of ethylene in all higher plants. Bacterial ACC deaminase helps plants reduce many of the symptoms related to stress exposure by reducing endogenous ethylene synthesis. In general, phytohormones produced by PGPB play an interdependent role in the integration of signaling pathways involved in the modulation of plant metabolism to a given environmental condition [3,4,13,24,25,26,29].



Indirect mechanisms include the production of siderophores, antibiotics, enzymes that can break down fungal and insect larval cell architecture (glucanases and chitinases), and the synthesis of small volatile organic compounds that are toxic to many phytopathogens. In general, these indirect mechanisms are responsible for protecting plants from biotic stress [3,4,13,24,25,26,29].



In addition, PGPB can improve plant tolerance against water stress via different pathways, such as reprogramming the root architecture, which results in increased root surface, favoring nutrient and water acquisition [24,27]. PGPB can also induce the accumulation of osmoprotectants inside plant cells, like trehalose, proline, glycine, and phenols, among others, as well as increase the production of exopolysaccharides at the root surface, which can provide protection against desiccation during drought stress by enhancing water retention [3,4,13,24,25,26,29,30].



Figure 1 presents an overview of the major mechanisms used by PGPB to enhance nutrient uptake and plant development, as well as mechanisms related to protection from biotic and abiotic stresses. It is important to highlight that these mechanisms are associated and interconnected [3,29,30]. Stegelmeier et al. [29] reported that a specific strain can act via multiple mechanisms. The active mechanism(s) expressed in a given plant-PGPB interaction can be a consequence of plant stage and growth conditions, including soil composition, temperature, and the presence or absence of stressful compounds and/or phytopathogens in the soil.



Several reviews have been published in the last few years, mostly concentrating on the mechanisms of action of PGPB and how these microorganisms act under different biotic and abiotic stress conditions [3,4,10,11,13,14,15,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38]. Acinetobacter, Agrobacterium, Arthobacter, Azotobacter, Azospirillum, Bacillus, Bradyrhizobium, Burkholderia, Enterobacter, Erwinia, Frankia, Klebsiella, Micrococcus, Paenibacillus, Pseudomonas, Rhizobium, Serratia, and Thiobacillus are among the PGPB genera reported in the literature [13,15,23,24,26,36,37,38].



Table 1 lists some examples of the main mechanisms of action attributed to PGPB and the respective microorganisms described in the literature associated with these mechanisms. It can be seen that PGPB act through multiple mechanisms in general, making this type of microorganism an effective and promising alternative in the search for candidate strains to be used as inoculants towards a sustainable agriculture with less environmental impact.



While several PGPB are extensively cited in literature, a small number of strains have been commercialized as bioinputs for agricultural practice, possibly because of their inappropriate formulation [3,23,36]. However, the number of commercial strains continues to increase, with novel ones emerging as potential inoculants [3,7,23,24,25,26]. Cao et al. [4] reported some recent examples of commercial applications of PGPB, including A. brasilense, B. fimus, B. megaterium, B. subtilis, P. fluorescens, and various Rhizobium sp.



The Azospirillum genus contains the best characterized PGPB, being able to fix biological nitrogen and produce phytohormones, including auxins, such as IAA, and gibberellins [15]. According to Santos et al. [37], inoculants containing A. brasilense have been commercialized for more than 20 years: since 1996 in Argentina, 2002 in Mexico, and 2009 in Brazil. In 2020, the number of commercialized doses of inoculants containing this PGPB reached 10.5 million [61]. Some countries have created laws to regulate the commercialization of these products, ensuring their safety and quality [37]. In Australia, since 2010, rhizobial inoculants that have been tested by the Australian Inoculants Research Group (AIRG), which displays a registered trademark called the “Green Tick Logo,” indicating that an inoculant has been independently tested and meets Australian quality standards [37,62].



Regulatory standards in Brazil were established in 2004 based on the Australian standard and updated in 2011 [37,63,64]. In Brazil, a list of PGPB strains was authorized for inoculation, and bacterial species must present 1 × 109 CFU (colony-forming units) per gram or mL until the expiration date, which must be at least 6 months [64,65].



According to the European Union (EU) Regulation, only Rhizobium, Azospirillum, and Azotobacter genera have been approved to be used as biostimulants on the basis of Regulation (EU) 2019/1009 [66,67]. According to the EU Regulation, a fertilizing product can contain “microorganisms, including dead or empty-cell microorganisms and non-harmful residual elements of the media on which they were produced, which have undergone no other processing than drying or freeze drying.”



The development of products on an industrial scale still has some technological challenges to be overcome, including the viability of microorganisms during their application so that they can exert beneficial effects during plant growth. Bashan et al. [36] defined some important terms within this theme: “(1) Carrier refers to the abiotic substrate (solid, liquid, or gel) that is used in the formulation process; (2) Formulation refers to the laboratory or industrial process of unifying the carrier with the bacterial strain; and (3) Inoculant refers to the final product of formulation containing a carrier and a bacterial agent or consortium of microorganisms.” These authors stressed that the use of PGPB without a suitable carrier can result in a decrease in bacterial population, with negative impacts on the rhizosphere PGPB population.



The development of high-quality inoculant formulations is a huge challenge for the consolidation of crop inoculation technology. The use of a biopolymeric matrix as a carrier for PGPB can bring some advantages related to the increase of bacterial survival in soil near the target plant, increasing the inoculation efficiency in comparison with other techniques, including seed inoculation or direct soil spreading of bacterial suspensions [14,16,17,68]. The use of biopolymeric matrices as carriers of PGPB can be considered a technological solution for this sector; however, the development of these novel formulations needs to consider some aspects, including cost, availability of the raw materials, the possibility of large-scale production, and the efficiency of encapsulated microorganisms.




3. Biopolymeric Matrices as Carriers for PGPB


Biopolymers are polymers from renewable sources, and a large portion of them are biodegradable, including alginate, starch, gelatin, and chitosan, among others [69]. Biopolymers have been extensively studied as potential raw materials for replacing synthetic polymers from non-renewable sources, in different industrial sectors including their use in agriculture as carriers of PGPB [68,69].



The immobilization and encapsulation of PGPB cells consists of entrapping them in a polymeric material, which results in the protection and stabilization of cell structure, potentially enhancing their viability and stability in the production, storage, and handling of cultures and conferring additional protection during rehydration [68,69,70]. In the development of an inoculant formulation, the carrier corresponds to the major fraction, and according to Bashan et al. [36], there are five types of carriers: (I) Soils; (II) Lignocellulosic residues from industrial and agricultural origins; (III) Inert materials, including biopolymers; (IV) Plain lyophilized microbial cultures; and (V) Liquid inoculants.



Carrier materials are chemically stable materials that provide a protective niche. They must be nontoxic, readily available, low-cost, preservative-free, able to maintain humidity, and stable when stored at room temperature for long periods [14,16,68,70]. Bashan et al. [36] also stressed that an ideal carrier must be easy to handle, ensuring controlled release of the microorganism, and it has to be easy to manufacture and to combine with other additives or nutrients.



Several techniques have been described in the literature for the encapsulation of microbial cells in a biopolymeric matrix, prolonging the shelf life of a usable strain under biotic and abiotic stress conditions. Ionic gelation, emulsification, and spray drying are the most important techniques for the encapsulation of PGPB [16]. In addition to the carrier polymers, additives can reduce the cost, improve stability, survival, encapsulation efficiency, mechanical properties, and swelling properties of these materials. Some fillers, such as polymers (starch, gelatin, and chitosan, among others), clays (bentonite, perlite, and kaolin), osmoprotectants (sugars, such as trehalose, sucrose, glucose, and fructose), and nutritional compounds can also be added [16,36,71,72].



3.1. Polymeric Matrices Based on Alginate


Alginate is an anionic polymer that is present on the cell walls of brown algae. Some bacteria can also produce alginate, but commercial alginate is extracted from algae biomass [73,74,75]. Alginate has an unbranched chain consisting of 1,4-β-D-mannuronic and 1,4 α-L-guluronic acids, whose carboxylate groups carry a net negative charge. The ratio of mannuronic and guluronic acid can vary in composition and sequence depending on the source [16,73].



The main characteristic of alginate is gelation in contact with calcium ions (Ca2+), resulting in hydrogels with an ionic crosslinked three-dimensional matrix, which generally are obtained as beads, capsules, micro- and nanocapsules [14,16,76]. Alginates are biodegradable, and the presence of reactive carboxylic groups and their status as GRAS (Generally Recognized as Safe) by the FDA (Food and Drug Administration-USA) make them ideal candidates to be used as carriers for PGPB [73,74]. Alginates are extensively studied as PGPB carriers [76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99] to be used as biofertilizers or biopesticides. Most articles report encapsulation of A. brasilense [22,77,78,80,82,85,96,98] as a biofertilizer, but other microorganisms, such as A. lipoferum [86], P. fluorescens [78,79,81], Pseudomonas sp [87,92], P. putida [90,95], P. libanensis [93], P. corrugata [81], Serratia marcescens [87], Klebsiella oxytoca [84], Rhizobium ssp. [89], B. subtilis [21,90,91] and B. pumilus [94] are also studied.



Jung et al. [99] and Fages [100] were the first authors to report the use of alginates as carriers for Rhizobium and Azospirillum, respectively, and since then, many of the beneficial effects of this biopolymer as a carrier for PGPB have been confirmed. Bashan et al. [78] reported that A. brasilense and P. fluorescens encapsulated in alginate beads can survive over long periods, pointing out that the porous alginate matrix protects cells against mechanical stress and also that bacteria tend to occupy the pores present in the polymeric matrix. Schoebitz et al. [85] reported that dried alginate beads containing A. brasilense presented 76% of viable cells after one year of storage. Zago et al. [96] reported that the growth of A. brasilense was maintained for 90 days when this microorganism was encapsulated in alginate beads, ensuring better cell viability. Additionally, Bashan et al. [22] reported that a minor disadvantage can affect the encapsulation of A. brasilense in alginate beads; the crosslinking of the alginate-calcium complex with the bacterial cell wall can result in death of a large number of the bacteria, however, it is easy to avoid by a secondary incubation of alginate beads in a fresh growth medium. The surviving bacteria will multiply and restore the concentration to that in the original growth medium.



Pseudomonas sp. has been entrapped in the alginate beads along with the salicylic acid and zinc oxide nanoparticles by Panichikkal et al. [92], and they reported superior plant growth-promoting and biocontrol properties of the encapsulated Pseudomonas sp. on rice seedlings by comparing them with the free-living microorganisms. Souza-Alonso et al. [93] studied the encapsulation of P. libanensis using polymeric beads of alginate and observed that cell viability was maintained for up to 90 days and that the alginate beads were progressively dissolved in the plant rhizosphere.



Hernández-Montiel et al. [95] reported that the use of PGPB as biofertilizers could be an alternative in agricultural management and sustainable production of tomatoes, and they stressed that the immobilization of P. putida in alginate microcapsules conferred protection and gradual release, improving adhesion, permanency, and colonization of cells on the roots, promoting a better effect on the productivity of tomato plants.



Two P. fluorescens strains were encapsulated in alginate-gelatin beads with different concentrations of gelatin, and they were employed in the inoculation of potato plants as biopesticides, resulting in reduced fungal growth and incidence of diseases, protecting plants from harsh soil conditions, and favoring the PGPB establishment in the rhizosphere. The mechanisms associated with the beneficial effects of microorganisms encapsulated in alginate beads include the production of antifungal agents, such as antibiotics and enzymes, the production of siderophores, phosphate solubilization, and ACC deaminase activity [98].



Saberi-Riseh and Moradi-Pour [91] reported that encapsulation significantly improved the survival rate of B. subtilis compared to the free form of the microorganism. Young et al. [21] reported the encapsulation of B. subtilis in alginate beads enriched with humic acid, and they stressed that the encapsulated bacteria had high viability upon storage for 5 months, promoting successfully the plant growth of lettuce. B. megaterium was encapsulated in alginate microcapsules to be used as a biopesticide against Rhizoctonia solani, which is an important phytopathogen in rice plants. Encapsulated alginate cells had increased resistance to UV radiation, which was validated when the product maintained its efficacy to inhibit the mycelial growth of R. solani after 48 h of treatment with UV radiation [97].



In general, polymeric matrices based on alginate are prepared in an aqueous medium employing concentrations between 0.5 and 3.0%, and the most commonly used crosslinking agent is calcium chloride (CaCl2) in concentrations ranging from 1.0 to 2.0%. Additional components can improve the mechanical and swelling properties of alginate materials, resulting in higher efficiency of encapsulation [100,101], such as fillers and osmoprotectants.



Starch is a low-cost biopolymer, and its addition as a filler to alginate formulations has been reported as a successful strategy for improving the beads’ resistance to physical stress and protecting against UV radiation [20,85,102]. The survival of A. brasilense during the encapsulation process can be improved by incorporating starch as filler in the alginate beads’ composition, especially for microorganisms that can use starch as a carbon source [85]. The use of trehalose as an osmoprotectant additive also improved cell viability during storage of A. brasilense encapsulated in alginate beads [96].



Rohman et al. [102] reported that alginate beads can be considered a promising carrier for biofertilizer release, but some drawbacks are still observed, including low mechanical strength, poor appearance, high porosity, and consequently an inadequate cell protection. Blending alginate with starch helps beads retain their spherical shape after drying and improve the entrapment of bacterial cells in the polymeric matrix, reducing cell loss.




3.2. Polymeric Matrices Based on Starch


Starches from different sources have been the object of intensive academic and industrial study for several reasons, including their renewable source, biodegradability, low cost, and wide availability [103,104,105]. Starch presents important characteristics as a potential biopolymeric carrier for PGPB, which include high solubility, controlled release, and nontoxicity [103]. Starch also presents well-known properties for film formation and for the ability to obtain micro- and nanoparticulate systems and gels [105], making this biopolymer a suitable material to be used as a carrier for bioactive compounds and microorganisms.



Starch can be obtained from cereals, roots, tubers, legumes, and immature fruits [106]. Starch is a homopolymer of α-D-glucose units consisting of a mixture of two fractions, amylose and amylopectin, with α-(1→4) linkages in the linear amylose and α-(1→4) linkages and ∼5–6% of α-(1→6) branch linkages in amylopectin [107]. The ratio between amylose and amylopectin depends on the starch source; variations in the proportions between these fractions can result in starch granules with very different physicochemical and functional properties, which can affect their industrial applications.



The application of starch to obtain biodegradable polymeric matrices is based on the chemical, physical, and functional properties of amylose and amylopectin to form gels and their ability to form a continuous polymeric network maintained by hydrogen bonds. These matrices can be obtained in aqueous solutions, with starch concentrations ranging from 1.5 to 3.0% [18,108,109,110] or by other processes, such as thermoplastic extrusion [17,108]. Extrusion is a high-temperature, short-duration process with the advantages of high versatility and the absence of effluents; additionally, it is easy to adapt to large industrial scales [17].



The use of starch as a PGPB carrier is still little reported in the literature, although in recent decades its use for the encapsulation of bioactive compounds has been extensively discussed and studied [105], such as particles to encapsulate curcumin for pharmaceutical applications [111,112], as films to encapsulate antioxidants for food packaging [113,114], and as films to enhance the stability of phenolic compounds to be used in food technology [115,116].



While the use of pure starch is not reported for obtaining polymeric matrices as carriers of PGPB, starch is extensively reported as a filler in alginate matrices for PGPB encapsulation, providing protection to their cells and allowing diffusion of some important compounds, such as micronutrients and metabolites, in inoculant formulations. Considering their hydrophilic character, starch molecules can retain immense amounts of water in the interstitial sites of their polymeric network, contributing to bacterial survival and the effectiveness of inoculation strategies [14,85,96,102,103,104,105].



The main disadvantage of obtaining stable starch matrices for the encapsulation of microorganisms can be considered their poor mechanical performance [103,105,107,108,109], and in order to improve these characteristics, the incorporation of plasticizers, fillers, and the mixture of starch with other biodegradable polymers can be considered feasible strategies for the development of polymeric matrices for PGPB encapsulation with commercial potential. Mali et al. [110] reported that plasticizers can reduce intermolecular forces and increase the mobility between polymer chains, reducing possible discontinuities and brittle zones and thus resulting in materials with improved mechanical properties. Glycerol and sorbitol are the most commonly employed plasticizers in combination with starch.



Some authors reported the use of starch as a major component in mixtures with other polymers and materials to obtain effective PGPB carriers [17,18,22]. Marcelino et al. [17] studied the production of solid formulations obtained by extrusion for PGPB inoculation containing starch as major component (58.5–72.4%), with addition of sugarcane bagasse (9.4–23.0%), and other minor components (glycerol, rock phosphate, crystal sugar, powdered skim milk and yeast extract). The solid polymeric matrices could maintain the viability of A. brasilense cells for up to 120 days at room temperature. The solid formulations were applied to the soil 10 days before the maize was sown, contributing to the plant’s growth by providing a beneficial environment that supports the viability of bacteria in soil for longer periods than those observed for liquid inoculant formulations. Additionally, minor nutritional elements and/or bioactive compounds could be added to these solid formulations, favoring plant performance and productivity in the field.



Vercelheze et al. [18] reported the use of a biodegradable polymeric matrix based on cassava starch, gelatin, polyvinyl alcohol, and glycerol as a plasticizer; they used the mixture as coatings for maize seeds and confirmed the ability of this material to sustain A. brasilense viability for up to 15 days after bacterial immobilization. This biodegradable coating was considered a promising low-cost, biodegradable, and renewable source material to be used in agriculture.



Perez et al. [22] reported the use of starch-chitosan beads for the release of A. brasilense and P. fluorescens. The biopolymeric beads loaded with the microorganisms were stored at room temperature, and they preserved the cells’ viability for a long period. After 1 year of storage, the recovery of bacteria from chitosan-starch beads was in the order of 109 and 108 CFU per gram for A. brasilense and P. fluorescens, respectively.



Saberi-Riseh et al. [103] reported that starch has some advantages compared to other biopolymers, including carboxymethyl cellulose, chitosan, alginate, gelatin, gums, and whey protein. Starch has a low cost, and it is more available than carboxymethyl cellulose and chitosan. Compared to alginate, the extraction process of starch from different sources is easier, and the high porosity and low mechanical strength of alginate beads can be a problem in the encapsulation of PGPB. Starch also has some advantages compared to gelatin, which requires higher concentrations to obtain a polymeric network, and the melting point of gelatin near room temperature (35 °C) can result in melting depending on storage conditions.




3.3. Polymeric Matrices Based on Chitosan


Chitosan is a renewable source of cationic and biodegradable polymer produced from the alkaline deacetylation of chitin [22]. Chitin can be obtained from several sources, including wastes of arthropod shells (shrimps, lobsters, crabs, crayfish) processed by the fishing industry, fungal cell walls, and plants [110]. It is constituted of two subunits, D-glucosamine and N-acetyl-D-glucosamine, which are bounded by β-(1→4) glycosidic linkages [117].



Ramírez et al. [118] reported that chitosan can protect plants from pests and diseases before and after a harvest and can enhance beneficial symbiotic plant-microorganism interactions, regulating plant growth and development. They also reported that the chelating nature of chitosan can be helpful for nutrient and mineral sequestration, making them available for uptake by plants.



Chitosan has been increasingly studied as a potential carrier for PGPB encapsulation, because it has many properties that are very interesting for use in agricultural systems, such as: (1) Inducing defense responses against phytopathogens by triggering the production of several defensive compounds. Chitosan also increases antimicrobial properties, promotes soil remediation, and activates defense mechanisms in plants growing in field conditions; (2) Promotion of plant growth; (3) Conditioning of the soil, by preventing the leaching of anionic nutrient fertilizers, such as phosphates and nitrates, also by stimulating the activity of beneficial microorganisms and enhancing the water retention properties of the soil [119]. Some authors reported the use of chitosan as a carrier for PGPB to obtain novel biofertilizers [120,121,122,123] or biopesticides [123,124], with very promising results.



Chanratana et al. [120] compared wet chitosan, dry chitosan, wet alginate, and dry alginate as carriers for Methylobacterium oryzae, which was employed for tomato growth promotion. The optimal immobilization condition was obtained for wet chitosan (1.5% solution) prepared at pH 5.5–6.0 and 90 min of contact time, resulting in a survivability of bacteria of 80% after 90 days of storage at 4 °C. Plants inoculated with this formulation had a 1.3-fold increase in shoot and root length and dry weight compared to other treatments. Chanratana et al. [121] reported that chitosan-immobilized M. oryzae increased tomato plant dry weight, nutrient uptake (N, P, K, and Mg2+), photosynthetic efficiency, and decreased electrolyte leakage under salt stress conditions.



The encapsulation of B. licheniformis in alginate-chitosan nanoparticle beads supplemented with rice starch did not affect the plant beneficial traits of the isolate, such as IAA production, nitrogen fixation, and ACC deaminase activity, enhancing the growth of chilli plants effectively compared to the free-living cells. In addition, the encapsulated B. licheniformis suppressed the disease caused by Sclerotium rolfsii in chilli plants [122].



Streptomyces fulvissimus was encapsulated in a chitosan-gellan gum matrix and resulted in a material with antimicrobial action against Gaemannomyces graminis, one of the most dangerous fungal diseases to wheat. The main mechanisms of S. fulvissimus include the production of antifungal antibiotics, the production of siderophores, and the production of chitinase and glucanase. Chitosan and gellan gum protected the bacteria and increased their survival rate in storage at room temperature [123].




3.4. Polymeric Matrices Based on Gelatin


Gelatin is a low-cost protein obtained through the acid or alkaline hydrolysis of collagen from the skin, bones, or connective tissue of animals, consisting of a large number of glycine, proline, and 4-hydroxyproline residues. Gelatin exhibits amphoteric behavior due to the presence of both basic and acidic groups [125]. It is easily soluble in water at an average temperature of 40 °C, forming a viscous solution by chain association and three-dimensional network formation, resulting in gels on cooling below 35 °C; above this temperature, gelatin exists as a single molecule because it is unable to form interchain hydrogen bonds [126,127,128,129]. Gelatin films are clear, flexible, strong, and oxygen permeable [129].



Gelatin, despite having a massive application in pharmaceutical and food industries, is still not exploited like other biopolymers for the encapsulation of PGPB. Some authors reported the use of gelatin in mixtures with alginate [98,130,131]. Using alginate in a mixture with gelatin to encapsulate Mesorhizobium ciceri and Bradyrhizobium japonicum increased the number of nodules formed in chickpea and soybean plants in comparison with non-inoculated plants [130]. B. subtilis was encapsulated in alginate-gelatin microspheres, and the viability of encapsulated PGPB could be preserved at more than 108 CFU/mL after 120 days of storage at 25 °C [131].





4. Conclusions


The use of biopolymeric matrices as carriers for plant-growth-promoting bacteria in agricultural systems is a topic that is currently under great discussion by the scientific community. Encapsulation of these bacteria has been shown to be an effective method for protecting them from unsuitable environments. Many relevant results have been published, and alginate-based matrices are the most studied, but the use of starch from different sources is also very promising, considering its low cost and high availability. A. brasilense encapsulated in alginate matrices is the most studied formulation.



It is important to highlight that these biofertilizers and biopesticides play an important role in the establishment of sustainable and modern agriculture, which can support the increase in the world’s population and an associated increase in demand for food and energy in the next few decades with much lower environmental harm than conventional inputs. These new products are technological solutions for replacing deleterious chemical fertilizers and pesticides, maintaining soil fertility and stability, and improving crop productivity and food security.



Finally, in the near future, scale-up studies will have to provide new information about the large-scale production of these materials as well as their application in the field under different stress conditions.
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Figure 1. Overview of the major mechanisms used by PGPB to enhance nutrients uptake and plant development, as well as to protect plants from biotic and abiotic stresses. 
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Table 1. Examples of PGPB mechanisms of action under different stresses and their improvement of plant growth.
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	Mechanism of Action
	Microorganism
	Plant
	Stress Condition
	Reference





	Production of phytohormones 1,2

Production of antioxidants

Production of siderophores
	Acinetobacter beijerinckii
	Soybean
	Heavy metal (Cr)
	[30]



	Production of phytohormones 1,2

Production of antioxidants

Production of siderophores
	Raoultella planticola
	Soybean
	Heavy metal (Cr)
	[30]



	Biological nitrogen fixation
	Bradyrhizobium spp
	Soybean
	-
	[38,39]



	Biological nitrogen fixation
	Azospirillum brasilense
	Maize
	-
	[40]



	Production of phytohormones

Improvement of water content
	A. brasilense
	Wheat
	Drought
	[41]



	Biological nitrogen fixation Production of phytohormones 2
	A. brasilense
	Maize, wheat and rice
	-
	[42]



	Biological nitrogen fixation
	Bacillus subtilis
	Maize and sorghum
	-
	[43]



	Production of siderophores

Production of antibiotics
	B. subtillis
	Pepper
	Biotic
	[44]



	Biological nitrogen fixation

Production of phytohormones 2

Production of exopolysaccharides

Production of siderophores
	B. subtilis

B. paralicheniformis

Pseudomonas putida
	Maize
	-
	[45]



	Production of phytohormones 3 Production of antioxidants
	P. putida
	Soybean
	Salinity and drought
	[46]



	Production of exopolysaccharides
	P.putida
	Sunflower
	Drought
	[47]



	Phosphate solubilization
	B. polymyxa
	Tomato
	Drought
	[48]



	Phosphate solubilization

ACC deaminase production
	B. thuringiensis
	Wheat
	Drought
	[49]



	Production of antioxidants
	B. thuringiensis
	Lavender
	Drought
	[50]



	ACC deaminase production
	Enterobacter mori

E. asburiae

E. ludwigii
	Wheat
	Drought
	[51]



	Production of phytohormones 3
	Burkholdera cepacia

Acinetobacter calcoaceticus
	Cucumber
	Salinity
	[52]



	Production of phytohormones 2

Production of siderophores

Phosphate solubilization
	Enterobacter sp.

Pseudomonas sp.
	Tomato
	-
	[53]



	Production of antibiotics
	B. amyloliquefaciens
	Wheat
	Biotic

Fusarium graminearum
	[54]



	Improvements in root architecture

ACC deaminase production
	P. fluorescens
	Signalgrass
	-
	[55]



	Phosphate solubilization

Production of phytohormones 2

Production of siderophores

Production of antibiotics

Production of volatile organic compounds and ammonia
	P. aeruginosa
	Tomato, potato, taro, and

strawberry
	Biotic
	[56]



	Biological nitrogen fixation

Phosphate solubilization

Production of phytohormones 2

Production of chitinases
	B. velezensis
	Jujube fruits
	Biotic
	[57]



	Production of antioxidants

Production of siderophores
	B. simplex
	Pea
	Heavy metal (Pb)
	[58]



	Phosphate solubilization

Production of phytohormones 2,3

ACC deaminase production

Production of exopolysaccharides
	Klebsiella sp.
	Mung bean
	Salinity

pH
	[59]



	Production of antioxidants
	Azotobacter chroococcum
	Maize
	Drought
	[60]







1 —Gibberellins; 2 —Abscisic acid; 3 —IAA.
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