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INTRODUCTION

Since the 1930s, the freshwater microalga
Haematococcus pluvial is F lotow
(Volvocales, Chlorophyceae) has been
widely recognized by i ts abi l i ty  to
accumulate large amounts of  the
ketocarotenoid astaxanthin (Elliot, 1934),
but interest in this alga has been renewed in
recent years due to the increasing demand
for natural pigments of vegetable origin to
be used as a substitute for their synthetic
counterparts. Astaxanthin is used as a source
of pigmentation for fish in aquaculture
(especially salmonids) and for eggs in the
poultry industry, but it is also recognized as
having a higher antioxidant activity than
other carotenoids (Meyers, 1994; Miki,
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ABSTRACT

The microalga Haematococcus pluvialis Flotow is one of the natural sources of astaxanthin, a pigment widely used
in salmon feed. This study was made to discover optimal conditions for biomass and astaxanthin production in H.
pluvialis from Steptoe, Nevada (USA), cultured in batch mode. Growth was carried out under autotrophic (with
NaNO

3
, NH

4
Cl and urea) and mixotrophic conditions (with 4, 8, 12 mM sodium acetate) under two photon flux

densities (PFD) (35 and 85 µmol m-2 s-1). The carotenogenesis was induced by 1) addition of NaCl (0.2 and 0.8 %),
2) N-deprivation and 3) high PFD (150 µmol m-2 s-1). Total carotenoids were estimated by spectrophotometry and
total astaxanthin by HPLC. Ammonium chloride was the best N-source for growth (k=0.7 div day-1, 228-258 mg l-1
and 2.0 x 105 - 2.5 x 105 cells ml-1 at both PFD, respectively). With increasing acetate concentration, a slight
increment in growth occurred only at 85 µmol m-2 s-1. Light was the best inductive carotenogenic factor, and the
highest carotenoid production (4.9 mg l-1, 25.0 pg cell-1) was obtained in cultures pre-grown in nitrate at low light.
The NaCl caused an increase in carotenoid content per cell at increasing salt concentrations, but resulted in a high
cell mortality and did not produce any increment in carotenoid content per volume compared to cultures grown at
150 µmol m-2 s-1. The highest carotenoid content per cell (22 pg) and astaxanthin content per dry weight (10.3 mg g-1)
(1% w/w) were obtained at 85 µmol m-2 s-1 with 0.8% NaCl.

Key terms: astaxanthin, carotenogenesis, growth, Haematococcus pluvialis.

1991; Kobayashi et al., 1997a). Only a few
microorganisms (some species of bacteria,
lichens, fungi and microalgae) have been
reported to synthesize astaxanthin (Johnson
and Schroeder, 1995; Armstrong, 1997), and
H. pluvialis is one of the most challenging to
study, since it is capable of accumulating
the highest proportion of astaxanthin in
relation to its dry weight: 1.5 to 5.0% w/w
(Johnson and Schroeder 1995; Krishna and
Mohanty, 1998). Despite this physiological
advantage, which has been extensively
studied, the publ ished resul ts have
discouraged, to some extent, the commercial
product ion of  astaxanthin f rom
Haematococcus. This alga exhibits some
unfavorable characteristics when compared
to other microalgae successfully cultivated

Biol Res 36: 343-357, 2003



344 CIFUENTES ET AL. Biol Res 36, 2003, 343-357

at commercial scale (i.e., Dunaliella spp.,
Spirulina spp.) These concerns are mainly
related to its slow growth rate and its complex
life cycle, exhibiting motile and non-motile
cells, solitary and/or grouped in palmella
stages (Elliot, 1934; Triki et al., 1997; Lee
and Ding, 1994) which is not yet well
understood.

To date, i t  is wel l  known that the
accumulation of astaxanthin in H. pluvialis
is  associated preferent ia l ly  wi th a
morphological transformation of green
motile vegetative cells to deep-red non-
motile cysts, and many research efforts have
sought to enhance the relatively slow growth
rate of the motile vegetative cells: 0.5 – 0.7
div day-1 (Zlotnik et al., 1993; Chaumont
and Thèpenier, 1995; Fan et al., 1994;
Barbera et al., 1993; Gong and Chen, 1997;
Hagen et al., 2001; Orosa et al., 2001),
exceptionally 0.9 div day-1 (Grunewald et
al., 1997; Fan et al., 1994; Hagen et al.,
2000). Other research efforts have focused
on the low maximal cell densities exhibited
by this alga at different culture conditions:
1.5 - 2.5 x 105 cells ml-1 (Hagen et al., 1993;
Lee and Ding, 1994, 1995; Harker et al.,
1996b; Grünewald et al., 1997), more
exceptionally 5.5 x 105 cells ml-1 or higher
(Kobayashi et al., 1993; Spencer, 1989;
Bubrick, 1991; Kakizono et al., 1992). From
this point of view, any factor tending to
enhance and/or to maintain vegetative
growth would not allow astaxanthin cell
accumulation, and any astaxanthin inductive
condition tends to constrain the algal growth.
This pattern of cell growth and carotenoid
accumulation has generated two productive
strategies for growing Haematococcus: one,
in a single step using a suitable medium
(sub-optimum) for both biomass and
astaxanthin production, where astaxanthin
is accumulated while cells are growing, and
the other, in two consecutive steps, the first
under optimal conditions for vegetative
growth followed by another for astaxanthin
production in non-growing cells.

There exists a great debate concerning the
function of secondary carotenoids in H.
pluvialis and where and when they are
synthesized. Numerous studies have suggested
a strict relationship between astaxanthin
accumulation and the formation of resting cells

(cysts) (Boussiba and Vonshak, 1991;
Kobayashi et al., 1991). Other works, however,
have clearly shown astaxanthin accumulation
in the motile vegetative stage (Lee and Ding,
1994; Chaumont and Thèpenier, 1995;
Grünewald et al., 1997; Sun et al., 1998; Hagen
et al., 2000). Currently, commercial production
of astaxanthin by H. pluvialis has been reported
based on both strategies using a two-step culture
[Cyanotech Corporation and Aquasearch Inc.,
Microbio Resources Inc., and Algatec Inc.
(Bubrick, 1991)] and/ or a single step process
[Microgaia Inc. (Olaizola, 2000)] and both
processes are carried out under
photoautotrophic conditions. Although
mixotrophic metabolism in this alga has been
studied and documented (Borowitzka et al.,
1991; Kobayashi et al., 1992; Gong and Chen,
1997), and heterotrophic growth has been
reported in some strains of H. pluvialis
(Kobashayi et al., 1992; Hata et al., 2001),
these conditions have not been applied in
cultures at commercial scale.

 The present study was aimed at optimizing
the phototrophic requirements for growth of
H. pluvialis in relation to the nitrogen source
and the addition of sodium acetate to estimate
mixotrophic growth in batch cultures at
different photon flux densities. From the
var ious factors inducing astaxanthin
production reported in the literature, the
addition of salt, the deprivation of nitrogen
in the medium and the higher irradiance,
were examined here. The strain under study
(from Steptoe, Nevada, USA) has not been
studied before, and these results constitute
the first set of data to compare it with other
strains of H. pluvialis. Ranges of optimal
culture conditions found for different strains
may show great disparity. Results obtained
by our working group on different strains of
Dunaliella salina reinforce this assertion
(Cifuentes et al., 1992, 1996a, b, 2001;
Gómez et al., 1999).

MATERIALS AND METHODS

Organism, growth medium and
maintenance conditions of the inocula

Haematococcus pluvialis (Flotow) strain
Steptoe (Nevada, USA) was donated in
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unialgal condition by Dr. Ralph Lewin in
1989,  and s ince that  date has been
maintained in the Microalgal Culture
Collection at the University of Concepción,
Concepción, Chile. The alga was initially
grown in Bristol medium (Starr and Zeikus,
1987) in a static continuous culture regime
(batch mode)  under  the fo l lowing
conditions: temperature of 23°±2ºC, photon
flux density (PFD) of 35 µmol m-2 s-1,
photoperiod of 16:8 (L:D), without aeration
but manually agitated twice a day. The
stable growth parameters obtained under
these conditions were: N

i
= 103 cells ml-1,

N
7
 
days

 = 5 x 104 cells ml-1, k= 0.8 div day-1,
v= 10 ml v

inocule
 = 200 µl. In these conditions,

the inocula for the experiments consisted
of motile vegetative cells (98%) and cysts
(2%).

Optimum nitrogen source for growth

Three sources of nitrogen were tested in
the medium: namely, sodium nitrate,
ammonium chlor ide,  and urea at
concentrations of 2.9 mM. The cultures
were grown in 500 ml Erlenmeyer flasks
with 200 ml of medium, under two different
continuous PFD: 35 and 85 µmol m-2 s-1

(supplied by fluorescent cool daylight
lamps), at 23°±2ºC, without aeration and
agitated manually twice a day. The pH of
the medium was adjusted to 6.0 after being
autoclaved, and the initial cell density was
2 x 103 cells ml-1. During growth, the pH
was not modified except in the cultures
growing with ammonium. To these, drops
of NaOH 1 N were added every other day in
order to maintain the pH between 5.0 and
6.0, because of the acidification from algal
metabolism (NH+

4
  H+ + N-algal). The pH

reached values as low as 3.5, between one
control and another, but the healthy
condition of the cultures was not affected.
The algal dry weight was determined after
13 days of cultivation by filtering 20-ml
aliquots through Millipore filters of 5 µm
pore size, washing in distilled water, and
drying at 100ºC to constant weight (24 h).
Cell density was also estimated in each
nitrogen source in order to have estimations
on a cell and volumetric basis. The relative

number (%) of motile vegetative cells and
cysts was also registered. The experiments
were carried out in triplicate.

Mixotrophic growth with addition of sodium
acetate

The concentrations of the sodium acetate
assayed were 4, 8 and 12 mM, with an
initial pH adjusted to 6.0. Each of these
acetate concentrations was tested at two
continuous photon flux densities, 35 and
85 µmol m-2 s-1, and the cultures grew from
an initial cell density of 103 cells ml-1 (about
1 ml of a seven-day culture was inoculated
into 50 ml medium in 125 ml Erlenmeyer
flasks). The flasks were incubated for 14
days at 23°±2ºC, without aeration. In order
to compare mixo- and autotrophic growth
and to discover if heterotrophic growth
occurs in this strain, cultures with addition
of sodium acetate were established in
darkness under the same previously
descr ibed condit ions. The pH of al l
treatments was measured after inoculating
the alga and adjusting it to a value of 6.0
every three days. Cell density and algal dry
weight were determined as growth indices
at the end of the experiment.

INDUCTION OF ASTAXANTHIN SYNTHESIS

a) By nitrogen deprivation and by exposure
to high PFD

When the experiments to determine the
best nitrogen source for growth were
finished (15 days) and the aliquots for algal
dry weight (20 ml) and cell density (3 ml)
removed, the cultures with the best growth
(in sodium nitrate and ammonium chloride
with pH adjusted during growth between
5.0 - 6.0 range, both grown at the two PFD)
were mixed in single cultures: four cultures,
corresponding to the two nitrogen sources
and the two PFD, were obtained. The
volume of each of these cultures was
uniformly distributed into eight tubes (each
with 20 ml); four of them were kept at
higher PFD (150 µmol m-2 s-1) than during
growth (35 µmol m-2 s-1), and the remaining
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four tubes were assayed for nitrogen
depr ivat ion.  This  was achieved by
successive centrifugation (three times at
1500 rpm for five min) and re-suspension
of the algal pellet in fresh NaNO

3
-deprived

Bristol medium (with isosmotic exchange
of NaNO

3
 by KCl). The induction period

for all the cultures lasted 12 days. Total
carotenoids and chlorophyll “a” content
and the relative number of cysts after the
induction period were estimated in each
replica.

b) By salt stress

Initially, the alga was cultured in three
bottles of five-liter capacity for 11 days
with three liters of medium reaching a mean
cell density of 1.6 x 105 cells ml-1. Unlike
the previous experiments of this study, the
inoculum for these cultures consisted of
98% cysts, and it was taken from a two-
month-old culture at a stationary phase of
growth. The bottles were maintained at
19°±2ºC, under a continuous PFD of 35
µmol m-2 s-1 (supplied by cool white
fluorescent tubes) and continuous aeration
given with air filtered through Millipore
filters of 0.2 µm pore size. The experimental
procedure was as following: from bottle
Nº1 and Nº2, volumes of 200 ml of the algal
suspension were transferred into 500 ml
Erlenmeyer flasks and cultured with 0.0%,
0.2% and 0.8% NaCl at 85 and 35 µmol m-2 s-

1, respectively, in triplicate. In order to study
the effect of a higher PFD (than that utilized
during growth) and the natural aging of the
cultures, one set of three flasks (from bottle
Nº 3) was kept at 150 µmol m-2 s-1 without
addit ion of salt.  The 21 f lasks were
incubated at 19° ± 2ºC without aeration and
manually shaken twice a day. At the end,
both the growth period (day 11) and the
carotenogenesis induction period (day 20,
induction period of nine days), algal dry
weight and total pigment content (total
carotenoids and chlorophyll “a”) were
determined in 25 ml and 10 ml filtered
aliquots, respectively. The total astaxanthin
contents, both on a volumetric and on cell
dry weight basis, were determined by HPLC
analysis.

Analytical Methods

Growth rate was determined by cel l
counting using 1 ml Utermohl chambers
and a Zeiss inverted microscope, according
to Guillard (1973).

Raw extracts of pigments were obtained
by grinding the algal cell pellet, utilizing
either a manual tissue homogenizer (for
vegetative cells) or liquid nitrogen in a
mortar (for cysts). Then, the pigments were
extracted with 90% acetone and left
overnight at 4ºC in darkness. The extracts
were centr i fuged and analyzed by
spectrophotometry, according to Strickland
and Parsons (1973). The total carotenoid
concentrations calculated by this method
(at 480 nm) are equivalent to using the
extinction coefficient   = 2500 (Davies,
1976). The total chlorophyll concentration
was calibrated as chlorophyll “a” for the
major chlorophyll component.

Astaxanthin analysis was carried out by
HPLC using equipment with automatic
injector pumps, UV variable detector,
reverse-phase column RP-18 Lichrocart
250-4 and integrator. Pigments were eluted
at a flux rate of 0.5 ml/min, with a solvent
system of acetonitrile-dichloromethane-
methanol in the proportion 70:20:10 v/v at
environmental temperature. Astaxanthin
was detected at 480 nm and was identified
by its retention time and absorption spectra
with standard substance (Sigma).

Anaerobic saponification of astaxanthin
esters

The esters were dissolved in CH
2
Cl

2
 and

1% KOH in CH
3
OH was added under N

2
.

Af ter  hydro lys is ,  the so lut ion was
neutralized with 1 % aq. NH

4
Cl, and

astaxanthin extracted with diethyl ether
(Grung et al., 1992).

Statistical analysis

The data were subjected to statistical
analysis, uti l izing a factorial design,
performing analysis of variance (ANOVA),
analysis of covariance and mult iple-
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comparisons tests (Tukey, Scheffe, Fisher´s
least significant difference method) with
the computational program STATISTICA.
Di f ferences were considered to  be
significant at a probability of 5% (p ≤0.05).

RESULTS

Optimum nitrogen source for growth of H.
pluvialis strain Steptoe

The best nitrogen source for growth in this
strain was clearly the ammonium chloride
when the pH was not permitted to attain
values lower than 4.0 (Fig.1). When cultivated
in sodium nitrate, the growth parameters,
i.e., maximum cell density and cell dry weight,
were lower than in ammonium chloride, but
clearly higher than in urea, where the growth
of the alga was deficient (Table I). In the
cultures grown with ammonium, the pH
fluctuations due to the acidification of the
medium and the modification of the pH
whenever it reached 4.0-4.5, raising it to 6.0,
did not affect the algal growth but, on the
contrary, permitted these cultures to exhibit
the highest cell densities (2.0 x 105 and 2.5 x
105 cells ml-1) and algal dry weights (228.0
and 257.5 mg l-1) at 35 and 85 µmol m-2 s-1,
respectively. These values were significantly
different (p≤ 0.05) from the biomass values
obtained in nitrate (at 85 µmol m-2 s-1) and/or
in urea at both PFD.

 In all the nitrogen sources assayed, the
relative number of motile vegetative cells
during growth was high (≥ 85%) and higher
in ammonium (95%) than in the other
sources, a condition that supported very
healthy cells, showing a deep green color
and a very thin translucent cell wall. Due to
the pH decrease in ammonium, which needed
a strict modification during growth, in the
subsequent experiments of this study sodium
nitrate was used as the nitrogen source for
growth.

Mixotrophic growth with addition of sodium
acetate

The addition of sodium acetate did not produce
any increase in growth at either PFD assayed,

when compared to the control cultures (grown
without acetate) (Table II). Although a slight
increase in the maximal cell densities (from
1.6 x 105 to 1.8 x 105 cells ml-1) and in the algal
dry weight (from 183 to 204 mg l-1) occurred
at increasing acetate concentrations at 85 µmol
m-2 s-1, the values were not significantly
different (p ≤ 0.05) from those obtained in the
autotrophic condition. At 35 µmol m-2 s-1, the
inverse occurred, i.e., the strain grew slower
than in the control cultures, and there was a
decrease in growth at higher acetate
concentration, from 0.43 div day-1 (4.0 mM)
to 0.21 div day-1 (12.0 mM). Maximal cell
densities and dry weight at 12.0 mM acetate
(2.5 x 104 cells ml-1, 29 mg l-1) were lower by
one order of magnitude than the densities and
dry weights achieved in the control (2.5 x 105

cells ml-1, 298 mg l-1). The differences in
biomass obtained in the range of acetate
concentration at this PFD (35 µmol m-2 s-1)
were significantly different (p ≤ 0.05) from
each other and compared to the control cultures
without acetate. On the other hand, the addition
of acetate caused a significant increase in the
relative amount of cysts, from 0.42% (control
cultures) to 8.7% (12 mM acetate) at 35 µmol
m-2 s-1 (p≤0.05). A minor increase of cysts was
found at 85 µmol m-2 s-1, ranging from 1.9% in

Figure 1:  Growth of Haematococcus pluvialis (Steptoe
strain) with different nitrogen sources (sodium nitrate,
ammonium chloride and urea) and under different photon flux
densities (35 and 85 µmol m-2 s-1), without aeration.

CIFUENTES ET AL. Biol Res 36, 2003, 343-357
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control cultures to 3.0 % in 12 mM acetate. In
darkness, cell density showed no change
during the 11 days growth period, but the
relative number of cysts increased to 13.9%.
Although the pH was fixed to a value of 6.0
every three days, the variations of this
parameter differed just slightly among the
different acetate concentrations.

INDUCTION OF ASTAXANTHIN SYNTHESIS

a) By nitrogen deprivation and by exposure
to high PFD

The best inductive factor for carotenoid
accumulation, both per volume and per cell,
was exposure to high PFD (150 µmol m-2 s-1)
in those cultures pre-grown in nitrate under
35 µmol m-2 s-1. By contrast, nitrogen
deprivation in the nitrate grown cultures
did not produce any increment in total
carotenoids, at any of the PFD assayed
(Table III).

The carotenoid content in cultures grown
in nitrate at 35 µmol m-2 s-1 and subjected to
high light (150 µmol m-2 s-1) increased from
1.7 to 4.88 mg l-1 and from 10 to 25 pg cell-1,
a highly significant increment (p≤0.05)
when compared to the increment in

carotenoid content obtained under all other
treatments. The carotenoid content in
cultures grown in nitrate at 85 µmol m-2 s-1

and subjected to high light increased much
less, both per volume unit (from 2.0 to 2.9 mg
l-1 ) and per cell ( from 15 to 17.9 pg cell-1),
and the final carotenoid content per volume
unit was not significantly different (p ≤
0.05) from the carotenoid accumulated by
the cultures grown in ammonium and
subjected to N-deprivation (Table III).

The cultures grown in ammonium, where
the maximal cell number was two fold
higher compared to the cultures grown in
nitrate, did not survive in the high PFD
treatment (without pH control) and cells
died on day four of the induction period.
On the contrary, nitrogen deprivation
produced an increment in total carotenoids
by a factor 1.6 and 1.4 in cultures grown in
ammonium under 85 µmol m-2 s-1 (3.20 mg
l -1) and 35 µmol m-2 s-1 (2.85 mg l-1),
respectively. This last increment in total
carotenoids was very similar to that
observed in the cultures grown in nitrate
under 85 µmol m-2 s-1 and subjected to high
PFD (from 2.0 mg l-1 to 2.9 mg l-1).

The total carotenoid content (per liter
and per cell) obtained in the N-deprived
cells grown in ammonium at 35 and/or 85

CIFUENTES ET AL. Biol Res 36, 2003, 343-357

TABLE I

Maximum cell density (N
max

), exponential growth rate (t ≤ 7 days) (k
max

), mean growth rate
(t = 13 days) (k

mean
), cell dry weight per volume unit (mg l-1) and per cell (pg cell-1), and

relative number of motile vegetative cells and cysts in H. pluvialis cultures grown in Bristol
medium with different nitrogen sources under two continuous PFD (35 and 85 µmol m-2 s-1),

temperature of 23°±2ºC, without aeration and manually shaken twice a day, for 13 days, from
Ni= 2 x 103 cells ml-1 and pH

i
= 6.0. (Values are the means of three replicates)

Parameter Nitrogen source (A) and PFD (B) (µ mol m-2 s-1)

A NH4Cl NaNO3 Urea

B 35 85 35 85 35 85

Nmax (cells ml-1) 2.0 x105 2.5 x105 1.7 x105 1.4 x105 5.2 x104 4.5 x104

kmax (div day-1) 0.72 0.70 0.68 0.59 0.47 0.44
kmean (div day-1) 0.51 0.53 0.49 0.47 0.36 0.34
Dry weight per 228.0 257.5 194.3 170.0 56.0 42.0
volume unit (mg l-1)
Dry weight per cell 1140 1030 1143 1210 1077 933
(pg cell-1)
Final pH 3.4 3.5 7.7 7.8 6.6 6.8
% motile cells 95 94 90 89 88 85
% cysts 4.6 5.8 5.0 6.6 4.9 5.5
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cellular mortality (p ≤ 0.05), being the
greatest at the highest salt concentration
(45% cell loss at 0.8% NaCl under both
PFD) (Table IV). On the contrary, an increase
both in cell density and in algal dry weight,
in the assays without NaCl, occurred at the
three given PFD. This meant that these
cultures continue growing as during the
experimental inductive period. A significant
value (p ≤ 0.05) for the highest algal yield
(dry weight and cell density) was obtained
at the highest PFD (150 µmol m-2 s-1) without
NaCl (208 mg l-1, 1.8 x 105 cells ml-1).
Although there was an increment in the total
carotenoid content, both per volume and per
cell unit (and a concomitant decrease in the
chlorophyll content) at increasing salinity
under both PFD assayed, the values obtained
were considered very low. The best
carotenogenic condition by addition of salt
was obtained at 85 µmol m-2 s-1with 0.8%
NaCl, raising the total carotenoids per
volume unit by a factor of 2.8 with respect to
the initial value. In absolute total carotenoid
content, cells accumulated 1.72 mg l-1 and
22 pg cell-1 with a carotenoid to chlorophyll
rat io of  4.2.  The increment in total
carotenoids produced in this condition was
significantly different from the increments
estimated in the other conditions, except for
the increments observed at 85 µmol m-2 s-1

CIFUENTES ET AL. Biol Res 36, 2003, 343-357

TABLE II

Growth (N
 cells ml

-1 and k
 div day

-1) and algal dry weight (a.d.w. 
mg l

-1) of H. pluvialis cultured
during 11 days (from Ni= 5 x 103 cells ml-1), in Bristol medium with addition of sodium

acetate (4, 8 and 12 mM) and under two PFD (35 and 85 µmol m-2 s-1). Controls in autotrophic
and heterotrophic growth were kept without addition of acetate under the two PFD and with
12 mM acetate in darkness, respectively. The relative amount of cysts (%) at the end of the

growth period was also determined. (Values are the means of three replicates)

35 µmol m-2 s-1 85 µmol m-2 s-1 darkness

sodium acetate without sodium 4.0 8.0 12.0 without sodium 4.0 8.0 12.0 12.0

concentration (mM) acetate acetate

 pH variation 6.0 – 6.85 6.0 – 7.09 6.0 – 8.00 6.0 – 8.42 6.0 – 6.78 6.0 – 7.50 6.0 – 8.42 6.0 – 8.73 6.0 – 8.42

N cells ml
-1 2.5 x105 1.4 x105 9.7 x104 2.5 x104 1.5 x105 1.6 x105 1.7 x105 1.8 x105 5.1 x103

% cysts 0.42 1.02 1.3 8.7 1.9 2.6 2.3 3.0 13.9

k div day
-1 0.51 0.43 0.39 0.21 0.45 0.45 0.46 0.47 0.0014

a.d.w. mg l
-1 298 157 110 29 169 183 195 204 n.d.

µmol m-2 s-1 was not significantly different
(p≤0.05) from the contents exhibited by N-
deprived cells cultivated in nitrate at either
PFD (Table III).

 The chlorophyll content was much higher
in the cultures grown in ammonium than in
nitrate under both PFD (2.3 and 1.6 mg l-1

versus 0.9 and 0.7 mg l-1 under 35 and 85
µmol m-2 s-1, respectively), and this content
remained high in those cultures that
surv ived the carotenogenesis per iod
promoted by nitrogen deprivation (3.5 mg
l -1 and 4.0 mg l-1, under 35 and 85 µmol
m-2 s-1, respectively). The carotenoid to
chlorophyll ratio was always less than 1,
even before the induction period.

The relative number of cysts was very
similar in all growth conditions at the
beginning of the carotenogenesis induction
period (4.4 % - 5.8%), but at the end it was
much higher in those cultures induced by
high PFD (ca. 33%) than under nitrogen
deprivation (12.8% - 18.5% in ammonium
and nitrate, both under 85 µmol m-2 s-1,
respectively).

b) By salt stress

The results obtained after stressing the cells
by addition of salt showed a significant
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without NaCl and at 85 µmol m-2 s-1 with
0.2% NaCl (p ≤ 0.05), in which the carotenoid
content increased by a factor of 2.6 and 2.7,
respectively. Under 35 µmol m-2 s-1 and with
0.8% NaCl, the total carotenoid content
increased less (by a factor of 1.3 and 2.3, for
carotenoids per volume and per cell,
respectively). The carotenoid to chlorophyll
ratio in this condition was almost two fold
higher than that estimated before the addition
of salt (it varied from 0.8 to 1.5).

In relation to astaxanthin content, the
highest amounts were obtained without
NaCl under 85 and 150 µmol m-2 s-1: 1.07
and 0.77 mg l-1, respectively, corresponding
to 68% and 44% of the total carotenoids
estimated by spectrophotometry. The

maximum astaxanthin content per dry
weight, 10.25 mg g-1 (1.0 % w/w), was
registered under 85 µmol m-2 s-1 with 0.8%
NaCl, and it was significantly different
from all other treatments (p ≤ 0.05).

DISCUSSION

The culture of H. pluvialis, both in laboratory
conditions and for commercial purposes,
has received much attention, even though
research on the factors controlling growth
and astaxanthin accumulation have yielded
controversial  results,  postponing the
management of the cause-effect association
within reliable certitude.  In part, this lack
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TABLE III

Algal dry weight (a.d.w. 
mg l

-1), total carotenoid content per volume (car 
mg l

-1), on a dry weight
basis (car 

mg g
-1), per cell (car 

pg cell
-1), chlorophyll “a” (chl “a”) per volume unit (chl “a”

mg l
-1),

cell density (N 
cells ml

-1), color of extract and relative number (%) of cysts in H. pluvialis
cultured in NaN0

3
 and NH

4
Cl , under two PFD (35 y 85 µmol m-2 s-1) and then subjected to

carotenogenesis induction by nitrogen deprivation and by exposure to high PFD (150 µmol m-2

s-1) for 12 days. (Values are the means of three replicates (B=before and A= after induction);
n.d.=not determined because of culture death)

NaNO3   (35) NaNO3    (85) NH4Cl    (35) NH4Cl    (85)

-N high PFD -N high PFD -N high PFD -N high PFD

a.d.w.mg l
-1 B 194.0 170.0 228.0 258.0

A 173.0 237.0 209.0 190.0 279.0 n.d. 315.0 n.d.

car mg l
-1 B 1.70 2.04 1.98 2.06

A 1.84 4.88 1.91 2.87 2.85 n.d. 3.19 n.d.

car mg g
-1 B 8.8 12.0 8.7 8.0

A 10.6 20.6 9.14 15.1 10.2 n.d. 10.1 n.d.

chl “a” mgl
-1 B 0.87 0.65 2.33 1.64

A 1.41 1.09 1.06 0.59 3.53 n.d. 4.05 n.d.

car chl-1 B 1.97 3.21 0.92 1.43

A 1.30 4.60 1.80 5.12 0.82 n.d. 0.80 n.d.

carpg cell
-1 B 10.0 15.0 10.0 8.0

A 12.2 25.0 10.6 17.9 11.4 n.d. 10.3 n.d.

Ncells ml
-1 B 1.7 x 105 1.4 x 105 2 x 105 2.5 x 105

A 1.5 x105 1.95 x 105  1.8 x105 1.6 x105   2.5 x105 n.d.  3.1 x105 n.d.

color of extract B slight yellow-orange bright yellow-orange greenish lemon yellow lemon yellow

A Bright bright slight slight grass- colorless grass- colorless

orange-green orange-red orange orange-red green green

% cysts B 5,4 4,4 4,6 5,8

A 15,4 33,6 18,5 33,3 3,8 n.d. 12,8 n.d.
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of conclusive results has discouraged
research on the scale-up of astaxanthin
production, unlike the culture of Dunaliella
(for ß-carotene production), which is
successfully carried out in many countries.
To a certain extent, this has been due to the
complex life cycle of this microalga, which
exhibits different morphological cell types
–macrozooids, microzooids, aplanospores,
“palmella” stages and cysts (Elliot, 1934;
Santos and Mesquita, 1984)– and to a poor
understanding of the optimal conditions for
growth and astaxanthin accumulation of any
of these morphological cell types. Moreover,
the great variations in experimental designs,
culture conditions and strains utilized, make
the comparison of  the data almost
impossible.

In the strain under study (Steptoe),
carotenoid accumulation occurs both in
motile and resting cells, but in batch culture
conditions our group has observed that the
vegetative cells prevail irremediably for a

definite short period of time, and non-motile
cells begin to predominate with the evolution
of the culture. According to Lee and Ding
(1994) studying the strain UTEX 16, this
evidence would correspond to an increase in
cel l  number of  f ive cel l  doubl ings,
irrespective of the magnitude in growth rate,
with a concomitant increase in the number
of non-motile cells until motile cells
disappear from the culture after about twelve
days. Spherical non-motile cells (“palmella”
stage) are capable of undergoing asexual
reproduction, releasing a variable number
of motile or non-motile cells. In the Steptoe
strain,  and in accordance with the
observations of Lee and Ding (1995), only
in old cultures is it possible to observe resting
stages (or cysts or true resting akinetes)
with thick walls. Our primary interest,
therefore, was to define conditions to support
optimal vegetative growth and subsequent
carotenogenesis by induct ive factors
recognized in the literature.
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TABLE IV

Algal dry weight, maximum cell density (Nmax) , growth rate (t =5) (k
max

), total carotenoids
content (car) and chlorophyll “a” (chl “a”) per volume and per cell, carotenoids to chlorophyll

“a” ratio (car/chl “a”), and total astaxanthin at the end of the growth period (day 11) in
cultures of H. pluvialis before (B)  and after (A) the carotenogenesis induction by addition of
NaCl or by exposal to high PFD (150 mol m-2 s-1, without NaCl). Data are the means of three

replicates.

Vial PFD Treatment Algal dry Nmax kmáx Total car chl “a” Car/ chl Total car Total Total
µmol m-2s-1 (% NaCl) weight (cells ml-1) (t=5)  (mg l-1) (mg l-1) “a” (pg cél-1) astaxanthin astaxanthin

(mg l-1) (g g-1) (mg l-1)  (mg g-1 dry
weight)

     1 150 B 128 1.4 x105 0.98 0.77 0.74 1.0 4.5 0.144 1.1

0 A 208 1.8 x105 1.76 0.37 4.7 10.3 0.765 3.7

B 144 1.4 x105 0.94 0.69 0.82 0.8 5.7 0.185 1.3

     2 35 0 175 1.6 x105 0.95 0.81 1.2 6.4 0.431 2.5

0.2  A 123 1.1 x105 0.82 0.73 1.1 7.5 0.433 3.5

0.8 85 7.6 x104 0.90 0.60 1.5 13.1 0.349 4.1

B 152 1.4 x105 0.90 0.62 0.76 0.8 4.4 0.0726 0.5

   3 85 0 185 1.7 x105 1.58 0.77 2.1 9.8 1.069 5.8

0.2 A 136 1.1 x105 1.66 0.53 3.1 15.0 0.426 3.1

0.8 48 7.8 x104 1.72 0.41 4.2 22.0 0.492 10.3
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Optimum N source for growth

The optimum nitrogen source for growth in
the studied strain, ammonium chloride, not
only produced a higher biomass (estimated
both as cell density and as cell dry weight)
when compared to the other N sources
assayed, but also a healthy state of the
motile vegetative cells in the culture,
evidenced by a deep green color, a large
cell size and a thin extracellular matrix.
Nevertheless, the strong acidification of
the medium, that demanded a rigorous
adjustment of the pH during growth,
discouraged the use of this N source in the
successive growth experiments due to
practical considerations (pH could not be
strictly monitored and adjusted in cultures
of higher volume).

As early as 1950s, Proctor (1957) found
that N-nitrate is preferred to N-ammonium
for growth in H. pluvialis, and Stross (1963)
concluded that nitrate preference in this
species is controlled by the strain, age of
inoculum and pH of the medium, so that
exponentially-growing cells at acid pH
preferred ammonium for their growth.
According to this author, there are strain
d i f ferences in  the mechanism of  N
utilization. On the other hand, it should be
borne in mind that a high cell concentration
of vegetative cells, transferred to an
inductive carotenogenic situation, does not
always accumulate astaxanthin (Borowitzka
et al., 1991). These authors, working with
two strains of H. pluvialis (MUR-1 and
MUR-64, from Switzerland and Finland,
respectively) found that although nitrate,
ammonium and urea gave similar final cell
yields, the best nitrogen source for both
growth and carotenoid accumulation was
nitrate, since the carotenogenesis was
slightly inhibited in the ammonium- and
urea-grown cultures. Therefore, growth and
carotenogenesis have to be studied together
in order to decide the best conditions for
pigment production by a particular strain.

Numerous authors have reported cell
division rates in growing cultures of H.
pluvialis under many different conditions,
and these rates have varied from 0.2 div
day -1 in cultures at commercial scale
(Olaizola, 2000) to 0.9 div day -1 under

laboratory conditions (Grünewald et al.,
1997; Hagen et al., 2000; Orosa et al.,
2001). The growth rates obtained in our
study are within these ranges (0.44 to 0.72
div day-1, Table I). The same occurred with
the maximal cell densities that were in the
range of 1.0 to 2.5 x 105 cells ml-1, which
are considered low, but similar to those
found by other authors (Hagen et al., 1993;
Lee and Ding 1994, 1995; Harker et al.,
1996b; Tripathi et al., 1998).

The different N-sources assayed here were
studied at two PFD since an important factor
to consider for algal growth is irradiance.
Harker et al., (1995) found that vegetative
cells of H. pluvialis strain CCAP 34/7
required a relatively low irradiance (40 to
50 µmol m-2 s-1) to achieve high growth
rates. Fan et al., (1994) found an optimal
irradiance of 90 µmol m-2 s-1, when studying
the effect of temperature and light on growth
of H. pluvialis strain 192.8 (from the
Göttingen Culture Collection). The PFD
used in our study were selected according
to previous qualitative observations on light
optimum for growth in the Steptoe strain
(prefers low light). This was proven in
cultures grown in nitrate in which the
Steptoe strain reached higher maximal cell
densities at 35 µmol m-2 s-1 than at 85 µmol
m-2 s-1 (1.7 x 105 versus 1.4 x 105 cells ml-1).

Mixotrophic growth with addition of sodium
acetate

Since the early 1960s, it has been shown
that  Haematococcus can be grown
mixotrophically on acetate (Droop, 1961;
Pringsheim, 1966). The methods assayed
here included mixo- and heterotrophic
growth, using sodium acetate as the organic
carbon source as d id  other  authors
(Kobayashi et al., 1991, 1992, 1997b;
Borowitzka et al., 1991; Gong and Chen,
1997; Orosa et al., 2001). Although most
work has found enhanced growth rates with
acetate and has recommended mixotrophic
and heterotrophic cultivation system for
commercial application, it is also true that
some work has reported slow cell growth
and low final cell densities when growth is
carried out in batch mode (Borowitzka et
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al., 1991; Tjahjono et al., 1994; Hata et al.,
2001). The results obtained with the Steptoe
strain discouraged the use of mixotrophic
condition, at least under the concentrations
and conditions assayed here, since both
growth rates and maximum cell densities
were only slightly higher than in autotrophic
cultures (controls) at 85 µmol m-2 s-1. At 35
µmol m-2 s-1 and in darkness, the growth
was severely inhibited. This strain might
require a modified culture system (i.e., a
repeated fed batch cultivation such as the
system implemented by Hata et al., 2001)
or a very long cul t ivat ion t ime. An
addi t ional  potent ia l  problem wi th
mixotrophic cultivation is contamination
by bacteria, which is very difficult to avoid.
It is not surprising then that, due to these
hindrances, the cultivation of H. pluvialis
at commercial scale is being carried out
under autotrophic condition, and only stock
cultures, which are maintained as inocula,
are cultured with sodium acetate (Spencer,
1989; Bubrick, 1991).

Since the effect of acetate is influenced
by the pH of the medium (Borowitzka et
al., 1991) the pH was measured and adjusted
to a predefined value of 6.0, every three
days. In preliminary assays, the Steptoe
strain preferred slightly acid pH (data not
included) and since the concentrated sodium
acetate solution used as stock had a pH of
8.11, the adjustment in pH regulated the
initial pH (that varied from 6.0 to 8.7 before
adjusting).

On the other hand, the supplementation
of acetate induced an increase in the relative
number of cysts at both PFD assayed (by a
factor of ca. 20 and 12 in the cultures at 12
mM acetate under 35 µmol m-2 s-1 and 85
µmol m-2 s-1, respectively) which agrees
with the results found by various authors
(Borowitzka et al., 1991; Kakizono et al.,
1992). The latter authors have assayed the
supplementation of acetate both to increase
the vegetative growth of green cells and to
induce the formation of cysts. However,
they found that encystment is drastically
retarded when acetate was added together
with a high concentration of nitrate, which
would be an indication that the encystment
is triggered by a high C/N ratio and not
only by a determined acetate concentration.

N-depr ivat ion and h igh PFD in
carotenogenesis

Exposure to a nitrogen-deprived medium
has been an ef fect ive condi t ion for
increasing the astaxanthin accumulation in
Haematococcus (Boussiba and Vonshak,
1991; Zlotnik et al., 1993; Spencer, 1989;
Bubrick, 1991; Hagen et al., 2000; Harker
et al., 1995, 1996b). However, in our work,
the carotenogenesis induced under this
condition was severely inhibited in the
cultures pre-grown in ammonium. The same
response has been found in H. pluvialis by
Borowitzka et al. (1991) and Orosa et al.
(2001)  and in  Dunal ie l la  sa l ina by
Borowitzka and Borowitzka (1988). These
authors concluded, in accordance with our
resul ts ,  that  a  cu l ture wi th  a h igh
concentration of vegetative cells subjected
to an inductive carotenogenic factor will
not always be triggered to accumulate
astaxanthin; furthermore, a sharp decrease
in cell number may occur. They suggest
that  the sh i f t  f rom opt imal  growth
conditions to inductive carotenogenic
condition must occur when most of the
cells in the culture are encysted. Although
they employed a similar methodology to
this study, Hagen et al. (2000) and Zlotnik
et al. (1993) reported disparate results: a
faster  ra te of  secondary carotenoid
biosynthes is  in  f lagel la te  than in
aplanospore cell stages when pre-grown
vegetative cells were transferred to a
nitrate-deprived medium and increased
irradiance. According to these controversial
results, it is not clear if the ammonium is
the principal factor responsible for inhibited
carotenogenesis or the predominant cell-
type in the cultures. In our study, inhibited
or slight carotenogenesis was found both in
nitrate and ammonium pre-cultivated cells
when they were transferred to a N-deprived
medium, although the state of the cells in
both N-source cultures at the beginning of
the experiments was very different when
compar ing the to ta l  carotenoids to
chlorophyll ratios (2.0 and 0.9, at 35 µmol
m-2 s-1; 3.2 and 1.4, at 85 µmol m-2 s-1 in
nitrate and ammonium pre-cult ivated
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cul tures,  respect ive ly) .  Indeed,  and
according to Orosa et al. (2001), the
induction of astaxanthin production is
t r iggered by s t ress factors  that  are
cumulative of the physiological state of the
cells and the culture conditions.

The N-deprivation was ineffective in
increasing the amount of  secondary
carotenoids accumulated by the strain under
study. On the other hand, the exposure to
high PFD (150 µmol m-2 s-1 ) resulted in
increased carotenogenesis in those cultures
pre-cultivated in N-nitrate at both PFD
assayed. The same pattern did not occur in
the N-ammonium grown cultures under the
two PFD, where cells did not survive the
experimental period of twelve days. A
strong acidification of the medium in these
cultures was the cause of the observed cell
death. This acidi f icat ion might have
occurred due to continuing growth during
the first days of the high light inductive
period. Boussiba and Vonshak (1991) have
reported that cells subjected to N-deprived
medium may support additional growth
utilizing an intracellular source of nitrogen
when this nutrient has been exhausted in
the medium.

The total carotenoid content per volume
unit and per cell estimated in this work may
be considered low, when compared to data
reported in the literature. According to
Harker et al. (1996a), the period required by
the alga to synthesize significant quantities
of astaxanthin is relatively long. These
authors found that when NaCl and high PFD
were the inductive factors assayed, all
substantial changes in carotenoid content
occurred after day 40, and the most
significant quantities of pigment were
accumulated in the 40- to 90-day period. In
the same manner Zlotnik et al. (1993) found
high amounts of total carotenoids per cell
after four weeks exposure to a nitrate-
deprived medium. It is noteworthy that these
authors observed that the loss of motility
took place during the second week under
nitrogen depletion. In our experiments, under
this condition, by day 12 only 15.4 % of the
cells pre-grown in nitrate were immotile
and the cultures appeared bright orange-
green in color (car chl-1 = 1.3, 12.2 pg cell-1).
Very similar carotenoid accumulation per

cell occurred in the cultures pre-grown in
ammonium (from 10.0 to 11.4 pg cell-1), but
the high chlorophyll content (car clor -1=
0.82) in these cultures made them appear
grass-green in color.

Carotenogenesis by salt stress

The accumulation of astaxanthin in cysts
under salt stress conditions has been
reported both in the dark (Kobayashi et al.,
1997b) and in the light (Spencer, 1989;
Borowitzka et al., 1991; Boussiba and
Vonshak, 1991; Boussiba et al., 1992;
Cordero et al., 1996; Harker et al., 1995,
1996a, b). Although the addition of NaCl in
our study was made according to the
recommendations of Harker et al. (1996a),
the mortality of cells increased substantially
with the increase of salt concentration, and
only 55% of cells survived at 0.8% NaCl
(138 mM); similar mortality data were
reported by Harker et al. (1996b) with 0.6%
NaCl (103 mM). In spite of this high
mortality, an increase in red coloration of
the surviving cells at higher salinity was
evident in our work. An increase in total
carotenoid content  per  ce l l  and in
astaxanthin content per dry weight occurred
at increasing NaCl concentrations, and they
were the highest when the addition of NaCl
was combined with high PFD (85 µmol
m-2 s-1). These results proved that NaCl is a
carotenogenic inductive factor in this strain,
but  the methodology employed here
requires improvement to be suited to
carotenoid production. Harker et al. (1995),
studying the effectiveness of the addition
of NaCl on the carotenogenesis of H.
pluvialis strain CCAP 34/7, improved the
final astaxanthin yield when they combined
a lower amount of NaCl than that used here
(25-30 mM; 0.14 -0.17%) with exposure to
a very high PFD (1600-1700 µmol m-2 s-1).
On the other hand, Sarada et al. (2002)
found that the age of the culture was crucial
to trigger astaxanthin production in salt
stress induced cultures. Younger cultures
(four to eight days old) were very sensitive
to NaCl addition, while older cultures (12-
16 days old) were resistant and accumulated
much more astaxanthin when NaCl was

CIFUENTES ET AL. Biol Res 36, 2003, 343-357



355

added along with sodium acetate and after
a prolonged incubation time (20 days).

The levels of carotenoids accumulated by
salt stressed cells in this study are low if
they are compared to those reported in the
literature with the same inductive factor.
According to the literature (Harker et al.,
1995, 1996a, b; Sarada et al., 2002), H.
pluvialis would require a longer inductive
period than assayed here or a combination
of  factors  for  accumulat ing a h igh
carotenoid content.

The best carotenogenic condition in this
work was the high PFD applied to the
cultures pre-cultivated with nitrate as N-
source and under 35 µmol m-2 s-1 (4.9 mg l-1,
25.0 pg cell -1) which is coincident with the
results of Harker et al. (1996b). They found
that the single most important factor in
terms of carotenogenesis was to subject the
alga to high PFD, when comparing this
effect with nitrate deficiency or other
inductive factors. Under salt stress, the
maximum yield of total carotenoids (1.7
mg l-1)  was low,  but  the maximum
carotenoid content per cell (22.0 pg cell-1)
was similar to the content accumulated
under the prior condition.

The maximal carotenoid content per unit
volume (1.6 - 1.8 mg l-1) was obtained at
150 µmol m-2 s-1 and 85 µmol m-2 s-1, almost
independently of salt concentration, while
the highest carotenoid content per cell was
obtained at 0.8 % NaCl and 85 µmol m-2 s-1,
conditions at which the lowest algal dry
weight was found.

In general, the amount of astaxanthin
produced by H. pluvialis is greater than
0.5% on a dry weight basis (Spencer, 1989;
Gong and Chen, 1997; Chaumont and
Thèpenier, 1995; Olaizola, 2000) but values
from 1.0 - 2.0 % (Spencer, 1989; Cordero
et al., 1996; Kobayashi et al., 1991; Hagen
et al., 2001; Orosa et al., 2001) or higher
(Margalith, 1999; Olaizola, 2000; Lee and
Soh, 1991; Bubrick, 1991) have been
reported. Assuming that total astaxanthin
const i tutes at  least  60-80% of  tota l
carotenoid content in H. pluvialis (Tripathi
et al., 1998; Spencer, 1989; Chaumont and
Thèpenier, 1995), the total carotenoid
accumulation produced in the best condition
in the present study, 2.07 % w/w, would

mean an astaxanthin accumulation of 1.2-
1.7% w/w.

A prel iminary est imat ion of  total
astaxanthin content made by HPLC in an old
stationary culture of this strain (deep red in
color), gave a much higher value: 15.9 mg l-1;
3.5% w/w (Vergara, 2002). Clearly, the
management for astaxanthin productivity in
this strain can be improved, and new
experiments in this regard are in progress.
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