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Ultrastructural changes of Haematococcus pluvialis (Chlorophyta) 
in process of astaxanthin accumulation and cell damage under  
condition of high light with acetate
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Haematococcus pluvialis is a commercial microalga that can produce high quantities of astaxanthin. Under induced 

conditions, some important changes in the subcellular structures related to astaxanthin accumulation were observable. 

For example, a large number of astaxanthin granules, oil structures and starch granules appeared in the thick-walled 

cells; Astaxanthin granules gradually dissolved into the oil structures and spread throughout the entire cell with the 

fusion and diffusion process of oil structures during the middle and late stages of induction; The plastoglobules were 

closed to the newly formed structures, and some plastoglobules would abnormally increase in size under stress. Based 

on observations of cell damage, the degradation of membrane structures, such as chloroplasts, was found to be the pri-

mary form of damage during the early stage of induction. During the middle stage of induction, some transparent holes 

were exposed in the dissolving astaxanthin granules in the cytoplasm. In thick-walled cells, these transparent holes were 

covered by oil substances dissolving astaxanthin, thereby avoiding further damage to cells. Given the relatively few oil 

structures, in non-thick-walled cells, the transparent holes expanded to form multiple transparent areas, eventually 

resulting in the rupture and death of cells. These results suggested that the high level of synthesis and the wide range 

diffusion of oil explained the expansion of astaxanthin in H. pluvialis.
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ROS, reactive oxygen species

INTRODUCTION

Haematococcus pluvialis Flotow is the most com-

monly used microalga for the commercial production of 

natural astaxanthin, a red carotenoid and powerful bio-

logical antioxidant that has a bright red coloration, and is 

widely used for its antioxidant properties, and as a natu-

ral coloring agent in aquaculture (Lorenz and Cysewski 

2000, Han et al. 2012, Ambati et al. 2014). Three main 

stages in the cellular cycle of H. pluvialis can be differ-

entiated: flagellated vegetative green cells or zoospores, 

non-motile green cells (palmella) and mature red cyst 

cells or aplanospores (Fátima Santos and Mesquita 1984, 

Boussiba 2000, Naguib 2000, Fábregas et al. 2003). As H. 
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thin and other substances, and the classification of cells 

under induced conditions would facilitate the explora-

tion of the protective effects of astaxanthin in H. pluvia-

lis.

Plastoglobules are small particles (30 nm-5 μm in di-

ameter) that show a high affinity for osmium tetroxide 

and attach to the thylakoid membranes of higher plants 

and green algae (Austin et al. 2006, Rottet et al. 2015, 

Lohscheider and Río Bártulos 2016). Plastoglobules are 

enriched in free fatty acids, TAGs, carotenoids and pre-

nyl lipids and can vary in size and number in response 

to stress (Lohscheider and Río Bártulos 2016). In addi-

tion to the well-known function of carotenoid storage 

and sequestration (Steinmüller and Tevini 1985, Deruère 

et al. 1994, Vishnevetsky et al. 1999, Bréhélin et al. 2007), 

plastoglobules also have a specific enzymatic function in 

carotenoid biosynthesis (Ytterberg et al. 2006, Bréhélin 

et al. 2007). Because of the important role of plastoglob-

ules in carotenoid metabolism, determining whether 

plastoglobule-like structures exist and how they change 

under induced conditions in H. pluvialis is necessary for 

enhancing our understanding of astaxanthin accumula-

tion.

MATERIALS AND METHODS

Cell culture and treatments 

H. pluvialis (HOUC9) was stored in the Laboratory of 

Phycology at the Ocean University of China. Before the 

experiment, algae were activated twice. Next, 250-mL 

conical flasks were used to culture 100 mL of algal cells in 

modified Bold’s Basal Medium (Tripathi et al. 1999), with 

a 12 h : 12 h light / dark cycle at 21 ± 1°C; the initial pH 

was adjusted to about 7. The light intensity used for the 

growth of the green cells was 20-30 μmol m-2 s-1. When the 

cell concentration reached 4-5 × 105 cells mL-1, induction 

began. The induction was performed in sterilized 250-mL 

conical flasks with 50 mL of the inducing medium added 

to 50 mL of algal culture at 23 ± 1°C; and the pH was ad-

justed to about 8-8.5. The induction medium contained 

CH3COONa (2 g L-1), FeSO4·7H2O (20 μmol L-1) and VB12 

(0.05 mg L-1). The light intensity used for induction was 

195 μmol m-2 s-1 and the light cycle was 12 h : 12 h light 

/ dark. Green cells on the 10th day in the growth stage 

and induced cells on the 2nd, 4th, 6th, 8th, 10th, and 18th 

days in the induced stage were collected for ultrathin sec-

tion observations. 

pluvialis changes from zoospores to cysts, the two equal-

length flagella disappear with the increase of cell volume 

and cell wall thickness (Boussiba 2000, Damiani et al. 

2006, Evens et al. 2008). The large accumulation of astax-

anthin, primarily in the form of ester (mono- or di-ester) 

(Kobayashi and Sakamoto 1999, Boussiba 2000, Gwak et 

al. 2014), is concentrated in the red cyst cells stages. Sev-

eral factors, such as high-light intensities, high salinity, 

and oxidative stress, can promote the accumulation of 

astaxanthin (Kobayashi et al. 1993, Imamoglu et al. 2009, 

Focsan et al. 2017). 

In H. pluvialis, the pathway of astaxanthin biosynthe-

sis is now well established and include, the conversion 

of isopentenylpyrophosphate to β-carotene and then to 

astaxanthin (Grünewald et al. 2001, Chen et al. 2015, Ota 

et al. 2018). Chen proposed a model of astaxanthin bio-

synthesis in Haematococcus: β-carotene is exported from 

the chloroplast to the endoplasmic reticulum, where it 

is converted into astaxanthin. Next, astaxanthin esters 

finally form astaxanthin ester-containing lipid droplets 

(Chen et al. 2015). Wayama et al. (2013) provided vivid 

images of changes in the volume of astaxanthin and oil 

substances during the astaxanthin accumulation process 

of H. pluvialis through three-dimensional transmission 

electron microscope imaging technique. In H. pluvialis, 

approximately 95% of astaxanthin molecules are esteri-

fied with fatty acids and stored in triacylglycerol (TAG)-

rich cytosolic lipid bodies (oil globules) (Yuan and Chen 

2000, Holtin et al. 2009, Chen et al. 2015). In vivo and in 

vitro experiments have indicated that astaxanthin esteri-

fication drive the formation and accumulation of astax-

anthin (Chen et al. 2015). Hence, observations of changes 

in the structure of astaxanthin and oil globules under 

stress are important for further exploring the role of lip-

ids in astaxanthin production. 

The ability to accumulate astaxanthin in H. pluvialis 

represents an adaptation to habitats that exhibit strong 

radiation (Wang et al. 2010). In addition, astaxanthin 

plays an important role in the protection of the cell mem-

brane and the alleviation of oxidative stress caused by re-

active oxygen species (ROS) (Kobayashi et al. 1997, Na-

guib 2000, Wang et al. 2010). Han et al. (2012) pointed out 

that motile cells were more susceptible than non-motile 

cells to the oxidative stress caused by ROS under high 

light conditions, resulting in a decrease in population 

density and photobleaching. The ability of non-motile 

cells to survive under stress stem from the production of 

storage starch, neutral lipids, and astaxanthin. Therefore, 

observations of the cell wall (thicker in non-motile cells), 

the processes of cell damage, the accumulation astaxan-
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RESULTS

Cell morphology in optical microscope 

With the optical microscope, we could observe the fla-

gellum of the green motile cell during the green growth 

stage (Fig. 1A), the tetrasporophyte during the fast divi-

sion period (Fig. 1B), and the green immovable cells (Fig. 

1C) as a result of the nutrient deficiency and increase in 

pH among other reasons during later vegetative growth 

stage. During astaxanthin accumulation, the algal cells 

tended to be round and the color gradually deepened, 

eventually resulting in deep red cyst cells (Fig. 1D-F). 

Ultrastructure characteristics of the green cell

Ultrastructural images of the green cell (Fig. 2) re-

vealed a transparent extracellular matrix surrounding 

the cell, with a thickness of approximately 0.7 μm (Fig. 

Ultrathin section and observation

During each timepoint, 10 mL of algal liquid was cen-

trifuged for 2 min (2,000 rpm) to obtain the cell pellet. 

Next, the cells were pre-fixed using 3% glutaraldehyde 

in 0.2 M phosphate buffer solution (pH 7-7.4) and then 

stored at 4°C. When all of the samples were collected, 1% 

osmium tetroxide was used for post-fixation. After de-

hydrating with ethanol, embedding with Epon812, and 

trimming, the ultrathin section was obtained through the 

ultramicrotome for transmission electron microscope 

imaging technique (TEM) observation using H-7000 

(Hitachi, Tokyo, Japan). All of the cells in every ultrathin 

section were observed. The diameters of the subcellular 

structures were estimated using the magnification and 

scale bar, and each measurement was made three times. 

Furthermore, the observation with the optical micro-

scope were conducted using an Olympus BX41 (Olym-

pus, Tokyo, Japan). 

Fig. 1. Observation under an optical microscope of the two stages in Haematococcus pluvialis. (A) Motile cell with flagella. (B) Tetrasporophyte 
in rapid division period. (C) Non-motile cells in the late stage of green growth. (D) The cells in early stage under induced conditions. (E) The cells in 
mid stage under induced conditions. (F) The cells in later stage under induced conditions. Scale bars represent: A, 10 μm; B-F, 20 μm.

A C
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B

E F
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Fig. 2. Ultrastructure of a green cell. (A) Complete picture of green cell. (B) Extracellular matrix. (C) Chloroplast and plastoglobules. (D) Pyrenoid. 
(E) Small vacuole contain pigment. Ch, chloroplast; N, nucleus; P, pyrenoid; SV, small vacuole; V, vacuole. Black arrows, membrane of extracellular 
matrix; white arrows, plastoglobules. Scale bars represent: A, 2 μm; B, D & E, 1 μm; C, 0.2 μm.

A B

E

C

D

Fig. 3. Three types of cells under induced conditions. (A-C) Thick-walled cells on the fourth, tenth and eighteenth day under induced condi-
tions, respectively. (D) Non-thick-walled cell on the eighth day. (E) The damaged cell. (F) A damaged cell on the verge of rupture. AG, astaxanthin 
granules; CW, cell wall; E, eyespot; N, nucleus; OG, oil granules; P, pyrenoid; SG, starch granules. Black and white arrowheads, membrane of extra-
cellular matrix; white arrows, plastoglobules (A & D), transparent damage zone (E), possible breaking point (F). Scale bars represent: A, B & D, 2 
μm; C, E & F, 5 μm.
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phology under induced conditions. The main character-

istics of this cell type were the disappearance of extracel-

lular matrix with the gradual formation of the secondary 

thick wall and the compaction of intracellular structures 

with a large number of astaxanthin granules, starch gran-

ules, and oil structures. Over time, cells were gradually 

filled with mixtures of oil and astaxanthin, which showed 

medium electron densities (Fig. 3A-C). Non-thick wall 

cells (Fig. 3D) were fewer and could only be observed 

in the early or middle stages under induced conditions. 

The main characteristics of non-thick-walled cells were 

the presence of the extracellular matrix with many astax-

anthin and starch granules but fewer oil structures in 

the cytoplasm. Most of the severely damaged cells were 

characterized by non-thick-wall cells with many parts of 

the cell degrade and the formation of many transparent 

areas, some of which were even on the verge of rupture 

(Fig. 3E & F).

2B). In addition to a larger vacuole, the cell also had sev-

eral small vacuoles inside (Fig. 2E). There were many de-

veloped chloroplasts (Fig. 2C), which had 10-20 layers of 

grana lamellae surrounding the periphery of the cell. An 

obvious pyrenoid was present in the chloroplasts, which 

had irregular elliptical shapes with diameters of 2.3-3.1 

μm (Fig. 2D). In addition, there were several small osmio-

philic globules (diameters around 40-60 nm) with high 

densities of electron in the chloroplasts (Fig. 2C) (hereaf-

ter referred to as “plastoglobules”). 

Ultrastructure characteristics of cells under 
induced condition

All of the cells under induced conditions could be clas-

sified into three cell types: thick-walled cells, non-thick-

walled cells, and severely damaged cells. Thick-walled 

cells (Fig. 3A-C) represented the most common cell mor-

Fig. 4. Formation process of thick cell wall. (A) Substances appeared in extracellular matrix in non-thick-walled cell. (B) Substances appeared in 
extracellular matrix in thick-walled cell and appearance of initial secondary cell wall. (C) Secondary cell wall became thicker. (D) Complete forma-
tion of secondary thick wall and disappearance of extracellular matrix on 10th day. White arrows, membrane of extracellular matrix; black arrows, 
substances in extracellular matrix; white arrowheads, secondary cell wall. Scale bars represent: A-C, 0.5 μm; D, 1 μm.

A

C D

B
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gregated in small vacuoles in the chloroplasts when nu-

trients were insufficient (Fig. 5A). However, under con-

ditions of high light with acetate, the pigment granules 

appeared in the cytoplasm with higher electron densities 

and larger volumes (Fig. 5B-D). We believe that these in-

creased pigment granules in the cytoplasm consisted of 

astaxanthin ester synthesized from β-carotene. We ob-

served the formation process of large astaxanthin gran-

ules (Fig. 5D), which was shown in Fig. 5B & C. In the cy-

toplasm, many new accumulated small astaxanthin ester 

granules came together to form a large astaxanthin gran-

ule. Meanwhile, there were a large number of oil granules 

that appeared and closed the astaxanthin granules. The 

oil granules were similar in size to astaxanthin granules, 

and some were even larger than astaxanthin granules. 

In thick-walled cells, no astaxanthin granules were con-

centrated around the nucleus, but the concentration of 

astaxanthin granules was observed in non-thick-walled 

cells (Fig. 3D). Moreover, the electron density of astaxan-

Changes of cell wall

In green cells, there was little structure in the extracel-

lular matrix layer (Fig. 2B). However, under induction 

conditions, a higher number of substances appeared in 

this layer in both non-thick-walled cells (Fig. 4A) and 

thick-walled cells (Fig. 4B). In thick-walled cells, the elec-

tron density and width of the secondary cell wall gradu-

ally increased as these substances accumulated in the 

extracellular matrix layer. Finally, the thickness of the 

secondary cell wall was approximately to 0.5 μm with 

high electron densities, and the extracellular matrix layer 

disappeared (Fig. 4B-D) on the 10th day. 

Appearance and dissolution of astaxanthin 
granules

During the late stage of vegetative growth, some small 

pigment granules, primarily containing β-carotene, ag-

Fig. 5. Formation and change process of astaxanthin granules. (A) Small vacuole contained pigment granules. (B) Some small astaxanthin gran-
ules clustered together. (C) Bigger astaxanthin granules with small astaxanthin granules. (D) A big astaxanthin granule in cytoplasm and big plas-
toglobules in chloroplast. (E) Dissolution of astaxanthin granules in thick-walled cell. (F) Dissolution of astaxanthin granules in non-thick-walled 
cell. AG, astaxanthin granules; Ch, chloroplast; Cy, cytoplasm; OG, oil granules; SG, starch granules; SV, small vacuoles. Black arrowheads, small 
astaxanthin granules; white arrows, plastoglobules; black arrows, transparent hole in dissolving astaxanthin granule. Scale bars represent: A, E & F, 
1 μm; B, C & D, 0.5 μm.
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Observation of plastoglobules

Plastoglobule-like structures could be seen in the 

chloroplast during the entire life of the cell, from the 

green vegetative growth cells to the red cyst cells (Figs 2, 

3 & 5). In green cells, the diameter of plastoglobules was 

approximately 50 nm (Fig. 2C). However, under high light 

with acetate, several abnormally enlarged plastoglobules 

could be observed; the diameters of some of these plasto-

globules were as high as 160 nm (Fig. 5D). Under induced 

conditions, many plastoglobules were located near the 

newly formed starch granules, oil globules, and astaxan-

thin granules (Figs 3 & 5). There appears to be a certain 

relationship between plastoglobules and the synthesis of 

starch, lipids, and pigments.

Cell damages under induced condition

Under induction with high light and acetate, different 

thin granules located at the edge of the cell was higher 

than that around the nucleus (Fig. 3D), suggesting that 

the astaxanthin granules located at the edge of the cell 

might be synthesized earlier. 

During the middle stage under induced conditions 

(4-8 days), astaxanthin granules gradually dissolved, and 

this dissolution was present in both thick-walled cells 

(Fig. 5E) and non-thick-walled cells (Fig. 5F). Because of 

the existence of abundant oil structures in thick-walled 

cells, the transparent holes (black-tailed arrowhead in 

Fig. 5E & F) that were exposed after the dissolution of 

astaxanthin granules covered by a mixture of astaxanthin 

and oil (Fig. 5E). During the later stage of induction (10-

18 days), most of the intracellular spaces were covered by 

the mixture so that the entire cell appeared red under an 

optical microscope (Figs 1E, F, 3B & C). However, in non-

thick-walled cells, the transparent holes were not fully 

covered because of an insufficient number of oil struc-

tures (Fig. 5F), which may have induced further damage.

Fig. 6. Process of cell damage. (A) Detail diagram of chloroplast damage on the second day’s cell under induced conditions. (B) Detail diagram 
of astaxanthin granules degradation in the sixth day’s non-thick-walled cell under induced conditions. (C) Detail diagram of transparent area of 
damage cell. (D) Damaged cell on the verge of rupture. (E) Detail diagram of possible breaking point. (F) Residue of inclusions after cell rupture. 
AG, astaxanthin granules; Ch, chloroplast; E, eyespot; OG, oil granules; SG, starch granules; P, pyrenoid. White arrows, degraded chloroplast (A), 
possible breaking point (D & E); black arrows, transparent hole in dissolving astaxanthin granules (B), transparent zone (C); black arrowheads, 
membrane of extracellu lar matrix (E). Scale bars represent: A & B, 0.5 μm; C & E, 1 μm; D, 5 μm; F, 2 μm.
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D

B
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stage of induction and was distributed over a small area 

within cells in the middle and later stages, astaxanthin 

spread throughout the cells through the diffusion of oil 

substances, eventually covering the entire cell (Ota et al. 

2018). Furthermore, this wide coverage made the entire 

cell appear deep red and possess a filtering effect under 

high light irradiation. 

Overall, our results explain why severe damages al-

ways occurred in non-thick-walled cells and why most 

thick-walled cells could survive the completely induced 

stage. Two main reasons explain these patterns. First, the 

secondary thick cell wall had a higher electron density, 

which can reduce light intensity and provide protection 

to cells. Second, astaxanthin could not diffuse because of 

a lack of oil substances in non-thick-walled cells; thus, 

the protective ability of astaxanthin was weakened. Giv-

en these two facts, two future research directions should 

be explored to develop strategies to reduce cell damage 

during the induction stage. First, more work is needed 

to explore how to make green cells rapidly form second-

ary thick walls to protect the cells. Second, more work 

is needed to explore non-thick-walled cells accumulate 

large quantities of oil substances and provide carriers for 

the spread of astaxanthin to enhance the protective ef-

fect in H. pluvialis.

In addition, we observed that the plastoglobule-like 

structures both occurred in the green and the red cyst 

cells and that the morphological characteristics of these 

structures were similar to plastoglobules in Arabidopsis 

thaliana (Vidi et al. 2007). In higher plants, the number 

of plastoglobules increases in cells under aging or induc-

tion conditions (Bréhélin et al. 2007, Shanmugabalaji et 

al. 2013). We observed some abnormally enlarged plas-

toglobules with diameters as high as 160 nm, compared 

with the 50-nm diameters of plastoglobules in green 

cells. In addition, many plastoglobules were located near 

the newly formed astaxanthin granules, oil granules, and 

starch granules. These observations revealed that the 

plastoglobules in H. pluvialis were similar in structure to 

higher plants and that the synthesis of astaxanthin, oil, 

and starch in H. pluvialis may be closely linked to these 

plastoglobules-like structures.

In conclusion, a series of structural changes during 

astaxanthin accumulation and cell damage in H. pluvia-

lis under induction conditions had been observed. The 

results provide a morphological basis for future studies 

on H. pluvialis. 

degrees of damages were noted in the algal cells. During 

the initial stage of induction, the sites of damage were pri-

marily concentrated in chloroplasts, as indicated by the 

broken chloroplast (white arrowhead shown in Fig. 6A). 

With the dissolution of astaxanthin granules during the 

middle stage of induction, many transparent holes were 

exposed (Figs 5E, F & 6B). As the extent of the damage 

increase, the volume of the transparent holes increased 

and led to cell breakage and eventually death (Fig. 6C-

F). We observed a damaged non-thick-walled cell on the 

verge of rupture (Fig. 6D). The white arrow in Fig. 6E indi-

cated the possible breaking point where the cell wall and 

the membrane of the extracellular matrix almost disap-

peared. After the cell ruptured, a large number of starch 

granules and other inclusions were retained (Fig. 6F).

DISCUSSION

TEM revealed that the extracellular matrix of most of 

the cells gradually disappeared and was replaced by a 

thick secondary wall (i.e., thick-walled cells) with medi-

um or high densities of electrons under induced condi-

tions in H. pluvialis, similar to the findings of Damiani 

et al. (2006). Under stress, some cells retained the ex-

tracellular matrix without the formation of a secondary 

thick wall (i.e., non-thick-walled cells). Our observations 

revealed that there were different patterns in the disso-

lution of astaxanthin granules in the thick-walled and 

non-thick-walled cells. In thick-walled cells, astaxanthin 

was dissolved in the surrounding oil structures and oc-

cupied most of the intracellular space, which is consis-

tent with the findings of Gwak et al. (2014) and Wayama 

et al. (2013). In contrast, the non-thick-walled cells had 

fewer oil substances and were more vulnerable to dam-

age under conditions of high light with acetate compared 

with thick-walled cells, which was a pattern similar to 

the differences in the performance of “motile cells” and 

“non-motile cells” observed in Han’s research (Han et 

al. 2012). Our study also revealed that there were dif-

ferent degrees of damage in cells under high light with 

high concentrations of acetate and that the initial type 

of damage consisted of the degradation of membranous 

structures, such the chloroplasts. According to previous 

research on H. pluvialis (Kobayashi et al. 1997, Focsan et 

al. 2017), these damages were likely caused by oxidative 

stress. In response to damages in H. pluvialis, astaxan-

thin granules and oil granules appeared and gradually 

increased in volume in the cytoplasm. In addition, astax-

anthin existed in the form of granules during the early 
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