
Puri®cation of trans-astaxanthin from a high-yielding astaxanthin
ester-producing strain of the microalga Haematococcus pluvialis

Jian-Ping Yuan, Feng Chen*

Department of Botany, The University of Hong Kong, Pokfulam Road, Hong Kong

Received 9 July 1999; accepted 17 September 1999

Abstract

The puri®cation method including extraction, saponi®cation, and separation was established for preparing free trans-astaxanthin

from a high-yielding astaxanthin ester-producing strain of the microalga Haematococcus pluvialis which contained 3.67% trans-
astaxanthins and 1.35% cis-astaxanthins of the dry cells. Low temperature (5�C) was chosen to minimize the degradation of
astaxanthins during saponi®cation, and 94.4% free trans-astaxanthin was obtained from trans-astaxanthin esters after 12 h of

saponi®cation. With this method, 32.2 mg trans-astaxanthin was obtained from 1 g dry algal cells. In addition, a new gradient
reversed-phase HPLC method, suited for the quick analysis of free astaxanthins and astaxanthin esters in the unsaponi®ed and
saponi®ed pigment extracts from the high-yielding astaxanthin ester-producing strain of the microalga Haematococcus pluvialis, was

developed and applied to the determination of astaxanthin contents during the processes of extraction, saponi®cation, and pur-
i®cation. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The ketocarotenoid astaxanthin (3,30-dihydroxy-b,b0-
carotene-4,40-dione) is one of the most important and
economically valuable carotenoids due to its biological
functions as a vitamin A precursor (Gobantes, Chou-
bert, Milicua & GoÂ mez, 1998) and a more e�cient
antioxidant than b-carotene and vitamin E (Johnson &
An, 1991). Astaxanthin can be produced by a number of
microorganisms, such as the green algae Haematococcus
pluvialis (Fan, Vonshak, Gabbay, Hirshberg, Cohen &
Boussiba, 1995; Hagen, Braune, Birckner & Nuske,
1993; Harker, Tsavaloc & Young, 1996; Kobayashi,
Kakizono & Nagai, 1993) and Chlorella zo®ngiensis
(Bar, Rise, Vishkautsan & Arad, 1995), the red yeast
Pha�a rhodozyma (Bon, Leathers & Jayaswal, 1997;
Calo, Velazquez, Sieiro, Blanco, Longo & Villa, 1995;
Parajo, Santos & Vazquez, 1998), and the marine bac-
terium Agrobacterium aurantiacum (Yokoyama and
Miki, 1995; Fraser, Miura and Misawa, 1997). Gene
transfer technology has also been developed to aid
alternation of the carotenoid biosynthesis pathway so as

to produce astaxanthin and related ketocarotenoids in
the blue-green alga Synechococcus sp. PCC7942 where
the other carotenoids such as b-carotene and zeaxanthin
were already present at high concentrations in the cells
(Harker & Hirschberg, 1997).
Astaxanthin exists mainly as free astaxanthin in the

red yeast Pha�a rhodozyma (Parajo et al., 1998) and as
astaxanthin esters in the green algae H. pluvialis (John-
son & An, 1991) and C. zo®ngiensis (Bar et al., 1995).
The red yeast Pha�a rhodozyma is more suitable for the
preparation of puri®ed trans-astaxanthin, as judged by
the state of astaxanthin, than the green alga, H. pluvialis,
but the content of astaxanthin is lower than inH. pluvialis.
In all of these microorganisms, the content of astaxanthin
reported was between 0.04 and 2.7% of the dry cell weight
(Bon et al, 1997; Calo et al., 1995; Chourbert & Heinrich,
1993; Grung, D'Souza, Borowitzka & Liaaen-Jensen,
1992; Harker et al., 1996; Parajo et al., 1998). For the
preparation of the puri®ed trans-astaxanthin from micro-
organisms, it is necessary to choose some high-yielding
astaxanthin ester-producing strains.
During the preparation of the puri®ed trans-astax-

anthin from astaxanthin ester-containing strains, sapo-
ni®cation for hydrolyzing astaxanthin esters is
necessary. The concentration of methanolic NaOH
solution was important for promoting the hydrolysis of
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astaxanthin esters and minimizing the degradation of
astaxanthin during the saponi®cation (Yuan & Chen,
1999).
The primary objective of the present work is to

establish an optimal saponi®cation method at a low
temperature for the hydrolysis of astaxanthin esters and
prepare the natural trans-astaxanthin from the pigment
extract of the high-yielding astaxanthin ester-producing
strain of the microalga H. pluvialis by a semipreparative
chromatographic method, and also develop a novel
HPLC method for rapidly analyzing astaxanthins in the
unsaponi®ed and saponi®ed pigment extracts.

2. Materials and methods

2.1. Microalga Haematococcus pluvialis

NatuRed, the dry biomass of the microalgaH. pluvialis
with high content of astaxanthin esters, was obtained
from Professor Sammy Boussiba, the Microalgal Bio-
technology Laboratory of Ben-Gurion University of the
Negev (Israel).

2.2. Chemicals and reagents

HPLC-grade methanol, acetonitrile and dichlor-
omethane were obtained from BDH Laboratory Sup-
plies (Poole, England). Astaxanthin, lutein, b-carotene,
chlorophyll a and chlorophyll b were obtained from
Sigma Chemical Co. (St Louis, MO, USA). Canthax-
anthin was kindly provided by Professor Sammy Boussiba
of Ben-Gurion University of the Negev (Israel).

2.3. Analysis of pigments

HPLC was conducted on a Waters liquid chromato-
graph equipped with two 510 pumps and a 996 photo-
diode array (PDA) detector (Waters Corporation,
Milford, MA, USA). A Waters Symmetry C18 column
(150�3.9 mm; 5 mm) was chosen for the separation and
analysis of the pigment extracts, saponi®ed extracts and
puri®ed trans-astaxanthin solutions (20-ml aliquots). The
mobile phase consisted of solvent A (dichlor-
omethane:methanol:acetonitrile:water, 5.0:85.0:5.5:4.5, v/
v) and solvent B (dichloromethane:methanol:acetoni-
trile:water, 22.0:28.0:45.5:4.5, v/v). For the simultaneous
separation of free astaxanthin and astaxanthin esters,
the following gradient procedure established by Yuan
and Chen (1999) was used: 0% of B for 8 min; a linear
gradient from 0 to 100% of B for 6 min; 100% of B for
24 min. The ¯ow rate was set at 1.0 ml/min. The detec-
tion wavelength of the PDA detector was set between
250 and 700 nm and the chromatographic peaks were
measured at a wavelength of 480 nm to facilitate the
detection of astaxanthins.

2.4. Extraction of pigments

The alga sample (0.1 g) in a mortar was ground with a
pestle for one minute and 5 ml of extraction solvent; the
mixture of dichloromethane and methanol (25: 75, v/v),
was added. After 1-min grinding of the algal cells,
together with the extraction solvent, the mixture of the
algal cells and the solvent was then separated by cen-
trifugation at 10,000 g for 5 min, and the supernatant
containing pigments was collected. The extraction proce-
dure was repeated at least three times until the algal cell
debris was almost colourless. Dichloromethane was used
to dissolve and recover the pigments absorbed on the
mortar and the pestle. The combined supernatants were
centrifuged again at 10,000 g for 10 min and 30 ml of the
pigment extracts were obtained. The pigment extracts
were stored at ÿ20�C for subsequent saponi®cation of
astaxanthin esters and puri®cation of trans-astaxanthin.
All the above processes were conducted in darkness.

2.5. Hydrolysis of astaxanthin esters

Six millilitres of 0.107 M NaOH dissolved in methanol,
which was freshly prepared (Yuan & Chen, 1999), was
added to 30 ml of the pigment extract solution under a
nitrogen atmosphere. The mixture (36 ml) was evaporated
and concentrated to 30 ml under nitrogen while adding
NaOH, and then kept for 12 h in the water bath (5�C) of a
9105Refrig/Heat Circulating Bath (Polyscience, Niles, IL,
USA) in darkness under nitrogen for complete saponi®-
cation of astaxanthin esters. The saponi®ed pigment
extract solutions were directly analyzed by HPLC and
stored at ÿ20�C for subsequent puri®cation of trans-
astaxanthin by semipreparative HPLC.

2.6. Puri®cation of trans-astaxanthin

The saponi®ed pigment extract (0.5-ml aliquots) was
separated by using a 250�10 mm Beckman Ultrasphere
ODS (5 mm) semipreparative column (Beckman Instru-
ments, Fullerton, CA, USA). The mobile phase consisted
of solvent C (methanol:water:dichloromethane; 90:8:2,
v/v) for the separation and puri®cation of trans-astax-
anthin and solvent D (dichloromethane and methanol;
25:75, v/v) for the purge of the column after the elution
of trans-astaxanthin. The ¯ow rate was set at 3 ml/min.
The combined fractions of trans-astaxanthin collected
were mixed with ®ve millilitres of dichloromethane, fol-
lowed by adding about the same volume of distilled
water as the combined fractions collected. The solution
then separated into two layers: the aqueous phase and
the nonaqueous phase. The colourless supernatant,
consisting of methanol and water, was discarded. The
red dichloromethane layer containing trans-astaxanthin
was collected and then blown gently to dryness under a
stream of nitrogen.
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3. Results and discussion

3.1. Analysis of pigments

The Symmetry C18 column was chosen and applied to
the separation of astaxanthin isomers and esters in the
pigment extract from a high-yielding astaxanthin ester-
producing strain of H. pluvialis. Although the relative
concentrations of dichloromethane, acetonitrile, metha-
nol, and water in the mobile phase could signi®cantly
a�ect the retention behaviour and the separation e�ect of
astaxanthin isomers and esters, the mobile phase compo-
sitions and gradient procedure as described previously
(Yuan & Chen, 1999) were still suitable for the separation
of astaxanthin isomers and esters on the Symmetry C18

column. A typical chromatogram obtained from the pig-
ment extract of H. pluvialis is shown in Fig. 1. It showed
that, in comparison with the Ultrasphere C18 column used
in previous studies (Yuan & Chen), astaxanthin esters
could be separated in a shorter time and the trans-astax-
anthin (peak 1), lutein (peak 2), 9-cis-astaxanthin (peak 3),
and 13-cis-astaxanthin (peak 4) could also be well sepa-
rated. As shown in Fig. 1, since it was eluted together with
one of astaxanthin esters (peak 15), b-carotene could not
be quantitatively determined, but it might be determinable
after astaxanthin esters are completely hydrolyzed. The
content of chlorophyll a, the small peak between peaks 9
and 10, might be measured at the wavelength of 663 nm to
eliminate the e�ect of astaxanthin esters on the determi-
nation of chlorophyll a.
Due to its low boiling point (about 40�C), dichlor-

omethane was readily volatile at room temperature. The
mobile phase containing dichloromethane should not be
stored for a long time to prevent the decrease of the rela-
tive content of dichloromethane in the mobile phase,
whichmight make the retention times of some compounds
increase, especially b-carotene.

3.2. Extraction of pigments

The breaking of algal cells was important for elevat-
ing the e�ciency of pigment extraction. In some pre-
vious work, the algal cells were disrupted by using the
tissue homogenizer (Harker et al., 1996), grinding with
mortar and pestle (Choubert & Heinrich, 1993; Hagen
et al., 1993; Kobayashi et al., 1993), heating at 60�C
(Xylander & Braune, 1994) and 70�C (Bar et al., 1995;
Rise, Cohen, Vishkautsan, Cojocarum, Gottlieb &
Arad, 1994), or enzymatic disruption (Grung et al.,
1992). Our result showed that grinding with a mortar
and a pestle was simple, quick, and e�cient for the
extraction of pigments from the high-yielding astax-
anthin ester-producing strain of the alga H. pluvialis,
especially for a large amount of algal cells. Therefore, in
the present experiment, the algal cells were set in the
mortar and broken by grinding with a pestle.
According to Johnson and An (1991), dichloromethane

(�30 g/l), chloroform (�10 g/l), dimethylsulfoxide (�0.5
g/l), and acetone (�0.2 g/l) could easily dissolve astax-
anthin at room temperature. High solubility might facil-
itate the extraction of astaxanthin, especially astaxanthin
esters, from the broken algal cells. Dichloromethane
was a good solvent for the extraction of astaxanthins,
but the cell debris and dichloromethane extract solution
could not be separated completely by centrifugation and
some cell debris was still suspended in the extract solu-
tion. While dichloromethane was mixed with methanol,
the cell debris suspended in the extract solution would
be completely precipitated by centrifugation at 10,000 g
for 5±10 min. Therefore, in the present work, the mix-
ture of methanol and dichloromethane was used as an
e�ective extractant for astaxanthin esters.
After extraction at least three times, algal pigments

were exhaustively extracted and 30 ml of deep red
extract solution, containing 162.4 mg astaxanthin esters
per litre of extract, was obtained from 0.097 g algal
cells. As shown in Fig. 1, carotenoids in the pigment
extract from a high-yielding astaxanthin ester-produ-
cing strain of H. pluvialis contained various kinds of
astaxanthin esters, in addition to a very small amount of
lutein (peak 2), canthaxanthin (peak 5), and b-carotene.
The determination result showed that the total content of
free astaxanthin and astaxanthin esters in the high-yield-
ing astaxanthin ester-producing strain of the microalgaH.
pluvialis was 5.02% on a cell dry weight basis.
In the alga H. pluvialis, astaxanthins exist mainly as

various astaxanthin esters formed by combining various
fatty acids with di�erent isomers of astaxanthin. For
di�erent algal strains and culture conditions, the com-
positions of astaxanthin esters were di�erent. It was
di�cult to separate each of all astaxanthin esters in the
alga H. pluvialis. It was also possible that some peaks
were composed of at least two astaxanthin esters, for
example, peaks 11 and 12 (Fig. 1).

Fig. 1. HPLC chromatogram of the pigment extract from the high-

yielding astaxanthin ester-producing strain of the alga H. pluvialis.

Peaks: 1, trans-astaxanthin; 2, lutein; 3, 9-cis-astaxanthin; 4, 13-cis-

astaxanthin; 5, canthaxanthin; 6, chlorophyll b; 7±14, astaxanthin

esters; 15, astaxanthin ester and b-carotene.
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3.3. Hydrolysis of astaxanthin esters

The addition of NaOH was necessary for the hydro-
lysis of astaxanthin esters, but NaOH could result in
signi®cant degradation of astaxanthins, especially when
the reaction temperature was high. The results of Yuan
and Chen (1999) indicated that, although high tempera-
ture favoured the hydrolysis of astaxanthin esters, the
degradation of astaxanthins was also promoted mark-
edly at the same time. Therefore, the saponi®cation
should be carried out at a low temperature to minimize
the degradation of astaxanthins during the hydrolysis of
astaxanthin esters. In order to study the e�ect of tem-
perature on the hydrolysis of astaxanthin esters and the
degradation of astaxanthins during saponi®cation, the
processes of saponi®cation of astaxanthin esters at dif-
ferent temperatures were monitored. Fig. 2 shows
changes in free trans-astaxanthin concentration during
saponi®cation with 0.021 M NaOH in the reaction mix-
tures at 5, 10, and 15�C. The result showed that, at a
higher temperature (e.g. 15�C), the initial rate of hydro-
lysis reaction was higher, but the ®nal concentration of
free astaxanthin was lower than at a lower temperature
(e.g. 5�C). As can be seen from the ®gure, while the
reaction temperature was maintained at 5�C, no sig-
ni®cant decrease in the content of trans-astaxanthin was
found after saponi®cation for 12 h, and on the contrary,
the content of trans-astaxanthin reached its maximum
concentration after that time. Fig. 3 shows changes in
free trans-astaxanthin concentration in the reaction
mixtures during saponi®cation with 0.018, 0.021, 0.026
and 0.032 M NaOH in the reaction mixtures at 5�C. As
shown in Fig. 3, a sodium hydroxide concentration of
0.021 M in the reaction mixtures was optimum for
complete hydrolysis of astaxanthin esters after 12 h
without causing the degradation of trans-astaxanthin at
5�C. The fact that the content of free trans-astaxanthin
was kept unchanged indicated that the degradation

reaction of trans-astaxanthin might occur at a very low
rate, especially at a lower temperature and a lower
NaOH concentration. Therefore, in the present work,
the pigment extracts were saponi®ed at 5�C for 12 h
with 0.021 M NaOH in the reaction mixture, followed
by puri®cation of trans-astaxanthin.

Fig. 2. Changes in free trans-astaxanthin content during saponi®ca-

tion with sodium hydroxide of 0.021 M in the reaction mixtures at 5

(*), 10�C (�) and 15�C (*). (SE�1.8%, n=3.)

Fig. 4. HPLC chromatograms of the pigment extracts during saponi-

®cation for 2.5 h (a) and 12 h (b). Peaks: 1, trans-astaxanthin; 3, 9-cis-

astaxanthin; 4, 13-cis-astaxanthin; 5, canthaxanthin; 7±13, astaxanthin

esters; 15, astaxanthin ester and b-carotene.

Fig. 3. Changes in free trans-astaxanthin content during saponi®ca-

tion with sodium hydroxide of 0.018 M (&), 0.021 M (*), 0.026 M

(�), 0.032 M (*) in the reaction mixtures at 5�C. (SE�1.9%, n=3.)
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Fig. 4 shows the typical chromatograms of pigment
extracts after saponi®cation for 2.5 and 12 h, respec-
tively. As shown in Fig. 4b, the carotenoid compositions
in the saponi®ed pigment extract consisted almost com-
pletely of trans-astaxanthin, 9-cis-astaxanthin, and 13-
cis-astaxanthin. During the course of saponi®cation, the
concentrations of trans-astaxanthin in pigment extract
increased quickly along with the continuous hydrolysis
of astaxanthin esters, especially at the initial stage of
saponi®cation (Figs. 2 and 3). Since the concentration
of astaxanthin esters in the pigment extract was so high
that the upper limit (2.5 AU) of detection was exceeded
after saponi®cation for 6 h, 10 ml of samples were injected
for the HPLC analysis (Fig. 4b).
The determination of free trans-astaxanthin and its iso-

mers showed that the relative content of trans-astaxanthin
in total astaxanthins was kept unchanged during the
course of saponi®cation and the value was 73.2% of total
astaxanthins (Table 1), indicating that no isomerization of
trans-astaxanthin occurred during saponi®cation. The
results also showed that, in the high-yielding astaxanthin
ester-producing strain of H. pluvialis, the contents of the
trans-astaxanthin and cis-astaxanthins were 3.67 and
1.35%, respectively, on a dry algal cell basis. After
saponi®cation for 12 h, the concentration of free trans-
astaxanthin in saponi®ed extract had reached the max-
imum and then the saponi®cation reaction was stopped
by storing the saponi®ed pigment extract at ÿ20�C.
With the method for saponi®cation, trans-astaxanthin
esters in the pigment extract were almost completely
hydrolyzed and 94.4% of free trans-astaxanthin on total
trans-astaxanthin esters was produced (Table 1). That is,
the percentage of both the un-hydrolyzed trans-astax-
anthin esters and the degraded astaxanthins was 5.6% of
total trans-astaxanthin esters in the pigment extract.

3.4. Puri®cation of trans-astaxanthin

In the puri®cation of trans-astaxanthin, a semi-
preparative chromatographic puri®cation method was
used to prepare the puri®ed trans-astaxanthin from the
high-yielding astaxanthin ester-producing strain of H.
pluvialis. Fig. 5 shows the semipreparative chromato-
gram of the separation of free astaxanthins in 0.5 ml of
saponi®ed pigment extract. The result indicated that trans-
astaxanthin and cis-astaxanthins were well separated on

the semipreparative reversed phase column. The peaks
after the peak of 13-cis-astaxanthin (peak 3) were un-
hydrolyzed astaxanthin esters (small amounts) and
other carotenoids such as canthaxanthin, echinenone,
and b-carotene, which were quickly eluted by solvent D,
the solvent mixture of dichloromethane (25%) and
methanol (75%). About 5ml of trans-astaxanthin fraction
was collected every time from 0.5 ml of saponi®ed pigment
extract. The combined trans-astaxanthin fractions dis-
solved in the elution solvent consisting of methanol
(90%), water (8%), and dichloromethane (2%) were
mixed with about 5 ml (or more than 5 ml according to
the volume of fractions) of dichloromethane, followed
by mixing with distilled water, to obtain a concentrated
trans-astaxanthin solution in dichloromethane. The
results showed that, if the trans-astaxanthin fractions
were ®rst mixed with distilled water and then dichlor-
omethane, trans-astaxanthin was also present in the
supernatant consisting of methanol and water, in addi-
tion to being in the dichloromethane solution. The red
dichloromethane fraction should be promptly dried with
a stream of nitrogen to prevent the isomerization of
trans-astaxanthin in dichloromethane. With the separa-
tion and puri®cation method, 92.8% of trans-astax-
anthin, a ®ne and dark violet-brown powder (Johnson &
An, 1991), was obtained from the saponi®ed pigment
extract (Table 1).

Table 1

Concentrations of astaxanthin esters and free trans-astaxanthin in the pigment extracts and dry algal cells after extraction, saponi®cation and pur-

i®cation

Extracted total

astaxanthin esters

Extracted trans-

astaxanthin esters

Hydrolyzed free

trans-astaxanthin

Puri®ed trans-

astaxanthin

Percentage (%) 99.9 73.2 94.4 92.8

Content on extracts (mg/l) 162.4 118.9 112.3 104.2

Content on a dry algal cell (%) 5.02 3.67 3.47 3.22

Fig. 5. The chromatogram showing the separation of free astax-

anthins in 0.5 ml of saponi®ed pigment extract from the high-yielding

astaxanthin ester-producing strain of the alga Haematococcus pluvialis.

Peaks: 1, trans-astaxanthin; 2, 9-cis-astaxanthin; 3, 13-cis-astaxanthin;

4, canthaxanthin and astaxanthin esters; 5, b-carotene.
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With the methods developed for extraction, saponi®-
cation, separation, and puri®cation, 32.2 mg of the pur-
i®ed trans-astaxanthin was obtained from 1 g of the high-
yielding astaxanthin ester-producing strain of the algaH.
pluvialis containing 36.7 mg of trans-astaxanthins and
13.5 mg of cis-astaxanthins (Table 1). The e�ciency of
puri®cation of trans-astaxanthin from the pigment
extract was 64.1% on total astaxanthins or 87.6% on
trans-astaxanthins. Since the saponi®cation at low tem-
perature (5�C) was applied, the e�ciency of puri®cation
was higher than the saponi®cation at room temperature.
Therefore, the saponi®cation at low temperature was
important for minimizing the loss of astaxanthins during
the process of puri®cation.

Acknowledgements

This research was supported by the CRCG (the Uni-
versity of Hong Kong Committee on Research and
Conference Grants) and the RGC (the Hong Kong
Research Grants Council).

References

Bar, E., Rise, M., Vishkautsan, M., & Arad, S. (1995). Pigment and

structural changes in Chlorella zo®ngiensis upon light and nitrogen

stress. Journal of Plant Physiology, 146, 527±534.

Bon, J. A., Leathers, T. D., & Jayaswal, R. K. (1997). Isolation of

astaxanthin-overproducing mutants of Pha�a rhodozyma. Bio-

technology Letters, 19, 109±112.

Calo, P., Velazquez, J. B., Sieiro, C., Blanco, P., Longo, E., & Villa, T.

G. (1995). Analysis of astaxanthin and other carotenoids from sev-

eral Pha�a rhodozyma mutants. Journal of Agricultural and Food

Chemistry, 43, 1396±1399.

Choubert, G., & Heinrich, O. (1993). Carotenoid pigments of the

green alga Haematococcus pluvialis: assay on rainbow trout,

Oncorhynchus mykiss, pigmentation in comparison with synthetic

astaxanthin and canthaxanthin. Aquaculture, 112, 217±226.

Fan, L., Vonshak, A., Gabbay, R., Hirshberg, J., Cohen, Z., & Bous-

siba, S. (1995). The biosynthetic pathway of astaxanthin in a green

alga Haematococcus pluvialis as indicated by inhibition with diphe-

nylamine. Plant Cell Physiology, 36, 1519±1524.

Fraser, P. D., Miura, Y., & Misawa, N. (1997). In vitro characteriza-

tion of astaxanthin biosynthetic enzymes. Journal of Biological

Chemistry, 272, 6128±6135.

Gobantes, I., Choubert, G., Milicua, J. C. G., & GoÂ mez, R. (1998).

Serum carotenoid concentration changes during sexual maturation

in farmed rainbow trout (Oncorhynchus mykiss). Journal of Agri-

cultural and Food Chemistry, 46, 383±387.

Grung, M., D'Souza, F. M. L., Borowitzka, M., & Liaaen-Jensen, S.

(1992). Algal carotenoids 51. Secondary carotenoids 2. Haemato-

coccus pluvialis aplanospores as a source of (3S, 30S)-astaxanthin
esters. Journal of Applied Phycology, 4, 165±171.

Hagen, C., Braune, W., Birckner, E., & Nuske, J. (1993). Functional

aspects of secondary carotenoids in Haematococcus lacustris (Girod)

Rosta®nski (Volvocales). New Phytology, 125, 625±633.

Harker, M., Tsavalos, A. J., & Young, A. J. (1996). Autotrophic

growth and carotenoid production of Haematococcus pluvialis in a

30 liter air-lift photobioreactor. Journal of Fermentation and Bioen-

gineering, 82, 113±118.

Harker, M., & Hirschberg, J. (1997). Biosynthesis of ketocarotenoids

in transgenic cyanobacteria expressing the algal gene for b-C-4-
oxygenase, crtO. FEBS Letters, 404, 129±134.

Johnson, E. A., & An, G. H. (1991). Astaxanthin from microbial

sources. Critical Reviews in Biotechnology, 11, 297±326.

Kobayashi, M., Kakizono, T., & Nagai, S. (1993). Enhanced car-

otenoid biosynthesis by oxidative stress in acetate-induced cyst cells

of a green unicellular alga, Haematococcus pluvialis. Applied and

Environmental Microbiology, 59, 867±873.

Parajo, J. C., Santos, V., & Vazquez, M. (1998). Production of car-

otenoids by Pha�a rhodozyma growing on media made from hemi-

cellulosic hydrolysates of Eucalyptus globulus Wood. Biotechnology

and Bioengineering, 59, 501±506.

Rise, M., Cohen, E., Vishkautsan, M., Cojocarum, M., Gottlieb, H.

E., & Arad, S. (1994). Accumulation of secondary carotenoids in

Chlorella zo®ngiensis. Journal of Plant Physiology, 144, 287±292.

Xylander, M., & Braune, W. (1994). In¯uence of nickel on the green

alga Haematococcus lacustris rosta®nski in phases of its life cycle.

Journal of Plant Physiology, 144, 86±93.

Yokoyama, A., & Miki, W. (1995). Composition and presumed bio-

synthetic pathway of carotenoids in the astaxanthin-producing bac-

terium Agrobacterium aurantiacum. FEMS Microbiology Lettres,

128, 139±144.

Yuan, J. P., & Chen, F. (1999). Hydrolysis kinetics of astaxanthin esters

and stability of astaxanthin of Haematococcus pluvialis during sapo-

ni®cation. Journal of Agricultural and Food Chemistry, 47, 31±35.

448 J.-P. Yuan, F. Chen / Food Chemistry 68 (2000) 443±448


