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A B S T R A C T   

H. pluvialis is a green unicellular microalgae and it is the first producer of natural astaxanthin in the world if 
subjected to stress conditions such as high light, high salinity and nutrient starvation. Astaxanthin is a powerful 
antioxidant used in many fields, such as aquaculture, pharmaceutical, food supplements and cosmetic. To obtain 
a large amount of astaxanthin, researcher focused on the optimisation of H. pluvialis growth. H. pluvialis has four 
different size growth stage (macrozooids, microzooids, palmelloid and “red non-motile astaxanthin accumulated 
encysted”), and astaxanthin production occur in the last phase. Recent studies shown that non-motile cells can 
produce more astaxanthin than motile cells if subjected to light stress. For these reasons, the aim of this study is 
to find a new and innovative methodology to select and recovery H. pluvialis in his last growth phase thanks to an 
electrophoretic run, and optimize, in this way, astaxanthin production.   

1. Introduction 

Today, scientific interest has focused on the use of microalgae as 
bioreactors of useful substances. There are many species of microalgae 
that are used in both the pharmaceutical and food sectors. The main 
challenges for the industrial use of microalgae relate to their cultivation. 
For this reason, many studies have been carried out to understand how 
to balance the different nutrients required by cells to optimize the pro-
duction of the desired metabolites and how to setup physical parameters 
to guarantee high biomass accumulation [1–4]. Haematococcus pluvialis 
is a green unicellular microalgae belonging to Chlorophyceae class that 
grows in different world area [5]. Over the last year, effort have been 
made to study growth conditions and ability to produce astaxanthin, to 
find optimum growth conditions to obtain high cell productivity and to 
recover high amount of biomass [6]. H. pluvialis is the best producer of 
astaxanthin (3,3′- dihydroxy-ß-carotene-4,4′-dione), a red secondary 
carotenoid belonging to the xanthophyll family, and considered a very 
powerful antioxidant [7, 8]. Astaxanthin is used in different sectors 
including aquaculture, pharmaceutical, food supplement [9] and 

cosmetic [10–13], and is responsible for the red/pink colour of many 
fish and crustaceans as H. pluvialis is the first step of their food chain 
[14]. Astaxanthin is used as an anti-ageing factor in different cosmetic 
formulations thanks to its anti-inflammatory properties, and its effects 
on skin to fight DNA damage induced by UV radiations [15], but recent 
studies have shown that the antioxidant action of astaxanthin is also of 
significant importance in the treatment of various diseases such as 
obesity [16–18], the treatment of neurodegenerative diseases [19], such 
as Parkinson’s [20] and modulation of the immune system [21, 22]. 
H. pluvialis contains about 5% of astaxanthin (dry weight) and its pro-
duction is regulated by different stress conditions and its related with H, 
pluvialis cell cycle [23]. Several studies have shown that high light in-
tensity, high salinity of the medium, pH, temperature, and lack of nu-
trients, stimulate H. pluvialis to produce astaxanthin [24–26], reaching 
even about 7% in soils poor in phosphorus [27] or thank to a photo-
autotrophic induction [28]. Astaxanthin production usually occurs in 
two different stages [29]. A first green phase useful for the accumulation 
of biomass and a red phase useful for the production of astaxanthin [30]. 
H. pluvialis asexual reproduction [31] could be divided into four 
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different stages [32]. The process starts with gametogenesis where green 
oval gametes with two flagella [33] called macrozooids (8–20 μm long) 
divide by mitosis in 2–32 cells daughters called microzooids. After the 
germination, small and bi-flagellated H. pluvialis cells settle and become 
palmelloid cells [7] called also coccoid cells or encystment [32, 33]. In 
the last life cycle phase, after the maturation, cells are called “red 
non-motile astaxanthin accumulated encysted” (20 - 50 μm) [7]. 
Cell-wall changes its composition and thickness during all the H. pluvialis 
life. Macrozooids have a very thin cell wall and the extracellular envi-
ronment is characterized by a gelatinous matrix. In the successive stages, 
cells develop a rigid cell-wall that surround and protect the cellular body 
[34]. It is possible to highlight differences in cytoplasmic components in 
addition to the morphological differences during the H. pluvialis life 
cycle; in the vegetative stage, H. pluvialis contains more chlorophyll and 
protein then carotenoid which increases during the cyst formation [32]. 
Astaxanthin is accumulated in the cell centre into not visible small lipid 
droplet, but only under stress conditions, these droplet migrates near the 

cell surface to protect the cell from the stress inducted [35]. High levels 
of astaxanthin were detected in the cystic phase compared to the pre-
vious phases of growth even under normal non-stressful conditions [31]. 
Furthermore, in their study, Li et al., 2019 [36] show how astaxanthin 
production is higher in non-motile cells than motile cells. Their results 
show that the astaxanthin content in macrozooids is 1.94 times lower 
than non-motile cells cultures. Studies in the literature show that no 
methodology exploits the electrophoretic gel run to separate cells. For 
this reason, this study aims to develop a new technology able to separate 
H. pluvialis cells at different life cycle stages to recover non-motile cells 
and optimize astaxanthin production. To this extent, electrophoresis gel 
has been used for separation exploiting the net negative charge present 
on the cell wall and cellular dimensions. In this way, it’s possible to 
optimize H. pluvialis growth thanks to an economical, rapid and easy 
methodology that permits to use of macrozooids as inoculum for 
biomass improvement and cysts as direct inoculum to astaxanthin pro-
duction using a low stress condition. 

2. Materials and methods 

2.1. Algal strain and cell growth 

H. pluvialis UTEX 2505 were grown in a self-produced media pro-
duced dissolving 0.3 gr of Greenhouse Special 20–20–20 (BIOGARD) 
powder in 1 litre of distilled water (Greenhouse special powder contains 
HNO₃ 6% (w/v), NH₄⁺ 5.2% (w/v), CH4N2O 8.8% (w/v), P2O5 20% (w/ 
v), K2O 20% (w/v), B 0.05% (w/v), Cu 0.01% (w/v), Fe 0.2% (w/v), Mn 
0.1%(w/v), Mo 0.005% (w/v), Zn 0.01%(w/v), chelating agent EDTA) 
under a light intensity of 120 mmol photons m–2s–1 on a 16 h: 8 h light/ 
dark cycle at 25 ◦C. Cultures were not supplied with extra source of CO2 
and were shaken by mechanical agitator (g24 environmental incubator 
shaker, American Laboratory Trading) at 70 rpm. Algal growth was 
assessed by measuring optical density at 750 nm (Fig. 1) (SPEC-
TROstar® Nano, BMG Labtech) and cell counts by light microscopy 

Fig. 1. H. pluvialis growth curve. OD = 750 nm.  

Fig. 2. a) Schematic description of sample collection after the run. b) Agarose gel running, and cells separation. c) collection of each section: positive pole (first on 
the left), proximal section (centre), and distal section (first on the right). 
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(Zeiss Axioplan) using the Burker chamber (BLAUBRAND). 

2.2. Gel electrophoresis 

To obtain a good and solid enough support for cells’ separation, 
different concentrations of agarose (1.0% - 1.5% - 2.0%) were tested for 
gel preparation. Agarose gel (EMR010001, EuroClone S.p.a., lot n. 
468,654) was made up in 100 ml of growth medium (Greenhouse spe-
cial), which was also used as running buffer. Specific furrows about 3 cm 
long, were self-produced to allow cell loading and migration. Fifty μl of 
cell culture, were added in the middle of the furrow and different volt-
ages were tested to find the right condition for the run. The gel was run 
using PowerPac 3000, Biorad. and the whole process was checked 
through a stereomicroscope. 

2.3. pH measurement 

Using a digital pH-metre (pH50 + DHS bench-top pH metre, Giorgio 
Bormac S.r.l), pH values of the running buffer at the opposite poles of the 
gel were measured before and after the running. 

2.4. Sample collection 

After the run, cells were collected from three different points of the 
gel (positive pole, proximal section and distal section) (Fig. 2). Each 
collected samples were stored in the fridge and a slide was prepared 
which was observed under an optical microscope (Zeiss Axioplan). A 
subculture was obtained inoculating in 25 ml flask each collected frac-
tion called C1, C2 and C3 for positive pole, proximal and distal section 
respectively. Cell density was calculated through cell count and sub-
culture was made using 4.5 × 105 cells mL− 1. 

2.5. Stress induction, chlorophyll and carotenoids extraction and analysis 

Subcultures were grown for seven days in 25 ml of M1B5 medium 
following Tocquin et al. instruction [37] under low light condition to 
avoid cell differentiation. After seven days, subcultures were subjected 
to saline stress, to stimulate astaxanthin production adding 1% of NaCl. 
Chlorophylls (Chl α and Chl b) and carotenoids were determined 
through a photometrical assay. Following Boussiba and Vonshak, 1991 
protocol [26], 1 ml of culture was centrifuged for 5 min at 18,000 g. The 
pellet was re-suspended into 1 ml of DMSO. The mixture was heated for 
10 min at 70 ◦C. Extraction was repeated until a colourless pellet was 
obtained. On the supernatant, the optical density was determined at 649 
nm/665 nm/480 nm. The amount of carotenoid (μg ml− 1), including 
astaxanthin, was calculated according to Wellburn, 1994 [38]. 

Chl α = 12.19 A665 – 3.45 A649 
Chl b = 21.99 A649 – 5.32 A665 
Carotenoids = (1000 A480 – 2.14 Chlα – 70.16 Chl b)/220 

2.6. Cell size assessment 

Through the images acquired under the microscope (Zeiss Axioplan) 
and with the help of an image processing software (Fiji is just-IMAGEJ, 
V1.52i), analyses were carried out to size the cell populations collected 
following the separation. 

2.7. Statistical analysis 

The results were analysed using Microsoft Excel 2016 (Microsoft, 
Redmond, USA) and Graph-Pad Prism 8.0.2 (San Diego, USA). For each 
experiment, 180 cells were count (60 for each collection: positive pole, 
proximal section, distal section) and the experiments were performed 3 
times for all the analyses (Fig. 5). Descriptive statistic was performed to 
calculate mean, standard deviation (SD) and standard error of mean 

(SEM) and a variance analysis was performed to estimate the statistical 
difference between the sample groups (One way-ANOVA test). A vari-
ance analysis was performed to compare the difference between each 
experiment (Two way-ANOVA). A p-value <0.05 was considered 
significant. 

3. Results and dicussion 

To obtain a more heterogeneous population, samples used for elec-
trophoretic analysis were collected from the exponential phase (Day 11 
of algal growth described in Fig. 1). In this way we wanted to ensure the 
presence of the different growth phases, therefore both macrozooids and 
encysts. Different agarose concentrations were tested to find the optimal 
conditions to provide support to cells and for cell migration: a 2% 
agarose gel gave the best result. As the running buffer was mainly made 
of water, lower agarose concentrations were not so compact to allow cell 
migration. Fifty μl of cell culture, with a density equal to 1.5 × 107 cells 
mL− 1 were pipetted in the middle of the furrow, and cells remained in 
suspension without entering the gel. Only, once the electric field was 
applied, cells fell to the bottom of the furrow. An important parameter to 
affect cell migration is pH, which influence the process. The buffer so-
lution pH was measured before subjecting the cells to electrophoresis. 
The solution pH was 6.8. The first tests were carried out at a voltage of 
100 V. In these conditions, cells loaded in the centre of the furrow did 
not migrate towards either of the two poles; in fact, the pH, after a 20 
min run, was 6.7 at the positive pole and 7.12 at the negative pole. Other 
tests were carried out applying a voltage of 200 V for 20 min. After the 
run, the pH was 3.28 at the positive pole and 9.54 at the negative pole. 
Under these conditions, cells migrated towards the positive pole, as 
expected: water hydrolysis produces the right amount of positive 
charges able to attract negative charges present on the cell wall. To our 
knowledge, this is the first study in which cell separation was performed 
using an electrophoretic gel. The innovation of the technique confirms 
the current knowledge on the conformation of the cell wall, in fact it is 
known that during the encyst phase, the cell wall is rigid and thick 
(1.8–2.2 μm) and it consists of different layers, including trilaminar 
sheath (TLS), secondary wall (SW) and tertiary wall (TW) [39]. TLS is 
formed by algaenan [40], an aliphatic, insoluble, resistant biopolymeric 
compounds [41], which could be responsible for the cell migration, 
having negative groups in its structure. Furthermore, the electric field 
separates the cell based on cell diameter at the different growth phases. 
After the run, cells separated and created a smear along the bottom of 
the furrow. Cells were collected as described in Fig. 2, with the help of a 
200 μl pipette at three different point (positive pole, proximal section 
and distal section). Smaller cells are affected by the electric field more 
compared to bigger ones and, therefore, migrate faster and further. Our 
measurement results showed that cells size recovered near the positive 
pole were 2.8 times smaller than cells recovered in the distal section 
confirming the success of our methodology as shown in Fig. 3. Consid-
ering all the experiments conducted, cells at the positive pole have the 
average of 5.7 μm. Proximal cells have the average of 6.7 μm, whereas 

Fig. 3. Cell size in a different section. Results shown cell size mean with SEM 
(p-value < 0.05). For each experiment, 180 cells were count (60 for 
each section). 
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distal cells have the average of 8.5 μm. Each section collected was 
observed under optical microscopy and counted to have the same den-
sity for the next subculture. Cell density was adjusted to reach 4.5 × 105 

cells mL− 1 and it was inoculated into 25 ml of specific growth medium to 
inhibit cell differentiation. A specific medium and a low light intensity 
was used to slows the differentiation of macrozooids cells as suggested 
by Tocquin et al. (2012) [37, 42]. We decided to keep the cells in a state 
of quiescence for seven days to evaluate whether the electric field had 
created some modification. It is known that the use of electrical impulses 
favours the modification of the metabolic pathway of astaxanthin 
biosynthesis. [43]. For this reason, given that the main purpose of this 
preliminary study is to evaluate whether the selection of H. pluvialis cysts 

is advantageous in the production of astaxanthin, the state of quiescence 
has allowed us to normalize the effects induced by the electric field on 
the production of secondary metabolites [44]. After a week cell cultures 
were stressed with NaCl (1%). Chlorophyll and carotenoid content was 
measured every 4 days over the following 16 days using dimethyl sulf-
oxide (DMSO) as extraction solvent. Tri-laminar sheath blocks organic 
solvent such as methanol or acetone but DMSO is able to penetrate cell 
wall and it is usually used for astaxanthin extraction [45, 46]. As re-
ported in Fig. 4 Astaxanthin content at the start of salinity stress in-
duction is very low in each section. After 8 days of stress, the differences 
between each section were not so high, but at the end, after 16 days, 
Astaxanthin content was equal to 4.700 μg/ml− 1 in C1, 5.843 μg/ml− 1 in 
C2 and 9.081 μg/ml− 1 in C3. This show that astaxanthin production is 
1.93 times higher in C3 culture than C1 culture. 

4. Conclusions 

H. pluvialis is a great producer of astaxanthin, on the strongest anti- 
oxidant molecule. Astaxanthin could be used for many purposes as the 
creation of functional foods. Recent studies show that H. pluvialis pro-
duces higher amounts of astaxanthin when it is in the last phase of 
growth. For this reason, we have tried to find a new methodology to 
separate the cells exploiting their diameter and the negative charges 
present on their wall. Our results show that submitting cells to high 
voltage they migrate to positive pole and separate according to cell size. 
In this way, it is possible to recover the higher cells (cystic phase), use 
them as direct inoculum for new cultures and increase astaxanthin 
production after stress induction. Our results were obtained starting 

Fig. 4. Concentration of astaxanthin produced in cultures after saline stress 
induction at 7th day of gel electrophoretic recovery. 

Fig. 5. The distribution of all H. pluvialis cells in different diameter ranges, recovered in the three experiments in the three distinct points of the furrow.  
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from a fairly high cell concentration and this suggests the possibility of 
increasing the number of cells to be separated using even larger wells. 
Furthermore, the use of an electric field places the cells already in an 
initial state of stress which could help improve the production of 
astaxanthin. Our work, thus, provides the opportunity of optimizing 
existing H. pluvialis’s cultivation strategy. However, future studies 
should evaluate and quantify the possible modifications of the astax-
anthin metabolic pathway that occurred following the application of the 
electric field. In this way, the methodology developed by us would be 
even more valid as it would allow us to separate and at the same time 
stress the cells, to produce a higher quantity of astaxanthin than the 
classical methods. 
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[6] J. Fábregas, A. Domínguez, M. Regueiro, A. Maseda, A. Otero, Optimization of 
culture medium for the continuous cultivation of the microalga Haematococcus 
pluvialis, Appl. Microbiol. Biotechnol. 53 (2000) 530–535, https://doi.org/ 
10.1007/s002530051652. 

[7] M.M.R. Shah, Y. Liang, J.J. Cheng, M. Daroch, Astaxanthin-Producing Green 
Microalga Haematococcus pluvialis: from Single Cell to High Value Commercial 
Products, Front, Plant Sci 7 (2016), https://doi.org/10.3389/fpls.2016.00531. 

[8] L. Pan, S. Zhang, K. Gu, N. Zhang, Preparation Of astaxanthin-loaded liposomes: 
characterization, storage stability and antioxidant activity, CYTA - J. Food. 16 
(2018) 607–618, https://doi.org/10.1080/19476337.2018.1437080. 

[9] J. Matos, C. Cardoso, N.M. Bandarra, C. Afonso, Microalgae as healthy ingredients 
for functional food: a review, Food Funct 8 (2017) 2672–2685, https://doi.org/ 
10.1039/c7fo00409e. 

[10] Q. Luo, C. Bian, M. Tao, Y. Huang, Y. Zheng, Y. Lv, J. Li, C. Wang, X. You, B. Jia, 
J. Xu, J. Li, Z. Li, Q. Shi, Z. Hu, Genome and Transcriptome Sequencing of the 
Astaxanthin-Producing Green Microalga, Haematococcus pluvialis, Genome Biol. 
Evol. 11 (2019) 166–173, https://doi.org/10.1093/gbe/evy263. 

[11] M. Guerin, M.E. Huntley, M. Olaizola, Haematococcus astaxanthin: applications for 
human health and nutrition, Trends Biotechnol 21 (2003) 210–216, https://doi. 
org/10.1016/S0167-7799(03)00078-7. 

[12] E. Jin, C. Lee, Secondary Carotenoid Accumulation in Haematococcus 
(Chlorophyceae) Biosynthesis, Regulation, and Biotechnology 16 (2006) 821–831. 

[13] H.Y. Chou, D.L. Ma, C.H. Leung, C.C. Chiu, T.C. Hour, H.M.D. Wang, Purified 
Astaxanthin from Haematococcus pluvialis Promotes Tissue Regeneration by 
Reducing Oxidative Stress and the Secretion of Collagen in Vitro and in Vivo, Oxid. 
Med. Cell. Longev. (2020), https://doi.org/10.1155/2020/4946902, 2020. 

[14] K.C. Lim, F.M. Yusoff, M. Shariff, M.S. Kamarudin, Astaxanthin as feed supplement 
in aquatic animals, Rev. Aquac. 10 (2018) 738–773, https://doi.org/10.1111/ 
raq.12200. 

[15] G. Goswami, S. Chaudhuri, D. Dutta, The present perspective of astaxanthin with 
reference to biosynthesis and pharmacological importance, World J. Microbiol. 
Biotechnol. 26 (2010) 1925–1939, https://doi.org/10.1007/s11274-010-0373-z. 

[16] R.P. Radice, A.R. Limongi, E. Viviano, M.C. Padula, G. Martelli, G. Bermano, Effects 
of astaxanthin in animal models of obesity-associated diseases: a systematic review 
and meta-analysis, Free Radic. Biol. Med. 171 (2021) 156–168, https://doi.org/ 
10.1016/j.freeradbiomed.2021.05.008. 

[17] W. Xia, N. Tang, H. Kord-Varkaneh, T.Y. Low, S.C. Tan, X. Wu, Y. Zhu, The effects 
of astaxanthin supplementation on obesity, blood pressure, CRP, glycemic 
biomarkers, and lipid profile: a meta-analysis of randomized controlled trials, 
Pharmacol. Res. 161 (2020), 105113, https://doi.org/10.1016/j. 
phrs.2020.105113. 

[18] Y. Nishida, A. Nawaz, T. Kado, A. Takikawa, Y. Igarashi, Y. Onogi, T. Wada, 
T. Sasaoka, S. Yamamoto, M. Sasahara, J. Imura, K. Tokuyama, I. Usui, 
T. Nakagawa, S. Fujisaka, Y. Kunimasa, K. Tobe, Astaxanthin stimulates 
mitochondrial biogenesis in insulin resistant muscle via activation of AMPK 
pathway, J. Cachexia. Sarcopenia Muscle. 11 (2020) 241–258, https://doi.org/ 
10.1002/jcsm.12530. 

[19] C. Galasso, I. Orefice, P. Pellone, P. Cirino, R. Miele, A. Ianora, C. Brunet, 
C. Sansone, On the neuroprotective role of astaxanthin: new perspectives? Mar. 
Drugs. 16 (2018) https://doi.org/10.3390/md16080247. 

[20] B. Grimmig, L. Daly, M. Subbarayan, C. Hudson, R. Williamson, K. Nash, P. 
C. Bickford, Astaxanthin is neuroprotective in an aged mouse model of Parkinson’s 
disease, Oncotarget 9 (2018) 10388–10401, https://doi.org/10.18632/ 
oncotarget.23737. 

[21] S. Davinelli, M.E. Nielsen, G. Scapagnini, Astaxanthin in skin health, repair, and 
disease: a comprehensive review, Nutrients 10 (2018), https://doi.org/10.3390/ 
nu10040522. 

[22] H.Y. Kim, Y.M. Kim, S. Hong, Astaxanthin suppresses the metastasis of colon cancer 
by inhibiting the MYC-mediated downregulation of microRNA-29a-3p and 
microRNA-200a, Sci. Rep. 9 (2019) 1–10, https://doi.org/10.1038/s41598-019- 
45924-3. 

[23] R. Vidhyavathi, L. Venkatachalam, R. Sarada, G. Aswathanarayana Ravishankar, 
Regulation of carotenoid biosynthetic genes expression and carotenoid 
accumulation in the green alga Haematococcus pluvialis under nutrient stress 
conditions, J. Exp. Bot. 59 (2008) 1409–1418, https://doi.org/10.1093/jxb/ 
ern048. 

[24] Y. Lemoine, B. Schoefs, Secondary ketocarotenoid astaxanthin biosynthesis in 
algae: a multifunctional response to stress, Photosynth. Res. 106 (2010) 155–177, 
https://doi.org/10.1007/s11120-010-9583-3. 

[25] R. Sarada, R. Vidhyavathi, D. Usha, G.A. Ravishankar, An efficient method for 
extraction of astaxanthin from green alga Haematococcus pluvialis, J. Agric. Food 
Chem. 54 (2006) 7585–7588, https://doi.org/10.1021/jf060737t. 

[26] S. Boussiba, A. Vonshak, Astaxanthin accumulation in the green alga 
haematococcus pluvialis, Plant Cell Physiol 32 (1991) 1077–1082, https://doi.org/ 
10.1093/oxfordjournals.pcp.a078171. 

[27] V.C. Liyanaarachchi, G.K.S.H. Nishshanka, R.G.M.M. Premaratne, T.U. Ariyadasa, 
P.H.V. Nimarshana, A. Malik, Astaxanthin accumulation in the green microalga 
Haematococcus pluvialis: effect of initial phosphate concentration and stepwise/ 
continuous light stress, Biotechnol. Reports. 28 (2020) e00538, https://doi.org/ 
10.1016/j.btre.2020.e00538. 

[28] C.D. Kang, J.S. Lee, T.H. Park, S.J. Sim, Comparison of heterotrophic and 
photoautotrophic induction on astaxanthin production by Haematococcus 
pluvialis, Appl. Microbiol. Biotechnol. 68 (2005) 237–241, https://doi.org/ 
10.1007/s00253-005-1889-2. 

[29] C. Aflalo, Y. Meshulam, A. Zarka, S. Boussiba, On the relative efficiency of two- vs. 
one-stage production of astaxanthin by the green alga Haematococcus pluvialis, 
Biotechnol. Bioeng. 98 (2007) 300–305, https://doi.org/10.1002/bit.21391. 

[30] M. Olaizola, Commercial production of astaxanthin from Haematococcus pluvialis 
using 25,000-liter outdoor photobioreactors, J. Appl. Phycol. (2000) 499–506, 
https://doi.org/10.1023/a:1008159127672. Springer Netherlands. 

[31] M. Wayama, S. Ota, H. Matsuura, N. Nango, A. Hirata, Three-Dimensional 
Ultrastructural Study of Oil and Astaxanthin Accumulation during Encystment in 
the Green Alga Haematococcuspluvialis, PLoS ONE 8 (2013) 53618, https://doi. 
org/10.1371/journal.pone.0053618. 

[32] M. Kobayashi, Y. Kurimura, T. Kakizono, N. Nishio, Y. Tsuji, Morphological 
changes in the life cycle of the green alga Haematococcus pluvialis, J. Ferment. 
Bioeng. 84 (1997) 94–97, https://doi.org/10.1016/S0922-338X(97)82794-8. 

[33] A. Triki, P. Maillard, C. Gudin, Gametogenesis in Haematococcus pluvialis Flotow 
(Volvocales, Chlorophyta), Phycologia 36 (2010) 190–194, https://doi.org/ 
10.2216/i0031-8884-36-3-190.1. 

[34] A. Molino, J. Rimauro, P. Casella, A. Cerbone, V. Larocca, S. Chianese, D. Karatza, 
S. Mehariya, A. Ferraro, E. Hristoforou, D. Musmarra, Extraction of astaxanthin 
from microalga Haematococcus pluvialis in red phase by using generally 
recognized as safe solvents and accelerated extraction, J. Biotechnol. 283 (2018) 
51–61, https://doi.org/10.1016/j.jbiotec.2018.07.010. 

[35] S. Ota, A. Morita, S. Ohnuki, A. Hirata, S. Sekida, K. Okuda, Y. Ohya, S. Kawano, 
Carotenoid dynamics and lipid droplet containing astaxanthin in response to light 
in the green alga Haematococcus pluvialis, Sci. Rep. 8 (2018) 1–10, https://doi. 
org/10.1038/s41598-018-23854-w. 

[36] F. Li, M. Cai, M. Lin, X. Huang, J. Wang, X. Zheng, S. Wu, Y. An, Accumulation of 
Astaxanthin Was Improved by the Nonmotile Cells of Haematococcus pluvialis, 
Biomed Res. Int. (2019), https://doi.org/10.1155/2019/8101762, 2019. 

[37] P. Tocquin, A. Fratamico, F. Franck, Screening for a low-cost Haematococcus 
pluvialis medium reveals an unexpected impact of a low N/P ratio on vegetative 
growth, J. Appl. Phycol. 24 (2012) 365–373, https://doi.org/10.1007/s10811- 
011-9771-3. 

[38] A.R. Wellburn, The Spectral Determination of Chlorophylls a and b, as well as Total 
Carotenoids, Using Various Solvents with Spectrophotometers of Different 
Resolution, J. Plant Physiol. 144 (1994) 307–313, https://doi.org/10.1016/S0176- 
1617(11)81192-2. 

R.P. Radice et al.                                                                                                                                                                                                                               

https://doi.org/10.1007/s00253-007-0844-9
https://doi.org/10.1007/s00253-007-0844-9
https://doi.org/10.1016/j.rser.2012.01.026
https://doi.org/10.1016/j.rser.2012.01.026
https://doi.org/10.1002/bem.20360
http://refhub.elsevier.com/S2215-017X(21)00071-0/sbref0005
http://refhub.elsevier.com/S2215-017X(21)00071-0/sbref0005
http://refhub.elsevier.com/S2215-017X(21)00071-0/sbref0005
https://doi.org/10.1007/s002530051652
https://doi.org/10.1007/s002530051652
https://doi.org/10.3389/fpls.2016.00531
https://doi.org/10.1080/19476337.2018.1437080
https://doi.org/10.1039/c7fo00409e
https://doi.org/10.1039/c7fo00409e
https://doi.org/10.1093/gbe/evy263
https://doi.org/10.1016/S0167-7799(03)00078-7
https://doi.org/10.1016/S0167-7799(03)00078-7
http://refhub.elsevier.com/S2215-017X(21)00071-0/sbref0012
http://refhub.elsevier.com/S2215-017X(21)00071-0/sbref0012
https://doi.org/10.1155/2020/4946902
https://doi.org/10.1111/raq.12200
https://doi.org/10.1111/raq.12200
https://doi.org/10.1007/s11274-010-0373-z
https://doi.org/10.1016/j.freeradbiomed.2021.05.008
https://doi.org/10.1016/j.freeradbiomed.2021.05.008
https://doi.org/10.1016/j.phrs.2020.105113
https://doi.org/10.1016/j.phrs.2020.105113
https://doi.org/10.1002/jcsm.12530
https://doi.org/10.1002/jcsm.12530
https://doi.org/10.3390/md16080247
https://doi.org/10.18632/oncotarget.23737
https://doi.org/10.18632/oncotarget.23737
https://doi.org/10.3390/nu10040522
https://doi.org/10.3390/nu10040522
https://doi.org/10.1038/s41598-019-45924-3
https://doi.org/10.1038/s41598-019-45924-3
https://doi.org/10.1093/jxb/ern048
https://doi.org/10.1093/jxb/ern048
https://doi.org/10.1007/s11120-010-9583-3
https://doi.org/10.1021/jf060737t
https://doi.org/10.1093/oxfordjournals.pcp.a078171
https://doi.org/10.1093/oxfordjournals.pcp.a078171
https://doi.org/10.1016/j.btre.2020.e00538
https://doi.org/10.1016/j.btre.2020.e00538
https://doi.org/10.1007/s00253-005-1889-2
https://doi.org/10.1007/s00253-005-1889-2
https://doi.org/10.1002/bit.21391
https://doi.org/10.1023/a:1008159127672
https://doi.org/10.1371/journal.pone.0053618
https://doi.org/10.1371/journal.pone.0053618
https://doi.org/10.1016/S0922-338X(97)82794-8
https://doi.org/10.2216/i0031-8884-36-3-190.1
https://doi.org/10.2216/i0031-8884-36-3-190.1
https://doi.org/10.1016/j.jbiotec.2018.07.010
https://doi.org/10.1038/s41598-018-23854-w
https://doi.org/10.1038/s41598-018-23854-w
https://doi.org/10.1155/2019/8101762
https://doi.org/10.1007/s10811-011-9771-3
https://doi.org/10.1007/s10811-011-9771-3
https://doi.org/10.1016/S0176-1617(11)81192-2
https://doi.org/10.1016/S0176-1617(11)81192-2


Biotechnology Reports 31 (2021) e00655

6

[39] R. Praveenkumar, K. Lee, J. Lee, Y.K. Oh, Breaking dormancy: an energy-efficient 
means of recovering astaxanthin from microalgae, Green Chem 17 (2015) 
1226–1234, https://doi.org/10.1039/c4gc01413h. 

[40] D.Y. Kim, D. Vijayan, R. Praveenkumar, J.I. Han, K. Lee, J.Y. Park, W.S. Chang, J. 
S. Lee, Y.K. Oh, Cell-wall disruption and lipid/astaxanthin extraction from 
microalgae: chlorella and Haematococcus, Bioresour. Technol. 199 (2016) 
300–310, https://doi.org/10.1016/j.biortech.2015.08.107. 

[41] A.J. Simpson, X. Zang, R. Kramer, P.G. Hatcher, New insights on the structure of 
algaenan from Botryoccocus braunii race A and its hexane insoluble botryals based 
on multidimensional NMR spectroscopy and electrospray-mass spectrometry 
techniques, Phytochemistry 62 (2003) 783–796, https://doi.org/10.1016/S0031- 
9422(02)00628-3. 

[42] B. Nahidian, F. Ghanati, M. Shahbazi, N. Soltani, Effect of nutrients on the growth 
and physiological features of newly isolated Haematococcus pluvialis TMU, 
Bioresour. Technol. 255 (2018), https://doi.org/10.1016/j.biortech.2018.01.130. 

[43] F. Bai, C. Gusbeth, W. Frey, P. Nick, Nanosecond pulsed electric fields modulate the 
expression of the astaxanthin biosynthesis genes psy, crtR-b and bkt 1 in 
Haematococcus pluvialis, Sci. Rep. 10 (2020) 1–15, https://doi.org/10.1038/ 
s41598-020-72479-5. 

[44] J.M. Martínez, Z. Gojkovic, L. Ferro, M. Maza, I. Álvarez, J. Raso, C. Funk, Use of 
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