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  : 为获得黑曲霉 Aspergillus niger HDF05 菌株较高的 β-葡萄糖苷酶酶活，对其发酵条件进行了优化。采用

Plackett-Burman 实验设计考察关键发酵操作参数对产酶的影响。继而采用最陡爬坡路径逼近最大响应区域，并结合中

心组合实验和响应面对 4 个显著性因素进行分析。Plackett-Burman 实验结果表明，发酵温度、装液量、麦麸和 (NH4)2SO4

浓度对 β-葡萄糖苷酶合成影响显著。通过响应面分析得到一元二阶方程，对方程求解得到优化的发酵过程参数：发酵

温度为 28 ℃，装液量为 71.4 mL/250 mL，麸皮浓度为 36 g/L，(NH4)2SO4 浓度为 5.5 g/L。采用该优化的过程参数，菌

株的最大产 β-葡萄糖苷酶活力可达 60.06 U/mL，较优化前提高了 23.9％。将黑曲霉 HDF05 产生的 β-葡萄糖苷酶用于

酸解玉米芯纤维残渣的酶解实验中，可明显降低纤维二糖的积累，48 h 内可使玉米芯纤维素残渣酶解得率达到 80.4％。 

: 黑曲霉，β-葡萄糖苷酶，响应面，过程参数优化 
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Abstract:  In order to obtain high β-glucosidase productivity, we optimized the fermentation parameters for β-glucosidase 

production by Aspergillus niger HDF05. First, we screened the important parameters by Plackeet-burman design. Second, we used 
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the path of steepest ascent to approach to the biggest response region of parameters affecting β-glucosidase production. Then, we 

obtained the optimal parameters by central composite design and response surface analysis. We developed a quadratic polynomial 

equation for predicting β-glucosidase production level. The results showed that the important parameters were temperature, packing 

volume, concentrations of wheat bran and (NH4)2SO4. The optimal fermentation parameters were as follows: temperature 28 °C, 

packing volume 71.4 mL/250 mL, wheat bran 36 g/L and (NH4)2SO4 5.5 g/L. Under the optimal conditions, we obtained the 

maximum enzyme activity of 60.06 U/mL, with an increase of 23.9% compared to the original fermentation parameters. During 

enzymatic hydrolysis of acid-pretreated corncob, addition of β-glucosidase from Aspergillus niger HDF05 greatly reduced the 

inhibition caused by cellobiose, and the hydrolysis yield was improved from 66.7% to 80.4%. 

Keywords:  Aspergillus niger, β-glucosidase, response surface methodology, parameters optimization 
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1  材料与方法 

1.1  实验材料与仪器 

1.1.1   

Aspergillus niger HDF05

 

1.1.2   

PDA
[11]

20 g 3 g 2 g K2HPO4 0.5 g 

MgSO4·7H2O 4 g (NH4)2SO4 0.5 g CaCl2

1 000 mL pH  

1.1.3   

- -β-D- (p-NPG) Sigma
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1.1.4   

HQL300A  (

) TGL-16B  (

) 722S  (

) PL1501-S  ( -

)  

1.2  实验方法 

1.2.1   

    

250 mL 200 r/min

30 min 1×10
7

/mL

10  

1.2.2  β-  

10 000 r/min

10 min β-  

1.2.3  β-  

0.1 mL

20 mmol/L - -β-D-  (p-NPG) 

0.1 mL pH 6.5 0.8 mL 50 ℃

30 min 3 mL 1 mol/L Na2CO3 

400 nm

1 μmol -

 (U)
[12]

 

1.2.4  Plackett-Burman  

HDF05 β-

 ( )

Plackett-Burman  (X1)

 (X2)  (X3)  (X4) (NH4)2SO4 

(X5) MgSO4·7H2O (X6) 6

12

 

Y=a0+a1X1+a2X2+a3X3+a4X4+a5X5+a6X6 

X1 X2 X3 X4 X5 X6

Y  (U/mL) a0 a1 a2 a3 a4

a5 a6  

1.2.5   

 

(

) 

[13]

 

1.2.6   

4 5 30

3

 

Y=b0+b1X1+b2X2+b3X3+b5X5+b12X1X2+b13X1X3+ 

b15X1X5+b23X2X3+b25X2X5+b35X3X5+b11X1X1+b22X2X2+ 

b33X3X3+b55X5X5 

X1 X2 X3 X5

4 Y

 (U/mL) b0 b1 b2 b3 b5

b12 b13 b15 b23 b25 b35 b11 b22 b33 b55

Design-Expert (Version7.1.3) 

F (Fischer) 

R
2

 

1.2.7   

HDF05  

1.2.8   

[14]

54 5.3
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29.2 11.5  

1.2.9  β-

 

50 mL

130 g/L 1.2.2

 ( 20 U/g β-

3 U/g )  pH  4.8 45 ℃

(Y)  

Y=(m×0.9×100)/(m1+m2) 

m- m1-

m2-  

1.2.10   

[15]  

2  结果与分析 

2.1  重要因素的筛选 

Plackett-Burman

6  (+1) 

(−1) 2  ( 1)

2  

2 6

β-

2 MgSO4·7H2O β-

 

 

表 1  Plackett-Burman 实验设计与响应值 

Table 1  Plackett-Burman design and responding value 

Run X1 (°C) X2 (mL) X3 (g/L) X4 (g/L) X5 (g/L) X6 (g/L) Y (U/mL) 

1 30 100 20 5 8 25 31.27 

2 25 60 20 3 8 30 43.90 

3 30 60 40 5 4 25 23.40 

4 25 100 40 5 8 30 51.40 

5 30 60 20 5 4 30 28.28 

6 30 100 20 3 8 25 20.57 

7 30 100 40 3 4 30 31.49 

8 25 100 40 3 4 25 50.37 

9 30 60 40 3 8 30 25.34 

10 25 60 40 5 8 25 48.53 

11 25 60 20 3 4 25 32.97 

12 25 100 20 5 4 30 36.44 

 

表 2  各种因素的影响 

Table 2  Effects of different factors 

Variable  Level   F test 

Symbol Parameter Low (−1) High (+1) F value Prob>F 

X1 Temperature (°C) 25 30 7020.40 0.0014 

X2 Packing volume (mL) 60 100 24.08 0.0391 

X3 Wheat bran (g/L) 20 40 90.67 0.0108 

X4 Peptone (g/L) 3 5 14.20 0.0638 

X5 (NH4)2SO4 (g/L) 4 8 21.49 0.0435 

X6 MgSO4·7H2O (g/L) 25 30 6.25 0.1296 
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Plackett-burman

 

Y=35.33−8.61X1+1.59X2+3.09X3+1.22X4+1.51X5+

0.81X6 

R
2
=0.9980

 (NH4)2SO4  

2.2  最陡爬坡实验研究最大响应值的响应区域 

Plackett-Burman

3 3

3

4  
 
表 3  最陡爬坡试验设计及结果 

Table 3  Experimental design and results of steepest ascent 

Run X1 X2 X3 X5 Y (U/mL) 

1 30 60 40 4 42.06 

2 29 65 38 4.5 55.54 

3 28 70 36 5 59.96 

4 27 75 34 5.5 55.38 

5 26 80 32 6 51.33 

6 25 85 30 6.5 49.48 

 

表 4  响应面分析试验因素水平表 

Table 4  Factors and level value of response surface 

analysis 

Variable Level 

Symbol Parameter −2 −1 0 1 2 

X1 Temperature (°C) 26 27 28 29 30 

X2 Packing volume (m/L) 60 65 70 75 80 

X3 Wheat bran (g/L) 32 34 36 38 40 

X5 (NH4)2SO4 (g/L) 0.4 0.45 0.50 0.55 0.6 

 

2.3  中心组合实验优化培养基浓度 

Central composite design

5

Design-Expert (Version7.1.3) 

 

Y=57.98+0.57X1+2.28X2+0.79X3+1.78X5−1.52X1X2 

−0.89X1X3+1.06X1X5−2.89X2X3−0.11X2X5+0.81X3X5− 

5.97X1X1−3.24X2X2−4.37X3X3−0.85X5X5 

6 R
2
=0.8948

P<0.0001

0.05 F

 ( 1)  

 
表 5  中心组合响应面设计及试验结果 

Table 5  Response surface central composite design and 

corresponding response 

Run X1 X2 X3 X5 Y (U/mL) 

1 −1 −1 −1 −1 38.12 

2  1 −1 −1 −1 42.25 

3 −1  1 −1 −1 43.42 

4  1  1 −1 −1 47.81 

5 −1 −1  1 −1 40.83 

6  1 −1  1 −1 50.44 

7 −1  1  1 −1 46.32 

8  1  1  1 −1 35.20 

9 −1 −1 −1  1 35.23 

10  1 −1 −1  1 42.62 

11 −1  1 −1  1 48.80 

12  1  1 −1  1 48.51 

13 −1 −1  1  1 45.62 

14  1 −1  1  1 52.13 

15 −1  1  1  1 40.62 

16  1  1  1  1 43.94 

17 −2  0  0  0 35.12 

18  2  0  0  0 33.50 

19  0 −2  0  0 35.14 

20  0  2  0  0 55.33 

21  0  0 −2  0 36.32 

22  0  0  2  0 45.16 

23  0  0  0 −2 49.15 

24  0  0  0  2 60.42 

25  0  0  0  0 56.42 

26  0  0  0  0 58.40 

27  0  0  0  0 57.93 

28  0  0  0  0 57.15 

29  0  0  0  0 59.31 

30  0  0  0  0 58.64 
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表 6  回归分析结果 

Table 6  Results of regression analysis 

Source 
Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F Value Prob>F 

Model 14 1 879.92 134.28 9.12 <0.0001 

X1 1 7.82 7.82 0.53 0.4774 

X2 1 124.94 124.94 8.48 0.0107 

X3 1 15.07 15.07 1.02 0.3278 

X5 1 75.69 75.69 5.14 0.0386 

X1 X2 1 37.03 37.03 2.51 0.1337 

X1 X3 1 12.78 12.78 0.87 0.3663 

X1 X5 1 17.89 17.89 1.21 0.2878 

X2 X3 1 133.75 133.75 9.08 0.0087 

X2 X5 1 0.21 0.21 0.014 0.9062 

X3 X5 1 10.50 10.50 0.71 0.4118 

X1 X1 1 978.47 978.47 66.43 <0.0001 

X2 X2 1 288.19 288.19 19.57 0.0005 

X3 X3 1 522.65 522.65 35.48 <0.0001 

X5 X5 1 20.00 20.00 1.36 0.2621 

Residual 15 220.94 14.73   

Lack of fit 10 215.44 21.54 19.56 0.0021 

Cor total 29 2 100.87    

 

图 1  装液量和麦麸浓度对酶活力影响的响应面图    

Fig. 1  Surface layer of the mutual-affection of packing 

volume and wheat bran concentration on enzyme activity. 

 

1 X1 X2 X3

X5 4

 (X1 X2 X3 X5)  (0.09

0.28 0.08 1.00)  28.09 ℃

71.37 mL/250 mL 36.17 g/L

(NH4)2SO4  5.5 g/L

59.33 U/mL

 28 ℃  71.4 mL/250 mL

 36 g/L (NH4)2SO4 5.5 g/L  

2.4  验证实验 

3

46.13

45.26 45.71 U/mL 45.7 U/mL

60.54 59.54

60.11 U/mL 60.06 U/mL

23.9

 

β-

[16-17] [16]

β-

59.86 U/mL
[17]

β- β-

54.15 U/mL

HDF05  

2.5  玉米芯纤维残渣的酶解 

 ( 54

5.3 29.2 ) β-

 ( 20 U/g β-

3 U/g ) 48 h

7

52.1 g/L 66.7

β-

63.4 g/L 80.4

β-
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表 7  不同酶处理对酶解玉米芯纤维残渣的影响 

Table 7  Results of hydrolysis by cellulase and β-glucosidase from A. niger HDF05 

Enzyme 
Sugar concentration in hydrolysate (g/L) Reducing  

sugar (g/L) 
Hydrolysis (%) 

Cellobiose Glucose Xylose Arabinose 

FP 11.9 27.1 6.5 0.8 52.1 66.7 

FP+CB  0.8 50.3 6.7 0.9 63.4 80.4 

FP: filter paper activity; CB: cellobiase activity. 

 

3  结论 

HDF05 β-

28 ℃

71.4 mL/250 mL 36 g/L (NH4)2SO4

5.5 g/L HDF05

β- 60.06 U/mL

23.9 HDF05 β-

48 h

80.4  
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