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Abstract

:

Xanthan is an extracellular heteropolysaccharide produced by the bacteria Xanthomonas campestris. Due to its unique properties, the polysaccharide and its derivatives are widely used in many industries, from food to biomedicine and oil production, that demands an efficient xanthan depolymerization method to adapt this polysaccharide for various applications. Unlike the known chemical approaches, biological methods are considered to be more environmentally friendly and less energy intensive. In laboratory conditions, we have isolated a bacterial community capable of reducing the xanthan viscosity. Identification of the individual isolates in the microbial community and their testing resulted in the consortium LE-C1, consisting of two microorganisms Paenibacillus phytohabitans KG5 and Cellulosimicrobium cellulans KG3. The specific activities of the overall xanthanase and auxiliary enzymes that may be involved in the xanthan depolymerization were as follows: xanthanase, 19.6 ± 0.6 U/g; β-glucosidase, 3.4 ± 0.1 U/g; α-mannosidase, 68.0 ± 2.0 U/g; β-mannosidase, 0.40 ± 0.01 U/g; endo-glucanase, 4.0 ± 0.1 U/g; and xanthan lyase, 2.20 ± 0.07 U/mg. In order to increase the efficiency of xanthan biodegradation, the LE-C1 whole cells were immobilized in a poly(vinyl alcohol) cryogel. The resulting regenerative biocatalyst was able to complete xanthan depolymerization within 40 cycles without loss of activity or degradation of the matrix.
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1. Introduction


Xanthan is an extracellular heteropolysaccharide produced by many strains of the bacteria Xanthomonas [1,2]. The main xanthan chain consists of d-glucopyranose residues linked by a β-1,4-glycosidic bond, where every second glucose residue is linked by a (3→1)-bond to the α-d-Man-(2→1)β-d-GlcA(4→1)-β-d-Man [2,3,4,5]. The side chains of xanthan are modified with pyruvate and/or acetate groups leading to a higher reactivity and hydrophilicity, as well as the ability to form complexes when compared to other polysaccharides [6,7,8].



Due to its properties, xanthan gum is widely used in various fields: food, pharmaceutical, cosmetic, agriculture, oil production, and paint and varnish industries as a thickener, stabilizer, or suspending agent [9,10,11,12]. Various methods are now being developed for the use of xanthan and its derivatives in biomedicine [12,13,14,15,16,17]. A large amount of xanthan gum is used in oil production as a drilling fluid structurant to increase the viscosity of the fluids in order to prevent the well from collapsing [18]. In oil production, at the end of the work, the question of how to dispose the used drilling fluid in an environmentally friendly manner is acute. Thus, many studies are demonstrating a growing interest in developing approaches for efficient xanthan depolymerization in order to adapt this polysaccharide for applications in many areas.



Traditional xanthan depolymerization methods are chemical hydrolysis with strong acids and high temperatures [19]. As an alternative, biological methods are considered more environmentally friendly and less energy consuming by using microorganisms or enzyme mixtures [9]. Based on the xanthan structure, the depolymerization requires the presence of an enzyme complex. Presumably, such a complex may include xanthan lyase, endo-β-d-glucanase, β-d-glucosidase, α-/β-mannosidases, and acetylesterase, which are the most frequently mentioned enzymes in the “xanthanase complex”, or the term used in a general sense “xanthanase” [9]. A search for new enzymes is currently underway as well as testing previously characterized enzymes or their combinations: cellobiohydrolase, endo-xanthanase, and unsaturated glucuronyl hydrolase [20,21,22,23]. To the best of our knowledge, xanthan-degrading microorganisms are poorly represented in the scientific literature. The genes encoding the required set of enzymes are mainly described in bacteria. Among the producers of enzymes of the xanthan-degrading complex, bacteria of the genera Bacillus, Paenibacillus, Cellulomonas, and Microbacterium are most often described: Bacillus sp. GL1, Paenibacillus xanthanilyticus sp. nov., and Paenibacillus sp. XD [23,24,25,26,27,28,29,30,31]. Among fungal microorganisms, strains of Chaetomium globosum CGMCC 6882 and Myceliophtora thermophila C1 have been reported [32,33]. A single bacterium species is rarely characterized by the presence of a set of enzymes capable of the complete destruction of xanthan main and side chains. More often, bacterial consortia and mixed cultures capable of total xanthan degradation have been reported [34,35]. Thus, the identification of new microorganisms that are efficient at xanthan degradation is still required.



Whole-cell biocatalysts based on the physical restriction of cells in a certain area of space lead to efficient bioconversion of complex substrates [36]. Microbial cell immobilization technologies have existed for many decades and have been widely used in various processes, such as wastewater treatment, environmental remediation, biodegradation, chemical analysis, food processing, energy development, medicine and pharmaceuticals, and other fields [36,37,38,39]. For each process, an individual choice of a biocatalyst, matrix, immobilization conditions, and spatial distribution in the matrix structure is required, which should ensure the duration of the process and its repeated usage without loss of activity and stability [40]. The improvement in the efficiency of xanthan degradation for various practical applications can be reached by creating a microbial system based on immobilized microbial cells with targeted functions.



Here, we present characteristics of a new microbial consortium for the efficient depolymerization of xanthan. On the basis of two genetically identified individual strains isolated from a bacterial community grown on a xanthan-containing medium, a biocatalyst with microbial cells immobilized within a polyvinyl alcohol matrix was developed for the stable degradation of the complexed polysaccharide.




2. Results and Discussion


2.1. Screening, Isolation, and Identification of Xanthan-Degrading Microorganisms


For screening of xanthan-degrading microorganisms, a 0.3% solution of xanthan gum was poured into 15 test tubes and kept outdoors in a laboratory for 14 days. The reduction in viscosity of the tube contents was used as an indication of xanthan-degrading activity. In three of these test tubes, the growth of microorganisms and a decrease in the viscosity of the initial solution were observed. During the 8-day growth of the microbial preparation with the highest xanthan-degrading potential, the viscosity of the XP medium reduced from 250 cPs to a water viscosity value. Monitoring the changes in the amount of reducing sugars in the culture liquid of this particular microbial community resulted in a bell-shaped curve with a maximum on the 4th day and a decline by the end of the 8th day of growth (Figure 1).



Microscopic examination of the preparation with the highest potential revealed a microbial community containing several species. Enrichment of this community by several passages on solid XP and LB media at 28 °C for 1–3 days resulted in the final natural consortium LE-C1 consisting of only two microorganisms with xanthan-depolymerizing abilities, KG3 and KG5. Therefore, the final bacterial mix LE-C1 and individual isolates KG3 and KG5 were taken for further studies.



Morphological analysis of the individual strains revealed the following features of each of the isolates.



An isolate of KG3: Vegetative cells were immobile twisted Gram-positive rods 0.3–0.6 × 4–5.0 μm in size transforming into coccobacilli during prolonged incubation. On LB medium, bacterial cells formed a dull-white, shiny, bumpy colonies with smooth edges, which eventually turned yellow.



An isolate of KG5: The vegetative cells were mostly single Gram-positive rods 1.0 × 4–6.0 µm in size. The cells produced oval spores located terminally in swelling sporangia. On LB medium, bacterial cells formed transparent, colorless, convex or slightly flattened, shiny colonies with smooth edges.



Genomic DNA samples were isolated from the culture broths and the 16S rDNA sequences of both selected strains were compared to those available in the BLASTN database. The phylogenetic trees were constructed with the maximum likelihood and Tamura-Nei model [42] as shown in Figure 2.



Based on the morphological features and genetic analysis, the strains KG3 and KG5 were identified as Cellulosimicrobium cellulans KG3 and Paenibacillus phytohabitans KG5, respectively. Both strains were deposited at the National Bioresource Center “All-Russian Collection of Industrial Microorganisms” under the numbers AC-2213 and B-14516, correspondingly.




2.2. Characterization of Xanthan-Degrading Activity


The xanthan liquefaction capacity for each of the isolates was studied in detail during their growth in a liquid XP medium. P. phytohabitans KG5 completely reduced the viscosity of the xanthan solution within 72 h (Figure 3a), which is 2.5 times faster than was observed with the original microbial community (Figure 1). The C. cellulans KG3 strain reduced the viscosity by 25% of the initial value during the first 30 h of cultivation and then the viscosity level remained unchanged throughout the entire observation period (Figure 3a). Mixing the two cultures at a 1:1 ratio led to a complete xanthan depolymerization after 48 h, which was noticeably more effective than for the most active P. phytohabitans KG5 strain (Figure 3a). During a decrease in the xanthan viscosity, we observed an accumulation of reducing ends and the formation of low molecular weight reaction products (Figure 3b).



To determine the optimal conditions for xanthanase activity produced by the consortium LE-C1 and its stability, a range of different pH values (Figure 4a) and temperatures (Figure 4b) were used. The maximum overall xanthanase activity was detected in the pH range from pH 5.5 to 6.0 and at 40 °C. The xanthanse activity was stable in the pH range from 5.5 to 7 and retained more than 60% of the activity at 45 °C for 15 min (Figure 4b).



Comparison of the specific activities assayed after the growth of P. phytohabitans KG5 and C. cellulans KG3 and their consortium LE-C1 in XP medium revealed the different impacts of the particular enzymes of each microorganism in the overall xanthan-depolymerizing ability of the consortium (Table 1). These results were somewhat surprising because along with the overall positive effect of the LE-C1 consortium on xanthan depolymerization (Figure 3a), we observed a noticeable decrease in the specific enzyme activities of the C. cellulans KG3 strain in the consortium compared to its individual growth in XP medium (Table 1). This can be explained by different sets of enzymes synthesized by each microorganism in the mix that regulate the action of each component.



Representatives of the genus Paenibacillus have been reported to exhibit xanthan-degrading activities due to their production of xanthan lyases [28,29,44,45]. On the other hand, representatives of the genus Cellulosimicrobium are potentially capable of hydrolyzing the main and side chains of the xanthan due to the action of various glycoside hydrolases found [46,47]; in particular, due to the presence of cellulases and hemicellulases identified in the genome of C. cellulans [48]. However, for their action, xanthan should be in a highly disordered conformation [49].



We assumed that a xanthan lyase, secreted by the P. phytohabitans KG5 strain, promoted the cleavage of terminated pyruvated mannosyl and glucuronyl residues in the xanthan side chains. This leads to a conformation disorder in the native xanthan molecule and, as such, facilitates the actions of mannosidases and cellulases, secreted by the C. cellulans KG3, which catalyzes the hydrolysis of the rest of trisaccharide side backbones and the core part leading to the intensive accumulation of glucose. Glucose is known to inhibit the expression of most glycoside hydrolases [50] providing a decrease in the overall level of cellulase and hemicellulase activities. In an individual culture of C. cellulans KG3, complete hydrolysis of xanthan does not occur due to lack of the necessary xanthan lyase; therefore, glucose is not rapidly accumulated in amounts required to suppress the expression of hemicellulase and cellulase genes. However, this assumption can be checked after detailed proteomic and transcriptomic studies of both individual cultures and their actions in this consortium, which may be a task for future research. Our data confirms that mixing two bacterial cultures resulted in higher efficiency of the consortium vs. individual strains. Similar effects for mixed cultures have been shown earlier [35].




2.3. Immobilization of the LE-C1 Consortium


To immobilize a consortium of LE-C1 cells, zeolite granules, alginate microcapsules, and a polyvinyl alcohol cryogel were tested (Figure 5). Here, we used the LE-C1 consortium that combined the individual strains KG3 and KG5 in a 1:1 ratio. Preliminary tests of the xanthanase activity in both initial and artificial consortia revealed no differences.



Zeolites have been widely used as materials for bacteria immobilization in wastewater treatment processes due to their wide distribution in nature, availability and feasibility, cost-effectiveness, large specific surface area, structural rigidity, surface functionality, and thermal, mechanical, and radiation stability [51,52,53]. Many factors have been described to be responsible for cell adhesion to inert surfaces. The pore size of the matrix has been considered the most important factor, having a greater effect than macroscopic surface roughness and total surface area [53,54].



For immobilization of the LE-C1 consortium, zeolite (choline zeolite) granules of different sizes were used: 0–1 mm; 1–3 mm; or 3–5 mm (Figure 5a). In the first cycle, the rates of xanthan depolymerization were comparable to samples with zeolite granules with sizes of 1–3 mm and 3–5 mm; in the second cycle, the activity of the sample with 1–3 mm granules was significantly reduced; and in the third cycle, only the sample using 0–1 mm pellets was active. Thus, granules with the smallest size (0–1 mm) appeared to be the most suitable for immobilization. However, we found that cells were leaching from the zeolite matrix during its functioning due to their weak binding resulting in no more than three cycles of the xanthan degradation (Figure 5d, black curve). Thus, further use of zeolite granules for xanthan liquefaction was concluded to be inappropriate due to the decrease and further reduction in the xanthan biodegradation rate during testing.



The system with calcium alginate is widely used for bioimmobilization since the conditions for inclusion in the calcium alginate gel are very mild, the polymer can be sterilized by autoclaving, and the immobilization process is reversible due to the addition of a binding Ca2+ reagent (e.g., EDTA or citric acid) [55]. Cells of the LE-C1 consortium immobilized in alginate microcapsules appeared to be active in xanthan degradation during three cycles (Figure 5b,d, red curve). However, after the 4th cycle, the microcapsules acquired a loose structure, presumably, under the influence of enzymes secreted by the bacteria, and were considered to be unsuitable for further work.



Cryogels were first described in 1972 (reviewed by Lozinsky [56]). Since that time, they have been quite well-studied and widely used in many biomedical and biotechnological applications [57]. PVA cryogels are formed during the cryogenic cycle (freezing–storage in a frozen state–thawing) with solutions of this polymer. During the process of cryogelation in an aqueous medium, regions are formed where the dissolved polymer is concentrated and undergoes crosslinking reactions [58]. The formation of a chemically stable cryogel occurs due to multiple intermolecular hydrogen bonds between polymer chains resulting from the freezing of the solvent (aqueous phase) and keeping the polymer chains in a frozen state in a relatively immobile state relative to each other. At the initial stage of solution freezing, the crystals formed during the freezing of the solvent will grow and come into contact with neighboring crystals forming a labyrinthine system of interconnected channels (pores) after the sample is thawed. So that the growing ice crystals act as a porogen determining the shape and size of the pores formed after the sample is thawed.



The unique porous structure of poly(vinyl) alcohol (PVA) cryogels, combined with their elasticity and high mechanical stability, the availability of PVA, and biocompatibility, have led to their widespread use as matrices for immobilizing microbial cells (reviewed by Plieva et al. [59]). Depending on the pore size of the cryogels and the potential application of immobilized cellular biocatalysts, immobilization by mechanical entrapment in cryogels or the use of specific ligands to bind cells on the pore surface is used. Preparation of a bacterial cell suspension in a polymer solution for inclusion in its pores (mechanical entrapment) is the simplest and an inexpensive process. Immobilization of bacterial cells in the PVA cryogel matrix leads to their spatial distribution throughout the carrier space keeping cells in a metabolically active state at a certain distance from each other. This prevents their aggregation and the deterioration of conditions for mass transfer processes that increase the efficiency of xanthan biodegradation and leads to multiple uses for the biocatalyst. Cells of the LE-C1 mix immobilized with a 12% solution of PVA showed the highest functioning productivity during 10 cycles without any loss of the overall xanthanase activity (Figure 5a,d, blue line).



Summarizing the above data, we found that immobilized cells in alginate or PVA showed higher activity compared to the zeolite carriers that might be explained by the maintenance of a constant number of cells due to stronger binding. In addition, the cells adsorbed on the zeolite carriers might directly react with the substrate without restrictions on mass transfer, the activity of the adsorbed cells in multiple cyclic reactions is unfavorable and the duration of action and the number of cycles on the zeolites were much lower than for alginate or PVA. The use of alginate microcapsules also was found to be less effective compared to PVA cryogel, since after several cycles of functioning the integrity of the alginate bead shell was completely violated. So, we concluded that the most optimal carrier for immobilizing cells of a consortium of xanthanolytic bacteria was the polyvinyl alcohol cryogel. The PVA cryogel had a strong structure, could stably hold the cell mix creating favorable conditions for their action, which ensured the duration of the process, could be repeatedly used for the biocatalyst without loss of catalytic activity, and had matrix stability.



Testing the capacity of the LE-C1-PVA-cryogel biocatalysts revealed that they were stably functioning with no less than 40 cycles without loss of total xanthanolytic activity, as well as the good properties and stability of the matrix. The total duration of the effective use reached at least 1440 h with an overall xanthanase activity of 20.1 ± 0.6 U/g. The storage of the biocatalyst LE-C1-PVA-cryogel was carried out at temperatures of 4–8 °C in 0.9% NaCl solution. The activity of the biocatalyst was maintained for at least 12 months after storage.





3. Materials and Methods


3.1. Chemicals


Xanthan gum was bought from KondiPro (St. Petersburg, Russia). Chemicals, Luria-Bertrani (LB), Yeast Nitrogen Base without Amino Acids (YNB) media, sugar standards and enzyme substrates (p-nitrophenyl β-d-glucopyranoside (pNPβG), p-nitrophenyl α-l-mannopyranoside (pNPαM), p-nitrophenyl β-d-mannopyranoside (pNPβM) were reagent grade and obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). The p-nitrophenyl β-d-thiocellobiopyranoside (pNPβSC) was synthesized according to the method described earlier [60].




3.2. Screening for a Xanthan-Degrading Microorganisms


XP medium containing (g/L) peptone, 1; xanthan, 3; YNB, 0.67, was used for all microbial cultivations. The bacterial xanthan-degrading community was originally derived from the liquid XP medium after maintaining the open vials for 14 days at room temperature. For the enrichment, cultures were incubated in Erlenmeyer flasks (400 mL) containing 100 mL of XP medium at 28 °C for 10 days with aeration using a rotary agitator GFL 3015 (Biotech SL, Madrid, Spain) at 150 rpm. Aliquots of culture liquid were withdrawn periodically for viscosity control and enrichment by spreading a 10-fold serial dilution of the sample on agarized XP and LB plates followed by incubation at 28 °C for 3 days. Isolates were repeatedly tested during the incubation in liquid XP medium for 14 days at 28 °C and aeration at 150 rpm with viscosity control.



The initial bacterial mixture, individual strains KG3 and KG5, as well as the final bacterial consortium LE-C1 were stored at temperatures of 4–8 °C on agarized LB medium (pH 6.5–7.0). Long-term storage of the bacteria under study was carried out in a freeze–dried state in ampoules with a solution containing 10% sucrose and 1% gelatin was used as a cryoprotectant at 4–8 °C in the collection of microorganisms of the Biotechnology Laboratory of the National Research Center “KI” PNPI.




3.3. Genomic Identification


Genomic DNA samples for two potential bacterial isolates were withdrawn from the overnight individual bacterial cultures using a Monarch® Genomic DNA Purification Kit (NEB, Ipswich, MA, USA) according to the manufacturer’s protocol. The PCR was carried out with Taq DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA) and universal primers 8F and 1492R (l) for the 16S rRNA gene in the Eppendorf Mastercycle Personal. The PCR products were purified with the Cleanup S-Cap kit (Evrogen, Moscow, Russia). The sequencing reactions were carried out with the set of primers (Table 2) and BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the protocol. The products were purified with the D-Pure™ DyeTerminator Removal kit (Nimagen, Nijmegen, The Netherlands). The electrophoregrams of the purified products were obtained with the Nanophor 05 genetic analyzer (Syntol, Moscow, Russia). Resulting sequences were aligned against the database of 16S ribosomal RNA sequences using the program BLASTN 2.9.0+ [61]. Multiple sequence alignment by ClustalW and phylogenetic analysis were performed using the MEGA X (version 10.1.8) software.




3.4. Analytic Methods


Viscosities were measured at 22 °C with an LVF Brookfield viscosimeter (Middlesex, London, UK). Protein content was determined by the dye-binding assay of Bradford [64], with bovine serum albumin as a reference protein, measured by light absorption at 595 nm using a JascoV-560 UV/Vis spectrophotometer (Jasco, Analytical Instruments, Tokyo, Japan). The reaction products of xanthan hydrolysis were analyzed by thin layer chromatography (TLC) in the system butanol/acetic acid/water (2:1:1). Cell concentrations were measured by optical density at 650 nm using a calibration curve. The content of cells in 1 mL of culture liquid after the growth of each culture for the calibration curve was determined on the basis of dry weight. All experiments were performed in triplicate.




3.5. Enzyme Assays


The supernatant obtained after the growth of the LE-C1 consortium or individual strains KG3 and KG5 in a liquid XP medium (28 °C, at 150 rpm) by centrifugation (30 min, 3500 rpm) was used for further studies as crude enzyme preparations. Xanthanase activity was determined by measuring reducing sugars using the PAHBAH method [41]. The reaction mixture containing 100 µL of a crude enzyme preparation, 0.3% xanthan solution, and 50 mM sodium citrate–phosphate buffer solution (pH 6.0) was incubated for 2 h at 40 °C. One unit of xanthanase activity was defined as the amount of the enzyme releasing 1 μmol of reducing sugars calculated as glucose, per minute under the assay conditions.



The activities of β-glucosidase, α-mannosidase, β-mannosidase and endo-glucanase/cellobiohydrolase were determined using the corresponding chromophoric substrates. The reaction mixture containing 100 µL of a crude enzyme preparation, 5 mM substrate (p-NPβG, p-NPαM, pNPβM, pNPβSC), and 50 mM sodium citrate–phosphate buffer solution (pH 6.0) was incubated for various time periods (not more than 24 h) at 40 °C. The absorption of the released para-nitrophenol was measured at 400 nm. One unit of activity was defined as the amount of the enzyme required to produce 1 μmol of para-nitrophenol per 1 min under the given conditions.



Xanthan lyase activity was determined in 1 mL of the reaction mixture containing 0.05% xanthan solution and 50 mmol sodium citrate–phosphate buffer solution (pH 6.0), and a crude enzyme preparation, monitoring the increase in absorbance at 235 nm [65]. One unit of enzyme activity was defined as the amount of the enzyme required to increase optical density at 235 nm by 1.0 units per minute.



To determine the optimal pH, xanthanase activity was evaluated by measurement of reducing sugars in a supernatant of the consortium LE-C1 at various pH values using citrate–phosphate (pH 3.0–7.6) and Tris-HCl (pH 8.0–9.0) buffers at 40 °C. To check the pH stability, the samples were preincubated at various pH values (pH 3.0–9.0) at room temperature for 24 h followed by a standard measurement of the activity. The highest activity was taken as 100%.



To determine the temperature optimum for the xanthanase in a supernatant of the consortium LE-C1, enzyme activity was measured at various temperatures (4 °C, 30–60 °C) and pH 6.0. To test the thermostability, the samples of the consortium culture liquid were preincubated at various temperatures and pH 6.0 for 15 min.




3.6. Immobilization of the LE-C1 Consortium


To immobilize the consortium LE-C1 with different techniques, the resulting biomass of each isolate was combined in a ratio of 1:1. Each isolate was preliminarily grown in 1 L Erlenmeyer flask containing 100 mL of a liquid LB medium with aeration at 28 °C at 150 rpm for 24 or 72 h depending on the culture. The cells were centrifuged in the centrifuge 5810 R (Eppendorf, Hamburg, Germany) for 30 min at 3500 rpm, washed with 0.9% (w/v) NaCl and centrifuged again under the same conditions. A wet biomass residue with a concentration of 1.6 ÷ 3.0 g cell dry weight per L was used for further experiments.



Immobilization on the mineral adsorbent zeolite: zeolite granules with sizes of 0–1 mm, 1–3 mm, and 3–5 mm were used for immobilization. Zeolite granules (12 g) were sterilized by autoclaving for 15 min at 121 °C in distilled water followed by drying, addition of the prepared 10% (v/v) of LE-C1 cells prepared as described above, and incubating for 24 h at 4 °C with a Sunflower Mini-Shaker 3D (Biosan SIA, Riga, Latvia) at 40 rpm. Then granules were washed with a solution of 0.9% NaCl until no bacterial cells remained in the washing liquid and stored at 4 °C.



Immobilization in alginate microcapsules: for immobilization of the LE-C1 cells using sodium alginate [66], the 5% solution of sodium alginate in 50 mM Tris-HCl buffer (pH 7.5) was mixed with a 7% (v/v) cell suspension prepared as written above. The LE-C1 cell suspension was added with a syringe in small drops to 50 mL of a 0.2 M solution of calcium chloride with constant stirring using the magnetic stirrer MSH-300 (BioSan SIA, Riga, Latvia) at 100 rpm, left for 12 h at 4 °C to form microcapsules, and twice washed with 50 mM Tris-HCl buffer (pH 7.0) at 4 °C. The immobilized whole-cell biocatalyst was stored in Tris-HCl buffer (pH 7.0) at 4 °C until further use.



Immobilization in poly(vinyl alcohol) (PVA): Poly(vinyl alcohol) (12% solution) [67] was dissolved with heating up to 90–100 °C and intensive stirring with the magnetic stirrer at 700 rpm. Prepared LE-C1 bacterial suspensions (4% v/v) were thoroughly mixed with 20 mL of cooled PVA solution and aliquoted into a 96-well plate with 200 µL, left at a temperature of −20 °C for 24 h. Then the immobilized whole-cell biocatalyst was stored at 4–8 °C.



To test the capacity of the LE-C1-PVA-cryogel biocatalyst in xanthan depolymerization, it was cultivated at 28 °C and aerated (120 rpm) for 48 h until complete liquefaction of the XP medium. Aliquots of culture liquid were withdrawn periodically for viscosity control. At the end of cultivation, the biocatalyst (cylinders with LE-C1-PVA-cryogel) was removed from the culture liquid with tweezers under sterile conditions, washed with 0.9% NaCl solution, and placed in a new portion of XP medium for the next cycle.





4. Conclusions


Xanthan is a highly stable polysaccharide that most microorganisms, with few exceptions, are unable to depolymerize. The insolubility and highly ordered structure of the polysaccharide are the main problems that should be overcome in order to be accessible to microbial enzyme complexes for its degradation. Obviously, a single microorganism is not always capable of producing the entire pool of enzymes for exhaustive xanthan degradation; so, a consortium of xanthan-degrading microorganisms may be the solution. In this work, we found a combination of two bacteria in which their enzymatic systems successfully complement each other during the growth of the resulting consortium in a medium containing xanthan until complete depolymerization.



Immobilization of microorganisms is the process of fixing cells on the surface or in the volume of the carrier. The advantages of immobilized cells compared to immobilized enzymes are mainly that they eliminate the most expensive steps of isolation, purification, and immobilization of enzymes. In addition, enzymes in the cell are in their natural environment, which has a positive effect on their thermal stability, as well as stability under conditions of continuous fermentation. There are various methods for immobilizing microbial cells that simplify the extraction and reuse of the catalyst, increase the resistance of cells to lysis, and increase the stability of the enzymatic activity of the immobilized cells and the efficiency of the decomposition process. To the best of our knowledge, the LE-C1 consortium is the first highly stable regenerable biocatalyst immobilized in a poly(vinyl alcohol) matrix for easy and fast use to depolymerize or modify a xanthan polysaccharide.
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Figure 1. Time course of xanthan depolymerization from the microbial preparation with the highest potential during the growth in a liquid XP medium. Samples were taken and assayed for cell viscosity and changes in reducing sugars. Viscosity (black line) was measured with an LVF Brookfield viscosimeter at 22 °C. Reducing sugars (blue line) were assayed by the method [41]. Bars indicate standard errors. 






Figure 1. Time course of xanthan depolymerization from the microbial preparation with the highest potential during the growth in a liquid XP medium. Samples were taken and assayed for cell viscosity and changes in reducing sugars. Viscosity (black line) was measured with an LVF Brookfield viscosimeter at 22 °C. Reducing sugars (blue line) were assayed by the method [41]. Bars indicate standard errors.



[image: Catalysts 13 01249 g001]







[image: Catalysts 13 01249 g002] 





Figure 2. Phylogenetic trees constructed for the selected strains of KG3 and KG5 are based on 16S rRNA gene sequences. The trees with the highest log likelihood (−4296.27 (a); −5204.00 (b)) are shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Tamura-Nei model and then selecting the topology with the superior log likelihood value. This analysis involved 21 nucleotide sequences. There were a total of 1535 (a) and 1563 (b) positions in the final dataset. Evolutionary analyses were conducted in MEGA X [43]. 
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Figure 3. Xanthan depolymerization analysis during the growth of C. cellulans KG3, P. phytohabitans KG5, and the consortium LE-C1. Both microorganisms and the consortium LE-C1 have been cultivated in 100 mL of XP medium in Erlenmeyer flasks at 28 °C with aeration. Aliquots were withdrawn periodically and viscosity (a) was measured with an LVF Brookfield viscosimeter at 25 °C. Bars indicate standard errors. (b) TLC analysis of xanthan depolymerization products during the growth of the consortium LE-C1 was carried out at 0 h (lane 1), 10 h (lane 2), 18 h (lane 3), 28 h (lane 4), and 35 h (lane 5); sugar standards: glucose (lane 6), mannose (lane 7), cellotriose (lane 8), and cellotetraose (lane 9). 
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Figure 4. Effects of pH and temperature on the xanthanase activity and stability of the enzyme complex produced by the LE-C1 consortium. Xanthanase activity was measured following the accumulation of reducing sugars by the method [41]. To determine the optimal pH ((a) panel, black line), xanthanase activity was assayed using citrate–phosphate (pH 3.0–7.6) and Tris-HCl (pH 8.0–9.0) buffer solutions at 40 °C. To check the pH stability ((a) panel, red line), the samples were preincubated at various pH values (pH 3.0–9.0) at room temperature for 24 h followed by a standard activity assay. To determine the optimum xanthanase temperature, enzyme activity was measured at various temperatures (4 °C, 25–60 °C) and pH 6.0 ((b) panel, black line). Thermostability of the consortium xanthanase was evaluated after preincubation of the liquid broth samples at various temperatures and pH 6.0 for 15 min ((b) panel, red line). The highest values were taken as 100%. 






Figure 4. Effects of pH and temperature on the xanthanase activity and stability of the enzyme complex produced by the LE-C1 consortium. Xanthanase activity was measured following the accumulation of reducing sugars by the method [41]. To determine the optimal pH ((a) panel, black line), xanthanase activity was assayed using citrate–phosphate (pH 3.0–7.6) and Tris-HCl (pH 8.0–9.0) buffer solutions at 40 °C. To check the pH stability ((a) panel, red line), the samples were preincubated at various pH values (pH 3.0–9.0) at room temperature for 24 h followed by a standard activity assay. To determine the optimum xanthanase temperature, enzyme activity was measured at various temperatures (4 °C, 25–60 °C) and pH 6.0 ((b) panel, black line). Thermostability of the consortium xanthanase was evaluated after preincubation of the liquid broth samples at various temperatures and pH 6.0 for 15 min ((b) panel, red line). The highest values were taken as 100%.



[image: Catalysts 13 01249 g004]







[image: Catalysts 13 01249 g005] 





Figure 5. Immobilization of LE-C1 consortium cells by three techniques. (a): immobilized cells of the LE-C1 consortium by adsorption on zeolites with granule sizes of 0–1 mm, 1–3 mm, 3–5 mm. (b): alginate beads with immobilized LE-C1 cells (freshly prepared microcapsules are shown on the left and after four working cycles on the right). (c): immobilized LE-C1 cells in a PVA cryogel (left: freshly prepared cylinders and right: after 10 working cycles). (d): working capacity of biocatalysts: the number of working cycles for the LE-C1 consortium immobilized by adsorption on zeolite granules 0–1 mm in size (black line), in alginate microcapsules (red line), and in PVA cryogel (blue line). The activity of the catalyst in the 1st cycle was taken as 100%. 
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Table 1. Specific enzyme activities in the xanthanase complex of the LE-C1 consortium and its components.
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Microorganism(s)

	
Specific Activity *




	
Xanthanase, U/g

	
Xanthan Lyase, U/g

	
β-Glucosidase, U/g

	
Endo-Glucanase/Cellobiohydrolase, U/g

	
α-Mannosidase, U/g

	
β-Mannosidase, U/g






	
LE-C1

	
19.6 ± 0.6

	
2200 ± 70

	
3.4 ± 0.1

	
4.0 ± 0.1

	
68.0 ± 2.0

	
0.40 ± 0.01




	
P. phytohabitans KG5

	
19.3 ± 0.6

	
1660 ± 50

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
C. cellulans KG3

	
n.d.

	
n.d.

	
80.0 ± 2.4

	
30.0 ± 0.9

	
130.0 ± 3.9

	
70.0 ± 2.1








* Specific activities were assayed using the corresponding substrate and method as described in Materials and Methods section. n.d., not detected. Data are the means of three experiments ± standard errors.













 





Table 2. Primers used for genomic identification of the isolates.
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	Primer Name
	Primer Sequence
	Reference





	8F
	AGA GTT TGA TCC TGG CTC AG
	[62]



	357F
	CTC CTA CGG GAG GCA GCA G
	[62]



	CD [R]
	CTT GTG CGG GCC CCC GTC AAT TC
	[63]



	1492R (L)
	GGT TAC CTT GTT ACG ACT T
	[62]
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check CrossRef













media/file4.png
18 — NR 119095.1 Cellulosimicrobium cellulans strain DSM 43879 16S ribosomal RNA partial sequence
- NR 029291.1 Cellulosimicrobium cellulans strain DSM 43879 16S ribosomal RNA partial sequence
23 NR 115251.1 Cellulosimicrobium cellulans strain ATCC 12830 16S ribosomal RNA partial sequence
@ Strain KG3 16s partial sequence
" 36 — NR 180946.1 Cellulosimicrobium composti strain BIT-GX5 16S ribosomal RNA partial sequence
32 NR 042937.1 Cellulosimicrobium funkei strain W6122 16S ribosomal RNA partial sequence
62 — NR 146008.1 Cellulosimicrobium aquatile strain 3bp 16S ribosomal RNA partial sequence
NR 146662.1 Cellulosimicrobium marinum strain RS-7-4 16S ribosomal RNA partial sequence
NR 044070.1 Cellulosimicrobium terreum strain DS-61 16S ribosomal RNA partial sequence
83 ~ NR 165773.1 Cellulosimicrobium arenosum strain CAU1455 16S ribosomal RNA partial sequence
92 — NR 156060.1 Krasilnikoviella muralis strain T6220-5-2b 16S ribosomal RNA partial sequence
NR 115102.2 Krasilnikoviella flava strain CC 0387 16S ribosomal RNA partial sequence
NR 043198.1 Isoptericola halotolerans strain YIM 70177 16S ribosomal RNA partial sequence

&

NR 180996.1 Isoptericola halalbus strain CFH 91151 16S ribosomal RNA partial sequence
” NR 043779.1 Isoptericola dokdonensis strain DS-3 16S ribosomal RNA partial sequence
NR 025439.1 Isoptericola variabilis strain MX5 16S ribosomal RNA partial sequence
92 = NR 117941.1 Isoptericola nanjingensis strain H17 16S ribosomal RNA partial sequence
NR 074592.1 Beutenbergia cavernae DSM 12333 16S ribosomal RNA partial sequence
NR 126237.1 Luteimicrobium xylanilyticum strain W-15 16S ribosomal RNA partial sequence
NR 112891.1 Luteimicrobium subarcticum strain R19-04 16S ribosomal RNA partial sequence

59 — NR 108122.1 Luteimicrobium album strain RI1148-Li105 16S ribosomal RNA partial sequence

(a)

97 - NR 146674.1 Paenibacillus salinicaeni strain LAMOA28 16S ribosomal RNA partial sequence
7 | L NR 159222.1 Paenibacillus azotifigens strain NF2-4-5 16S ribosomal RNA partial sequence
NR 108639.1 Paenibacillus jilunlii strain Be17 16S ribosomal RNA partial sequence
9 NR 169340.1 Paenibacillus helianthi strain P26E 16S ribosomal RNA partial sequence
NR 178486.1 Paenibacillus piscarius strain P121 16S ribosomal RNA partial sequence
NR 156842.1 Paenibacillus rhizoplanae strain JJ-64 16S ribosomal RNA partial sequence
2 || 74 % NR 152053.1 Paenibacillus silagei strain LOOC204 16S ribosomal RNA partial sequence

—— NR 181131.1 Paenibacillus agri strain JW14 16S ribosomal RNA partial sequence
NR 179674.1 Paenibacillus bryophyllum strain L201 16S ribosomal RNA partial sequence
NR 181636.1 Paenibacillus tianjinensis strain TB2019 16S ribosomal RNA partial sequence
49 - NR 178542.1 Paenibacillus ihuae strain GD6 16S ribosomal RNA partial sequence

NR 159149.1 Paenibacillus albidus strain Q4-3 16S