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Abstract

:

Large amounts of spent mushroom substrate (SMS) are produced globally, but their utilization efficiency is low, which leads to negative environmental impacts, such as water, soil, and air pollution. SMS contains nutrients, such as cell proteins, with a potential application in animal feed. However, the lignocellulose in SMS restricts animal digestion and absorption, thus hindering its application in animal nutrition. We investigated the potential of cellulase, xylanase, β-galactosidase, and a variety of microorganisms to optimize the conditions for reducing sugars’ (RS) production and the degradation rate of neutral detergent fibers. The results showed that the optimum proportion of multiple enzymes for glucose production of up to 210.89 mg/g were 10% cellulase, 10% xylanase, and 2% β -galactosidase, at 50 °C and 60% moisture for a 20 h hydrolysis duration. To enhance the optimal enzymolysis combination, co-fermentation experiments with multiple microorganisms and enzymes showed that inoculation with 10% Bacillus subtilis, 2% Pediococcus acidilactici, and 2% Saccharomyces cerevisiae, in combination with 10% cellulase, 10% xylanase, 2% β-galactosidase, and 1% urea, at 36.8°C and 59% moisture for 70 h hydrolysis, could lead to a 23.69% degradation rate of the neutral detergent fiber. This process significantly increased the degradation rate of the neutral detergent fiber and the nutrient content of Pleurotus eryngii compared to the initial fermentation conditions. Overall, our study generated optimal co-fermentation conditions for bacteria and enzymes and provides a practical reference for biological feed synthesis using P. eryngii spent mushroom substrate.
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1. Introduction


Edible mushrooms are gradually becoming part of the human daily diet due to their nutritional and prebiotic properties. It is estimated that the global production of edible mushrooms will reach 20.84 million tons by 2026 [1,2]. China as a major producer and consumer of edible mushrooms, with its edible mushroom market reaching over USD 13 billion, accounting for about 35% of the global market share in 2018 [3]. As the expansion of the edible mushroom industry expands, a large amount of spent mushroom substrate (SMS), its culture medium residue, is produced. The SMS from edible mushrooms is mainly composed of lignocellulosic biomass materials, which can be decomposed by residual fungal mycelium, organic matter, and enzymes [4]. The biological efficiency of the culture medium in edible mushroom production ranges only from 17 to 25%, leading to a 3–5 kg SMS production for every 1 kg of mushroom harvested [5,6].



During mushroom production, large quantities of the SMS produced are mainly disposed through open burning, landfilling, or composting mixed with animal manure. As a result, its value cannot be effectively achieved due to its environmental problems, such as water, soil, and air pollution [7,8,9]. To address this challenge, studies have explored various strategies to effectively manage SMS, including its application as a biofertilizer [10,11], biological bogs [12], soil amendments [13], substrates for commercial enzyme fermentation [14,15], and in biofuel production [16,17]. In addition, the main components of SMS, wheat straw, and corn cob contain a large amount of lignocellulosic matrix. During edible fungi cultivation, active enzymes are generated to degrade lignocellulose in the matrix, which leads to a significant increase in the nutrients, such as cell protein [18], as well as a high fiber content in the matrix. Studies into the potential use of SMS as animal feed, considering these properties, revealed that its inclusion in diets did not adversely affect animal body weight or feed conversion [19,20]. In contrast, SMS could enhance the feed conversion and fat breakdown in broilers [21,22] and improve their immune regulatory function [20], improve the flavor and acceptability of goose meat [23], and reduce the rumen protozoa populations as well as intestinal methane emissions [24]. The above reports showed that pure SMS for livestock and poultry nutrition was not only harmless but could also offer novel benefits. The high cellulose content in SMS even after fungal degradation, limits its digestibility and absorption in animals. Therefore, sustainable biological processing of SMS to optimize its nutritional value presents promising applications in animal production. In recent years, solid-state fermentation has been broadly applied in the fermented feed industry, due to its significant capacity to enhance nutrient utilization rates and reduce anti-nutritional factors [25,26,27]. Bacterial enzyme co-fermentation is a technology that cooperatively utilizes a variety of bacteria and enzymes in the fermentation process, and the method not only makes up for the limitations of the low enzyme activity, single species, or insufficient enzyme quantity but also mitigates the adverse effects of the dominant undesirable bacteria in the main ecological niche. This process can yield various probiotic metabolites and enables substantial production with improved application value.



To our knowledge, there is little information available on the co-fermentation of P. eryngii SMS (PESMS) using bacteria and enzyme activities to improve its nutritional value [28]. Thus, this study aimed to use enzymes and bacteria to co-ferment PESMS to induce the production of more reducing sugar (RS) nutrients and to reduce neutral detergent fiber (NDF) content. In addition, the study generated optimal co-fermentation conditions of bacteria and enzymes, which could provide a practical reference for PESMS-based biological feed application.




2. Materials and Methods


2.1. Sample Preparation


The PESMS used in the study was provided by Hubei Shenyun Agricultural Group Co., Ltd. (Shiyan, China). The PESMS, derived from a single mushroom, was oven dried at 60 °C for 3 days, crushed and sieved through a 40-mesh sieve (≤0.425 mm) using a grinder, and, after drying for later use, was stored at 4 °C. The crude fiber content was determined to be 26.42%, with the NDF and acid detergent fiber levels accounting for 51.73% and 28.75% of the total content, respectively.



All enzyme powders used in the experiment were obtained from Beijing Challenge Biotechnology Co., LTD. (Beijing, China). The activity of cellulase, xylanase, and β-galactosidase was measured at 20,000, 40,000, and 4000 U/g, respectively.



Three bacterial species, including Bacillus subtilis, Pediococcus acidilactici, and Saccharomyces cerevisiae, maintained as preserved cultures in our laboratory, were mixed at 1:1 with 50% glycerin then stored at −80 °C.




2.2. Single Cellulase, Xylanase, and β-Galactosidase Enzyme Assay


We selected some enzymes that are efficient at degrading cellulose and producing reducing sugars. To optimize the culture conditions for the production of RS in the selected consortia, three influencing factors, including the amount added, the enzymatic hydrolysis time, and the material–water ratio of cellulase, xylanase, and β-galactosidase, were sequentially tested by single factor experiments. The optimal value of an individual factor obtained in an experiment was used in the subsequent experiments with the general culture conditions of 50 °C and pH = 7.0. The RS content in PESMS was determined by the colorimetric method using 3,5-dinitrosalicylic acid (DNS) [29].



I: For enzymatic hydrolysis, 50 g PESMS and 50 mL of distilled water were added to a bottle to achieve a 1:1 ratio of material to water. The cellulase loadings were 2, 4, 6, 8, and 10% PESMS (w/w), the xylanase loadings were 2, 4, 6, 8, and 10% PESMS (w/w), and the β-galactosidase loadings were 0.5, 1, 1.5, 2, and 3% PESMS (w/w). Enzymatic hydrolysis occurred at a constant incubator temperature of 50 °C. Following the hydrolysis process, the enzyme was inactivated at 120 °C for 20 min in an oven and subsequently dried at 65 °C for 24 h. The RS content was measured to determine the optimal addition ratios of cellulase, xylanase, and β-galactosidase.



II: The optimal amounts obtained in experiment I were selected for the subsequent experiments. The ratio of material to water was maintained at 1:1. The culture durations were set at 8, 12, 16, 20, and 24 h for cellulase, at 2, 4, 6, 8, and 10 h for xylanase, and at 4, 8, 12, 16, and 20 h for β-galactosidase.



III: Using the optimal enzyme addition and culture time protocol ascertained from steps I and II, enzymatic hydrolysis experiments were carried out at substrate-to-water ratios of 1:0.6, 1:0.8, and 1:1.2.




2.3. Multi-Enzyme Assays


The comprehensive enzymolysis effect was calculated using an L9(34) orthogonal design approach. A three-level addition of cellulase, xylanase, and β-galactosidase was established based on the outcomes of the single-factor tests for each enzyme amount added. The impact of each enzyme on the experimental results was ranked according to the enzymatic effect observed. All test levels were performed in triplicate, and the results were averaged. The NDF content was determined using the Van Soest method [30], and its content and the mass fraction in the samples were calculated using the formula:   N D F   %   =     M   2   −     M   1   × C     × 100 ÷   M   0    , where M1 is the initial weight of the filter bag in g; M0 is the sample weight in g; M2 is the total weight (g) of the sample and filter bag after washing; C is the blank filter bag correction factor (weight after drying/initial weight).




2.4. Box–Behnken Design Test


The Plackett–Burman design (PBD) test implemented in the Design Expert 12 software was utilized to select the input factors and to construct a multi-factor Box–Behnken design (BBD) experiment with three factors and three levels, comprising of 15 co-optimization experiments involving bacteria and enzymes. The t-value was then applied to analyze and obtain the results [31]. The statistical significance of the second-order model equation was determined by the F-value, while the proportion of the variance of the model interpretation was evaluated by the multiple determination coefficient R2. The Design Expert 12 software was used for response surface and point prediction to determine the optimal value of each factor. All experimental designs were randomized, and each experiment was repeated and then averaged.





3. Results


3.1. Single-Enzymatic Hydrolysis of Cellulase, Xylanase, and β-Galactosidase


3.1.1. Cellulase


Figure 1 shows the effects of the different supplemental levels, different hydrolysis times, and the ratio of material to water on the RS content of PESMS hydrolyzed by cellulase at the enzymatic hydrolysis conditions of 20 h and 50 °C and a 1:1 ratio of material to water. The addition of cellulase significantly increased the RS content (p < 0.05), with cellulase addition at 10% exhibiting the highest content of RS content of 104.81 mg/g. At 10% addition and a 1:1 ratio of material to water, the RS content showed an initial rise, which later decreased with the time extension. Notably, the highest RS content (p < 0.05) was detected at the 20 h culture duration, while the peak RS level was achieved with a 1:1 material-to-water ratio. There was no difference in RS contents between the 1:1 and 1:1.2 experimental groups (p > 0.05).




3.1.2. Xylanase


The impact of varying single factors, such as the xylanase addition levels, the hydrolysis time, and the ratio of material to water on the RS content at 50 °C and pH = 7.0 condition is shown in Figure 2. The addition of xylanase increased the RS content in PESMS (p < 0.05), with the highest increase observed at 10% supplementation. The RS content showed an initial increase with the increase in the hydrolysis time followed by a decrease at later stages. The RS content at the 8 h and 10 h enzymatic hydrolysis periods was higher than at the 2 h, 4 h, and 6 h periods (p < 0.05). Moreover, the increase in the ratio of material to water increased the RS content, with higher RS contents in the 1:1 and 1:1.2 material-to-water ratio groups than in the 1:0.6 and 1:0.8 groups (p < 0.05), while no statistically significant RS content was observed between the 1:1 and 1:1.2 groups (p > 0.05).




3.1.3. β-Galactosidase


Under the conditions of 50 °C and pH = 7.0, Figure 3 shows the impact of varying the single β-galactosidase addition levels, the hydrolysis time, and the ratio of material to water on the RS accumulation. The addition of β-galactosidase increased the RS content in PESMS (p < 0.05). Increased RS accumulation in PESMS was detected with 1.0% and 2.0% β-galactosidase addition (p < 0.05). The initial RS accumulation increased with the enzymatic hydrolysis time and later decreased, with the peak content being achieved at 16 h. Higher RS content was detected in the 1:1 and 1:1.2 material-to-water ratio groups than in the 1:0.6 and 1:0.8 groups (p < 0.05) but with no statistically significant difference levels between the 1:1 and 1:1.2 groups (p > 0.05).





3.2. Multiple Ratios of Complex Enzymes


The L9(34) orthogonal test was used to investigate the optimal supplemental amount of cellulase, xylanase, and β-galactosidase (Table 1), as well as the effect of multiple enzymatic hydrolysis (Table 2). The results showed that the influence of each enzyme on the enzymatic hydrolysis effect followed the order of cellulase, xylanase, and β-galactosidase, with the latter exhibiting the least effect on enzymatic hydrolysis. Based on the range analysis results of the orthogonal experimental design, the selected combination for the complex enzymatic system for the subsequent fermentation tests was 10% cellulase, 10% xylanase, and 2% β-galactosidase.




3.3. Plackett–Burman Design (PBD) Screening Test


To rapidly and efficiently screen for the most important factors for bacterial enzyme synergistic fermentation, six factors, including the supplementation levels of B. subtilis (F1), P. acidilactici (F2), S. cerevisiae (F3), time (F4), temperature (F5), and water content (F6) were tested. As illustrated in Table 3, each factor was assigned a high level (+1) and a low level (−1). Table 4 shows the PBD test carried out on the bacterial enzyme collaborative fermentation of PESMS test, with the response value as the NDF degradation rate. The PBD screening test model revealed a significant regression (p = 0.022 < 0.05). The results showed that the NDF degradation rate was influenced to varying degrees by the time (p < 0.05), temperature (p < 0.05), water content (p = 0.065), B. subtilis inoculation levels (p > 0.05), S. cerevisiae inoculation levels (p > 0.05), and P. acidilactici inoculation amounts (p > 0.05) (Table 5). Consequently, three factors of fermentation time, temperature, and PESMS water content were selected to optimize the subsequent BBD test process. The inoculation levels of B. subtilis, P. acidilactici, and S. cerevisiae were set at 10%, 2%, and 2%, respectively.




3.4. Response Surface Optimization


To understand the interaction between the three factors, RSM was used to further optimize the NDF degradation rate, with time, temperature, and moisture as the independent variables. Based on the Box–Behnken experimental design, a three-level response surface design was adopted for the three factors as shown in Table 6, and the results are presented in Table 7. Analysis of variance for the quadratic model is displayed in Table 8. The model revealed an F-value of 39.86 and a significant p value of less than 0.05. In addition, several terms of this model, such as A, A2, B2, and C2, were significant. The lack of fit at an F-value of 4.13 was not significant relative to the pure error, suggesting the model predictions were reliable. The predicted output of the model was considered to be significant with an R2 of 0.9863. The quadratic regression model for the NDF degradation of fermentation from PESMS by the enzyme and bacteria obtained from BBD in terms of actual factors was presented as


     N D F   d e g r a d a t i o n   r a t e = 21.63 + 4.82 A − 0.27 B − 0.4869 C +     0.9788 A B + 0.4350 A C − 0.7163 B C − 2.76   A   2   − 1.26   B   2   − 1.98   C   2       











The absolute value of each factor coefficient in the equation reflects its influence on the NDF degradation rate of PESMS fermented by bacteria and enzymes. The NDF degradation rate was influenced by the time, temperature, and water content. The first term A, the second term A2, B2, and C2 of the equation all reached a significant level (p < 0.05), indicating their significant influence on the degradation rate of NDF.




3.5. Optimization and Verification


The effects of the changes in the fermentation time, temperature, and water content on the degradation rate of NDF were analyzed through the response surface plots (Figure 4). The behavior of the NDF degradation rate with respect to the changes in fermentation time and temperature, at specific hold values are shown in Figure 4a,b. These results clearly showed that an increase in the fermentation time and a decrease in the temperature could positively impact the NDF degradation rate up to a certain threshold. Beyond this point, further increases in the fermentation time did not cause additional NDF degradation. Similarly, the NDF degradation rate increased with a prolonged fermentation time and reached a plateau, beyond which no further NDF depletion occurred. However, a moderate level of water content was found to be more conducive for NDF degradation (Figure 4c,d). The degradation rate of NDF was higher when the fermentation time was constant, and both the material moisture and ambient temperature were maintained at moderate levels (Figure 4e,f). These surface plots summarize the estimated optimal levels for each variable. The optimal values of the fermentation time, temperature, and moisture content were determined to be 69.973 h, 36.802 °C, and 59.22%, respectively, resulting in an optimal NDF degradation percentage of 23.816%, and with a desirability score of 0.673, which indicated a high reliability of the prediction results (Figure 5). The optimal fermentation process parameters were manually adjusted to a duration of 70 h, a temperature of 36.8 °C, and a water content of 59%, and the validation test was conducted across three parallel setups. The measured NDF degradation rate was 23.69%, and the relative error compared to the theoretical value was 0.53%, demonstrating the high accuracy of this model. Notably, the NDF degradation rate increased by 30.02% compared to the rate before optimization.





4. Discussion


PESMS are primarily agricultural byproducts that are rich in lignocellulose, such as corn cobs, bran, rice straw, and wood chips. The lignocellulosic materials are characterized by their complex physical and chemical structures, with cellulose, hemicellulose, and lignin tightly interlinked through various chemical bonds, which presents challenges for their direct utilization [32,33,34]. The complete hydrolysis of cellulose within these materials results in the production of glucose. The cellulose and hemicellulose content in PESMS comprise up to 50% of its total mass [35,36], making PESMS a rich source of polysaccharides. Consequently, the application of cellulase and hemicellulose in the decomposition of PESMS into RS has been identified as both feasible and effective [37].



It has been reported that incorporating xylanase into the enzymatic system could enhance the glucose and xylose yields from sugarcane bagasse, with increases of 31.08% and 30.14%, respectively [38]. Furthermore, the glucose yield from a compound enzyme system surpasses that of a single enzyme system [39]. This study showed that with the increase in the amount of exogenous enzyme, the content of RS released by enzymatic hydrolysis of PESMS initially increased and then remained stable. Liao [40] reported that increasing the amount of cellulase could significantly increase the glucose yield of propionic acid-hydrolyzed corn cob. This indicates that given adequate substrate, there is an optimal range for enzyme addition. Efficient cellulose hydrolysis requires a minimum surface area from a single enzyme. The hydrolysis efficiency decreases once the total enzyme concentration surpasses the saturation point [41]. Moreover, competitive inhibition enables the released glucose to act as an inhibitor, thereby reducing the enzyme activity. Native strains of SMS also dynamically consume RS, thus affecting the yields [42,43]. In addition, water content is a critical factor in the success of solid enzymatic hydrolysis. In this study, the observation of the material moisture in terms of its impact on the SMS reducing sugars yield with the enzyme solution found that with the increase in the humidity, the RS content in substrate leveled-off after the initial rising trend. This occurred because in the process of solid enzyme solution, water molecules were not only directly involved in the enzymatic hydrolysis reaction but also as a medium to promote easier enzyme protein adsorption on the surface of the material.



Garcia De Figueiredo [44,45] previously demonstrated that the protein recovery rate from compound enzyme treatment could reach 28%, which was between 17% and 86% higher than in the non-enzyme treatment groups. A blend of complex enzymes, including fibrinogen, endoglucanase, and β-galactosidase showed higher performance in converting cellulose into glucose and could yield up to 15.5 mg/mL of glucose, which was 2.1-fold higher than that achieved with crude enzyme preparations [31]. The cooperation and synergistic association between complex enzymes are crucial for the effective and complete degradation of cellulose substrates, leading to enhanced hydrolysis efficiency. This is because numerous different enzymes bind at different sites and achieve maximum synergy at concentrations below the total enzyme concentration required for the saturation of available binding sites on the substrate [45,46]. Our results demonstrated that the RS content in PESMS varied with the proportion of enzyme blends used. However, the effectiveness of multiple enzymes was not significantly greater than that of a single enzyme. This could be because of the high winding structure of lignocellulosic, which led to the low accessibility of cellulose hydrolyzed by a single enzyme. Protein molecules struggle to attach destructively to the surface of cellulose and hemicellulose or penetrate their interior, thus failing to exhibit high synergistic efficiency of compound enzymes. Nonetheless, the synergistic effect of each enzyme is strongest when it is present at an unsaturated concentration, so that only the dose effect is shown.



The complex and firm lignocellulosic structure of SMS poses challenges for its direct bacterial utilization. Exogenous lignocellulosic enzyme was added to improve its nutritional value in combination with probiotic fermentation. Moisture content is a critical factor in the success of solid-state fermentation. Above-optimal moisture levels can cause substrate aggregation or particle adhesion to the reactor walls, increasing the susceptibility to bacterial contamination. Conversely, insufficient water content diminishes the solubility of lignin and the swelling capacity of substrates, leading to elevated water tension that hampers microbial growth and enzyme production [47]. Zhu [48] used response surface methodology to analyze the effect of cellulase and Lactobacillus co-fermentation on lactic acid yield from corn cob, and their findings revealed that cellulase addition could significantly enhance the lactic acid yield compared to Lactobacillus alone. Under the appropriate temperature and water content conditions, the enzyme will better adhere to the surface of the base material and gradually hydrolyze to the interior [49]. Excessive temperature and moisture can restrict the growth and production of probiotics. Therefore, moderate conditions are essential for achieving optimal fermentation outcomes. This study showed that the NDF degradation rate increased by 30.02% compared with that prior to optimization. Further analysis confirmed that the NDF degradation in PESMS could be optimized under conditions of 70 h, 36.8 °C, and 59% water content.




5. Conclusions


In summary, this study optimized the conditions for the synergistic fermentation involving multiple microorganisms and enzymes, thereby enhancing the nutritional value of PESMS. The optimal addition ratios for cellulase, xylanase, and β-galactosidase were found to be 10%, 10%, and 2%, respectively, with a hydrolysis temperature of 50 °C, hydrolysis duration of 20 h, and a moisture content of 60%. The overall glucose yield using this optimized treatment was 210.89 mg/g. The fermentation factors were optimized by BBD. The ideal fermentation conditions were determined to be as follows: 10% B. subtilis, 2% lactic acid bacteria, 2% S. cerevisiae, 10% cellulase, 10% xylanase, 2% β-galactosidase, and 1% urea, with a fermentation period of 70 h, temperature of 36.8 °C, and moisture content of 59%. Under these optimized conditions, the degradation rate of NDF increased to 23.69%, representing a 30.02% enhancement level compared to pre-optimization yield. This study presented a biological strategy for improving the nutritional value of the spent mushroom substrate of P. eryngii.
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Figure 1. Effects of different addition levels at 0%, 2%, 4%, 6%, 8%, and 10% (a), hydrolysis times at 8 h, 12 h, 16 h, 20 h, and 24 h (b), respectively, and the ratios of material to water at 1:0.6, 1:0.8, 1:1, and 1:1.2 (c), respectively, on the reducing sugars content of PESMS hydrolyzed by cellulase. Different lower-case letters represent significant differences at p < 0.05. 
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Figure 2. Effects of different xylanase supplemental levels at 2%, 4%, 6%, 8%, and 10% (a), xylanase hydrolysis times at 2 h, 4 h, 6 h, 8 h, and 10 h (b), and ratios of material to water at 1:0.6, 1:0.8, 1:1, and 1:1.2 (c) on the reducing sugars content of PESMS hydrolyzed by xylanase. Different lower-case letters represent significant differences at p < 0.05. 
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Figure 3. Effects of different β-galactosidase addition levels at 0.5%, 1.0%, 1.5%, 2.0%, and 3.0% (a), hydrolysis times at 4 h, 8 h, 12 h, 16 h, and 20 h (b), and the ratios of material to water at 1:0.6, 1:0.8, 1:1, and 1:1.2 (c) on the reducing sugars content of PESMS hydrolyzed by β-galactosidase. Different lower-case letters represent significant differences at p < 0.05. 
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Figure 4. The 3D response surface plots showing relative effect of two fermentation parameters on degradation rate of NDF. (a,b): The response surface diagram of the effect of time and temperature on the degradation rate of NDF. (c,d): The response surface diagram of the effect of time and moisture on the degradation rate of NDF. (e,f): The response surface diagram of the effect of temperature and moisture on the degradation rate of NDF. 
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Figure 5. Theoretical and model predicted response values for the optimal process. (a): When the NDF degradation rate is targeted to reach its maximum within the default range of 11.11–30.00%, and the expected value is set at 1.00, the feasibility of the solution predicted by this model is 0.673. (b): The predicted conditions for the cooperative fermentation of Pleurotus eryngii are as follows: hydrolysis duration 69.973 h, temperature 36.802 °C, moisture content 59.292%, and an NDF degradation rate of 23.816%. 
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Table 1. L9(34) orthogonal test factors and levels.
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Level

	
Factors




	
Cellulase/%

	
Xylanase/%

	
β-Galactosidase/%






	
−1

	
6

	
6

	
1




	
0

	
8

	
8

	
2




	
+1

	
10

	
10

	
3











 





Table 2. Results and range analysis of L9 (34) orthogonal experiment design.
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Number

	
Factors

	
Results




	
Cellulase

	
Xylanase

	
β-Galactosidase

	
RS, mg/g

	
NDF Degradation Rate, %

	
Enzymatic Hydrolysis Effect






	
1

	
−1

	
−1

	
−1

	
185.36

	
11.12

	
49.45




	
2

	
−1

	
0

	
0

	
196.65

	
15.64

	
55.46




	
3

	
−1

	
+1

	
+1

	
198.79

	
16.60

	
56.68




	
4

	
0

	
−1

	
0

	
202.14

	
15.32

	
56.42




	
5

	
0

	
0

	
+1

	
206.97

	
17.50

	
59.18




	
6

	
0

	
+1

	
−1

	
201.07

	
16.72

	
57.28




	
7

	
+1

	
−1

	
+1

	
207.37

	
13.51

	
56.16




	
8

	
+1

	
0

	
−1

	
202.81

	
16.51

	
57.50




	
9

	
+1

	
+1

	
0

	
210.19

	
18.05

	
60.32




	
k1

	
53.87

	
54.01

	
54.74

	

	

	




	
k2

	
57.63

	
57.38

	
57.40

	

	

	




	
k3

	
57.99

	
58.09

	
57.34

	

	

	




	
Range

	
4.13

	
4.08

	
2.66

	

	

	




	
Best level

	
+1

	
+1

	
0

	

	

	




	
Sequence

	
cellulase > xylanase > β-galactosidase

	

	

	











 





Table 3. The level of each factor in PBD.
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	Level
	Bacillus subtilis Inoculum/%

F1
	Pediococcus acidilactici Inoculum/%

F2
	Saccharomyces cerevisiae Inoculum/%

F3
	Time/h

F4
	Temperature/°C

F5
	Moisture/%

F6





	−1
	2
	2
	2
	48
	30
	50



	+1
	10
	10
	10
	96
	36
	60







F1: addition amount of Bacillus subtilis; F2: addition amount of Pediococcus acidilactici; F3: Addition amount of Saccharomyces cerevisiae; F4: fermentation time; F5: reaction temperature: F6: water content of substrate.













 





Table 4. PBD test and its response value.
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	Experimental Number
	F1
	F2
	F3
	F4
	F5
	F6
	NDF Degradation Rate/%





	1
	−1
	+1
	+1
	−1
	+1
	−1
	19.78



	2
	+1
	−1
	+1
	−1
	−1
	−1
	15.79



	3
	+1
	+1
	−1
	+1
	−1
	−1
	9.35



	4
	+1
	−1
	−1
	−1
	+1
	+1
	21.33



	5
	−1
	−1
	+1
	+1
	+1
	−1
	19.37



	6
	+1
	+1
	−1
	+1
	+1
	−1
	15.87



	7
	−1
	−1
	−1
	−1
	−1
	−1
	18.22



	8
	+1
	+1
	+1
	−1
	+1
	+1
	22.87



	9
	−1
	+1
	−1
	−1
	−1
	+1
	19.71



	10
	−1
	+1
	+1
	+1
	−1
	+1
	16.35



	11
	+1
	−1
	+1
	+1
	−1
	+1
	14.27



	12
	−1
	−1
	−1
	+1
	+1
	+1
	17.64







F1: addition amount of Bacillus subtilis; F2: addition amount of Pediococcus acidilactici; F3: addition amount of Saccharomyces cerevisiae; F4: fermentation time; F5: reaction temperature: F6: water content of substrate. NDF degradation rate: neutral detergent fiber degradation rate.













 





Table 5. The results of the analysis of variance of the PBD test.






Table 5. The results of the analysis of variance of the PBD test.













	Sources
	Degree of Freedom
	Sum of Squares
	Mean Square
	F-Value
	p Value





	Model
	6
	127.16
	21.1933
	7.46
	0.022



	Linear
	6
	127.16
	21.1933
	7.46
	0.022



	F1
	1
	11.194
	11.194
	3.94
	0.104



	F2
	1
	0.603
	0.603
	0.21
	0.664



	F3
	1
	3.318
	3.318
	1.17
	0.329



	F4
	1
	51.46
	51.4602
	18.12
	0.008



	F5
	1
	44.737
	44.7374
	15.76
	0.011



	F6
	1
	15.847
	15.847
	5.58
	0.065



	Error
	5
	14.197
	2.8394
	
	



	Total
	11
	141.357
	
	
	







F1: addition amount