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Abstract The green unicellular alga, Haematococcus
pluvialis has two antioxidative mechanisms against en-
vironmental oxidative stress: antioxidative enzymes in
vegetative cells and the antioxidative ketocarotenoid,
astaxanthin, in cyst cells. We added a reagent that gen-
erates superoxide anion radicals (Oÿ2 ), methyl viologen,
to mature and immature cysts of H. pluvialis. Tolerance
to methyl viologen was higher in mature than in im-
mature cysts. Mature (astaxanthin-rich) cysts showed
high antioxidant activity against Oÿ2 in permeabilized
cells, but not in astaxanthin-free cell extracts, while im-
mature (astaxanthin-poor) cysts had very low antioxi-
dant activities against Oÿ2 in both. The results suggested
that astaxanthin accumulated in the cyst cells functions
as an antioxidant against excessive oxidative stress. The
same levels of antioxidant activities against Oÿ2 in both
permeabilized cells and cell extracts from vegetative cells
suggested the presence of antioxidative enzymes (su-
peroxide dismutase).

Introduction

Astaxanthin (3,3¢-dihydroxy-b,b-carotene-4,4¢-dione) is
a red ketocarotenoid that is used as a pigmentation
source for marine ®sh aquaculture (Benemann 1992) and
is also being investigated for medical applications be-
cause it is more antioxidative than b-carotene and vita-
min E (Terao 1989; Miki 1991; Palozza and Krinsky

1992). The green unicellular alga, Haematococcus pluvi-
alis, is a potent producer of astaxanthin (Borowitzka
et al. 1991; Boussiba and Vonshak 1991; Kobayashi et al.
1991). In the algal life cycle of H. pluvialis, green vege-
tative cells with two ¯agellae grow autotrophically in the
light (Lee and Soh 1991) and heterotrophically in the
dark (Droop 1955; Kobayashi et al. 1992). De®ciency of
a nutrient, such as nitrogen, induces encystment, with a
morphological change from vegetative to cyst cells as the
resting stage (Kakizono et al. 1992). Carotenoid bio-
synthesis in cyst cells is enhanced by environmental
oxidative stresses (Kobayashi et al. 1993). Therefore,
oxidative stress was considered to be involved in the
regulation of astaxanthin biosynthesis in H. pluvialis.
Active oxygen species regulate carotenoid biosynthesis
in some microorganisms such as yeast Pha�a rho-
dozyma (Schroeder and Johnson 1993, 1995a), green
algae, H. pluvialis (Kobayashi et al. 1993) and Dunaliella
bardawil (Shaish et al. 1993). Furthermore, the accu-
mulated carotenoids might function as a protective
agent against oxidative stress damage (Shaish et al. 1993;
Schroeder and Johnson 1995b). Although P. rhodozyma
and D. bardawil are resistant to experimentally induced
oxidative damage (Shaish et al. 1993; Schroeder and
Johnson 1995b), the physiological role of carotenoids
in vivo is not clear.

Among carotenoid-producing organisms, H. pluvialis
has a unique morphogenetic response to environmental
stress and produces carotenoid only after encystment
(Kobayashi et al. 1993). Since this alga has the impor-
tant features of photosynthesis, motility, and morpho-
genesis, it could serve as a model to investigate the
functions of carotenoids in microorganisms. In this
study, we measured antioxidant abilities in vivo against
superoxide anion radicals (Oÿ2 ) using the whole-cell as-
say system to elucidate the physiological role of asta-
xanthin in cyst cells of H. pluvialis. The results showed
that H. pluvialis has antioxidative enzymes in vegetative
cells and the antioxidative ketocarotenoid, astaxanthin,
in cyst cells, that protect the alga against environmental
oxidative stress.
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Materials and methods

Algal strain and basal culture

Haematococcus pluvialis Flotow NIES-144 was obtained from the
National Institute for Environmental Studies, Tsukuba, Japan. The
acetate (15 mM) basal medium was as described (Kobayashi et al.
1991). For the basal culture, a 10-ml portion of a 4-day culture was
inoculated into 100 ml fresh basal medium in a 200-ml conical
¯ask. The ¯ask was incubated at 20 °C under a 12-h light/12-h dark
illumination cycle at 20 lmol m)2 s)1 (white ¯uorescent lamp) as
described (Kobayashi et al. 1991). The 4-day culture (vegetative cell
growth phase, approx. 5.5 ´ 105 cells/ml) was used as the supple-
mentation culture.

Supplementation culture

Ferrous sulfate (450 lM) or sodium acetate (45 mM) or both were
added to the 4-day basal culture, to prepare H. pluvialis vegetative,
immature cyst and mature cyst cells. Immature (astaxanthin-poor)
cysts were induced by adding acetate alone (Kakizono et al. 1992;
Kobayashi et al. 1993). In the presence of acetate plus Fe2+, cyst
formation was accompanied by enhanced astaxanthin biosynthesis
(Kobayashi et al. 1993). Thus, mature (astaxanthin-rich) cysts were
prepared using acetate/Fe2+-supplementation cultures. When Fe2+

was added alone, the algal cells maintained vegetative growth until
the stationary phase (Kobayashi et al. 1993). The supplementation
cultures were incubated for 4 days after the additions at 20 °C under
continuous illumination (120 lmol m)2 s)1) as described (Koba-
yashi et al. 1993). All cultures were incubated in triplicate.

Methyl viologen exposure

Methyl viologen (MV, herbicide, Paraquat) is reduced by photo-
synthetic electron transport yielding the viologen radical, which
rapidly autooxidizes to produce Oÿ2 (Rabinowitch et al. 1987). An
MV solution was ®ltered through a membrane (Dismic-25, 0.45-lm
pore size; Advantec, Tokyo, Japan), and added to 4-day supple-
mentation cultures, which were then incubated for 3 days at 20 °C
under continuous illumination (120 lmol m)2 s)1). All cultures
were incubated in triplicate.

Photosynthesis and respiration activities

The photosynthetic and respiratory rates were measured by the
method of MartõÂ nez and OruÂ s (1991) as described (Kobayashi et al.
1992). To assay the photosynthetic rate, cells were harvested by
centrifugation at 2000 g for 10 min, and washed twice in 20 mM
HEPES/NaOH bu�er (pH 8.0). An O2-free cell suspension was
prepared in a water-jacketed transparent cylinder equipped with an
oxygen electrode (DG-5G, Able, Tokyo, Japan) followed by N2

bubbling for 0.5 h, then incubated at 20 °C under light at
240 lmol m)2 s)1. After addition of 12 mM NaHCO3, the O2

evolution rate was measured as the increase in the dissolved oxygen
concentration. To determine the respiratory rate, the cells were
washed twice with fresh basal medium, resuspended in 22.5 mM
acetate and bubbled with air for 0.5 h, then placed in a water-
jacketed cylinder equipped with an oxygen electrode. The suspen-
sion was incubated at 20 °C in the dark. The O2 uptake rate was
measured as the decrease in the dissolved oxygen concentration.
The cell concentration was adjusted to about 1.0 mg dry weight/ml
in each experiment. All activities were assayed in triplicate cultures,
and their averages are reported.

Antioxidant activity against Oÿ2

The assay for superoxide dismutase was used to assess antioxidant
activity against Oÿ2 . Toluene-treated-permeabilized cell (whole-cell)

and the cell-free extract activities were determined according to
Whitelam and Codd (1982). Each cell type was harvested by cen-
trifugation at 2000 g for 10 min, washed and resuspended in
25 mM TRIS/HCl bu�er (pH 8.0) containing 1 mM EDTA. The
cell suspensions were adjusted to a concentration of 0.3±1.0 mg
protein/ml. Toluene (2 ml) was added to a 4-ml aliquot of the cell
suspension, and the mixture was shaken for 5 min. Thereafter, the
toluene/cell mixture was allowed to stand on ice for 5 min, and the
upper toluene layer was removed with a pasteur pipette. Cell-free
extracts were prepared by 5 ´ 30-s bursts of ultrasonication (Soni-
cator W-385, Heat Systems-Ultrasonics Inc., New York, USA) on
ice, followed by centrifugation (20 000 g for 20 min). The toluene-
treated cells and the cell-free extracts were then assayed immedi-
ately for antioxidant activity against Oÿ2 . For the photochemical
assay for antioxidant activity, a 200-ll aliquot of toluene-treated
cells or cell-free extracts was added to 5 ml 25 mM TRIS/HCl
bu�er (pH 8.0) containing 1 mM EDTA, 10 lM ¯avin mononu-
cleotide, and 5 mM hydroxylamine under aerobic/light conditions
(140 lmol m)2 s)1). At various times a 0.5-ml aliquot was removed
and the nitrite formed was determined as described by Elstner and
Heupel (1976). One unit of antioxidant activity against Oÿ2 is de-
®ned as the amount that causes a 50% decrease in the rate of nitrite
formation from the oxidation of hydroxylamine by Oÿ2 . Bovine
blood superoxide dismutase was used as the standard. Whitelam
and Codd (1982) reported that the whole-cell assay system facili-
tated easy monitoring of superoxide dismutase sensitivity to its
speci®c inhibitors, KCN and H2O2. To classify the type of super-
oxide dismutase of H. pluvialis, whole-cell activities were assayed in
the presence of 1 mM KCN or H2O2. All activities were assayed in
triplicate, and their averages are reported.

Analyses

The algal cell number and dry weight were determined as described
(Kobayashi et al. 1991). For the protein assay, the algal cells were
suspended in 2 M NaOH for 1 h on ice as described by Whitelam
and Codd (1982), and the alkaline-solubilized protein was deter-
mined by the Bradford method (Bradford 1976), with bovine serum
albumin as the standard. Intracellular carotenoid and chlorophyll
were extracted with 90% acetone, and assayed as described (Ko-
bayashi et al. 1991, 1993). The total carotenoid concentrations were
determined at A480 using the absorption coe�cient A1% = 2500
according to Strickland and Parsons (1968). The carotenoids were
applied on silica gel plate (Kieselgel 60, 0.2 mm thickness; Merck,
Darmstadt, Germany), and developed in the solvent system (ace-
tone/n-hexane, 3:7 v/v) in the dark. The carotenoids were identi®ed
from their RF values (Renstrùm et al. 1981) and by comparison with
the authentic carotenoids (Kobayashi et al. 1991). The ratio of the
carotenoids was determined by absorption at 545 nm with a TLC
scanner (CS-930, Shimadzu, Kyoto, Japan). Thus, the concentration
of astaxanthin was calculated on the basis of the proportion of the
carotenoid composition (Kobayashi et al. 1993). All analyses were
performed in triplicate cultures, and their averages are reported.

Chemicals

MV, bovine blood superoxide dismutase, ¯avin mononucleotide,
and bovine serum albumin were obtained from Sigma Chemical
Co., St. Louis, USA, and all other reagents were purchased from
Wako Pure Chemical Industries, Osaka, Japan.

Results

Cell damage by excessive oxidative stress

To investigate whether or not astaxanthin in the cyst
cells of H. pluvialis protects the alga against excessive
oxidative stress by Oÿ2 , we added MV (Oÿ2 generator) to
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immature (low astaxanthin, 10 pg/cell) and mature (high
astaxanthin, 50 pg/cell) cysts, then measured the resid-
ual chlorophyll content (Fig. 1). The 0-day chlorophyll
content was about 10 pg/cell in both cysts. The chloro-
phyll content was markedly decreased in immature cysts,
but was not a�ected in mature cysts. Chlorophyll was
not degraded in mature cysts even by 0.1 mM MV as
shown Fig. 1. In mature cysts, the degradation of asta-
xanthin did not proceed at 0.1 mM MV, and the resid-
ual astaxanthin content decreased about 50% after
3 days MV exposure at 1 mM (data not shown).

To investigate further the role of astaxanthin in pre-
venting oxidative damage, we measured the residual
metabolic activities (photosynthesis and respiration) of
two types of cyst after 3 days MV exposure (Table 1). In
mature cyst cells, photosynthesis was eliminated at
0.1 mM MV, whereas respiration was maintained. MV
at 1 mM reduced respiration by more than 50%. In
contrast, in immature cyst cells, respiratory activity was
reduced by half at 1 lM MV, and both photosynthesis
and respiration were eliminated by 0.1 mM MV. These
results indicated that ``astaxanthin-rich'' red cyst cells
are more tolerant towards excessive oxidative stress than
are ``astaxanthin-poor'' cyst cells.

Antioxidant abilities in vivo against Oÿ2

To investigate whether or not the astaxanthin functions
as an antioxidant by reacting with active oxygen species,
we studied the antioxidant ability of astaxanthin in cyst
cells of H. pluvialis in vivo against Oÿ2 (Table 2). Anti-
oxidant activity against Oÿ2 was estimated as units/107

cells as well as units/mg protein because cyst cells had a
very low protein content. In green vegetative cells of H.
pluvialis, the antioxidant activity of toluene-treated
permeabilized cells (whole cells) was similar to that of
cell-free extracts. In whole vegetative cells, antioxidant
(superoxide-dismutase-like) activity was destroyed by
boiling cells for 10 min (data not shown), and was sen-
sitive to incubation in the presence of either KCN or
H2O2. These results suggest the presence of antioxidant
enzymes, Cu/Zn superoxide dismutase (sensitive to both
KCN and H2O2), in vegetative cells.

Compared with vegetative cells, ``astaxanthin-poor''
immature cyst cells had lower antioxidant activity
against Oÿ2 in both whole-cell and cell-free extract assays
(Table 2). On the other hand, the whole-cell assay of
``astaxanthin-rich'' red mature cyst cells showed about
50-fold higher antioxidant activity against Oÿ2 than that

Fig. 1 Loss of chlorophyll
content with time after exposure
of immature (A) and mature (B)
cyst cells of Haematococcus
pluvialis to methyl viologen
(MV). Immature and mature
cysts were prepared by acetate
and acetate/Fe2+ supplementa-
tion respectively. The zero-day
control value (100%) is shown.
MV concentrations: s 1 lM,
m 10 lM, n 0.1 mM, n 1 mM,
d none

Table 1 Residual activities of photosynthesis and respiration in
two types of cyst cell of Haematococcus pluvialis after exposure to
methyl viologen (Oÿ2 generator). Immature cysts were prepared by
acetate supplementation; mature cysts were prepared by acetate/

Fe2+ supplementation. Cultures were incubated for 3 days after
methyl viologen exposure, and both photosynthesis and respiratory
activities were assayed. Values to the value in the absence of methyl
viologen (control; 100%), are shown in parentheses

Methyl viologen (M) O2 turnover [lmol O2 (mg cells)
)1 h)1]

Immature cysts Mature cysts

Photosynthesis Respiration Photosynthesis Respiration

0 0.058 (100) 0.079 (100) 0.240 (100) 0.132 (100)
10)6 0.061 (105) 0.039 (49) 0.247 (103) 0.208 (158)
10)5 0.070 (121) 0.029 (37) 0.261 (109) 0.196 (148)
10)4 0 0 0 0.146 (111)
10)3 0 0 0 0.049 (37)
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in the cell-free extract (astaxanthin-free). Moreover, the
antioxidant activity was not destroyed by boiling whole
cells of mature cysts for 10 min (data not shown), and
was insensitive to both KCN and H2O2. The increase of
antioxidant activity against Oÿ2 in the whole-cell assay
was closely associated with maturation of cyst cells
(Fig. 2A), and correlated with increased intracellular
astaxanthin contents (Fig. 2B, C). These results indicate
that astaxanthin in the cyst cells functions as an anti-
oxidant against environmental oxidative stress.

Discussion

In this study, we determined the antioxidant activities of
H. pluvialis by measuring the capacities of cell extracts or
whole cells to inhibit Oÿ2 -mediated nitrite formation. The

results suggested that cyst cells might be de®cient in the
enzymes (superoxide dismutase) or low-molecular-mass
antioxidants, such as ascorbate and glutathione, neces-
sary to detoxify active oxygen species. It also appeared
that astaxanthin located in cytosolic lipid globules and
membraneous regions of cysts (Santos and Mesquita
1984) could compensate for the lack of these enzymes
and antioxidants. Furthermore, it was shown that asta-
xanthin can prevent oxidative injury to cyst cells caused
by exposure to reactive oxygen species generated by MV.
Carotenoids and Oÿ2 do not directly react with each other
without the involvement of a more reactive oxygen in-
termediate (Krinsky 1989). Therefore, astaxanthin might
function as an antioxidant by reacting with active oxygen
radicals derived from Oÿ2 , providing antioxidant pro-
tection in the cytoplasm and in lipid membranes.

Generally, carotenoids have two important roles in
photosynthetic organisms (Young 1991). First, they act
as accessory light-harvesting pigments, trapping light
energy and passing it on to chlorophylls. Second, and
more importantly, carotenoids protect the photosyn-
thetic apparatus from light-mediated stress, for example
by quenching singlet oxygen (1O2) generated by photo-
oxidation. In the green alga, D. bardawil, it has been
suggested that photosynthetically produced active oxy-

Table 2 Antioxidant activities against Oÿ2 in vegetative and cyst
cells of H. pluvialis in assays of whole cells and cell-free extract.
Vegetative cells were prepared by Fe2+ supplementation; immature
cysts were prepared by acetate supplementation; mature cysts were

prepared by acetate/Fe2+ supplementation. Antioxidant activities
against Oÿ2 for whole cells were also assayed in the presence of
KCN (1 mM) or H2O2 (1 mM). ND not determined

Cell type Astaxanthin
content

Antioxidant activity against Oÿ2

(mg/107 cell) Cell-free extract assay Whole-cell assay Whole-cell assay (U/107 cell)

(U/mg protein) (U/107 cell) (U/mg protein) (U/107 cell) +KCN (1 mM) +H2O2 (1 mM)

Vegetative cell 0.067 7.41 11.5 6.06 11.3 3.48 2.69
Immature cyst 0.113 2.40 2.52 6.62 6.95 ND ND
Mature cell 0.497 3.18 0.65 163.9 33.6 33.4 33.0

Fig. 2 Changes in antioxidant activity against Oÿ2 in the whole-cell
assay (A), astaxanthin content (B), and correlation between antiox-
idant activity against Oÿ2 and astaxanthin content (C), in vegetative
and cyst cells of H. pluvialis. Vegetative and cyst cells were prepared
by Fe2+ and acetate/Fe2+ supplementation respectively. The supple-
mentation time was scaled as day zero. s Vegetative cells, d cyst cells
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gen species, Oÿ2 (and its products) and 1O2, are involved
in triggering b-carotene biosynthesis, and the massive
amount of carotenoid accumulated can protect the
photosynthetic apparatus against oxidative stress (Shaish
et al. 1993). Carotenoids scavenge/quench several active
oxygen species such as 1O2, O

ÿ
2 , H2O2, peroxy radicals,

and hydroxyl radicals (HO·) both in vitro and in vivo
(Burton 1989; Krinsky 1989; Miki 1991; Lim et al. 1992;
Lawlor and O'Brien 1995). In the nonphotosynthetic
bacterium Deinococcus radiodurans (Carbonneau et al.
1989), the fungus Fusarium aquaeductuum (Theimer and
Rau 1970), yeastsRhodotorula mucilaginosa (Moore et al.
1989) and P. rhodozyma (Schroeder and Johnson 1995b),
carotenoids protect against experimentally induced oxi-
dative damage. The red-pigmented strain of D. radio-
durans is resistant to HO·, whereas the colorless strain is
signi®cantly sensitive (Carbonneau et al. 1989). In F.
aquaeductuum, H2O2 induces carotenoid biosynthesis in
the dark, a process that normally occurs only under il-
lumination (Theimer and Rau 1970). In R. mucilaginosa,
b-carotene protects the cells against Oÿ2 (Moore et al.
1989). In P. rhodozyma, Schroeder and Johnson (1995b)
reported that several active oxygen species (1O2, O

ÿ
2 ,

H2O2, and peroxy radicals) regulate astaxanthin bio-
synthesis. Astaxanthin could play a protective role in
yeast against oxidative stress, as we suggested for H.
pluvialis in this study.

Adding azide, an inhibitor of superoxide dismutase to
D. bardawil, greatly enhanced b-carotene biosynthesis
against the accumulation of reactive oxygen species
(Shaish et al. 1993). Thus, intracellular b-carotene may
function together with superoxide dismutase to preserve
viability in the face of the continued production of ox-
ygen radicals in aging cells. H. pluvialis has two anti-
oxidative mechanisms, involving antioxidative enzymes
in vegetative cells and antioxidative astaxanthin in cyst
cells, and it might change from one of these defense
systems against environmental oxidative stress to the
other during its life cycle. In conclusion, it seems likely
that astaxanthin biosynthesis is an adaptive response
against oxidative stress in cyst cells of H. pluvialis. The
alga has developed an e�cient defense system that helps
it to survive under environmentally adverse conditions
during evolution.
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