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Abstract Classical (one-variable-at-a-time) and statistical
methods (Plackett-Burman and Central composite design)
were used to optimise growth medium for the production of
cholesterol oxidase (COX) from Rhodococcus sp. NCIM
2891. COX activities from the classically and statistically
optimised media were 0.75 and 3.25 U/ml, respectively. The
statistically optimised medium had 4.33- and 9.7-fold higher
enzymatic activity than the classically optimised and un-
optimised basal medium, respectively. The ratio of enzyme
production to cell growth rate was 29-fold higher in our
statistically optimised medium than in the basal medium,
indicating that the enzyme production could be classified as
mixed type of growth. Cell-bound COX accounted for
90.68+2 % of the total enzymatic activity of the growth
medium. Interactions between the COX-inducing substrate
cholesterol and medium growth substrates yeast extract and
(NH4),HPO, significantly enhanced the production of cell-
bound COX. Our results validate the statistical approach as
a potential technique for achieving the large-scale produc-
tion of cell-bound COX from Rhodococcus sp. NCIM 2891.

Keywords Rhodococcus sp. NCIM 2891 - Cell-bound

cholesterol oxidase - Plackett-Burman design - Central
composite design

Introduction

Cholesterol oxidase (COX, EC 1.1.3.6) is widely used in
clinical settings to detect cholesterol (MacLachlan et al.
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2000) and steroids (Ahmad et al. 1992) in biological sam-
ples. It also has potential applications for the biotransforma-
tion of sterols and non-steroidal compounds, optical
resolution of non-steroidal compounds, production of ste-
roid hormone precursors, biosynthesis of antifungal antibi-
otics, among others (Doukyu 2009). COX is a flavoenzyme
that catalyses the oxidation and isomerisation of cholesterol
to cholest-4-en-3-one (Kreit and Sampson 2009). The en-
zyme is mainly generated in bacteria, although there have
been a few reports of COX production in fungi (Fukuyama
and Miyake 1979). This family of enzymes occurs in both
the membrane-bound and secreted forms (Inouye et al.
1982; Kreit et al. 1994; Sojo et al. 1997). COX enzymes
from different microbial sources have been purified and
characterised (Doukyu 2009); however, reports on COX
production methods are limited (Aihara et al. 1986; Kreit
et al. 1994; Lee et al. 1998, 1999; Yazdi et al. 2001; Chang
et al. 2005; Chauhan et al. 2009) even though the applica-
tions of COX have been rapidly expanding.

COX produced from Rhodococcus strains has gained
importance due to its high stability and activity over a wide
range of pH values (Wang et al. 2008) and its high yields
(Aihara et al. 1986; Watanabe et al. 1989). Rhodococcus
species can produce both secreted and cell-bound forms of
COX (Watanabe et al. 1989; Kreit et al. 1992; Kreit et al.
1994; Sojo et al. 1997). In the study reported here, we first
studied the effect of different nutritional factors on the
production of total COX by a Rhodococcus sp. NCIM
2891 strain using the classical ‘one-variable-at-a-time’
method. The medium components were then analysed for
their significant effects on enzyme production using a sta-
tistical Plackett—-Burman factorial design (Plackett and
Burman 1946). We then used a full-factorial central com-
posite design (CCD) for response surface methodology
(RSM) to derive important information on the optimal level
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of each variable, along with its interactions with other var-
iables and its effects on product yield. A detailed account on
our findings is presented here.

Materials and methods
Microorganism and culture conditions

Rhodococcus sp. NCIM 2891 was obtained from the
National Collection of Industrial Micro-organisms (NCIM)
(National Chemical Laboratory, Pune, India). This strain
was cultured in modified culture medium (basal medium)
based on Yazdi et al. (2001), which contains the following
additives (in g/l): (NH4),HPO,, 2.0; yeast extract, 5.0;
K,HPO,, 0.25; FeSO,4 - 7H,0, 0.1; NaCl, 1.0; cholesterol,
2.0; Tween 80, 2.0 (v/v). The pH was adjusted to 7.0. For
the fermentation experiments, 1-ml aliquots of the active
seed culture were added to 50 ml of sterilised basal medium in
250-ml Erlenmeyer flasks and incubated at 30°C on a rotary
shaker (200 rpm). For bacterial cell count measurements, 1-ml
samples were withdrawn from the flask at 12-h intervals dur-
ing the culture period and diluted tenfold with phosphate
buffered saline [(in g/1): NaCl, 8.0; KCI, 0.2; Na,HPOy,
1.44; KH,PO,, 0.24; pH 7.4]. Nutrient agar plates were uni-
formly streaked with 100 pl of the diluted broth sample using
a cell spreader and incubated for a maximum of 6 days
at 30 °C. The colonies formed on each plate were then counted
to estimate the colony forming unit (CFU) per millilitre of the
original sample (CFU/ml).

Isolation and assay of enzyme

After 60 h of cultivation, bacterial cultures were centrifuged
at 10,000 rpm for 15 min at 4 °C. The supernatant fluid was
used as the source of the extracellular enzyme. The cell
pellets were re-suspended in 5 ml of 50 mM potassium
phosphate buffer, pH 7.0, containing 1% Triton X-100
(extraction buffer) and mixed vigorously for 5 min with a
vortex (MS 3 digital; IKA, Staufen, Germany). The cell
homogenate was then centrifuged (12,000 rpm for 15 min)
to collect the cell-free supernatant, which was used for
measuring cell-bound COX. COX activity was assayed us-
ing an horseradish peroxidase (HRP)-coupled assay that
monitored H,O, production by measuring 2, 2'-azino-bis
[3-ethylbenzothiazoline-6-sulphonic acid] diammonium salt
(ABTS) radical formation at 405 nm and 35°C (e405=
18400/M/cm) (Werner et al. 1970). The enzyme was
assayed by kinetic assay method in a final volume of 1 ml
containing 50 mM potassium phosphate buffer (pH 7.0), 5 ul
of 1,080 U/ml HRP 50 ul of 14 mg/ml ABTS and 50 pl of
3 mM cholesterol. A stock solution of cholesterol (20 mM)
was prepared by dissolving cholesterol in 10 % Triton X-100
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in distilled water at approximately 165 °C for 5 min. The
solution was then diluted with water containing 1 % Triton
X-100 to a final cholesterol concentration of 3 mM. The
amount of enzyme activity (U/ml) was calculated using Eq. 1.

AA, in X Volume of reaction mixture(ml
Enzyme activity(U/ml) = 4050/ min (mb)

36.8 x Volume of enzyme used(ml)
(1)

where 36.8 is the millimolar extinction coefficient for two
molecules of oxidised ABTS because the reduction of one
molecule of H,O, requires two molecules of ABTS. One
enzyme unit was defined as the amount of enzyme that forms
1 pmol hydrogen peroxide/min at 35 °C.

Optimisation of medium components by experimental
design

The culture medium was optimised using the Plackett—
Burman design and CCD. Each factor was examined at
two levels: —1 and +1 for low and high levels, respectively.
A focus of the study was to evaluate the linear and curvature
effects of the variables. The Plackett—-Burman experimental
design is based on a first-order polynomial model, as shown
in Eq. 2.

Y =p,+ Z;Bixi (2)

where Y is the response (productivity), 3, is the model
intercept, [3; is the linear coefficient and x; is the level of
the independent variable. This model was used to screen and
evaluate the medium components influencing COX produc-
tion. Seven assigned variables were screened in 12 experi-
mental trials, with an additional two runs made at their
centre points, as shown in Table 1. Based on regression
analysis of the variables, factors with greater than 95 %
significance (P<0.05) were considered to have a significant
effect on COX production and were further optimised by
RSM.

A CCD with five settings for each factor was used to
evaluate the quadratic effects and two-way interactions
among these variables, and a full factorial CCD was used
to optimise the key variables for COX production in shaking
cultures. The variables used were cholesterol, (NH4),HPOy,
and yeast extract, each at five coded levels (—a, —1, 0, +1,
+a), as shown in Table 2. The relation between the coded
forms and the actual value of the variables is described in
Eq. 3.

Xi —Xo

Ay T3 k (3)

Xi =
where x; is a coded value and JX; is the actual value of the
variable, X} is the actual value of the same variable at the
centre point and AX; is the step change of the variable.
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Table 1 Plackett-Burman design for seven variables, with the observed results for cholesterol oxidase activity

Run order Cholesterol (g/1) (NH4),HPO, (g/1) Yeast extract (g/) NaCl (g/) K,HPO, (g/1) Tween 80 (g/l) FeSO, 7H,0 (g/l) COX?* (U/ml)

1 5 0.5 18 0.5
2 5 5.5 6 7.5
3 2 5.5 18 0.5
4 5 0.5 18 7.5
5 5 5.5 6 7.5
6 5 5.5 18 0.5
7 2 5.5 18 7.5
8 2 0.5 18 7.5
9 2 0.5 6 7.5
10 5 0.5 6 0.5
11 2 5.5 6 0.5
12 2 0.5 6 0.5
13 3.5 3 12 4

14 3.5 3 12 4

0.1 0.5 0.7 0.767+0.029
0.1 0.5 0.1 0.952+0.021
0.9 0.5 0.1 0.935+0.037
0.1 4.5 0.1 0.437+0.014
0.9 0.5 0.7 0.742+0.023
0.9 4.5 0.1 1.248+0.019
0.1 4.5 0.7 0.609+0.012
0.9 0.5 0.7 0.327+0.024
0.9 4.5 0.1 0.15740.011
0.9 4.5 0.7 0.276+0.025
0.1 4.5 0.7 0.378+0.007
0.1 0.5 0.1 0.319+0.013
0.5 2.5 0.4 0.535+0.031
0.5 2.5 0.4 0.523+0.018

? Cholesterol oxidase: values are presented as the mean + standard deviation (SD) (n=3)

These three factors, each with five coded levels, con-
sisted of 20 experimental runs that included six replicates
at the centre point with ax=1.682, were used to measure the
entire range of variable combinations, as shown in Table 3.
The optimal point was predicted using a second-order poly-
nomial model (Eq. 4) to correlate the relationship between
the variables and the response.

k k
Y =B+ > BX+ Y Bax? + 30 X, ()
= =1 i

where Y is the predicted response, k is the number of factor
variables, (3, is the model constant, /3; is the linear coefficient, J3;
is the quadratic coefficient and 3 is the interaction coefficient.

Statistical analysis was performed using Minitab ver. 15
(Minitab, State College, PA) which was used to evaluate the
analysis of variance (ANOVA) to determine the significance
of each term in the fitted equations and to estimate the
goodness of fit in each case. The fit of the model was
checked by the coefficient of determination R”. The closer
the values of R* to 1, the better the model explains the
variability between the experimental and predicted values.
To validate the conditions optimised with CCD, we used the
newly optimised medium to study COX production.

Table 2 Central composite design levels

Factor (g/l) Factor code  Levels

—a -1 0 +1 +a
Cholesterol Xi 0.795 25 50 7.5 9.204
(NHy4),HPO, X 0955 30 60 90 11.045
Yeast extract X3 0.546 6 14 22 27.454

Results and discussion
Optimisation of COX production using classical methods

The effects of pH, temperature, cultivation time and different
types of carbon and nitrogen sources on COX production by
Rhodococcus sp. NCIM 2891 were first studied in the basal
medium using the ‘one-variable-at-a-time” method. The opti-
mal conditions for COX production in the basal medium were
30°C, pH 7.0 and a 60-h cultivation time. Enzyme production
under these optimal conditions was 0.335 U/ml. Cell-bound
COX contributed half of the total enzymatic activity in the
basal medium. To determine the effect of different carbon
sources on COX production, we tested different steroidal
compounds, a readily assimilable carbon substrate (glucose)
and a non-steroidal hydrophobic substrate (n-hexanoate).
COX was produced with all of the carbon sources tested;
however, only the steroidal substrates ((-sitosterol, cholester-
ol and stigmasterol) produced a significant increase in COX
levels. Of the tested sterols, cholesterol produced the most
COX (Fig. 1a). We also tested the effects of different combi-
nations of inorganic and organic nitrogen sources on cell
growth and COX production and found that the combination
of (NH4),HPO, and yeast extract supported the highest en-
zyme production (0.353 U/ml) (Fig. 1b). When grown in the
control medium containing 0.2 % cholesterol, COX activity
reached 0.346 U/ml. Increasing the cholesterol content from
0.2 % to 0.35 % also increased COX activity by 24.15 %, to
0.433 U/ml. COX production reached saturation at 0.4 %
cholesterol (Fig. 2). Adding (NH4),HPO, to the medium
stimulated the production of COX (Fig. 2), with maximum
COX activity (0.397 U/ml) observed for media containing
0.25 % (NH4),HPO,4 However, higher concentrations of
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Table 3 Full factorial central composite design of three variables and
the response of COX activity

Run Cholesterol ~ (NH4),HPO4  Yeast extract ~COX® (U/ml)
order  (g/) (g/l) (g/h)

1 2.5 3 6 0.557+0.046
2 7.5 3 6 0.312+0.021
3 25 9 6 0.145+0.008
4 7.5 9 6 1.301+0.021
5 2.5 3 22 1.221£0.015
6 7.5 3 22 1.584+0.014
7 2.5 9 22 0.853+0.032
8 7.5 9 22 2.805+0.022
9 0.795 6 14 0.447+0.045
10 9.204 6 14 1.821+0.038
11 5 0.955 14 0.755+0.042
12 5 11.045 14 1.395+0.031
13 5 6 0.546 0.252+0.039
14 5 6 27.454 1.875+0.056
15 5 6 14 1.745+0.019
16 5 6 14 1.729+0.011
17 5 6 14 1.742+0.013
18 5 6 14 1.737+0.018
19 5 6 14 1.725+0.027
20 5 6 14 1.763+0.019

#Values are presented as the mean + SD (n=3)

(NH4),HPO, caused enzyme production to decline. The
effects of adding yeast extract to the medium on COX activity
were also concentration dependent, with a noticeable effect
first observed at 0.1 % concentration and maximum activity
(0.483 U/ml) reached at 0.9 %. Further increases in yeast
extract concentrations did not improve COX production
(Fig. 2). Optimal concentrations of (NH4),HPO,, yeast extract
and cholesterol in our classically optimised medium were 2.5,
9.0 and 3.5 g/l, respectively. Under these optimal conditions
the enzyme production was 0.75 U/ml, with cell-bound COX
accounting for 65.71 % of the total enzyme activity.

Evaluation of significant components
by the Plackett—Burman design

Cholesterol oxidase activity varied widely (0.157+0.01 to
1.248+0.02 U/ml) in the experiments, indicating the potential
for optimising COX production. The analysis of regression
coefficients, ¢ values and P values for these seven variables is
shown in Table 4. Both the ¢ value and the P value (<0.05)
were used to confirm the significance of the parameters stud-
ied. Cholesterol was significant to a 99.4 % confidence level,
while (NH4),HPO, and yeast extract had significance levels
01 99.9 and 98.9 %, respectively. Based on P values, choles-
terol, (NH,4),HPO,, and yeast extract were chosen for further
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Fig. 1 Effects of carbon sources (a; 0.2 % w/v) and inorganic (b;
0.2 % w/v) and organic (0.5 % w/v) nitrogen sources on cholesterol
oxidase (COX) production by Rhodococcus sp. NCIM 2891. 4.4
CH3COONH,, 4.C NH4Cl, A.N NH4NOs, 4.5 (NH4),SO4, S.N
NaNO;, DAHP (NH4),HPOy,, B.E beef extract, M.E malt extract, Y.E
yeast extract, Pep peptone, iy tryptone

optimisation. Because NaCl, K,HPO,, Tween 80 and FeSO4
7H,0O did not have significant effects on COX production,
they were added to the cultivation medium at their median
values for subsequent experiments.

Optimisation of medium components by CCD

The significant variables from the Plackett—Burman factori-
al design were further examined by CCD. The fitting of the
second order polynomial model was verified by the coeffi-
cient of determination, R*. The model shows a high deter-
mination coefficient (R*=99.82), which explains almost
100 % of the variability in the response. The regression
coefficients were calculated, and the regression equation
obtained is shown the Eq. 5:

Ycox aciviy = 1.73869 + 0.40542X; + 0.18352X, + 0.50360.X;
—0.20465X7 — 0.22551X7 — 0.22957X7
+0.37375X, X, + 0.17550X, X3 + 0.3450X,.X3

(5)

where Y, X, X5 and X; represent the response, and the
amounts of cholesterol, (NH,),HPO, and yeast extract,
respectively. The F value of the model is 612.62 (P<0.05),
which indicates that the model is a good fit and explains
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Fig. 2 Effect of different concentrations of (NH4),HPO,, cholesterol
and yeast extract on COX production by Rhodococcus sp. NCIM 2891

most of the observed response variation. All of the model
terms X, X5, X, Xlz, X22, X32, X1 X5, X1 X5 and X5, X3,
exhibited confidence levels of >95 % (P<0.05), which
indicates that our chosen variables (cholesterol,
(NH4),HPO,, yeast extract and their interaction effects)
were significant in our model equation for both linear and
quadratic fits (Table 5). The regression equation is graph-
ically represented by the contour plots to visualise the effect
of the component concentration on the expected response
(Fig. 3). It is evident that the interactions of cholesterol with
yeast extract (Fig. 3a) cholesterol and (NH,4),HPO, (Fig. 3b)
are highly significant, while the interaction between yeast
extract and (NH4),HPO, (Fig. 3¢) is only moderately
significant,

Table 4 Statistical analysis of the Plackett-Burman design showing
the coefficient values, # values and P values for each variable of COX
activity

Variable COX activity (U/ml)
Coefficient ~ ¢value P value Confidence
levels (%)

Intercept 0.59558 18.97 0.000 100
Cholesterol (X)) 0.14142 4.50 0.006" 99.4
(NH4),HPO, (X;)  0.21508 6.85 0.001* 99.9
Yeast extract (X3)  0.12492 3.98 0.011* 98.9
NaCl (X,) —0.05825 -1.86  0.123 87.7
K,HPO, (X5) 0.01858 0.59 0.580 42.0
Tween 80 (X¢) -0.07808 -2.49  0.055 94.5
FeSO, 7TH,O (X7)  —0.07908 -2.52 0.053 94.7

Experimental validation of the medium composition
optimised by CCD

The CCD model predicted that maximum COX activity of
3.36 U/ml would occur when the medium contained choles-
terol, (NH4),HPO, and yeast extract at concentrations of
8.95, 10.57 and 26.75 g/l while keeping the other compo-
nents at the median tested concentration determined from
our optimisation studies. The model was experimentally
validated by RSM for the statistically optimised medium.
COX production in the statistically optimised medium is
shown in Fig. 4a. COX production reached a maximum of
3.25 U/ml at nearly 60 h of cultivation, which agrees with
the predicted value. Cell-bound COX accounted for 90.68 %
of the total enzyme activity in the statistically optimised
broth. A comparison of cell-bound and extracellular COX
production revealed that, compared to the COX level in the
basal medium, the optimised medium increased cell-bound
COX levels by 40.52 %, while only marginally increasing
the extracellular COX by 15.15 %.

The growth rate and enzyme production rate within the
exponential phases (36-60 h) of growth were calculated
from the slope of the lines shown in Fig. 4b. The growth
rates (CFU/ml/h) in the statistically optimised, classically
optimised and basal media were 3x107, 3x10” and 2x10’
respectively, while the corresponding enzyme production
rates (U/ml/h) were 0.087, 0.011 and 0.002. Thus, the ratio
(x107'%) of enzyme production rate to growth rate in the
statistically optimised, classically optimised and basal media
are 29, 3.6 and 1, respectively. These results imply that the
ratio of enzyme production rate to growth rate in the statis-
tically optimised medium is 8.05- and 29-fold greater than
that in the classically optimised medium and basal medium,

Table 5 Model coefficient estimated by multiple linear regressions for
COX activity

Model Parameter Standard Computed ¢ P value
term estimate error value

Intercept 1.73869 0.01674 103.847 0.000
X, 0.40542 0.01111 36.497 0.000
X, 0.18352 0.01111 16.521 0.000
X3 0.50360 0.01111 45.334 0.000
X2 —0.20465 0.01081 -18.925 0.000
X -0.22551 0.01081 -20.853 0.000
X5’ —0.22957 0.01081 -21.229 0.000
X1 X 0.37375 0.01451 25.751 0.000
X1 X3 0.17550 0.01451 12.092 0.000
X X; 0.03450 0.01451 2.377 0.039

Indicates > 95 % confidence

Where X; = cholesterol, X, = (NH4),HPO,, X5 = yeast extract
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Fig. 3 Contour plots showing the effect of yeast extract and cholesterol (a), (NH4),HPO, and cholesterol (b) and yeast extract and (NH,4),HPOy, (¢)

on COX production by Rhodococcus sp. NCIM 2891

respectively. These results demonstrate that although the
production of cell-bound COX is linked to the growth of
cell mass, the level of its production (i.e. activity per unit
cell mass) can be increased by adjusting the critical nutrient
components identified in our study to the statistically deter-
mined ratio. The cell mass obtained here using the growth
stimulating nutrients, namely yeast extract and (NH4),HPOy,,
supports the accumulation of COX induced by the cholesterol
substrate in the cell wall.

Little data has been reported in the literature on the
optimisation of COX production by microorganisms using
statistical methods. Various compounds, such as cholesterol,
yeast extract (Lee et al. 1998; Yazdi et al. 2001), glycerol,
malt extract, soyabean meal (Chauhan et al. 2009), potato
starch, yeast extract, malt extract and peptone (Varma and
Nene 2003) have been reported to be substrates for an
enhanced production of COX. The level of COX production
obtained in our study (3.25 U/ml) following the statistical
method is comparable or higher than many of the reported

10.18
9.78
9.38

8.98

Activity (Ufml)

8.58

8.18

7.78
24

3k 48 60 T2
Time (h)

~8—Extracellular COX activity =dCell-bound COX activity =®=Log CFUImI

0 12 B4 96 108 120

Log CFUImI

values (Lee et al. 1998; Yazdi et al. 2001; Chauhan et al.
2009; Varma and Nene 2003).

Conclusions

Our results demonstrate that statistical methods were more
effective than the classical method in determining the opti-
mised concentration of medium components for COX pro-
duction. Statistically optimised medium can drastically
increase COX production in Rhodococcus sp. NCIM 2891
compared to production in the classically optimised medi-
um. Enhanced COX production was largely due to an increase
in cell-bound COX. The enzyme production rate far exceeded
the organism’s intrinsic growth, thus implying that although
linked with cell growth, the level of production of the cell-
bound COX in terms of activity per unit cell mass could be
increased by using critical nutrient components at statistically
determined ratios. The high production of cell-bound COX by

b
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Fig. 4 a Production profile of COX by Rhodococcus sp. NCIM 2891 in statistically optimised medium. b Comparison of growth (bold line) and
enzyme production (dotted line) in the statistically optimised, classically optimised and basal media, respectively
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Rhodococcus sp. NCIM 2891 in a simple medium under
suitable environmental conditions is therefore a potential
source of COX for industrial applications.
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