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Abstract: The bioconversion of plant sterols (phytosterols) by Fusarium solani to produce some C-19
androstene steroids namely androstenedione (AD) and androstadienedione (ADD) has been investigated. The
purpose of this study was to determine the conditions for maximum yields of both AD and ADD using factorial
design and multi-dimensional response surface (RSM) modeling techniques. Therefore, the effect of three
factors (pH, biotransformation time and substrate level on the yields of both AD and ADD were assessed using
a sequential factorial design. The results indicated that the biotransformation time was critical for the production
of AD and ADD, while the pH value of the fermentation medium affected the yield of both AD and ADD to
a lesser extent. An optimization experiment was performed using factor levels within narrower range of the
setting determined from the first experiment, the yield of AD and ADD predicted by the mathematical model
increased to 65.71 and 20.41 %, respectively and this value were confirmed experimentally. 
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INTRODUCTION

Although the steroid drugs represent only a small part
of the world market of pharmaceuticals, there is a great
demand for new and cheaper steroid raw materials for
their production . The choice of starting materials has[2 ,5 ,3 ,4]

always had a critical, impact on steroid manufacturing
industries. The most common and economical process, for
the production of steroid pharmaceuticals is the partial
synthesis from relatively inexpensive steroid row
materials of animal and plant origins. 

One of the most important bioconversion reaction of
steroid is the side chain degradation of sterols specially,
cholesterol. b-sitosterol,which had been studied . The[7 ,12]

biodegredation products were the highly active steroidal
hormones AD and ADD, which are important
intermediates in the production of estrone and estradiol.

There are different strains which have the ability to
degrade phytosterols. The highly active strains were
Fusarium spp, Aspergillus spp. in addition to some
bacterial strains. The studies of El- Refai and Abd-
Elsalam , stated that the strain of F. solni has the ability[6]

to transform â- sitosterol, as well as sun flower sterols
mixture to gave a good yields of both AD, ADD. The
work was extended in this communication to build a
mathematical design for optimizing the bioconversion

19process in favour of the desired C  androgenes. 

MATERIALS AND METHODS 

Materials:
Microorganisms: Fusarium solani was kindly provided
from the Natural and Microbial Products Chemistry

Department, National Research Centre (NRC) Dokki,
Cairo, Egypt. 

Chemicals:  The  authentic  steroids  used  (AD,  ADD,
â-sitosterol), and 8-hydroxyquinoline were provided by of
Sigma Company USA. Sunflower oil used in the current
work is of commercial grade.

Methods:
Maintenance of the Microorganism: The experimental
organism was maintained on the following medium g/l
(malt extract 25, yeast extract 4 and agar 20) and was
monthly interval regenerated. 

Transformation process: Cultivation was performed
using 250 ml Erlenmeyer flasks, each containing 50 ml of

4 2 4the following medium (g/l): glucose, 10; (NH )  SO , 1.0,

2 4 2 4K HPO , 7.0; KH P0 ,3.0. To each flask 0.016 g/1 8-
hydroxyquinoline was added to avoid the enzymatic
cission of the sterol nucleus . The pH was adjusted to[8]

6.5. The flasks were sterilized using steam autoclaving at
120 C for 20 min and incubated with 2 ml sporeo

suspension of F. solani 7 days old culture. The culture
flasks were agitated on reciprocal shaker (200 rpm) at
30°C±for 72h . Thereafter, the sunflower sterols mixture
(5 mg) was added to each flask and the transformation
process  was  continued  for the specific time intervals .[6]

Extraction: At the end of the transformation period, the
content of each flask was homogenized in a blender
(16000 rpm) with double its volume of chloroform. The
chloroform layer was separated and dried under vacuum
to give semi-solid residue "test material".
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Qualitative analysis: The test material was dissolved in
a measured volume of chloroform: methanol (1:1 v/v).
Analysis was carried out by the thin-layer
chromatographic   technique   (TLC)   using   silica  gel

60G  using n-hexane: diethyl ether: glacial acetic acid 70:
30: 1 (v/v/v) as developing solvent. The different
components of the transformation mixture were identified
by studying the TLC profile of each compound as
compared to the authentic steroids using Libermann-
Burchard colour reagent and examined under UV light .[10]

Quantitative analysis: The gas liquid chromatographic
(GLC) technique was adopted for preparing the steroid
derivative. Aliquots 0.1ml of the chromatographic fraction
obtained as previously described was dired under nitrogen
stream, and the trimethyl -o- methyl oxime derivatives
were synthesized according to Thenot and Horning, .[11]

Separations were obtained on a 25 m length fused silica
column  coated  either  with  SE-  30  GLC)  or OV-1
(GC-MS). Helium was used as the carrier gas with a
linearly increasing gradient of temperature 2°C min from
200 to 290°C.The bioconversion activities percentages
were calculated as follows :[12]

Modeling and theoretical aspects: The experiments
were conducted according to orthogonal 3 levels design as
described by . A full second order polynomial model[1 ,9 ]

was used to evaluate the yield of both (AD and ADD) as
a function of substrate level, pH and biotransformation
time as well as dry mass. 

Multidimensional Response Surface (MRS) approach
is adopted in modeling the production of the AD and
ADD as a function of three independent variables. These
variables are pH, substrate and time (Table 1). These
variables are scaled to generated orthogonal design matrix
using the following relation:

1 2 3Where,  X ~ pH, X ~substrate (S) , X ~time (T) 
 n~ number of elements in each parameter vector. 

Table 1: Factors exam ined as independent variables affecting AD,

ADD production by F. solani. 

Levels

-----------------------------------------------

Factor -1 0 1

pH value 6 6.5 7

Biotransformation time (hr) 48 72 96

Substrate level(mg %) 10 15 20

On using the fungus dry mass parameter instead of

1 1pH, Var  and X  were used to express the dry mass and
it's scaling parameter, respectively. The Max and Min are

irelated to the maximum and minimum of Var  vector. The
obtained transformation products were evaluated using
equation (1). Different modeling techniques (linear,
mixed, pure quadratic, and full quadratic are
experimented to model the AD and ADD production. The
proper model is chosen for ADD and AD predictions
based on the value coefficient of determinate (R). 

The relation of dry mass with time and substrate is
used to model the production both the AD and ADD. A
comparison of the different models is carried out to
determine the best model that describe the AD and ADD
productions. The constants of the different models
equations that describe the yield are evaluated using linear
optimization. The optimization was based on the relation
between the conversion estimates with transformation
period and substrate uptake.

RESULTS AND DISCUSSIONS

Effect of biotransformation time, substrate level and
pH value on the production yield of both AD and
ADD: The present set of experiments were conducted
with the variation of the pH value, the biotransformation
time and the substrate level in the transformation process
to maximize the consumption of substrate in favour of the
formation of high yields of the desired products .

These parameters have been previously estimated by
El-Refai, and Abd Elsalam, ; where 0 levels were the[6]

best level at which maximum yields were obtained.
In order to derive information whether these three

factors had an effect on the yield production of both AD
and ADD, a set of nine Erlenmeyer flasks (250ml)
containing 50 ml medium was inoculated with equal
amounts of inocula (Table 2).Different amounts of the
substrate level were added and the fermentation was
extended to different time intervals. The yields of both
AD and ADD were obtained using the following equation.

° 1 1 2 2 3 3 4 1 5 2 6 3Y= b +b x +b x +b x +b x +b x +b x  (Y = yield
estimation % of the product)

0 1 2 n b , b  b …and b are coefficients determined from the
results of the experiment variable parameters. The
constants of the different models equations that describe
the yield are evaluated using linear optimization. The
technique used for the optimization is the least square
method.
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Table 2: valuation of the selected parameters and their levels on

factorial design experim ent: 

Standardized levels Yield estimation %

-------------------------------- ----------------------------

Run pH T S AD ADD

1 -1 0 +1 38.4 8.4

2 -1 -1 0 36.9 10.3

3 -1 +1 -1 40 11.9

4 0 0 +1 50.4 13.3

5 0 -1 0 36.4 8.2

6 0 +1 -1 54.8 11.2

7 +1 0 +1 33.4 8.3

8 +1 -1 0 27.9 11.2

9 +1 +1 -1 36.4 7.7

Table 3: List of calculated and measured (AD and ADD) at different

pH, substrate and time variations

pH Sub.(S) Time (t) AD(Exp) AD(Cmp) ADD(Exp) ADD(Com)

5.5 10.00 48.00 26.18 37.27 13.88 11.41

5.5 10.00 96.00 22.61 25.56 6.21 7.40

5.5 20.00 48.00 37.95 32.92 6.60 9.03

5.5 20.00 96.00 30.23 21.20 6.18 5.02

6.5 5.00 48.00 28.04 29.19 18.50 19.31

6.5 5.00 72.00 28.56 29.94 18.18 17.57

6.5 5.00 96.00 21.42 17.47 13.88 15.30

6.5 10.00 48.00 55.35 40.06 19.56 16.85

6.5 10.00 72.00 36.06 40.81 16.55 15.10

6.5 10.00 96.00 28.56 28.35 11.37 12.84

6.5 15.00 48.00 40.47 42.23 12.95 15.24

6.5 15.00 72.00 50.97 42.99 12.21 13.49

6.5 15.00 96.00 28.56 30.52 11.82 11.22

6.5 20.00 48.00 28.56 35.71. 15.60 14.47

6.5 20.00 72.00 34.63 36.46 11.33 12.73

6.5 20.00 96.00 16.56 23.99 12.02 10.46

7 10.00 48.00 40.95 39.85 13.88 14.06

7 10.00 96.00 26.10 28.14 9.24 10.05

7 20.00 48.00 35.24 35.50 11.10 11.05

7 20.00 96.00 24.99 23.78 9.24 7.67

The average of the product concentrations was

determined for the replicate experiments at each time, and

the standard deviations for the concentrates of AD and

ADD were calculated.

The results of the first experiment determined in the

derivation of a set of equations which described the factor

effects (pH, substrate level and time of biotransformation)

and their interactions. The coefficients, which are not

significant, were eliminated after substitution of

normalized factor with real values. The following

equations were obtained: 

AD 1 2 3 1 2Y =43.25+1.29x +0.065x  - 5.86x  - 1.497x  + 9.79x  -2 2

30.61x   2

Equation (1)

R = 0.6

ADD 1 2 3 1Y  = 13.89 + 1.32x  - 2.16x  - 2.01x  - 4.11x  +2

2 30.96X  - 26X  2 3

Equation (2)

R = 0.85

The quality of the fit of the polynomial model

equation is expressed by (R) which is the coefficient of

determination.

Fig. 1: AD  production  variation  with tim e and substrate

concentration at pH 7

Fig. 2: AD D production variation with tim e and substrate

concentration at pH 7

The R value obtained for linear and mixed models

used for AD predictions are less than 0.4 but for pure

quadratic R is 0.6 in case of full quadratic model, R

suffers no tangible increase. For ADD production, R

value for pure quadratic model is 0.85. Equations (1,2)

were used to predict the maximum yield % of both AD

and ADD at different values of the studied factors. 

To determine the optimum calculated yields, the

scanning method was used. This included the calculation

and  comparison  of  the  values of calculated yield,

(Table 3). The scanning was further repeated using a

narrower range of values around the optimum values.

When the second conditions were determined

mathematically a second experiment was then run using

a narrow range of factor's values derived from the optima

found in the first experiment.

The mathematical models obtained from the results

of the first factorial design experiment summarize all

factors affecting the production yield and their interaction.

This helps in the prediction of maximum yields of the

transformation products at different values of the studied

factors.

The results presented in equation (1), fig (1)

showed the influence of AD by the time of transformation

process, while the effect of both pH and substrate level on

AD yield are limited after certain values.

Similarly, the production of ADD as evaluated by

equation  (2)  and  fig  (2),   was   mainly   affect   by  the
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Fig. 3: AD production variation with dry m ass and substrate

concentration at pH 7

Fig. 3: AD production variation with dry m ass and substrate

concentration at pH 7

Fig. 4: ADD production variation with dry m ass and substrate

concentration at pH 7

biotransformation time and to lesser extend by the
substrate level; while the pH value had the least effect on
the production of ADD.

Effect of substrate level on biomass production and
product formation: In order to investigate the correlation
between the substrate level, bioconversion time and their
effects on the fungus biomass, in relation to the formation
both AD and ADD, a set of experiments were done using
substrate levels ranging from (5-20 mg/50ml medium)
and the biotransformation time was extended to 72 hr.
The dry weight was determined gravimetrically after
drying the biomass at 60 C until constant weight was5

reached. Equation (3, 4) were used to predict maximum
yields of both the biomass and yield production of both
AD and ADD.

Table 4: List of experimental and computed yields of AD and ADD at

different dry weight, substrate level and different

transformation times. 

Time Sub. Dry wt..  AD  AD  ADD ADD

(hr) (S) (D) (Exp.) (Com .) (Exp.) (Com .)

24.00 5.00 0.21 24.75 20.04 9.57 14.40

24.00 10.0 0.21 28.08 33.02 12.11 12.95

24.00 15.00 0.23 35.70 33.29 12.47 10.11

24.00 20.00 0.20 17.85 20.20 15.72 13.48

48.00 5.00 0.27 28.04 31.40 18.50 17.40

48.00 10.00 0.26 55.04 44.35 19.56 16.96

48.00 15.00 0.28 40.47 44.05 12.95 14.84

48.00 20.00 0.29 28.56 31.43 15.60 14.16

72.00 5.00 0.32 28.56 31.58 18.81 17.03

72.00 10.00 0.32 36.05 44.55 16.59 15.81

72.00 15.00 0.34 35.70 44.05 12.21 14.54

72.00 20.00 0.33 50.97 31.59 11.33 14.79

96.00 5.00 0.42 21.42 18.15 13.88 12.63

96.00 10.00 0.43 28.56 30.49 11.37 11.77

96.00 15.00 0.45 28.56 29.24 11.82 12.07

96.00 20.00 0.44 16.67 17.15 12.02 11.53

Table 5: Standardization of the factors setting for the second

optimization.

Standardized level

-----------------------------------------------

High (1) M iddle (0) Low (-1)

-----------------------------------------------

Factors Product Actual levels

Time  (hr) AD 72 hr 60 hr 48 hr

Substrate level (mg) 15.5 mg 13 mg 11.5 mg

Time (hr) ADD 60 hr 48 hr 36 hr

Substrate level (mg) 6.5 mg 4 mg 1.5 mg

Changes in the biotransformation time caused

dramatic changes in the biomass formation. However no

correlation was found between the substrate concentration

and the biomass formations, (Fig. 3,4 and Table 4). 

The highest fungus biomass yield (55.4%) was

obtained after 96 h, while the production of AD was

maximum after 48 hr biotransformation time using 10 mg

substrate concentration. The maximum ADD production

was (19.56) after 48 h transformation time at substrate

concentration of 10 mg (equation 5). These results

indicated that when one factor was present in high level,

maximum biomass yield was obtained. 

The obtained results showed that maximum biomass

production did not correspond to maximum AD and ADD

yields.

Using the data obtained in the first optimization

experiment, a further optimization - in a narrow range of

factor variations – (biotransofmration time and substrate

level) was undertaken to further improve the yields of

both AD and ADD.

AD 1 3 1 2Y = 47.14 + 1.57x  + 0.157x  - 2.9x  - 11.45x  - 1.14x2 2 2

3- 2.7 2

equation (3)

R = 0.78

1 X = Biotransformation time.
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2 X = Substrate level.

3 X = Dry mass (wt).

AD D 1 2 3 1Y  = 15.32 + 3.71x  - 0.945x  - 5.56x  -7.33X  +2

2 30.659x  + 5.55x  2 2

Equation (4)

1 2 1Dry mass = 0.3 + 0.11x  + 0.007x  + 0.025x 2

R = 0.98                                                                           

Equation (5)

Equation (3) shows that the yield of AD is affected

by the transformation time and the substrate level while

the biomass concentration didn't affect the production

yield of AD. Equation (4) didn't fit the palynonial model

(R is 0.49), so it is neglected.

Second set of optimization of the experiment: For this

second set of experiments the substrate level and

biotransformation time factors were evaluated in narrower

range near the optimum values obtained from the first

optimization in order to determine the increase in the

yield of both AD and ADD % (Table 5). This set of

experiments was designed according to the method

described by Mead, et al., . [9]

On monitoring the time course of substrate

conversion, it was noticed that 72h, was the optimum time

for AD production  using  substrate level 15 ml. while, the

production of ADD was optimum at 60 hr  using substrate

level of 5 ml . The results of these experiments indicated

that AD and ADD depended strongly on time and

substrate concentration.

Verification experiment: The standardized and actual

factor settings for this experiment are outlined in table 5

and 6 . The average of the product concentrations was

determined and the standard deviation for both AD and

ADD were calculated. 

Table 6:  Sum mary of optimum  conditions and products yields.

Product M aximum yield % Time (t) Substrate level (ml)

AD 65.71 +1 +1

49.41 +1 0

40.88 +1 -1

53.41 0 +1

48.21 0 0

33.11 0 -1

34.21 -1 +1

32.61 -1 0

29.43 -1 -1

ADD 20.41 +1 +1

7.33 +1 0

8.83 +1 -1

11.22 0 +1

13.31 0 0

15.31 0 -1

9.65 -1 +1

10.32 -1 0

11.76 -1 -1

The influence of substrate level within the studied
range (5-20ml/flask) and the biotransformation time (24-
96hr) when the pH value was held at its optimum value
(6.5) on the production yield % of both AD and ADD
were illustrated.

The result was very close to the yield interpolated
from the data detected. Thus the yield of AD was
increased by 18%, while the yield of ADD was also
increased by 4.6%.
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