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Kinetic modeling of lutein production
by heterotrophic Chlorella at various pH
and temperatures
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Kinetics of lutein production by heterotrophic Chlorella protothecoides was investigated with respect
to pH and temperature. Flask cultures with initial pH 5.0–8.0 were carried out, and it was found that
pH 6.0 was optimal for the algal growth. Further tests in fermentors showed that the highest biomass
concentration, maximum cellular lutein content and lutein yield were achieved at pH 6. 6. In addition,
it was shown that optimal biomass concentration and lutein yield were obtained at 288C, while appli-
cation of 358C resulted in the highest cellular lutein content. A mathematical model was developed
for the description of the processes under these cultivation conditions and the kinetic model fitted
well to the experimental data. The obtained results may contribute to the commercial production of
lutein by C. protothecoides.
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1 Introduction

Chlorella is a unicellular microalga that was first used for
mass heterotrophic cultivation research [1, 2]. It is known
that Chlorella is abundant in nutritious substances, such as
proteins, polysaccharides, carotenoids, vitamins, and unsa-
turated fatty acids, some of which have been shown to have
biological functions for human health [3, 4]. Lutein, the
main carotenoid in Chlorella, is not only an important nat-
ural colorant and additive in food or feed but has also been
shown to be effective in the treatment of age-related macu-
lar degeneration [5, 6]. The higher cellular content of lutein
in Chlorella compared to most of the other microorganisms
makes it a promising candidate for commercial lutein pro-
duction [7, 8].

Currently the cultivation of microalgae is mostly carried
out with photoautotrophic systems. However, there are
some limitations associated with illumination and other cul-
tivation parameters, which severely limit its development
[9–11]. Heterotrophic culture technology has been regarded
as a promising alternative for microalgal mass cultivation
[9, 12]. Recently, a highly efficient lutein production sys-
tem using heterotrophic Chlorella has been developed in
our laboratory [7, 13–15].

Further optimization of process parameters, including pH
and temperature, is important and has been noted for their
effect on both cell growth and carotenoids accumulation
[16, 17]. However, very limited information is available for
the heterotrophic cultivation of Chlorella. The purpose of
this study was to develop a kinetic model for lutein produc-
tion by heterotrophic cultivation of Chlorella at various pH
and temperatures, and to provide valuable information for
the commercial production of lutein by C. protothecoides.

2 Materials and methods

2.1 Microalgal strain

The microalgal strain used in this study was Chlorella pro-
tothecoides CS-41 obtained from the CSIRO Marine
Laboratory, Hobart, Australia.

2.2 Medium

A modified basal medium [13] supplemented with 40 g/L
glucose and 7.6 g/L NaNO3 was used in all studies.

2.3 Cultivation

For the pH study, a sterilized medium (1218C, 15 min) was
inoculated with 5% v/v exponentially growing inocula. Het-
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erotrophic cultivations were carried out in both flasks and
16-L fermentors (Bioengineering AG, Wald, Switzerland).
The cultivation conditions in 250 mL Erlenmeyer flasks
containing 150 mL medium were: temperature, 268C; shak-
ing speed, 180 rpm; initial pH: 5.0, 6.0, 7.0, and 8.0; all
experiments were carried out in triplicates in the dark. The
cultivation conditions in fermentors were as follows: pH
5.8, 6.2, 6.6, and 7.0; temperature, 268C; agitation,
480 rpm; and dissolved oxygen concentration 50% air
saturation.

For the temperature study, cultivations were carried out in
3.7-L fermentors (Bioengineering AG). Cultivation was
controlled as stated above, except that pH was set at 6.6,
and the temperature was varied (24, 26, 28, 30, 35, and
408C).

2.4 Analytical methods

The dry cell weight was determined according to literature
[18]. Glucose, nitrate, and lutein concentrations were meas-
ured according to the methods previously reported [13].
Standard lutein was obtained from Sigma Chemical (St.
Louis, MO). All solvents were of HPLC-grade obtained
from BDH Laboratory Supplies (Pool, UK).

2.5 Kinetic model

The hypotheses of the model are: (i) cell growth follows the
Logistic expression; (ii) lutein accumulation is correlated
with cell growth and is inhibited by glucose concentration;
(iii) consumption of glucose for lutein formation and
energy maintenance can be neglected since both cellular
lutein content and the substrate consumption for energy
maintenance are relatively low [19–21]; and (iv) the con-
sumption rate of nitrogen is in proportion to that of glucose.

Biomass: � ¼ �mðpH; TÞ
�

1� X

XmðpH; TÞ

�
ð1Þ

Lutein: qP ¼
kmðpH; TÞ
1þ S=ki

� ð2Þ

Glucose: qS ¼ �
1

YXSðpH; TÞ� ð3Þ

Nitrogen: qN ¼ �KN=S qS ð4Þ

where l is the specific growth rate (1/h), lm is the maximum
specific growth rate (1/h), X is biomass concentration (g/L),
Xm is the maximum biomass concentration (g/L), qP is the
specific lutein formation rate (mg/g/h), km is the maximum
ratio of qP/l (mg/g), ki is the inhibition constant of glucose

on lutein formation (g/L), qS is the specific glucose con-
sumption rate (1/h), YXS is the yield coefficient of biomass
on glucose (g/g), lN is the specific nitrogen consumption
rate (1/h), and T is the temperature (8C).

When temperature was maintained during the cultivation,
the expression of qm(pH, T) was assumed to be �mðpHÞ ¼

��m
1þ 10�pH=k1 þ k2=10�pH

, where ��m, k1, and k2 are con-

stants; expression �mðTÞ ¼ Ae
�Ea

RðTþ273Þ was used when pH
was maintained constant, where Ea is the active energy
(J/mol), R the universal gas constant (= 8.31 J/mol.K), and
A is a constant; empirical equations were used for expres-
sions of Xm(pH, T), km(pH, T), and YXS (pH, T). Parameters
were estimated by fitting experimental data with Matlab
software package.

3 Results and discussion

3.1 Algal growth and lutein production at
different pH

Heterotrophic cultivation of C. protothecoides was first
investigated in flasks with initial pH 5.0–8.0 to find out an
appropriate pH range for cell growth. As shown in Table 1,
the highest values of specific growth rate and maximum
biomass concentration in flasks were found in the culture at
an initial pH of 6.0.

Based on results from experiments in flasks, the influence
of culture pH from 5.8 to 7.0 on the heterotrophic cultiva-
tion of C. protothecoides was investigated in fermentors,
where the pH was continuously controlled. As shown in
Fig. 1, the maximum biomass concentration of the culture
at pH 6.6 was 18.2 g/L dry cells, which was the highest
among the cultures tested. The consumption of carbon and
nitrogen sources during the algal growth was monitored
during the cultivation; glucose was consumed completely
by the alga after the maximum biomass was achieved in the
cultures while the nitrate remained at the end of cultivation
(Fig. 1).

The culture pH influenced the heterotrophic production of
lutein by C. protothecoides as well. Both the maximum cel-
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Table 1. Effects of different initial pH on cell growth of C. pro-
tothecoides

Initial pH Maximum
biomass (g/L)

Maximum specific
growth rate (1/h)

5.0 16.2 0.034
6.0 16.9 0.045
7.0 16.4 0.041
8.0 15.8 0.035
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lular lutein content (4.75 mg/g dry cells) and the total lutein
yield (77.92 mg/L) in the culture at pH 6.6 were the highest
among the four cultures under study (Fig. 1).

By fitting experimental data of batch cultivations at differ-
ent pH, the kinetic models for cell growth, lutein produc-
tion, consumption of glucose and nitrogen were given:

� ¼ 0:063

1þ 10�pH=ð3:20� 10�6Þ þ ð1:97� 10�8Þ=10�pH

N

�
1� X

ð�1:745 pH2 þ 22:94 pH� 57:81Þ

�
ð5Þ

qP ¼
ð�0:2047 pH2 þ 2:6528 pH� 0:8659Þ

1þ S=20:83
� ð6Þ

qS ¼ �
1

ð�0:0694 pH2 þ 0:9612 pH� 2:484Þ
� ð7Þ

qN ¼ �0:1101qS ð8Þ

Effect of pH on several kinetic parameters was calculated
by the kinetic model. Comparison of lm, Xm, YXS, and km

showed that the optimal pH for both cell growth and lutein
formation was between 6.0 and 7.0 (Fig. 2). Similar results
on cell growth of Chlorella were reported by others [22,
23]. However, no report was found about the influence of
pH on lutein formation by Chlorella although Del Campo et
al. [16] indicated that pH 6.5 was optimal for lutein accu-
mulation in cultivation of Muriellopsis sp. (Chlorophyta).
Moreover, those reported experiments were carried out
photoautotrophically in flasks or open-pond systems.
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Figure 1. Time course of cell
growth (^), lutein production (&),
glucose consumption (H), and
nitrogen consumption (6) of the
cultures in fermentors at various
pH: (a) pH 5.8; (b) pH 6.2; (c)
pH 6.6; (d) pH 7.0 (curves were
results calculated by models).

Figure 2. Influence of pH on kinetic
parameters.
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Equation (8) showed that the consumption ratio of nitrogen
was stable, which implies that the cellular protein content
of Chlorella has relative stability at varied pH. Other stud-
ies in our laboratory supported this assumption (details not
shown).

3.2 Algal growth and lutein production at different
temperatures

The influence of temperature was investigated in fermen-
tors using temperatures set at 24, 26, 28, 30, 35, and 408C,
respectively. C. protothecoides grew well at temperatures
24–358C (Fig. 3), while at 408C the algal growth lasted only
1 day after inoculation, the cell size of the alga grown at 35
or 408C appeared larger than that at lower temperatures
(data not shown).

The maximum biomass concentrations of the cultures grown
between 24 and 308C were 16.2–17.4 g/L dry cells, and the
highest value was obtained at 288C; while much lower value
was observed at 358C, which was 10.7 g/L (Fig. 3).

The maximum cellular lutein content increased from 4.25
to 4.59 mg/g with the increase of temperature from 24 to
358C. The maximum lutein yield in the culture grown at
358C was much lower than that at lower temperatures
though the highest cellular lutein content was found at this
temperature. The highest lutein yield (74.29 mg/L) was
observed in the culture at 288C.

By fitting experimental data of batch cultivations at differ-
ent temperatures, the following kinetic models were
obtained:

� ¼ 0:5001� 1013e
�81 167

RðTþ273Þ

N

�
1� X

ð�0:1096T2 þ 6:0718T � 67:2974Þ

�
ð9Þ

qP ¼
ð0:0242T2 � 1:3076T þ 25:9514Þ

1þ S=20:83
� ð10Þ

qS ¼ �
1

ð0:0034T þ 0:3057Þ� ð11Þ

The effect of temperature on kinetic parameters is depicted
in Fig. 4. It can be found that the values of lm and YXS

increased when temperature was elevated. Temperatures
between 25 and 308C were optimal for Xm. The value of Xm

was zero at 408C, and this implies that cells could not grow.
This calculated results are consistent with the observations
of our experiments.

According to the literature [24–27], Chlorella strains can be
divided into two groups in terms of optimum temperature
for growth: low-temperature strains with an optimum range
of 25–308C and high-temperature strains with an optimum
range of 35–408C. The Chlorella strain used in this study
belongs to the former. A culture temperature close to room
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Figure 3. Time course of cell
growth (^), lutein production (^),
and glucose consumption (H) in
heterotrophic cultivation at different
temperatures: (a) 248C; (b), 268C;
(c), 288C; (d) 308C; (e) 358C
(curves were results calculated by
models).
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temperature is usually favorable for commercial production
since the energy supply can be economized. The results
obtained from our study demonstrated that the strain C. pro-
tothecoides CS-41 satisfies this demand.

As shown in Fig. 4, Xm was lower, but YXS was higher at 35–
408C compared with the temperatures below 358C. In our
experiments, about 15 g/L of glucose remained at the end
of cultivation at 358C. The lower biomass concentration
found at the end of the cultivation was then attributed only
to the higher residual glucose.

As also shown in Fig. 4, the lowest km was obtained between
25 and 308C; whereas at higher temperature the value of km

increased significantly, which means that lutein formation
can be favored by elevated temperature. This is in agree-
ment with the many reports describing the enhancement of
carotenoid production by high temperature for numerous
microorganisms, including C. emersonii [28], Haematococ-
cus pluvialis [29], Chlorococcum sp. [30], and Muriellopsis
[16]. Recently, Wilson et al. [31] investigated the effects of
temperature on C. vulgaris and found that elevation of tem-
perature led to the increase in chlorophyll and light-harvest-
ing complex polypeptide levels. This is a possible reason
for enhancement of lutein accumulation, since generally
lutein is regarded as an accessorial pigment for light-har-
vesting.

Varied temperature has opposite effects on km and Xm (Fig.
4), which is supported by a former research in our labora-
tory, where elevated temperature enhanced cellular lutein
content at the loss of biomass concentration in culture, and
the final lutein yield was almost unimproved [7].

Time courses of lutein formation at various temperatures
from 24 to 328C were calculated by the kinetic model (Fig.
5). It could be found that higher lutein yield at the end of

cultivation would be obtained at 26–308C although the
lutein yield in culture increases more quickly when tem-
perature was elevated (Fig. 5).

In general, environmental stresses induce carotenoids for-
mation while reducing cell growth rate [32]. In this study,
however, no opposite trends between km and lm were found
in heterotrophic cultivation of C. protothecoides with vari-
ous pH and temperatures (Figs. 3, 4). The reason for this
may be that lutein is a primary carotenoid, whose produc-
tion is more growth-related compared with secondary caro-
tenoids such as astaxanthin [30, 33].

4 Concluding remarks

It was concluded that pH 6.6 and 288C were optimal for cell
growth and lutein production by C. protothecoides based on
investigations in controlled stirred fermentors. A kinetic
model was developed that satisfactorily describes the het-
erotrophic cultivations of C. protothecoides at various pH
and temperatures. Optimal pH and temperature for lutein
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Figure 4. Influence of temperature
on kinetic parameters.

Figure 5. Time courses of lutein production at various tem-
peratures: 328C (dashed line); 308C (dotted line); 288C (solid
line); 268C (dot-dashed line); 248C (bold dotted line).
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production and cell growth calculated by the model agree
well with the experimental results. This study could contri-
bute to commercial production of lutein by C. protothe-
coides.

This work was supported by the Research Grant Council of
Hong Kong and Ministry of Science and Technology of the
People's Republic of China.
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