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ABSTRACT

In this study, the heterotrophic production potential of the secondary carotenoid lutein by the green microalgae
Auxenochlorella protothecoides SAG 211-7a was investigated. A sequential statistical technique was applied to
optimize modified bold’s basal media (MBB) to enhance the lutein production from microalgae Auxenochlorella
protothecoides SAG 211-7a. Taguchi orthogonal array method was applied to select the various independent
variables which affect the lutein production. It showed that sucrose, yeast extract, MgSO,.7H,O and EDTA were the
significant factors affect the lutein production. Further, to increase the lutein yield and to study the interaction
between these factors response surface methodology (RSM) was employed. The statistical model was validated with
respect to lutein production under the conditions predicted by the model containing sucrose 14.0 g/l, yeast extract
3.0 g/l, MgS0,.7H,0 0.8 g/l and EDTA 0.76 g/l. The production of lutein obtained experimentally using the above
medium was 1303 + 25.32 ng/l, which is in correlation with the predicted value of 1337.21 ug/l by the RSM
regression study. Thus after sequential statistical media optimization strategy a 5-fold enhancement in lutein
production was achieved.

Keywords: Lutein, Taguchi orthogonal array design, Response surface methodology, Heterotrophic microalgal
fermentation.

[I] INTRODUCTION nitrogen sources [6, 11, 12, 13, 14]. Hence
the development of proper fermentation
media is a necessary and important step in

efficient  utilization of  fermentation

Lutein [(3R,3'R,6'R)-B, e-carotene- 3,3'-
diol)] is a naturally occurring oxygenated

derivative of hydrocarbon carotenoids [1].
Lutein has found several applications which
include pigmentation of animal tissues and
products, coloration of foods, drugs and
cosmetics, prevention of age related macular
degeneration [2], prominent carotenoids in
human serum and foods [3, 4, 5]. Several
microalgae are found to be sources of
naturally occurring lutein [6, 7, 8, 9, 10] and
hence gaining relevance during the last
years. For its industrial production, it still
requires more studies to be economically
competitive.

Several Chlorella species have shown
ability to grow on most organic carbon and

technology. The first step in the media
optimization process is screening of the
important factor affecting the production.
Statistical tools and experimental designs
help to gain more information about the
optimization conditions [15]. Taguchi
orthogonal array design is widely used
statistical technique for screening and
optimization of medium components at
shake-flasks level [16, 17]. Following the
initial screening, response surface analysis is
used to determine the optimum values of the
factors studied. In statistical based
approaches,  several  researchers in
biotechnology have applied response surface
methodology (RSM) in fermentation media
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optimization [18, 19, 20]. RSM is a
collection of statistical techniques for
designing experiments, building models,
evaluating the effects of factors and
searching for the optimum conditions. It is a
statistically designed experimental protocol
in which several factors are simultaneously
varied. In RSM, the experimental responses
to design of experiments are fitted to
quadratic function.  For effective lutein
production, it is essential to optimize culture
conditions and media composition for the
enhanced  production,  which  further
facilitates economic design of the large scale
fermentation  operation system.  This
statistical approach can be applied readily to
the majority of microalgae and their
products [21, 22].

However, little information is available
concerning the utilization of statistical
approach for production of lutein from
microalgae. To the best of our knowledge
the nutritional and environmental conditions
for submerged culture of A. protothecoides
SAG 211-7a for lutein production by
heterotrophic fermentation using orthogonal
matrix and response surface methodology
has not been demonstrated. The paper
addresses the procedure for optimization of
lutein production using statistical approach.
In the first step, one-factor-at-a-time method
was used to investigate the effect of media
constituents such as carbon source, nitrogen
source. Effect of other independent variables
on lutein production was investigated by
Taguchi orthogonal array  design.
Subsequently concentration of the medium
components was optimized using response
surface methodology.

[I1] MATERIALS AND METHODS

2.1. Medium components
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Glucose, sucrose, lactose, soluble potato
starch, maltose, fructose, galactose,
magnesium sulphate, ferrous sulphate,
ammonium chloride, ammonium sulphate,
yeast extract, proteose peptone, beef extract,
urea, tryptone were purchased from M/s Hi-
Media Limited, Mumbai, India. Di-
potassium hydrogen phosphate, potassium
dihydrogen phosphate, magnesium sulphate,
boric acid, ethylenediaminotetraacetic acid,
calcium chloride, zinc sulphate, manganese
chloride, copper sulphate, cobaltous nitrate,
sodium molybdate were purchased from M/s
S. D. Fine Chemicals Limited, Mumbai,
India. Standard lutein powder (80% pure)
was procured as a gift sample from Sara
products, Priti Industries, Mumbai, India.
All solvents used for analysis were of HPLC
grade purchased from Merck Ltd, Mumbali,
India.

2.2. Microorganisms and its maintenance

The microalgal strain  Auxenochlorella
protothecoides SAG 211-7a was procured
from  Sammlung von  Algenkulturen
Gottingen, Culture Collection of Algae
(SAG), Germany. Culture was grown on
Polytoma medium with Glucose (PolGlu).
The stock cultures were maintained on
Polytoma medium with Glucose (PolGlu)
containing 1.5% (w/v) agar at 4°C and
subcultured every 30 days.

2.3. Growth profile of microalgae
Auxenochlorella protothecoides SAG 211-
7a

To produce Ilutein from microalgae,
Modified Bolds Basal Media (MBBM)
supplemented with 40 g/l of glucose and 3.6
g/l of urea was used [6]. Sterilized medium
(121°C, 15 min) was inoculated with 5%
inoculum.  Heterotrophic cultivation of
microalgae was carried out in a 250 ml
Erlenmeyer flask containing 100 ml medium
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at 28+£1°C under continuous shaking (180
rpm) in the dark at pH 6.1 for eight days.
The production flasks were harvested after
240 h at time intervals of 24 h, and biomass
produced was estimated [23].

2.4. Optimization of fermentation
medium using one-factor-at-a-time
method

Effect of carbon and nitrogen source on
lutein  and biomass production was
investigated. To study the effect of different
nitrogen sources on lutein production urea
was replaced with yeast extract, proteose
peptone, beef extract and tryptone at 3.6 g/l
concentration. To study effect of carbon
source on lutein and biomass production,
glucose was substituted with sucrose,
fructose, maltose, galactose and soluble
potato starch as a sole carbon source. All
carbon sources were used at 40 g/l
concentration.

2.5. Screening of important media
components using L12 orthogonal array
The L12 orthogonal array was used to
identify and optimize the media components
which significantly affect the lutein
production for A. protothecoides SAG 211-
7a. Seven variables were screened in 12
experimental runs (Table 1). The
concentration of seven variables sucrose
(A), yeast extract (B), KH,PO, (C),
MgS0,.7H,0 (D), CaCl,.2H,0 (E), EDTA
(F) and initial pH (G) were studied over two
specific levels. The design for the L12
orthogonal array was developed and
analyzed using “MINITAB 13.30” software.
All  experiments were performed in
duplicates.

2.6. Optimization of selected medium
components using response surface
methodlogy

To examine the combined effect of four
different medium components (independent
variables), on lutein production, a central
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composite rotatable experimental design
(CCRD) of 2% =16 plus 6 centre points and
(2 x 4 = 8) star points leading to a total of 30
experiments were performed. RSM was
employed to optimize the four most
significant medium components
(independent variables) viz. sucrose (A),
yeast extract (B), MgS0,.7H,O (C) and
EDTA (D) to enhance lutein production,
which were identified by L-12 orthogonal
array design. The four independent variables
were studied at five different levels (Table
3). Regression analysis was performed on
the data obtained from the experiments.

Coding of the variables was done according
to the Equation 1
‘= X, —ch
=
AXi 21,23, Kk e, 1)
where: x;, dimensionless value of an
independent variable; Xi, real value of an
independent variable; X, real value of an
independent variable at the center point; and
AXi, step change of real value of the variable
i corresponding to a variation of a unit for
the dimensionless value of the variable i.

The relationship of the independent
variables and the response was calculated by

the second order polynomial Equation 2.
k k
Y = Bo +Z Bi Xi+Z Bii Xi Xj+X12j Bij Xi X
i=1 =1 i<j
. (2)

Where, Y is the predicted response; Bo a
constant; B; the linear coefficient; B; the
squared coefficient; and Bj; the cross-product
coefficient, k is number of factors.

The second order polynomial coefficients
were calculated using the Design Expert
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Run Independent variables (factors) Lutein?
A B C D E F G ugll
1 30 25 1 0.5 0.05 0.25 5 535.02 + 37.76
2 30 25 1 0.5 0.05 1 7 539.37 £ 26.29
3 30 25 3 2 0.2 0.25 5 470.96 +17.79
4 30 5 1 2 0.2 0.25 7 509.25 +50.82
5 30 5 3 0.5 0.2 1 5 630.20 + 6.62
6 30 5 3 2 0.05 1 7 369.33+0.11
7 50 25 3 2 0.05 0.25 7 558.61 + 38.02
8 50 25 3 0.5 0.2 1 7 534.65 +55.13
9 50 25 1 2 0.2 1 5 443.45 +24.03
10 50 5 3 0.5 0.05 0.25 5 431.13+11.85
11 50 5 1 2 0.05 1 5 514.33 + 35.60
12 50 5 1 0.5 0.2 0.25 7 361.97 +2.63

Where: A=Sucrose, B=Yeast extract, C=KH,PO,, D=MgS0,.7H,0, E=CaCl,.2H,0, F=EDTA, G=pH.

? Average of two readings.

Table: 1. L-12 orthogonal array designs for lutein production

Version 6.0.10 to estimate the responses of
the dependent variable. The RSM statistical
model was validated using numerical
optimization for lutein production under the
conditions predicted by the model.

2.7. Analytical Methods

2.7.1. Estimation of Biomass

Culture broth was centrifuged at 8000 g for
10 min at 4 °C. The supernatant was
discarded, and the cell pellet was washed
twice by using distilled water, followed by
centrifugation. Biomass was subjected for
ultrasonication in methanol. The obtained
mixture was incubated (28°C, 200rpm for 1
h). The sample was filtered through
Whatman no. 1 filter paper under vacuum to
remove the cell pellet from extracted
carotenoids. This procedure was continued
till a white cell pellet was obtained. The
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biomass residue obtained after solvent
extraction of metabolites was filtered
through Whatman no.1 filter paper under
vacuum, washed thoroughly with distilled
water (twice), dried at 80°C for 24 h and
weighed for the biomass estimation [23].

2.7.2. Estimation of lutein

The extracted lutein was quantified using
Knauer HPLC system fitted with a reverse
phase column Knauer (RP-Cyg, 4.6 x 250
mm). The operating conditions were as
follows, injection volume; 20 pl, elution
solvent; acetonitrile: dichloromethane 65:35
(v/v), sample solvent; methanol, flow rate;
1.0 ml/min. The absorption of this
carotenoid was measured at 450 nm.
Quantitative analysis was performed by
plotting standard graph of lutein (80%) in
the range of 50- 175 pg/ml.
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2.7.3. Estimation of substrate and
phosphate utilization

One milliliter aliquot of broth was
aseptically removed from the medium after
every 24 h up to 240 h. The aliquot was
centrifuged (8,000g, 10 min, 4°C) and the
supernatant was analyzed for the residual
sucrose content by phenol sulphuric acid
method [24]. Standard curve was plotted
using sucrose in the concentration range of

10-100 pg/ml.

The residual phosphate during fermentation
process was estimated according to
Heinonen and Lahti (1981) method [25].
The linear calibration curve of potassium
dihydrogen phosphate was obtained in the
range of 100-1000 pumol.

[111] RESULTS AND DISCUSSION

3.1. Optimization using one-factor-at-a-
time

Fig 1 shows the effect of different organic
nitrogen sources on lutein production by A.
protothecoides 211-7a. Of the four selected
nitrogen sources viz. yeast extract, beef
extract, proteose peptone and urea, Yyeast
extract gave maximum yield of 415.30 pg/l
of lutein while beef extract supported
maximum biomass production. Hence yeast
extract was used for further studies.

During microbial fermentation, the carbon
source not only acts as a major constituent
for building of cellular material, but is also
used as energy source. The rate at which a
carbon source is metabolized influences the
formation of biomass or production of
primary or secondary metabolites. Fig 2
shows the effect of different carbon sources
on lutein production. The medium was
supplemented with different carbohydrates
as carbon sources, viz. glucose, sucrose,
maltose, fructose, soluble potato starch and
galactose. The microalgal cells were able to
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Fig: 1. Effect of nitrogen source on lutein production

utilize all carbon sources in the study, but
only glucose and sucrose were found to be
promising. Sucrose supported maximum
production of 440.45 ug/l of lutein, whereas
glucose gave a yield of 356 g/l of lutein
after a 192 h of fermentation. Glucose and
fructose gave maximum biomass of 9.6 g/l
and 9.75 g/l, respectively (measured as dry
cell weight, DCW), while sucrose and
lactose (a low metabolizing sugar) gave
minimum biomass. From the above results it
can be said that the maximum lutein
production was obtained with sucrose and
hence used for further studies.
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3.2. Screening of medium components
using L12 orthogonal array

L-12 orthogonal array experiments (Table 1,
Fig 3) showed a wide variation in lutein
production. This variation reflected the
importance of optimization to attain higher
productivity. Table 2 represents the response
table for means and for signal to noise (S/N)
ratio. The last two rows in the table reports
the delta values and ranks for the orthogonal
system. Rank and delta values help to assess
which factors have the greatest effect on the
response. Delta measures the size of the
effect by taking the difference between the
highest and lowest characteristic average for
a factor. A higher delta value indicates
greater effect of that component. ‘Rank’
orders the factors from the greatest effect
(based on the delta values) to the least effect
on the response characteristic. The order in
which the individual components selected in
the present study effect the fermentation
process can be ranked as yeast extract >
sucrose > MgSO, > EDTA > initial pH >
KH,PO, > CaCl, suggesting that yeast
extract had a substantial effect and CaCl,
had least effect on lutein production by A.
protothecoides SAG 211-7a. The first four
most significant factors viz. concentrations
of sucrose, yeast extract, MgSO, and EDTA
were selected for further optimization by

response surface methodology to attain a
maximum response.

3.3. Optimization of significant medium
components using response surface
methodology

Second order polynomial equation was used
to correlate the independent process
variables, X;, with lutein production. The
second order polynomial coefficient for each
term of the equation was determined through
multiple regression analysis using the
Design Expert. The design of experiments
and respective experimental yields are given
in Table 3.

The results were analyzed by using ANOVA
i.e. analysis of variance suitable for the
experimental design. The results are shown
in Table 4. The Model F-value of 58.21
implies that the model is significant. There
is only a 0.01% chance that a "Model F-
Value" this large could occur due to noise.
Model F-value is calculated as ratio of mean
square regression and mean square residual.
Model P-value (Prob > F) is very low (<
0.0001). This resignifies the significance of
the model.

The P values were used as a tool to check
the significance of each of the coefficients,
which, in turn, are necessary to understand
the pattern of the mutual interactions

A B C D E F G
Levels
Mean SIN Mean SIN Mean SIN Mean SIN Mean SIN Mean SIN Mean SIN
1 509.0 54.0 513.7 54.2 483.9 53.6 505.4 53.9 491.3 53.7 477.8 53.5 504.2 54.0
2 474.0 53.4 469.4 53.3 499.2 53.8 477.7 53.5 491.8 53.7 505.2 54.0 478.9 53.5
Delta 35.00 0.60 4431 0.92 15.25 0.22 27.74 0.43 0.448 0.03 27.40 0.45 25.32 0.51
Rank 2 1 6 3 7 4 5

Where: A=Sucrose, B=Yeast extract, C=KH,PO,, D=MgS0,.7H,0, E=CaCl,.2H,0, F=EDTA, G=pH.

Table: 2. Response Table for Means and S/N ratio

S. D. Shinde and S. S. Lele
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Media concentration(g/1)

Lutein(mg/l)

Run
A B Cc D . a .
Sucrose Yeast extract MgSO4 EDTA Experimental Predicted
1 14 (-1) 15(-1) 0.4 (-1) 0.75 (-1) 625.10 + 25 602.69
2 28 (+1) 15(-1) 0.4 (-1) 0.75 (-1) 747.06 £13 743.70
3 14 (-1) 3(+1) 0.4 (-1) 0.75 (-1) 101099 £ 3 1110.80
4 28 (+1) 3(+1) 0.4 (-1) 0.75 (-1) 1127.45+5 1037.37
5 14 (-1) 15(-1) 0.8 (+1) 0.75 (-1) 758.00 + 16 732.86
6 28 (+1) 15(-1) 0.8 (+1) 0.75 (-1) 764.71 + 28 816.22
7 14 (-1) 3(+1) 0.8 (+1) 0.75 (-1) 1390.20 £ 4 1352.92
8 28 (+1) 3(+1) 0.8 (+1) 0.75 (-1) 1210.00 £ 2 1221.85
9 14 (-1) 15(-1) 0.4 (-1) 1.25 (+1) 268.97 + 25 265.69
10 28 (+1) 15(-1) 0.4 (-1) 1.25 (+1) 783.53+18 773.18
11 14 (-1) 3(+1) 0.4 (-1) 1.25 (+1) 90.20 £ 20 8.94
12 28 (+1) 3(+1) 0.4 (-1) 1.25 (+1) 250.39 + 38 284.11
13 14 (-1) 15(-1) 0.8 (+1) 1.25 (+1) 794.90 + 26 837.36
14 28 (+1) 15(-1) 0.8 (+1) 1.25 (+1) 1378.43+8 1287.20
15 14 (-1) 3(+1) 0.8 (+1) 1.25 (+1) 662.75 + 32 674.68
16 28 (+1) 3(+1) 0.8 (+1) 1.25 (+1) 935.29+15 910.09
17 7(-2) 2.25(0) 0.6 (0) 1(0) 756.86 *15 753.86
18 35 (+2) 2.25(0) 0.6 (0) 1(0) 1088.24 £ 31 1130.28
19 21 (0) 0.75 (-2) 0.6 (0) 1(0) 72451 +23 735.89
20 21 (0) 3.75 (+2) 0.6 (0) 1(0) 839.22+18 866.88
21 21 (0) 2.25(0) 0.2 (-2) 1(0) 219.80+13 247.82
22 21 (0) 2.25(0) 1(+2) 1(0) 992.94 + 33 1003.97
23 21 (0) 2.25(0) 0.6 (0) 0.5(-2) 112745+ 14 1115.47
24 21 (0) 2.25(0) 0.6 (0) 1.5 (+2) 41569 +19 466.71
25 21 (0) 2.25(0) 0.6 (0) 1(0) 798.04 +17 794.19
26 21 (0) 2.25(0) 0.6 (0) 1(0) 789.23 + 26 794.19
27 21 (0) 2.25(0) 0.6 (0) 1(0) 794.36+8 794.19
28 21 (0) 2.25(0) 0.6 (0) 1(0) 77959 +21 794.19
29 21 (0) 2.25(0) 0.6 (0) 1(0) 805.36 + 20 794.19
30 21 (0) 2.25(0) 0.6 (0) 1(0) 798.59 +25 794.19

# Values are mean = SD of two determinations

Table: 3. Central composite rotatable design (CCRD) matrix of independent variables in coded form and actual values with their

corresponding experimental and predicted yields

between the test variables. The smaller the
magnitude of the P, the more significant is
the corresponding coefficient. Values of P
less than 0.05 indicate model terms are
significant. The coefficient estimates and the
corresponding P values suggests that, among
the test variables used in the study, A, B, C,
D, A’ C? AB, AD, BD and CD are
significant model terms. Other interactions
were found to be insignificant.

The corresponding second-order response
model (Equation 3) that was found after
analysis for the regression was

Lutein = 794.19000 + 94.10000 A +
32.75000 B + 189.04000 C -162.19000 D
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+36.97 A"+ 1.80 B - 42.07C - 0.78 D - 53
AxXB-1441 AxC+91.62AxD +27.99
BxC-195.69BxD +110.37CxD

...................... (3)
Where:  A=Sucrose, B=Yeast extract,
C:KH2PO4, D:MgSO4.7H20

The fit of the model was also expressed by
the coefficient of determination R?, which
was found to be 0.982, indicating that 98.20
% of the variability in the response could be
explained by the model. The "Pred R-
Squared” of 0.8965 is in reasonable
agreement with the "Adj R-Squared" of
0.9651. "Adeq Precision” measures the
signal to noise ratio. A ratio greater than 4
is desirable. Ratio of 32.675 indicates an
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adequate signal. This model can be used to
navigate the design space. Accordingly,
three-dimensional graphs were generated for
the pair-wise combination of the four
factors, while keeping the other two at their
center point levels. Graphs are given here to
highlight the roles played by various factors
(Fig 4). Thus, the optimal concentrations for

the four components as obtained from the
maximum point of the model were: sucrose
14 g/l, yeast extract 3 g/l, MgS0,.7H,0 0.8
g/l and EDTA 0.75 g/l. The production of
lutein obtained using the optimized medium
was 1390 =+ 34.25 png/l. After RSM
optimization, 5.5 folds increase in the lutein
yield was obtained.

Factor? Mean squares DF° F value p°
Intercept or model 2831450 14 58.21 <0.0001
A 212536 1 61.17 <0.0001
B 25740.2 1 7.41 0.0158
c 857631 1 246.85 <0.0001
D 631337 1 181.72 <0.0001
A2 37487.7 1 10.79 0.0050
B2 88.6564 1 0.03 0.8752
c2 48556.3 1 13.98 0.0020
D2 165032 1 0.00 0.9460
AB 45982.8 1 13.24 0.0024
AC 3323.23 1 0.96 0.3436
AD 134304 1 38.66 <0.0001
BC 12534.2 1 3.61 0.0769
BD 612689 1 176.35 <0.0001
CcD 194918 1 56.10 <0.0001

® A= Sucrose, B = Yeast extract C= MgSO, D=EDTA

R?=0.982, Adj R? =0.9651

Table: 4. Analysis of variance (ANOVA) for the experimental results of the central-composite design (Quadratic Model)

hiain Effects Plot for Means

Mean

Aikvaavmra

S/N Ratio

hain Effects Plot for SN Ratios

NN

Fig: 3. Main Effect plots for Mean and S/N ratio

S. D. Shinde and S. S. Lele
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3.4. Validation of the experimental model
The statistical model was validated with
respect to lutein production under the
conditions  predicted by the model
containing sucrose 14 g/l, yeast extract 3 g/,
MgS0O,4.7H,0O 0.8 g/l and EDTA 0.76 g/l
grown by incubating them in an incubator
shaker at 180 rpm and 28 °C for eight days
in the dark. The production of lutein
obtained experimentally using the above
medium was 1303 + 25.32 pg/l, which is in
correlation with the predicted value of
1337.21 pg/l by the RSM regression study.
An overall 5-fold enhancement in lutein
production (1303 + 25.32 ng/l) was attained
due to the optimization.

3.5.  Lutein production profile on
optimized media

Lutein production profile, dry cell weight,
substrate utilization, phosphate utilization

3.00

B: Yeast Exyragtas 17.50
SOA: sucrose
1.50 14.00

and pH profile was obtained on final
optimized media. For this, aliquots were
removed after every 24 h and analyzed for
DCW, sucrose utilization, phosphate
utilization and pH profile during the course
of 240 h fermentation. The estimation of
residual sucrose, biomass and phosphate was
carried out using the same procedure
mentioned earlier. The effect of cultivation
time on lutein production under optimum
conditions (Fig 5) showed an optimum
growth time of 192 h to be required for
maximum total lutein production. Lutein
yield was found to increase up to 192h
fermentation followed by a decrease in the
yield, probably due to the shift of metabolic
pathway from lutein to other carotenoids.
However, increase in the total DCW was
seen till 120 h of growth and it remained
almost constant thereafter.

Fig: 4. Response surface plots for the yield of lutein; changing components were Sucrose and Yeast extract (A), Sucrose and
EDTA(B), Yeast extract and EDTA (C), MgSO,4 and EDTA (D)

S. D. Shinde and S. S. Lele

112



STATISTICAL MEDIA OPTIMIZATION FOR LUTEIN PRODUCTION
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Fig: 5. Production Profile and Substrate Utilization on
optimized media

[IV] CONCLUSION

Our results showed some important aspects
of optimization of media for lutein
production from microalgae A
protothecoides SAG 211-7a using statistical
methods. The vyield of lutein was
significantly increased (from 252.11pug/l in
non optimized media to 1303 + 25.32 pg/l).
RSM was fairly accurate in predictive
modeling and media optimization, which
suggests that the relation between the
concentration of media component and yield
of lutein can be reasonably approximated by
quadratic non-linearity.
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