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Abstract Initial biomass density (IBD) is an important
factor that affects the viability and productivity of
microalgae particularly when sunlight is used for pho-
tosynthesis. In this paper, the effect of IBD on photo-
synthesis, growth, and astaxanthin production of the
green microalga Haematococcus pluvialis during the
astaxanthin induction stage was studied in a glass col-
umn photobioreactor during different seasons. Of seven
IBDs, i.e., 0.1, 0.5, 0.8, 1.5, 2.7, 3.5, and 5.0 g L−1

tested, 0.8 g L−1 IBD was optimal and resulted in the
highest astaxanthin productivity of 17.1 mg L−1 day−1.
Severe photoinhibition of photosynthesis occurred at
low IBD (e.g., 0.1 g L−1) cultures, especially in the
winter, and severe light limitation to individual cells in
high IBD cultures (>2.7 g L−1) were responsible for
reduced astaxanthin production. This was the first report
quantitatively assessing IBD as the key limiting factor
for astaxanthin production in H. pluvialis outdoor
cultivation.
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Introduction

Astaxanthin is a keto-carotenoid responsible for the pinkish
color of some fish, crustaceans, and birds and is used as a
pigmentation agent in aquaculture and as a potent antioxi-
dant for human health (Benemann 1992; Goswami et al.
2010; Guerin et al. 2003). The green microalga Haemato-
coccus pluvialis is the best known source of natural astax-
anthin (Margalith 1999). A common strategy for the
production of astaxanthin in H. pluvialis is to sustain rapid
growth under favorable culture conditions (e.g., low light
and nutrient repletion) (“green stage”) and then stress the
cells by introducing high light and/or nutrient depletion to
induce astaxanthin production (“red stage”). Although this
“two-stage” batch mode has been adopted by the Haemato-
coccus industry and research community (Aflalo et al. 2007;
Fábregas et al. 2001; Lu et al. 1994; Sarada et al. 2002), a
persisting, largely ignored problem associated with this
common practice is that considerable cell death occurs upon
transferring H. pluvialis from the green stage to the red
stage. The cell mortality rate may range from 20 to 80 %
of total cells subjected to stress, depending on strains, bio-
reactors, and stress conditions under which H. pluvialis cells
are maintained (Harker et al. 1996; Kobayashi et al. 1997;
Hu et al. 2008; Li et al. 2010). As a result, overall astax-
anthin productivity in H. pluvialis cultures is low. For ex-
ample, an average astaxanthin production rate of 2.2 mg L−1

day−1 was obtained from the outdoor cultivation of H.
pluvialis in a 75,000-L photobioreactor (Olaizola 2000).

High light or high light in combination with nutrient
depletion are the major factors that stimulate astaxanthin
synthesis in H. pluvialis in a photoautotrophic culture mode,
but they may also cause severe photoinhibition of photo-
synthesis or photooxidative damage of the cells (Wang et al.
2009; Hu et al. 2008; Li et al. 2008, 2010). It is imperative
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that the intensity of incident light provided to the culture
must be such that it maximizes astaxanthin production while
minimizing its ill-effect on cell mortality.

We hypothesized that an optimal incident light intensity for
maximum astaxanthin productivity can be created by starting
the red stage culture with a proper initial biomass density (IBD).
Here, we provide a detailed study of the effects of IBD on
growth and astaxanthin accumulation of H. pluvialis at the red
stage in an outdoor glass column photobioreactor. The photo-
chemical efficiency of photosynthesis, specific growth rate,
pigment content, and biomass concentration were monitored
as a function of IBD ranging from 0.1 to 5.0 g L−1 of cell dry
weight during different seasons, i.e., summer, fall, and winter.

Materials and methods

Haematococcus pluvialis Flotow K-0084 was obtained from
the Scandinavian Culture Collection of Algae and Protozoa
at the University of Copenhagen, Denmark and maintained
in BG11 culture medium (Boussiba and Vonshak 1991). In
the green stage, H. pluvialis was cultivated in a glass col-
umn (inner diameter 5 cm; working volume 0.6 L) under
indoor conditions (20 °C, 20 μmol photons m−2 s−1 of
continuous light).

Red stage experiments were conducted in glass col-
umns of the same specifications. Sixteen columns were
placed in two transparent plastic racks arranged side by
side on an east-western orientation. Culture mixing was
provided by aeration (1.5 % CO2, v/v) through a glass
capillary tube inserted near the bottom of the column.
The culture temperature was maintained at 20–25 °C
during the daylight period by automatically spraying
prechilled water onto the surface of the columns. The
minimum culture temperature was not regulated. The
photosynthetic photon flux density impinging on the
bioreactor surface was determined with a Li-190SB
quantum sensor coupled to a Li-250A data logger (Li-
Cor, USA). Culture temperature was measured with a
digital long-stem thermometer equipped with a stainless
steel probe (VWR International, USA). Experiments
were carried out at the outdoor algae research facilities
at Arizona State University Polytechnic campus in Mesa,
Arizona (33°24′ N, 111°49′ W, Mesa, USA) from July to
December 2008. In this paper, September, October, and
December are referred to as summer, fall, and winter,
respectively.

Biomass concentration was measured by a gravimetric
method (Li et al. 2010). The samples were collected at 7:00–
8:00 p.m. after the sunset. The specific growth rate (μ,
day−1) was calculated as follows:

μ ¼ ln DWtð Þ � ln DW0ð Þ½ �=t ð1Þ

Biomass productivity (g L−1 day−1) was calculated as
follows:

Biomass productivity ¼ DWt � DW0ð Þ=t; ð2Þ

in which the DWt and DW0 were the biomass of day t and
day 0, respectively.

Ten mg of freeze-dried H. pluvialis sample was ground
by a prechilled mortar and pestle in liquid nitrogen and then
the cell-free powder was extracted in a small amount of
solvent solution (methanol/dichloromethane01:3, v/v). The
sample was centrifuged at 10,000×g for 10 min. The pellet
was then extracted several times to colorless with the sol-
vent solution. The supernatants were combined and dried
with compressed nitrogen gas. The entire procedure was
carried out under dim light. Extracted pigment sample was
redissolved in the solvent solution to determine astaxanthin
concentration by HPLC (Waters, USA) following the pro-
tocol reported by Yuan et al. (2002), and the chlorophyll
concentration was measured using a spectrophotometer
according to Lichtenthaler and Wellburn (1983).

The nitrate (NO3
−) concentration of culture was mea-

sured by Quikchem 8500 (Lachat, USA). The maximum
photochemical efficiency of photosystem II (Fv/Fm) is a
chlorophyll fluorescence parameter that reflects the photo-
inhibitory status of the reaction centers of photosystem II
(PSII). The daylight variation ofFv/Fmwas determined hourly
with Dual-PAM 100 (Walz, Germany). Algal samples were
dark-adapted for 15 min before measurements. One mL of
sample was loaded into the cuvette and mildly stirred with a
magnetic stir bar. The measuring light was turned on, and
signal intensity was maintained between 0.1 and 0.2 V. The
recording program was run for 5–10 s before a high intensity
pulse light (10,000 μmol photons m−2 s−1, lasting 0.8 s) was
applied to fully closed PSII reaction centers (Genty et al.
1989). The minimum and maximum fluorescence, Fo and
Fm, were recorded automatically during the procedure. The
maximum photochemical efficiency of PSII was calculated as
follows: Fv=Fm ¼ Fm � Foð Þ=Fm

Results

The effects of IBD on cell mortality, morphology, growth,
pigment content, and productivity of biomass and astaxanthin
ofH. pluvialis at the red stage was studied in the outdoor glass
columns, and the results are shown in Fig. 1. The cultures with
0.1 g L−1 IBD exhibited minimum biomass accumulation
(Fig. 1d). Considerable cell bleaching (or death) and astaxan-
thin formation in the living cells were observed within 2 days
(Fig. 1a). With increase in IBD from 0.1 to 1.5 g L−1, less cell
mortality but greatly increased biomass concentrations were
observed, though less red pigmentation occurred in the cells
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(Fig. 1b, d). Further increasing IBD from 1.5 to 5.0 g L−1 led
to slight decrease of net biomass accumulation and the cells
remained green, but cell mortality was greatly reduced
(Fig. 1c, d). The maximum specific growth rate (μ) of
0.6 day−1 was obtained in 0.1, 0.5, 0.8, and 1.5 g L−1 IBD
cultures, which was the highest reported in outdoor culture of
H. pluvialis (Fig. 1e and Table 1). The higher performance of
these cultures was in part due to the availability of nitrogen
during 10 days of cultivation.

A decrease in chlorophyll concentration was observed in
all the IBD cultures and a general trend was that the lower
the IBD the more rapid decline in chlorophyll occurred.
However, the kinetics of chlorophyll reduction was different.
When the IBD was 1.5 g L−1 or lower, a two-phase response
was evident: a rapid decrease of chlorophyll occurred within
the first day or two, followed by either a slow, gradual
decrease in chlorophyll or chlorophyll remaining at a
more or less constant level. When the IBD was 2.7 g
L−1 or higher, the chlorophyll content decreased in a
linear fashion (Fig. 1f). No astaxanthin was detected in
the cells at the green stage stage. Astaxanthin biosynthesis
was induced in the red stage culture outdoors. However,
both the rate of astaxanthin accumulation and the maxi-
mum cellular astaxanthin content in the cells of different
IBDs were different. At 0.1 g L−1 IBD, the maximum

astaxanthin content was ca. 0.6 % on a per dry weight
(dwt) basis (Fig. 1g). The maximum astaxanthin content
of ca. 2.5 % dwt occurred in the 0.5 g L−1 IBD cultures.
When the IBD increased further, the maximum astaxan-
thin content declined, i.e., the higher the IBD, the lower
the rate of astaxanthin accumulation and the lower the
maximum astaxanthin content.

Figure 2 shows the changes in nitrate concentration in the
different IBD cultures. Rapid uptake of nitrate occurred in
these cultures during the first 3–4 days, corresponding to the
high specific growth rates observed during this time period.
The nitrogen update rates reduced gradually thereafter, and
ca. 4 mM nitrate remained in the cultures at the end of the
10-day cultivation.

The maximum biomass productivity of 0.1 g L−1 IBD
cultures was less than 0.1 g L−1 day−1 at the red stage for
10 days (Fig. 3a). A 4- to 6-fold increase in the maximum
biomass productivity was obtained when IBD was 0.5 g L−1

or greater. The biomass productivity in 0.5, 0.8, 1.5, 2.7, and
3.5 g L−1 IBD cultures reached maximum levels after 4 days
of cultivation. However, the maximum biomass productivity
in the 5.0-g L−1 IBD cultures did not occur until 8 days.
Once the maximum biomass productivity occurred, the val-
ue either declined (e.g., in the 0.8 and 1.5 g L−1 IBD
cultures), or remained more or less stable (e.g., in the 0.5,
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Fig. 1 Effect of different initial
cell densities on cell
morphology and viability (a–c),
biomass accumulation (d),
specific growth rate (e), and
chlorophyll (f) and astaxanthin
contents (g) of H. pluvialis
grown in glass columns
outdoors. The IBDs were 0.1
(black circle), 0.5 (white circle),
0.8 (black triangle), 1.5 (white
triangle), 2.7 (black square),
3.5 (white square), and 5
(diamond) g L−1. Light
microscopic images were 2-day
stressed H. pluvialis cells in 0.1
(a), 1.5 (b), and 5.0 (c) g L−1

IBD cultures. Bar020 μm. The
bleached cells are indicated by
arrows. Data are mean ± stan-
dard deviation of six measure-
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Fig. 3 Effect of initial cell density on red stage biomass and astax-
anthin productivities of H. pluvialis grown in glass columns outdoors.
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2.7, 3.5, and 5.0 g L−1 IBD cultures) in 10 days of red stage
cultivation (Fig. 3b, c) The lowest IBD cultures led to the
lowest astaxanthin productivity. When the IBD increased to
0.8 g L−1, astaxanthin productivity reached the maximum
value of 13.5 mg L−1 day−1 after 10 days of cultivation.
Further increasing IBD above this level resulted in decreas-
ing astaxanthin productivity (Fig. 3).

In order to determine how seasonal changes in light
intensity and temperature would affect the relationship be-
tween IBD and growth and astaxanthin production in H.
pluvialis cultures, we selected 0.1, 0.8, and 5.0 g L−1 IBDs,
representing a low, medium, and high IBD, respectively, to
conduct a series of outdoor experiments from September
(summer) through December (winter) 2008. Figure 4c, d
shows hourly solar radiation and culture temperatures mea-
sured on a typical day in October (fall) and December
(winter) when the experiments were conducted. The amount
of solar radiation impinging on the surface of the columns
during the daylight period followed a two-peak pattern, one
measured between 8:00–9:00 a.m. and the other between
3:00–4:00 p.m. The maximum hourly solar radiation of ca.
2,000 μmol photons m−2 s−1 was measured on the surface of
the columns both in October and December, though the

daylight period was shorter by ca. 1 h in December than in
October (Fig. 4c). The culture temperature was usually
between 0 and 5 °C in the morning (6:00 a.m.) during the
winter (December), and it increased steadily to reach 18–
20 °C by 10:00–11:00 a.m. and remained at that level
throughout the daylight period (Fig. 4d).

Figure 5a–c depicts the growth curves of H. pluvialis
cultures of three different IBDs in summer, fall, and winter.
At 0.1 g L−1 IBD cultures, no growth was observed in
summer and winter. The cells were photobleached within
the first day. A small, but noticeable, growth occurred in the
fall after a long lag phase (Fig. 5a). At the medium IBD, a
linear growth was observed in H. pluvialis cultures in all the
seasons investigated. The growth gradually increased from
winter to summer due to the gradual increase of solar radi-
ation and the improved culture temperatures during daylight
(Figs. 4c, d and 5b). At the high IBD, the trend of growth
followed essentially the same pattern as observed in the
medium IBD cultures but at much reduced μ (Fig. 5c).
The maximum astaxanthin content in the low IBD culture
was 2.0±0.1 % in fall (Fig. 5d). It reached 2.7±0.1 % in the
medium IBD cultures in the summer and fall cultures
(Fig. 5e). In the high IBD cultures, the maximum astaxanthin

c

PP
FD

 (
µ m

ol
 p

ho
to

ns
 m

-2
 s

-1
)

0

500

1000

1500

2000

2500

d

Time of the day (h)
  6   8   10   12   14   16   18

T
em

pe
ra

tu
re

 (
o C

)

0

5

10

15

20

25

Fig. 4 The green stage (a) and
red stage (b) cultures of H.
pluvialis in glass columns
outdoors, photon flux density
(c), and temperature (d) during
the daylight period of H.
pluvialis cultures in a typical
day in the fall (black circle) and
winter (white circle). The data
are mean ± standard deviation
of five to ten measurements
from three individual glass
columns

J Appl Phycol (2013) 25:253–260 257



content was 1.2±0.1 % in the summer and fall and decreased
to 0.7±0.05 % in the winter (Fig. 5f).

In order to determine how photosynthesis was affected by
IBD in the different seasons, we measured the maximum
photochemical efficiency (Fv/Fm), a chlorophyll fluores-
cence parameter that reflects the photoinhibition status of
the reaction centers of photosystem II. The value of Fv/Fm is
generally between 0.78–0.84 when algae cells are healthy,
and it decreases under stress (Stirbet and Govindjee 2011).
Figure 6 shows the daylight change of Fv/Fm in the low,
medium, and high IBD cultures in fall and winter. A Fv/Fm

of 0.82±0.03 was measured right after being transferred

outdoors, indicative of the maximum photosynthetic effi-
ciency of photosynthesis the green stage cells possessed. In
the fall, the Fv/Fm of the low IBD cultures declined to ca.
0.3 during the morning hours on the first day, indicative of
severe photoinhibition of photosynthesis. As the cultures pro-
ceeded, the cells gradually recovered from photoinhibition
(Fig. 6a–c). In the winter, the Fv/Fm in the low IBD cultures
dropped from the maximum of 0.83±0.02 to below the detec-
tion level within the first few hours of the first day and did not
recover due to low temperature-induced photooxidative dam-
age of the cells (Fig. 6d–f). In the fall, the Fv/Fm of the
medium IBD cultures decreased gradually during the morning
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hours and recovered to some extent on the afternoon of the
first day. It varied to a lesser extent on day 4 and showed little
change on day 9. In winter, the medium IBD cultures followed
the similar trend to that observed in the fall, but the cells
experienced somewhat deeper decline in Fv/Fm during the
daylight period, indicative of more severe low temperature-
induced photoinhibition on the first day of the red stage
cultivation in the winter than in the fall. The high IBD cultures
exhibited little daylight variation in Fv/Fm in the fall and
winter, suggesting that high IBD can prevent not only high
light-induced but also low temperature-induced photoinhibi-
tion of photosynthesis.

The biomass productivities of the low (0.1 g L−1), medi-
um (0.8 g L−1), and high IBD (5.0 g L−1) cultures in the
different seasons are shown in Fig. 7a–c. In the medium and
high IBD cultures, the maximum biomass productivities
were achieved in the summer, whereas that of the low IBD
cultures occurred in the fall with no productivity in the
summer and winter ( Fig. 7a–c). The maximum red stage
astaxanthin productivities of 3.9, 17.1, and 14.0 mg L−1

day−1 were obtained in the low, medium, and high IBD
cultures, respectively (Fig. 7d–f). The astaxanthin produc-
tivity of 17.1 mg L−1 day−1 in the red stage was the highest
figure reported for outdoor mass culture of H. pluvialis
(Table 1). With a given IBD, a large variation in astaxanthin
productivity in the different seasons was attributable to
culture temperature and to a lesser extent, light availability
in terms of light intensity and length of daylight period.
When a 4-day green stage period was taken into consid-
eration, the volumetric astaxanthin productivities of low,
medium, and high IBD cultures were 2.2, 9.1, and 7.4 mg
L−1 day−1, respectively.

Discussion

The effect of the different IBDs on growth and astaxanthin
content and thus productivity of biomass and astaxanthin in
H. pluvialis culture may be attributable to its influence on
light availability to individual algal cells in the culture. Due to
mutual shading of cells in the culture, the frequency of light–
dark cycle and total length of light period during which
individual cells are exposed to incident light intensity
depends on IBD, i.e., the higher the IBD, the higher the
frequency of light–dark cycle and the shorter the light expo-
sure time individual cells receive from each light–dark cycle.

Low growth or photobleaching of 0.1 g L−1 IBD cultures
was clear evidence of photodamage of photosynthetic ma-
chineries in H. pluvialis cells by exposure of the diluted
cultures to full sunlight. The highest specific growth rate
and biomass productivity occurring in 1.5 g L−1 IBD cul-
tures represented in effect the optimal frequency of light–
dark cycle and the length of light exposure under the exper-
imental conditions. Further increasing of IBD, however,
may have created shorter frequencies of light–dark cycle
and longer light exposure times than the optimum ranges,
resulting in reduced growth and biomass production. Note
that the optimum IBD (0.8 g L−1) for maximum astaxan-
thin production was considerably lower than that (i.e.,
1.5 g L−1) for maximum biomass production. This was
because astaxanthin synthesis is induced by a higher light
intensity and longer light exposure time than that required
for optimal growth.

Li et al. (2010) studied the effects of different incident
light intensities (i.e., 50, 125, 300, and 600 μmol photons
m−2 s−1) on growth and astaxanthin synthesis in H. pluvialis.
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Fig. 7 The biomass and
astaxanthin productivity of H.
pluvialis cultures with the
different IBDs in the summer
(black circle), fall (white circle),
and winter (black triangle). The
data are mean ± standard
deviation of six measurements
from three individual glass
columns
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The results indicated that 300 μmol photons m−2 s−1 was the
optimal light intensity for maximum astaxanthin production.
A further increase in the light intensity to 600 μmol photons
m−2 s−1 did not result in a higher astaxanthin content but
resulted in more cell death. The maximum solar radiation in
many geographical locations where mass culture of H. plu-
vialis occurs can be 2,000 μmol photons m−2 s−1 or greater
that may potentially be an impediment to astaxanthin syn-
thesis or cause cell death if incident light intensity is not
reduced by shading of the cultures or increasing the light
path of photobioreactors. A drawback of these approaches is
reduction of potentially useful solar energy for maximum
photosynthesis and thus overall astaxanthin production.
Therefore, the identification and maintenance of an appropri-
ate IBD represents an effective strategy to fully utilize solar
radiation for sustaining maximal astaxanthin production while
minimizing cell damage caused by excess solar radiation.

The astaxanthin content of 2.7 % dwt obtained from this
study was considerably lower than that obtained in some of
the previous outdoor cultures of H. pluvialis, e.g., 3.6 % dwt
astaxanthin reported by Torzillo et al. (2003) and 3.8 % dwt
astaxanthin reported by Aflalo et al. (2007). This was be-
cause the red stage culture was under nitrogen-replete con-
ditions in this study (Fig. 2), whereas the red stage cultures
in the previous studies were subjected to nitrogen-depleted
conditions, which is known to be another stimulus that
triggers astaxanthin production (Lu et al. 1994). In a sepa-
rate investigation, we demonstrated that the depletion of
nitrogen in our culture system also resulted in a higher
astaxanthin content of ca. 3.8 % dwt (J. Wang, personal
communication).
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