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Abstract

:

Amylases account for about 30% of the global market of industrial enzymes, and the current amylases cannot fully meet industrial needs. This study aimed to identify a high α-amylase producing bacterium WangLB, to clone its α-amylase coding gene, and to characterize the α-amylase. Results showed that WangLB belonged to Bacillus velezensis whose α-amylase gene was 1980 bp coding 659 amino acids designated as BvAmylase. BvAmylase was a hydrophilic stable protein with a signal peptide and a theoretical pI of 5.49. The relative molecular weight of BvAmylase was 72.35 kDa, and was verified by SDS-PAGE. Its modeled structure displayed that it was a monomer composed of three domains. Its optimum temperature and pH were 70 °C and pH 6.0, respectively. It also showed high activity in a wide range of temperatures (40–75 °C) and a relatively narrow pH (5.0–7.0). It was a Ca2+-independent enzyme, whose α-amylase activity was increased by Co2+, Tween 20, and Triton X-100, and severely decreased by SDS. The Km and the Vmax of BvAmylase were 3.43 ± 0.53 and 434.19 ± 28.57 U/mg. In conclusion, the α-amylase producing bacterium WangLB was identified, and one of its α-amylases was characterized, which will be a candidate enzyme for industrial applications.






Keywords:


Bacillus velezensis; alpha-amylase; recombinant expression; purification; characterization












1. Introduction


Alpha-amylase (EC 3.2.1.1) is a kind of liquefying and endo-amylase which randomly hydrolyze the internal α-1, 4-glucosidic bond of starch, glycogen, and related polysaccharides to generate dextrin and a small part of reducing sugar [1]. Because the hydroxyl group configuration of the terminal residue of the reducing sugar produced is α, this hydrolase is called α-amylase [2]. α-amylase comes from a wide range of sources, such as plants, animals, and microorganisms, and mainly exists in aleurone cells of germinated grains [3,4]. It is an important starch hydrolase and one of the oldest and most widely used enzymes in industrial production [5]. It can be prepared by microbial fermentation or extracted from plants. The properties of α-amylase from different sources are different. In industry, it is mainly produced by bacteria and fungi due to its stability and higher catalytic activity [6].



Alpha-amylase was first commercialized in 1984 as a drug adjuvant for the treatment of digestive disorders. Now, α-amylase has been widely used in food, detergent, beer brewing, textile, alcohol, and paper industries [7]. In addition, α-amylase is used in pharmaceutical, biofuel production, and environmental remediation [7,8]. The increasing demand in various industries requires enzymes with suitable characteristics, therefore, the discovery of new α-amylases and improvement of the existing ones are of interest.



Alpha-amylase belongs to the glycoside hydrolase 13 (GH13) family, and most of them are Ca2+-dependent enzymes. The typical structure of α-amylase is composed of three domains: Domain A is in the N-terminal, composed of eight α-helices and eight β-strands linked by loops, forming an (α/β)8 barrel; Domain B protrudes from the surface of the barrel and is located in the third α-helix and the third β-strand; Domain C is located at the C-terminal, composed of antiparallel β-strands [9,10].



Previously, an α-amylase producing bacterium named “WangLB” was isolated in our laboratory and it belonged to Bacillus with high α-amylase activity [11]. However, this bacterium was not precisely identified and the sequence of its α-amylase was unknown which has greatly hindered its application in biotechnology and industries. This paper describes the identification of bacterium by 16S rDNA alignment and biochemical traits, cloning and analyzing the α-amylase encoding gene and expressing the gene with a Histidine tag at the N-terminal. Finally, the structure of its coding protein was predicted, and the recombinant enzyme was purified and characterized.




2. Materials and Methods


2.1. Extraction of Genomic DNA from WangLB Bacterium


WangLB strain was an α-amylase producing bacterium strain preserved in our laboratory. Extraction of genomic DNA was carried out according to our laboratory’s protocol. It was first streaked on Luria-Bertani (LB) solid plate and incubated at 37 °C overnight. Then, single clone was picked by the sterilized toothpick, and inoculated into the liquid LB medium. After being cultured with shaking at 200 rpm for 24 h, 3 mL of the bacteria was centrifuged for 10 min at 9600× g, and 564 μL of 1× TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) was added to resuspend the pellet. Then, 30 μL of 10% SDS and 6 μL of protease K (10 mg/mL) were added and gently mixed, incubated at 37 °C for 1 h. Then, 100 μL of NaCl (5 M/L) was added and gently mixed to incubate at 65 °C for 2 min. Then, 80 μL of CTAB/NaCl (10% (w/v) CTAB, 0.7 M NaCl) was added, gently mixed, and incubated at 65 °C for 10 min. An equal volume (about 800 μL) of phenol/chloroform/isoamyl alcohol (v/v/v = 25:24:1) was added, gently mixed, and centrifuged at 9600× g for 5 min. Again, the supernatant was transferred into a new centrifuge tube, and an equal volume (about 800 μL) of chloroform/isoamyl alcohol (v/v = 24:1) was added, gently mixed, and centrifuged at 16,000× g for 5 min. The supernatant was transferred to a new centrifuge tube, and 0.7 times the volume of isopropanol (about 560 μL) was added to precipitate genomic DNA. The centrifuge tube was gently inverted six times. After keeping at room temperature for 10 min, it was centrifuged at 16,000× g for 15 min. The DNA pellet obtained after centrifugation was washed with 500 μL of 70% ethanol twice and then air-dried for 5 min, dissolved in 25 μL of 1× TE buffer with RNase A (20 μg/mL), incubated at 37 °C for 30 min. Finally, the genomic DNA was stored at −20 °C until use.




2.2. Identification of WangLB Bacterium by 16S rDNA


The 16S rDNA of WangLB bacteria was amplified by Taq DNA polymerase with a universal eubacterial primer set: 27F (5′-FAGAGTTTGATCmTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGAC-3′). The 25 μL reaction system contained Taq DNA polymerase (5 U/μL, Fermentas, Burlington, ON, Canada) 0.5 μL, 10× Taq DNA polymerase buffer 2.5 μL, dNTPs (10 mM) 0.5 μL, MgCl2 (25 mM) 1.5 μL, forward and reverse primers (10 μM) 1 μL, respectively, the genomic DNA template 2 μL, and ddH2O 16 μL. The PCR was performed by MyCycler (Bio-Rad, Hercules, CA, USA) and the parameters were: pre-denaturation at 94 °C for 5 min, denaturation at 94 °C for 30 s, followed by annealing at 55 °C for 30 s, extending at 72 °C for 90 s for 30 cycles and finally incubated at 72 °C for 5 min. The PCR products were separated by 1.2% (w/v) of agarose gel electrophoresis. The target fragments were cut from the gel and recycled by a gel extraction kit (Biobasic, Markham, ON, Canada). Then, the concentration of the 16S rDNA was measured by nanodrop2000c (Thermo Scientific, Waltham, MA, USA), and was ligated into the pUCm-T vector (Biobasic, Markham, ON, Canada). Then, again it was transformed into Escherichia coli (E. coli) JM109 competent cell, and spread on LB + Amp (Ampicillin, 100 mg/L) + IPTG (Isopropyl β-D-Thiogalactoside, 24 mg/L) + X-gal (5-Bromo-4-chloro-3-indolyl β-D-galactopyranoside, 40 mg/L) agar plate. After that, six white clones were picked and inoculated into LB + Amp (100 mg/L) medium, and cultured for 12 h. The plasmids were extracted using the EZ-10 Spin Column Plasmid DNA Miniprep Kit (Biobasic, Markham, ON, Canada). The extracted plasmids were verified by EcoRV (NEB, Beverly, MA, USA) digestion. Finally, the positive clones were sent for DNA sequencing (Eurofins Genomics, Toronto, ON, Canada).



The 16S rDNA sequence of WangLB was BLASTed against the 16S ribosomal RNA sequence database with the default parameters. Some sequences of high similarity with 16S rDNA of WangLB were used to construct the phylogenetic tree. MEGA X was used and the maximum likelihood algorithm was selected to construct the tree with 1000 bootstraps and nucleotide Tamura-Nei substitution model.




2.3. Morphological and Biochemical Identification of the WangLB Bacterium


WangLB strain was first streaked on LB solid plate and incubated at 37 °C for 24 h. The colony morphology was observed by naked eyes and magnifying glass. The single colony was picked with a sterilized toothpick and inoculated into 3 mL of sterilized 0.45% (w/v, pH 7.0) of NaCl in a transparent polystyrene tube (12 mm × 75 mm). The turbidity of the homogeneous WangLB bacterial suspension was measured by VITEK 2 DensiCHEK Plus (bioMérieux, Marcy l’Etoile, France) to make sure the turbidity was between 1.80 to 2.20. Then, the suspension tube and the VITEK 2 BCL card (bioMérieux, Marcy l’Etoile, France) were put into the cardholder. Additionally, the cardholder was put into the filling bin for filling. After filling, the cardholder was transferred into the loading cabin for testing.




2.4. Alpha-Amylase Activity Assay


The recombinant α-amylase activity was determined by the 3,5-dinitrosalicyic acid (DNS) method [11]. Ten microliters of the crude or purified enzyme were added into 100 μL of 1% (w/v) starch in 100 mM phosphate buffer (pH 6.0), gently mixed, and incubated at 40 °C or optimum temperature for 20 min. Then, the reaction was stopped by the addition of 300 μL of DNS and the mixture was boiled for 5 min. After the mixture was cooled to room temperature, 200 μL of the solution was transferred into a 96-well plate to read A540 by Epoch Microplate Spectrophotometer (Biotek, Winooski, VT, USA). Instead of the 10 μL of the enzyme, 10 μL of sterilized water was used as control. All experiments were repeated at least three times. One unit of enzyme activity was defined as the amount of enzyme that generates 1 μM of reducing sugar as maltose per minute under assay conditions.




2.5. Cloning and Prokaryotic Expression Vector Construction of BvAmylase Gene


In order to figure out the high α-amylase activity of WangLB bacterium, a pair of gene-specific primers (BvamylaseBamHI-F: CAAGGATCCATGTTTGAAAAACGATTCAAAACCTC, BvamylaseXhoI-R: ATTCTCGAGATGCGGAAGATAACCATTCAAACC, underlines indicate the restriction site) was designed according to the genome of Bacillus velezensis FZB42 and other related species. The BvAmylase gene was amplified with the genomic DNA of the WangLB bacterium. The reaction system was 20 μL containing repliQa HiFi ToughMix (Quantabio, Beverly, MA, USA, 2× reaction buffer containing optimized concentrations of MgCl2, dNTPs and proprietarily formulated HiFi polymerase, hot start antibodies and ToughMix chemistry) 12.5 μL, BvamylaseBamHI-F (10 mM) 1 μL, BvamylaseXhoI-R (10 mM) 1 μL, genomic DNA 2 μL, and nuclease-free water 8.5 μL. The protocol was 98 °C 10 s, 63 °C 5 s, and 68 °C 8 s for 30 cycles. The PCR product was recycled by a gel extraction kit. The purified PCR product and the plasmid pET21a were double digested by BamHI (NEB, Beverly, MA, USA) and XhoI (NEB, Beverly, MA, USA) for 4 h, separated by 1% agarose gel electrophoresis, and recovered. They were ligated by T4 DNA ligase to get the recombination plasmid pET21a-BvAmylase. The ligation products were transformed into E. coli JM109 competent cells and spread on a solid LB + Amp (100 mg/L) plate. The single clones were picked and inoculated into liquid LB + Amp (100 mg/L), shaken for 12 h. Then, the plasmids were extracted and verified by single and double digestions. Thus, the recombinant plasmid pET21a-BvAmylase was obtained.




2.6. Prokaryotic Expression and Purification of the BvAmylase


For the detection of prokaryotic expression, a single clone of E. coli BL21 (DE3) cell containing pET21a-BvAmylase was picked and inoculated into 3 mL of LB + Amp (100 mg/L) medium, and cultured at 37 °C and 250 rpm for 12 h. Then, it was inoculated into LB liquid medium without antibiotics at the ratio of 1:100 (v/v), cultured at 37 °C and 250 rpm for 3 h (OD600 ≈ 0.8), and induced by 1 mM of IPTG at 37 °C. Simultaneously, the pET21a transformed BL21(DE3) strain was used as the control. After induction for 0, 2, 4, and 6 h, 2 mL of bacterial solution was collected and centrifuged at 4 °C and 9600× g for 1 min. The pellet was suspended with 100 μL of ddH2O and 25 μL of 5× sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer by vortexing, and boiled for 5 min. Twenty microliters of supernatant were taken for SDS-PAGE (5% concentrated gel and 12% separated gel) detection after centrifuged at 4 °C, 16,000× g for 5 min.



For the purification, 50 mL of the E. coli BL21(DE3) with pET21a-BvAmylase induced for 6 h was collected by centrifuging at 4 °C, 3500× g for 10 min, and the pellet was washed with 1× PBS (Na2HPO4 8 mM, NaCl 136 mM, KH2PO4 2 mM, KCl 2.6 mM, pH 7.4) twice. Then, 5 mL of 1× PBS solution was added to suspend the pellet, and the cells were disrupted by Model 50 Sonic Dismembrator (Fisher Scientific, Pittsburgh, PA, USA). The supernatant and precipitate were separated by centrifuging at 4 °C, 16,000× g for 30 min. The E. coli BL21 (DE3) with the empty vector pET21a was the control. The amylase activity of both supernatants was measured by the DNS method at 40 °C. Meanwhile, SDS-PAGE was used to detect the supernatants for the target protein.



The supernatants with the BvAmylase were mixed and filtered with a 0.2 μm filter to remove impurities, and then was loaded into HisTrap HP column (GE Healthcare, Piscataway, NJ, USA) loaded with Ni2+ and equilibrated with the binding buffer [sodium phosphate buffer (pH 7.4) 20 mM, NaCl 0.5 M, imidazole 5 mM] at the flow rate 1 mL/min. After washing with 10 mL of binding buffer [sodium phosphate buffer (pH 7.4) 20 mM, NaCl 0.5 M, imidazole 30 mM], the recombinant protein was washed with the elution buffer [sodium phosphate buffer (pH 7.4) 20 mM, NaCl 0.5 M, imidazole 50/100/200/300/400/500 mM] sequentially, and the eluate was collected in 1.5 mL tube. The fractions were detected by nanodrop2000c at 280 nm and SDS-PAGE, separately. The eluted BvAmylase was mixed and dialyzed with 1× PBS at 4 °C overnight. Bradford reagent was used to quantify the purified amylase protein. Twenty microliters of amylase were added into 200 μL of Bradford reagent, mixed, and reacted at room temperature for 10 min, the absorption A595 was recorded. Twenty microliters of ddH2O were taken as the control. The concentration of amylase was calculated by the BSA (Bovine Serum Albumin) standard curve.




2.7. Characterization of BvAmylase Enzyme


2.7.1. Effect of Temperature on BvAmylase Activity and Stability


The purified amylase was diluted 50 times by adding 20 μL of purified BvAmylase into 980 μL 1× PBS (pH 7.4). Then, the diluted BvAmylase was used for the following experiments. The optimum temperature of purified BvAmylase activity was explored by measuring the α-amylase activity at different temperatures (25, 30, 40, 50, 55, 60, 65, 70, 75, 80, 90, 100 °C) with the DNS method. Furthermore, the thermal stability of the purified amylase was obtained by preincubating the BvAmylase at different temperatures (40, 50, 60, 70, 80 °C) for 0–60 min, and then the activity was tested by the DNS method at optimum temperature. The results were calculated as the percentages of the highest activity reaction (100%).




2.7.2. Effect of pH on BvAmylase Activity and Stability


Amylase activity was measured at optimum temperature using different buffers [0.1 M citric acid-sodium citrate (pH 4.0, 5.0, and 6.0), 0.1 M K2HPO4-KH2PO4 buffer (pH 7.0, 8.0, 9.0), and 0.1 M glycine-NaOH (pH 10.0, 11.0, 12.0)] for optimum pH. The enzyme was preincubated in varying pH (3.0–9.0) in the respective buffer for 48 h for the stability of purified BvAmylase. The residual enzyme activity was tested by the DNS method at optimum temperature. The results were calculated as the percentages of the highest activity reaction (100%).




2.7.3. Effect of Some Metal Ions on BvAmylase Activity


The effect of metal ions (MnSO4, ZnSO4, FeSO4, CuSO4, NaCl, CaCl2, KCl, MgCl2, CoCl2) on purified BvAmylase activity was determined by preincubating the enzyme at room temperature for 30 min at 2 mM and 5 mM. The activity of the control without metals was taken as 100%. All assays were performed under optimum temperature and optimum pH as described above.




2.7.4. Effect of Some Detergents and Organic Solvents on BvAmylase Activity


The effect of detergents (SDS, Triton X-100, and Tween 20) and organic solvents (methanol and ethanol) on purified BvAmylase activity was determined by preincubating the enzyme at room temperature for 30 min at 2% and 5% (w/v). The activity of the control without detergents and organic solvents was taken as 100%. All assays were performed under optimum temperature and optimum pH as described above.




2.7.5. Determination of Km and Vmax for BvAmylase


The Michaelis constant (Km) is a basic characteristic constant of an enzyme, which reflects the binding and dissociation between enzyme and substrate. The initial velocities of the amylase activity were determined by the DNS method under optimum temperature and optimum pH. An amount of 70 ng (10 μL) of purified amylase was added into 100 μL of different starch concentration (0.15625, 0.3215, 0.625, 1.25, 2.5, 5, 10 mg/mL) in phosphate buffer (pH 6.0), gently mixed and incubated at 70 °C for 10 min. Then, 300 μL of DNS was added and boiled in the water bath for 5 min. After cooling to room temperature, 200 μL of the solution was taken into a 96-well plate, and the absorption was read at 540 nm. The reduced sugar produced after the reaction was calculated with a maltose standard curve. The initial velocities were expressed as μM maltose generated per minute per mg purified protein. The kinetic parameters Km and Vmax of the BvAmylase were obtained with non-linear regression function Michaelis Menten in software OriginPro 2018C.




2.7.6. Bioinformatics of BvAmylase Gene


The nucleotide sequence was translated into a protein sequence by Genetyx version 6.1.8, and the BLASTp program of the NCBI website was used for sequence alignment, and DNAMAN version 7 was used for multisequence alignment. The Clustal W built-in MEGA X version 10.0.5 was used for the multisequence alignment, and then the Neighbor-Joining method was used to construct the phylogenetic tree with bootstrap = 1000. The conservative structural domain was predicted by Interpro software (http://www.ebi.ac.uk/interpro/, 18 June 2021). The hydrophobicity was analyzed by Protscale software (https://web.expasy.org/protscale/, 18 June 2021). The secondary structure was predicted by SSpro software (http://scratch.proteomics.ics.uci.edu/, 18 June 2021). The three-dimensional model was calculated by SWISS-MODEL (http://www.expasy.ch/swissmod/SWISS-MODEL.htmL, 18 June 2021) and the obtained model was verified by ProSA [12].




2.7.7. Statistical Analysis


All data were analyzed using Microsoft Excel 2019 with one-way ANOVA. Data were described as mean values according to the results of at least three independent experiments, and SDs were presented as error bars. Data were considered as statistically significant for p ≤ 0.05.






3. Results


3.1. Identification of WangLB Bacterium by 16S rDNA


The 16S rDNA of WangLB bacterium was amplified with its genomic DNA, and an approximately 1500 bp fragment was obtained (Figure 1). After T/A cloning, it was sequenced and deposited into GenBank (Accession number: MW015754).



BLAST results showed that the 16S rDNA of WangLB bacterium had the highest similarity with that of Bacillus velezensis strain FZB42. Phylogenetic analysis results indicated that WangLB and two Bacillus velezensis bacteria shared the same clade (Figure 2), which suggested that WangLB bacterium belonged to Bacillus velezensis.




3.2. Morphological and Biochemical Identification of WangLB


The single isolated colonies were observed on LB agar plate after 24 h of incubation. The morphology of the WangLB colonies was diameter 1–2 mm, grey, glossy, opaque, sticky texture, convex, neat, and smooth edge.



Enzyme activity, carbon source utilization, inhibition, and drug resistance of WangLB bacterium were measured by VITEK 2 BCL card. The results showed that it belonged to Bacillus as it had positive reactions in L-aspartate arylaminase, Leucine arylaminase, phenylalanine arylaminase, L-proline arylaminase, alanine arylaminase, tyrosine arylaminase, alanine phenylalanine proline arylaminase, α-galactosidase [13], β-glucosidase, pyruvate, esculin hydrolysis, tetrazolium red, and resistance to polymyxin B (Table 1).




3.3. Cloning, Sequence Analysis of the BvAmylase Gene, and Construction of the Prokaryotic Expression Plasmid


The BvAmylase gene from WangLB bacterium genomic DNA without stop codon was amplified, and about 2000 bp fragment was obtained (Figure 3). After T/A cloning, it was inserted into the pUCm-T vector and sequenced.



The sequencing results showed that the BvAmylase gene (accession number: MW822009) had a length of 1980 bp coding for 659 amino acids, and the relative molecular weight of BvAmylase protein was 72.35 kDa with its theoretical pI of 5.49. Sequence analysis results also showed BvAmylase protein belonged to the GH13 (α-amylase) family and was a secretary protein. BvAmylase protein was a hydrophilic stable protein with a signal peptide (1–33 amino acids). The alignment results showed that BvAmylase shared 99.24%, 99.09%, and 98.03% of identity with α-amylase from Bacillus amyloliquefaciens (WP_174532725.1), Bacillus velezensis FZB42 (WP_095273266.1), and Bacillus subtilis (AFD33644.1), respectively (Figure 4). The three conserved catalytic sites (D217, E249, D310) and the conserved Ca2+ binding sites (N142, D187, D212) were identified in BvAmylase which were identical to these α-amylases (Figure 4).



Conserved domains prediction results indicated that BvAmylase had the following domains: catalytic domain of glycosyl hydrolase family 13 (IPR006047, 50–383), C-terminal domain alpha-amylase (IPR031319, 393–468), and starch-binding module 26 (IPR031965, 565–636) (Figure 4).



Phylogenetic analysis results revealed three clans including GH13-5, GH13-6, and GH13-7, and BvAmylase fell into the GH13-5 family (Figure 5). The GH13-5 family consisted of all Baccillus of Firmicutes phylum species. It was shown that in the GH13-6 family, most of the Proteobacteria phylum species formed a big branch while all the plant species formed another. However, Archaea species and Bacteroidetes phylum species clustered separately in the GH13-7 family.



The three-dimensional (3D) model of BvAmylase was predicted using the α-amylase template [1bag.1.A] of Bacillus subtilis and verified by the protein structure analysis tool ProSA. Results showed that the oligo state of BvAmylase was a monomer having 44 to 465 amino acids and sequence identity was 90.05%. BvAmylase model had three typical domains: Domain A was composed of the (α/β)8 barrel with its catalytic residues, domain B was a long loop that protrudes the surface, and domain C was composed of eight antiparallel beta-sheet structures (Figure 6A). The three conserved catalytic sites D217, E249, and D310 formed a pocket in the barrel of the A domain (Figure 6B). There were three Ca2+ binding sites N142, D187, and D212 near the barrel (Figure 6B). The binding of Ca2+ can stabilize the structure of the enzyme [14].



The digestion results showed that the total length of fragments generated by BamHI and XhoI was equal to the single fragment length produced by BamHI, which implied that the prokaryotic expression vector pET21a-BvAmylase was successfully constructed (Figure 7).




3.4. Prokaryotic Expression and Purification of BvAmylase Gene of WangLB


To check whether the BvAmylase gene can be expressed or not, 1 mM of IPTG was used to induce the expression of BvAmylase overnight. The results showed that there was an expression at 2, 4, 6, and 24 h compared with the empty plasmid control (Figure 8).



For confirming the activity of the expressed BvAmylase, the supernatant of both the pET21a-BvAmylase cells and the control were tested for α-amylase activity. The results showed high α-amylase activity for the pET21a-BvAmylase, while only barely baseline for the control (Figure 9). Therefore, the supernatant of the pET21a-BvAmylase cell was used for further purification.



The BL21 (DE3) cell with pET21a-BvAmylase and pET21a induced for 24 h were collected, ultrasonic disrupted, and centrifuged. The recombinant amylase was purified by nickel column. The SDS-PAGE results indicated that 200 mM of imidazole was the optimum washing concentration (Figure 10). To remove the imidazole, the elute of both 100 mM and 200 mM of imidazole were mixed and dialyzed with 1× PBS buffer at 4 °C overnight. Bradford method was used to quantify the concentration of purified amylase, the results showed that the purified amylase was about 350 μg/mL.




3.5. Characterization of BvAmylase of WangLB


3.5.1. Effect of Temperature on the α-Amylase Activity and Stability


BvAmylase showed more than 51.99% enzymatic activity from 40 °C to 75 °C, with its optimum temperature at 70 °C (Figure 11A). The results of thermostability experiments showed that BvAmylase was more stable at 40 °C and 50 °C, which had more than 63.93% activity after treatment for 60 min. With the increase in temperature, the enzymatic activity sharply decreased, when treated under 60 °C, 70 °C and 80 °C for 10 min, the enzymatic activity was 59.83%, 27.19%, and 6.01%, respectively; when extended for another 30 min, the enzymatic activity was 27.04%, 0%, and 0%, respectively (Figure 11B).




3.5.2. Effect of pH on the α-Amylase Activity and Stability


BvAmylase had good activity from pH 5.0 (86.63%) to pH 7.0 (69.05%) with optimum pH at pH6.0 (Figure 12A). After preincubation for 48 h, BvAmylase was more stable from pH6.0 (71.59%) to pH8.0 (86.60%) with the optimum pH 7.0 (Figure 12B).




3.5.3. Influence of Metal Ions on the α-Amylase Activity


The effect of metal ions on BvAmylase was tested by measuring the activity in the presence of metal ions. The results showed that all of the metal ions tested (Mn2+, Zn2+, Fe2+, Na+, Ca2+, K+, Mg2+, Cu2+) inhibited the enzymatic activity of BvAmylase at both 2 mM and 5 mM except Co2+ which promoted the enzymatic activity at 2 mM and inhibited the enzymatic activity at 5 mM (Figure 13). The results also showed that BvAmylase was active without metal ions, suggesting it was a metal ion-independent enzyme. In general, the α-amylase activity decreased as the concentration of metal ions increased. The activity of BvAmylase was reduced to 60.34%, 75.78%, and 79.76, respectively, when 2 mM Mn2+, Zn2+, and Fe2+ were applied, and the activities were reduced to 38.43%, 46.21%, and 65.61% separately when the concentration increased to 5 mM (Figure 13). The enzymatic activity of BvAmylase was only slightly affected by 2 mM of Ca2+, K+, Mg2+, Cu2+, however, 5 mM of those metal ions decreased the enzymatic activity by about 20%–30% compared to the control.




3.5.4. Influence of Detergents and Organic Solvents on α-Amylase Activity


The effect of detergents and organic solvents on BvAmylase was tested by measuring the activity in the presence of SDS, methanol, ethanol, Tween20, and Triton-X100. The results showed that SDS had the highest inhibiting activity on BvAmylase for which both 2% and 5% of SDS had reduced the enzymatic activity by more than 95% (Figure 14). For the ethanol and methanol, both of them reduced the enzymatic activity by about 10% at 2% and 5% concentration, separately. On the contrary, both Tween20 and Triton X-100 promoted the activity. Both 2% and 5% of Tween20 increased the enzymatic activity by 5.90% and 7.86%, while Triton X-100 increased by 14.97% and 31%, respectively (Figure 14). These results suggested that Triton X-100 can be used to stimulate the activity of BvAmylase.




3.5.5. Determination of the Kinetic Parameters of BvAmylase


By measuring the initial velocities of product generation, it was obvious to see BvAmylase complied with the Michaelis–Menten kinetics (Figure 15). The kinetic parameters Km and Vmax of the BvAmylase in the Michaelis–Menten equation were 3.43 ± 0.53 mg/mL and 434.19 ± 28.57 U/mg (Figure 14).






4. Discussion


Amylase is one of the most indispensable enzymes which possess numerous applications in industries and laboratories [7]. According to the statistics, amylases comprise about 30% of the global market of industrial enzymes [15]. In industries, α-amylase is mainly synthesized by bacteria and fungi. With the expansion of α-amylase application, the demand is increasing year by year. Although a large number of α-amylase has been identified and some of them have been used in production, the current enzymes cannot fully meet the industrial needs [16]. Recombinant DNA technology has been used to enhance the biosynthesis of α-amylase [6]. With the aim of industrial production of α-amylase, an α-amylase-producing bacterium WangLB was identified, its α-amylase coding gene was cloned, expressed, purified, and characterized.



In this study, we proposed that the WangLB strain was a new Bacillus velezensis species and the BvAmylase was a new α-amylase. The evidences were: (1) although the analysis of the 16S rDNA showed the WangLB strain shared 99.60% identity with Bacillus velezensis strain FZB42, the biochemical reactions for esculin hydrolysis, tetrazolium red, and resistance to polymyxin B were all positive, which was different from the secondary metabolite cyclic lipopeptides (i.e., surfactin, bacillomycin-D, fengycin, and bacillibactin) and polyketides (i.e., macrolactin, bacillaene, and difficidin) synthesized by other Bacillus velezensis [17]. (2) the alignment result of the protein sequences showed BvAmyalse shared 99.24% and 99.09% similarity with α-amylase from Bacillus amyloliquefaciens and Bacillus velezensis FZB42 separately, however, they were not identical in the protein sequence.



The recombinant protein expression can be influenced by the expression vector, the host cell, the inducer, culture temperature, and the inducing time. For example, an organic-solvent-tolerant α-amylase AmyH from Exiguobacterium sp. DAU5 was cloned into pET32a and expressed highest in E. coli BL21 (DE3) with 0.1 mM of IPTG at 30 °C and 5 h [18], while a halophilic α-amylase gene EAMY from E. coli JM109 was cloned into the expression vector pSE380 and expressed highest with 1 mM of IPTG at 37 °C for 10 h [19]. Özcan et al. reported that the α-amylase gene from Bacillus stearothermophilus was cloned into expression vector pETDuet-1 and expressed highest in E. coli BL21 (DE3) with 0.4 mM of IPTG at 37 °C and 18 h [20]. In this study, the α-amylase gene BvAmylase was successfully cloned into pET21a, and highly expressed in E. coli BL21 (DE3) with 1 mM of IPTG at 37 °C and 6 h. However, Solat et al. inserted the thermo-tolerant halophilic α-amylase AmyF into pET28b and expressed highest in E. coli BL21 (DE3) with higher than 0.1 mM of IPTG, and less activity was obtained due to the formation of a large number of inclusion bodies [21]. Instead of IPTG, the highest amount of the active recombinant α-amylase AmyF was produced by 10 mM lactose for 8 h [21].



The relative molecular weight of α-amylase varied among different bacteria. In this study, SDS-PAGE result showed that the relative molecular weight of BvAmylase was approximately 72.0 kDa, which was similar to the α-amylase AmyJ33 (72.0 kDa) from Bacillus amyloliquefaciens JJC33M [22] and the α-amylase AmyBS-1 (72.3 kDa) in Bacillus subtilis AS01a [23], was higher than the α-amylase FMB1 (58.5 kDa) in Anoxybacillus ayderensis [5], the α-amylase (52.0 kDa) in Bacillus amyloliquefaciens [24], the α-amylase (56.0 kDa) in Bacillus sp. YX-1 [25] and the α-amylase AMY1 (47.0 kDa) in Massilia timonae [6], however, was lower than the α-amylase AmyKS (136.9 kDa) in Bacillus subtilis strain US572 [26] and the α-amylase (85.0 kDa) in Bacillus licheniformis AT70 [27].



The optimal temperature of α-amylase also varied among bacteria. The optimal temperature of BvAmylase was 70 °C which is identical to the α-amylase from Bacillus sp. BCC021-50, Nocardiopsis sp., Bacillus methylotrophicus strain P11-2 and Aspergillus sp. [28,29,30,31]. The higher optimal temperature has been reported for a thermostable and acid-stable α-amylase (100 °C) from Bacillus licheniformis B4-423, Bacillus sp. ANT-6 (80 °C), Bacillus licheniformis (80 °C) [32,33,34]. The lower optimal temperature has also been reported for α-amylase in Bacillus sp. (35 °C) and Tepidimonas fonticaldi strain HB23 (35 °C), Bacillus subtilis MTCC 121 (40 °C) and Halobacillus sp. strain MA-2 (50 °C) [35,36,37,38]. Our BvAmylase displayed a wide range of thermal activity and the activity was 51.99% and 56.25% at 40 °C and 75 °C, respectively, indicating its applications in both medium-temperature and high-temperature processes in numerous industries.



The optimal pH of α-amylase varied much between bacteria. BvAmylase exhibited the optimal activity at pH 6.0, and it was active at a narrow range of pH, displaying 86.63% and 69.05% activity at pH 5.0 and pH 7.0, respectively. These results were similar to AmyKS from Bacillus subtilis strain US572 with optimal pH 6.0 and showing 65.00% and 76.00% activity at pH 5.0 and pH 7.0, respectively [26]. Hence, this enzyme is suitable to be used in acidic conditions in industries. However, α-amylase from WangLB, B. subtilis JS-200449, and Bacillus subtilis showed the optimal activity at pH 9.0, pH 8.0, and pH 7.0, respectively [11,26,39]. In the literature, the optimal pH of α-amylase from Bacillus was even ranged from 4.5 to 10.5 [14,40].



The effects of metal ions on α-amylase activity are different between the source of organisms and in a concentration-dependent manner. The effects of metal ions on BvAmylase in our study have shown that it did not need any ions to activate its α-amylase activity. The activity was decreased by increasing concentration of Mn2+, Zn2+, Fe2+, Ca2+, Mg2+, Cu2+, Na+, and K+ from 2 mM to 5 mM (Figure 12). This is consistent with the α-amylase for 2 mM of Zn2+ and Mg2+ in Nesterenkonia sp. strain F which reduces about 18% activity [21]. On the contrary, Cu2+ and Ca2+ did not decrease the α-amylase activity and the highest α-amylase activity was observed at 100 mM and 200 mM, respectively, for a pH and thermo-tolerant halophilic α-amylase from moderate halophile Nesterenkonia sp. strain F [21]. For the α-amylase in Petrotoga mobilis, 2 mM of Ca2+ increased the α-amylase activity by about 10% while 5 mM of Ca2+ reduced the α-amylase activity by about 10% [41]. For the α-amylase from Bacillus licheniformis B4-423, both 1 mM and 5 mM of Ca2+, Mg2+, Na+, and K+ did not affect the activity, however, both 1 mM (92.9%) and 5 mM (77.6%) of Mn2+ decreased the activity, while Zn2+, Co2+, Cu2+, and Fe2+ severely inhibited the activity [32]. For the α-amylase from Chinese Nong-flavor Daqu, both 1 mM and 10 mM of Zn2+ and Cu2+ decreased the α-amylase activity by more than 95.0%, but Na+ and K+ just slightly decreased the activity [42]. For the α-amylase from Bacillus acidicola, both 1 mM and 5 mM of Co2+ increased the activity by 150% and 130%, separately [43]. In this study, 2 mM of Co2+ increased the α-amylase activity by 22.83%, and 5 mM of Co2+ decreased the α-amylase activity by 23.37% (Figure 12). It can be explained by our proposed hypothesis: the Co2+ has a high affinity with the Ca2+-binding sites, but a low affinity with the catalytic sites. When the concentration of Co2+ is 2 mM, it binds to the Ca2+-binding sites to change the conformation of the catalytic center and to enhance the α-amylase activity. On the contrary, when the concentration of Co2+ is 5 mM, not only it binds to the Ca2+-binding sites to enhance the α-amylase activity, but also binds to the catalytic center to inhibit the reaction, which is also competitive with the substrate soluble starch. Thus, the activity of α-amylase decreases.



Most of the α-amylases are metalloenzymes containing at least one Ca2+-binding site by which to activate the enzymatic activity and structural stability [1]. In the Ca2+-dependent α-amylase, the metal triad Mg2+-Na+-Ca2+ in the main Ca2+-binding site can link Domain A and B [44]. For our BvAmylase, both 2 mM and 5 mM of Ca2+ reduced the activity by 9.47% and 21.19% separately (Figure 12), suggesting it was a Ca2+-independent α-amylase which was suitable to be used in detergent industries. This is consistent with the α-amylase from Talaromyces pinophilus 1–95, Talaromyces pinophilus, Bacillus sp. KR-8104 and Bacillus licheniformis B4-423 [32,45,46,47].



The detergents and the organic solvents also affected the α-amylase activity. SDS is an anionic surfactant and a strong protein denaturant. For the α-amylase from Anoxybacillus ayderensis FMB1, 0.04% (w/v) of SDS decreased the activity by 27% [5]. For the α-amylase NFAmy13B from Chinese Nong-flavor Daqu, its activity was reduced by 96.78% and 97.98% under 0.03% (w/v) and 0.3% (w/v) of SDS, separately [42]. On the contrary, the anionic detergent 0.14% (w/v) of SDS did not inhibit the α-amylase from Massilia timonae, while 0.28% (w/v) of SDS inhibited the activity by 17.50% [6]. For the α-amylase from Bacillus acidicola, 0.1% of SDS did not change the activity while 0.2% (7.56 mM) reduced the activity by 10% [43]. It seemed that the lower concentration of SDS did not inhibit the α-amylase activity and vice versa. In our study, both 2% (w/v) and 5% (w/v) of SDS severely reduced the α-amylase activity by 95.58% and 96.38%, respectively, which was consistent with the α-amylase from Geobacillus sp. GS33 that 1% (w/v) of SDS reduced the activity by 64% [48]. Therefore, the lower concentrations of SDS for BvAmylase should be tested in the future.



Tween 20 and Triton X-100 are mild non-ionic detergents. For the Tween 20, both 2% (w/v) and 5% (w/v) of which increased the BvAmylase activity by 5.90% and 7.86%, separately (Figure 13). This is consistent with the α-amylase from a high maltose-forming, acid-stable, and Ca2+-independent α-amylase of the acidophilic Bacillus acidicola whose activity was increased by 16% for 0.2% (w/v) of Tween 20 [43]. In Thalassobacillus sp. LY18, 1.23% (w/v) of Tween 20 did not affect the activity of its α-amylase at all [49]. In Thermotoga petrophila and Geobacillus sp. GS33, 1% (v/v) of Tween 20 decreased the α-amylase activity by 13% and 34%, respectively [48,50]. In WangLB bacterium, both 2% (w/v) and 5% (w/v) of Tween 20 decreased the α-amylase activity by about 14% and 32%, respectively [11]. In the case of Triton X-100, both 2% (w/v) and 5% (w/v) increased the BvAmylase activity by 14.97% and 31.15% (Figure 13), which was consistent with the α-amylase from Geobacillus sp. GS33 where 1% (w/v) of Triton X-100 increased the activity by 28% [48]. However, the activity of the α-amylase from the acidophilic Bacillus acidicola and Thalassobacillus sp. LY18 was not affected by 0.1% (w/v) and 0.65% (w/v) of Triton X-100, separately [43,49]. In WangLB bacterium, 2% (w/v) of Triton X-100 did not affect the activity while 5% (w/v) of that reduced the activity by about 12% [11].



Methanol and ethanol have a higher affinity with water, which can destroy the hydration membrane on the surface of α-amylase and reduce the solubility of α-amylase, then decrease the enzymatic activity. In this study, both methanol and ethanol slightly reduced the α-amylase activity at 2% (w/v) and 5% (w/v) (Figure 13), which was consistent with the other α-amylase isolated from WangLB [11].



Km represents the affinity between the substrate and the enzyme. In a previous study, the Km and Vmax of the secretary α-amylase of WangLB were 0.37 ± 0.02 mg/mL and 233.00 U/mg [11]. In this study, the Km and Vmax of BvAmylase were 3.43 ± 0.53 mg/mL and 434.19 ± 28.57 U/mg, which implied that our BvAmylase had a lower affinity with soluble starch than the previously isolated α-amylase, however, it possessed higher activity than the previous one. We postulated that there were at least two α-amylase existed in the WangLB bacterium, both of which accounted for the characteristic of the high α-amylase production [11].




5. Conclusions


The high amylase-producing bacterium WangLB was identified as Bacillus velezensis according to the 16S rDNA and biochemical properties. The gene encoding an α-amylase BvAmylase was cloned, prokaryotic expressed, purified, and characterized. BvAmylase gene had a length of 1980 bp, encoding 659 amino acids. The relative molecular weight and pI of BvAmylase were 72.35 kDa and 5.49, respectively. BvAmylase belonged to the GH13-5 family and possessed the conservative catalytic sites (D217, E249, and D310) and Ca2+-binding sites, although it was a Ca2+-independent enzyme. The optimum temperature and pH were 70 °C and pH 6.0, respectively. The BvAmyalse was more stable at 40 °C and pH 7.0. All the tested metal ions inhibited the α-amylase activity except for the 2 mM of Co2+. Among the detergents used, SDS severely inhibited the activity while Tween 20 and Triton X-100 promoted the activity. Both methanol and ethanol inhibited the α-amylase activity. The BvAmyalse showed good activity at a broad temperature (40–75 °C) and a relatively narrow pH (5.0–7.0). The Km and Vmax of BvAmylase were 3.43 ± 0.53 mg/mL and 434.19 ± 28.57 U/mg, respectively. The clear classification of the WangLB strain, explicit BvAmylase gene sequence, the high α-amylase activity of the recombinant enzyme, and its wide range of temperature convey its application potential in industries.
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Figure 1. PCR result of 16S rDNA in WangLB bacterium. M: DNA marker. 1: PCR product. 
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Figure 2. Phylogenetic analysis of the WangLB 16S rDNA with related bacteria. MEGA X was used and the maximum likelihood algorithm was selected to construct the tree with 1000 bootstraps and nucleotide Tamura-Nei substitution model. 
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Figure 3. PCR result of the BvAmylase gene. M: DNA marker. 1: BvAmylase gene. 
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Figure 4. Alignment of BvAmylase and other α-amylase proteins. DNAMAN 7 was used to perform the multi-sequence alignment. The signal peptide (1–33), C-terminal domain alpha-amylase (Aamy_C domain, 393–468), Starch-binding module 26 (CBM26, 565–636) is denoted by the red box. The active sites (99–100, 103–104, 143, 146, 171, 215, 217–218, 220–221, 249, 251, 253, 309–310, 314) are in the red line, the catalytic sites (217, 249, 310) are in asterisk, and Ca2+ binding sites (142, 187, 212) are in pound sign. Accession numbers for alpha-amylases are Bacillus amyloliquefaciens (WP_174532725.1), Bacillus subtilis (AFD33644.1), Bacillus velezensis (MW822009, WangLB), and Bacillus velezensis FZB42 (WP_095273266.1). 
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Figure 5. Phylogenetic analysis result of BvAmylase protein. Clustal W in MEGA X was used to make alignment, and the Neighbor-Joining method was used to construct the Phylogenetic tree with bootstrap = 1000. Purple, yellow, and green denote GH13-6, GH13-5, and GH13-7 families separately. The accession numbers are Bacillus velezensis (MW822009), Bacillus velezensis FZB42 (WP_095273266.1), Massilia sp. YMA4 (AXA90592.1), Empedobacter haloabium (WP_147953147.1), Massilia armeniaca (AVR97140.1), Massilia plicata (QBQ35479.1), Massilia albidiflava (QBI00971.1), Massilia lutea (QBE61772.1), Duganella sp. GN2-R2 (QJE00754.1), Massilia timonae CCUG 45,783 (EKU83291.1), Massilia timonae (QPA20011.1), Massilia oculi (AWL05875.1), Cellvibrio japonicus Ueda107 (ACE84223.1), Saccharophagus degradans 2–40 (ABD79827.1), Iodobacter fluviatilis (QBC45185.1), Permianibacter aggregans (QGX39990.1), Corallococcus sp. EGB (AII00648.1), Corallococcus coralloides DSM 2259 (AFE09509.1), Spirochaeta thermophila DSM 6192 (ADN02538.1), Archangium gephyra (AKJ00982.1), Melittangium boletus DSM 14,713 (ATB31363.1), Cystobacter fuscus (ATB36510.1), Stigmatella aurantiaca DW4/3-1 (ADO70169.1), Vigna angularis (BAC76729.1), Vigna mungo (CAA37217.1), Phaseolus vulgaris (BAA33879.1), Cuscuta reflexa (AAA16513.1), Arabidopsis thaliana (CAB36742.1), Triticum aestivum (AAA34259.1), Zea mays (ACF88424.1), Avena fatua (CAA09323.1), Hordeum vulgare (P04063.3), Oryza sativa (AAA33885.1), Bacillus amyloliquefacies (P00692), Bacillus licheniformis (P06278), Gramella forsetii KT0803 (CAL67106.1), Capnocytophaga canimorsus (ATA94000.1), Leadbetterella byssophila DSM 17,132 (ADQ17984.1), Flavobacterium alkalisoli (QEE48109.1), Olleya aquimaris (AXO81475.1), Flavobacterium johnsoniae UW101 (ABQ04980.1), Palaeococcus pacificus DY20341 (AIF68502.1), Thermococcus onnurineus NA1 (ABA26948.1), Pyrococcus furiosus DSM 3638 (NP_578206.1), Thermococcus eurythermalis (AIU69287.1), Pyrococcus sp. (BAA21130.1), Thermococcus kodakarensis (Q5JER7). 
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Figure 6. The homology structural model of the BvAmylase. (A) The structural model of the BvAmylase. The α-helices, β-folds, and coils are shown in red, yellow, and green, respectively. (B) The conservative catalytic and Ca2+ binding sites. Residues of the catalytic triad are shown in yellow. The Ca2+ binding sites are shown in orange, while the Ca2+ is displayed as a green ball. 
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Figure 7. Verification of pET21a-BvAmylase by digestions. M: DNA standard. 1: Double digestion by BamHI and XhoI. 2: Single digestion by XhoI; 3. Plasmid control. 
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Figure 8. Induction of pET21a-BvAmylase expression. M: Protein standard; 1 and 2. BL21 (DE3) cells containing pET21a induced for 0 and 24 h; 3–7: BL21 (DE3) cells containing pET21a-BvAmylase induced for 0, 2, 4, 6, and 24 h. 






Figure 8. Induction of pET21a-BvAmylase expression. M: Protein standard; 1 and 2. BL21 (DE3) cells containing pET21a induced for 0 and 24 h; 3–7: BL21 (DE3) cells containing pET21a-BvAmylase induced for 0, 2, 4, 6, and 24 h.
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Figure 9. Detection of α-amylase activity for BL21 (DE3) with pET21a-BvAmylase and pET21a. The BL21 cell with pET21a and pET21a-BvAmylase were induced for 24 h, collected, washed, disrupted, centrifuged, and the supernatants were used to measure the α-amylase activity by the DNS method under 40 °C and 20 min. The double asterisks denoted the experimental group was statistically different from the control experiment (p < 0.01). 
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Figure 10. Detection of BvAmylase with SDS-PAGE. M: Protein standard. 1–7: The imidazole concentration is 1: 50, 2: 100, 3: 100, 4: 100, 5: 200, 6: 200, 7: 300 mM/L. 
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Figure 11. Effect of temperature on α-amylase activity and stability. (A) Effect of temperature on α-amylase activity. The optimum temperature of purified BvAmylase activity was determined by measuring the α-amylase activity at different temperatures (25, 30, 40, 50, 55, 60, 65, 70, 75, 80, 90, 100 °C) with the DNS method. (B) Effect of temperature on α-amylase stability. The purified BvAmylase was preincubated at different temperatures (40, 50, 60, 70, 80 °C) for 0–60 min, and then the activity was tested by the DNS method at optimum temperature. The highest activity and the activity without preincubating treatment were taken as control (100%). All assays were repeated four times. All of the experimental groups were statistically different from the control experiment (p < 0.01). 
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Figure 12. Effect of pH on α-amylase activity and stability. (A) Effect of pH on α-amylase activity. The α-amylase activity was measured under 70 °C, 1% (w/v) starch, 20 min, and different pHs. (B) Effect of pH on α-amylase activity and stability. The purified BvAmylase was preincubated in varying pH (3–9) in the respective buffer for 48 h, and the residual enzyme activity was tested by the DNS method. The highest activity and the highest residual activity were taken as the control (100%). All assays were repeated four times. All of the experimental groups were statistically different from the control experiment (p < 0.01). 






Figure 12. Effect of pH on α-amylase activity and stability. (A) Effect of pH on α-amylase activity. The α-amylase activity was measured under 70 °C, 1% (w/v) starch, 20 min, and different pHs. (B) Effect of pH on α-amylase activity and stability. The purified BvAmylase was preincubated in varying pH (3–9) in the respective buffer for 48 h, and the residual enzyme activity was tested by the DNS method. The highest activity and the highest residual activity were taken as the control (100%). All assays were repeated four times. All of the experimental groups were statistically different from the control experiment (p < 0.01).



[image: Fermentation 07 00227 g012]







[image: Fermentation 07 00227 g013 550] 





Figure 13. Influence of some metal ions on α-amylase activity. (A) 2 mM. (B) 5 mM. The purified BvAmylase activity was determined by preincubating the enzyme with different metal ions (MnSO4, ZnSO4, FeSO4, CuSO4, NaCl, CaCl2, KCl, MgCl2, CoCl2) at room temperature for 30 min at 2 mM and 5 mM. The reaction activity without metal ions was taken as the control (CK), which was set to 100%. All assays were performed four times under 70 °C, pH 6.0, and 20 min. Single and double asterisks denoted the experimental groups were statistically different from the control experiment 0.01 < p < 0.05 and p < 0.01, respectively. 
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Figure 14. Influence of some detergents and organic solvents on BvAmylase activity. (A): 2% (w/v). (B): 5% (w/v). Conditions: 1% starch, pH6.0, 70 °C, 20 min. The purified BvAmylase activity was determined by preincubating the enzyme with detergents (SDS, Triton X-100, and Tween 20) and organic solvents (methanol and ethanol) at room temperature for 30 min at 2% (w/v) and 5% (w/v). The activity of the control without detergents and organic solvents was taken as 100%. All assays were performed four times at 70 °C, pH 6.0, and 20 min. Single and double asterisks denoted the experimental groups were statistically different from the control experiment 0.01 < p < 0.05 and p < 0.01, respectively. 
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Figure 15. Saturation curve of varying starch concentration. The abscissa represents the starch concentration while the ordinate represents the velocity of reducing sugar yield. The initial velocities of the α-amylase activity were determined by the DNS method under 70 °C, pH 6.0 and 20 min. All assays were repeated four times. The reduced sugar produced after the reaction was calculated with a maltose standard curve. The initial velocities were expressed as μM maltose generated per minute per mg purified protein. The kinetic parameters Km and Vmax of the BvAmylase were obtained by using the non-linear regression function Michaelis Menten in the software OriginPro 2018C. 
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Table 1. Enzyme activity, carbon source utilization, inhibition, and drug resistance of WangLB bacterium.
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	Reaction Pore
	Experiments
	Abbreviation
	Result





	1
	β-Xylosidase
	BXYL
	−



	3
	L-lysine arylaminase
	LysA
	−



	4
	L-aspartate arylaminase
	AspA
	+



	5
	Leucine arylaminase
	LeuA
	+



	7
	Phenylalanine arylaminase
	PheA
	+



	8
	L-proline arylaminase
	ProA
	+



	9
	β-galactosidase
	BGAL
	−



	10
	L-pyrrolidone arylaminase
	PyrA
	−



	11
	α-galactosidase
	AGAL
	+



	12
	Alanine arylaminase
	AlaA
	+



	13
	Tyrosine arylaminase
	TyrA
	+



	14
	β-N-acetylglucosaminidase
	BNAG
	−



	15
	Alanine phenylalanine proline arylaminase
	APPA
	+



	18
	Cyclodextrin
	CDEX
	−



	19
	D-galactose
	dGAL
	−



	21
	Glycogen
	GLYG
	−



	22
	Inositol
	INO
	−



	24
	Methyl-a-D-glucopyranoside acidification
	MdG
	−



	25
	Ellman
	ELLM
	−



	26
	Methyl-d-xyloside
	MdX
	−



	27
	α-mannosidase
	AMAN
	−



	29
	Maltotriose
	MTE
	−



	30
	Glycine arylaminase
	GlyA
	−



	31
	D-mannitol
	dMAN
	−



	32
	D-mannose
	dMNE
	−



	34
	D-melezitose
	dMLZ
	−



	36
	N-acetyl-D-glucosamine
	NAG
	−



	37
	Palatinose
	PLE
	−



	39
	L-rhamnose
	IRHA
	−



	41
	β-glucosidase
	BGLU
	+



	43
	β-mannosidase
	BMAN
	−



	44
	Phosphorylcholine
	PHC
	−



	45
	Pyruvate
	PVATE
	+



	46
	α-glucosidase
	AGLU
	−



	47
	D-tagatose
	dTAG
	−



	48
	D-trehalose
	dTRE
	−



	50
	Inulin
	INU
	−



	53
	D-glucose
	dGLU
	−



	54
	D-ribose
	dRIB
	−



	56
	Putrescine assimilation
	PSCNa
	−



	58
	Growth in 6.5% NaCI
	NaCl 6.5%
	−



	59
	Kanamycin resistance
	KAN
	−



	60
	Oleandomycin resistance
	OLD
	−



	61
	Esculin hydrolysis
	ESC
	+



	62
	Tetrazolium Red
	TTZ
	+



	63
	Resistance to polymyxin B
	POLYB R
	+







Note: ‘+’ indicates positive reaction while ‘−’ denotes negative reaction.
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