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ABSTRACT 

The enzyme volume yield (nmol L" ) in batch 5L stirred tank fermentations 
for the production of the enzyme cytochrome p-450 by the yeast 
Saccharomyces cerevisiae N.C.r.C. 754 on a medium based on coconut
water was op timised with respect to the experimental variables 
temperature IT), pH and stirring rate (RPM), which were all under 
constant set point control, using the 2·i factorial experiments and steepest 
ascent methods to locate the area containing the maximum enzyme 
volume yield and using a rotatable composite design to find the optimum 
levels of the experimental variables at the point of maximum yield. It 
was found that for maximum enzyme volume yield the levels of the 
variables are as follows: T = 26.88"C, pH = 5. J 2 and RPM = 253 r.p.m. 
Experiments conducted with these optimised levels of variables gave an 
average enzyme volume yield of 637.36 nmo[ L-'. This represents an 
improvement of 71% compared to the maximum yield in shake-flask 
fermentation of 372.62 nmol L·'. 

ABSTRAK 

Hasi! isipadu enzim I nmol L') dalam fermentasi sesekumpul tangki teraduk 
5L untuk penghasilan enzim sitokrom p-450 oleh yis Saccharomyces 
cerevisiae N.C. r.c. 754 da/am medium berasaskan air keiapa teiah 
dioptimumkan terhadap paras pembolehubah-pembolehubah ujikaji suhu 
IT). pH dan kadar putaran pendesak (RPM) pada kawalan titik set 
menggunakan kaedah ujikaji faktorial 2'< dan kaedah pendakian paling 
curam untuk mendapatkan kawasan yang mengandungi. titik hasil isipadu 
enzim maksimum dan menggunakan kaedah reka bentuk komposit boleh
putar untuk mendapatkan paras optimum pembolehubah-pembolehubah 
ujikaji pada titik hasil isipadu elJzim maksimum. Didapati pada titik hasil 
isipadu enzim maksimum paras pembolehubah-pembolehubah ujikaji adalah 
seperti berikut: T = 26.88"C. pH = 5.12 dan RPM = 253 r.p.m. Ujikaji
ujikaji pada gabungan paras-paras pembolehubah ujikaji optimum ini 
memberikan purata hasil isipadu enzim 637.36 nmol L·'. la merupakan 
peningkatan 7/% berbanding dengan hasi! maksimum dalam fermentasi 
kelalang goncang pada 372.62 nmol L·'. 
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INTRODUCTION 

In an earlier paper [6] we have reponed Ihe oplimisation of the enzyme 
yield of batch shake-flasks fermentation of the yeast Saccharomyces 
cerevisiae N.C.Y.C. 754 for the enzyme cytochrome p-450 using a coconut
water based medium. The optimised process was subsequently scaled-up 
successfully to a 2L slirred tank fermenter [I] and then 10 a 5L stirred tank 
fermenter [2] . This paper deals with the optimisation of the fermentation 
process at the 5L stirred tank fermenter scale. In the factorial experiments 
al the 2L stirred tank fermenter scale [2] it was shown that the initial 
concentrations of medium components glucose (G) and peptone (P) can be 
fixed at G = 118 gV and P = 5.89 gL'. In the present work. in addition 
to keeping the inilial concentration of medium components constant, air 
fl ow rate (F) was also fixed at F = 200 ml min" leaving the effects of 
variation in aeration to be represented by the stirring rate (R PM). Thus 
there were three variables to be optimised namely the temperature (T). pH 
and the stirring rate (RPM ). 

The methods of 2' factorial experiments and the path of steepest 
ascent [3] were used to find the area containing the maximum yield. Yates' 
Method [8J was used to calculate the main effects and interaclive effects 
of Ihe experimental variables on the yields. The method of Rotatable 
Composite Design [3. 4J was then used to evaluate the experimental 
variables at the maximum poin!. The theory of these methods have been 
covered in an earlier paper [6J . The only difference is Ihat in that paper 
five experimental variables were considered whereas in the present case 
there are only three experimental variables. 

MATERIALS AND METHODS 

MEDIUM PREPARATION 

Fresh coconut-water was obtained from a coconut-milk drying factory in 
Kapar. Selangor, Malaysia. The original source was a plantalion in 
Bagan Datoh, Perak, Malaysia. It was filtered to remove suspended 
solids and then sterilised at 121"C for 45 minutes before being stored al 
5°C until used. An analysis done on a sample gave the composition of 
the coconut-water as in Table I. 

TABLE l. Composition of Coconut-water 

Components 

Total solids (per 100 g sample) 
Total ash (per 100 ml liquid) 
Fat (per 100 ml liquid) 
Reducing sugar (per 100 ml liquid) 
Total nitrogen (per 100 ml liquid ) 
TOlal prolein (per 100 ml liquid) 
Na (p.p.m. wt. per wt.) 
Ka (p.p.m. wt. per wt.) 
Density (g. per mi.) 
pH 

Composition 

4.76 g 
0.57 g 
1.37 g 
0.908 g 
0.019 g 
0.119 g 
25.7 p.p.m. 
180.5 p.p.m. 
1.01 7 g. per ml. 
5.30 
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The medium composition that was optimised at shake flask scale [6] 
was used for the 5L fermentations. Glucose was dissolved in I L of 
coconut water in a conical flask while the rest of the components were 
dissolved in 2.9L of coconut-water in the fermenter. The two parts of the 
medium were sterilised separately at 12 I"C for 30 minutes. Once cooled the 
glucose medium was pumped aseptically into the fermenter giving a total 
medium volume of 3.9L. 

INOCULUM PREPARATION 

The same medium composition as in the 5L fermenter was used for the 
inoculum. The yeast S. cerevisiae N.C.Y.C. 754 was grown from slope 
culture in 100 ml of medium in a 2S0 mJ shake flask in a refrigerated 
incubator shaker (L.H. Fennentation. uKlSyarikat Harapan Malaysia) at 
26. JOC with a shaking rate of 2S0 rpm for 24 hours. The inoculum was then 
pumped aseptically into the SL fermenter giving a total liquid volume of 4L. 

SAMPLING. BIOMASS DETERMINATION AND CYTOCHROME P-450 ASSAY 

Samples were taken every 4 hours except the ones that were due at 3.00 a.m. 
which were not taken. All fermentation runs were started at either 7.00 a.m 
or I 1.00 a.m so that at 3.00 a.m the following day it will be at age 20 hours 
or 16 hours respectively. Past experience showed that at these ages the 
biomass concentration would already be at the maximum value while the 
enzyme concentration would be increasing linearly. Thus in fitting curves 
to the data 1ater. the missing biomass and enzyme concentrations data would 
not cause much error. 

A 40 ml samples was taken for each biomass determination and enzyme 
assay for all sampling limes before the 8th hour as the biomass concentration 
at those times were still low. From the 12th hour onwards the sample size 
was reduced to 20 m!. 

For biomass determination , samples were centrifuged (B. Braun, 
Germany. model Sigma 2-IS) at 3000 rpm for 3 minutes. The 
supernatant was then discarded while the biomass was resuspended in 
distilled water. The process was then repeated followed by drying at 
8Q°C in an oven for 48 hours. 

Cytochrome p-4S0 was assayed by a modification of the procedure 
of Omura and Sato [S]. A wet biomass sample of known weight was 
mixed with a O. I M phosphate buffer of pH 7.2 to make a 10% (w/v) 

suspension on which the spectrophotometric determination of 
cytochrome p-4S0 was made. 

THE 5L FERMENTER 

The SL stirred tank fermenter (L.H. Fermentation. uKlSyarikat Harapan. 
Malaysia) was equipped with instrumentation for measurement and control 
of the variables temperature (T). pH. stirring rate (RPM ) and air flow rate. 
External control can also be achieved by computer which sets values for 
control set points according to predetermined time-profiles in a control 
software called StSKA (Caidmark Sdn. Bhd. Malaysia). 
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RESULTS 

Table 2 gives the levels of the experimental variables in the 2' factorial 
experiments. 

Table 3 gives the plan for the 2' factorial experiments and the untreated 
results. 

Table 4 gives the results of the calculation of the main effects and 
interactive effects using Yates' Method and the F-Test. 

Table 5 gives the plan of the replication of the centre point and the 
untreated results of the experiments. 

Table 6 gives the regression coefficients of the linear equation of the 
response surface of the 2' factorial experiments. 

Table 7 gives the evaluation of the linear regression equation of the 
response surface of the 2' factorial experiments. 

Table 8 gives the levels of the experimental variables at the additional 
points making the 2' rotatable composite design. 

Table 9 gives the plan of the additional experiments making the 2' 
rotatable composite design and the result of these experiment. 

Table 10 gives the regression coefficents of the quadratic equation of the 
response surface of the rotatable composite design. 

Table 11 gives the evaluation of the quadratic equation of the response 
surface of the rotatable composite design. 

Table 12 gives the levels of the experimental variables at the theoretical 
maximum yield. 

Table 13 gives the results of experimental runs at the theoretical maximum 
point. 

DISCUSSION AND CONCLUSIONS 

All the experiments in the 2' factorial plan gave yields (Table 3) which are 
lower than the average yield of the replicated centre point (Table 5). The 
linear regression equation of the response surface of the 2' factorial 
experiments fits satisfactorily with the data points (Table 7) and the 
coefficients of the variables are small compared witb the intercept (Table 6) 
indicating that the area investigated is a plateau which may contain the 
maximum point. The 2' factorial plan was thus complimented with the extra 
points necessary to make it into a rotatable composite design (Table 8). 

The calculation of the main effects and interactive effects using 
Yates' Method (Table 4) shows that all three main effects T, pH and 
RPM do not have significant effects on the enzyme volume yield. 
However each of the interactive effects T-pH and T-RPM were significant 
at 99% confidence level. Thus although each of the variables separately 
do not have significant effects on the yield, together they have significant 
effects in the form of interactive effects. 

The results of tbe experiments at the complimentary points making 
the rotatable composite design are given in Table 9. The evaluation of 
the regression coefficients of the quadratic equation of the response 
surface of the rotatable composite design (Table 10) and their subsequent 
use to predict the yields (Table 11) showed that the errors incurred 
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TABLE 2. Levels of Experimental Variables in the 23 Factorial Experiments 

VARIABLES a = -I a=O a=! UNIT 

TEMPERATURE 25.0 27.0 29.0 °C 
pH 4.80 5.10 5.40 pH Units 

RPM 200 250 300 RPM 

TABLE 3. The Plan for the 23 Factorial 
Experiments and the Untreated Results 

NO XI X2 X3 BIOMASS CYT P-450 
(gL·') (nmol L·') 

1 -I -I -I 14.281 582.42 
2 -I -I 13.704 549.45 
3 -I -I 15.554 593.48 
4 -I 15.236 681.31 
5 -I -I 15.353 648.35 
6 -I 14.799 571.43 
7 -I 13.732 582.42 
8 14.145 582.42 

were significant at 95% confidence leveL This could be one of the 
sources of errors in the subsequent evaluation of the theoretical 
maximum point. 

The levels of the experimental variables at the theoretical maximum 
point are given in Table 12. The quadratic equation predicted a yield 
of 683.92 nmolL·' at this point but replication of experiments at this 
point gave an average yield of 637.36 nmolL·' (Table 13). This 
compares with the average yield of 684.98 nmolL·' achieved at the 
centre point of the 2' factorial plan. Comparing Table 2 and Table 12, 
it can be seen that in moving from the centre point to the theoretical 
maximum point, T has shifted from 27°C to 26.88"C, pH has shifted 
from 5.10 to 5.12 and RPM has shifted from 250 to 253. In retrospect, 
these shifts are hardly significant at all and are unlikely to be the cause 
of the difference in yield between the centre point (684.98 nmoIL·') and 
the theoretical maximum point (637.36 nmol L·'). A more likely 
explanation would be that some unaccounted factors have affected the 
experiments at the theoretical maximum point but not the experiments 
at the centre point, since these two sets of experiments were not carried 
out at the same time. Composition of peptone has been known to 
change [7], which in turn affect the performance of cytochrome p-450 
fermentations. 

The optimised shake flask fermentation [6] from which the current 
process was scaled-up gave a yield of 373.62 nmol L·'. In comparison, 
the yield of 637.36 nmol L·' at the theoretical maximum found in this 
work represents an improvement of 71 %. 



TABLE 4. Results of the Calculation of the Main Effects 
and Jnteractive Effects Using Yates ' Method and the F-Test 

NO YIELD COLUMN COLUMN COLUMN FACTORIAL S.E.lu F-TEST IDENTITY 
(NMOUL) I 2 3 EFFECT 

I 582-42 113 1.87 2406.58 4791.2 
2 549.45 1274.71 2384.62 - 21.98 120.78 o. JO T 
3 593 .48 12 19.78 54.94 87.9 1931.60 1.62 pH 
4 68 1.3 I 1164.84 -76.92 197.8 978 1.2 I 8.21 99% T-pH 
5 648.35 -32.97 142.84 -21.96 120.56 0.10 RPM 
6 571.43 87.9 1 -54.94 - 13 1.86 4346.76 3.65 99% T-RPM 
7 582-42 -76.92 120.88 -197.78 9779.23 8.2 1 90% pH-RPM 
8 582-42 0 76.92 -43.96 483 1.1 2 0.4 1 T-pH-RPM 



TABLE 5. The Plan of the Replication at the Centre Point 
and the Untreated Results of the Experiments 

NO T pH RPM P-450 BIOMASS 
(omol VI) DRY WT. 

XI X2 X3 (gL') 

9 0 0 0 637.36 15.368 
10 0 0 0 703.3 14.61 
\I 0 0 0 725.25 15.015 
12 0 0 0 692.31 13.683 
13 0 0 0 648.35 15.412 
14 0 0 0 703.31 15.096 

Average 684.98 14.86 
Standard Deviation 31.51 0.59 
Mean Square Error 1191.6 0.39 

TABLE 6. The Regression Coefficients of the 
Linear Regression Equation of the Response 

Surface of the 23 Factorial Experiments 

COEFF VALUE 

ao 149.73 
a, -0.687 

" 2.747 
a, -0.686 

TABLE 7. The Evaluation of the Linear Regression Equation of 
the Response Surface of the 2 J Factorial Experiments 

NO TRUE YIELD PREDICTED YIELD SQUARED 
(nmol L-I) (nmol L-I) ERROR 

I 648.35 593.405 120.67 
2 549.45 587.910 1479.17 
3 593.4 615.380 483.12 
4 582.42 609.885 5101.53 
5 582.42 587.915 3652.39 
6 571.43 582.420 120.78 
7 582.42 609.890 754.60 
8 681.31 604.395 482.90 

MEAN SQUARED ERROR 1524.40 
Mean Sguared Error 

1.279 Mean Experimental Error 
F-TEST 



TABLE 8. Levels of the Experimental Variables of the Additional 
Points Making the Rotatable Composite Design 

NO 

9 
10 
II 
12 
13 
14 

VARIABLE " = -1.68 " = 1.68 

TEMPERATURE 
pH 
RPM 

23.8 
4.61 
268 

30.4 
5.59 
332 

TABLE 9. The Plan of the Additional Experiments 
Making the 2-' Rotatable Composite Design and 

The Results of these Experiments 

XI X2 X3 BIOMASS 
T pH RPM (gL") 

-1.68 0 0 13.389 
.1.68 0 0 13.950 

0 -1.68 0 14.728 
0 1.68 0 13.977 
0 0 -1.68 14.940 
0 0 1.68 15.647 

TABLE to. The Regression Coefficients of 
the Quadratic Equation of the Response 

Surface of the Rotatable Composite Design 

COEFF YALUE 

b, 648.440 
b, -5.674 
b, -7.092 
bJ 

12.440 

b" 39.300 
b22 60.583 

b.n -110.530 

b" 24.715 
bn -16.472 
b23 -24.732 

CYT-P450 
(nmol L") 

582.41 
549.45 
703.30 
593.41 
604.40 
516.48 



TABLE 11. The Evaluation of the Quadratic Equation of the 
Response Surface of the 23 Rotatable Composite Design 

NO TRUE YIELD PREDICTED YIELD SQUARED ERROR 
(nmol V) (nmol L·') 

1 582.42 584.40 3.92 
2 549.45 573.05 557.01 
3 593.48 570.22 541.26 
4 681.31 558.87 14992.29 
5 648.35 559.52 7890.95 
6 571.43 548.17 540.98 
7 582.42 545.34 1375.30 
8 582.42 533.99 2345.76 
9 582.41 552.89 871.28 
10 549.45 534.36 227.67 
11 703.30 821.60 13993.97 
12 593.41 798.43 42034.69 
13 604.40 373.97 53097.52 
14 516.48 333.34 33539.54 
15 637.36 648.44 122.77 
16 703.30 648.44 3009.62 
17 725.27 648.44 5902.85 
18 69231 648.44 1924.58 
19 648.35 648.44 0.01 
20 70331 648.44 3010.72 

Mean Squared Error 9299.13 
Mean Sguared Error 7.80 
Mean Experimental Error 
P-Test 95% 

TABLE 12. Levels of the Experimental Variables at the 
Theoretical Maximum Yield 

Xi Variable Level Value Unit 

XI TEMPERATURE -0.058 26.88 °C 
X2 pH 0.083 5.12 pH 
X3 RPM 0.061 253 rpm 

Predicted Maximum Yield 683.92 nmol L·' 

TABLE 13. Results of Experimental Runs at 
Theoretical Maximum Point 

NO T PH RPM CYT P-450 
XI X2 X3 (nmol L·') 

26.88 5.12 253 685.32 
2 26.88 5.12 253 598.72 
3 26.88 5.12 253 643.05 
4 26.88 5.12 253 622.34 

Average 63736 
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Symbols 
. J 

DescriptIon 

NOTATION 

0: Distance from centre point 
aD The constant in the linear equation 
a, The coefficient of the ith variable in the 

linear equation 
b

o 
The constant in the quadratic equation 

b, The coefficient of the ith variable in 
the quadratic equation 

b" The coefficient of the ith variable 

b 
" 

F 
G 
P 

pH 
RPM 
T 

(squared) in the quadratic equation 
The coefficient of the product of the 
ith and jth variables in the quadratic equation 
Air flow rate 
Initial glucose concentration in the medium 
Initial concentration of Peptone in 
the fermentation medium 
pH value 
Stirrer speed 
Temperature 
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