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ABSTRACT. Haematococcus pluvialis (Chlorophyta) is a microalga with the greatest capacity to generate pure 

natural astaxanthin with powerful antioxidant properties, through special cysts, in response to disruptions caused 
by stress conditions. This research tested the design of a prototype for applying artificial light photoperiods 

controlled by light-emitting diodes on an industrial scale for generating forced stress in H. pluvialis cells during 
two seasons of the year (winter and spring 2019) in the Coquimbo region in Chile. Three different culture 

structures were used for the four stages of the alga production cycle. Two containers, A and B, were used for 
the first and second culture stages, while a raceway (large pool) was used for the third and fourth culture stages. 

Experiments with four different photoperiods (PP) that represent hours of light:darkness were conducted in two 
trials (spring 16:8 and winter 18:6) and two for control (spring 11:13 and winter 10:14). In the experiment, an 

exponential increase of β-carotenoid was achieved, used in human and animal food for its health properties and 
as a natural colorant in the salmonids industry. Biomass and astaxanthin production under forced stress were 

measured with physical and chemical variables such as light intensity, temperature, pH, and dissolved oxygen. 
Results show that the spring culture showed a considerable increase of cysts and, therefore, of astaxanthin 

reservoirs, reaching a pigment production density of 276 g m-3, with the consequent increase in density of up to 
22% more than the control PP. 
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INTRODUCTION 

Haematococcus pluvialis (Chlorophyta) is a freshwater 

green flagellate microalga considered one of the most 

important natural astaxanthin sources, representing 

90% of total carotenoids (Margalith 1999, Galarza et al. 

2019). Astaxanthin (C40H52O4, 3.3′-dihydroxy-β,β-

carotene-4.4′-dione) is a secondary ketocarotenoid 

derived from β-carotene belonging to the xanthophylls 

family (Molino et al. 2018, Galarza et al. 2019). 

Carotenoids are natural bioactive compounds that 

protect microalga cells by physically stabilizing their 

membrane (Liaaen-Jensen & Frode-Lutnaes 2005, 

Novoveská et al. 2019), and β-carotene is a carotenoid 

antioxidant that reacts with peroxyl lipid radicals to  
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form a carotenoid radical (Kobayashi & Sakamoto 

1999, Domínguez et al. 2019).  

Astaxanthin is a natural pigment with three 

stereoisomers: 3R, 3'R, and 3'S (Hewlings 2019) and 

has powerful antioxidant properties, being the second 

most important carotenoid on the planet. It is used by 

many manufactures linked to the nutraceutical, 

cosmetic, and food industries due to its known antio-

xidant, anti-inflammatory, and anti-tumor properties 

(Gajardo-Solari et al. 2011, Turan 2018, Do et al. 2019, 

Koyandea et al. 2019). There is a great demand for 

astaxanthin in the aquaculture industry, specifically in 

salmon farming, making intensive use of this natural 

pigment (Christiansen & Torrissen 1996). Furthermore, 
some studies have evaluated the effect of the inclusion 
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of astaxanthin and β-carotene in diets to enhance 

growth, reproduction, and pigmentation of ornamental 

invertebrates, showing results that indicate that both 

carotenoid sources are promoters of increased survival, 

quality of pigmentation, and growth of the tested 
individuals (Díaz-Jiménez et al. 2019). 

Astaxanthin esters are accumulated in lipochromes 

called aplanospores located in the lipid vesicles of its 

perinuclear cytoplasm in the H. pluvialis, producing up 

to 4% of the dry mass of this coveted dye (Machado Jr. 

et al. 2016, Butler et al. 2018, Novoveská et al. 2019, 

Ramos-Tramontin et al. 2019). Different varieties of H. 

pluvialis have proportions of and astaxanthin in 

different percentages of their dry weight basis (Table 

1). This pigment seems to be produced in response to 

the disruption of homeostasis caused by external stress 

conditions (Borowitzka et al. 1991, Zlotnik et al. 1993, 

Domínguez et al. 2019). Therefore, the greater the 

stress, the greater the production of vesicles or cysts in 

the alga's defensive response (Galarza et al. 2019). The 

astaxanthin production by H. pluvialis helps protect the 

cells from oxidative damage caused mainly by high 

energy radiation and a lack of nitrogen (Wang et al. 

2013a). The microalgae H. pluvialis changes its 

metabolism to adapt to light-induced oxidative stress. 

These metabolic changes include increased levels of 

glutathione (GSH) and the production of astaxanthin. 

Then, adding exogenous GSH to the culture medium 

inhibited astaxanthin biosynthesis, and H. pluvialis cell 

density decreased, indicating that an adequate redox 

state is essential for astaxanthin accumulation and cell 

survival (Hu et al. 2020).  

The astaxanthin production is directly related to 

light exposure, pH and temperature, through stress 

shocks. In this sense, two recent studies were selected. 

One, from Azizi et al. (2020), has been applied to the 

growth of H. pluvialis and its astaxanthin production in 

5 L bioreactors, using different light intensities, light 

application cycles, and nutritionally optimized culture 

media. They observed that the application of light was 

the most important factor for the production of 

astaxanthin, determining that the exposure to artificial 

light with an intensity of 700 µmol m-2 s-1 increases the 

production of astaxanthin up to 50% more (30 mg L-1) 

than a culture exposed to natural light, using the 
optimal culture medium (14 mg L-1). 

Another study evaluated the effect of light quality, 

using narrow-band light-emitting diode (LED) light 

sources, irradiation, and temperature on the production 

of red and green blood cells of H. pluvialis. They 
established that monochromatic red light at 20°C was 

optimal for producing red blood cells, while the 

maximum cumulative rate of astaxanthin was achieved 

with a variety of red and blue light at 30°C, reaching 

astaxanthin productivity of 25 mg L-1 d-1. Irradiation 

affected astaxanthin content, but not dry weight gain. 

The authors estimated that H. pluvialis is highly 

dependent on the composition of light and that the use 

of LEDs is an excellent tool to increase the production 

of metabolites, such as astaxanthin (Pereira & Otero 
2020). 

Various types of culture systems for growing 

microalgae have been proposed for decades, where 

open pond systems (raceway) have dominated (Xu et 
al. 2009). Nowadays, the progress of bioengineering 

and biotechnology has made the mass production of 

microalgae more efficient. Among the improved 

processes are the photobioreactors, either tube or plate, 

which have emerged as an alternative to scale the 
production of microalgae from laboratory to pilot scale. 

Recently, they have started to be used in astaxanthin 

production (Pérez-López et al. 2014, Deniz 2020, 

Onorato & Rösch 2020). However, the luminosity 

applied to the cultures varies as the tube's diameter or 
the plate's thickness increases. For this reason, it is 

necessary to carry out lighting and control tests on an 

industrial scale to optimize growing systems, making 

them more efficient and controllable (Xu et al. 2009).  

After reviewing the different studies on the 

incidence of light and temperature on H. pluvialis for 

the production of astaxanthin at the laboratory level, the 
following question arises: what would be the incidence 

of the photoperiod using LED lights in H. pluvialis that 

allow establishing a sustainable and scalable 

production of astaxanthin over time, while maintaining 

profitable operating costs? 

Although there is scientific evidence that the 

application of light and stress results in increased 
production of astaxanthin cells and cysts, there are no 

documented studies of intensive application of light on 

an industrial scale carried out throughout the year with 

different photoperiods (PP). Therefore, based on this 

gap, the objective of this research is to develop a 
prototype of LED lights that allows increasing cell 

density during the vegetative cultivation phase of H. 
pluvialis, controlling two different photoperiods (one in 

the winter season and another in the spring) to visualize 

tangible results on an industrial scale during one year. 

MATERIALS AND METHODS 

The photoperiod (PP) experience required manufac-

turing a prototype of lighting curtains to provide 

artificial light to the Haematococcus pluvialis crops, 
controlling the lighting time through timers associated 
with each curtain. In this way, natural lighting in the 

culture systems was extended through these curtains to 

adjust the test PP of 18:6 and 16:8, to the natural winter  
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Table 1. Haematococcus pluvialis varieties as sources of astaxanthin percentage (%) on the dry weight basis (Ranga-Rao 

et al. 2014).  

 

Haematococcus strain 
Astaxanthin content (%) 

on the dry weight basis 
Reference 

Haematococcus pluvialis 3.8 Ranga-Rao et al. (2009, 2010) 

Haematococcus pluvialis (K-0084)  3.8 Aflalo et al. (2007) 

Haematococcus pluvialis (local isolation)  3.6 Torzillo et al. (2003) 

Haematococcus pluvialis (AQSE002) 3.4 Ranga-Rao et al. (2014) 

Haematococcus pluvialis (K-0084)  2.7 Wang et al. (2013a) 

 

 

in Chile (southern hemisphere, July 2019; 10 light:14 

darkness) and spring in Chile (southern hemisphere, 

October 2019; 11 light:13 darkness). A total of 32 

curtains were installed, each 1.26 m long × 1.0 m high. 

Each curtain contained 120 full RGB color LED bulbs, 
with a homogeneous position distribution of 

approximately 10 cm of equidistance between each 

LED. Each bulb consumed 0.25 W and emitted 37.5 

lumens. Thus, values for each 1.26 m2 curtain to be 

applied to A and B containers consumed 30 W h-1 and, 
by transforming lumens emission to lux, a total of 3.57 

Klux per curtain is generated (https://www.calcula-

doraconversor.com/lumenes-a-lux). 

The LED light prototypes were divided into two 

formats, a 1.26 × 1 m curtain for containers A, 

representing the growth phase of the inoculum, and a 

total of six curtains for each of the mass growth units in 

containers B, because these two phases have different 

specific requirements of light conditions and culture 

media, running in the same physical location (cultures 

in 600 L bags). Each culture was separated into 

modules so that the curtains' light intensities did not 

interfere with each other. In addition, a control culture 

was included (associated with the natural photoperiod 

of the season) to be contrasted with the cultures 
submitted to the experimental photoperiods. 

Cultivation of Haematococcus pluvialis 

We worked with the strain H. pluvialis isolated from 

strains in the Coquimbo region, Chile, where the 

experiment was carried out. The region of Coquimbo is 

located approximately between 29°20' and 32°15'S. 

The climatic conditions of the experimental crops 

during winter were at an average and maximum 

temperature of 10.5 and 18.5°C, and with an average 

and maximum solar radiation of 155.6 and 660 W m-2, 

respectively. For the spring conditions, the climatic 

conditions were 14.2 and 21.1°C and an average and 

maximum solar radiation of 243.8 and 111.7 W m-2, 
respectively. The data were extracted from the Centre 

for the Study of Arid Zones meteorological station 
(www.ceazamet.cl). 

From the H. pluvialis strains obtained, cultures were 

made in Bold's Basal Medium (BBM), prepared as 

described by Stein (1980); this culture medium is 

highly enriched in minerals and allows the development 

of green microalga. Initial cultures were made in 

Erlenmeyer flasks with a capacity of 150 mL, with 100 

mL of culture. The obtained cells were inoculated into 

a 500 mL Erlenmeyer flask at a concentration of 3×103 

cell mL-1. The cells were then transferred to 20 L 

carboys at an initial concentration of 15,000 cell mL-1, 

where they were allowed to propagate for 10 to 15 days. 

When a density of 300,000 cell mL-1 were obtained, 

cells were transferred to the A containers, thus initiating 

the industrial growth stage. All cultures made in this 

stage were incubated at 20°C, without agitation. 

Astaxanthin production process 

A series of stages are needed to produce astaxanthin 

through the cultivation of H. pluvialis, which coincides 
with the growth cycle of this green microalga. 

Stage I: this initial phase was carried out in the 

laboratory, where the H. pluvialis cells were propagated 

in 500 mL Erlenmeyer flasks and then in carboys to 20 
L (Fig. 1).  

Stage II: the A containers were inoculated with a 

cell density of 35,000 cell mL-1. They were incubated 

for approximately 15 to 25 days, and cells were 

collected when they reached a density of 250,000 cell 

mL-1. Such containers built-in wood and a plastic bag 

to grow the alga had a working volume of 600 L and 

supplemented seawater was used to generate stress to 
increase cell propagation (Fig. 1).  

Stage III: once the desired cell density was reached, 

we inoculated six plastic bags, the B containers, which 

had a total volume of 3600 L (near 600 L each). The 

cultures were incubated for 10 to 25 days until a cell 

density of at least 120,000 cell mL-1 was obtained (Fig. 
1). 

Stage IV: subsequently, all bags B (n = 12) were 

transferred to a 90,000 L raceway pool. Cultures were 

incubated for 10 to 25 days until a cell density of  

https://www.calcula-doraconversor.com/lumenes-a-lux
https://www.calcula-doraconversor.com/lumenes-a-lux
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Figure 1. Schematic diagram from the beginning with Haematococcus strain inoculation and intermediate culture (stage I), 

then to mass culture in containers A (stage II), containers B (stage III), and final culture stage IV in raceway systems. 

 

 

100,000 cell mL-1 was reached, and orange-red cell 
coloration was observed (Fig. 1). 

Stage V: finally, the cells were collected and 

subjected to a crushing treatment and heat spray to 

break the cell wall, thus recovering the astaxanthin 

found inside. At this stage, an impure extract is 

obtained, in which the percentage of astaxanthin 

present as carotenoid is determined. The extract is then 

purified through a physical and chemical treatment and 
weighed, obtaining the final pure astaxanthin (kg). 

The maximum concentration achieved by any 

treatments was established to calculate cellular 

products and make effective comparisons in the same 

period. In the A (winter) containers, the 18th was 

established as the maximum concentration achieved for 

the 18:6 treatment. Afterward, this treatment did not 
register notoriously higher densities. 

Determination of the effect of illumination on 

Haematococcus pluvialis cell growth and astaxan-
thin production 

Two tests were carried out in 2019 to study the impact 

of light-emitting diode (LED) lighting on the cellular 

growth of H. pluvialis and the production of astaxanthin, 

one in winter (July) and the other in spring (October), 

each lasting three months with the respective variables 

in light and temperature and compared to the natural PP 
control culture. H. pluvialis has a life cycle that 

includes vegetative growth and astaxanthin production 

using cysts, for which an inoculation scheme was 

designed that included two phases. 

Determination of physical and chemical variables 

Light intensity 

The incident light measurement in the bags' culture 

containers (A and B) was conducted between 12:00 and 

12:30 h every day, recorded with a PCE-172 Luxmeter 

(PCE Instruent™, Spain). The measurements were 

made in different positions in the culture vessels to take 

homogeneous measurements. The results were obtai-

ned in Kilolux and converted to µmol m-2 s-1 using the 

Plantekno® online converter (https://www.plan-

tekno.com), considering the sunlight spectrum which 

irradiated the bags during the natural phase of each 

season. 

Monitoring of culture parameters  

Samples were taken periodically, always at noon, to 

monitor the culture. The incident light was measured, 

and a sample of each bag was taken from the bottom of 

each containers. The volume of the sample was 

standardized to 100 mL. Once the samples were taken, 

they were evaluated with a digital oxygen meter, which 

uses an H01PST sensor (Handy Polaris Oxigard™, 

Denmark), thus determining the dissolved oxygen 

expressed in mg L-1. In addition, the temperature (°C) 
and pH of each sample were also measured using a 

HI98127 multiparameter instrument (Hanna Instru- 
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ment™, USA). Finally, the cell density of the cultures 

was determined by counting H. pluvialis cells using a 

binocular microscope (Olympus™, Japan). Total 

carotenoids were determined according to the protocol 

described by Davis et al. (1953). 

Statistical analysis 

The industrial culture format of H. pluvialis was used, 

which comprises an inoculum grown in 600 L 

containers (bag), so the samples from the A containers 

were only taken in duplicate, which will present only a 

descriptive analysis. Each containers A subsequently 

generates six units of containers B. For type B 

containers, a total of 12 units in separate containers 

were used. A two-way repeated measures ANOVA 

between the 18:6; 16:8 PP treatments and control group 

for the 13 winter days, and a second two-way repeated 

measures ANOVA analysis between the 16:8 (1); 16:8 

(2) PP treatments and control group for the six spring 

days in B containers, were used. Normality assump-

tions were checked through a Shapiro-Wilks test and 

sphericity assumption through Mauchly's test to 

examine intragroup variability. Multiple comparisons 

were evaluated by t-test, adjusting the P-value by 

Bonferroni to avoid type I error. Statistical analyses 

were performed with the statistical package rxtatix v0.5 

of the R v3.6.3 environment. A significance level of P 

< 0.05 was used. 

RESULTS 

Winter cell production test I. Cell production in A 

containers 

The test I in A containers had a total duration of 23 

days. The cell densities generated in both treatments did 

not present significant differences (P > 0.05), mainly 

because the samples are duplicates. The 18:6 PP 

treatment reaches a value of 252,188 cell mL-1 on day 

18; however, on day 19 of culture, increasing cell 

density was observed in the treatment with the 16:8 PP, 

reaching 18:6 PP with an average value of 253,750 cell 

mL-1 (Fig. 2). Both experimental PP (LED) increased 

close to 30% cell density (>50,000 cell mL-1). It was 

determined that the cell density obtained on day 19 for 

the 18:6 and 16:8 PP is the optimal one to inoculate the 

next stage (containers B; Fig. 1). 

The cultures that used the 18:6 PP had a higher cell 

density on day 18 of the culture, where the cell 

concentration remained close to 250,000 cell mL-1. It 

should be noted that the control culture did not reach 

200,000 cell mL-1 on day 20 (Fig. 2).  

Evaluation of the physical and chemical variables 

associated with the production 

As complementary information to the production data, 

the physical and chemical variables of light intensity, 
temperature, pH, and dissolved oxygen were measured 

in the vegetative cultures of H. pluvialis. Mean light 
intensity on A containers was highly variable (Table 2), 

ranging from 7.5 to 46.6 Klux (138.7 to 851 µmol m-2 

s-1). This variability coincides with the presence of 
cloudy or clear days. 

During the first 15 days, the highest light intensity 

levels were recorded (7.5-46.6 Klux; Table 2). On day 
16, it was necessary to install a cover over the 

containers to regulate light intensity, thus keeping it 

between 8 and 15 Klux (148 and 277.5 µmol m-2 s-1). 
At this stage, it is very important to avoid stress factors 

as much as possible to enhance cell propagation and 
prevent caking. Additionally, this action prevented the 

progressive increase of mean temperature in the culture 

containers, which ranged from 12 to 23°C (Table 2). As 
for pH, mean values varied between 7 and 8 (Table 2).  

Dissolved oxygen in each culture ranged from 6.48 

to 11 mg L-1 (Table 2). An interesting finding was that, 
during the last days of culture, the treatment with more 

hours of light (18:6) presented an average increase of 

this parameter compared to the other PP treatments. 

Winter cell production test II. Cell production in B 
containers 

Tests were conducted in the B containers using PP as 
treatments (16 h light:8 h darkness; 18 h light:6 h 

darkness; and the control culture with 10 h light:14 h 

darkness, which lasted 13 days. 

A two-way ANOVA for repeated measures was 
performed to evaluate the effect of PP and time on the 

increase in cell density (cell mL-1). The results of the 
two-way ANOVA showed a significant effect (F 

[26,286] = 8.56, P < 0.0001; Table 3) on the variable 

time and on the interaction of PP × time. The variable 
PP alone had no significant effect on the increase of cell 

density in B containers. The interaction between PP and 
time on cell density was highly significant (P = 

2.59×10-23; Table 3). Thus, the effect of the PP variable 
was analyzed in each period (day). P-values were 

adjusted using the Bonferroni multiple testing 

correction method. The effect of PP was significant at 
time T02, where the control PP group presented a 

higher average density (13,750 cell mL-1) respecting 
both PP with LED lights. Subsequently, at times T12 

and T13, the 16:8 PP presented the greatest differences 

(P < 0.05). 

It is necessary to emphasize that the cultures that 
used the 16:8 PP fulfilled the cell density requirements  
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Figure 2. Growth in cell density of Haematococcus pluvialis in type A containers with experimental photoperiods (PP) 

(light:darkness), PP (16:8), PP (18:6) and control group equivalent to photoperiod 10:14 for the winter season. Data are 

shown as mean ± standard error (n = 2). Type A containers are made only in duplicate.  

 

Table 2. Mean records of physical and chemical variables for Haematococcus pluvialis growing bags (A and B containers) 

during winter and spring conditions for each photoperiod (PP) treatment. Values represent the mean of the total culture 

period. Min: minimum value recorded, Max: maximum value recorded, Ave: average value during culture days. 

 

Season 
Containers 

type 
PP 

Culture 

days 

  
Light intensity 

(Klux) 
  

Temperature  

(°C) 
  pH   

Dissolved oxygen 

(mg L-1) 

  Min Max Ave  Min Max Ave  Min Max Ave  Min Max Ave 

Winter 

  18:06 

22 

  7.52 46.60 26.00   11.85 22.91 18,51   7.00 7.75 7.48   7.05 11.10 9.02 

Containers A 16:08   7.70 42.85 25.36   12.20 22.15 18.38   7.17 7.75 7.41   7.16 9.84 8.57 

  Control   7.90 42.65 26.32   12.30 22.95 18.46   7.25 7.90 7.51   6.48 9.48 8.54 

  18:06 

13 

  4.12 14.09 11.78   17.64 22.30 19.14   7.23 7.43 7.33   8.16 8.61 8.44 

Containers B 16:08   4.33 17.57 14.91   17.52 22.31 19.09   7.30 7.47 7.34   7.90 8.56 8.36 

  Control   4.75 18.20 14.97   17.57 22.71 19.51   7.28 7.61 7.39   8.18 8.72 8.43 

Spring 

  16:8 (1) 

21 

  7.43 44.65 27.59   19.30 22.75 21.33   7.25 8.00 7.53   7.19 8.47 7.94 

Containers A 16:8 (2)   7.06 44.45 27.84   19.35 22.60 21.35   7.24 7.85 7.49   7.23 8.52 7.97 

  Control   7.72 46.90 29.18   19.50 22.60 21.36   7.25 7.70 7.47   7.33 8.60 8.08 

  16:8 (1) 

6 

  15.86 24.76 18.24   21.62 23.32 22.59   7.36 7.53 7.44   7.74 8.52 8.17 

Containers B 16:8 (2)   22.63 25.62 24.11   11.03 23.50 22.90   7.32 7.46 7.38   7.70 8.62 8.25 

  Control   27.24 31.27 29.72   22.18 23.98 23.10   7.33 7.48 7.39   7.78 8.57 8.25 

 

 

for harvest on day 11. The maximum density obtained 
in the control treatment (10:14) was 95,181 cell mL-1 

on day 10 of cultivation and remained similar until 
harvest (day 13). Interestingly, there was a difference 

of approximately 60,000 cell mL-1 on day 13 of culture 

between both tests (Fig. 3). 

Evaluation of the physical and chemical variables 
associated with the production 

The physical and chemical variables of light intensity, 

temperature, pH, and dissolved oxygen in each B 

containers of the vegetative culture of H. pluvialis were 

evaluated. During this second phase of cultivation, the 

cover was maintained on the containers roof to keep the 

mean incidence of light intensity between 10 and 18 
Klux (135 to 243 µmol m-2 s-1).  

Similarly, the temperature in B containers was more 

stable during the development of the culture, with an 

average temperature between 18.3 and 19.5ºC (Table 

2). Except for day six of cultivation, when the mean 

temperature increased three degrees above average 

(>22ºC), coinciding with one of the days with the 

greatest light and heat intensity. 
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Table 3. Two-way ANOVA for repeated measures for the 

photoperiod treatments (16:8 and 18:6 vs. control (10:14)) 

and time (days) for the growth experiments (cellular 

density) of the microalgae Haematococcus pluvialis in 

type-B containers (stage III) during wintertime. DFn: 

numerator degrees of freedom, DFd: denominator degrees 

of freedom, F: F-value, and P: associated probability. 

Statistically significant results (P < 0.05) are indicated in 

bold. 
 

Effect DFn DFd F P 

Photoperiod 2 22 1.169 3.29 x 10-1 

Time 13 143 101.291 2.90 x 10-65 

Photoperiod  time 26 286 8.559 2.59 x 10-23 

 

The variables of light intensity and temperature had 
similar behavior. However, the mean light intensity 
(Klux) in the 18:6 group was permanently lower than 
the control and the 16:8 group. As for the pH values, 
means values showed variations between 7.23 and 7.61. 
On the other hand, dissolved oxygen values varied 
between 7.9 and 8.7 mg L-1 (Table 2).  

Finally, in the analyses carried out in winter, it is 
observed that the light intensity parameter varies 
between the crops (the other parameters were constant), 
observing that the higher biomass formation coincides 
with moments of lower light intensity. Both PP used in 
this improvement stage showed higher biomass than the 
control in lower light intensity conditions.  

 

Spring cell production test I. Production in A 

containers  

According to the results of the winter experience: a) the 

notorious difference between the experimental PP vs. 

the control, and b) the little difference between 18:6 and 

16:8 PP as in the previous test, this stage started with 

the inoculation of A containers, applying only the 16:8 

PP (16 h light:8 h darkness) and control (natural light 

11:13). PP was applied to a group of containers from 

the beginning of cultivation (16:8 (1)) and to another 

group from day 10 (16:8 (2)), conducting biological 

tests of the studied PP. All cultures had a total duration 

of 21 days.  

The cell densities generated in both experimental 

tests did not present differences mainly because the 

samples were in duplicate only and that one sample was 

detected in high data variation. In this case (spring), the 

control group (daylight (11:13)) has a higher average 

value, but not significant with experimental LEDs 

groups. After day 16, the densities of the control and 

treatments 16:8 (2) increased and, to a lesser extent, the 

PP 16:8 (1) (135,630, 134,062, and 120,053 cell mL-1 

respectively). On day 21 of culture, an increase in cell 

density was observed in the treatment with the 16:8 (2) 

PP (173,750 cell mL-1) compared to the control (11:13) 

PP, which only reached a density of 141,875 cell mL-1 

(Fig. 4).   

 

 

Figure 3. Growth in cell density (cell mL-1) of Haematococcus pluvialis in type B containers in relation to experimental 

photoperiods (PP) (light:darkness): PP: 16:8, PP: 18:6 and control group equivalent to PP: 10:14 for winter season. Data 

are shown in box plots (n = 12). For growth in B containers, we used six replicates per A containers. Treatment (PP): time 

interaction effect (Two-way ANOVA of repeated measures, P = < 0.0001), effect size (ηg
2= 0.17), multiple comparison 

(pwc: t test; p.ajusted: Bonferroni: *P < 0.01, ***P < 0.0001.  
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Figure 4. Growth in cell density (cell mL-1) of Haematococcus pluvialis in type A containers with experimental 

photoperiods (PP) (light:darkness): (    ) PP: 16:8 (1), (   ) PP: 16:8 (2) and (   ) control group equivalent to PP: 11:13 for 

the spring season. PP 16:8 (1) and (2) are explained in materials and methods. Data are shown as mean ± standard error (n 

= 2). Type A containers are made only in duplicate.  

 

 

Evaluation of the physical and chemical variables 

associated with the production 

Each culture's incident light intensity varied from 7.1 to 

46.9 Klux (131.3-867.6 µmol m-2 s-1), especially during 

the first 10 days of cultivation. This variability 

coincides with the presence of cloudy or clear days. The 

average light intensity was between 27.6 and 29.2 Klux 
(Table 2). 

The temperature behavior in the culture medium of 

the containers varied between 19.3 and 22.7ºC. The 

light intensity and temperature variables fluctuated 

strongly during the whole test; however, their behavior 
was similar in all the cultures. 

The mean pH values fluctuated between 7.2 and 8.3, 

but no differences were found between the treatments. 

The highest pH values coincided with the lowest 
temperature values on day 16 of cultivation (Table 2). 

The mean values of dissolved oxygen in the culture 

medium of the containers presented variations between 

7.94 and 8.08 mg L-1. The lowest values occurred on 

the first five days of culture (7.2-7.3 mg L-1), then 

increased slightly to between 7.6 and 8.6 mg L-1 (Table 
2). 

Spring cell production test II. Production in B 

containers 

In this second experiment, cell densities generated in H. 
pluvialis cultures in B containers showed significant 
differences. As in the case of cell density increase in 

winter H. pluvialis, a two-way ANOVA for repeated 

measures was performed to evaluate the effect of the 
experimental PP 16:8 (1) and 16:8 (2) in spring (11:13)  

Table 4. Two-way ANOVA for repeated measures for the 

photoperiod treatments (16:8 and 18:6 vs. control (10:14)) 

and time (days) for the growth experiments (cellular 

density) of the microalgae Haematococcus pluvialis in 

type-B containers (stage III) during springtime. DFn: 

numerator degrees of freedom, DFd: denominator degrees 

of freedom, F: F-value, and P: associated probability. 

Statistically significant results (P < 0.05) are indicated in 

bold. 
 

Effect DFn DFd F P 

Photoperiod 2 22 7.989 2.00 x 10-3 

Time 1.75 19.22 48.166 6.67 x 10-8 

Photoperiod 

 time 
2.27 24.95 8.359 1.00 x 10-3 

 

and of the variable time on the increase of cell density 
(cell mL-1). The results of the two-way ANOVA 
showed a significant effect (F [2.27,24.95] = 8.36, P < 

0.0001; Table 4) on both the variables PP (P = 2.00×10-3) 
and time (P = 6.67×10-8), both with a significant effect 
on the increase of cell density in B containers. In 

addition, the interaction of both variables was also 
significant (P = 1.00×10-3; Table 4). The effect of the 

PP variable was analyzed for each period (day). P-
values were adjusted using the Bonferroni multiple 
testing correction method. The effect of the PP was 

significant from day 3 (T03) to the end of the 
experiment (T06). The control treatment reached only 
an average value of 59,010 cell mL-1, thus establishing 
a difference of more than 25,000 cell mL-1 (Fig. 5). 
Likewise, a significant difference in cell density was 

observed between the 16:8 PP treatments (2) and the 
control treatment, with the former reaching a mean  
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Figure 5. Growth in cell density (cell mL-1) of Haematococcus pluvialis in type B containers in relation to experimental 

photoperiods (PP) (light:darkness): (   ) PP:16:8 (1), (   ) PP:16:8 (2) and (   ) control group equivalent to PP 11:13 for spring 

season. PP 16:8 (1) and (2) are explained in materials and methods. Data are shown in box plots (n = 12). For growth in B 

containers, we used six replicates per A containers. Treatment (PP): time interaction effect (two-way ANOVA of repeated 

measures, P = < 0.0001), effect size (ηg
2= 0.09), multiple comparison (pwc: t test; p.ajusted: Bonferroni: *P < 0.01, **P < 

0.001). 

 

 

density of 106,823 cell mL-1, doubling the cell density 
of the control culture (Fig. 5). This experience in spring 
in containers B had a duration of only six days since the 

control group (smaller growth) showed signs of 
contamination by Coelastrella sp. This event deter-
mined that the 12 bags of each treatment were 

transferred to their respective raceway units to obtain 
astaxanthin to establish the respective comparisons. 

Evaluation of the physical and chemical variables 

associated with the production 

In this second phase of cultivation (B containers), the 

cover was maintained over each containers, making the 

incidence of light intensity more stable (Table 2). The 

highest incidence of natural light was recorded in the 

control treatment which a mean value of 31.2 Klux 

(577.2 µmol m-2 s-1) and a lower mean value of 15.9 

Klux (294.2 µmol m-2 s-1) in the 16:8 (1) treatment. 

Significant differences were found between the three 
treatments (P < 0.05). 

Regarding temperature, mean thermal variations 

were recorded between 21.6 and 23.9ºC (Table 2). The 

pH values in the culture medium of the containers 

presented variations between 7.32 and 7.53. As for 

dissolved oxygen, it varied between 7.70 and 8.62 mg 

L-1, with the lowest values recorded on the first two 

days (7.70-7.85 mg L-1), increasing slightly on the 
following days (8.0-8.85 mg L-1) (Table 2). 

In the spring period, the result was different. The use 
of PP has a major impact on cell productivity and the 
production of pure astaxanthin and is in line with Hong 
et al. (2019). The final results of pure astaxanthin 
production showed that both photoperiods performed 

better than the control group. The highest of these was 
16:8 (1) with 22.2%. 

Production of astaxanthin in raceway pool 

At this stage, the final production of astaxanthin 
extracted from the cysts produced by the raceway 
system was evaluated. The production of pure 
astaxanthin was higher when the 16:8 PP was used, 
both in winter and in spring (Table 5). In the winter 
experiment, a pure astaxanthin production of 21.8 kg 

was observed when the 18:6 PP was applied, while 20.8 
kg was produced when the control treatment was 
applied. In the spring experiment, the production of 
pure astaxanthin was 24.8 kg when the 16:8 (1) PP was 
applied, while in the control culture, the production was 
20.3 kg (Table 5).  

Regardless of the treatment used, total carotenoids 
present in the impure cell mass were close to 5% in 
winter and spring. At the end of the cyst production  
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Table 5. Cell production obtained at the end of cultures in A and B containers. MCP: maximum cell productivity (cell mL-1 

h-1). *Photoperiod (PP) application from the start of cultivation. **PP application 10 days after the start of cultivation. (β) 

Cell productivity was considered only in containers B. This value indicates cells obtained at the end of each culture and 

considers culture volume and time in which that amount of cells was obtained. (Ω) The day when a maximum number of 

cells was reached. 
 

Season 
Winter  Spring 

Containers A  Containers B  Containers A  Containers B 

Treatments MCP β Final process dayΩ MCP β Final process dayΩ  MCP β Final process dayΩ MCP β Final process dayΩ 

16:8 (1) PP** 503 21 568 11  322 20 607 6 

16:8 (2) PP* - - - -  345 21 749 6 

18:6 PP 525 20 346 13  - - - - 

Control 385 24 302 13  296 20 410 6 

 

 

process in winter, it was observed that the control and 

18:6 PP cultures presented percentages of 5.65 and 
5.61, respectively, higher than those obtained with 16:8 
photoperiods. On the other hand, at the end of the spring 
process, it was observed that all the cultures presented 
similar percentages (Table 5). 

It is important to underline that the increase in cells 

during the winter trial does not strongly impact the 

production of pure astaxanthin when scaling up the data 

to a monthly production. Applying the 18:6 PP 

(light:darkness) generates a positive difference of 3.5 

kg (20.7%) in a monthly projection of astaxanthin 

production. In contrast, a PP with less light, such as 

16:8, increased the control (Table 5) of an extra 1.1 kg 
(6.5%). 

When calculating the production of pure astaxanthin 

obtained for 30 days, it was observed that the 

treatments with the 16:8 (1) produced 28.6 kg in spring 

and 18.0 kg in winter. On the other hand, the control 

produced 23.4 kg in spring (11:13) and 16.9 kg in 

winter (10:14), showing that greater exposure to light 
generates a greater astaxanthin production (Table 5). 

DISCUSSION 

Although there is abundant evidence in the literature on 

the production cycle of astaxanthin in various strains of 

Haematococcus pluvialis, further research focused on 

improving production characteristics applicable on an 

industrial scale is still needed (Fujii et al. 2006, Gómez 

et al. 2016, Shah et al. 2016, Zhang et al. 2020). In this 

way, several studies have been carried out on 

astaxanthin production using H. pluvialis and other 

microalgae, but mainly at the laboratory level, these 

data being difficult to extrapolate to an industrial scale. 

However, it is important to point out that there are some 

studies of commercial scaling of cultures with 

microalga identifying some key factors, mainly light, 

nutrients and temperature, but also the need for 

qualified and experienced personnel to produce enough 

inoculums to supply large ponds and the same time to 

keep them free from all exogenous contamination 

(Borowitzka & Vonshark 2017). In addition, other 

authors highlight the importance of the concentration of 

vegetative cells of H. pluvialis used as the initiator 

inoculum of the astaxanthin formation process (Wang 

et al. 2013a,b, Do et al. 2019). 

For his reason, we apply photoperiods with 

controlled light intensity during the vegetative cell 

cycle of H. pluvialis, seeking in this way to increase its 

cell size, and therefore increase astaxanthin production 

during the cyst formation stage. 

Among the most important facts to highlight from 

the research, it can be said that a strong increase in the 

density of pure astaxanthin production from H. 
pluvialis was observed. When the 16:8 PP (1) was 

applied, good results were achieved during the 

vegetative cycle of H. pluvialis (containers B). This PP 

was able to increase the density of pure astaxanthin 

production, especially in the spring months. 

Interestingly, this procedure increased astaxanthin 

production, especially in the spring months, since with 

the 16:8 (1) PP, it was possible to pass from 226 to 276 

g m-3. This increase is very substantial for this industry 

from an economic point of view. In other studies, a 

maximum production density of 9.77 g m-3 was 

achieved using H. pluvialis mutations (Dawidziuk et al. 

2017), giving a very significant difference between 

216.2-266.2 g m-3 in favor of our research with the 16:8 

(1) PP than the 9.77 g m-3 obtained in the other study. 

It is necessary to highlight that although the highest 

astaxanthin production was obtained using 16: 8 (1), the 

highest cell productivity (green algae) was obtained 

using 16:8 (2) PP. Both PP agreed that they were 

applied during the vegetative cycle of H. pluvialis and 
in spring. 

To achieve high production of natural astaxanthin 

sustainably, it is necessary to fundamentally increase 



Haematococcus pluvialis astaxanthin production by LED stress                                                                 735 
 

 

 

cell density and astaxanthin accumulation within the 

cells (Ranga-Rao et al. 2014, Zhang et al. 2020). As 

observed, the organism that produces the best yields of 

natural astaxanthin is H. pluvialis under stress 

conditions (Zhang et al. 2020). In the vegetative state, 

these microalgae are green, but when subjected to 

stress, they start producing astaxanthin inside the cell, 

changing its color to orange-red (Solovchenko 2015, 

Shah et al. 2016, Pereira & Otero 2020). This stress can 

be produced by multiple factors, one of them is the 

intensity of the light applied to the culture (Azizi et al. 

2020), and this is why astaxanthin production has better 

yields in the spring and summer months compared to 
autumn and winter (Hong et al. 2019). 

It is known that light stress favors astaxanthin 

production in the curation stage because it would 

trigger the acceleration of carotenoid production 

reactions inside the cell, also contributing to increasing 

its size (Hu et al. 2008). An increase in incident light 

time and associated temperature in spring improves the 

production performance of several types of microalga 

(Oostlander et al. 2020), which coincides with a study 

by Aflalo et al. (2007). They concluded that the 

application of controlled doses of light, lower than 

sunlight, during the green phase, would promote the 

formation of larger cells that are more resistant to 

partial stress and, therefore, better able to respond 

efficiently to astaxanthin production at a later stage 

under conditions of total stress. However, our results 

are different. The 16:8 (2) PP treatment was subjected 

to light stress longer than 16:8 (1) because the light in 

the latter was applied from its inoculation. Furthermore, 

this treatment was exposed to a higher light intensity 

than 16:8 (1) PP when the cultures were made in 
containers B and during the spring. 

On the other hand, it has been observed that there 

are certain ranges of tolerance to light stress in green 

alga and that they would also be favorable for their 

development and survival; these ranges go from 85 to 

215 µmol m-2 s-1 (Rautenberger et al. 2009). The works 

carried out by Oostlander et al. (2020) show that in 

Rhodomonas sp. maintaining a 16:8 PP cycle, an 

increase in temperature (21 to 25°C) and light intensity 

(150 to 600 µmol-2 s-1) the increase in biomass and 
amount of fatty acids (EPA and DHA). 

The answer to the question originally posed: what 

would be the incidence of the PP using LED lights in 

H. pluvialis that allow establishing a sustainable and 

scalable astaxanthin production over time while 

maintaining profitable operating costs? It can be 
inferred that astaxanthin production from stress caused 

by the artificial light exposure to H. pluvialis has an 

inherent threshold like this microalga, whose 

production, as expected, is not exponentially infinite 

from the point of view of its performance in 

astaxanthin. Based on this natural limitation, it is 

important to note that once microalga reaches their 

threshold for astaxanthin production, it stabilizes, 

regardless of how much H. pluvialis exposure to light 

has increased since then. The above is a key point since 

any increment in the length of exposure to light leads to 

an increase in electricity consumption, ceasing to be 

environmentally and economically sustainable from the 

moment this threshold is reached since operating costs 

would far exceed the expected profitability. 

As could be seen, our study involved the design of 

a system to control the light intensity using LED 

curtains to intervene in the sequential PP cycles of the 

vegetative H. pluvialis cell culture. Thus measures the 

results on an industrial scale, where we evaluate the 

intensity of light, temperature, pH, and dissolved 

oxygen, determining that both the intensity of the light 

and the temperature are the key factors for the 

production of vegetative cells (vesicles) of H. pluvialis, 

which are ultimately responsible for the generation of 

astaxanthin. We also observe that the highest biomass 

concentrations were reached when the light intensity 

was low in the cultures. On the other hand, we observe 

that temperatures do not strongly impact the biomass 

concentration obtained in each culture, neither in winter 

nor in spring. However, the temperature does have a 

great influence on the amount of astaxanthin produced. 

Our results were evaluated on an industrial scale, 

showing that the highest astaxanthin production 

occurred at warmer temperatures, such as those in 

spring (22-23°C). 

If the two seasons tested (winter and spring) are 

considered, it is possible to make an optimal projection 

of the production, which amounts to an excellent 280 

kg yr-1, with the 16:8 (1) PP and a light intensity of 16 

Klux (216 µmol m-2 s-1), applied throughout the 

vegetative growth process of H. pluvialis. This way, 

astaxanthin production increase was observed on an 

industrial scale in a much higher percentage than that 

obtained by previous investigations, even exceeding the 

242 kg yr-1 that was achieved with our control. This 

projection of an additional 38 kg yr-1 represents a 15% 

increase in final production, which is very encouraging 

in economic and financial terms for the natural 

astaxanthin industry, whose market price is around 

USD 7000 per kg (Shah et al. 2016). 

This knowledge generated through the prototype 

design could increase the production yields of natural 

astaxanthin of high purity and quality, with significant 
economic returns for the producers of this valuable 

pigment. However, it is also important to mention that 

it is required to improve the power in the curtains of 

LED lights to increase the intensity in Klux for the need 
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that is required for growth in the vegetative stage and 

carotenoids production. According to our results with 

16:8 (1) PP, it should be around 216 µmol m-2 s-1; and 

in the cyst production stage should be more light 

intensity; because it requires high light and thermal 
stress. 

Finally, new challenges arise for future research to 

help increase astaxanthin production using H. pluvialis. 

In this sense, the proposal would be to experiment with 

a curtain similar in size to the one used in the present 

investigation, but with a greater intensity of lumens, as 

well as different lengths of the white light spectrum, 

ranging from blue (400-460 nm) to red (620-700 nm) 

in order to analyze the impact of these spectra in a 

large-scale study. The purpose would be to test a 

similar design of curtains, but containing LED bulbs 

with greater light intensity each, respecting the same 

16:8 (1) PP already used successfully in the research 

and where each bulb consumed 0.25 W for 37.5 lumens 

emission. Each 1.26 m2 curtain involved 89 bulbs with 

a total consumption of 30 W to emit 3.57 Klux. The 

proposal for the new design would be to use curtains of 

similar diameter, but with a generation of among 5-10 

Klux, which would represent a density of between 90-

185 µmol m-2 s-1. Additionally, it would be necessary 

to experiment with different sources of renewable 

energy, which allows an industrial project to be 

operational in different areas lacking traditional 

electricity and at the same time achieve greater 

environmental and financial sustainability. It would 

allow evaluating a different impact on astaxanthin 

production about the final product's cost/benefit/quality 
and sustainability. 
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