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Abstract


Currently, bacterial inoculant technology focuses on improving long-term storage conditions to ensure adequate rhizobia numbers and their effectiveness as plant growth promoters. This study aimed to investigate whether storage at 4 °C for four years of alginate beads immobilizing Bradyrhizobium sp. SEMIA6144 maintains bacterial vitality, efficacy in growth promotion, and ability to establish early interactions with Arachis hypogaea L. The recovery of viable SEMIA6144 cells decreased over time (10% at six months, 1% at one year, and 0.01% at four years), while cell vitality remained high at 94.1%, 90.2%, and 93.4%, respectively. The unsaturated/saturated fatty acid ratio declined during storage, reducing membrane fluidity and metabolic activity. Mobility and root adhesion of SEMIA6144 decreased after one and four years. However, growth promotion in peanuts inoculated with SEMIA6144 beads was observed through increased biomass, total chlorophyll, leaf number, leaf area, and decreased chlorophyll fluorescence compared to non-inoculated plants. Although nodulation was low in plants inoculated with four-year-old beads, leghemoglobin levels were maintained. These results demonstrate that Bradyrhizobium sp. SEMIA6144 can be stored for four years in alginate beads at 4 °C, maintaining its vitality and ability to establish a symbiosis that stimulates early peanut growth. Understanding these physiological changes could be valuable for the future improvement of long-lasting inoculants.
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1. Introduction


In recent years, there has been a global drive to develop sustainable technologies to increase crop yields and nutritional value. One of the most important contributions of biotechnology and microbiology to modern agriculture is the use of plant growth-promoting rhizobacteria (PGPR), which manages to decrease the amount of soil chemicals and synthetic fertilizers without affecting crop productivity [1,2]. The survival of rhizobial-based inoculants in the soil is influenced by environmental factors leading to desiccation, exposure of macromolecules to toxic O2 levels and high temperatures, and mobilization of inhibitory substances from the seed coat. These factors create a complex environment in which survival responses are difficult to overcome [3]. Inoculant formulations must provide a suitable microenvironment for microbial strains to avoid a rapid decline in cell viability during storage and constitute a source of live cells available in the rhizosphere to interact with plants and the soil microbiome [4,5,6]. A threshold number of cells is essential to obtain the intended positive plant response, for example, 106–107 cells.plant−1 for rhizobia. However, in liquid formulations, the introduction of rhizobial suspensions into the soil often results in a rapid decline in bacterial populations [3]. This decline is primarily due to soil heterogeneity, which presents a significant challenge as the introduced bacteria must compete with native microflora that are often better adapted to the environment and withstand predation from soil microfauna [5]. Considering the concept of vitality, which includes a cell’s ability to perform various metabolic, physiological, and genetic functions while maintaining structural and morphological integrity [7], it becomes evident that fluctuating environmental conditions negatively impact bacterial vitality, physiological state, and the establishment of a sufficiently large bacterial population in the rhizosphere, potentially leading to a reduced capacity to provide benefits to crops [8,9]. Therefore, innovative technologies are essential to improve soil delivery and the performance of PGPR formulations. Bioencapsulation emerges to provide a more suitable microenvironment for microorganisms, offering physical protection for an extended period to prevent a rapid decline in introduced bacteria [5]. It facilitates the controlled release of microorganisms into the soil, enhances cell viability, and promotes contact between microbial cells and plants [10,11]. Among the polymers used, alginate is the most widely used since it is a non-toxic, biocompatible, inexpensive, and readily available material [12]. Alginate beads can be used wet or dry in vegetable crop applications [13]. However, in the case of dry beads, cell mortality during the drying of encapsulated cells has been recognized as a critical point in the encapsulation process for non-spore-forming Gram-negative bacteria, which corresponds to most species among PGPR commonly employed as inoculants to establish symbiosis with legumes [5,8,14]. Also, several studies have documented the use of wet alginate bead applications to enhance the growth of various crops of interest, including chili, tomato, wheat, chickpea, and soybean [10,15,16,17,18].



Developing encapsulation methods that enhance cell stability for long periods is essential, as this would significantly contribute to the advancement of inoculant development for legumes. Most solid-based bioinoculants have been reported to have an average shelf life of about 180 days, while liquid formulations can extend this time of commercial use up to two years [5,19]. After that, the number of rhizobia in the inoculants decreases and individual cells may lose efficacy. The ability to store rhizobia inoculants for long periods is essential for their practical use in agriculture, as it ensures the inoculants’ viability and effectiveness when applied to the soil and facilitates their distribution systems, thus providing continuous N fixation benefits and reducing the frequent replacements, offering both economic and environmental advantages [20,21]. Storage temperature is another crucial factor in the survival of immobilized bacteria, along with culture purity and moisture loss during storage [19,22]. Some studies suggest that metabolic changes in immobilized cells result from decreased water activity, oxygen supply, and mass transfer limitations, which alter the microenvironment of these cells [5,23,24]. To survive under varying conditions, bacteria modify their cell membranes to maintain fluidity and essential lipid properties, a process known as homeoviscous adaptation (HA) [25,26]. Recent examples of this adaptive process have been observed in several Gram-negative bacteria, including Bradyrhizobium sp. SEMIA6144 underwater deficit [27] and the effects of cold on Sinorhizobium meliloti cell membranes [25]. However, there is limited information on how entrapped rhizobacteria adapt their membranes during cold storage and how carriers influence this adaptation.



Legumes are important sources of oil, fiber, micronutrients, minerals, and vegetable proteins suitable for livestock feed and human consumption [28]. Peanut, Arachis hypogaea, provides 22% of the plant proteins for human consumption [29]. In Córdoba, Argentina, peanut cultivation faces challenges in its normal physiological development due to unfavorable environmental conditions, such as low soil temperatures (below 18 °C) at the time of planting and N deficiencies in the soils, which adversely affect agricultural productivity [30]. Applications of inoculants based on Bradyrhizobium sp. have been widely recommended to inoculate peanuts to stimulate establishment and initial growth, improve biological N fixation, host tolerance to abiotic stress, and increase yields [31,32,33,34,35]. Furthermore, rhizobia inoculation reduces the need for chemical nitrogen fertilizers, thus mitigating the negative environmental impacts of excessive fertilizer use, and also improves soil quality by increasing soil nitrogen content, organic matter, and the formation of stable soil aggregates [36]. Our group has characterized the ability of Bradyrhizobium sp. SEMIA6144 to improve peanut plant growth under stress conditions by supplying nitrogen (N) [37,38]. N is a critical limiting element for growth in most plants, constituting an essential component of chlorophyll molecules and playing a vital role in photosynthesis [39,40]. The potential for increasing crop yields by enhancing the photosynthetic rate has been frequently considered, as all dry matter produced is entirely dependent on this process [41]. Peanuts are a C3 crop with high potential photosynthetic capacity; exploring this potential is an effective strategy to improve productivity and achieve yield targets [39].



This research aimed to investigate the preservation of bacterial vitality in Bradyrhizobium sp. SEMIA6144 alginate wet beads stored at 4 °C for four years, as well as their efficacy in promoting growth and establishing early interactions with Arachis hypogaea L. Elucidating the mechanisms that enable the survival of rhizobia entrapped in alginate and stored at 4 °C for extended periods, along with their physiological adaptability and symbiotic interaction with peanuts, is crucial for validating the utility of immobilization and the performance of the support for microbial inoculation in the soil-plant system.




2. Results


2.1. Recovery of SEMIA6144 from Alginate Beads After Four Years of Storage at 4 °C


SEMIA6144 demonstrated the ability to survive within alginate beads during four years of storage at 4 °C; however, estimates of the cell population within the beads indicated a decline in bacterial viability over time (Figure 1a). At the time of entrapment, the bacterial population was measured at 108 CFU.gr−1, remaining above 106 cfu.gr−1 for the first year of storage but subsequently declining to 104 CFU.gr−1 per bead after four years.



FCM was first tested on pure cultures of boiled (dead) SEMIA6144 and live (untreated) cells. Live and dead bacterial cells were mixed in different proportions, and the discrimination between live and dead rhizobacteria was positive (Figure 1b, first quadrant). The FCM results observed in Figure 1b (second quadrant) show that approximately 5.7% of the cells in the new beads had a compromised membrane and 77% of live cells. This may be because, now of encapsulation, a late exponential phase culture is used, where all the cells are entrapped, the live and the damaged ones. However, at longer storage time, the percentage of damaged cells inside the bead decreases, leaving only live cells at 94.1%, 90.2%, and 93.4% for the six-month-old and one- and four-year-old beads. As shown in the histogram, the median values for the treatments were 4914, 10,554, and 32,124 for bacteria extracted from new, one-year-old, and four-year-old beads, respectively (Figure 1b, third and fourth quadrant).




2.2. Changes in the FA Profile in Entrapped Cells for Long Periods Are Not Enough to Restore Cell Fluidity


The fatty acid (FA) composition of the cell membrane of SEMIA6144 is shown in Figure 2a. The main FA are cis-vaccenic acid (18:1Δ11) with 73.2%, followed by palmitic acid (16:0) with 17.3%, stearic acid (18:0) with 4.9%, and palmitoleic acid (16:1Δ9) with 2.6%. When the microorganism was entrapped in the new bead, the FA profile changed; unsaturated FA (UFA) 18:1 and 16:1 decreased by 38% and 32%, respectively, while saturated FA (SFA) 18:0 and 16:0 increased by 315% and 215%, respectively. As the storage time of the bead at 4 °C increases, such a trend of increasing SFA and decreasing UFA increases for the one- and four-year-old beads concerning the new bead. These changes mainly affected the degree of unsaturation, changing the UFA/SFA ratio (sum of UFA to sum of SFA) from 3.4 to 0.9 for liquid culture and the recently entrapped cells, respectively, reaching a UFA/SFA ratio value of 0.4 for one- and four-year-old beads.



To test the HA of SEMIA6144 to the effects of entrapment and storage at 4 °C on its fluidity, the fluorescence polarization (P) of the DPH probe (PDPH) was measured. We found that the PDPH was close to 0.20 for the liquid culture cells as well as for the recently trapped bacteria, while the PDPH increased as the storage time of the beads increased. After six months of storage, PDPH was 0.23, remaining at that value until four years of storage (Figure 2b).



When we evaluated metabolic activity by reduction of MTT by cell membrane dehydrogenases, we observed that metabolic activity was reduced by 39% when SEMIA6144 was entrapped in a bead without nutrients compared to bacteria grown in a YEM medium. This activity further declined with storage time, showing decreases of 40% and 76% for one- and four-year-old beads, respectively, compared to the newly entrapped beads (Figure 2b).




2.3. SEMIA6144 Can Migrate from the Bead and Attach to Peanut Roots


When we placed beads of different storage periods on mobility plates, we observed that the bacteria diffused from the bead to the agar, indicating that this condition did not affect their motility. Table 1 shows the halo diameter of the swimming motility (swi) of SEMIA6144 from new beads, one and four-year-old beads. The mobility halo diameter was 1.3 cm for both new and one-year-old beads; however, mobility was reduced by 24% for bacteria from four-year-old beads. When a RE-embedded disk was placed on the motility plates, the halo diameter increased by 43%, 38%, and 83% for bacteria from new, one-year-old, and four-year-old beads, respectively.



The attachment and colonization of bacteria on peanut roots are critical steps preceding the initiation of nitrogen-fixing symbiosis. Table 1 shows the Log CFU·mg−¹ RD (dry root) of SEMIA6144 cells extracted from beads stored at 4 °C for different periods, adhered to 7-day-old peanut lateral roots. Bacteria from beads of all storage times exhibited adherence to peanut roots; however, the adhesion efficiency of SEMIA6144 decreased with increasing storage duration. Bacteria from one-year-old and four-year-old beads showed a reduction in root attachment by 17% and 49%, respectively, compared to bacteria from newly prepared beads.




2.4. SEMIA6144 Retains Peanut Growth Promotion in the Alginate-Based Formulation During Long-Term Storage


We investigated the effect of inoculation with new beads, one- and four-year-old beads, on growth parameters in 30-day-old A. hypogaea (Table 2). Inoculation with new beads significantly increased shoot length by 18.2% compared to uninoculated plants. Additionally, inoculation with one- and four-year-old beads resulted in shoot length increases of 29% and 17%, respectively, compared to uninoculated plants, with no statistically significant differences compared to new beads (Table 2). Regarding root length, no statistically significant differences were observed between treatments. Inoculation with new, one- and four-year-old beads significantly increased shoot dry weight by 17%, 25%, and 29%, respectively, compared to uninoculated plants (Table 2), while root dry weight did not significantly increase.



The nodulating symbiosis between SEMIA6144 and peanut remained effective throughout the storage periods studied. Plants inoculated with newly prepared beads exhibited the highest number of nodules (34) and nodular biomass (426 mg) at 30 days of growth. In contrast, plants inoculated with one- and four-year-old beads had 56% fewer nodules and, consequently, lower nodular biomass compared to those inoculated with new beads (Table 2). Regarding the spatial distribution of nodules in the root, in plants inoculated with new beads, 50% of nodules were found in the main root and 50% in the lateral root, while for plants treated with one-year-old beads, 45% of nodules were in the main root and 55% in the lateral roots. For those inoculated with four-year-old beads, 43% were found in the main root and 56% in the lateral root. Interestingly, the leghemoglobin content per gram of fresh nodule was similar across all treatments of plants inoculated with new beads, one-year-old and four-year-old beads (10.2, 11.2, and 12.4 mg·g−1 of leghemoglobin per nodule, respectively).



In summary, the first two components of the PCA analysis explained 31 and 15% of the total variance observed (Figure 3a). In non-inoculated plants (grouped with mustard ellipse), most of the measured parameters, such as dry biomass, length, number of nodules, nodular biomass, and leghemoglobin content in nodules, showed low values, while plants inoculated with new beads were characterized by a “good state” of their aerial part (given by the number and area of leaves) as well as of their nodules (number and fresh biomass) (Figure 3b). On the other hand, plants inoculated with one- and four-year-old beads showed intermediate values of the parameters measured, with the dry weight of roots and the intensity of chlorophyll fluorescence standing out. In addition, this last parameter was also elevated in uninoculated plants.




2.5. SEMIA6144 Retains Beneficial Effects on the Photosynthetic Physiology of Peanuts During Long-Term Storage


The fluorescence intensity of 30-day-old peanut leaves of uninoculated and inoculated with beads of different storage periods is shown in Figure 4. It can be observed that, in uninoculated plants and those inoculated with four-year-old beads, the chlorophyll fluorescence intensity was 15% higher compared to the leaves of plants inoculated with new beads (Figure 4a). If our assumption is valid, we can infer an inverse relationship between observable fluorescence and photosynthetic efficiency, suggesting that the presence of an appropriate inoculum of SEMIA6144 improves the photosynthetic efficiency of peanut, as evidenced by the significant decrease in chlorophyll fluorescence intensity in plants inoculated with new beads. However, correlation analysis between chlorophyll fluorescence and chlorophyll content revealed no significant correlation for any of the treatments studied (p > 0.05; correlation coefficient close to zero; for more details, see Table S1, Supplementary Materials).



Total chlorophyll content increased significantly in plants inoculated with new beads (163%), as well as in those inoculated with one-year-old beads (109%) and four-year-old beads (82%) compared to uninoculated plants. In all cases, chlorophyll a was the predominant form. The number of carotenoids, which are associated with plant protection and physiological health, also increased in the treatments with newly prepared beads, one- and four-year-old beads, by 117% and 78%, respectively, compared to uninoculated plants (Figure 4b). The first two components of the PCA analysis explained 97% and 3% of the total observed variance, respectively (Figure 4c).



All photosynthetic physiology parameters, including carotenoids and chlorophyll (a, b, total), were displayed, and the samples were distributed along the X-axis according to the storage duration of the beads. Samples from plants inoculated with new beads, which contained higher concentrations of photosynthetic parameters, were primarily located on the right side of the graph, while samples from plants inoculated with beads exhibiting lower values for these parameters were positioned on the left side. In contrast, samples from plants inoculated with one- and four-year-old beads were more evenly distributed between both groups.



The correlation analysis between the variables related to the total chlorophyll, chlorophyll a, b, and carotenoids content indicated that for the new, one-year-old and four-year-old beads, a positive correlation was observed between all the pigments when compared in pairs (p < 0.05, ~0.96–1.00 correlation coefficient). While for uninoculated only a positive correlation was observed between Chl a and b and total chlorophyll with both Chlo a and Chlo b (p < 0.05, ~0.99–1.00 correlation coefficient). For more details, see Table S2, Supplementary Materials.



The results presented in Figure 4d indicate that inoculation with SEMIA6144 beads significantly increased the number of leaves per plant by 34%, 17%, and 10% for plants inoculated with new beads, one- and four-year-old beads, respectively, compared to uninoculated plants. Additionally, inoculation with SEMIA6144 beads of different storage durations had significant effects on leaf area in comparison to uninoculated plants. Inoculated peanuts exhibited significant increases in leaf area of 69%, 39%, and 22% for treatments with new beads, one- and four-year-old beads, respectively, compared to uninoculated plants (Figure 4d).





3. Discussion


Bacterial viability currently refers to the ability of a cell to grow and reproduce under specific environmental conditions [42]. Several authors have demonstrated that encapsulation significantly improves the survival of microorganisms compared to free microorganisms [43,44,45]. In our study, over a period of four years of storage at 4 °C, the percentage recovery of viable SEMIA6144 cells inside the beads was 10% at six months, 1% at one year, and 0.01% after four years at 4 °C, compared to the initial number of immobilized cells. Similar results were reported by [46], who described that the Bacillus subtilis and Pseudomonas corrugata population in alginate beads was 0.01% (106 CFU.gr−1) concerning the initial number of immobilized cells after three years. Viability is usually associated with the ability to reproduce and, subsequently, with culturability. However, not all bacterial cells conform to this relationship; even if they cannot reproduce and grow under specific conditions, they may retain many properties of viable, fully functional cells, thus being considered cells with vitality [7]. In our work, FCM outlined the vitality of SEMIA6144 immobilized in alginate beads and stored for four years at 4 °C by dual SYTO9/PI staining. Interestingly, our results reveal for the first time that, the longer the storage time, the vitality of SEMIA6144 cells immobilized inside the bead was 94.1%, 90.2%, and 93.4% for six months, one- and four-year-old beads, respectively, while the percentages of damaged cells inside the bead decrease (lower percentage of dead cells) with storage time. From a biotechnological perspective, it is crucial to have a lower number of dead cells inside the beads, as they lack the minimum structural integrity and ability to carry out basic cellular functions, lacking both vitality and viability [47]. The encapsulation of microorganisms in an alginate matrix isolates them from environmental influences that may reduce their survival [48]. Additionally, as a permeable polymer, alginate facilitates the exchange of nutrients in the soil, promoting the survival and replication capacity of microorganisms. The survival of encapsulated microorganisms depends on factors such as the initial concentration and metabolic state of the inoculum, the alginate concentration, and the methods of storage and capsule preparation [49]. It has been demonstrated that an alginate concentration of 2% positively affects the survival of microorganisms compared to lower concentrations, particularly when exposed to elevated temperatures [50]. Furthermore, lower storage temperatures have been observed to favor higher survival rates of microorganisms, as lower temperatures are more conducive to preserving microbial activity within the capsules [49]. Ref. [51] analyzed the effect of temperature and found that samples of alginate-perlite encapsulated Pseudomonas putida stored at 4 °C in a 0.9% NaCl solution showed no surface damage or capsule leakage, while those maintained at room temperature exhibited a slight decrease in microbial content. A similar trend was observed by [52], who reported a 100% survival rate at both temperatures of microbial fertilizer based on clay and alginate encapsulation.



The bacterial lipid envelope is essential for the survival of microorganisms exposed to external physical and chemical factors [53] and greatly influences the process of symbiotic bacteria-plant interaction [54]. Phosphatidylcholine is a phospholipid present in the membranes of bacteria of the Rhizobiaceae family that usually has palmitic acid and oleic or vaccenic acid as majority fatty acids and is essential for symbiotic interactions of rhizobia with legumes [25,27,55,56,57,58]. It is of vital importance that bacteria maintain their membrane fluidity at optimal values to ensure physiological homeostasis and the integrity of all processes taking place in their membranes [25]. Generally, the ratio of UFA to SFA in the bacterial cell membrane is used as an indirect indicator of membrane fluidity, as a higher UFA/SFA ratio is usually associated with higher fluidity [59]. Our experimental results show a correlation between the UFA/SFA ratio and SEMIA6144 membrane fluidity. During storage of the beads at 4 °C, the UFA/SFA ratio decreased due to a significant increase in 18:0 and 16:0 SFA, leading to a reduction in membrane fluidity. When exposed to environmental stressors, such as extreme temperatures or nutrient shortages, bacteria may adjust their fatty acid composition to improve their survival. For example, an increase in SFA helps stabilize the membrane under these storage conditions (4 °C) [60,61], but this can also slow down metabolism as a means of conserving energy [62]. Ref. [25] showed that when Sinorhizobium meliloti is subjected to thermal changes, variations in fatty acid composition and acyl chain shortening occur to compensate for temperature-induced changes in membrane microviscosity. However, in our work, it was observed that despite the increase in saturated fatty acids as well as acyl chain shortening in the membrane of SEMIA6144 immobilized for four years, it did not restore the initial fluidity of the membrane. Based on these results, we can suggest that the inability to maintain membrane fluidity for prolonged periods may be related to the reduced metabolic activity of SEMIA6144 inside the beads. In addition, inadequate control of membrane fluidity could be related to problems interacting with the host plant. It has been reported that reduced fluidity may also limit the functionality of membrane proteins involved in symbiosis, such as those that facilitate signal exchange with the host plant and nodule formation [63]. In summary, an increase in saturated fatty acids in response to elevated temperatures helps to maintain membrane stability. However, it may affect the dynamics of the interaction with the plant, resulting in a less efficient symbiosis compared to the new beads.



When bacteria compete for the same resources, chemotaxis toward exuded compounds becomes a fundamental trait for root colonization and plant-facilitated microorganism selection [64,65]. Our working group previously described the peanut RE positive effect on cell motility and adhesion of SEMIA6144 immobilized alginate beads to peanut roots [37]. In the current work, we have demonstrated the ability of immobilized SEMIA6144 to leave the beads by swimming-like mobility. However, we observed a 7.5% and 24% reduction in motility for immobilized SEMIA6144 after one and four years, respectively. Notably, the addition of RE disc to the culture medium surprisingly enhanced the motility of SEMIA6144, irrespective of the storage period of the beads. These results suggest that SEMIA6144, immobilized in alginate beads and stored for four years at 4 °C, can migrate from the beads to the rhizosphere when stimulated by the presence of RE. These results could be associated with molecules exuded by peanut, mainly involved in legume-rhizobium interactions, as high concentrations of the flavonoid lutein related to a positive chemotaxis of SEMIA6144 towards RE and other chemoattractants such as malic acid and aromatic compounds increase the swimming speed of various PGPR strains [37,38,66,67]. Similar to previous work reported for immobilized SEMIA6144 and Azospirillum brasiliense Az39 [37], our research confirms that with increasing storage time, the attachment decreases. Specifically, we observed reductions of 16% and 49% in attachment capacity for SEMIA6144 immobilized and stored for one year and four years at 4 °C, respectively. This reduction may be associated with decreased swimming motility. [68] demonstrated that flagellar alterations can lead to a complete loss of swimming ability, increased biofilm formation, and reduced bacterial attachment to root hairs. However, further studies are required to determine the reasons why swimming and root bacterial attachment decrease with storage time.



To validate its use as a long-life inoculant, it is crucial to assess the persistence of the PGPR properties of Bradyrhizobium sp. SEMIA 6144 after immobilization in alginate beads and storage for a period of four years. The results obtained in this study provide a solid foundation for the continued development of our research, as reported in [37]. Growth promotion of peanut plants was evidenced mainly in the aerial part, with significant improvements in biomass, total chlorophyll, and decreased chlorophyll intensity by inoculation with SEMIA6144 beads compared to non-inoculated. This improvement in peanut growth parameters by SEMIA6144 could be directly related to its ability to fix atmospheric N in the nodules and provide it to the plant in the form of ammonium. Previously, we demonstrated that inoculation of peanuts with SEMIA6144 significantly improves N content in leaves (82%) compared to uninoculated plants [38].



Early seedling emergence and growth are important characteristics for obtaining good health, plant density, and high subsequent yields, particularly in regions where low soil temperatures prevail at the time of sowing, such as in the Cordoba region [33,34,69]. Numerous studies have reported significant beneficial effects of immobilized bacterial inoculants on plant growth and productivity under laboratory, greenhouse, and field conditions [70,71]. Like our results, ref. [10] reported wheat growth promotion by increasing the aerial part when inoculated with P. fluerescens wet beads compared to the control treatment (autoclaved beads). The improvements observed in our work could be attributed to an enhanced biological fixation of nitrogen by the inoculant. Many authors, as well as our previous work, show that the appearance of nodules in peanuts was recorded after 12 and 20 days and that the nitrogenase activity was initiated after 11 days, which was irrespective of the presence of mineral N [38,72]. In this study, we observed that in plants inoculated with four-year-old beads, the number and biomass of nodules per plant decreased. We found no evidence that rhizobia in older beads (i.e., older than one year) had lost the ability to grow on nutrient agar, survive in the beads, and nodulate and fix nitrogen with the host plant. However, we can suggest that the reduction in numbers and nodular biomass may be related directly to the lower availability and basal metabolic state of bacteria in the four-year-old beads compared to fresh beads, as a high number of bacteria in the soil is essential for ensuring nodule formation in legumes. Like our data, ref. [73] showed that in legume inoculants over 18 months of storage, there is a slight decrease in nodulation capacity due to reduced viability of rhizobia over time. However, the decrease is not significant enough to impair the growth promotion efficiency of the plants, even after 18 months of storage. Furthermore, the reduction in bacterial motility and adhesion to roots under these conditions are factors that impact nodulation efficiency and competitiveness [74,75]. However, the levels of leghemoglobin in nodules from plants inoculated with four-year-old beads were comparable to those observed in nodules from plants inoculated with new beads, suggesting optimal symbiotic nitrogen fixation [76]. Ref. [7] indicated that the presence of leghemoglobin is essential for nitrogenase enzyme activity, emphasizing the relationship between leghemoglobin content and nitrogenase activation.



Our results also show that inoculation of peanuts with beads of different storage times increased the aerial biomass by approximately 25% compared to uninoculated plants. Several studies show that different strains of Bradyrhizobium SEMIA6461 and SEMIA6462 contribute significantly to the production of Vigna unguiculata, producing 21% more dry matter of the aerial portion than the non-inoculated treatment under greenhouse and field conditions [77,78,79]. The increase in nitrogen availability through fixation by symbiotic bacteria, such as Bradyrhizobium, promotes the synthesis of amino acids, proteins, and chlorophyll, leading to improved growth and greater biomass accumulation in stems and leaves [80]. The improvement in photosynthetic activity is also reflected in parameters related to chlorophyll fluorescence [76]. In our study, plants inoculated with SEMIA6144 beads, regardless of storage time, increased levels of total chlorophyll content in leaves while decreasing chlorophyll fluorescence intensity compared to uninoculated plants. Some authors have described that in healthy plants, up to 80% of the absorbed energy is transferred under stationary conditions to the photochemical pathway; only 2–5% represents chlorophyll fluorescence, and the rest is dissipated as heat [81]. Thus, the inverse relationship between photochemical and non-photochemical processes (heat dissipation, chlorophyll fluorescence) can be seen in our work, indicating that inoculation with SEMIA6144 beads could favor the photosynthetic process. The increase in photosynthetic rate is beneficial to the plant; in soybean (Glycine max L.) and pea (Pisum sativum L.), high-yielding genotypes also showed a high photosynthetic rate [82,83].



About photosynthetic pigments, our experiment demonstrated that the carotenoid content in the leaves of 30-day-old peanut plants increased following inoculation with SEMIA6144 new, one- and four-year-old beads. This could be a factor why inoculation of peanuts with SEMIA6144 immobilized on alginate beads improved photosynthetic characteristics over uninoculated ones because carotenoids are efficient antioxidants and, therefore, higher carotenoid content in plants help to maintain higher chlorophyll content by protecting the chloroplast [84,85]. Similarly, ref. [86] reported an increase in chl a and carotenoid content in tomato plants inoculated with wet M. oryzae chitosan beads concerning inoculation with free cells. Chlorophyll measurements could be a reliable method to examine the efficiency of rhizobia trapped and stored for long periods [87]. There are few reports in the literature on the PGPR effects of inoculating plants with beads stored for long periods. We have identified a negative correlation between the reduction in chlorophyll concentration, leaf area, and leaf count as a function of bead storage time. The decrease in the total number of nodules, highlighted in plants inoculated with beads stored for 4 years, could be a determining factor in the decrease of the characteristics associated with photosynthesis.




4. Material and Methods


4.1. Encapsulation of Bradyrhizobium sp. SEMIA6144 in Alginate Beads


Bradyrhizobium sp. SEMIA6144 (referred to as SEMIA6144 in the rest of the text) was cultivated as described by [37]. The bacterial biomass obtained after centrifugation at 10,000 rpm for 10 min was resuspended in a sterile physiological solution (0.9% w/v NaCl). For encapsulation, a 20% w/v sodium alginate solution (Sigma-Aldrich, St. Louis, MO, USA) was prepared in water at 45 °C and sterilized. The sodium alginate solution was then added to the bacterial suspension (2% v/v) and mixed at 30 °C for 30 min. Beads were obtained using the ionic gelation method [88], where the mixture was dripped into a 2% CaCl2 solution and stirred for 30 min. The beads were separated from the suspension, washed three times with 500 mL of saline, and stored aseptically in vials at 4 °C for four years. For all subsequent determinations, 1 g of beads was dissolved in 3 mL of citrate buffer (pH 7) (33.3% w/v) in a test tube for 30 min at room temperature [37].




4.2. Count of Viable Bacteria in Beads from Long-Term Storage


First, the stored beads to be used were checked for contamination. The bacterial count was carried out by the microdroplet technique described by [89] in the YEM medium [90], and plates were incubated at 28 °C for 5 days. The result is expressed as Log 10 CFU.gr−1 of beads. These viability tests were performed both at the time of bead manufacture, at six months of storage, at one year, and four years of storage at 4 °C.




4.3. LIVE/DEAD BacLight Bacterial Vitality Assay in Combination with Flow Cytometry


To determine the percentages of live and dead cells inside the beads over the 4 years of storage, bacterial staining with the commercial LIVE/DEAD BacLight kit (Molecular Probes®, Life Technologies, Carlsbad, CA, USA) was combined with flow cytometry. For this purpose, 1 g of new, one and four-year-old beads were dissolved in 3 mL of citrate buffer for 30 min at room temperature. Subsequently, the bacterial suspension was centrifuged at 12,000 rpm for 15 min, and the biomass was suspended in 100 µL of sterile saline solution. The suspensions obtained were used for live and dead staining. The stock solutions of the dyes were prepared as follows: propidium iodide (PI, 20 µM) and SYTO9 (5 µM) were used as proposed by the manufacturer. Samples obtained from the beads were immediately stained with 0.3 µL of a SYTO9-IP mixture (1:1) and incubated in the dark at room temperature for 15 min, respectively, before analysis [91,92]. The cell samples were washed three times with a physiological solution. Finally, the biomass stained with the fluorophore mixture was resuspended in 100 µL of physiological solution for subsequent analysis by flow cytometry.



Flow cytometric (FCM) measurements were performed on a Guava® easyCyte system (Cytek® Biosciences, Fremont, CA, USA), with excitation at 488 nm. The optical filters were set so that red fluorescence was measured at 695/50 nm (RED-B or FL3) and green fluorescence was measured at 525/30 nm (GRN-B or FL1). Excitation of SYTO9 at 480 nm produces green fluorescence emission at 500 nm, whereas excitation of PI at 490 nm generates red fluorescence above 635 nm [93,94]. Viable cells (with intact membranes) are only permeable to SYTO9 but not to PI; therefore, viable cells emit green fluorescence [95]. In contrast, dead cells (with permeabilized membranes) are stained with PI (it replaces SYTO9 for being more concentrated) and emit red fluorescence.



For instrument adjustment, single and double color controls were used. For this, a stationary-phase culture of SEMIA6144 was used. One aliquot of the culture was not stained with any fluorophore (autofluorescence control), one aliquot was stained with SYTO9 (live cell control), and one of the aliquots of the bacterial suspension was heated at 100 °C for 10 min to permeabilize cell membranes and cause cell death and stained with IP (dead cell control). Once the populations were located through double-color controls (SYTO9: IP mixture) of live and dead cells, we proceeded to analyze the bacterial samples extracted from new, one-year and four-year storage beads stained with the SYTO9: IP mixture. The data obtained in the flow cytometer were analyzed using FlowJo_V10 software.




4.4. Metabolic Response of Bacterial Cells to Immobilization and Long-Term Storage at 4 °C


The metabolic activity of cells immobilized on new, one- and four-year storage beads was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay [96] as described in [37]. The absorbance was at 560 nm using an ELISA reader plate (Thermo Scientific, Waltham, MA, USA, Multiskan FC).




4.5. SEMIA6144 Fatty Acid Composition and Membrane Fluidity


The biomass obtained from 1 g of new, one- and four-year-old storage beads was washed and resuspended in 600 μL of physiological solution, and from there, lipid extraction, methylation, GC analysis, and anisotropy. In addition, both determinations were compared with an aliquot of the biomass of a SEMIA 6144 culture in the stationary phase.



4.5.1. Lipid Extraction and Analysis of Fatty Acids by GC


Total lipids from bacteria immobilized on new, one-year, and four-year storage beads were extracted following the protocol described by [97]. The lower lipid-containing phase was dried under and dissolved in 1 mL of boron trifluoride (methanol 20%) and heated at 100 °C for 2 h to obtain the methyl esters of fatty acids (FAMEs). FAMEs from SEMIA6144 cells were analyzed using a 5890 II gas chromatograph (Hewlett-Packard, Palo Alto, CA, USA) equipped with a highly polar column, HP 88, and a flame ionization detector was used. Gas chromatograph conditions were descripted by [37]. FAMEs were identified by comparing retention times to commercial standards (Sigma Chemical Co., St. Louis, MO, USA).




4.5.2. Determination of Membrane Microfluidity


The fluidity of membrane cells was determined by measuring the fluorescence polarization of the 1,6-diphenyl-1,3,5-hexatriene (DPH) probe (Invitrogen, Waltham, MA, USA) inserted into the membrane. Following the procedures described by [98], SEMIA6144 cells extracted from alginate beads from different storage periods were washed in a sterile physiological solution and resuspended in the same solution to 0.2 OD at 600 nm. Then, 1 µL of fluorescent probe (stock solution diluted to 12 mmol in tetrahydrofuran) was added to 3 mL aliquots of resuspended cells to give a final probe concentration of 4 mmol. The aliquots were incubated with a magnetic stirrer at 200 rpm for 10 min in the dark at room temperature.



Fluorescence intensity (FI) measurements were performed using a FluoroMax R-Spex 4 Jovin Yvon (Horiba, Piscataway, NJ, USA) spectrofluorometer equipped with excitation and emission polarizers. The widths of the excitation and emission beam slits were set at 5 nm. FI was measured at excitation and emission wavelengths for DPH and set at 358 and 428 nm [99].





4.6. Early Interaction Parameters of Immobilized Bacteria with Peanut


Swimming and chemotaxis phenotypes were tested on water agar plates containing 0.3% agar-agar. Two plate formats were used. First, 90 mm Petri dishes were filled with 25 mL of swimming agar. The swimming plates were inoculated by inserting new, one-year-old, and four-year-old storage beads in the center of the plate into the agar. Second, to find out whether the presence of seven-day-old peanut root exudate (RE) modifies bacterial motility, a paper disk soaked with 10 μL of RE was placed on the swimming plates and inoculated as described above. Plates were incubated at 28 °C for 7 days, and the diameter of the motility halo was subsequently measured [100]. Seven-day-old peanut RE were collected, as described in [38]. For SEMIA6144 adhesion to peanut roots, seven-day-old seedlings were selected, and 100 mg of 2-cm-long lateral roots were cut. Furthermore, the cells obtained from 1 g of new, one-year-old, and four-year-old storage beads were washed and resuspended in 1000 μL of physiological solution, and viable cell counts were performed for each suspension. In tubes containing 1000 μL of the bacterial suspension from each bead condition, 100 mg of lateral roots were added and gently shaken during incubation on a rotary shaker at 50 rpm at 28 °C [101]. After 2 h, the bacterial suspension was removed, and the roots were washed 7 times with a physiological solution to remove free and weakly adherent bacteria. Counting the number of adherent bacteria was performed using the microdroplet technique. All experiments were repeated at least twice with two or three test samples.




4.7. Growth Parameters of Peanut Plants Inoculated with Beads from Different Storage Times


Arachis hypogaea L. seeds were surface sterilized according to the method described by [102], germinated in Petri dishes containing 0.8% water-agar, and subsequently placed in plastic pots with a diameter of 5 cm and a height of 10 cm, filled with sterile vermiculite as the substrate. To evaluate the effect of inoculation with the new, one-year-old, and four-year-old SEMIA6144 beads, 1 g of alginate beads was manually added per seed using a sterile spoon. Additionally, non-inoculated plants served as negative controls. The pots were incubated in a growth chamber at 24 °C under a 16 h light/8 h dark photoperiod [103]. Each treatment was irrigated twice a week, alternating between water and nutrient solution without N source (Hoagland solution). Twelve (12) replicates were used for each treatment.



4.7.1. Morphological and Growth Parameters


At 33 days of growth, the plants were harvested. The length and dry weight of the shoot and root, as well as the number of nodules and leaves of 12 plants of each treatment, were weighed separately (in triplicate). To determine the dry plant biomass, plants were dried to constant weight at 75 °C.



To estimate leaf area, one leaflet from each quadrifoliate leaf was collected from various sections of the plants in each treatment. The selected leaflets were digitized using a scanner at 300 dpi, and their areas were measured with ImageJ® software ver. 1.53t. For accurate measurements, the inoculated leaves were photographed against a contrasting background with a known scale (ruler) to calibrate the software. The photos were processed using ImageJ® software to obtain the leaf area. The average distance between the camera and the leaf was 50 cm. The area of each leaflet was multiplied by four (corresponding to the number of leaflets per quadrifoliate leaf), and the average was calculated and multiplied by the total number of leaves per plant [104]. The experiment was conducted on three plants per treatment with three independent replications.




4.7.2. Leghemoglobin Content in Nodules


After washing the roots with water to remove vermiculite, nodules were harvested, counted, and their fresh weight was recorded. Nodule samples were homogenized in aliquots of Drabkin’s reagent at a 1:1 to 1:2 (w/v) ratio, and leghemoglobin content was quantified spectrophotometrically at 540 nm, following the method described by [105]. Bovine hemoglobin was used as the standard, and the results are expressed as mg g−1 of nodule fresh weight.




4.7.3. Chlorophyll Fluorescence


Chlorophyll fluorescence was measured using an Odyssey CLx Imager (LI-COR Biosciences, Lincoln, NE, USA), equipped with a solid-state diode laser providing light excitation at 685 nm and generating emission images (~700 nm) of fluorescent chlorophyll in the leaves. The instrument was operated using Image Studio Software ver. 6.0. Eight fully expanded leaves were sampled from each treatment, immediately placed in plastic bags, and stored in a refrigerator to prevent exposure to direct light. Fluorescence images from each treatment were analyzed using ImageJ software [106].




4.7.4. Photosynthetic Pigments


Chlorophyll (chl) a, chlorophyll b, and carotenoid (car) concentrations were determined following the method of [107]. Leaf discs (6 mm in diameter) were obtained from each of the four leaflets of the newest, fully expanded, and photosynthetically active leaves. The discs were extracted in 1 mL of 80% (v/v) acetone in the dark for 48 h at 4 °C. Ten independent samples were collected from each treatment to determine pigment concentrations. The extracts were analyzed spectrophotometrically at 664, 647, and 470 nm using a double-beam UV-visible spectrophotometer (Beckman DU 640, Brea, CA, USA) with 1 cm pathlength glass cuvettes. The solutions were diluted in 80% acetone to achieve absorbance values within the range of 0.1 to 0.7. The concentrations of chlorophyll a, chlorophyll b, carotenoids, and total chlorophyll were calculated using the following equations:


Chla = 12.25 · A663nm − 2.79 · A647nm










Chlb = 21.5 · A663nm − 5.1 · A663nm










Cars = (1000 × A470nm – 1.82 × (Chla) – 85.02 × (Chlb))/198










Chl Total = 17.95 · A647nm · 28 + 7.9 · A663nm








where A646.8 and A663.2 are the absorbance at wavelengths 646.8 and 663.2 nm, respectively. Extract concentrations were calculated by multiplying the concentrations of the diluted samples by their respective dilution factors. The weights of chlorophyll a, chlorophyll b, and total chlorophyll (a + b) were determined based on the fresh weight (mg) of each disk used for analysis. Each experiment was conducted in triplicate, and the mean value was reported. Weights are expressed on a wet basis unless otherwise specified.





4.8. Statistical Analysis


Results were expressed as means (from three biological replicates) and standard errors. The data were statistically analyzed on the InfoStat Software (version 2018I). For bacteria-related data, one-way analysis of variance (ANOVA) was performed, followed by Tukey’s test as a posteriori test, when necessary, with a significance level of 0.05 (p < 0.05). For growth parameters of plants, the means compared with Fisher’s least difference test (p < 0.05) were used. Moreover, a Pearson correlation test between different photosynthetic pigments was used, while principal component analysis (PCA) was used to visualize the overall patterns of dispersion among the different samples (uninoculated and inoculated plants: new, one-year-old, and four-year-old beads) and to check correlation with the set of morpho-physiological parameters of plants.





5. Conclusions


This study demonstrates that Bradyrhizobium sp. SEMIA6144 exhibits survival and vitality inside the beads, even after a storage period of four years at 4 °C. Furthermore, our results indicate that this inoculant, despite exhibiting inhibited metabolic activity during immobilization, significantly enhances the growth and photosynthetic yield of peanuts after four years of storage. However, the four-year-old bead exhibits lower efficiency in improving peanut growth parameters, concerning new beads. Therefore, the efficiency of aged beads could be improved by inoculating the plants with a greater number of beads, increasing the concentration of bacteria per bead, or enriching the beads with nutrients. These findings suggest not only the long-term robustness of this inoculant immobilized on alginate beads but also its promising potential for improving crop performance in terms of growth and the efficiency of the photosynthetic apparatus.



The findings from this research allow us to propose as future perspectives the evaluation of the survival of SEMIA6144 under different storage conditions and its application in field trials.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/plants13212983/s1, Table S1. Pearson correlation (coefficient-p valor) between the different photosynthetic pigments and fluorescent chlorophyll for the different treatments. Table S2. Pearson correlation (coefficient-p valor) between the different photosynthetic pigments and fluorescent chlorophyll for the different treatments: a (uninoculated), b (new bead), c (one-year-old bead), and d (four-year-old bead).





Author Contributions


A.B.C. conceived and designed the experiments. A.B.C. synthesized the alginate beads and performed microbiological analyses such as viable cell counts, as well as plant inoculation assays and analysis of growth parameters. A.B.C. and M.F. performed cell vitality measurements by flow cytometry and chlorophyll fluorescence intensity analysis. A.B.C. and N.S.P. performed and analyzed the composition and membrane fluidity and mtt experiments of immobilized bacteria. M.F. and A.B.C. performed the statistical analysis. A.B.C., N.S.P., M.F. and M.S.D. wrote the manuscript, with contributions from all authors. All authors have read and agreed to the published version of the manuscript.




Funding


Financial support was provided by PIP CONICET (Grant N° 11220210100155CO), PPI Universidad Nacional de Río Cuarto (Grant N° C530-1) and PICT, PICT-O Agencia Nacional de Promoción Científica y Tecnológica (Grant N° 04162/18, Grant N° 696/21, Grant N° CBA28/22). A.B.C., N.S.P., and M.S.D. are members of the Research Career of CONICET Argentina. M.F. is a member of CONICET’s Support Staff Career, Argentina.




Data Availability Statement


Data will be made available upon request.




Acknowledgments


We thank Eugenia Reynoso (IDAS, UNRC-CONICET) for technical assistance in the anisotropy analysis. Finally, we are also grateful to the anonymous editors and reviewers for their comments and suggestions.




Conflicts of Interest


The authors declare that they have no conflicts of interest.




References


	



Kumawat, K.; Sharma, B.; Nagpal, S.; Kumar, A.; Tiwari, S.; Nair, R. Plant growth-promoting rhizobacteria: Salt stress alleviators to improve crop productivity for sustainable agriculture development. Front. Plant Sci. 2023, 13, 1101862. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Massa, F.; Defez, R.; Bianco, C. Exploitation of plant growth promoting bacteria for sustainable agriculture: Hierarchical approach to link laboratory and field experiments. Microorganisms 2022, 10, 865. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



El-Zemrany, H.; Mekhemar, G.; Abd El Salam, S.S. Evaluation efficiency of liquid Bradyrhizobium and Azotobacter chroococcum DMS2286 as co-inoculation affected by salinity level of irrigation water on peanut in sandy soils of egypt. Menoufia J. Soil Sci. 2019, 4, 201–217. [Google Scholar] [CrossRef] [Scilit]

	



O’Callaghan, M.; Ballard, R.; Wright, D. Soil microbial inoculants for sustainable agriculture: Limitations and opportunities. Soil Use Manag. 2022, 38, 1340–1369. [Google Scholar] [CrossRef] [Scilit]

	



Bashan, Y.; de-Bashan, L.E.; Prabhu, S.R.; Hernandez, J.-P. Advances in plant growth-promoting bacterial inoculant technology: Formulations and practical perspectives. Plant Soil 2014, 378, 1–33. [Google Scholar] [CrossRef] [Scilit]

	



Malusá, E.; Vassilev, N. A contribution to set a legal framework for biofertilisers. Appl. Microbiol. Biotechnol. 2014, 98, 6599–6607. [Google Scholar] [CrossRef] [Scilit]

	



Singh, A.; Barnard, T.G. A Possible flow cytometry-based viability and vitality assessment protocol for pathogenic Vibrio cholerae O1 and O139 postexposure to simulated gastric fluid. Biomed. Res. Int. 2021, 2021, 5551845. [Google Scholar] [CrossRef] [Scilit]

	



Bashan, Y.; Huang, P.; Kloepper, J.W.; de-Bashan, L. A proposal for avoiding fresh-weight measurements when reporting the effect of plant growth-promoting (rhizo)bacteria on growth promotion of plants. Biol. Fertil. Soils 2017, 53, 1–2. [Google Scholar] [CrossRef] [Scilit]

	



Fadiji, A.E.; Santoyo, G.; Yadav, A.N.; Babalola, O.O. Efforts towards overcoming drought stress in crops: Revisiting the mechanisms employed by plant growth-promoting bacteria. Front. Microbiol. 2022, 13, 962427. [Google Scholar] [CrossRef] [Scilit]

	



Schoebitz, M.; López, M.D.; Roldán, A. Bioencapsulation of microbial inoculants for better soil–plant fertilization. A review. Agron. Sustain. Dev. 2013, 33, 751–765. [Google Scholar] [CrossRef] [Scilit]

	



Vassilev, N.; Vassileva, M.; Martos, V.; Garcia del Moral, L.F.; Kowalska, J.; Tylkowski, B.; Malusá, E. Formulation of Microbial Inoculants by Encapsulation in Natural Polysaccharides: Focus on Beneficial Properties of Carrier Additives and Derivatives. Front. Plant Sci. 2020, 11, 1–9. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Uyen, N.T.T.; Hamid, Z.A.A.; Tram, N.X.T.; Ahmad, N. Fabrication of alginate microspheres for drug delivery: A review. Int. J. Biol. Macromol. 2020, 153, 1035–1046. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bashan, Y.; Hernandez, J.P.; Leyva, L.A.; Bacilio, M. Alginate microbeads as inoculant carriers for plant growth-promoting bacteria. Biol. Fertil. Soils 2002, 35, 359–368. [Google Scholar] [CrossRef] [Scilit]

	



Cassidy, M.B.; Lee, H.; Trevors, J.T. Environmental applications of immobilized microbial cells: A review. J. Ind. Microbiol. Biotechnol. 1996, 16, 79–101. [Google Scholar] [CrossRef] [Scilit]

	



Quiroz-Sarmiento, V.F.; Almaraz-Suarez, J.J.; Sánchez-Viveros, G.; Argumedo-Delira, R.; González-Mancilla, A. Biofertilizantes de rizobacterias en el crecimiento de plántulas de chile Poblano. Rev. Mex. Cienc. Agríc. 2019, 10, 1733–1745. [Google Scholar] [CrossRef] [Scilit]

	



Shcherbakova, E.; Shcherbakov, A.; Rots, P.; Gonchar, L.N.; Mulina, S.A.; Yahina, L.M.; Lactionov, Y.V.; Chebotar, V.K. Inoculation technology for legumes based on alginate encapsulation. Agron. Res. 2018, 16, 2156–2168. [Google Scholar] [CrossRef]

	



Sabaratnam, S.; Traquair, J.A. Formulation of a Streptomyces biocontrol agent for the suppression of Rhizoctonia damping-off in tomato transplants. Biol. Control 2002, 23, 245–253. [Google Scholar] [CrossRef] [Scilit]

	



Vassilev, N.; Vassileva, M.; Fenice, M.; Federici, F. Immobilized cell technology applied in solubilization of insoluble inorganic (rock) phosphates and P plant acquisition. Bioresour. Technol. 2001, 79, 263–271. [Google Scholar] [CrossRef] [Scilit]

	



Elsakhawy, T.; Ghazi, A.; Abdel-Rahman, M.A. Developing liquid rhizobium inoculants with enhanced long-term survival, storage stability, and plant growth promotion using ectoine additive. Curr. Microbiol. 2021, 78, 282–291. [Google Scholar] [CrossRef] [Scilit]

	



Aloo, B.; Mbega, E.; Makumba, B.; Tumuhairwe, J. Effects of carrier materials and storage temperatures on the viability and stability of three biofertilizer inoculants obtained from potato (Solanum tuberosum L.) rhizosphere. Agriculture 2022, 12, 140. [Google Scholar] [CrossRef] [Scilit]

	



Kebede, E. Competency of rhizobial inoculation in sustainable agricultural production and biocontrol of plant diseases. Front. Sustain. Food Syst. 2021, 5, 728014. [Google Scholar] [CrossRef] [Scilit]

	



Sangeetha, D. Survival of Plant Growth Promoting Bacterial Inoculants in Different Carrier Materials. Int. J. Pharm. Biol. Arch. 2012, 3, 170–178. [Google Scholar]

	



Żur, J.; Wojcieszyńska, D.; Guzik, U. Metabolic responses of bacterial cells to immobilization. Molecules 2016, 21, 958. [Google Scholar] [CrossRef] [Scilit]

	



Chung, T.; Tseng, H.Y.; Juang, R. Mass transfer effect and intermediate detection for phenol degradation in immobilized Pseudomonas putida systems. Process Biochem. 2003, 38, 1497–1507. [Google Scholar] [CrossRef] [Scilit]

	



Paulucci, N.S.; Cesari, A.B.; Biasutti, M.A.; Dardanelli, M.S.; Perillo, M.A. Membrane homeoviscous adaptation in Sinorhizobium submitted to a stressful thermal cycle contributes to the maintenance of the symbiotic plant–bacteria interaction. Front. Microbiol. 2021, 12, 477–652. [Google Scholar] [CrossRef] [Scilit]

	



Mansilla, M.C.; Cybulski, L.E.; Albanesi, D.; de Mendoza, D. Control of membrane lipid fluidity by molecular thermosensors. J. Bacteriol. 2004, 186, 6681–6688. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Cesari, A.B.; Paulucci, N.S.; Biasutti, M.A.; Morales, G.M.; Dardanelli, M.S. Changes in the lipid composition of Bradyrhizobium cell envelope reveal a rapid response to water deficit involving lysophosphatidylethanolamine synthesis from phosphatidylethanolamine in outer membrane. Res. Microbiol. 2018, 69, 303–312. [Google Scholar] [CrossRef] [Scilit]

	



Yanni, A.; Lakovidi, S.; Vasilikopoulou, E.; Karathanos, V. Legumes: A Vehicle for Transition to Sustainability. Nutrients 2023, 16, 98. [Google Scholar] [CrossRef] [Scilit]

	



Puppala, N.; Nayak, S.; Sanz-Saez, A.; Chen, C.; Devi, M.; Nivedita, N.; Sharma, V. Sustaining yield and nutritional quality of peanuts in harsh environments: Physiological and molecular basis of drought and heat stress tolerance. Front. Genet. 2023, 14, 1121462. [Google Scholar] [CrossRef] [Scilit]

	



Castro, S.; Cerioni, G.; Giayetto, O.; Fabra, A. Contribución relativa del nitrógeno del suelo y del fijado biológicamente a la economía de la nutrición nitrogenada de maní (Arachis hypogaea L.) en diferentes condiciones de fertilidad. Agriscientia 2006, 23, 55–66. [Google Scholar] [CrossRef] [Scilit]

	



Barbosa, D.; Brito, S.; Fernandes, D.; Fernandes-Junior, P.; Lima, M. Can Bradyrhizobium strains inoculation reduce water deficit effects on peanuts? World J. Microbiol. Biotechnol. 2018, 34, 87. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Valetti, L.; Angelini, J.; Taurian, T.; Ibanez, F.; Munoz, V.; Anzuay, M.; Luduena, M.; Fabra, A. Development and field evaluation of liquid inoculants with native Bradyrhizobial strains for peanut production. Afr. Crop Sci. J. 2016, 24, 1–13. [Google Scholar] [CrossRef] [Scilit]

	



Morla, F.D.; Giayetto, O.; Cerioni, G.A.; Fernandez, E.M. Crecimiento y partición de biomasa de dos cultivares de maní (Arachis hypogaea L.) en distintas fechas de siembra en Río Cuarto, Córdoba (Argentina). Eur. Sci. J. 2016, 12, 334–352. [Google Scholar] [CrossRef] [Scilit]

	



Cerioni, G.A.; Morla, F.D.; Kearney, M.I.T.; Mattana, F.; Bassino, S.; Pironello, A.; Giayetto, O.; Fernandez, E.M.; Righi, D.; Stefani, R. Efecto de bioestimulantes e inoculante sobre el crecimiento y rendimiento en el cultivo de maní. In XXIX Jornada Nacional de Maní; INTA-CIA Cabrera: General Cabrera, Córdoba, Argentina, 2014. [Google Scholar]

	



Germano, M.G.; Menna, P.; Mostasso, F.L.; Hungria, M. RFLP analysis of the rRNA operon of a Brazilian collection of bradyrhizobial strains from 33 legume species. Int. J. Syst. Evol. Microbiol. 2006, 56, 217–229. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kantar, F.; Shivakumar, B.G.; Arrese-Igor, C.; Hafeez, F.Y.; González, E.M.; Imran, A.; Larrainzar, E. Efficient biological nitrogen fixation under warming climates. In Climate Change and Management of Cool Season Grain Legume Crops; Springer: Dordrecht, The Netherlands, 2010; pp. 283–306. [Google Scholar] [CrossRef] [Scilit]

	



Cesari, A.B.; Paulucci, N.S.; Yslas, E.I.; Dardanelli, M.S. Immobilization of Bradyrhizobium and Azospirillum in alginate matrix for long time of storage maintains cell viability and interaction with peanut. Appl. Microbiol. Biotechnol. 2020, 104, 10145–10164. [Google Scholar] [CrossRef] [Scilit]

	



Cesari, A.; Paulucci, N.; López-Gómez, M.; Hidalgo-Castellanos, J.; Plá, C.L.; Dardanelli, M.S. Restrictive water condition modifies the root exudates composition during peanut-PGPR interaction and conditions early events, reversing the negative effects on plant growth. Plant Physiol. Biochem. 2019, 142, 519–527. [Google Scholar] [CrossRef] [Scilit]

	



Wang, S.; Zheng, J.; Wang, Y.; Yang, Q.; Chen, T.; Chen, Y.; Chi, D.; Xia, G.; Siddique, K.H.M.; Wang, T. Photosynthesis, Chlorophyll Fluorescence, and Yield of Peanut in Response to Biochar Application. Front. Plant Sci. 2021, 12, 650432. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, G.; Dai, L.; Ding, H.; Ci, D.; Ning, T.; Yang, J.; Zhao, X.; Yu, H.; Zhang, Z. Response and adaptation to the accumulation and distribution of photosynthetic product in peanut under salt stress. J. Integr. Agric. 2020, 19, 690–699. [Google Scholar] [CrossRef] [Scilit]

	



Slafer, G.A.; Satorre, E.H.; Andrade, F.H. Increase in grain yield in bread wheat from breeding and associated physiological changes. In Genetic Improvement of Field Crops; Slafer, G.A., Ed.; Marcel Dekker, Inc.: New York, NY, USA, 1994. [Google Scholar]

	



Wilkinson, M.G. Flow cytometry as a potential method of measuring bacterial viability in probiotic products: A review. Trends Food Sci. Technol. 2018, 78, 1–10. [Google Scholar] [CrossRef] [Scilit]

	



Krell, V.; Jakobs-Schoenwandt, D.; Vidal, S.; Patel, A. Encapsulation of Metarhizium brunneum enhances endophytism in tomato plants. Biol. Control 2018, 116, 62–73. [Google Scholar] [CrossRef] [Scilit]

	



Li, W.; Liu, L.; Tian, H.; Luo, X.; Liu, S. Encapsulation of Lactobacillus plantarum in cellulose based microgel with controlled release behavior and increased long-term storage stability. Carbohydr. Polym. 2019, 223, 115065. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



He, Y.; Wu, Z.; Ye, B.C.; Wang, J.; Guan, X.; Zhang, J. Viability evaluation of alginate-encapsulated Pseudomonas putida Rs-198 under simulated salt-stress conditions and its effect on cotton growth. Eur. J. Soil Biol. 2016, 75, 135–141. [Google Scholar] [CrossRef] [Scilit]

	



Trivedi, P.; Pandey, A. Recovery of plant growth-promoting rhizobacteria from sodium alginate beads after 3 years following storage at 4 °C. J. Ind. Microbiol. Biotechnol. 2008, 35, 205–209. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Davis, C. Enumeration of probiotic strains: Review of culture-dependent and alternative techniques to quantify viable bacteria. J. Microbiol. Methods 2014, 103, 9–17. [Google Scholar] [CrossRef] [Scilit]

	



Pitaktamrong, P.; Kingkaew, J.; Yooyongwech, S.; Cha-Um, S.; Phisalaphong, M. Development of arbuscular mycorrhizal fungi-organic fertilizer pellets encapsulated with alginate film. Eng. J. 2018, 22, 65–79. [Google Scholar] [CrossRef] [Scilit]

	



Szopa, D.; Mielczarek, M.; Skrzypczak, D.; Izydorczyk, G.; Mikula, K.; Chojnacka, K.; Witek-Krowiak, A. Encapsulation efficiency and survival of plant growth-promoting microorganisms in an alginate-based matrix–A systematic review and protocol for a practical approach. Ind. Corps Prod. 2022, 181, 114846. [Google Scholar] [CrossRef] [Scilit]

	



Wiwattanapatapee, R.; Chumthong, A.; Pengnoo, A.; Kanjanamaneesathian, M. Preparation and evaluation of Bacillus megaterium-alginate microcapsules for control of rice sheath blight disease. World J. Microbiol. Biotechnol. 2013, 29, 1487–1497. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Liffourrena, A.S.; Lucchesi, G.I. Alginate-perlite encapsulated Pseudomonas putida A (ATCC 12633) cells: Preparation, characterization and potential use as plant inoculants. J. Biotechnol. 2018, 278, 28–33. [Google Scholar] [CrossRef] [Scilit]

	



Meftah Kadmiri, I.; El Mernissi, N.; Azaroual, S.E.; Mekhzoum, M.E.M.; Qaiss, A.E.K.; Bouhfid, R. Bioformulation of microbial fertilizer based on clay and alginate encapsulation. Curr. Microbiol. 2021, 78, 86–94. [Google Scholar] [CrossRef] [Scilit]

	



Lee, T.; Charchar PSeparovic, F.; Reid, G.; Yarovsky, I.; Aguilar, M. The intricate link between membrane lipid structure and composition and membrane structural properties in bacterial membranes. Chem. Sci. 2024, 15, 3408–3427. [Google Scholar] [CrossRef] [Scilit]

	



Sieberer, B.J.; Timmers, A.; Emons, A.M. Nod factors alter the microtubule cytoskeleton in Medicago truncatula root hairs to allow root hair reorientation. Mol. Plant Microbe Interact. 2005, 18, 1195–1204. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Paulucci, N.S.; Gallarato, L.A.; Reguera, Y.B.; Vicario, J.C.; Cesari, A.B.; de Lema, M.G. Arachis hypogaea PGPR isolated from Argentine soil modifies its lipids components in response to temperature and salinity. Microbiol. Res. 2015, 173, 1–9. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Paulucci, N.S.; Medeot, D.B.; Woelke, M.; Dardanelli, M.S.; de Lema, M.G. Monounsaturated fatty acid aerobic synthesis in Bradyrhizobium TAL1000 peanut nodulating is affected by temperature. J. Appl. Microbiol. 2013, 114, 1457–1467. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Paulucci, N.S.; Medeot, D.B.; Dardanelli, M.S.; de Lema, M.G. Growth temperature and salinity impact fatty acid composition and degree of unsaturation in peanut nodulating rhizobia. Lipids 2011, 46, 435–444. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Basconcillo, L.; Zaheer, R.; Finan, T.; McCarry, B. A shotgun lipidomics approach in Sinorhizobium meliloti as a tool in functional genomics. J. Lipid Res. 2009, 50, 1120–1132. [Google Scholar] [CrossRef] [Scilit]

	



Gautier, J.; Passot, S.; P’enicaud, C.; Guillemin, H.; Cenard, S.; Lieben, P.; Fonseca, F. A low membrane lipid phase transition temperature is associated with a high cryotolerance of Lactobacillus delbrueckii subspecies bulgaricus. J. Dly. Sci. 2013, 96, 5591–5602. [Google Scholar] [CrossRef] [Scilit]

	



Hassan, N.; Anesio, A.M.; Rafiq, M.; Holtvoeth, J.; Bull, I.; Haleem, A.; Shah, A.A.; Hasan, F. Temperature driven membrane lipid adaptation in glacial Psychrophilic bacteria. Front. Microbiol. 2020, 11, 824. [Google Scholar] [CrossRef] [Scilit]

	



Hazel, J.R.; Williams, E.E. The role of alterations in membrane lipid composition in enabling physiological adaptation of organisms to their physical environment. Prog. Lipid Res. 1990, 29, 167–227. [Google Scholar] [CrossRef] [Scilit]

	



Parsons, J.B.; Rock, C.O. Bacterial lipids: Metabolism and membrane homeostasis. Prog. Lipid Res. 2013, 52, 249–276. [Google Scholar] [CrossRef] [Scilit]

	



Sindhu, M.; Malik, K.; Sangwan, S.; Rana, A.; Tara, N.; Ahlawat, S. Alleviation of cold stress by psychrotrophic microbes. In Advances in Plant Microbiome and Sustainable Agriculture: Functional Annotation and Future Challenges; Springer: Singapore, 2020; pp. 179–198. [Google Scholar] [CrossRef] [Scilit]

	



Raina, J.; Fernandez, V.; Lambert, B.; Stocker, R.; Seymour, J. The Role of Microbial Motility and Chemotaxis in Symbiosis. Nat. Rev. Microbiol. 2019, 17, 284–294. [Google Scholar] [CrossRef] [Scilit]

	



Bais, H.; Weir, T.; Perry, L.; Gilroy, S.; Vivanco, J. The role of root exudates in rhizosphere interactions with plants and other organisms. Annu. Rev. Plant Biol. 2006, 57, 233–266. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Borisov, I.V.; Schelud’ko, A.V.; Petrova, L.P.; Katsy, E.I. Changes in Azospirillum brasilense motility and the effect of wheat seedling exudates. Microbiol. Res. 2009, 164, 578–587. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zhulin, I.B.; Armitage, J.P. Motility, chemokinesis, and methylation-independent chemotaxis in Azospirillum brasilense. J. Bacteriol. 1993, 175, 952–958. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zheng, H.; Mao, Y.; Teng, J.; Zhu, Q.; Ling, J.; Zhong, Z. Flagellar-dependent motility in Mesorhizobium tianshanense is involved in the early stage of plant host interaction: Study of an flgE mutant. Curr. Microbiol. 2015, 70, 219–227. [Google Scholar] [CrossRef] [Scilit]

	



Prasad, P.V.; Boote, K.J.; Thomas, J.M.; Allen, L.H.; Gorbet, D.W. Influence of soil temperature on seedling emergence and early growth of peanut cultivars in field conditions. J. Agron. Crop Sci. 2006, 192, 168–177. [Google Scholar] [CrossRef] [Scilit]

	



Panichikkal, J.; Prathap, G.; Nair, R.A.; Krishnankutty, R.E. Evaluation of plant probiotic performance of Pseudomonas sp. encapsulated in alginate supplemented with salicylic acid and zinc oxide nanoparticles. Int. J. Biol. Macromol. 2021, 166, 138–143. [Google Scholar] [CrossRef] [Scilit]

	



Young, C.-C.; Rekha, P.D.; Lai, W.-A.; Arun, A.B. Encapsulation of plant growth-promoting bacteria in alginate beads enriched with humic acid. Biotechnol. Bioeng. 2006, 95, 76–83. [Google Scholar] [CrossRef] [Scilit]

	



Grant, W.M.; Trese, A.T. Developmental regulation of nodulation in Arachis hypogea (peanut) and Aeschynomene americana (jointvetch). Symbiosis 1996, 20, 247–258. [Google Scholar]

	



Hartley, E.J.; Gemell, L.G.; Slattery, J.F.; Howieson, J.G.; Herridge, D.F. Age of peat-based lupin and chickpea inoculants in relation to quality and efficacy. Aust. J. Exp. Agric. 2005, 45, 183–188. [Google Scholar] [CrossRef] [Scilit]

	



Mendoza-Suárez, M.; Andersen, S.U.; Poole, P.S.; Sánchez-Cañizares, C. Competition, nodule occupancy, and persistence of inoculant strains: Key factors in the rhizobium-legume symbioses. Front. Plant Sci. 2021, 12, 690567. [Google Scholar] [CrossRef] [Scilit]

	



Caetano-Anollés, G.; Crist-Estes, D.K.; Bauer, W.D. Chemotaxis of Rhizobium meliloti to the plant flavone luteolin requires functional nodulation genes. J. Bacteriol. 1988, 170, 3164–3169. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ott, T.; van Dongen, J.T.; Gunther, C.; Krusell, L.; Desbrosses, G.; Vigeolas, H.; Bock, V.; Czechowski, T.; Geigenberger, P.; Udvardi, M.K. Symbiotic leghemoglobins are crucial for nitrogen fixation in legume root nodules but not for general plant prowth and development. Curr. Biol. 2005, 15, 531–535. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



de Jesus Correia, A.; Nóbrega, R.S.; Oliveira, A.S.; Santana, W.S.; da Silva Braulio, C.; de Oliveira, M.S. Productivity and growth in cowpea inoculated with rhizobia under different light environments. Biosci. J. 2021, 37, e37057. [Google Scholar] [CrossRef] [Scilit]

	



Marinho, R.D.C.N.; Ferreira, L.D.V.M.; Silva, A.F.D.; Martins, L.M.V.; Nóbrega, R.S.A.; Fernandes-Júnior, P.I. Symbiotic and agronomic efficiency of new cowpea rhizobia from Brazilian Semi-Arid. Bragantia 2017, 76, 273–281. [Google Scholar] [CrossRef] [Scilit]

	



Martins da Costa, E.; Simão Abrahão Nóbrega, R.; de Vasconcelos Martins Ferreira, L.; Hélcio Canuto Amaral, F.; Franco Torres da Silva, A.; César Azevedo Nóbrega, J.; Maria de Souza Moreira, F. Crescimento e produtividade de feijão-caupi cultivar BRS Guariba inoculado com estirpes de rizóbio no sudoeste do Piauí. Semin. Ciênc. Agrár. 2014, 35, 3073–3084. [Google Scholar] [CrossRef] [Scilit]

	



Marschner, H. (Ed.) Marschner’s Mineral Nutrition of Higher Plants; Academic Press: Amsterdam, The Netherlands, 2011; 684p. [Google Scholar] [CrossRef] [Scilit]

	



Murchie, E.H.; Lawson, T. Chlorophyll fluorescence analysis: A guide to good practice and understanding some new applications. J. Exp. Bot. 2013, 64, 3983–3998. [Google Scholar] [CrossRef] [Scilit]

	



Ford, D.M.; Shibles, R.; Green, D.E. Growth and Yield of Soybean Lines Selected for Divergent Leaf Photosynthesis Ability. Crop Sci. 1983, 23, 517–520. [Google Scholar] [CrossRef] [Scilit]

	



Mahon, J.D.; Hobbs, S.L.A. Selection of Peas for Photosynthetic CO2 Exchange Rate under Field Condition. Crop Sci. 1981, 21, 616–621. [Google Scholar] [CrossRef] [Scilit]

	



Vezza, M.E.; Alemano, S.; Agostini, E.; Talano, M.A. Arsenic toxicity in soybean plants: Impact on chlorophyll fluorescence, mineral nutrition and phytohormones. J. Plant Growth Regul. 2022, 41, 2719–2731. [Google Scholar] [CrossRef] [Scilit]

	



Kacharava, N.; Chanishvili, S.; Badridze, G.; Chkhubianishvili, E.; Janukashvili, N. Effect of seed irradiation on the content of antioxidants in leaves of Kidney bean, Cabbage, and Beet cultivars. Aust. J. Crop Sci. 2009, 3, 137–145. Available online: http://www.cropj.com/gulnara_3_3_137_145.pdf (accessed on 1 August 2024).

	



Chanratana, M.; Joe, M.M.; Roy Choudhury, A.; Anandham, R.; Krishnamoorthy, R.; Kim, K.; Jeon, S.; Choi, J.; Choi, J.; Sa, T. Physiological response of tomato plant to chitosan immobilized aggregated Methylobacterium oryzae CBMB20 inoculation under salinity stress. 3 Biotech 2019, 9, 397. [Google Scholar] [CrossRef] [Scilit]

	



Mirza, N.A.; Bohlool, B.B.; Somasegaran, P. Non-destructive chlorophyll assay for screening of strains of Bradyrhizobium japonicum. Soil Biol. Biochem. 1990, 22, 203–207. [Google Scholar] [CrossRef] [Scilit]

	



Schoebitz, M.; López Belchí, M.D. Encapsulation techniques for plant growth-promoting rhizobacteria. In Bioformulations: For Sustainable Agriculture; Springer: New Delhi, India, 2016; pp. 251–265. [Google Scholar] [CrossRef] [Scilit]

	



da Silva Romeiro, R. Tecnica de Microgota para Contagem de Celulas Bacterianas Viaveisem uma Suspensao. Ph.D. Thesis, Universidade Federal de Viçosa, Viçosa, MG, Brazil, 1996. [Google Scholar]

	



Somasegaran, P.; Hoben, H.J. Handbook for Rhizobia: Methods in Legume-Rhizobium Technology; Springer Science & Business Media: New York, NY, USA, 2012. [Google Scholar]

	



Kramer, M.; Obermajer, N.; Bogovic Matijasic, B.; Rogelj, I.; Kmetec, V. Quantification of live and dead probiotic bacteria in lyophilised product by real-time PCR and by flow cytometry. Appl. Microbiol. Biotechnol. 2009, 84, 1137–1147. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Berney, M.; Hammes, F.; Bosshard, F.; Weilenmann, H.U.; Egli, T. Assessment and interpretation of bacterial viability by using the LIVE/DEAD BacLight Kit in combination with flow cytometry. Appl. Environ. Microbiol. 2007, 73, 3283–3290. [Google Scholar] [CrossRef] [Scilit]

	



Foladori, P.; Laura, B.; Gianni, A.; Giuliano, Z. Effects of sonication on bacteria viability in wastewater treatment plants evaluated by flow cytometry—Fecal indicators, wastewater, and activated sludge. Water Res. 2007, 41, 235–243. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Rault, A.; Béal, C.; Ghorbal, S.; Ogier, J.C.; Bouix, M. Multiparametric flow cytometry allows rapid assessment and comparison of lactic acid bacteria viability after freezing and during frozen storage. Cryobiology 2007, 55, 35–43. [Google Scholar] [CrossRef] [Scilit]

	



Nebe-von-Caron, G.; Stephens, P.J.; Hewitt, C.J.; Powell, J.R.; Badley, R. Analysis of bacterial function by multi-colour fluorescence flow cytometry and single cell sorting. J. Microbiol. Methods 2000, 42, 97–114. [Google Scholar] [CrossRef] [Scilit]

	



Markusen, J.F.; Mason, C.; Hull, D.A.; Town, M.A.; Tabor, A.B.; Clements, M.; Boshoff, C.H.; Dunnill, A.P. Behavior of adult human mesenchymal stem cells entrapped in alginate-GRGDY beads. Tissue Eng. 2006, 12, 821–830. [Google Scholar] [CrossRef] [Scilit]

	



Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911–917. [Google Scholar] [CrossRef] [Scilit]

	



Trevors, J.T. Fluorescent probes for bacterial cytoplasmic membrane research. J. Biochem. Biophys. Methods 2003, 57, 87–103. [Google Scholar] [CrossRef] [Scilit]

	



Time-Domain Lifetime Measurements. In Principles of Fluorescence Spectroscopy; Lakowicz, J.R., Ed.; Springer: Boston, MA, USA, 2006; pp. 91–155. [Google Scholar] [CrossRef] [Scilit]

	



Medeot, D.B.; Sohlenkamp, C.; Dardanelli, M.S.; Geiger, O.; García de Lema, M.; Lopez-Lara, I.M. Phosphatidylcholine levels of peanut-nodulating Bradyrhizobium sp. SEMIA 6144 affect cell size and motility. FEMS Microbiol. Lett. 2010, 303, 123–131. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Vesper, S.J.; Bauer, W.D. Characterization of Rhizobium attachment to soybean roots. Symbiosis 1985, 1, 139–162. [Google Scholar]

	



Vincent, J.M. A Manual for the Practical Study of the Root-Nodule Bacteria; International Biological Program; Blackwell Scientific Publ.: Oxford, UK, 1970. [Google Scholar]

	



Albareda, M.; Dardanelli, M.S.; Sousa, C.; Megías, M.; Temprano, F.; Rodríguez-Navarro, D.N. Factors affecting the attachment of rhizospheric bacteria to bean and soybean roots. FEMS Microbiol. Lett. 2006, 259, 67–73. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Martin, T.N.; Fipke, G.M.; Winck, J.E.M.; Márchese, J.A. Software ImageJ cómo método alternativo para estimar area foliar en avena. Acta Agron. 2020, 69, 162–170. [Google Scholar]

	



Wilson, D.O.; Reisenauer, H.M. Determination of leghemoglobin in legume nodules. Anal. Biochem. 1963, 6, 27–30. [Google Scholar] [CrossRef] [Scilit]

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675. [Google Scholar] [CrossRef] [Scilit]

	



Lichtenthaler, H.K.; Wellburn, A.R. Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different solvents. Biochem. Soc. Trans. 1983, 11, 591–592. [Google Scholar] [CrossRef] [Scilit]








[image: Plants 13 02983 g001] 





Figure 1. Recovery of B. sp. SEMIA6144 cells from alginate beads during storage at 4 °C (a); multiparametric graphs obtained by flow cytometry (b). The x-axis indicates the log green fluorescence intensity of SYTO9, and the y-axis indicates the log red fluorescence intensity of PI (both log scales). 1. Untreated bacterial controls: (red subpopulation of viable cells with an intact plasma membrane, (blue) subpopulation of dead cells with irreversibly damaged membranes, and (orange) unstained cells; 2. new beads; 3. Six-month beads; one-year-old beads; 4. Four-year-old beads; 5. histogram based on green fluorescence intensity of SYTO9: red: new beads; orange: one-year-old beads; and green: four-year-old beads. 
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Figure 2. Fatty acid composition of B. sp. SEMIA6144 inside the bead of different storage periods at 4 °C (a). Asterisks indicate statistical differences for each fatty acid with respect to the new bead (0 year of storage). Microfluidity is informed as polarized values of DPH and metabolic activity as MTT (OD 570) (b). Values represent the mean ± SEM of three independent experiments. * indicates a statistically significant difference (p < 0.05) for each condition studied with respect to new beads. 
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Figure 3. Principal component analysis (PCA) was performed on A. hypogaea growth parameters (black lines) and the different inoculation treatments (colored dots): green: new beads; blue: one-year-old beads and gray: four-year-old beads (a); mustard: uninoculated, the same treatments except uninoculated treatment (b). 
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Figure 4. Leaf parameters of 33-day-old A. hypogaea. Chlorophyll fluorescence intensity (arbitrary units) (a); Chlorophyll concentration in leaf discs of peanut plants (b); principal component analysis (PCA) based on the photosynthetic parameters (black lines) and the different inoculation treatments in plants: uninoculated, new, one- and four-year-old beads (brown, green, blue, and gray dots, respectively). * indicates a statistically significant difference (p < 0.05). Physicochemical parameters included: total chlorophyll, chlorophyll a, chlorophyll b, and carotenoids (c); (d) leaf area and number of leaves per peanut plant (d). Different letters indicate a significant difference between treatments in each column for each parameter evaluated (p < 0.05). 
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Table 1. Early interaction parameters of entrapped B.sp. SEMIA6144 with A. hypogaea seedlings.
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Early Interaction Parameters

	
Motility Halo Diameter (cm)

	
Root Adhesion

(Log10CFU·mg−1 RD)




	
Swimming

	
Swimming + RE






	
New bead

	
1.40 ± 0.35 b

	
1.95 ± 0.30 a

	
4.90 ± 0.40 c




	
1-year-old bead

	
1.30 ± 0.30 b

	
1.80 ± 0.20 a

	
4.10 ± 0.08 b




	
4-years-old bead

	
1.00 ± 0.40 a

	
1.90 ± 0.20 a

	
2.50 ± 0.10 a








Swimming-type mobility of entrapped bacteria in the presence or absence of disc with radical exudate (RE) and adhesion of bacteria extracted from new beads and from four years of storage to lateral roots of seven-day-old peanut plants. Different letters indicate a significant difference between the treatments in each column for each growth condition (p < 0.05).













 





Table 2. Effect on A. hypogaea growth variables after inoculation with alginate beads containing B. SEMIA6144 after one and four years of storage at 4 °C.
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Treatments

	
Length (cm)

	
Dry Biomass (mg)

	
Nodules




	
Shoot

	
Root

	
Shoot

	
Root

	
N° Nodules

	
Biomass (mg)

	
Leghemoglobin (mg.gr−1 Nodule)






	
Uninoculated

	
18.10 ± 4.0 a

	
20.9 ± 3.2 a

	
693.7 ± 209 a

	
236.5 ± 49 ab

	
-

	
-

	
-




	
New bead

	
21.40 ± 2.7 b

	
24.4 ± 3.4 a

	
812.0 ± 278 b

	
181.8 ± 61 a

	
33.8 ± 6.0 c

	
426.0 ± 47 c

	
10.2 ± 1.3 b




	
1 years-old bead

	
23.40 ± 2.8 b

	
25.0 ± 3.8 a

	
866.0 ± 110 b

	
239.0 ± 55 b

	
14.5± 3.4 b

	
115.0 ± 38 b

	
11.2 ± 3.4 b




	
4 years-old bead

	
21.25 ± 2.6 b

	
23.0 ± 2.7 a

	
894.4 ± 186 b

	
263.7 ± 62 b

	
15.3± 1.7 b

	
8804 ± 29 b

	
12.4 ± 3.7 b








Different letters indicate a significant difference between the treatments in each column for each growth condition (p < 0.05).
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