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Natural astaxanthin mainly derives from a microalgae producer, Haematococcus pluvialis. The
induction of nitrogen starvation and high light intensity is particularly significant for boosting
astaxanthin production. However, the different responses to light intensity and nitrogen
starvation needed to be analyzed for biomass growth and astaxanthin accumulation. The
results showed that the highest level of astaxanthin production was achieved in nitrogen
starvation, and was 1.64 times higher than the control group at 11 days. With regard to the
optimization of light intensity utilization, it was at 200 µmo/m2/s under nitrogen starvation
that the highest astaxanthin productivity per light intensity was achieved. In addition, both
high light intensity and a nitrogen source had significant effects on multiple indicators. For
example, high light intensity had a greater significant effect than a nitrogen source on biomass
dry weight, astaxanthin yield and astaxanthin productivity; in contrast, nitrogen starvation
was more beneficial for enhancing astaxanthin content per dry weight biomass. The data
indicate that high light intensity synergizes with nitrogen starvation to stimulate the
biosynthesis of astaxanthin.
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Introduction
Haematococcus pluvialis (H. pluvialis) has been proposed
as the best natural producer for natural astaxanthin, which
is widely considered a super antioxidant and a high-value
product. Regarding its strength as an antioxidant, astaxanthin
is 10 times more potent than other carotenoids, 54 times
stronger than β-carotene, and 100 times more effective than
α-tocopherol [1-3]. Moreover, astaxanthin plays a significant
role in reducing and stabilizing free radical scavenging
capacity, preventing oxidization and maintaining overall
health. In addition, natural astaxanthin has 20 times more
antioxidant potency than its synthetic equivalent [2, 4]
while also having a wide range of human and animal
applications in the food, cosmetics, nutrition and

pharmaceutical industries. This has led to an increasing
demand for natural astaxanthin. H. pluvialis is regarded as
the most promising microbial producer in commercial
production because of its high astaxanthin content [5] and
astaxanthin’s great potential and high market value [2, 3].
H. pluvialis has become a major commercial source of
natural astaxanthin, and many studies have been carried
out to determine the optimal conditions for its growth and
astaxanthin-producing capabilities. It has been demonstrated
that H. pluvialis rapidly changes from the vegetative stage
to the resting stage, forming aplanospores [6] and
accumulating astaxanthin when exposed to various stress
conditions such as high light intensity and nutrient
starvation. These induction conditions were the major
factors that stimulated astaxanthin accumulation. There are
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many studies where high light intensity is considered to be
the main induction factor, but may also cause severe
photoinhibition of photosynthesis or photo-oxidative
damage of the cells [7, 8]. Moreover, research results have
indicated that during photoautotrophic induction, light
intensity is more important than C/N ratio in astaxanthin
production [9]. Light intensity is indispensable to the
growth of algae and is a direct method for regulation of
microbial growth and biomass metabolism. However,
optimum light intensity for astaxanthin accumulation has
not been determined neither is it known whether to avoid
excessive high or low light intensity. Besides, there are few
reports concerning the differential effects on the biomass
growth and astaxanthin accumulation of H. pluvialis in
different light intensities, especially including the primary
and secondary factors between high light intensity and
nitrogen starvation on astaxanthin production.
This study targeted the comparative effects of different
light intensities and nitrogen starvation on growth and
astaxanthin accumulation, leading to increased biomass dry
weight, higher astaxanthin yield and reduced cultivation
costs and energy consumption. Light intensity utilization
in relation to astaxanthin production in H. pluvialis
subsequently was further explored. In addition, the
significant differences in the effects between light intensity
and nitrogen starvation were also analyzed. Our findings
could provide valuable insights for higher astaxanthin
production in H. pluvialis and to use as a guide for a future
commercial market.

Materials and Methods
Algal Strain and Culture Conditions
The unicellular green algae H. pluvialis (FACHB-712) was
selected as the preferred option due to its performance for high
natural astaxanthin accumulation. The microalgae strain was
obtained from the Institute of Hydrobiology in the Freshwater
Algae Culture Collection (Chinese Academy of Sciences, China).
Under sterile conditions, the microalgae cells were inoculated and
cultivated in 100 ml autoclaved Blue-Green (BG11) medium,
which was the best for cultivating H. pluvialis to induce
astaxanthin, and then the algae species was expanded in 250 ml,
500 ml, 1,000 ml, and 2,000 ml conical flasks. The nutrient content
per liter of BG11 medium was as follows: NaNO3 (1,500 mg),
K2HPO4 (40 mg), MgSO4·7H2O (75 mg), CaCl2·2H2O (36 mg), Na2CO3
(20 mg), citric acid (6 mg), ferric ammonium citrate (6 mg),
EDTANa2 (1 mg), and 1 ml/l A5 (trace element solution). The A5
(in g/l) consisted of H3BO3 (2.86), MnCl2·4H2O (1.86), Na2MoO4·2H2O
(0.39), ZnSO4·7H2O (0.22), CuSO4·5H2O (0.08), and Co(NO3)2·6 H2O
(0.05). The final medium was adjusted to pH 7.1. Nitrate was
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omitted from the medium for nitrogen starvation. All of the
conical flasks were photoautotrophically cultured under axenic
conditions and placed in a light incubator (MGC-400B, Shanghai
Yiheng Scientific Instrument, China). The algal culture was irradiated
with a light intensity of 50 µmol/m2/s and the light/dark ratio
was 12 h:12 h at 25oC. The microalgae cells in exponential phase
were collected as the inoculation for subsequent experiments.
Algal species harvested from the logarithmic growth phase
were transferred to customized photobioreactors for experiments,
which were carried out in glass columns of columnar
photobioreactors (1.50 m length × 0.60 m width × 1.80 m height).
The microalgae were cultivated in the columns which had the
working volume of 0.7 L (5 cm diameter × 60 cm height).” (P5L8788) To enhance the activity of the H. pluvialis and improve the acid
base environment in the cultivation process, a glass capillary (6.5
mm diameter × 65 cm length) was inserted into the bottom of the
glass columns to supply air (containing 5% CO2, v/v) with equal
flow rate at 0.5 v/v/min for every glass column. The algae cells
were harvested and resuspended in a different medium in every
column reactor at 20-25oC, including the nitrogen starvation
group and a control group containing a normal nitrogen source
with the initial cell density of 0.3 g/l. The groups were then
respectively cultivated for 14 days at light intensities of 50, 100,
200, and 400 µmol/m2/s, forming eight different cultivation
conditions. The light intensity of the photobioreactor surface was
determined by the average of the light intensity values measured
with an illuminance meter (model TES1332A; TES, Taiwan).”
(P5L96-98) Each group was subjected to three independent
treatments.
Growth Analyses
The dry weight of microalgae biomass (B, g/l) was determined
gravimetrically using Eq. (1), which was slightly modified referring
to the report [5], where m1 was the dry weight of the centrifuge
tube, m2 was the dry weight of the centrifuge tube with algae
biomass, and V (V, ml) was the volume of algae fluid samples. For
dry weight measurement, the microalgae cells were centrifuged at
4oC for 5 min at 8,445 g, washed with distilled water and then
freeze-dried till constant weight.
B ( g ⁄ l ) = ( m2 – m1 ) ⁄ V ⁄ 1000

(1)

The biomass productivity (BP, mg/l/d) was calculated according
to Eq. (2), where Bo was the initial algae biomass concentration (g/l),
Bmax (g/l) was the maximum algae biomass concentration (g/l) and
tR was the time (d) required for the algae biomass to reach Bmax.
Bmax – Bo
- × 1000
BP ( mg ⁄ l ⁄ d ) = -------------------tR

(2)

The maximal biomass productivity (BPmax, mg/l/d) between
two consecutive sample points was calculated using Eq. (3), where
Bi, Bi+1 (g/l) was the algae biomass concentration at time ti and ti+1 (d).

Differential Responses in Haematococcus pluvialis between Nitrogen Starvation and Light Intensity

B i + 1 – Bi
BPmax ( mg ⁄ l ⁄ d ) = Max -----------------× 1000
ti + 1 – ti

(3)

The maximal specific growth rate (µmax, d-1) was obtained
according to Eq. (4), and the specific growth rate between two
consecutive samples was determined using Eq. (5) [10], where Bi,
Bi+1 (g/l) was the algae biomass concentration at time ti and ti+1 (d).
ln Bi + 1 – ln Bi
–1
µmax ( d ) = Max ----------------------------ti + 1 – ti

(4)

ln Bi – ln Bo
–1
µ ( d ) = ------------------------ti

(5)

Astaxanthin Determination
Astaxanthin measurements were taken photometrically [11].
The harvested algae cells were collected by centrifuging at 8,445 g
for 5 min, first treated to destroy the chlorophyll with a solution
of 5% (w/v) KOH in 30% (v/v) methanol at 65oC for 15 min. The
supernatant was abandoned, and the remaining pellet was
washed three times to scour off the residual alkali which was then
extracted with dimethyl sulfoxide (DMSO) to recover the
astaxanthin. The extraction process was repeated until the algal
cells were nearly colorless. The red supernatant was collected to
measure the absorbance at 490 nm, and the astaxanthin yield (ct,
mg/l) was calculated according to Eq. (6), where Va (ml) was the
volume of extracts, Vb (ml) was the culture sample volume, and
A490 was the extract absorbance at 490 nm.
ct ( mg ⁄ l) = 4.5 × A490 × Va × Vb

(6)

Astaxanthin content (% dry weight, w/w) was calculated using
Eq. (7), where ct (mg/l) was the astaxanthin yield and B (mg/l)
was the dry weight of the biomass.
C ( % ) = ct ⁄ B

(7)

Astaxanthin productivity in dry weight (AP, mg/l/d) was
calculated using Eq. (8)
ct – c o
- × 1000
AP ( mg ⁄ l ⁄ d ) = -----------t

(8)

The determination of astaxanthin productivity per light
intensity was calculated using Eq. (9), where LI (µmol/m2/s) was
the specified light intensity.
Astaxanthin productivity per light intensity (mg/l/d/(mmol/m2/s)
c
= -----t × 1000
LI

(9)

Cell Morphology
To explore the changes in growth, the morphological changes in
algal cells were observed using a metallographic positive
microscope (LW300 LJT, Cewei, China), with the aim of tracking

2021

the progress of the cell morphology of H. pluvialis under stressed
conditions. Digital images of the samples were obtained by using
a CCD industrial camera, from which cell morphological changes
could be statistically surveyed.
Statistical Analysis
Experiments were carried out with replicates from three separate
cultures. Samples were collected from three algal replicates, and
data were analyzed for the standard errors. All the data were
indicated by mean ± standard deviations (mean ± SD) and
statistically analyzed by double factor variance analysis to
investigate the differences among groups. p value less than 0.01
(p < 0.01) was considered extremely significantly different, p < 0.05
indicating statistically different, and p value more than 0.05
(p > 0.05) was not significant.

Results and Discussion
Biomass Growth
The growth curves of H. pluvialis cultured under different
light intensities of 50, 100, 200, 400 μmol/m2/s with
nitrogen starvation and control were generated. As shown
in Fig. 1, the biomass dry weight dramatically increased
with the growing light intensity, and showed almost no lag
phase. The dry weight increased to 2.19 ± 0.08 and 3.43 ±
0.06 g/l under nitrogen starvation and control at the light
intensity of 400 μmol/m2/s, which was 1.39 times and 2.00
times higher than that at 50 μmol/m2/s. The results indicated
that different light intensities apparently enhanced the
biomass of algal cells, which is implied in the microalgal
reports [12-14], and the increase of dry weight importantly
depends on the net photosynthetic production [15].
Although the growth under nitrogen starvation was far
slower than that in control, leading to the lower biomass,
H. pluvialis reached stable growth at 200, 400 μmol/m2/s
after 11 days. Finally, the algal dry weight was only 2.11 ±
0.10 and 2.14 ± 0.14 g/l under nitrogen starvation. However,
the dry weight reached 2.85 ± 0.10 and 3.47 ± 0.10 g/l in
control group, which was 26% and 37% higher than that in
nitrogen starvation. These data indicated that nitrogen
starvation inhibited the growth of algae compared with
control group, which is consistent with the results in the
literature [16, 17].” (P8L166-168) Indeed, these effects of
nitrogen starvation on biomass are similar to those
parameters presented by cell density [13, 18]. Sufficient
nutrient condition usually leads to higher biomass
production. It indicated that nitrogen starvation reduced
growth compared to the controls. This growth may be
related to an increase in cell size, rather than cell division.
That might be due to the lack of nutrients in cell growth
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Fig. 1. Effects of different light intensities on biomass dry
weight between Nitrogen Starvation and Control: biomass
dry weight (A), specific growth rate (B).

and enzymatic activity of microalgae in the nitrogenstarved condition, which has been observed in several algae
species [17, 19-23]. Although nitrogen starvation may inhibit
biomass of H. pluvialis compared with nitrogen sufficient

condition, high algal growth still could be achieved under
nitrogen deficiency at high light intensities of 200,
400 μmol/m2/s, which were 2.01 ± 0.06 and 2.19 ± 0.08 g/l,
respectively. The results suggested that the light intensity
was of great significance for the algal growth and indeed
increased the dry weight of biomass regardless of nitrogen
starvation. Moreover, there was little difference in biomass
between the two light intensities of 200 μmol/m2/s and
400 μmol/m2/s, which suggested that excessive light intensity
under nitrogen starvation hardly increased algal biomass.
And the higher photon flux density even caused cell
mortality in previous research [24]. Therefore, there is need
to optimize the light intensity for selecting the optimal.
The specific growth rate is another significant index to
evaluate the growth of microalgae. As shown in Table 1,
the maximum specific growth rates in the initial growth
stage were obtained at the highest light of 400 μmol/m2/s,
respectively 0.86 ± 0.03 d-1, 0.80 ± 0.09 d-1 in nitrogen starvation
and control. In this study, aeration in photobioreactors
enhanced algal ability to utilize light energy and inorganic
carbon, producing a slightly better growth rate than the
previous best specific growth rate (0.669 d-1) [25]. At
different light intensities, the specific growth rate in control
was slightly higher than that in nitrogen deficiency, which
revealed that nitrogen deficiency suppressed the growth of
H. pluvialis. Similar results have been reported in previous
studies, which showed the algal cell division was curbed
by inhibition of cell replication due to lack of nutrition [17,
21, 22]. Therefore, the results suggested that the deficiency
of nitrogen nutrient may decrease the growth of biomass.
From Table 1, it was observed that the maximal specific
growth rate (μmax, d-1) among every group was different.
The μmax in nitrogen the starvation and control groups
reached 0.86 ± 0.03 d-1 and 0.80 ± 0.09 d-1, respectively,
while the minimum of μmax value was only 0.26 ± 0.03 d-1.
Therefore, the higher specific growth rate and shorter
adaptation significantly improved the average of biomass

Table 1. Growth parameters of H. pluvialis cultivation between Nitrogen Starvation and Control.
Group (µmol/m2/s)
Nitrogen Starvation

Control

Bo (g/l)

Bmax (g/l)

µmax (d-1)

BPmax (mg/l/d)

50

0.34 ± 0.05

1.57 ± 0.05

0.26 ± 0.03

156.67 ± 15.28

87.60 ± 3.58

100

0.33 ± 0.04

1.96 ± 0.01

0.52 ± 0.13

213.33 ± 30.55

115.73 ± 7.95

200

0.31 ± 0.04

2.13 ± 0.06

0.57 ± 0.07

340.33 ± 20.10

119.53 ± 4.59

400

0.32 ± 0.06

2.22 ± 0.08

0.86 ± 0.03

466.67 ± 23.09

131.90 ± 5.98

50

0.35 ± 0.01

1.71 ± 0.14

0.31 ± 0.03

186.67 ± 11.55

97.13 ± 10.30

100

0.34 ± 0.02

2.31 ± 0.10

0.57 ± 0.17

323.33 ± 15.28

140.00 ± 7.58

200

0.31 ± 0.01

2.90 ± 0.09

0.62 ± 0.08

443.33 ± 32.15

181.93 ± 5.77

400

0.33 ± 0.01

3.43 ± 0.06

0.80 ± 0.09

643.33 ± 40.41

219.53 ± 4.38

All measurements were performed in triplicate, and results were expressed as mean ± standard deviation (SD).
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productivity. At the high light intensity of 200 μmol/m2/s,
the biomass productivity (BP) increased to 119.53 ± 4.59
mg/l/d (BPmax of 340.33 ± 20.10) in nitrogen starvation and
181.93 ± 5.77 mg/l/d (BPmax of 443.33 ± 32.15) in control
group, respectively. With respect to the low light intensity
of 50 μmol/m2/s, the BP between nitrogen starvation and
control was only 87.60 ± 3.58 mg/l/d (BPmax of 156.67 ±
15.28) and 97.13 ± 10.30 mg/l/d (BPmax of 186.67 ± 11.55),
respectively. These data suggested nitrogen starvation
cannot dramatically decrease the biomass growth rate and
productivity, especially in high light intensity. It was
concluded that the biomass still increased to the desired
results at the high growth rate although nitrogen starvation
indeed reduced the dry weight of biomass compared to
control.
Astaxanthin Accumulation
Continuous illumination was most favorable for
astaxanthin accumulation in the tested illumination cycles
of light and dark [26]. Moreover, many studies also
described that the enhanced induction of nitrogen starvation
and high light greatly improved the accumulation of
astaxanthin in H. pluvialis [17, 23, 27-29]. The combined
induction of nitrogen starvation and light intensity on
astaxanthin accumulation were analyzed by comparison,
including astaxanthin yield, astaxanthin content and
astaxanthin production. The astaxanthin yield of H. pluvialis
changed as shown in Fig. 2A. At the initial stage of the
cultures, astaxanthin yield of all groups accumulated
rapidly as the light intensity increased. Astaxanthin began
to accumulate after two days of incubation, and its growth
rate was faster than that in the literature [30, 31].
Astaxanthin continued accumulating rapidly under higher
light intensity and reached the highest astaxanthin content,
while the astaxanthin in control was in a stable stage after
11 days of cultivation at the low light intensity of 50, 100
μmol/m2/s. When the light intensity was 400 μmol/m2/s,
the astaxanthin yield greatly increased to 81.19 ± 3.26 in
nitrogen starvation, and 71.40 ± 3.11 mg/l in control on the
11th day. But then this increase was accompanied by a
slight decrease that could be caused by autophagy or cell
mortality rate, which was rarely presented in other papers
because of shorter incubation periods or high light
intensity [15, 32]. The highest astaxanthin content under
nitrogen starvation was higher than those they reported [5,
15, 32-34]. Moreover, the changes in the astaxanthin
content in Fig. 2B also showed similar patterns. At the high
light intensity of 200, 400 μmol/m2/s, the astaxanthin
content showed a significant increase in dry weight to 27.3

Fig. 2. Effects of different light intensities on astaxanthin yield
(A), astaxanthin content of dry weight (B) between Nitrogen
Starvation and Control.

and 37.9 mg/g, respectively. In addition, nitrogen starvation,
in particular, resulted in the highest level of astaxanthin,
which was 1.64 times and 1.84 times higher than the control
at 11 days. Indeed, the combination of high light and nitrogen
starvation was an efficient method for accumulating high
astaxanthin content, which was confirmed in the previous
study [13].
Although the astaxanthin yield in nitrogen starvation
was only slightly higher than that in control, the
astaxanthin content in nitrogen starvation increased
significantly. Especially, the astaxanthin content by dry
weight under nitrogen starvation significantly increased to
37.9 mg/g at 400 μmol/m2/s. The data indicated that the
combination of nitrogen starvation and high light
significantly induced the synthesis of astaxanthin in
H. pluvialis. The previous study showed that inhibition of
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Fig. 3. Cell morphology changes under different light intensities
in Nitrogen Starvation (A) and Control (B) in H. pluvialis.

autophagy by nitrogen deprivation led to a significant
increase in cellular ROS levels, which contributed to the
enhancement of astaxanthin accumulation [35]. Our results
suggested that the inhibition under nitrogen starvation
instead accumulated the astaxanthin. Although nitrogen
starvation slightly reduced the biomass dry weight
compared with control, which was acceptable in the
microalgal market, it significantly prompted astaxanthin
yield, cut costs and boosted astaxanthin productivity by
shortening cultivation periods.
The microscopic variations of cell morphology changes
under different light intensities for the astaxanthin
accumulation of H. pluvialis were observed by metallographic
microscope in Fig. 3. At the beginning of algal incubation,
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the algae were green motile cells with the cell size of 210 μm. Indeed, the astaxanthin yield was accordingly
lower, only approximately 2.2-3.1 mg/l. As shown in
Fig. 3, after the cultivation for 3 days, the cell size under
nitrogen starvation changed from 7-14 to 21-26 μm while
the size of cells in control varied from 2-7 to 35-40 μm as
the light intensity increased. Besides, the cell size gradually
increased as the cultivation period increased, and the
overall cell size under nitrogen starvation was smaller than
that of the control group. Algae cells gradually entered the
cyst period and were often accompanied with flagellar
shedding and volume expansion when subjected to
external stress. Most motile cells induced by nitrogen
starvation became larger non-motile cells with external red
and internal green coloration after 5 days of incubation,
and visually expressed as brown algal cells, which was
consistent with the literature [30]. Then, the cells continued
to proliferate at a slower rate and the volume gradually
increased. At the beginning, the cells were mostly green,
and then the pigment particles gradually increased, slowly
spreading from the nucleus to the periphery, occupying
most of the cells. Consequently, the colors of the nonmotile cells changed from brown to dark red as the cells
further accumulated astaxanthin. Next, large brown coccoid
cells appeared at the stationary phase at 10 days, and the
size of the cells apparently changed in the range of 30-50 μm,
which was investigated in the report [36]. Furthermore,
aplanospores rapidly transformed into deep red cysts
under nitrogen starvation at high light, which was
simultaneously accompanied with astaxanthin synthesis
while the predominant zoospores in control under low
light intensity were green or brown. At 15 days, regardless
of nitrogen deficiency, the size reached 48-52 μm in low
light intensity and grew to as much as 66-74 μm in high
light intensity. Moreover, cells in nitrogen deprivation
were deeper in color and bigger in size than those in
control at the same light intensity. In the photobioreactors,
the visual colors of H. pluvialis varied during the culture
process as shown in the supplementary material, which
accordingly reflected the astaxanthin accumulation process
in macroscopic performance. Studies had shown that the
accumulation of astaxanthin began at the zoospore stage
[37, 38], which was in line with the results in this study.
Light Utilization Efficiency in Astaxanthin Production
A high content of astaxanthin was generally obtained
under stress conditions, such as high light, nutrient
starvation, and salinity stress [12, 13, 24, 39, 40]. But these
stress conditions often caused lower microalgal growth

Differential Responses in Haematococcus pluvialis between Nitrogen Starvation and Light Intensity

Fig. 4. Effects of different light intensities on astaxanthin
productivity in H. pluvialis between Nitrogen Starvation and
Control.

and poor growth rate. As such, there was a significant need
to obtain higher levels of astaxanthin quality and
production while simultaneously achieving high astaxanthin
content. Astaxanthin productivity by dry weight in
H. pluvialis rapidly increased to the maximum and then
gradually declined (Fig. 4A). For the best quality astaxanthin,
the biomass should be harvested at a specific culture time
for the maximum productivity at day 5 (nitrogen starvation)
and 7 (control). Shorter cultivation cycles also reduce
contamination risks. Moreover, productivity under nitrogen
starvation was significantly higher than that in control.
Furthermore, the highest astaxanthin productivity had a
remarkable increase of 10.06 ± 0.21 mg/l/d in nitrogen
starvation and 6.70 ± 0.30 mg/l/d in control, which showed
that the former was 1.50 times higher. It suggested that
high light intensity and nitrogen starvation could contribute
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to the improvement of astaxanthin production by dry
weight.
To make the best use of light energy resources, it is
largely necessary to find a feasible pathway to optimize
light energy utilization, trim costs and reduce energy
consumption. Algal cultures with high density should be
achieved by improving various cultivation methods, such as
light intensity. High light intensity has the greatest impact
on carotenoid accumulation. Therefore, light intensity
must also be optimized and adjusted to avoid wasting light
energy, especially for photoautotrophic algae. Previous
studies have reported that excessive light energy cannot be
absorbed or stored [41]. Besides, higher light intensity more
easily caused photoinhibition growth and low light could
also limit growth. Therefore, adequate light intensity and
energy conservation must be simultaneously determined.
The effect of light energy utilization efficiency on
astaxanthin productivity was specifically evaluated in this
study (Fig. 4B). Astaxanthin productivity under different
light intensities showed the following trends: the changes
first had a rapid increase, reached a stable stage, and then
decreased. Indeed, astaxanthin productivity with light energy
utilization at high light intensity rapidly peaked regardless
of nitrogen deficiency. In particular at 200 μmol/m2/s,
astaxanthin production per light intensity quickly reached
the maximum at stable growth stage, respectively 51.4 in
nitrogen starvation and 54.2 mg/l/d/(mmol/m2/s) in
control, which were also higher than those in other light
intensities. The data showed that both astaxanthin
productivity and astaxanthin production per light intensity
at day 7 at 200 μmol/m2/s were the highest, and thus
H. pluvialis could make the best use of light energy to
improve astaxanthin productivity. Therefore, the optimal
light intensity for light energy utilization efficiency was
200 μmol/m2/s, the best for obtaining higher astaxanthin
production after cultivation of seven days, while avoiding
wasting light energy and bringing down astaxanthin
quality.
Differential Response between Light Intensity and Nitrogen
Starvation
Many researchers have investigated the effects of
astaxanthin accumulation stimulated by specific stress
conditions, such as high light intensity and nutrient
deficiency. The most important single factor related to the
research on carotenogenesis was high photon-flux densities
[16], and nitrogen deficiency was also reported as a major
factor that hindered cell division and stimulated the
synthesis of astaxanthin in other papers [42, 43]. However,
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Table 2. Differential effects between nitrogen and light by two-way analysis of variance.
Source
Biomass dry weight

Astaxanthin yield

Astaxanthin productivity

Sig.

R2

-12

***

0.984

Nitrogen > Light

0.992

Nitrogen < Light

0.997

Nitrogen > Light

0.995

Nitrogen < Light

P Value

Nitrogen

306.19

7.43 × 10

Light

174.47

1.97 × 10-12

***

Interaction

44.10

5.83 × 10-8

***

Model

137.41

4.40 × 10-13

***

Nitrogen

283.89

1.32 × 10

-11

***

Light

582.94

1.11 × 10-16

***

3.56

0.038

**

Interaction
Astaxanthin content

F Value

Model

291.91

Nitrogen

2392.73

Light
Interaction

1.11 × 10

-15

Difference

***

0

***

736.24

0

***

44.53

5.44 × 10-8

***

Model

676.43

0

***

Nitrogen

259.07

2.64 × 10-11

***

Light

1027.13

0

***

Interaction

12.17

1.12 × 10-4

***

Model

482.42

0

***

(p < 0.01 indicating significantly different: ***, p < 0.05 indicating different: **, p > 0.05 indicating not different: N)
All measurements were performed in triplicate, and results are expressed as mean ± standard deviation (SD)

the differential effects of between high light intensity and
nitrogen starvation have not been comprehensively
explored, and were rarely reported in previous research.
Since the degree of influence between light intensity and
nitrogen starvation was inconsistent and even not exactly
determined, further exploration was imperative for selecting
optimal cultivation methods to enhance astaxanthin quality
and productivity. To investigate the differences, all the
samples were separately analyzed in terms of the differential
effects on biomass dry weight, astaxanthin yield, astaxanthin
content and astaxanthin productivity by two-way analysis
of variance after cultivation for 14 days in column
photobioreactors.
The evaluation parameters were the key factors for
microalgal large-scale production during commercial
applications. In this study, to elucidate stress-specific
responses, nitrogen starvation and high light were used as
single or combination stressors to induce astaxanthin
accumulation. As shown in Table 2, all the analysis of
variance models were very significant and the coefficient of
decision was 0.984, indicating that the dry weight of
biomass can be explained as 98.4% parts of light intensity,
nitrogen source and interaction between the two. The
analytic results showed that the biomass dry weight was
significantly different between nitrogen starvation and
control at different light intensities. In addition, the effects
of light intensity and nitrogen on growth of biomass were
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significantly different (FL = 174.47, FN = 306.19, p < 0.01),
and the interaction between them was also significant
(p < 0.01), and the effect of a nitrogen source on the growth
of biomass was greater than that of light intensity. Given
the research analysis in all the groups, it was concluded
that sufficient nitrogen was more important than light
intensity for algal growth. However, the different effects
largely varied on the astaxanthin yield and astaxanthin
content. The astaxanthin content clearly varied resulting in
a great gap when the yield of astaxanthin under nitrogen
starvation was slightly higher than that in control under
different light intensities. Especially, the difference of the
astaxanthin content in dry weight was highly significant.
For the variance analysis, the two model explanation parts
of astaxanthin yield and astaxanthin content were
respectively 99.2% and 99.7%. Indeed, both light intensity
and nitrogen source had important effects on astaxanthin
yield and astaxanthin content in dry weight, and the
interaction between them was significant. But the differential
effects on astaxanthin yield and astaxanthin content in
this study were completely different. Considering the
experimental results, especially, the astaxanthin content
was as high as 71.4 mg/l at 400 μmol/m2/s, which was
7.76-fold higher than the minimum of 9.20 mg/l in control
at 50 μmol/m2/s. Statistical analysis showed that light
intensity had much more significant influence than
nitrogen source on the astaxanthin yield. On the contrary,

Differential Responses in Haematococcus pluvialis between Nitrogen Starvation and Light Intensity

the effect of light intensity was less significant than a
nitrogen source on astaxanthin content by dry weight.
Therefore, nitrogen starvation treatment was more beneficial
for improving the quality. Besides, astaxanthin productivity
is one of the important factors in astaxanthin production.
As a result, the influences of light intensity on astaxanthin
productivity were dramatically stronger than that of a
nitrogen source.
Although the influence of nitrogen was much more
obvious than that of light intensity, nitrogen starvation
inhibited the growth of biomass dry weight, which
indicated that light intensity had more advantages for
biomass. The analysis also showed that the effects of light
intensity on astaxanthin yield and productivity were
greater than that of nitrogen, which implied that regulation
of light intensity would play a more important role than
nitrogen starvation for astaxanthin yield and productivity.
Moreover, the effect of nitrogen starvation on astaxanthin
content was almost twice as high as that of light intensity.
In the present study, we concluded that appropriate high
light intensity would be a better approach to produce high
biomass, astaxanthin yield and astaxanthin productivity,
and nitrogen starvation was better for astaxanthin content
during shorter cultivation periods. Therefore, it was clear
that light intensity had higher significant effects on the
biomass dry weight, astaxanthin yield and astaxanthin
productivity, while nitrogen starvation may be a favorable
strategy for rapidly accelerating astaxanthin content.
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