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Abstract

:

The shortage of feed protein has plagued the development of the animal husbandry industry in China. In this study, a new three-stage fermentation technology for producing distillers’ grain feed protein was developed by introducing Aspergillus niger, yeast, and lactic acid bacteria. During the aerobic stage, there was a negative correlation between the reducing sugar content in the distillers’ grains and the amount of Aspergillus niger. The maximum reducing sugar concentration (36.89 mg g−1) was obtained when the oxygen supply was 30 mL min−1 and the fermentation time was two days. During the microaerophilic stage, the natural exchange of oxygen achieved optimal true protein enhancement (from 10.8% to 16.4%) among the three oxygen supply modes (natural exchange, forced ventilation, and filling supplement). During the anaerobic stage, lactic acid bacteria were inoculated for feed protein preservation and flavor enhancement. Our results provided insight and practical guidance for the high-value use of distillers’ grains.
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1. Introduction


In China, intensive animal husbandry is rapidly developing. At the same time, the demand for feed protein in animal husbandry is also increasing daily. Soybeans and corn protein are the major sources of feed protein, and industrial feed production has reached 300 million tons. China is the world’s largest feed producer, and 450 million tons of feed was used for farming in 2021 alone. Because of a shortage of arable land, most of China’s land is now used to grow food crops rather than feed crops. As the demand for protein increases in the population, the livestock industry’s demand for feeding protein will be further stretched; China must to import 2712.92 million tons of corn and 9409 billion tons of soybeans. A large proportion of imported soya meal is used as feed. This means that there is an unmet demand for nearly 4649.15 million tons of protein, which has limited the development of husbandry to a certain extent [1]. Therefore, studies on new feed protein are imperative. In addition, there is an excess of ammonia production capacity in China. The conversion of carbon from organic waste and ammonia into feed protein through fermentation is consistent with the national strategy.



China is in the lead position in the world with regard to brewing technology. More than 20 million tons of distillers’ grains are produced annually [1]. Currently, the main utilization pathways of distillers’ grains are composting and anaerobic digestion to produce renewable energy. Distillers’ grains contain rich nutrients, such as proteins, amino acids, lipids, and beneficial substances secreted by microorganisms, such as acids, alcohols, and bioactive compounds [2,3]. Therefore, turning distillers’ grains into high-quality feed protein shows promise. Currently, only a small portion of distillers’ grains is used for feed production [4]. The reason for this may be that distillers’ grains contain a large amount of lignocellulose, which is difficult to convert into feed protein through fermentation.



Fungi, bacillus, yeasts, and lactic acid bacteria are the main microorganisms used to produce feed [5,6]. These microorganisms have diverse physiological characteristics. For example, fungi can decompose lignocellulose to produce sugars [7]. Yeasts produce various metabolites under different oxygen conditions. Under anaerobic conditions, alcohol is primarily generated, whereas a large amount of CO2 is generated under aerobic conditions [8]. Lactic acid bacteria can only maintain a low pH and acceptable flavor for fermented feed under anaerobic conditions [9]. However, current solid-state fermentation in triangular vials used in the lab or breathing bag fermentation used in factories do not consider the oxygen demand of the various microorganisms or the precise supply of oxygen. In addition, the mixing of microorganisms during one-stage fermentation is a common fermenting process. Using this method, there is obvious competition between microorganisms with different characteristics, which leads to low fermentation efficiency and the inability to achieve ideal results [10]. Therefore, segmented fermentation based on the function of microorganisms may be a more effective approach to optimize the effects of various microorganisms [10].



In the present study, we divided the feed protein production process into three stages: aerobic, microaerophilic, and anaerobic stages. For the aerobic stage, Aspergillus niger was used to decompose lignocellulose in distillers’ grains to provide sugar for yeast growth. In the microaerophilic stage, yeast was used to convert the sugar and urea to increase the protein content in the distillers’ grains. For the anaerobic stage, lactic acid bacteria of different metabolic types were used to improve the flavor of the feed and facilitate feed storage. The three-stage distillers’ grains protein fermentation process was established to provide a theoretical basis and practical reference for the high-value utilization of distillers’ grains in China.




2. Materials and Methods


2.1. Raw Materials and Strains


Distillers’ grain was obtained from Luzhou Laojiao (Luzhou City, Sichuan Province, China) and transported to the North Campus of Zhengzhou University for storage at −20 °C until use. The true protein, fat, crude fiber, moisture, and ash content were 10.81 ± 0.14%, 4.11 ± 0.23%, 25.89 ± 0.18%, 58.44 ± 0.63%, and 12.46 ± 0.12%, respectively. Before the experiment, the distillers’ grains were dried at 105 °C. The dry distillers’ grains were pulverized using a pulverizer (CLF-102, Founding Medicinal Instrument Factory, Wenling, China) and passed through a 0.45 mm sieve. The strains used in the experiments were Aspergillus niger, Saccharomyces cerevisiae, Candida utilis, Rhodotorula benthica, Streptococcus thermophilus, Lactobacillus paracasei, and Lactobacillus fermentum. They were obtained from the National Engineering Research Center for Biotechnology (Nanjing Tech University, Nanjing, Jiangsu Province, China).




2.2. Experimental Design


2.2.1. Experimental Design of Aerobic Stage


For the aerobic stage, Aspergillus niger was inoculated in a solid PDA medium (Solarbio, Beijing, China), and spore suspensions were eluted using 0.05% (w/w) Tween. The crushed distillers’ grains were inoculated with Aspergillus niger spores at a concentration of 4 × 106 CFU g−1 (dry matter basis). The moisture content was adjusted to 55% and fermentation was carried out at 30 °C in a 500 mL blue cap bottle containing 370 g of distillers’ grains. In this batch experiment, five groups were established based on different oxygen supply statuses and included rubber stopper sealing, breathable hole sealing film, and a forced oxygen supply with aeration rates of 10, 30, and 50 mL min−1. The airflow rate was controlled by a rotor flowmeter (LZB-WB, bicyclic, Changzhou, China). The fermentation period was 7 days, and samples were taken on days 0, 1, 2, 4, and 7. The samples were divided into two parts. One part was stored at −80 °C until the next stage of use or used for other purposes, whereas the other part was used directly for analysis at the end of the fermentation.




2.2.2. Experimental Design of Microaerophilic Stage


In the second stage, three oxygen supply methods were established, including forced ventilation, natural exchange, and filling supplements. Liquid YPD medium (Solarbio, Beijing, China) was used to activate Candida utilis, Rhodotorula benthica, and Saccharomyces cerevisiae. The distillers’ grains used for the microaerophilic stage originated from the aerobic stage with an aeration rate of 30 mL min−1 and were fermented for 2 days. Distillers’ grains were dried at 105 °C and then divided into two parts. One part was adjusted to pH 5.6 ± 0.2 using 5 mol L−1 NaOH and the other part was not pH-adjusted. The distillers’ grains were sterilized and the moisture content was adjusted to 50%. Candida utilis, Rhodotorula benthica, and Saccharomyces cerevisiae were inoculated into the distillers’ grains at a proportion of 6% (wet weight basis). Then, approximately 1.0% urea (wet weight basis) and 1% brown sugar (wet weight basis) were added to the distillers’ grains. For the forced ventilation experiment, approximately 400 g of distillers’ grains was loaded into each reactor in a volume of 500 mL. The fermentation temperature and time were set to 30 °C and 7 days. The airflow rate was set to 50 mL min−1 and the ventilation conditions were set to stop ventilation for 10 min every 1, 4, 8, 16, and 32 h. The natural conditions using a breathable hole sealing film served as the control, which was regulated by a rotameter (LZB-WB, bicyclic, Changzhou, China). Treatment of the sealing with breathable hole sealing film was used as the control group. For the natural exchange experiment, triangular bottles with 100 mL working volumes were loaded with various amounts of distillers’ grains (30 g, 60 g, 80 g, 90 g, and 120 g) to generate different oxygen supply statuses and were treated separately as different groups. The fermentation temperature and time were set to 30 °C and 7 days. For the filling supplement experiment, the procedure involved the addition of fillers and triangular bottles with 100 mL working volumes loaded with 80 g of distillers’ grains as the fermentation system. Different quantities of fillers (5, 15, and 30) were added to the fermentation system as different treatment groups. The fermentation temperature and time were set to 30 °C and 7 days. After determining the optimal number of fillers, other fermentation conditions (urea addition, water content, and fermentation time) were evaluated. The water content was set at 40%, 45%, 50%, 55%, and 60%. The amount of urea added was 0%, 0.5%, 1%, 1.5%, 2%, and 3% (wet weight basis). The fermentation time was 1, 3, 5, 7, 9, 11, and 14 days. After fermentation, the samples were divided into two parts, one of which was immediately removed and used for the assay, while the other part was stored at −80 °C until the next stage of the experiment.




2.2.3. Experimental Design of Anaerobic Stage


The distillers’ grains from the fermentation under optimal conditions in the second stage were dried and crushed at 105 °C and sieved through a 40-mesh sieve. The pH was adjusted to 5.6 ± 0.2. Streptococcus thermophilus, Lactobacillus paracasei, and Lactobacillus fermentum were selected as the fermentation strains and were activated in MRS liquid medium (Solarbio, Beijing, China). They were inoculated into the distillers’ grains at a 6% proportion (wet weight basis). The moisture content of the fermentation system was adjusted to 50%, and 2% brown sugar (wet weight basis) was added to the fermentation system. The digestion temperature was 37 °C. The samples were taken on day 0 and the 3rd, 7th, 15th, 30th, 45th, 60th, and 90th days for the analysis of key parameters, microbial composition, and the metabolome.





2.3. Measurement Methods of Key Parameters


2.3.1. Method for Determination of Lignocellulose Content


The lignocellulose content of the distillers’ grains and fermented samples was determined using the standard method of the National Renewable Energy Laboratory. An approximately 0.3 g sample was taken and treated with 72% H2SO4 (w/w) at 30 °C for 1 h. Then, Mili-Q was added to the system to adjust the H2SO4 concentration to 4% (w/w). The sample was treated at 121 °C for 1 h. Glucose, xylose, and arabinose concentrations were measured by high-performance liquid chromatography (1260, Agilent, Santa Clara, CA, USA). The specific procedures are described in the literature [11].




2.3.2. Method for Measuring Filter Paper Enzyme Activity


Approximately 10 g of sample and 50 mL of 0.1 mol/L citrate buffer solution were added to a conical flask, mixed well, and shaken at 200 rpm at 25 °C for 30 min. After shaking, 30 mL of the solution was sucked into a 50 mL centrifuge tube and centrifuged at 8000 rpm at 4 °C for 10 min. The supernatant was collected for enzyme activity determination. Whatman filter paper (1.0 × 6 cm), 1.5 mL of 0.1 moL/L citrate buffer, and 0.5 mL of supernatant were added to a 25 mL colorimeter tube, followed by incubation in a 50 °C water bath for 30 min. For the control, 0.5 mL of supernatant was inactivated. Approximately 3 mL of DNS reagent was added after incubation. The reactor system was treated using a boiling water bath for 10 min. After cooling to room temperature, the volume was adjusted to 25 mL. The absorbance was measured at 540 nm. The filter paper enzyme activity was expressed as X (U/g) and calculated as follows:


  X =    m ×  1000  × n   M  ×  t ×  V      



(1)




where m is the difference in glucose between the experimental and control groups; M is 108.2 g mol−1; t is the reaction time; n is the fold dilution; 1000 is the conversion factor; and V: 0.5 mL [11].




2.3.3. Method for Determination of Reducing Sugar Content


Total reducing sugars were analyzed by the DNS (3,5-dinitrosalicylic acid) method [12].




2.3.4. Method for Determination of Protein Content (True Protein and Crude Protein)


The nitrogen content in the distillers’ grains and fermented samples was determined by the Kjeldahl method. The results were multiplied by a coefficient (6.25) to convert the crude protein content. The true protein content was determined by the copper sulfate precipitation method. Specifically, 0.5000 g of sample was added to 75 mL of water and boiled for 30 min. Then, 20 mL of 2.5% NaOH and 20 mL of 10% CuSO4 were added, and the reaction continued to boil for 5 min. After cooling, the sample was filtered through filter paper and rinsed with warm water at 80 °C until the filtrate could not make the 10% BaCl2 solution turbid. The eluted solid was dried in an oven at 65 °C for 12 h. The nitrogen content was determined by the Kjeldahl method, and the value was multiplied by a factor of 6.25 to obtain the true protein content of the sample [11].




2.3.5. Method for Determination of the Amino Acid Composition


The sample (50–200 mg) was placed into a hydrolysis tube and 10 mL of 6 M HCl was added. The mixture was hydrolyzed at 110 °C for 22–24 h. Following hydrolysis, the sample was cooled to room temperature and filtered through a 0.45 μm membrane in a 50 mL volumetric flask. A portion of the sample was aspirated into a 2 mL aliquot from the 50 mL volumetric flask. This aliquot was deacidified using a rotary evaporator and dried at 45 °C until only a few solids or traces remained at the bottom of the flask. Then, 2 mL of sample buffer was added to fully solubilize the residue, followed by filtration through a 0.45 μm filter. Finally, the samples were analyzed using an amino acid analyzer (Biochrom 30+, Biochrom, Cambridge, UK) [13].




2.3.6. Method for Measuring Organic Acids and pH


Acetic acid and lactic acid were measured by gas chromatography (GC-8890, Agilent, CA, USA) and high-performance liquid chromatography (1260, Agilent, CA, USA), respectively, as described in the literature [14]. For the measurement of pH, the samples were mixed with purified water at a ratio of 1:9, and the pH values were measured with a pH meter (PHS-3E, Shanghai Leimagnet Co., Ltd., Shanghai, China).




2.3.7. Absolute Quantitative Method for Microorganisms


In this study, Aspergillus niger was absolutely quantified. Total fungal DNA was extracted from the sample using the Fungal Genomic DNA Extraction Kit (B518229-0050, Sangon Biotech, Shanghai, China). The extracted Aspergillus niger DNA was sequenced. The conserved gene sequence of Aspergillus niger was obtained from the sequencing data. PCR primers were designed using Primer v5.0 software (Premier, DE, USA). The forward primer sequence was 5′-GTCAAAGGCCCCTGGAATGT-3′. The reverse primer sequence was 3′-ACGACCATTATGCCAGCGTC-5′. Blast analysis was carried out to select the primer sequences with strong specificity. The primers were synthesized by Sangon Biotech. Purified PCR products were obtained by amplification using the synthesized primers. The purified PCR product was used as a template for vector ligation using T4 DNA Ligase (EL0011, Thermo Scientific, Waltham, MA, USA). Following ligation, the products were inoculated into an LB solid medium containing kanamycin resistance. The recombinant plasmid DNA was extracted and sequenced. The correctly sequenced recombinant plasmid was used as a standard sample, and its concentration was measured using a nucleic acid quantitation assay (NanoDrop OneC, Thermo Scientific, USA). The original plasmid copy number was calculated based on Equation (1), as follows:


  N =     6.02  ×    10    23    ×  C  ×    10   − 9      DNA   Length        



(2)




where N is the copy number of the plasmid, C is the mass concentration of the plasmid, and DNA length is the sum of the fragment length of the vector (2692 bp) and the length of the target fragment.



Genomic DNA was extracted from the samples and standard plasmid using the phenol–isoamyl alcohol–chloroform method [15]. DNA from the sample and standard plasmid were used as a template for the experimental treatment and the positive control. For the negative control, DNA was replaced with sterile ddH2O. A standard curve was plotted using the logarithm of the copy number of the positive control as the horizontal coordinate and the number of initial cycles of the fluorescence signal (Ct value) as the vertical coordinate. qPCR was performed using a fluorescence quantitative PCR instrument (QuantStudio 3, Thermo Scientific, MA, USA). The 10 μL reaction mixture contained 1 μL of DNA template, 5 μL of 2 × Power Up SYBR Green Master Mix, 0.5 μL of 10 μM forward primer, 0.5 μL of 10 μM reverse primer, and 2 μL of ddH2O. qPCR was run on a 96-well plate. The qPCR reaction consisted of four phases: a pre-denaturation phase (95 °C for 15 min), denaturation phase (95 °C for 10 s), annealing phase (55 °C for 30 s), and extension phase (72 °C for 40 s). Three replicates were run for each sample [16].




2.3.8. Determination Methods for Metabolite Content and Microbial Composition


Metabolite content was measured by liquid chromatography–mass spectrometry [16]. Microbial composition was determined using a 16S rRNA gene sequencing technique as described in the literature [17]. The raw data were uploaded to the NCBI (https://www.ncbi.nlm.nih.gov/sra URL (accessed on 25 October 2024)). The SRA No were SRR30173683, SRR30173679, SRR30173682, SRR30173685, SRR30173690, SRR30173686, SRR30173689, SRR30173688, SRR30173687, SRR30173681, SRR30173684, and SRR30173680.





2.4. Data Analysis Methods


Plotting and data processing were performed on Excel 2016 (Microsoft, Redmond, WA, USA) and Origin 2023b. Correlation analysis was performed using SPSS 25.0 (IBM, Armonk, NY, USA). One-way ANOVA was used and the data were considered significant when the p-value was less than 0.05.





3. Results


3.1. The Effect of Aspergillus Niger Fermentation on Distillers’ Grains in the First Stage


3.1.1. The Effect of Oxygen Supply on Aspergillus Niger Growth


Figure 1 shows the changes in the amount of Aspergillus niger and filter paper enzyme activity over time at different oxygen levels during the first digestion stage. Aspergillus niger could not grow when the fermentation system was under completely sealed conditions (Figure 1a), which might be because Aspergillus niger is an aerobic microorganism. Figure 1b,c show that the amount of Aspergillus niger increased with the extension of the fermentation time from day 0 to the 4th day. The amount of Aspergillus niger decreased after the 4th day, which was primarily because it entered a declining phase after the 4th day [11]. Figure 1c shows that Aspergillus niger did not reach the maximum copy number on the 2nd day when the aeration rate was below the optimal value of 30 mL min−1. Aspergillus niger grew slowly at a ventilation rate of 10 mL min−1, reaching a maximum copy value on the 5th day. However, the growth rate and final amount of Aspergillus niger were still higher under these ventilation conditions compared with the treatment of breathable hole sealing film. Figure 1a shows that a trend of increasing and then decreasing filter paper enzyme activity was observed in several systems along with fermentation time. This might be because that the fermentation system contained a small amount of oxygen that could be used for Aspergillus niger at the beginning of fermentation. However, the oxygen was consumed with the prolongation of fermentation time. Figure 1b,c show that the filter paper enzyme activity increased as the fermentation time increased. Figure 1d,e show that the filter paper enzyme activity increased from day 0 to the 4th day and the filter paper enzyme activity decreased after the 4th day. This was related to the growth trend of Aspergillus niger. Abundant cellulase was secreted when Aspergillus niger grew vigorously. Meanwhile, the secreted cellulase would be reduced to a certain extent when Aspergillus niger experienced a lag or decline period [18].




3.1.2. Effect of Oxygen Supply on Cellulose Degradation and Reducing Sugar Production of Distillers’ Grains


Figure 2 shows the cellulose degradation rate and reducing sugar content in the first stage. The cellulose degradation rate increased along with fermentation time, while it could be seen that little cellulose degradation was observed under sealed conditions (see Figure 2a). Figure 2b–e show that the cellulose degradation rate increased in the first 2 days, which was attributed to the effect of abundant cellulase secreted by Aspergillus niger. Figure 2b–e show that the reducing sugar content first increased and showed a gradual decrease after the 2nd day. Similarly, the maximum cellulose degradation rate and the optimum reducing sugar content were achieved at 30 mL min−1 of aeration. This was because the Aspergillus niger grew quickly in the first 2 days and a large amount of cellulase was secreted to decompose cellulose to produce reducing sugar. After the 2nd day, a large amount of sugar was consumed because of the growth of Aspergillus niger. The production of reducing sugar was less than its consumption, which led to the decrease in reducing sugar content after the 2nd day. In a study by Yang et al. (2014), similar trends were discovered [19].





3.2. Influence of Oxygen Supply Methods on the Enhancement of Protein Content in the Second Phase


Figure 3 shows the effect of oxygen supply methods (natural exchange, forced ventilation, and filling supplement) on the protein content of distiller’s grains. The pH of fermentation substrates was 3.8 and 5.8. Figure 3b shows the fermentation in each 100 mL triangular flask with different qualities of fermentation substrates (30 g, 60 g, 80 g, 90 g, and 120 g). The treatment loading with 80 g of substrate showed the best fermentation results. In this case, the group with pH = 5.8 was again superior to the group with pH = 3.8. Figure 3c shows the effect of different amounts of filler on the fermentation results. The amount of filler had no effect on the final fermentation results. For natural exchange, the real protein increased by 52.08% after fermentation. pH adjustment could further increase the true protein content. Overall, we found that natural placement had advantages in terms of improving the true protein content. True protein content had the highest value (15.28%) when natural exchange was used as the oxygen supply method. Under this oxygen supply method, some key factors including moisture content, urea addition, and fermentation time were further explored. Figure 4a–c show the effect of moisture content, urea addition, and fermentation time on the true protein content of distillers’ grains. Under the condition of 50% moisture content, 1% urea addition, and fermentation time of 11 days, the true protein content of distillers’ grains increased from 10.81% to 16.44%, which was an increase of 52.08% compared to original distiller’s grains. Figure 4c shows the effect of fermentation time on the true protein of distillers’ grains. The true protein content increased with the increase in fermentation time, but there was no significant change (p > 0.05) on the 11th and 14th days. Considering economy and fermentation efficiency, the fermentation time of 11 days was finally selected as the appropriate fermentation time. The increase in protein in distillers’ grains was mainly attributed to two aspects. On the one hand, yeast could convert urea to SCP (single cell protein) during the fermentation process when urea was used as a nitrogen source [20]. Compared to proteins, amino acids were more easily absorbed and utilized by animals. Figure 4d shows the changes in amino acid content in distillers’ grains before and after fermentation. Essential amino acids cannot be synthesized by animals and can only be obtained from external sources [21]. The total amount of amino acids increased from 104.50 mg g−1 to 149.51 mg g−1, a significant increase of 43.01%. After fermentation, the contents of valine, methionine, isoleucine, leucine, threonine, phenylalanine, histidine, lysine, and arginine among the essential amino acids were 8.75 mg/g, 2.53 mg/g, 4.63 mg/g, 13.46 mg/g, 6.11 mg/g, 8.38 mg/g, 3.78 mg/g, 4.87 mg/g, and 4.93 mg/g, respectively, which increased by 56.52%, 32.46%, 59.65%, 29.42%, 56.26%, 55.18%, 62.23%, 144.72%, and 22.94%.




3.3. Effects of Lactic Acid Bacteria Anaerobic Fermentation on Feed Protein


3.3.1. The Effect of Different Lactic Acid Bacteria Inoculation on the pH and Organic Acid Content


In this study, three kinds of lactic acid bacteria, namely Lactobacillus fermentum, Streptococcus thermophilus, and Lactobacillus paracasei, were used. Figure 5 illustrates the effect of lactic acid bacteria inoculation on feed protein. The pH of the fermentation system underwent a significant (p < 0.05) decrease within the first 15 days, stabilized between the 15th and 60th day, and then declined again from the 60th to 90th day. This initial sharp drop in pH from day 0 to the 15th day was attributed to the fact that lactic acid bacteria converted sugars to organic acids, including lactic acid, acetic acid, and propionic acid. This resulted in a marked decrease in pH [22]. At the early stages of anaerobic fermentation, the rapid decline in pH inhibited the growth of harmful microorganisms, while also minimizing the loss of nutrients [23]. The reason for this change in pH was the production of organic acids during the anaerobic fermentation phase, and lactic acid was the main metabolite of lactic acid bacteria during fermentation [24]. Figure 5 demonstrates that the concentration of lactic acid remained stable from day 0 to the 7th day and increased markedly from the 7th to 15th day. The level maintained a stable state from the 15th to 45th day, and then increased again from the 45th to 90th day. Lactic acid can decrease the pH of animals’ intestines and enhance intestinal digestive capabilities [25]. In summary, fermentation with different types of lactic acid bacteria could reduce to the pH to below 4.8 within 90 days, which had a crucial impact on the preservation of feed protein and the enhancement of feed flavor.




3.3.2. Analysis of Microbial Community and Metabolites During Lactic Acid Bacteria Fermentation


Figure 6a shows that the percentage of Lactobacillus paracasei and the relative abundance of Lactobacillus buchneri in fermented distillers’ grains was higher when Lactobacillus fermentum, Streptococcus thermophilus, or Lactobacillus paracasei were inoculated. The addition of lactic acid bacteria increased the relative abundance of corresponding lactic acid bacteria at the end of fermentation compared to the control. This means that the colonization of lactic acid bacteria occurred in the fermentation system after inoculation. Figure 6b shows the relationship between microorganisms and the top 30 metabolites. There was a significant positive correlation between Lactobacillus paracasei and metabolites. There was a significant negative correlation with Lactobacillus buchneri and Lactobacillus fermentum. The correlation of metabolites with Lactobacillus buchneri and Lactobacillus fermentum was consistent. This might be because of their similarity in metabolic type. Lactobacillus buchneri and Lactobacillus fermentum were heterofermentative lactic bacteria, while Lactobacillus paracasei was a homofermentative lactic bacteria. The difference in metabolism mode gave them opposite properties considering their relationship with different metabolites [12]. Streptococcus thermophilus showed a significant positive correlation only with S-Adenosylhomocysteine (p < 0.01). The correlation between microorganisms and metabolites was attributed to two main aspects: (1) metabolites were produced through microbial catabolism and synthesis, and (2) metabolites affected the microbial growth [26]. Some metabolites were significantly positively correlated with some bacteria and negatively correlated with others [15]. This phenomenon suggested that the metabolites produced by the microorganism had an inhibitory effect on others, suggesting that the metabolites might alter the bacterial community structure [26]. Among these metabolic species, Stachyose, Raffinose, Dextran, Maltotetraose, and other substances were useful to improve the taste of feed. These substances had a significant correlation with Lactobacillus fermentum (p < 0.01). In addition, some of these metabolites that were significantly associated with Lactobacillus fermentum could enhance the immunity of food animals. This means that Lactobacillus fermentum played an important role in protecting the host from harmful microorganisms, improving feed digestibility, and reducing metabolic disorders [27]. In addition, the addition of Lactobacillus fermentum had a better correlation with pH, acetic acid, and lactate content than Lactobacillus paracasei and Lactobacillus buchneri. Therefore, Lactobacillus fermentum could be used as an inoculation to enhance the flavor of the feed in the anaerobic stage (as shown in Figure S1 in the Supplementary Materials). The relative abundance of microorganisms at the phylum and genus level after fermentation with different lactic acid bacteria during the anaerobic fermentation phase is shown in the Supplementary Materials. The results showed that Firmicutes and Proteobacteria were the dominant microorganisms at the phylum level. The relative abundance of Firmicutes was more than 80%. Firmicutes such as Streptococcus, Lactobacillus, and Streptococcus are often considered probiotic and could play a large role in the intestinal tract of animals [28]. At the genus level, Lactobacillus, Achromobacter, Pediococcus, Streptococcus, and Acinetobacter were the dominant microorganisms. The relative abundance of Lactobacillus was more than 80%. Pediococcus was one kind of lactic acid bacteria characterized as Gram-positive, non-spore-forming, and parthenogenetic. Pediococcus could produce pediocin bacteriocins, which had the function of killing Listeria monocytogenes [29]. Figure S1c shows a significant positive correlation (p < 0.05) between Lactobacillus fermentum and pH. Meanwhile, there was no significant correlation between the Streptococcus thermophilus and Lactobacillus paracasei and pH, lactic acid, and acetic acid.






4. Discussion


Oxygen is a key parameter for the growth of aerobic microorganisms during the aerobic fermentation phase. The growth of Aspergillus niger was accelerated when the oxygen content was increased. However, the enhancement effect was not obvious when the oxygen content exceeded a certain limit, and the aeration rate of 30 mL min−1 in this system was sufficient to satisfy the growth of Aspergillus niger. Sealing or only using breathable hole sealing film could not satisfy the growth of Aspergillus niger. The main components of lignocellulose are cellulose, hemicellulose, and lignin. Among them, cellulose has a highly ordered structure, which mainly plays the role of a skeleton. Hemicellulose acts as a matrix substance. Lignin is mainly wrapped in the outer layer, which makes the plant tissues tough [30]. Cellulose is a macromolecular compound consisting of glucose molecules linked by β-1,4-glycosidic bonds. It mainly consists of crystalline and non-crystalline regions [31]. The crystalline region is difficult to degrade because of hydrogen bonding, while the amorphous region is easily degraded because of its loose intermolecular structure [18]. Hemicellulose mainly contains xylose, arabinose, and galactose [32]. Lignin is composed of aromatic derivatives, which prevent the destruction of cellulose and hemicellulose [33]. Distillers’ grains contain a large amount of lignocellulose, which can adversely affect the growth and development of ruminants when they are fed directly. The degradation of cellulose is the result of the combined action of exoglucanase, endoglucanase, and β-glucosidase [31]. Aspergillus has a good ability to secrete enzymes to degrade lignocellulose [34]. Cellulases degrade cellulose to glucose through the synergistic action of several enzymes, including exoglucanase, endoglucanase, and β-glucosidase [35]. The filter paper enzyme activity could reflect the total enzyme activity considering the synergistic action of the three main hydrolases [11]. The importance of appropriate aeration in the aerobic phase is also reflected in the changes in the enzyme activity of Aspergillus niger during this experiment. Oxygen plays an important role as an electron acceptor at the end of the respiratory chain during aerobic microbial growth. In solid-state fermentation, when oxygen is transferred from the gas phase to the fermentation body, resistance from the physical properties of the medium is encountered. In addition, the hyphal growth of filamentous fungi can also limit the transfer of oxygen. In the case of Aspergillus niger, oxygen restriction led to an increase in the content of tricarboxylic acid cycle intermediates and a decrease in mitochondrial respiration activity, which reduced ATP production. The production of intracellular cellulases was also affected. Cellulase produced by microorganisms decreased under the condition of limited oxygen supply [36]. In this study, the main function of Aspergillus niger was to decompose lignocellulose and produce sufficient reducing sugars for the second stage of fermentation. The concentration of reducing sugars was related to the growth of Aspergillus niger, which in turn was inseparable from the amount of oxygen supplied. The content of reducing sugars was the result of the balance between the degradation of cellulose by Aspergillus niger and the use of cellulose for self-growth. In terms of the optimal aeration rate of 30 mL/min, Aspergillus niger was in the growth phase and its amount was low before the first 2 days. It utilized little reducing sugar, and there was an accumulation of reducing sugars. After that, the amount of Aspergillus niger rose before the 2nd day, which required more reducing sugar; therefore, the reducing sugar was accumulated in this period. The growth of Aspergillus niger and the production of enzymes are related to lignocellulose degradation. The frequency and amount of oxygen supply are important factors limiting large-scale production. Therefore, it is important to balance the oxygen demand of Aspergillus niger with ventilation energy [37]. In this experiment, the oxygen supply was reflected by the ventilation rate. Compared with the control and the groups with a ventilation rate of 10 mL min−1, the reducing sugar content of the optimal ventilation group increased. The reducing sugar content decreased when the ventilation rate increased because of the loss of water caused by the excessive airflow, which in turn adversely affected the growth of Aspergillus niger [38].



Similarly, oxygen plays an important role in the microaerobic phase. Among the three modes of aeration for the micro-oxygen consumption phase, natural exchange is the economical and more efficient one. In this process, the true protein content first increases and then decreases as the amount of material in the reactor gradually increases. The reason may be that although the oxygen transfer performance is better when the substrate is thinner, the high volatilization of water in the substrate also happens, which leads to the stunted growth of yeast. When the thickness of the substrate is too high, the accumulation of finer stillage particles hinders the transport of air, which has a more significant effect on the bottom substrate [38]. Although this substance contains sufficient water, the lack of oxygen causes the yeast to respirate. Therefore, it is necessary to maintain the micro-oxygen environment for the growth of the yeast under natural storage conditions. It is important to maintain the suitable fermentation height with the right amount of substance under natural storage conditions. For forced ventilation, it is beneficial to increase the true protein after adjusting the pH, and the content of true protein increases with the increase in fermentation time. Compared with natural placement, the increase in ventilation frequency does not significantly increase the true protein content. As facultative anaerobic microorganisms, forced aeration has no significant effect on yeast growth [8]. Compared with the natural exchange treatment, the addition of fillers has little effect on the improvement in true protein, while a filler separation step will increase the production cost. At the same time, we also notice that the water in the fermentation system occupies the inside of the filler, which may the reason why the addition of filler does not increase the true protein content. Therefore, the addition of fillers to increase porosity is not the best choice. The growth of yeast in distillers’ grains produces a large amount of SCP, which leads to the increase in true protein. In addition, yeast also utilizes nutrients such as sugar in distillers’ grains and converts them to CO2 and water during the growth process. Therefore, the mass of substrate decreases and the concentration effect occurs [15]. Protein is essential nutrition for animal growth; the higher the protein content of fermented feeds, to a certain extent, the better the growth of animals [39]. In summary, the quality of distillers’ grains as feed protein is significantly improved through yeast fermentation.



Inoculation with Lactobacillus fermentum increases its relative abundance in the third anaerobic fermentation phase and has a significant effect on the production of several beneficial metabolites, which shows a significant positive correlation with a variety of metabolites that improve the palatability of the feeds. Lactobacillus fermentum also affects other bacteria by producing inhibitory metabolites, which may change the bacterial community structure and inhibit the deterioration during storage. In addition, the low pH is beneficial for extending the storage time. Lactobacillus fermentum has more of a correlation with pH, acetic acid, and lactic acid content than Lactobacillus paracasei and Lactobacillus buchneri, suggesting that Lactobacillus fermentum supplementation can enhance the flavor of feeds when it is used as an inoculum in the anaerobic phase.




5. Conclusions


This study explored the feasibility of converting distillers’ grains to feed protein. After pretreatment by Aspergillus niger under the condition of a 30 mL min−1 aeration rate and 2 days of fermentation time, the highest sugar concentration of 36.9 mg g−1 was obtained. The natural exchange of oxygen achieved the highest true protein enhancement (+51.9%) under this condition of 50% moisture, 1% urea addition, and the fermentation time of 11 days. The exogenous supplementation of lactic acid bacteria has a positive impact on the preservation of feed protein and flavor enhancement. This study provided the possibility of high-value utilization of distillers’ grains.
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Figure 1. Variation in growth conditions and cellulase activity of Aspergillus niger with time under different oxygen supplies. (a): Tubber plug sealing; (b): breathable hole sealing film sealing; (c): aeration at 10 mL min−1; (d): aeration at 30 mL min−1; (e): aeration at 50 mL min−1. Different letters represent significant differences (p < 0.05). 
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Figure 2. Variation in cellulose degradation rate and reducing sugar content in distillers’ grains with time under different aeration conditions. (a): Rubber plug sealing; (b): breathable hole sealing film sealing; (c): aeration volume of 10 mL min−1; (d): aeration volume of 30 mL min−1; (e): aeration volume of 50 mL min−1. Different letters represent significant differences (p < 0.05). 
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Figure 3. Effect of aeration (a), filling material (b), and number of fillers (c) on true protein content in distillers’ grains. Note: (a): 1: raw material, 2: under natural standing condition, 3–7: aeration for 10 min stopping for 1, 4, 8, 16, and 32 h, respectively, and 8: aeration all the time; (b): 1: raw material, 2–6: addition of 30, 60, 80, 90, and 120 g of distillers’ grains, respectively; (c): 1: raw material, 2: left naturally without filler, 3–5: addition of 5, 15, and 30 fillers, respectively. The ones marked with an asterisk (*) are the groups with significant differences (p < 0.05). 
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Figure 4. Effects of water content (a), urea addition (b), and fermentation time (c) on true protein content of distillers’ grains and changes in amino acid content of distillers’ grains before and after fermentation (d). Different letters represent significant differences (p < 0.05). 
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Figure 5. Variation in pH, lactic acid, and acetic acid with time during lactic acid bacteria fermentation. (a) Control; (b) Lactobacillus fermentum inoculation; (c) Streptococcus thermophilus inoculation; (d) Lactobacillus paracasei inoculation. Different letters represent significant differences (p < 0.05). 
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Figure 6. Relative abundance of microorganisms in distillers’ grains at species level (a) and correlation of microorganisms with metabolites (b). n = 3. * p < 0.05 and **: p < 0.01, *** p < 0.001. During the measurement process, C represents the group without added lactic acid bacteria, and L1, L2, and L3 represent the group with the addition of Lactobacillus fermentum, Streptococcus thermophilus, and Lactobacillus paracasei, respectively. 
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