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Soybean meal (SBM) is one of the most important sources of plant-based protein in the livestock and poultry industry. However, SBM contains anti-nutritional factors (ANFs) such as glycinin, β-conglycinin, trypsin inhibitor and phytic acid that can damage the intestinal health of animals, inevitably reducing growth performance. Fermentation using microorganisms with probiotic potential is a viable strategy to reduce ANFs and enhance the nutritional value of SBM. In this study, a novel potential probiotic Bacillus licheniformis (B4) with phytase, protease, cellulase and xylanase activity was isolated from camel feces. The ability of B4 to tolerate different pH, bile salts concentrations and temperatures were tested using metabolic activity assay. It was found that B4 can survive at pH 3.0, or 1.0% bile salts for 5 h, and displayed high proliferative activity when cultured at 50°C. Furthermore, B4 was capable of degrading glycinin, β-conglycinin and trypsin inhibitor which in turn resulted in significant increases of the degree of protein hydrolysis from 15.9% to 25.5% (p < 0.01) and crude protein from 44.8% to 54.3% (p < 0.001). After fermentation with B4 for 24 h, phytic acid in SBM was reduced by 73.3% (p < 0.001), the neutral detergent fiber (NDF) and the acid detergent fiber of the fermented SBM were significantly decreased by 38.40% (p < 0.001) and 30.20% (p < 0.05), compared to the unfermented SBM sample. Our results suggested that the effect of solid-state fermented SBM using this novel B. licheniformis (B4) strain, could significantly reduce phytic acid concentrations whilst improving the nutritional value of SBM, presenting itself as a promising alternative to phytase additives.
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Introduction

Soybean meal (SBM), contains 40%–50% crude protein and is one of the most important sources of supplemental plant-based protein in the livestock and poultry industry (1, 2). However, anti-nutritional factors (ANFs) such as allergenic proteins, glycinin (22–40 kDa) and β-conglycinin (52–76 kDa) found within SBM can damage the intestinal structure of young pigs and chickens, leading to poor nutrient absorption and increased incidence of diarrhea, which in turn results in poor growth performance (3–7). Phytic acid is a feed nutrition inhibitor that can chelate micronutrients resulting in the formation of insoluble cation-phytic acid complexes which in turn leads to decreased absorption of various cations (calcium, iron and zinc) in the intestine of animals. Trypsin inhibitor (TI, 20 kDa) can reduce the protein digestion and restrict the absorption and utilization of nutrients (8). In addition to this, undigested proteins can be consumed by potential pathogen bacteria that work to impair the integrity of the intestinal membrane (9).

Enzymatic hydrolysis technology has been used to reduce allergenicity and improve the nutritional value of SBM. Supplementation of protease derived from Aspergillus or Bacillus strains can reduce the allergenic proteins in SBM significantly (10, 11). Phytase, xylanase or cellulase derived from fungi and bacteria can improve the digestibility of plant-based feed ingredients, decrease intestinal content viscosity and enhance nutrient absorption which in turn modulates the intestinal health of animals (12). However, the stability of enzymatic activity and the high cost of enzyme preparations are the primary factors limiting their application in livestock feeds.

Fermentation by probiotics is a new strategy that has been deployed to reduce immunoreactivity and enhance the nutritional value of SBM. Previous research has performed SBM fermentation using Lactobacillus spp., Bacillus spp., Lactiplantibacillus spp., Enterococcus spp., Pediococcus spp. to decrease the ANFs and increase the protein contents (13, 14). Some strains of probiotics are known to produce enzymes such as phytase, xylanase or cellulase, which help to reduce the allergenicity and improve the nutrient digestibility of SBM. These strains can be seen as an alternative to enzyme additives for supplementation (3). The optimal temperature and reduction of undesired microorganisms’ contamination (such as Escherichia coli) are the key indicators of a high quality and stable fermentation. For example, the high temperatures (up to 50°C–60°C) produced by fermentation can decrease the growth of undesired contaminated bacterial, and also inhibit the growth of most probiotic strains; therefore resulting in an inefficient fermentation (15). However, some studies showed that the use of sterilized SBM, as substrate for fermentation, could reduce undesired bacterial contamination and result in a better outcome when fermented (16, 17). Although this strategy provides an improvement in the high-quality fermentation of SBM, complicated processes and high energy consumption limits its viability in industrial SBM fermentation. Therefore, a strain of bacteria that is capable of enzyme secretion, has a high tolerance to a broad spectrum of varying temperatures, and is able to inhibit the growth of contaminated bacteria would be desirable to use for fermentation to improve the nutritional value of SBM.

Previous studies have shown that Bacillus licheniformis (B. licheniformis) improve growth performance in both swine and broilers when used as probiotic (5, 18). However, little is known about the efficiency of enzyme production and the function of SBM fermentation by B. licheniformis. In this study, we isolated a thermophilic enzyme-producing (phytase, protease, cellulase and xylanase) strain of B. licheniformis from camel feces and demonstrate its potential for the solid-state fermentation of SBM.



Materials and methods


Chemicals and media

Unless specified otherwise, all chemicals and media were purchased from Fisher Scientific, Mississauga, Canada.



Isolation and identification of Bacillus licheniformis from camel feces

Bacillus licheniformis was isolated from camel feces using a protocol described by Akhtar et al. (3) with minor modifications. The camel fecal samples were resuspended in sterile PBS (10 mL), vortexed for 10 s in order to suspend and collect the fecal supernatant. The collected supernatant was then diluted 10 times with PBS. Samples were centrifuged for 2 min at 400 × g and 100 μL of the original sample and 10-times diluted fecal suspension were plated on Luria-Bertani (19) agar plates and incubated at 37°C for 24 h. Thirty-seven bacterial colonies with different morphologies were purified using a streak plate method, and the purified bacteria were submitted to the Animal Health Laboratory at the University of Guelph for species verification using a matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS, Bruker, Canada). Five isolates of B. licheniformis (tentatively named A4, A11, A16, B2, and B4) were selected for phytase analysis.



Screening for phytase-producing Bacillus licheniformis

Western blot (WB) was performed to screen the phytase-producing B. licheniformis. The five isolates of B. licheniformis (tentatively named A4, A11, A16, B2, and B4) were cultured in LB broth under 37°C at 200 revolutions per minute (RPM) for 24 h. Cell-free culture supernatant (CFCS) was obtained after centrifugation (5,000 × g, 15 min) for further western blot analysis. Twenty micrograms (total protein concentration) of CFCS were loaded into an 11% SDS PAGE gel. After gel electrophoresis, the proteins were transferred to a polyvinyl difluoride (PVDF) membrane (Millipore, Billerica, United States) using the Trans-BlotR Turbo™ transfer system (Biorad, United States). Membranes were blocked in TBS-T with 5% skim milk powder at room temperature for 1 h and were incubated with the mouse anti-phytase primary antibody (1:1,000 dilution, Artron, Canada) at 4°C, overnight. The anti-mouse IgG (1:5,000 dilution, HRP-linked; Cell Signaling Technology; United States) was used as the secondary antibody. The protein density was detected by the Clarity Western ECL substrate and imaged with the ChemiDoc XRS+ System (Bio-Rad, United States).



Detection of protease, cellulase, and xylanase activities of Bacillus licheniformis (B4)

The agar plates containing allergenic proteins (Glycinin/β-conglycinin), carboxymethyl cellulose (CMC) (Acros Organics, United States) and Xylan (Sigma Aldrich, United States) were used to detect the protease, cellulase and xylanase activities of B4 according to the previous study by Li et al. (20),with minor modifications. SBM (Floradale Feed Mill Ltd., Floradale, Ontario, Canada) was grinded and filtered through a 60-mesh sieve. Five grams of ground SBM was suspended with 75 ml 0.03 M Tris–HCl (pH 8.5) and stirred at 200 RPM for 1 h at 45°C followed by centrifuging at 9,000 × g for 40 min at 4°C. After centrifugation, the supernatant was transferred to a new container for analysis and an additional precipitate pellet was performed with the aforementioned procedure described above for extraction To obtain the glycinin, NaHSO3 (final concentration 10 mM) was added to the supernatant and adjusted to pH of6.4 with 2 M hydrochloric acid (HCl). After storing the mixture at 4°C overnight, the glycinin-rich fraction of precipitate was obtained after centrifugation at 6,500 × g for 30 min at 4°C. To further extract β-conglycinin, NaCl (final concentration 0.25 M) was added to the supernatant and adjusted to pH of 5.5 with 2 M HCl, then stirred at 200 RPM for 30 min at 45°C followed by centrifuging at 9,000 × g for 40 min at 4°C. After centrifugation, the supernatant was transferred to a new collection tube and diluted by two-fold with Milli-Q water (MQ water) and adjusted to a pH of 4.8 with 2 M HCl. The β-conglycinin-rich fraction of precipitate was then obtained after centrifugation at 6,500 × g for 20 min at 4°C. The glycinin or β-conglycinin precipitate was dissolved in 100 ml of MQ water, and was supplemented with an equal volume of LB broth and 1.5 g agar to prepare glycinin or β-conglycinin protein plates. The plates were then prepared by adding 15 mL of glycinin or β-conglycinin protein broth and 15 mL of LB broth. The CMC agar plates were prepared by dissolving 1 g of CMC and 1.5 g of agar in 100 mL of LB. The Xylan agar plates were prepared by dissolving 0.3 g of Xylan and 1.5 g of agar to 100 ml of LB. The broth used was autoclaved for 25 min at 121°C before pouring into the petri dishes.

A single colony of B. licheniformis (B4) or Bacillus cereus (negative control) was cultured in LB broth overnight at 37°C, and 1 μL of B4 culture broth was inoculated on the agar plates containing allergenic proteins (Glycinin/β-conglycinin), CMC or Xylan, respectively. The clear zone diameters around the colonies were recorded after 12 h of culturing at 37°C and the hydrolysis capacity (HC) was calculated as the ratio of the diameter of the clear zone (HD) and colony (CD). Each experiment was performed in triplicate.



Growth characteristics of bacteria at different pH, bile salts, and temperature

The tolerance of B. licheniformis (B4) in low acidic, high bile salts, and high temperature environments was assessed according to the method reported in a previous study by Sudan et al. (21) with minor modifications. Briefly, for the acid tolerance and bile salts assay, 30 μL of the B4 overnight cultures was mixed with 70 μL of LB broth which has been adjusted to a pH of 2, 3, and 6.8 (control) using 2 M HCl, or 70 μL of LB broth which contained 0% (control), 0.3, 0.5 and 1% of bile salts (Sigma, United States) in a 96-well microplate for 1, 3, and 5 h at 37°C. At the end of each incubation period, the bacterial viability was measured spectrophotometrically using the Bacterial Counting Colorimetric Assay Kit (Bio Vision Technologies, United States) following manufacturer protocol. The optical density (OD)at 460 nm was then read via a Cytation 5 multimode plate reader (Biotek, Winooski, VT, United States). For temperature tolerance of the B4 in LB broth (pH 6.8), 60 μL of the B4 overnight cultures were incubated with 6 mL of LB broth at 25°C, 37°C, 50°C, or 60°C for 12 h and an OD at 600 nm was read every 2 h over a period of 2–12 h at 37°C using a Cytation 5 multimode plate reader (Biotek, Winooski, VT, United States). Each experiment was performed in triplicate.



Solid-state fermentation of SBM

Bacillus licheniformis (B4) was prepared by incubating a single colony in LB broth at 37°C (200 RPM) for 16 h and diluted to a cell number of 2.0 × 107 CFU/mL to use as inoculum. Thirty grams of SBM were mixed with 30 ml of inoculum (2.0 × 107 CFU/mL) in an aluminum box. The mixture was then incubated at 37°C for 24 or 48 h. To determine if B4 has the antimicrobial activity to eliminate gram-negative bacteria during fermentation, 1 gram of the 24-h fermentation sample was collected and mixed with 10 ml of sterilized MQ water. The samples were then vortexed for 30 s, and 100 μL of re-suspended solution were spread on the MacConkey agar (Fisher Scientific, Mississauga, Canada) plates and cultured at 37°C for 16 h. SBM fermented with MQ water for 24 h was performed the sampling procedure as control. The fermented SBM (F-SBM) samples or unfermented SBM (UF-SBM, control) were dried at 60°C for 24 h after fermentation and grinded to pass through a 60-mesh screen for further ANFs or nutritional value analysis. Each experiment was performed in triplicate.



Anti-nutritional factors analysis of unfermented and fermented SBM

Allergenic proteins (glycinin and β-conglycinin) and trypsin inhibitors were analyzed according to the method reported in a previous study by Medeiros et al. (22) with minor modifications. Briefly, 0.5 g of dried F-SBM or UF-SBM was suspended in 5 ml of pre-cooled PBS and each sample was ultra-sonicated for 30 s. Samples were then centrifuged at 7,000 × g for 10 min at 4°C and 20 μg of the supernatant from each sample was loaded to 14% sodium-dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in order to analyze the fractionation of soluble proteins. The images were taken using ChemiDoc XRS+ (Bio-Rad, United States) and analyzed with the Image Lab software. Furthermore, WB was performed to determine the pig plasma’s immunoreactivity against the UF-SBM or F-SBM and the digestion of the anti-nutrition factor TI. A WB was accomplished by using pig serum (1: 500 dilution) or Rabbit anti-Trypsin inhibitor antibody (1: 2,000 dilution, ab34549, Abcam, Cambridge, United Kingdom) as the primary antibody at 4°C overnight, respectively. Pig serum was collected from 8-week-old piglets that were previously exposed to feed containing SBM for 28 days and developed an immune response to SBM allergens. The serum was prepared in the same manner described by Medeiros et al. (22). The Rabbit Anti-pig IgG (1: 5,000, ab6777, Abcam, Cambridge, United Kingdom) or Anti-Rabbit IgG (1:5,000 dilution, HRP-linked; Cell Signaling Technology; United States) was used as secondary antibodies. The protein density was detected by the Clarity Western ECL substrate and imaged with the ChemiDoc XRS+ System (Bio-Rad, United States).

PAC of UF-SBM and F-SBM were determined by the colorimetric method as previously reported by Olukomaiya et al. (23) with minor modifications. One gram of the sample was added to 20 mL of HCl 2.4% (m/V) and mixed at 220 RPM for 16 h at room temperature, followed by centrifuging at 4,000 × g for 10 min at 10°C. The supernatant was then supplemented with 2 g of NaCl and mixed at 350 RPM for 20 min at room temperature. Samples were then settled at 4°C for 60 min, followed by centrifuging at 4,000 × g for 20 min at 10°C. Exactly 10 μL of supernatants from each sample was added into a well in a 96-well plate containing 190 μL MQ water. An equal volume of MQ water was tested as a control, while phytic acid (TCI America™) was used as a standard. Thirty microliters of Wades reagent (0.03%, m/V of Iron (III) chloride hexahydrate with 0.3%, m/V of Sulfosalicylic acid, Thermo Scientific™, United States) were mixed and immediately measured at 500 nm using the Cytation 5 multimode plate reader (Biotek, Winooski, VT, United States).



Protein hydrolysis analysis assay

The degree of protein hydrolysis (DH) was determined using the o-phthaldialdehyde (OPA) assay method, as described by Nielsen et al. (24) with minor modifications. 200 ml of the OPA working solution was prepared by dissolving 7.62 g of sodium tetraborate decahydrate, 0.2 g of sodium dodecyl sulfate (SDS), 0.176 g of DTT (Dithiothreitol, 99%) and 0.16 g of OPA (97%) in MQ water. 0.16 g of OPA was then dissolved in 4 ml of ethanol in advance. To obtain the free amino acid, 0.5 g of UF-SBM or SBM samples were mixed into 10 ml of MQ water, stirred at 200 RPM for 1 h and then centrifuged at 14,000 × g for 20 min at room temperature. Additionally, 0.5 g of UF-SBM or SBM samples were mixed with 6 M of HCl at 110°C for 24 h to completely hydrolyze the total amount of amino acid as a control. Both free amino acid and total amino acid in the supernatant was collected after centrifugation at 1,4000 × g for 20 min at room temperature. A total of 20 μl supernatant of each sample was mixed with 300 μl of the OPA reagent for further absorbance measurements after 2 min of incubation. The absorbance was measured at 340 nm using the Cytation 5 multimode plate reader (Biotek, Winooski, VT, United States) and using MQ water as the control. The DH was then calculated using the formula below.

DH (%) =[image: image] × 100%, where NH2 (free) is the concentration of free amino acid of the samples, and NH2 (total) is the total amount of amino acid in the samples after being hydrolyzed in 6 M HCl.



Chemical analysis of UF-SBM and F-SBM

The dry matter (DM), crude protein (CP), neutral detergent fiber (NDF) and acid detergent fiber (ADF) of the F-SBM were analyzed after 24 or 48 h of solid-fermentation. UF-SBM was used as a control. DM was determined according to the standard operating procedures method 930.15 (Association of Official Analytical Chemists, AOAC, 2005). CP was determined using the DUMAS method (AOAC, 1997) following the manufacturer’s protocol of the LECO Protein/Nitrogen Analyzer (LECO Corp., United States). The NDF and ADF were analyzed with an Ankom2000 Fiber Analyzer (Ankom Technology) following the ANKOM technology procedure 13.



Statistical analysis

All experiments were conducted in triplicate and the data was analyzed with a one-way analysis of variance (ANOVA) with treatment using a GraphPad Prism software version 9.0. Data was considered significant if p < 0.05.




Results


Isolation of a novel phytase-producing Bacillus licheniformis B4 strain

Out of 37 bacterial isolates, five isolates (A4, A11, A16, B2, and B4) were identified as Bacillus licheniformis species by the MALDI-TOF MS system. To screen for strains that are capable of phytase secretion, western blot analysis was performed using an antibody against phytase. As shown in Figure 1, anti-phytase antibodies were able to bind to protein (43 kDa) found in the B4 supernatant culture, while no phytase was detected in the other four strains.

[image: Figure 1]

FIGURE 1
 Western blot detecting phytase in the supernatant of bacteria culture broth. Bacterial culture supernatant was loaded into each well at a concentration of 20 μg total protein and incubated with the mouse anti-phytase antibody (Primary antibodies, 1:1,000 dilution) followed by rabbit anti-mouse IgG (secondary antibody, 1:5,000 dilution). M, standard protein markers; A4, Bacillus licheniformis A4; A11, B. licheniformis A11; A16, B. licheniformis A16; B2, B. licheniformis B2; B4, B. licheniformis B4.


[image: Figure 2]

FIGURE 2
 Detection of protease, cellulase, and xylanase activity for B. licheniformis B4 using Gtycinin/β-conglycinin, Carboxymethyl cellulose (CMC) and Xylan supplemented agar plates. One microliter of B. licheniformis B4 or B. cereus (control) overnight culture broth was added on the agar plates containing different allergenic proteins, which was then incubated at 37°C for 12 h. (A) Clear zones of B. licheniformis B4 or B. cereus (negative control) on Glycinin, β-conglycinin, CMC or Xylan supplemented plate. (B) Measurement of clear zones of B4. HD. Diameter of clear zone; CD, diameter of colony. Error bars represent the SEM of the mean of three independent observations.




Bacillus licheniformis (B4) secretes protease, cellulase, and xylanase

B4’s protease, cellulase and xylanase activity are shown in Figure 2. Large clear zones occurred on the glycinin, β-conglycinin, CMC or Xylan supplemented agar plates (Figure 2A), in which their HC (HD/CD) values were 3.03 ± 0.082, 3.04 ± 0.10, 2.75 ± 0.08 and 2.74 ± 0.05, respectively, (Figure 2B), indicating that the strong protease, cellulase and xylanase activity of B4. However, there was no clear zone observed on the glycinin, β-conglycinin and CMC supplemented agar plates but only a relatively small clear zone on the xylan supplemented agar plate that contained the negative control, B. cereus (Figure 2A).



B4 Survives in low pH, high bile salts, and high-temperature environments

As shown in Figure 3, there was no significant difference in the cell activity when incubating B4 in pH of 2.0 for up to 5 h compared to time zero. However, the cell activity of B4 was significantly increased after being after incubated at pH of 3.0 for 3 h (p < 0.05), and further increased after 5 h of incubation compared to that of time zero (p < 0.001), which suggests that B4 survives in low pH environments. Similarly, the data from the bile salts tolerance assay shows that the growing activity of B4 increased significantly after 1 hour of incubation in the presence of 1% (p < 0.001), 0.5% (p < 0.001) and 0.3% (p < 0.05) of bile salts, when compared to that of time zero (Figure 3B). These results suggested that B4 can easily survive these bile salt concentrations. When examining the growth performance of B4 at various temperatures, cell activities were monitored. It was found that B4 grew well at 37°C and 50°C. The most suitable growth temperature for B4 appears to be 50°C, in which B4 reaches log phase within 2 h and plateaus for 10 h of culturing. Lastly, B4 grows slower at 25°C and 60°C, as compared to 37°C, in which it reaches log phase after 6 h of culturing (Figure 3C).

[image: Figure 3]

FIGURE 3
 Growth characteristics of B. licheniformis B4 at different pH, Bile salts concentrations, and temperatures. (A) Metabolic activity and viability of B4 cells in low pH environment. (B) Metabolic activity and viability of B4 cells in high bile salt environment. (C) The growth curve of B4 incubated at 25°C, 37°C, 50°C, and 60°C for 12 h. Data are presented as mean ±standard error of the mean (SEM). Bars with statistical significance are denoted as *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001 using ordinary one-way in analysis of varianve (ANOVA). Significance in all tests was compared with the initial metabolic activity at time zero within each treatment group. All experiments were conducted in triplicate.




Anti-nutritional factors of SBM degradation by solid-state fermentation

Glycinin (22–40 kDa), β-conglycinin (52–76 kDa) and trypsin inhibitor (20 kDa) are three of the most important allergenic proteins in the SBM. The results showed that the subunits of SBM allergenic proteins such as glycinin and β-conglycinin were decreased by solid-state fermentation with B4 for either 24 or 48 h (Figure 4A). To verify the degradation of the allergenic protein by fermentation, western blot was performed. As shown in Figure 4B, the three allergenic proteins (75 kDa, 50 kDa, and 40 kDa) were detected in the UF-SBM samples but were either decreased or entirely eliminated in SBM after 24 h and 48 h of fermentation. Aditionally, trypsin inhibitor (17 kDa) was detected in the UF-SBM samples, while after being fermented with B4 for 24 or 48 h, the majority of the trypsin inhibitor was broken down (Figure 4B). Moreover, phytic acid analysis showthat there is a 73.3% reduction (p < 0.001) of phytic acid in SBM after 24 h of fermentation with B4 (Figure 4C).

[image: Figure 4]

FIGURE 4
 Anti-nutritional factors analysis of unfermented (UF-SBM) and fermented SBM (F-SBM). (A) Protein profiling of F-SBM using SDS-PAGE, 20 μg of protein was loaded for each well. Lane 1, Unfermented soybean meal (UF-SBM) was used as control; Lanes 2–4, F-SBM for 24 h; Lanes 5–7, F-SBM for 48 h. (B) Western blot detecting soy allergens in the UF-SBM and F-SBM products. 20 μg of protein was loaded for each well and incubated with pig serum (1:500) or anti-trypsin inhibitor antibody (primary antibody, 1:2,000) followed by rabbit anti-piglet IgG (1:5,000) or Anti-rabbit IgG (secondary antibody, 1:5,000). Lane 1, UF-SBM; Lane 2, F-SBM for 24 h; Lane 3, F-SBM for 48 h. (C) The Phytic acid (PAC) concentration from 24 h fermentation (B4-24 hr) is relative to the UF-SBM. PAC was determined using the FeCl3 assay method. The absorbance was then measured at 500 nm. Data is presented as mean ±standard error of the mean (SEM). Bars with statistical significance is denoted as ****p < 0.0001 using ordinary one-way in ANOVA. All experiments were conducted in triplicate.




B4 exhibits undesired bacteria activity repression during SBM fermentation

To determine if B4 has antimicrobial activity that can eliminate gram-negative bacteria during fermentation, we used MacConkey plate which is selective for gram-negative bacterial growth. As shown in Figure 5, while numerous gram-negative bacteria grew on the MacConkey plates of the SBM mixed with MQ water for 24 h, there was no gram-negative bacterial growth observed in the SBM samples after 24 h of fermentation with B4.

[image: Figure 5]

FIGURE 5
 MacConkey plates assay results of gram negative bacteria. (A) MacConkey plate culture result of UF-SBM with sterilized MQ water at 37°C for 24 h. (B) MacConkey plate culture result of F-SBM with B4 at 37°C for 24 h.




Changes in chemical composition between UF-SBM and F-SBM

As shown in Figure 6, the results of the OPA assay displayed that the DH of SBM fermented with B4 for 24 h increases to 25.5%. No further increase was observed at 48 h of fermentation compared to the UF-SBM sample (15.9%) (Figure 6A). The crude protein concentrations of F-SBM increased significantly from 44.8% (UF-SBM) to 52.5% (p < 0.001, 24 h), and 54.3% (p < 0.001, 48 h), respectively (Figure 6B). Fermentation with B4 also significantly decreased SBM NDF and ADF (Figures 6C, D). Furthermore, fermentation with B4 significantly decreased SBM NDF and ADF values (Figures 6C, D). As showed in Figure 6C, NDF values in the F-SBM decreased by 38.4% and 35.27% after 24 h and 48 h of fermentation, respectively, (p < 0.001), compared to the UF-SBM. The ADF value in the F-SBM was decreased by 30.20% (p < 0.01) and 14.3% (p < 0.05) after 24 and 48 h of fermentation compared to the UF-SBM (Figure 6D). No differences were observed in the DM of F-SBM for 24 h (91.8%) and 48 h (91.4%) compared to the UF-SBM (92.4%; data not shown).

[image: Figure 6]

FIGURE 6
 Nutritional value analysis of unfermented (UF-SBM) and fermented SBM (F-SBM). (A) Degree of protein hydrolysis analysis; (B) Crude protein concentration; (C) NDF concentration relative to the UF-SBM; (D) ADF concentration relative to the UF-SBM. UF-SBM was used as control; B4-24 h, F-SBM for 24 h; B4-48 h, F-SBM for 48 h. Data is presented as mean ±standard error of the mean (SEM). Bars with statistical significance is denoted as *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001 using Ordinary one-way in ANOVA. All experiments were conducted in triplicate.





Discussion

In this study, a potential probiotic B. licheniformis (B4) with phytase, protease, cellulase and xylanase activity was characterized and its fermentation potential was determined. It is found that this novel strain of B. licheniformis had the following unique features: firstly, B4 could tolerate low pH, and various bile salt concentration, thus ensuring that it could survive in the mammalian gastro-intestine tract; Secondly, B4 grew well at 50°C, a temperature that was not favorable to most other bacterial growth which allowed it to be the dominant bacterium when fermentation results in heat accumulation; Thirdly, B4 displays a strong ability to break down SBM anti-nutritional factors including glycinin, β-conglycinin, trypsin inhibitor and phytate when using fermentation, which in turn improved the nutritional value of SBM.

Phytase is the most commonly used exogenous enzyme additive in animal feed. It releases phosphorus from phytate to help increase the bioavailability of phosphorus and reduce the negative impacts of inorganic phosphorus output in the environment (12, 25). The fungi Peniophora sp. (26) and Aspergillus sp. (27) as well as the bacterial species Bacillus. spp. (9) and Citrobacter. spp. (28) have been widely used to produce phytasein poultry or pig feed. Additionally, E. coli and Pichia pastoris have also been used as hosts for the production of recombinant phytase to meet growing demands (29). In this study, a strain of phytase-producing B. licheniformis (B4) was selected from the screening of 37 potential probiotics isolated from camel feces. The results of phytic acid analysis show that B4 could reduce over 70% of phytic acid in the SBM after 24 h of fermentation. These findings suggest that B4 may be used to replace phytase supplementation to degrade feed phytic acid. The phytic acid degradation efficiency of B4 was higher than that of previous reported by others. In the study reported by Chen et al., a solid-state fermentation with Aspergillus oryzae (ATCC 9362) resulted in a 39% reduction of phytic acid (15). In another study, SBM fermentation with Lactobacillus plantarum decreased phytic acid by 34.13% (30). As a major anti-nutritional factor in plant sourced feed, phytic acid reduction after probiotic fermentation in many of the feed components including canola meal have been reported (23, 31, 32). Thus, B4 is an excellent candidate microorganism for feedstuff fermentation. In addition, it can reduce the cost by using B4 as a probiotic in feedstuff fermentation compared to supplement with phytase enzyme in the feed. The probiotic substances produced by B4 could also exert a synergic effect with phytase, which in turn benefits the livestock as well as develop sustainable agriculture.

Several studies have reported that bacteria including Bacillus spp. (3, 22), Lactobacillus spp. (33, 34), Fungi Aspergillus sp. (35, 36), and Rhizopus sp. (37) can be used to ferment SBM to reduce the anti-nutritional factors such as glycinin, β-conglycinin, trypsin inhibitor of SBM. Our findings suggest that B4 has robust protease, cellulase and xylanase activities, and was able to efficiently degrade glycinin, β-conglycinin, and fiber in the SBM, outlines its strong potential as a candidate microorganism for feed stuff fermentation. With these properties, B4 should be able to reduce the allergenicity and decrease anti-nutritional factors and thus improve the nutritional value of the SBM. Feedstuff processed by fermentation is rich in microorganisms that are initially used for fermentation. It would be highly desirable if these microorganisms used in fermentation can also serve as probiotics. The ability to survive in the gastrointestinal tract environment is an important requirement for the application of probiotics as additives in livestock animal feeds (38, 39). The pH range of animal stomach is around pH 2.0 to 3.0 which rarely raises above pH 3.0 even when satiated (40) and the bile salt concentration in the digestive tract is around 0.3% to 0.5% (41). In this study, B4 showed the ability to survive at pH 3.0 for 5 h, which is similar to Bacillus licheniformis CK1 strain isolated by Tsui Chun Hsu (42). This suggests that B4 could survive in the animal intestinal tract and has great potential as a probiotic candidate for swine and poultry production.

The temperature and undesired bacterial contamination are two important limiting factors for SBM fermentation. Previous studies have confirmed that higher or lower temperature affects not only the growth of microorganisms but also the activity of its enzymes (43). Chen et al. found that the highest phytase degradation degree was obtained at a fermentation temperature of 50°C (15). In the present study, B4 can grow rapidly over a wide range of temperatures (25 ~ 50°C) and can inhibit the growth of undesired bacteria such as gram-negative bacteria in SBM during fermentation. These properties allow more efficient, and more reproducible feedstuff fermentation.

Previous studies show that fermentation with B. subtilis natto isolates (44) could increase the value of the DH (15.96%) and CP (55.76%) of SBM. Similarly, CP in the SBM was increased by 8.37 and 0.34% when fermented with B. subtilis and A. oryzae, respectively, (45). Karakurt et al. (11) reported that the NDF and ADF of SBM were reduced by 43% and 40%, respectively, when fermented with B. subtilis. In the present study, DH contents in B4 F-SBM increased by 9.6% (15.9% to 25.5%), the crude protein was elevated from 44.8% to 54.3%, and both the NDF and the ADF were decreased significantly by 38.4% and 30.2%, respectively when compared to the unfermented SBM. This further presents B4’s potential in improving soybean meal nutrient value. Notably, the decrease of CP in F-SBM might be caused by the bacterial metabolism of amino acids produced by B4 after degradation of crude fibers (46). It could also be attributed to the large amounts of enzymes that B4 produces during fermentation, or the introduction of B4 itself which contains large amounts of bacterial cellular proteins.

In summary, we have demonstrated that the newly identified B. licheniformis (B4) has dual potential to be a microorganism used for both soybean meal fermentation and as a probiotic. Future animal studies using B4 fermented soybean meal are warranted to demonstrate its application potential in the swine and poultry industry and in aquaculture.
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