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1. ZUSAMMENFASSUNG 

Das natürliche Vorkommen der einzelligen Grünalge Haematococcus pluvialis liegt 

hauptsächlich in kleinen Süßwassertümpeln, Pfützen und auch in Vogeltränken. Diese 

Gewässer unterliegen täglichen Schwankungen der Salzkonzentration oder de Lichtintensität, 

die auf starke Verdunstung, Regenfälle und durch Beschattung hervorgerufen werden. Während 

des Lebenszyklus von Haematococcus pluvialis kann man verschiedene Stadien unterscheiden: 

eine grüne, freischwimmende, doppelt begeißelte Form; ein unbegeißeltes grünes 

Zwischenstadium, der so genannten Palmella-Form und eine Dauerform mit stark verdickter 

Zellwand, geißellos, mit großen Mengen an akkumuliertem rotem Pigment, dem so genannten  

Astaxanthin. Unter den bekannten Organismen, die Astaxantin in großen Mengen selbst 

herstellen können, zeigt Haematococcus pluvialis die besten Ausbeuten. Neben dem Einsatz 

von Astaxanthin als Farbstoff in der Fischzucht wird Astaxanthin immer wichtiger als 

Nahrungsergänzungsstoff mit gesundheitsfördernden Eigenschaften für den Menschen. Unter 

verschiedenen Stressbedingungen, wie beispielsweise stickstofflimitierende Bedingungen, unter 

Phosphat- oder Schwefelmangel und Salzstress kommt es zum Übergang in ein Dauerstadium 

und zur starken Akkumulation von Astaxanthin. Die Bedingungen, die die 

Astaxanthinakkumulation induzieren wurden von verschiedenen Arbeitsgruppen behandelt, die 

molekulare Grundlage wurde aber noch nicht detailliert untersucht und war Gegenstand meiner 

Doktorarbeit. 

Während meiner Arbeit konnte gezeigt werden, dass Haematococcus pluvialis fähig ist 

auf verschiedene Stressarten, wie Salzstress oder auch Lichtstress, unterschiedlich zu reagieren. 

Auf transkriptioneller Ebene wurden verschiedene, aber angepasste Antworten der Carotinoid- 

und spezifischen Astaxanthinbiosynthesegene je nach verwendetem Stress beobachtet. Darüber 

hinaus konnte gezeigt werden, dass die Lichtinduktion der Carotinoid- und spezifischen 

Astaxanthinbiosynthesegene mit dem Redoxzustand des photosynthetischen 

Elektronentransports korreliert. Die Verwendung verschiedener spezifischer 

Elektronentransporthemmstoffe half bei der Eingrenzung dieses Redoxsensors. Der 

Redoxzustand des Plastochinon-Pools vermittelt die transkriptionelle Aktivierung der 

Carotinoidbiosynthesegene deren Produkte bei der Bildung von Astaxanthin beteiligt sind. 

Diese Untersuchungen konnten zeigen, dass nicht nur der spezifische 

Astaxanthinbiosyntheseweg, sondern auch die allgemeine Carotinoidbiosynthese unter der 

Redoxkontrolle des photosynthetischen Elektronentransports steht.  

Aufgrund der biotechnologischen Relevanz von Haematococcus pluvialis für die 

Produktion von hohen Ausbeuten an natürlichem Astaxanthin oder anderen wichtigen 



 2

Carotinoiden wurde ein System zur genetischen Veränderung etabliert. Einige der 

Transformanten zeigten veränderte Carotinoidzusammensetzungen, die mit einem verbesserten 

nicht photochemischen Quenching korrelierten. Die Chlorophyllfluoreszenzmessung wurde als 

Methode verwendet um nach Transformanten zu suchen, die eine veränderte 

Xanthophyllzusammensetzung besitzen. Die Stressinduktion der Astaxanthinsynthese durch 

Starklicht zeigte für eine der untersuchten Transformanten eine beschleunigte 

Astaxanthinakkumulation im Vergleich mit dem Wildtyp. Diese Ergebnisse zeigen eindeutig, 

dass das entwickelte Transformationssystem zur gezielten Veränderung der 

Carotinoidbiosynthese in Haematococcus pluvialis geeignet ist.  

 



 3

2. SUMMARY 

The unicellular green alga Haematocoocus pluvialis is sometimes found as a blood-red crust 

adhering to the sides of small bodies of freshwaters like bird ponds or shallow pools that 

undergo daily changes in salt concentrations or light intensities due to evaporation and shading. 

During the life cycle of H. pluvialis different types of cells were distinguished: a biflagellate 

green motile form, an intermediated green but non-flagellate palmella stage and a resting form 

without flagella, having a thick cell wall and the massive accumulated red pigment astaxanthin. 

Compared with other organisms that are able to synthesize this pigment de novo, 

Haematococcus pluvialis reveals the highest astaxanthin accumulation (up to 4 % by dry 

weight) and seems to be the most suitable source for natural produced astaxanthin. 

  Astaxanthin is a high-value carotenoid used as a pigmentation source in fish aquaculture. 

Additionally, a beneficial role of astaxanthin as a food supplement for humans is becoming 

evident. Astaxanthin accumulation in H. pluvialis occurs in response to different environmental 

stresses such as high light, salt stress or nutrient deprivation. The conditions that induce 

astaxanthin accumulation were investigated by different research groups, but the molecular 

basis that triggers astaxanthin accumulation was not well understood.  

 During my investigations on the molecular basis of astaxanthin biosynthesis regulation in 

H. pluvialis, it was shown that H. pluvialis is able to discriminate between different 

environmental stress conditions, such as high light and salt stress, with different responses on 

the transcriptional level of the carotenoid biosynthesis and specific astaxanthin biosynthesis 

genes. Moreover, it was found that the light induction of carotenoid gene expression is 

correlated with the redox state of the photosynthetic electron transport. The application of 

different inhibitors of the photosynthetic electron flow indicated that the photosynthetic 

plastoquinone pool functions as the redox sensor for the up-regulation of astaxanthin 

biosynthesis genes. These results suggested that in Haematococcus not only the specific 

astaxanthin pathway but also general carotenoid biosynthesis is subject to photosynthetic redox 

control. 

According to the strong biotechnological relevance of H. pluvialis for the production of 

high amounts of astaxanthin and other high-value carotenoids, we developed a genetic 

transformation protocol for metabolic engineering of this green alga. Some of the transformants 

exhibited a modified carotenoid content in the green state which correlated with an increased 

non-photochemical quenching. This chlorophyll fluorescence measurement was used as a 

screening procedure for transformants with changed xanthophyll compositions. Stress induction 



 4

of astaxanthin biosynthesis by high light showed an accelerated accumulation of astaxanthin in 

one of the transformants as compared to the wild type. These results strongly indicate that the 

developed transformation protocol is a useful tool for the genetic engineering of carotenoid 

biosynthesis in H. pluvialis.  
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3. GENERAL INTRODUCTION 

3.1 Why is Astaxanthin and Haematococcus pluvialis so interesting? 

Astaxanthin (3,3’-dihydroxy-4,4’-diketo-β-carotene) is found in a wide variety of aquatic 

animals and is present in many of our favored seafood including salmon, trout, red sea bream, 

shrimp, lobster and fish eggs (Fig. IA). The structural formula of astaxanthin is shown in Figure 

IB. Because these animals are unable to synthesize astaxanthin de novo, pigments must be 

supplied in their diet (Katayama et al., 1970). In the marine environment astaxanthin is supplied 

through the food chain, with microalgae or phytoplankton as the primary producers (Lorenz and 

Cysewski, 2000).   

Among all carotenoids used as food supplement for humans, for food coloration or as 

pigmentation source for egg yolk the ketocarotenoid astaxanthin is the most important from the 

biotechnological viewpoint (Boussiba et al., 1992; Lorenz and Cysewski, 2000). Besides the 

use as colorant it was shown that astaxanthin possesses a high activity in scavenging of free 

radicals and is therefore a strong inhibitor of lipid peroxidation (Miki, 1991; Mortensen et al., 

1997). Due to its antioxidant potential, astaxanthin showed significant neuroprotective effects in 

ischemic mice (Hussein et al., 2005). Furthermore, positive immunomodulating activities in in 

vitro cell culture experiments were reported (Okai and Higashi-Okai, 1996). It was recently 

shown that dietary intake of astaxanthin reduced symptoms of gastric inflammation and it was 

found to help fight symptoms of ulcer disease from Helicobacter plyori (Bennedsen et al., 

1999). Additional pharmacological activities of astaxanthin are the prevention of age-related 

macular degeneration, the reduction of risk of atherosclerosis and the prevention of 

carcinogenesis (Guerin et al., 2003). 

Today most of the astaxanthin is produced by total chemical synthesis and sold at a price 

of $2500 kg-1 (Johnson and Schroeder, 1995). The increasing demand for astaxanthin as well as 

its high price raises interest in an efficient system to produce astaxanthin naturally. The 

biosynthesis of astaxanthin has been observed only in a limited number of organisms, e.g. in 

some marine bacteria, in the yeast Phaffia rhodozyma and in some green algae (Johnson and 

Schroeder, 1995). The unicellular green alga Haematococcus pluvialis reveals the highest 

accumulation of astaxanthin (up to 4 %/ dry weight) and seems to be the most suitable source 

for natural astaxanthin (Boussiba, 2000).  



 6

 

 

 

 

    

Fig. I: (A) Astaxanthin is found in a wide 
variety of aquatic animals. Because they 
are unable to synthesize the pigment de 
novo it must be supplied in their diet.  
(B) Structural formula of astaxanthin (3,3’-
dihydroxy-4,4’-diketo-β-carotene). 

 

 

 

3.2 Cellular morphology and growth of the unicellular alga Haematococcus pluvialis 

The fresh-water unicellular alga Haematococcus pluvialis Flotow (Volvocales) occurs primarily 

in ephemeral rain pools and birdbaths (Czygan, 1970). The cellular structure of Haematococcus 

pluvialis is similar to most of the family members of volvocalean unicellular green algae. The 

cup shaped chloroplast contains numerous and scattered pyrenoids, and near the protoplast 

surface numerous contractile vacuoles are irregularly distributed. From the anterior papilla two 

flagella of equal length leave the cell wall at a wide angel. 

Basically two different growth stages and its intermediates have been observed. Under 

optimal conditions, green vegetative flagellates are spherical to ellipsoid with a size between 8 

to 20 µm and the cells are characterized by a remarkable and distinct gelatinous extracellular 

matrix of variable thickness (Fig. IIA) (Hagen et al., 2002). In its non-motile stage, the so-

called palmella form the motile cells lose their flagella and become resting vegetative cells, 

accompanied by formation of an amorphous multilayered structure in the inner regions of the 

extracellular matrix or the primary wall, the so-called palmella membrane (Hagen et al., 2002). 

Despite, the loss of the flagella and the formation of the palmella membrane, the cellular 

structure remains the same as its motile form. Under stress conditions, such as high light or 

nutrient deprivation, both motile and nonmotile vegetative cells transform into cysts or 

aplanospores (Santos and Mesquita, 1984). During the transformation the cells size increases up 

to 40 µm in diameter and a trilaminar sheath and a acetolysin resistant material-based secondary 

wall is formed and thickend, coinciding with massive accumulation of astaxanthin in lipid 

globules in the cytoplasma (Fig IIB) (Fan et al., 1994; Hagen et al., 2002).  
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Fig. II: Light-optical micrograph of Haematococcus pluvialis. (A) Vegetative flagellate cells of 
H. pluvialis under standard growth conditions (12 hours light/dark-cycle, 20 µmol photons m-2s-

1. (B) Astaxanthin-containing cyst cells, after induction with 45 mM sodium acetate and 450 
µM FeSO4 under continuous high light conditions (120 µmol photons  
m-2 s-1). 
 

3.3 Environmental stresses and astaxanthin accumulation 

Numerous attempts were made to understand the conditions that regulate the normal 

transformation of flagellates into colored cyst cells; especially the role of light on astaxanthin 

accumulation has been intensively studied over the past years, sometimes with contradicting 

results. On the one hand Goodwin and Jamikorn (1954) showed that light is necessary for 

astaxanthin synthesis. On the other hand, this result was questioned by Droop (1955), who 

showed that H. pluvialis is able to synthesize astaxanthin in the dark in the presence of sodium 

acetate. This finding was confirmed by the addition of various chlorides (0.1% NaCl, MgCl2), 

which induced cyst cell formation and astaxanthin accumulation under heterotrophic conditions 

in the dark, even though the accumulation occurred extremely slowly (Kobayashi et al., 1997b).  

From other work it may be assumed that the transformation from flagellates into colored 

cyst cells is a result of slowing down the cell division rate and/or the depletion of nutrients 

(Czygan 1970; Borowitzka et al., 1991; Zlotnik et al., 1993). Transfer of logarithmic-phase 

cells to nitrogen-deficient medium decreased cell division significantly accompanied by the 

induction of astaxanthin synthesis and cyst cell formation. This assumption is in accordance 

with an earlier experiment where the addition of the cell division inhibitor vinblastin was able to 

induce astaxanthin formation in vegetative green cultures (Boussiba and Vonshak, 1991).  

One the other hand, the induction of astaxanthin accumulation in H. pluvialis is not necessarily 

a process associated with the cyst cell formation (Lee and Ding, 1994; Hagen et al., 2000a). 

The role of several environmental stress conditions on the induction and accumulation of 

astaxanthin has also been demonstrated by a number of researchers. Autotrophic growth under 

low nitrate or high phosphate concentrations induces the formation of reddish palmella cells and 
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cycst (Borowitzka et al., 1991). Mixotrophic growth with acetate improves growth rate and 

final cell yield, and also stimulates the formation of the astaxanthin-containing palmella cells 

and cysts (Borowitzka et al., 1991; Kobayashi et al., 1992). An increase in temperature or the 

addition of NaCl also stimulates the formation of palmella cells and aplanospores (Borowitzka 

et al., 1991). 

The effect of higher light intensities (175 µmol photons m-2 s-1), nitrogen limitation, 

phosphate or sulfate starvation or salt stress (0.8% of NaCl) on astaxanthin accumulation and 

cycst cell formation was summarized by Boussiba and coworker (1992). The inhibition of the 

glutamine-synthase by the herbicide BASTA (Sodium glufosinate) led also to accumulation of 

astaxanthin, similarly to the effect of nitrogen starvation (Aflalo et al., 1999).  

 

3.4 Physiological changes occurring during astaxanthin accumulation 

Whereas most research focused on growth and nutritional conditions inducing accumulation of 

astaxanthin in H. pluvialis, only little is known about physiological changes occurring during 

astaxanthin accumulation. Boussiba and Vonshak (1991) observed an increase in lipid content 

that correlates with astaxanthin accumulation. In agreement with that, a drastic increase of the 

amount of all three lipid classes glycolipids, phospholipids and neural lipids was observed in 

cultures which accumulate astaxanthin after exposure to high light intensities (Zhekisheva et al., 

2005). Especially the neutral lipids triaglycerols accumulated to high amounts, with oleic acid 

predominating (Zhekisheva et al., 2005). Inhibition of fatty acid synthesis has significant effect 

on astaxanthin biosynthesis, whereas the inhibition of carotenoid biosynthesis by norflurazon or 

DPA has only little effects on lipid synthesis (Zhekisheva et al., 2005). This probably represents 

the need for pigment accommodation in the lipid globules in the cytoplasm, suggesting that the 

accumulation of astaxanthin is closely related to the synthesis of fatty acids. It is possible that 

the accumulated fatty acids serve as a matrix for solubilizing the (3S, 3´S)-astaxanthin 

monoester (57% of total astaxanthin) and (3S, 3´S)-astaxanthin diesters (42% of total 

astaxanthin), which are the main constituents of astaxanthin. The free non-esterified form of 

astaxanthin is only found in small amounts of 1% (Grung et al., 1992).  

In the vegetative green cells, chlorophyll a and chlorophyll b dominate followed by the 

carotenoids lutein (59% of total carotenoids) and β-carotene (13.5 % of total carotenoids) and 

the xanthophyll violaxanthin (14.5% of total carotenoids) (Orset et al., 1995). As encystment is 

induced, the amount of astaxanthin increases dramatically from a few picograms per cells to a 

few hundreds at the end of the process (Boussiba et al., 1999). At this stage, astaxanthin esters 
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constitute up to 98% of the total carotenoids profile and reach up to 4% of total cellular dry 

weight (Boussiba et al., 1999). 

 Contrary results were reported about the decrease of the photosynthetic activity displayed 

by measurements of oxygen evolution rates during astaxanthin accumulation and encystment of 

H. pluvialis mainly induced by nutrient deprivation under high light intensities. In nitrogen-

deficient medium, a massive accumulation of astaxanthin was accompanied by a slight decrease 

of chlorophyll in cyst cells as compared to the vegetative cells (from 16 to 14.8 pg/cell) (Zlotnik 

et al., 1993). The cyst cell formation was characterized by a gradual reduction in the maximal 

photosynthetic rate and increase in the photosynthetic quantum requirement and minimal 

turnover time for photosynthetic O2 evolution. Respiration rate increased 4 times during 

aplanospore formation. Measurements of the cellular content of photosystem II (PSII) reaction 

centers suggest that the photosynthetic complex remains relatively stable during the formation 

process and in the mature aplanospore.  

The induction of aplanospore formation under high light conditions and phosphate-deficient 

medium revealed greatly decreased levels of cytochrome f, which impairs the linear electron 

flow from photosystem II to photosystem I (Tan et al., 1995). As expected, the levels of the 

apoproteins CPI, D2, CP47, LHCI also decreased in red cells. The respiration rate of red cells 

was much higher than that of green cells. Conversely the O2 evolution in green cells was 

positive in green cells whereas the evolution was negative in aplanospores. However, the 

activity of the photosynthetic electron transport was measured and still functional in red 

aplanospores (Tan et al., 1995).  

 In all above studies, Haematococcus cells were induced to accumulate astaxanthin either 

by nutrient deficiency or by the use of aged cultures to explore the function of astaxanthin. 

Under these conditions, cell division slowed down or stopped, with the reduction in 

photosynthetic activity and decomposition of the photosynthetic apparatus. So, the damage to 

the photosynthetic apparatus might be a side effect of the conditions used for the induction of 

astaxanthin accumulation but not directly related to this process (Wang et al., 2003). To avoid 

these side effects occurring in H. pluvialis when astaxanthin accumulation is induced by other 

stresses, only high light was applied (Wang et al., 2003). During induction with high light 

intensities the amount of D1 protein was significantly reduced. However, the decline in D1 

content stopped after one day and recovered to normal levels after 5 days. The photosynthesis 

rates remained high during the process. Therefore the formation of astaxanthin seems to prevent 

further photooxidative damage. This helps to maintain the PSII function and the structural 

integrity of the photosystems and thus enables the cell to cope with high light conditions.  
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3.5 Involvement of ROS in the carotenogenesis process  

An unavoidable consequence of chloroplast, mitochondrial and plasma membrane-linked 

electron transport in an oxygen-containing atmosphere is the transfer of electrons onto 

molecular oxygen, resulting in the production of toxic reactive oxygen species (ROS) that are 

leading to the damage of cells (Asada and Takahashi, 1987).  

Under optimal growth conditions the production of ROS in cells is estimated to take place at a 

constant rate, which is adhered by the interplay between major ROS scavenging mechanisms 

including ascorbate peroxidases, catalases and superoxide dismutases and ROS producing 

mechanisms like photosynthesis in the chloroplast or respiration in mitochondria (Asada and 

Takahashi, 1987; Hammond-Kosack and Jones, 1996; Asada, 1999; Dat et al., 2000). 

Additionally, metal ions such as Fe and Cu are trapped by ferritin or copper binding proteins to 

prevent the formation of highly toxic OH⋅ via the metal dependent Haber-Weiss or Fenton-

Reaction (Asada and Takahashi, 1987). Besides the toxic nature of ROS, a new role was 

recognized: the control and regulation of biological processes such as programmed cell death, 

hormonal signaling, stress responses and development (Mittler et al., 2004). 

The following is centered on ROS production in the chloroplast. Under optimal growth 

conditions, light absorbed by antenna pigments is converted to chemical energy which is finally 

stored in starch by fixing CO2 through the Calvin cycle. 

Under unfavorable environmental conditions, like high light, drought, salt and temperature 

stress or nutrient deprivation, ROS is produced in the chloroplast when the photosynthetic 

energy balance between the absorption of solar energy by antenna pigments and the CO2 

fixation is perturbed (Mittler, 2002). The primary sources of ROS production are the Mehler 

reaction and the antenna pigments (Mehler, 1951; Asada and Takahashi, 1987). In addition, 

when electron flow is blocked, the singlet chlorophyll (1Chl) energy cannot be transferred to the 

PSII reaction centers. This energy state of chlorophyll molecules can be transformed to a 

longer-living, triple state. As long as triplet chlorophyll (3Chl) is not quenched by carotenoids, 

some 3Chl can interact with molecular oxygen (triplet ground state) in a bimolecular collision 

reaction, which forms singlet oxygen (1O2). In summary, ROS will be produced whenever there 

is an excessive reducing power in photosynthesis.  

Observations that astaxanthin biosynthesis was enhanced under ROS even in the 

presence of transcriptional and translational inhibitors, indicates that oxidative stress is involved 

in posttranslational activation of carotenoid biosynthesis (Kobayashi et al., 1993; Lu et al., 

1998). Additionally it was assumed that ROS might play a direct role in the induction of 

carotenoid biosynthesis gene expression (Boussiba, 2000). It has been suggested that 1O2 is 
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probably the most effective ROS species involved in astaxanthin accumulation (Lu et al., 1998). 

Kobayashi and coworker (1993) have shown that ROS other than 1O2 may also be involved in 

astaxanthin accumulation. Since carotenoids are not involved in the detoxification of ROS like 

superoxide anion radicals, hydrogen peroxides and peroxy radicals, it was therefore assumed 

the involvement of other antioxidant systems such as enzymes (superoxide dismutase (SOD), 

catalase, etc.) or antioxidant molecules to quench these substances (Boussiba, 2000). 

 

 

3.6 Astaxanthin biosynthesis  

Structurally, carotenoids are tetraterpenes, derived from the 5-carbon units isopenthyl 

diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) (Cunningham and Gantt 

1998). Plants synthesize IPP and DMAPP via two different pathways: the cyctosolic mevalonic 

acid (MVA) pathway and the methylerythritol phosphate (MEP) pathway that is localized 

within the chloroplast (Lichtenthaler, 1999; Eisenreich et al., 2001).  

The inhibition by fosmidomycin of 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR), 

an enzyme of the plastidial MEP pathway, suppressed the synthesis of astaxanthin in H. 

pluvialis flagellates (Hagen and Grünewald, 2000b). This finding indicates that the MEP 

pathway provides IPP precursors for carotenoid biosynthesis in H. pluvialis.  

The addition of three molecules IPP to one molecule DMAPP catalyzed by the enzyme 

geranylgeranyl diphosphate (GGPP) synthase (GGDS) yields GGPP, a C20 compound. The 

carotenoid biosynthesis pathway from GGPP to astaxanthin is shown in Fig. 1 (Chapter 4.2, p 

18). The first specific step in carotenoid biosynthesis is the condensation of two molecules 

GGPP to form phytoene a C40 compound, performed by the enzyme phytoene synthase. The 

formation of phytoene is followed by four desaturation steps via the carotenoid ζ-carotene to 

form lycopene. The first two desaturation steps are performed by the enzyme phytoene 

desaturase to yield ζ-carotene with phytofluene as intermediate. The ζ-carotene desaturase 

carries out a similar reaction with ζ-carotene to form lycopene via the intermediate 

neurosporene. Two cyclization reactions lead to the synthesis of β-carotene, performed by a 

lycopene cyclase. The specific steps of astaxanthin biosynthesis in H. pluvialis are carried out 

by two enzymes, the β-carotene ketolase and the carotenoid hydroxylase (Lotan and Hirschberg, 

1995; Linden, 1999). The β-carotene ketolase introduces two keto groups at the 4 and 4´ 

position of β-carotene to form canthaxanthin. The intermediate of this reaction is echinenone. 

Two hydroxy groups are introduced at 3 and 3´ position of canthaxanthin to yield astaxanthin, 
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with adonirubin as intermediate. Inhibitor studies and in vivo and in vitro analyses of these two 

enzymes suggest that the route of astaxanthin accumulation occurs through the initial formation 

of canthaxanthin, which is then converted into astaxanthin (Fan et al., 1995; Breitenbach et al., 

1996; Fraser et al., 1997). 

 

 

3.7 The role of astaxanthin in photoprotection 

Several researchers have attempted to elucidate the role of astaxanthin as a protector against 

high irradiance (Yong and Lee, 1991; Hagen et al., 1994; Kobayashi et al., 1997a; Wang et al., 

2003). Carotenoids can prevent damage caused by excessive irradiance by directly quenching 

triplet chlorophyll (3Chl) or singlet oxygen (1O2) produced from photodynamic reactions 

(Krinsky, 1979). This quenching mechanism requires close proximity between the quenching 

compounds (carotenoids) and the photosensitive compound (chlorophyll). Thus, this type of 

photoprotection can be provided by those carotenoids closely associated with chlorophylls, 

namely the primary carotenoids that are integrated into the complexes of the photosystems. 

However, in Haematococcus pluvialis the massively accumulated astaxanthin is located in the 

cytoplasm (Lang, 1968; Santos and Mesquita, 1984). Therefore, it is rather unlikely that 

astaxanthin exerts a photoprotective role in this alga by quenching excited triplet chlorophylls 

(3Chl), due to the distance between the two.  

Another mechanism of carotenoid photoprotection was described by Ben-Amotz et al. 

(1989) who concluded that the large amount of β-carotene accumulated in the interthylakoid 

space of green alga Dunaliella bardawil could protect the cells from high irradiance injury by 

acting as a screen preventing excessive irradiance of blue light from reaching the antenna 

chlorophylls. This ‘filter effect’ of β-carotene is attributed to the large overlap between the 

absorption spectra of β-carotene and chlorophyll in the blue light regime. This screening 

function of astaxanthin was also attributed for Haematocoocus pluvialis (Yong and Lee, 1991). 

Recently it has been shown that astaxanthin enables H. pluvialis to acclimate to high light by 

dissipating the excessive light energy, shielding the photosynthetic apparatus (Wang et al., 

2003).  

An additional function of astaxanthin was described by Hagen and coworker (1994) who 

stated that the accumulated astaxanthin in the cells could provide the resistance against 

photooxidative damage acting as physiochemical protective barrier. This would prevent damage 

by free radikals to lipids and to the DNA in the nucleus. This is in accordance with finding of 
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Kobayashi and coworker (1997a) who suggested that astaxanthin functions as antioxidant 

against reactive oxygen species. 

 

 

3.8 Aims and scopes 

In the past most research has focused on physiological and morphological changes of 

Haematococcus pluvialis during astaxanthin accumulation and encystment. Only a few 

researchers attempted to elucidate the process of astaxanthin accumulation on the molecular 

level. Linden (1999) showed that the carotenoid hydroxylase is only expressed under 

astaxanthin accumulating conditions. Sun and coworker (1998) showed higher mRNA steady 

state levels for two isoprenoid isomerases under high light conditions. Furthermore, the same 

group investigated the expression of the lycopene β-cyclase and the β-carotene ketolase. The 

lycopene β-cyclase showed no elevated protein levels whereas the β-carotene ketolase revealed 

transcriptional activation under the same conditions compared with the low light control. With 

the exception of Linden (1999), the induction of carotenoid or astaxanthin biosynthesis was 

only investigated in flagellates.  

One aim of my work was to investigate the induction of carotenoid biosynthesis genes 

under different stress conditions to get a deeper insight into possible regulation mechanisms. I 

focused my investigations on conditions that induce astaxanthin accumulation in flagellates or 

conditions that induce encystment and accumulation of astaxanthin. The interplay between 

induction of encystment and massive accumulation of astaxanthin is not investigated on the 

molecular level to date.  

Furthermore, another aim was to elucidate receptors or mechanisms that are involved in 

sensing higher light intensities in Haematococcus pluvialis. Blue and red-light photoreceptors 

were reported to control carotenoid gene expression in the green alga Chlamydomonas 

reinhardtii and in higher plants, respectively (von Lintig et al., 1997; Bohne and Linden, 2002). 

In addition, the expression of several nuclear-encoded genes is controlled by the redox state of 

the photosynthetic electron transport (PET) (Pfannschmidt et al., 2001a,b). To clarify the role of 

blue and red-light photoreceptors or the role of the redox-state of compounds of the 

photosynthetic electron transport chain in the accumulation of astaxanthin, several experiments 

utilizing red or blue light and inhibitors of PET were performed.  
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During the experiments more questions aroused about the regulatory mechanisms that are 

involved in astaxanthin accumulation. Additionally, the biotechnological importance of 

Haematococcus pluvialis became more and more clearly. The tool-kit for further investigations, 

like the genetic transformation of this alga is limited, to date. Therefore another objective was 

the establishment of a system for the stable nuclear transformation of this alga.  
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4.1 Abstract 

Astaxanthin is a high-value carotenoid used as a pigmentation source in fish aquaculture. 

Additionally, a beneficial role of astaxanthin as a food supplement for humans is becoming 

evident. The unicellular green alga Haematococcus pluvialis seems to be a suitable source for 

natural astaxanthin. Astaxanthin accumulation in H. pluvialis occurs in response to 

environmental stress such as high light and salt stress. Here, the isolation of the H. pluvialis 

carotenoid biosynthesis gene phytoene synthase is reported. Furthermore, the expression of 

phytoene synthase and carotenoid hydroxylase, two key enzymes in astaxanthin biosynthesis, 

was investigated at the transcriptional level. The application of environmental stress resulted in 

increased steady-state mRNA levels of both genes. High light intensity led to a transient 

increase in carotenoid hydroxylase mRNA followed by moderate astaxanthin accumulation. In 

contrast, salt stress in combination with high light resulted in a sustained increase in both 

transcripts. The addition of compounds inducing reactive oxygen species did not influence 

transcript levels of phytoene synthase and carotenoid hydroxylase. The application of an 

inhibitor of photosynthesis, 3-(3,4-dichlorophenyl)-1,1-dimethylurea, indicated that the light-

induced expression of these carotenoid biosynthesis genes may be under photosynthetic control.  
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4.2 INTRODUCTION 

The ketocarotenoid astaxanthin (3,3’-dihydroxy-4,4’-diketo-β-carotene) is a high-value 

carotenoid used as a feed supplement for fish aquaculture and as pigmentation source for egg 

yolk (Boussiba et al., 1992; Lorenz and Cysewski, 2000). As well as this use, a beneficial role 

of astaxanthin as a food supplement for humans is becoming evident. Thus, it was shown that 

astaxanthin possesses a higher antioxidant activity when compared to β-carotene and α-

tocopherol and reveals a strong activity as inhibitor of lipid peroxidation (Miki, 1991; 

Mortensen et al., 1997). Beneficial effects of astaxanthin, such as the reduction of gastric 

inflammation and bacterial load in H. pylori-infected mice and humans, the prevention of age-

related macular degeneration, the reduction of risk of atherosclerosis, and the prevention of 

carcinogenesis are currently under examination (Tanaka et al., 1994; Bennedsen et al., 1999; 

Lorenz and Cysewski, 2000).  

Astaxanthin biosynthesis has been observed in a limited number of organisms, e.g. in 

some marine bacteria, in the yeast Phaffia rhodozyma, and in some green algae (Johnson and 

Schroeder, 1995). The unicellular green alga Haematococcus pluvialis reveals the highest 

astaxanthin accumulation (up to 4 % by dry weight) and seems to be the most suitable source 

for natural astaxanthin (Boussiba, 2000). The physiology of astaxanthin accumulation in H. 

pluvialis, which occurs in response to various environmental stress conditions such as high light 

intensities, nitrogen and phosphate limitations, and salt stress has been intensively studied 

(Kobayashi et al., 1993; Boussiba et al., 1999; Boussiba, 2000). The biosynthesis of astaxanthin 

is normally accompanied by a morphological change of the vegetative cells into non-motile cyst 

cells in which astaxanthin was shown to accumulate in the cytoplasm (Santos and Mesquita, 

1984). At present, the role of astaxanthin accumulation in H. pluvialis is not well understood 

and various beneficial effects such as photoprotection and protection against oxidative stress 

have been discussed (Yong and Lee, 1991; Kobayashi et al., 1997). 

The biosynthesis of astaxanthin starts with the condensation of two geranylgeranyl 

diphosphate molecules to form phytoene (Fig. 1; for review see Cunningham and Gantt, 1998). 

Four desaturation reactions lead to the synthesis of lycopene followed by two cyclization 

reactions for the biosynthesis of β-carotene. The conversion of β-carotene into astaxanthin in H. 

pluvialis is carried out by two enzymes, β-carotene ketolase and carotenoid hydroxylase. The H. 

pluvialis genes coding for β-carotene ketolase and carotenoid hydroxylase were isolated and the 

gene products have already been studied to some extent (Kajiwara et al., 1995; Lotan and 

Hirschberg, 1995; Breitenbach et al., 1996; Linden, 1999).  
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Fig. 1: Carotenoid biosynthetic pathway 
of astaxanthin in H. pluvialis. Several 
intermediates were omitted for the sake 
of simplification. The carotenoid 
biosynthesis enzymes phytoene synthase 
(PSY), phytoene desaturase (PDS), ζ-
carotene desaturase (ZDS), lycopene 
cyclase (LCYB), β-carotene ketolase and 
carotenoid hydroxylase (CH) are 
indicated. The gene expression of 
phytoene synthase and carotenoid 
hydroxylase (boxed) have been studied in 
the present publication.  

 

Although some of the biosynthesis genes have been cloned, the molecular basis of astaxanthin 

biosynthesis regulation in H. pluvialis has not been thoroughly investigated to date. In two 

recent studies, the expression of several carotenoid genes during the induction of astaxanthin 

biosynthesis by light was examined (Sun et al., 1998; Grünewald et al., 2000). However, in 

both studies the induction of gene expression was examined in flagellate cells whereas 

massive accumulation of astaxanthin occurs during cyst cell formation. 

The aim of the present study was to gain insight into the molecular basis of stress-

induced astaxanthin accumulation in H. pluvialis. The gene expression of two key enzymes of 

astaxanthin biosynthesis in H. pluvialis was investigated. The application of various 

environmental stress conditions resulted in increased steady-state levels of both phytoene 

synthase and carotenoid hydroxylase mRNAs. We conclude that H. pluvialis is capable of 

responding to stress conditions by the differential regulation of mRNA steady-state levels of 

carotenoid biosynthesis genes. 
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4.3 MATERIAL AND METHODS 

4.3.1 H. pluvialis strain, growth conditions and supplements 

Haematococcus pluvialis Flotow NIES-144 was obtained from the National Institute for 

Environmental Studies (NIES), Tsukuba, Japan. The basal medium (pH 6.8) for growth of H. 

pluvialis contained 1.2 g sodium acetate, 2.0 g yeast extract, 0.4 g L-asparagine, 0.2 g MgCl2 · 

6H2O, 0.01 g FeSO4 ·7H2O and 0.02 g CaCl2 · 2H2O per litre (Kobayashi et al., 1993). H. 

pluvialis was grown at 22°C under a dark/light cycle of 12 h low light (20 µmol m-2 s-1, 

provided by universal-white lamps Osram L65W/25S) and 12 h dark for 4 days (final cell 

density ca. 4 x 105 cells per mL). A cell density of ca. 6 x 105 cells per mL was determined 

after additional growth for 72 h under standard culture conditions. Growth was performed in 

200 mL of basal medium in 500 mL Erlenmeyer flasks without aeration and cultures were 

shaken manually once a day. For induction of astaxanthin biosynthesis, various supplements 

were added and cultures were shaken continuously (Kobayashi et al., 1993). Sodium acetate 

and FeSO4 were used at a final concentration of 45 mM and 450 µM, respectively. The 

translational inhibitor cycloheximide (final concentration 100 ng mL-1) as well as the inhibitor 

of photosynthesis 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU, final concentration 20 

µM) were added 2 h prior to the induction of astaxanthin biosynthesis. The reactive-oxygen-

generating reagent methyl viologen was used at a final concentration of 10-11 M. For high 

light treatment, growth of H. pluvialis was performed at 125 µmol m-2 s-1 of continuous light 

according to Kajiwara et al. (1995).  

For analysis of carotenoids, cultures of E. coli JM101 containing different plasmids 

were grown in LB medium at 28°C for 48 hours and ampicillin (50 µg mL-1), 

chloramphenicol (30 µg mL-1), and isopropyl-β-D-thio-galactopyranoside (0.5 mM) were 

added as required (Sambrook et al., 1989). 

 

4.3.2 H. pluvialis cDNA expression libraries, plasmids, screening and DNA sequencing 

The construction of H. pluvialis cDNA libraries from cyst cells was described previously 

(Linden, 1999). After in vivo excision using the ExAssist/SOLR system (Stratagene, La Jolla, 

CA, USA), the cDNA libraries were further utilised for complementation experiments. E. coli 

strain JM101 was used as a host for screening and complementation experiments with 

plasmids pACCAR25∆crtB and pACCRT-E . Plasmid pACCAR25∆crtB harbours the 

carotenoid biosynthesis genes crtE, crtI, crtY, crtZ and crtX from Erwinia uredovora (Misawa 
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et al., 1990). Plasmid pACCRT-E carries the crtE gene from E. uredovora and resulted in the 

accumulation of geranylgeranyl diphosphate (Misawa et al., 1995). The screening for 

phytoene synthase was carried out by the heterologous complementation procedure reported 

previously using pACCAR25∆crtB as complementation plasmid (Linden et al., 1993). The 

nucleotide sequences of H. pluvialis phytoene synthase cDNAs were determined for both 

strands using the Abi Prism Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin 

Elmer, Boston, MA, USA). The analysis of nucleotide and derived amino acid sequences was 

carried out using the PC/Gene program (IntelliGenetics Inc., Campbell, CA, USA).  

 

4.3.3 Northern blot analysis 

After four days of growth, the H. pluvialis cells were collected by centrifugation either 

directly or after varying induction times of astaxanthin biosynthesis. The cells were frozen 

and subsequently powdered under liquid nitrogen using a mortar and pestle. RNA was then 

isolated according to the miniprep RNA extraction procedure described by Sokolowsky et al. 

(1990). For Northern blot analysis, total RNA (10 µg) was denatured in formaldehyde, 

electrophoresed on a 1% agarose gel containing 6% formaldehyde, transferred to positively 

charged nylon membrane (Boehringer Mannheim, Mannheim, Germany) and hybridized in 

the presence of 50% formamide. Probe labeling and hybridization were carried out according 

to the instructions in the DIG Nonradioactive Nucleic Acid Labeling and Detection System 

(Boehringer Mannheim).  

 

4.3.4 Carotenoid extraction and HPLC analysis 

For the isolation of carotenoids (carotenes and hydroxylated products) from E. coli, cells 

were harvested by centrifugation, frozen in liquid nitrogen, and dried in a freeze dryer 

(Alpha, Christ, Osterode, Germany) under vacuum. Subsequently, the cells were extracted 

twice with acetone at 55°C for 15 min. The combined extracts were then partitioned into 

diethylether/petrol (b.p. 35-80°C)(1:9, v/v) and evaporated to dryness. Carotenoid extracts 

were separated on an ODS-1 column (Maisch, Ammerbuch, Germany) at 1.4 mL min-1 

starting with acetonitrile:methanol:0.1 M Tris-HCl buffer (74:12:4, v/v/v) as eluent. After 

4 min, a linear gradient to methanol:hexane (4:1, v/v) was employed (Gilmore and 

Yamamoto, 1991). Spectra were recorded directly from elution peaks using a Waters 994 

diode array detector.  
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Quantification of astaxanthin and astaxanthin esters from H. pluvialis cells was carried out 

by modifying a procedure by Boussiba et al. (1992). The freeze-dried cells were powdered, 

resuspended in a solution containing 5% (v/v) KOH and 30% (v/v) methanol, and heated in 

a water bath (70°C) for 5 min. After centrifugation the supernatant, which contained the 

chlorophylls, was discarded. The pellet was extracted twice with DMSO at 70°C for 5 min. 

In order to allow the quantification of astaxanthin and astaxanthin esters separately from 

other carotenoids, the absorbance of the combined extracts was determined at 550 nm. The 

values were subsequently multiplied by 3.2, a factor determined by measuring the 

absorbance of a purchased astaxanthin standard (Sigma) at two different wavelength 

(A492/A550). The amount of astaxanthin was then calculated applying an absorption 

coefficient (E1%
1cm) for astaxanthin in DMSO of 2220 according to Boussiba et al. (1992). 

 

4.3.5 Nucleotide sequence accession number 

The EMBL GenBank accession number for the H. pluvialis phytoene synthase cDNA 

reported in this paper is AF305430. 

 

 

4.4 RESULTS 

4.4.1 Isolation and amino acid sequence of phytoene synthase from H. pluvialis 

To examine the expression of a carotenoid biosynthesis enzyme involved in the first specific 

step of carotenogenesis, a H. pluvialis phytoene synthase cDNA was isolated by functional 

complementation in E. coli. Thus, the plasmid DNAs from a cDNA library prepared from red 

cyst cells were introduced into E. coli carrying plasmid pACCAR25∆crtB (Misawa et al., 

1990). The plasmid harbored several carotenoid biosynthesis genes from Erwinia uredovora 

but lacked a functional phytoene synthase gene. Upon cotransformation with the H. pluvialis 

cDNA library, three yellow colonies were identified out of about 70,000 colonies that 

revealed an E. coli color. The corresponding plasmids were isolated and it was shown by 

DNA sequencing that all three cDNA inserts represented the same gene (data not shown).  

The longest cDNA was used further for complementation experiments and DNA 

sequencing. HPLC analysis of carotenoid pigments from the yellow transformant was carried 

out (Fig. 2). The yellow transformant accumulated zeaxanthin and several zeaxanthin 

glycosides, whereas the control carrying only plasmid pACCAR25∆crtB did not reveal any 
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colored carotenoids (Fig. 2, A, B, E). Cotransformation of the cDNA with plasmid pACCRT-

E, which carried the GGDP synthase gene from E. uredovora, resulted in the accumulation of 

phytoene (Fig. 2, C, F). Sequence analysis of the entire cDNA insert was carried out and one 

open reading frame was identified (data not shown). An alignment of the predicted open 

reading frame with other known phytoene synthases revealed high overall sequence similarity 

to the higher plant enzymes and the phytoene synthase of the cyanobacterium Synechocystis 

PCC6803 (51 to 54 % identity; data not shown). When compared to bacterial phytoene 

synthases, the H. pluvialis enzyme revealed an N-terminal extension indicating the presence 

of a chloroplast targeting sequence.

 
Fig. 2: Heterologous 
complementation of H. pluvialis 
phytoene synthase in E. coli. The 
HPLC analyses of E.coli carotenoids 
following the cotransformation of H. 
pluvialis phytoene synthase gene 
together with either 
pACCAR25∆crtB or plasmid 
pACCRT-E are shown in panels A 
and C, respectively. HPLC 
separations of carotenoid pigments 
extracted from E. coli cells carrying 
either the complementation plasmids 
pACCAR25∆crtB or pACCRT-E are 
shown in panels B and D. In addition, 
the absorption spectra of peaks 1- 4 
(zeaxanthin and zeaxanthin 
glycosides) as well as the spectrum of 
peak 5 (phytoene) are shown in 
panels E and F. 
 

 

 

4.4.2 Phytoene synthase and carotenoid hydroxylase show higher steady-state mRNA 

levels in response to various stress conditions 

The expression of the phytoene synthase and carotenoid hydroxylase genes was examined by 

Northern blot analysis using the respective cDNAs as probes. In order to gain information 

about the post-translational effects of the various stress conditions, the amount of accumulated 

astaxanthin was determined. In addition, the percentage of cyst cell formation was monitored 
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by microscopic examination (Table I). No transcript for carotenoid hydroxylase could be 

detected after growth for 4 days under a dark/light cycle and low light conditions (Fig. 3A, 

lane 1). In contrast, the phytoene synthase was shown to be expressed at low levels under 

these conditions (Fig. 3B, lane 1). When growth was continued for an additional 72 h under 

the same conditions, no increase in steady-state mRNA levels was observed for either gene 

(Fig. 3, A and B, lanes 2-5). In addition, neither astaxanthin accumulation nor cyst cell 

formation was observed (Table I). 

 

 

Fig. 3: Expression of carotenoid 
hydroxylase and phytoene synthase under 
standard growth conditions. RNA was 
isolated from H. pluvialis cells harvested 
after a 4-day growth (lane 1) and after 
additional growth under standard culture 
conditions for 12 h (lane 2), 24 h (lane 3), 
48 h (lane 4) and 72 h (lane 5). For 
Northern blot analysis, the H. pluvialis 
carotenoid hydroxylase (A) and phytoene 
synthase (B) cDNAs were used as specific 
probes. For comparison, total RNA was 
stained with ethidium bromide (C).  
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Addition of sodium acetate and ferrous sulfate and increasing the light intensity resulted in a 

strong increase in steady-state mRNA levels of both the carotenoid hydroxylase and phytoene 

synthase (Fig. 4A, B). The induction of phytoene synthase transcript was already detectable 

after 4 h whereas carotenoid hydroxylase transcripts became detectable 8 h after the onset of 

stress conditions (Fig. 4A, lane 3; Fig. 4B, lane 2). The highest transcript levels of carotenoid 

hydroxylase were found at 24 to 48 h, and the steady-state mRNA levels decreased at 72 h 

after induction (Fig. 4A, lanes 5, 6, 7). A similar pattern was observed for phytoene synthase, 

although the higher transcript levels were sustained from 24 to 72 h (Fig. 4B, lanes 5, 6, 7). At 

the same time astaxanthin started to accumulate, reaching 13.5 mg g-1 dry weight after 

induction for 72 h (Fig. 4D). At this time most of the cells were present as cysts cells (Table 

I). When the cells were grown in the presence of sodium acetate and ferrous sulfate under low 

illumination, the increase in steady-state levels of phytoene synthase and carotenoid 

hydroxylase transcripts was delayed and highest transcript levels were found at 48 h after 

induction (Table I). The lower light intensities also resulted in a lower astaxanthin 

accumulation of 4.7 mg g-1 dry weight and a decreased percentage of cyst cell formation (∼ 25 

%). In the presence of sodium acetate only and under low illumination, a high but delayed 

expression of phytoene synthase and carotenoid hydroxylase genes was observed (Table I). 

  
Fig. 4: The expression of carotenoid 
hydroxylase and phytoene synthase 
during the induction of astaxanthin 
biosynthesis. The biosynthesis of 
astaxanthin was induced by high light 
and by addition of sodium acetate and 
FeSO4. The H. pluvialis cells used for 
the isolation of RNA were harvested 
after 4 days of growth (lane 1) and after 
additional growth under astaxanthin-
inducing conditions for 12 h (lane 2), 24 
h (lane 3), 48 h (lane 4) and 72 h (lane 
5). For Northern blot analysis, the H. 
pluvialis carotenoid hydroxylase (A) 
and phytoene synthase (B) were used as 
specific probes. For comparison, total 
RNA was stained with ethidium 
bromide (C). In addition, the 
accumulation of astaxanthin was 
examined (D).  
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Addition of either sodium acetate or sodium chloride and growth under high light intensities 

resulted in a strong increase in steady-state mRNA levels of both genes and in the 

accumulation of astaxanthin of 9.5 and 7.8 mg g-1 dry weight, respectively (Table I). Growth 

in the presence of either sodium chloride or sodium acetate also resulted in encystment, with 

more than 80% of cyst cells formed after 72 h of induction.  

 

4.4.3 Phytoene synthase and carotenoid hydroxylase show increased gene expression in 

response to high illumination 

The regulation of transcript levels of carotenoid hydroxylase and phytoene synthase were 

examined following the induction by higher light intensities (125 µmol m-2 s-1, Fig. 5). For 

carotenoid hydroxylase, a maximal induction was found at 12 h following the onset of high 

light (Fig. 5A, lane 2). The induction pattern was transient and the carotenoid hydroxylase 

mRNA was not detectable after 72 h of high light illumination (Fig. 5A, lanes 3-5). Phytoene 

synthase only revealed a minor increase, with highest transcript levels after 12 h of high light 

(Fig. 5B, lane 2). The mRNA levels always seemed to be elevated thereafter when compared 

to transcript levels prior to high light exposure (Fig. 5B, lanes 1-5). The induction by high 

light resulted in an astaxanthin production of about 6 mg g-1 dry weight after 72 h of high 

light (Fig. 5D). The high light treatment did not lead to the formation of non-motile cyst cells 

(Table I). 

Fig. 5: Expression of carotenoid 
hydroxylase and phytoene synthase 
genes in response to increased 
illumination. The H. pluvialis cells used 
for the preparation of RNA were 
harvested after 4 days of growth (lane 1) 
and after additional growth under high 
light conditions for 12 h (lane 2), 24 h 
(lane 3), 48 h (lane 4) and 72 h (lane 5). 
For Northern blot analysis, the H. 
pluvialis carotenoid hydroxylase (A) 
and phytoene synthase (B) were used as 
specific probes. For comparison, total 
RNA was stained with ethidium 
bromide (C). In addition, the 
accumulation of astaxanthin was 
examined (D).  
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4.4.4 The involvement of reactive oxygen species in the up-regulation of carotenoid 

biosynthesis genes  

To examine a possible effect of ROS on the expression of phytoene synthase and carotenoid 

hydroxylase, methyl viologen was added to H. pluvialis cultures grown under high light 

conditions (Table I). The expression pattern of carotenoid hydroxylase and phytoene synthase 

induction reflected the kinetics observed following the induction by high light only (Fig. 5). 

In addition, the accumulation of astaxanthin, with a maximum at about 6.5 mg g-1 dry weight, 

was similar in both experiments (Table I). While methyl viologen leads to the formation of 

the superoxide anion radical, Fe2+ seems to result mainly in the formation of the hydroxyl 

radical (Halliwell and Gutteridge, 1989). Nevertheless, the same results were obtained for the 

steady-state mRNA kinetics using Fe2+ (Table I). Furthermore, neither the addition of methyl 

viologen nor the supplementation with Fe2+ led to the formation of cyst cells (Table I). 

 

4.4.5 Up-regulation of carotenoid hydroxylase and phytoene synthase is independent of 

de novo protein biosynthesis 

When the protein biosynthesis inhibitor cycloheximide was added prior to the application of 

stress conditions, the induction of carotenoid hydroxylase and phytoene synthase was still 

detected (Table I). The expression of both genes revealed similar kinetics and transcript 

quantities for the first 24 h of induction when compared to the induction observed without the 

addition of cycloheximide (Fig. 4A, B). However, astaxanthin biosynthesis and the formation 

of cyst cells were inhibited under these conditions (Table I).  

The effect of the photosynthetic electron transport inhibitor DCMU on gene 

expression was investigated. Following the addition of DCMU, the light induction of 

carotenoid hydroxylase was abolished and basal expression levels were observed for phytoene 

synthase (Table I).  
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4.5 DISCUSSION 

 

Here we report the isolation of a new carotenoid biosynthesis gene from the unicellular alga 

Haematococcus pluvialis. It was shown by sequence similarities with phytoene synthases 

from other organisms, as well as by functional complementation in E. coli, that this gene 

codes for phytoene synthase (Fig. 2). While phytoene synthase is involved in the early steps 

of the general carotenoid biosynthetic pathway, the previously described carotenoid 

hydroxylase gene is involved in the final steps of astaxanthin synthesis (Linden, 1999). With 

these two gene probes at hand, we addressed several important questions concerning the 

stress-induced astaxanthin biosynthesis in H. pluvialis.  

First of all, we showed that the mRNAs of both carotenoid hydroxylase and phytoene 

synthase are up-regulated in response to various stress conditions. Together with published 

reports on the up-regulation of phytoene desaturase, β-carotene ketolase and IPP isomerase, 

these results suggest that the regulation of carotenoid gene transcript levels plays an important 

role in the stress response of H. pluvialis (Sun et al., 1998; Grünewald et al., 2000). A second 

question addressed was the involvement of the various stress factors in the up-regulation of 

transcript levels of the two carotenoid biosynthesis genes examined. The addition of sodium 

acetate, Fe2+ and growth under high light, which was reported to bring about the highest 

astaxanthin production, also led to a strong induction of steady-state mRNA levels for both 

genes (Fig. 4). Sodium acetate could be replaced by sodium chloride in the induction of 

carotenoid genes (Table I). This finding indicated that the effect of sodium acetate on 

carotenoid gene expression is the result of salt stress and is not due to an increased 

carbon/nitrogen ratio as suggested previously (Kakizono et al., 1992). The application of 

higher light intensities only resulted in a moderate induction of gene expression, which 

revealed a transient induction pattern in the case of carotenoid hydroxylase (Fig. 5). The same 

induction patterns were identified following the addition of methyl viologen and Fe2+ under 

high light conditions (Table I). It has previously been observed that ROS-generating 

compounds such as Fe2+, methyl viologen and methylene blue resulted in increased 

astaxanthin accumulation which led to the hypothesis that the stress response in H. pluvialis 

may be mediated by ROS (Kobayashi et al., 1993; Fan et al., 1998; Boussiba, 2000). 

However, the results presented here suggest that ROS generators are not involved in the 

transcriptional regulation of phytoene synthase and carotenoid hydroxylase. In corroboration 

of this finding, previous reports showed that the effect of Fe2+ on astaxanthin accumulation is 
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independent of de novo protein biosynthesis, and the authors suggested a function of ROS at 

the post-translational level (Kobayashi et al., 1993).  

Another important feature is the interrelation between cyst cell formation, 

accumulation of astaxanthin and the up-regulation of the carotenoid biosynthesis genes. 

Astaxanthin accumulation occurred in flagellate cells in response to higher light intensities, 

which seems to be a consequence of the moderate and transient up-regulation of carotenoid 

biosynthesis genes under these conditions (Table I, Fig. 5; Grünewald et al., 1997). This 

induction pattern can be interpreted as an acclimation process to higher light conditions, 

which occurs within one day of the increase in irradiance (Hagen et al., 2000). However, 

increased production of astaxanthin was coupled with the formation of non-motile cyst cells 

(Table I). Growth under illumination with high light only, or high light plus either Fe2+ or 

methyl viologen, did not support the formation of cyst cells. On the other hand, high light in 

combination with salt stress seemed to be indispensable for the formation of cyst cells, 

whereas the application of salt stress only led to a moderate encystment. Under the latter 

conditions, the up-regulation of carotenoid hydroxylase and phytoene synthase transcript 

levels was shown to be delayed in comparison to the induction by sodium acetate and high 

light (Table I). Therefore, the strong up-regulation of mRNA levels in response to high light 

and salt stress seems to result from the additive effects of the respective stress conditions (Fig. 

4). In addition, higher levels of expression of the two carotenoid biosynthesis genes in 

response to stress was shown to be independent of de novo protein biosynthesis. In contrast, 

the inhibition of photosynthesis abolished the high light-induced up-regulation of carotenoid 

hydroxylase and phytoene synthase (Table I). This result indicats that the light-induced 

expression of these carotenoid biosynthesis genes may be under photosynthetic control. 

In conclusion, H. pluvialis appears to be capable of responding to various stress 

conditions in different ways. While high light leads to a transient response and to moderate 

accumulation of astaxanthin, the combination of various stress conditions such as high light 

and salt stress is obligatory for encystment and the strong up-regulation of carotenoid genes.  
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5.1 Abstract 

The unicellular green alga Haematococcus pluvialis accumulates high amounts of the red 

ketocarotenoid astaxanthin when exposed to various stress situations such as salt stress and 

high light intensities. Here, the light regulation of Haematococcus carotenoid biosynthesis 

was examined. Isolation and characterization of the lycopene β-cyclase gene involved in 

carotenoid biosynthesis was carried out using a functional complementation approach. 

Subsequently, gene expression of lycopene cyclase, phytoene synthase, phytoene desaturase 

and carotenoid hydroxylase was analyzed in green flagellate cells. All four genes revealed 

higher transcript levels in response to increased illumination. Not only the induction of 

astaxanthin biosynthesis but also carotenoid gene expression was found to be correlated with 

the redox state of the photosynthetic electron transport. In accordance with this result, 

increased transcript levels for carotenoid biosynthesis genes were detected under both blue 

and red light conditions. The application of different inhibitors of the photosynthetic electron 

flow indicated that the photosynthetic plastoquinone pool functions as the redox sensor for the 

up-regulation of carotenoid biosynthesis genes. These results suggested that in 

Haematococcus not only the specific astaxanthin pathway but also the general carotenoid 

biosynthesis is subject to photosynthetic redox control. 
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5.2 INTRODUCTION 

Carotenoids are yellow, orange and red pigments which are widely distributed in nature 

(Goodwin, 1980). They are present in all photosynthetic organisms and are essential 

components of the photosynthetic apparatus. In the chloroplast they function in the protection 

against photooxidative damage and participate in the light harvesting process (Demmig-

Adams et al., 1996). In certain non-photosynthetic organs of higher plants, carotenoids 

accumulate in large amounts in chromoplasts and lead to the bright colors of many flowers 

and fruits (Hirschberg, 2001). Several unicellular green algae have been described which 

accumulate high amounts of carotenoids when exposed to various stress situations such as 

nitrogen and phosphate limitations as well as salt stress and high light intensities (Johnson and 

Schroeder, 1995). Thus, massive accumulation of β-carotene occurs in some Dunaliella 

species, whereas the red ketocarotenoid astaxanthin is produced by Haematococcus pluvialis 

(Boussiba, 2000). Astaxanthin is a high value carotenoid and has achieved considerable 

commercial success, mostly as colorant for salmon and trout aquaculture (Lorenz and 

Cysewski, 2000). The fact that Haematococcus accumulates high amounts of this secondary 

carotenoid (4 % by dry weight) has led to the biotechnological application of this green alga 

for the production of natural astaxanthin (Boussiba, 2000).  

The specific steps of astaxanthin biosynthesis in Haematococcus are carried out by 

two enzymes, β-carotene ketolase and carotenoid hydroxylase (Fig. 1, shaded in dark gray) 

(Linden, 1999; Boussiba, 2000). Inhibitor studies and in vitro and in vivo analyses of these 

two enzymes suggested that the route of astaxanthin formation in Haematococcus occurs 

through the initial formation of canthaxanthin via echinenone which is then converted into 

astaxanthin (Fan et al., 1995; Breitenbach et al., 1996; Fraser et al., 1998). The precursor of 

astaxanthin biosynthesis β-carotene is synthesized via the general carotenoid biosynthesis 

pathway operating also in all other photosynthetic organisms (Fig. 1, shaded in light gray) 

(Cunningham and Gantt, 1998). However, in contrast to the biosynthesis and accumulation of 

β-carotene and derived xanthophylls in the chloroplasts, astaxanthin is found in the cytosol of 

Haematococcus cells (Lang, 1968). As indicated by immunogold localization experiments as 

well as by enzyme activity assays, the specific steps of astaxanthin biosynthesis are carried 

out in the cytoplasm, whereas the enzymes of the general carotenoid pathway seem to be 

localized in the chloroplast (Grünewald et al., 2000; Grünewald et al., 2001). A transport of 

either β-carotene or other intermediates from the chloroplast to the cytosol was proposed to 

take place. Nevertheless, all Haematococcus carotenoid biosynthesis genes isolated today 
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(including not only the genes of the general carotenoid biosynthesis pathway but also the β-

carotene ketolase and the carotenoid hydroxylase genes) are nuclear genes with 5’ regions 

which encode putative chloroplast transit peptides.  

Fig. 1: Biosynthetic pathway of 
astaxanthin in Haematococcus pluvialis. 
The carotenoid biosynthesis enzymes 
phytoene synthase (PSY), phytoene 
desaturase (PDS), ζ-carotene desaturase 
(ZDS), lycopene β-cyclase (LYC), β-
carotene ketolase (BKT) and carotenoid 
hydroxylase (CHY) are indicated. Several 
intermediates were omitted for the sake 
of simplification. The steps involved in 
the biosynthesis of general carotenoids 
and the specific astaxanthin pathway are 
shaded in light and dark gray, 
respectively. The gene expression of 
boxed enzymes have been analyzed in the 
present publication.  
 

  

 

The physiology of astaxanthin biosynthesis in response to nutritional and environmental stress 

in Haematococcus has been thoroughly studied (for review see Boussiba, 2000). Although 

massive accumulation of astaxanthin is accompanied by a morphological change of 

Haematococcus vegetative cells into non-motile cyst cells, some more recent publications 

showed that moderate astaxanthin production also occurs in green flagellates (Grünewald et 

al., 1997; Sun et al., 1998; Steinbrenner and Linden, 2000).  

Furthermore, the regulation of carotenoid gene transcript levels seems to play an 

important role in astaxanthin accumulation in response to stress. For example, one of the 

genes coding for isopentenyl pyrophosphate isomerase involved in the biosynthesis of 

isoprenoid precursors was found to be up-regulated in response to higher light intensities (Sun 

et al., 1998). Other genes for enzymes of the carotenoids biosynthesis pathway such as 

phytoene synthase, β-carotene ketolase and carotenoid hydroxylase also revealed higher 

mRNA levels after growth under various stress conditions (Grünewald et al., 2000; 

Steinbrenner and Linden, 2000).  
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Our previous findings indicated that the stress responses of Haematococcus can be dissected 

(Steinbrenner and Linden, 2000). The combination of salt stress together with increased 

illumination resulted in cyst cell formation, high astaxanthin accumulation, and a strong 

induction of carotenoid biosynthesis genes. Following the transfer of Haematococcus cells 

from low light conditions (20 µmol photons m-2 s-1) to a moderate light intensity (125 µmol 

photons m-2 s-1), a lower astaxanthin production and a transient induction of carotenoid genes 

were observed. In the present publication, we focused our attention on carotenoid gene 

regulation in response to increasing light conditions in Haematococcus flagellate cells 

independently from morphological changes. To this end, an additional Haematococcus gene 

of the carotenoid biosynthesis pathway (lycopene β-cyclase) was isolated and characterized. 

Together with the previously isolated phytoene synthase, phytoene desaturase and carotenoid 

hydroxylase genes, there were four gene probes at hand for gene expression studies 

(Grünewald et al., 2000; Steinbrenner and Linden, 2000). All four genes revealed higher 

transcript levels in response to increased light intensities. Using specific inhibitors of the 

photosynthetic electron transport, we found that not only the induction of astaxanthin 

biosynthesis but also gene expression in response to increased light intensities were correlated 

with the redox state of the photosynthetic electron transport. In accordance with this result, 

higher transcript levels for the carotenoid biosynthesis genes were detected under both blue 

and red light conditions. Our results suggested that in Haematococcus not only the specific 

astaxanthin pathway but also general carotenoid biosynthesis are subject to transcriptional 

control by light. Changes in light intensities seemed to be perceived via the 

reduction/oxidation (redox) state of components of the photosynthetic electron transport. 

 

5.3 MATERIALS AND METHODS 

5.3.1 Haematococcus pluvialis strain, growth conditions, light treatment, and inhibitors 

Haematococcus pluvialis Flotow NIES-144 was obtained from the National Institute for 

Environmental Studies (NIES), Tsukuba, Japan. For standard cultivation Haematococcus cells 

were grown in basal medium containing acetate (Kobayashi et al., 1993). Growth was 

performed at 22°C in Erlenmeyer flasks without aeration under a dark/light cycle of 12 h low 

light (20 µmol photons m-2 s-1, provided by universal-white lamps Osram L65W/25S, 

maximum radiation between 400 and 700 nm) and 12 h dark for 3 d (final cell density 

approximately 1.3 x 105 cells/ml). Cultures were shaken manually once a day. Alternatively, 

the cells were cultivated autotrophically in a Kniese apparatus under the same light conditions 
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with aeration using OHM medium (Fabregas et al., 2000). Supplementation of cultures with 

various inhibitors and growth under different light intensities were carried out as indicated. 

Light intensities were measured using a photometer (LI-COR, model LI-185B). The 

transcriptional inhibitor actinomycin D was added at a final concentration of 20 µg/ml. The 

inhibitors of photosynthesis 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU, final 

concentration 20 µM) and 2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone (DBMIB, 

final concentration 1 µM) were dissolved in 100 % dimethyl sulfoxide and 100 % methanol, 

respectively and were added 1 h prior to the change in light intensity. For experiments carried 

out under standard cultivation conditions, DCMU and DBMIB were added at a final 

concentration of 20 and 1 µM, respectively. For experiments under autotrophic growth 

conditions, final concentrations of 0,14 µM (DCMU) and 0,15 µM (DBMIB) were applied. I50 

values for the inhibition of photosynthetic O2 evolution by DCMU and DBMIB were obtained 

by a graphical procedure (Dixon and Webb, 1979). For moderate light treatments, growth of 

Haematococcus was performed at 150 µmol photons m-2 s-1 of continuous light if not stated 

otherwise. For the light induction of Haematococcus cultures with different wavelengths, cells 

were illuminated using Philips TL 36W/15 lamps for red light (λmax= 660 nm, 50 µmol 

photons m-2 s-1), Osram 36W/67 lamps for blue light (λmax= 450 nm, 50 µmol photons m-2 s-1) 

and Osram L65W/25S universal-white lamps for white light (50 µmol photons m-2 s-1). 

 

5.3.2 Haematococcus cDNA expression libraries, plasmids, screening and DNA 

sequencing 

The construction of Haematococcus cDNA libraries from cyst cells was described previously 

(Linden, 1999). After in vivo excision using the ExAssist/SOLR system (Stratagene), the 

cDNA libraries were further utilized for complementation experiments. E. coli strain JM101 

was used as a host for screening and complementation experiments with plasmid pACCRT-

EBI (Misawa et al., 1995). The screening for lycopene cyclase was carried out by the 

heterologous complementation procedure reported previously (Linden et al., 1993). Cultures 

of E. coli JM101 were grown in LB medium and ampicillin (50 µg/ml), chloramphenicol (30 

µg/ml), and isopropyl-β-D-thio-galactopyranosid (0.5 mM) were added as required. The 

nucleotide sequences of Haematococcus lycopene cyclase cDNAs were determined for both 

strands using the Abi Prism Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin 

Elmer). For the analysis of nucleotide and derived amino acid sequences the Lasergene 
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program (DNASTAR, Inc.) was applied. The search for putative chloroplast transit peptides 

was carried out using the ChloroP program (Emanuelssen et al., 1999). 

 

5.3.3 Northern blot analysis 

After 3 d of growth, the Haematococcus cells were collected by centrifugation either directly 

or after varying illumination times. The cells were frozen and subsequently ground under 

liquid nitrogen using a mortar and pestle. RNA was then isolated according to the miniprep 

RNA extraction procedure as described (Sokolowsky et al., 1990). For Northern blot analysis 

total RNA (10 µg) was denatured in formaldehyde, electrophoresed on a 1% agarose gel 

containing 6% formaldehyde, transferred to positively charged nylon membrane (Roche) and 

hybridized in the presence of 50% formamide at 42°C. Probe labeling and hybridization were 

carried out according to the instructions in the DIG Nonradioactive Nucleic Acid Labeling 

and Detection System (Roche). The following Haematococcus genes were applied as probes: 

phytoene synthase (EMBL GenBank accession no. AF305430), phytoene desaturase (EMBL 

GenBank accession no. X86783), lycopene cyclase (EMBL GenBank accession no. 

AY182008), and carotenoid hydroxylase (EMBL GenBank accession no. AF162276). 

 

5.3.4 Carotenoid extraction from E. coli and HPLC analysis 

For analysis of carotenoids from E. coli cells harbouring various carotenoid biosynthesis 

genes, cultures were grown in LB medium at 28°C for 48 hours, harvested by 

centrifugation, frozen in liquid nitrogen, and dried in a freeze dryer (Alpha, Christ, 

Osterode, Germany) under vacuum. Subsequently, the cells were extracted twice with 

acetone at 55°C for 15 min. The combined extracts were then partitioned into 

diethylether/petrol (b.p. 35-80°C)(1:10, v/v) and evaporated to dryness. Carotenoid 

extracts were separated by HPLC on an Nucleosil RP18 5 µ (Macherey-Nagel, Düren, 

Germany) at 1 ml / min with acetonitrile:methanol:2-propanol (85:10:5, v/v/v) as eluent 

(Linden et al., 1991). Spectra were recorded directly from elution peaks using a Waters 

994 diode array detector. Standards for HPLC-analysis such as β-carotene and astaxanthin 

were purchased either from Sigma or Roth.  
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5.3.5 Chlorophyll and carotenoid extraction and quantification, photosynthetic oxygen 

evolution 

For the isolation of chlorophyll from Haematococcus cells, 1ml from the algal cultures was 

extracted with methanol at 60°C for 15 min. Following filtration the absorbance of the 

extract was determined at 650 and 665 nm. Total chlorophylls were subsequently 

calculated using the equation and specific absorption coefficients given by Holden (1976). 

For the isolation of total carotenoids, cells (20 ml from algal cultures) were harvested by 

centrifugation and extracted in methanol containing 6% KOH (w/v) at 65°C for 20 min. 

Subsequently, the extracts were partitioned into diethylether/petrol (b.p. 35-80°C)(1:10, 

v/v). To allow the quantification of total carotenoids without astaxanthin, the absorbance of 

the extracts was determined at 419 nm. The values were subsequently multiplied by 1.4, a 

factor determined by measuring the absorbance of total carotenoid extract of a 

Haematococcus control culture at two different wavelengths (A440/A419). The amount of 

total carotenoids without astaxanthin was then calculated applying an extinction coefficient 

of 2500 (Davies, 1976). Quantification of astaxanthin and astaxanthin esters from 

Haematococcus cells was carried out as reported previously (Steinbrenner and Linden, 

2000). The amount of astaxanthin was calculated applying an absorption coefficient for 

astaxanthin in dimethyl sulfoxide of 2220 (Boussiba et al., 1992). Photosynthetic oxygen 

evolution was determined using a Clarke-type electrode (Böger et al., 1981). 

 

5.3.6 Light microscopy 

Cells were immobilized on glass slides using 0.2% (w/v) low melting agarose and inspected 

with an Olympus BX-51 microscope (Olympus, Hamburg, Germany). Photographs were 

taken using a Nikon DXM 1200 digital camera. 
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5.4 RESULTS 

 

5.4.1 Isolation of the Haematococcus gene coding for lycopene β-cyclase and functional 

characterization 

For the isolation of lycopene cyclase cDNAs from Haematococcus, a functional 

complementation approach was applied which is commonly used for cloning and 

characterization of carotenoid genes (Linden et al., 1993; Cunningham et al., 1996). A 

Haematococcus cDNA library prepared from red cyst cells was transformed into E. coli 

carrying plasmid pACCRT-EBI (Misawa et al., 1995). Plasmid pACCRT-EBI harbours the 

carotenoid biosynthesis genes crtE, crtB, and crtI from Erwinia uredovora and its expression 

resulted in the accumulation of lycopene in E. coli. After co-transformation with the 

Haematococcus cDNA library, several colonies were identified which revealed a color change 

from red to yellow. Following growth in LB broth, total carotenoids were extracted from 

yellow and control E. coli cells and subjected to HPLC analysis (Fig. 2, A-C).  

The control colonies accumulated lycopene (all-trans and cis isomers; Fig. 2A, peaks 1-3) 

whereas β-carotene (all-trans and cis isomers; Fig 2B, peaks 4 and 5) was found to be the 

predominant carotenoid in the yellow cells as identified by comparison to standards (Fig. 2C). 

It was concluded that the isolated cDNAs code for lycopene β-cyclase. DNA sequence 

analysis indicated that all isolated cDNAs represented the same gene (data not shown). The 

DNA sequence of the longest lycopene β-cyclase cDNA (EMBL GenBank accession no. 

AY182008) was determined and revealed one open reading frame. The deduced protein 

sequence of 577 amino acids showed the highest sequence similarity with lycopene 

β−cyclases from Arabidopsis thaliana (47,7 % identity, Fig. 2D). Analysis with the ChloroP 

program identified a putative chloroplast transit peptide at the N-terminus suggesting a 

localization of Haematococcus lycopene cyclase in the chloroplast. 
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Fig. 2: Functional complementation and sequence 
homology of Haematococcus lycopene β-cyclase. 
HPLC analyses of carotenoids isolated from E. coli 
after transformation with plasmid pACCRT-EBI and 
after co-transformation of Haematococcus lycopene 
cyclase gene together with pACCRT-EBI are shown 
in panels A and B, respectively. For comparison, a 
β-carotene standard was also separated (panel C). 
The following carotenoids were identified by their 
absorption spectra and their retention times as 
compared to standards: lycopene (all-trans and cis 
isomers, peaks 1, 2, and 3); β-carotene (all-trans and 
cis isomers, peaks 4 and 5). An amino acid sequence 
alignment of Haematococcus lycopene cyclase with 
the lycopene β-cyclase from Arabidopsis thaliana is 
shown in panel D. Identical, conserved and semi-
conserved amino acid residues are indicated by (*), (:) and (.) below the alignment, 
respectively. The putative chloroplast transit peptides are shown in italics with the assumed 
processing site indicated by an arrowhead below and above the respective sequence. 
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5.4.2 Carotenoid gene expression and astaxanthin production in response to higher 

light intensities 

Previous results indicated that astaxanthin biosynthesis is not limited to cyst cells but also 

occurs in motile vegetative cells (Grünewald et al., 1997; Sun et al., 1998; Steinbrenner and 

Linden, 2000). To confirm this result, Haematococcus flagellates were grown under low and 

moderate light intensities and were examined by microscopy (Fig. 3A, upper panels). The 

accumulation of the red astaxanthin in the cytosol was clearly seen following 48 h growth 

under moderate light and no changes in cell morphology were noticed. The identity of 

astaxanthin was confirmed by HPLC analysis of total carotenoids (data not shown). The 

astaxanthin accumulation in response to moderate light was not observed when the inhibitor 

of the photosynthetic electron transport DCMU was added (Fig 3A, lower left panel). In 

contrast, supplementation with DBMIB, another inhibitor of photosynthesis, did not abolish 

astaxanthin accumulation under increased illumination (Fig 3A, lower right panel). For 

inhibition of photosynthesis, DCMU was applied at a final concentration of 20 µM which 

completely abolished the photosynthetic electron transport in Haematococcus flagellates 

(assayed as O2 evolution, data not shown) (Kobayashi et al., 1997). To avoid side effects on 

mitochondrial electron transport, DBMIB was added at a final concentration of 1µM. Under 

these conditions, respiration was not affected (assayed as O2 consumption in the dark, data not 

shown), whereas an inhibition of photosynthesis of 65% + 9 was observed. To compensate for 

the photolability of DBMIB the inhibitor was re-supplied every 5-6 h (Kovacs et al., 2000; 

Pfannschmidt et al., 2001b). To confirm that DBMIB was effective throughout the entire 

experiment, photosynthetic oxygen evolution was measured. Using moderate light conditions, 

photosynthesis was found to be similarly inhibited directly after the addition of DBMIB and 

after 5 h of growth in the presence of DBMIB (data not shown). Despite the inhibition of 

photosynthesis, cells were still viable and showed normal growth as well as photophobic and 

phototactic movements which was due to the mixotrophic growth conditions. Nevertheless, 

DBMIB-treated cells revealed a somewhat increased cell size in comparison to control cells 

which may be due to other side effects of DBMIB (Fig. 3A, lower right panel) (Trebst, 1980). 

The addition of either dimethyl sulfoxide or methanol which were used for dissolving DCMU 

and DBMIB did not have any effect on astaxanthin production and Haematococcus cell size 

(data not shown). 

Quantification of astaxanthin from Haematococcus cells confirmed that illumination 

with moderate light intensities leads to increasing astaxanthin levels (5.7 + 0.3 mg / g dry 

weight). This increase was abolished by the addition of DCMU (0.7 + 0.1 mg astaxanthin / g 
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dry weight) but not by supplementation with DBMIB (6.1 + 0.4 mg astaxanthin / g dry 

weight).  

For the investigation of carotenoid gene expression under these conditions, gene 

probes for Haematococcus phytoene synthase, phytoene desaturase, lycopene cyclase and 

carotenoid hydroxylase were applied (Linden, 1999; Steinbrenner and Linden, 2000). All four 

genes revealed a pronounced up-regulation in response to moderate light (Fig. 3B, left panel). 

The mRNA levels showed a maximum at 12 to 24 h following the onset of moderate light and 

subsequently decreased (data not shown; Steinbrenner and Linden, 2000). When 

photosynthesis was inhibited by the addition of DCMU, the light increase in carotenoid gene 

transcripts was no longer detected and mRNA levels were similar in low and moderate light 

cultures (Fig. 3B, middle panel). This is particularly evident for carotenoid hydroxylase where 

no mRNA at all could be detected in the presence of DCMU. In contrast, light induction of all 

four carotenoid genes was still observed when photosynthesis was inhibited by DBMIB (Fig. 

3B, right panel). Under these conditions similar kinetics of carotenoid gene transcripts were 

observed as under moderate light only (Fig. 3B, left panel). 
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Fig. 3: Astaxanthin accumulation 
and light-induced expression of 
carotenoid biosynthesis genes are 
correlated with the redox state of the 
photosynthetic electron transport. A, 
Light microscopy photographs of 
Haematococcus cells. After 3 d of 
initial growth under standard 
conditions, Haematococcus cells 
were either grown under low light 
(LL) or under moderate light (ML) 
for additional 48 h (upper left and 
right panels). Alternatively, cells 
were illuminated with moderate light 
and incubated with either DCMU or 
DBMIB, respectively (lower left and 
right panels). B, Expression of 
carotenoid genes during the induction 
of astaxanthin biosynthesis by 
moderate light intensities. RNA was 
isolated from Haematococcus cells 
after growth under low light 
conditions (lanes 1, 4, and 7) and after 
an additional incubation for 12 h 
(lanes 2, 5, and 8) and 24 h (lanes 3, 
6, and 9) under moderate light and in 
the presence of either DCMU or 
DBMIB, respectively. For Northern 
blot analysis, the Haematococcus 
phytoene synthase (PSY), phytoene 
desaturase (PDS), lycopene β− 
cyclase (LYC), and carotenoid 
hydroxylase (CHY) cDNAs were used 
as specific probes. For comparison, 
total RNA was stained with ethidium 
bromide (lower panels). C, Cell 
numbers and contents of 
photosynthetic pigments of 
Haematococcus during the induction 
of astaxanthin biosynthesis by 
moderate light intensities. Growth and 
light induction was performed as 
described under B. Total chlorophyll 
and carotenoids (without astaxanthin) 
and cell numbers are indicated by 
black, gray and open bars, 
respectively. 
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To obtain further information on the effect of light intensity changes as well as the addition of 

the photosynthetic electron transport inhibitors, growth and pigment contents of 

Haematococcus were determined (Fig. 3C). In comparison to the cultures grown under low 

light conditions, illumination with moderate light resulted in an increase in cell numbers and a 

decrease in both chlorophyll and carotenoid contents. This acclimation to higher light 

intensities is a well-known mechanism that has been observed in algae and higher plants 

(Wild, 1979; Humbeck et al., 1988). The addition of DCMU and DBMIB led to growth 

inhibition. In contrast, the reduction of photosynthetic pigments in response to moderate light 

was not observed (DCMU) or less pronounced (DBMIB). A similar effect of DCMU on 

chlorophyll contents was previously reported for another green alga Dunaliella tertiolecta and 

seems to be due to the fact that DCMU mimics the effect of acclimation to low light 

(Escoubas et al., 1995). 

The mixotrophic growth in the presence of acetate applied for these experiments does 

not reflect the natural growth conditions of Haematococcus. Furthermore, it has been shown 

that growth in the presence of acetate can also lead to changes in the redox state of the 

photosynthetic electron transport (Kovacs et al., 2000). To exclude any side effects of 

mixotrophic growth on the observed light regulation of carotenoid biosynthesis genes, the 

same experiment was carried out under autotrophic growth conditions (Fig. 4). Furthermore, 

to allow a direct comparison of the inhibitory effects of DCMU and DBMIB, I50 values for the 

inhibition of photosynthetic O2 evolution were determined under autotrophic growth 

conditions (DCMU, 0.14 µM; DBMIB, 0.15 µM) and subsequently applied. All four 

carotenoid genes were found to be up-regulated in response to moderate light under 

autotrophic growth conditions (Fig. 4A). In comparison to cells cultivated in the presence of 

acetate, the maximum induction of carotenoid genes was somewhat delayed which is in 

corroboration with previously published data (Grünewald et al., 2000). The inhibition by 

DCMU almost completely abolished light induction of the carotenoid biosynthesis genes, 

whereas light induction was still observed in the presence of DBMIB (Fig. 4A). 

The illumination of Haematococcus cells grown under autotrophic conditions with 

moderate light intensities resulted in a higher astaxanthin accumulation (Fig. 4B). The 

increase in astaxanthin was abolished in the presence of DCMU, whereas the addition of 

DBMIB did not reduce the light-induced astaxanthin accumulation. The addition of DCMU 

and DBMIB to autotrophically grown cells resulted in the inhibition of cell growth (data not 

shown). Similar to the results obtained under mixotrophic growth conditions, higher contents 

of photosynthetic pigments were observed in the presence of DCMU.  
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Fig. 4: Correlation of the expression of 
carotenoid biosynthesis genes with the 
redox state of the photosynthetic 
electron transport under autotrophic 
growth conditions. 
A, Expression of carotenoid genes 
during the induction of astaxanthin 
biosynthesis by higher light intensities. 
After 5 d of initial growth under 
autotrophic growth conditions, RNA 
was isolated from Haematococcus cells 
after incubation under low light 
conditions (lanes 1 and 2) and after 
incubation for 24 h (lanes 3, 5, and 7) 
and 48 h (lanes 4, 6, and 8) under 
moderate light and in the presence of 
either DCMU or DBMIB, respectively. 
For Northern blot analysis, the 
Haematococcus phytoene synthase 
(PSY), phytoene desaturase (PDS), 
lycopene β-cyclase (LYC), and 
carotenoid hydroxylase (CHY) cDNAs 
were used as specific probes. For 
comparison, total RNA was stained with 
ethidium bromide (lower panel). 
Alternatively, cells were grown as 
described under A and astaxanthin was 
isolated and quantified (B).  

 

 

To obtain more information on the regulatory mechanism involved in the light induction of 

Haematococcus carotenoid genes, the stability of carotenoid mRNAs was analyzed (Fig. 5). 

The inhibitor of transcription, actinomycin D, was added to Haematococcus cells after growth 

under low light and after light induction for 8 h. Following the addition of actinomycin, 

phytoene synthase, phytoene desaturase, and lycopene cyclase revealed a fast degradation of 

mRNAs not only under low light but also after a induction with moderate light (Fig. 5, lanes 2 

and 5). Transcript levels of carotenoid hydroxylase also showed a fast degradation in the light 

(Fig. 5, lane 5). When growth was continued under moderate light conditions in the absence 

of actinomycin for additional 4 h, increasing transcript levels were observed for all carotenoid 

genes (Fig. 5, lane 4). These results suggested that the induction of carotenoid gene mRNA 

levels in response to moderate light was not due to a higher mRNA stability but rather a 

consequence of transcriptional activation.  
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Fig. 5: The transcripts of carotenoid genes 
reveal a fast turn-over under both low and 
moderate light conditions. RNA was 
isolated from Haematococcus cells after 
growth in low light under standard 
conditions (LL, lane 1) and after an 
additional incubation for 8 h under 
moderate light (ML, lane 3). Actinomycin 
was added to parallel cultures and growth 
was continued for 4 h under low and 
moderate light, respectively (lanes 2 and 
5). As a control, Haematococcus cells were 
illuminated with moderate light for 12 h 
(lane 4). For Northern blot analysis, the 
Haematococcus phytoene synthase (PSY), 
phytoene desaturase (PDS), lycopene β− 
cyclase (LYC), and carotenoid hydroxylase 
(CHY) cDNAs were used as specific 
probes. For comparison, total RNA was 
stained with ethidium bromide (lower 
panel). 

 

 

5.4.3 Astaxanthin accumulation but not carotenoid gene expression is dependent on 

increasing light intensities 

The illumination of Haematococcus flagellate cells with increasing light intensities resulted in 

higher astaxanthin accumulation (Fig. 6A). Thus, only traces of astaxanthin were produced 

under low light conditions, whereas the highest astaxanthin accumulation was observed at a 

light intensity of 250 µmol photons m-2 s-1. In addition, the expression of carotenoid genes 

was examined in response to different light intensities (Fig. 6B). The illumination with 50 

µmol photons m-2 s-1 for 24 h resulted in a strong up-regulation of phytoene synthase, 

phytoene desaturase, lycopene cyclase, and carotenoid hydroxylase in comparison to low light 

conditions (Fig. 6B, lanes 1 and 2). A further increase in the light intensities did not lead to 

higher mRNA levels of carotenoid genes and a similar up-regulation of carotenoid genes was 

observed following a light induction with 50, 150, and 250 µmol photons m-2 s-1 (Fig. 6B, 

lanes 2, 3, and 4). Thus, despite the clear correlation of light intensities with astaxanthin 

accumulation, a light intensity of 50 µmol photons m-2 s-1 was sufficient for a maximum light 

induction of carotenoid genes. 
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Fig. 6: Astaxanthin biosynthesis but not 
the expression of carotenoid genes is 
dependent on light intensity. For the 
isolation and quantification of 
astaxanthin, Haematococcus cells were 
grown for 3 d under standard conditions 
and subsequently incubated either under 
low light or under light intensities of 50, 
150 and 250 µmol photons m-2 s-1, 
respectively for 24 h (A). Alternatively, 
growth was performed as described 
under A and the Haematococcus cells 
were used for the isolation of RNA (B). 
The Haematococcus phytoene synthase 
(PSY), phytoene desaturase (PDS), 
lycopene β-cyclase (LYC), and 
carotenoid hydroxylase (CHY) cDNAs 
were used as specific probes. For 
comparison, total RNA was stained with 
ethidium bromide (lower panel). C, Cell 
numbers and contents of photosynthetic 
pigments of Haematococcus following 
growth under standard conditions and 
after illumination with 10, 50, 150 and 

250 µmol photons m-2 s-1, respectively for 24 h. Total chlorophyll and carotenoids (without 
astaxanthin) and cell numbers are indicated by black, gray and open bars, respectively. D, 
Light response curve for photosynthetic oxygen evolution of Haematococcus cells following 
growth under standard conditions. Values are means + SD of three independent 
determinations. 
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Cell numbers and chlorophyll and carotenoid contents of Haematococcus cells were 

investigated following light induction with increasing light intensities (Fig. 6C). The highest 

chlorophyll and carotenoid contents were observed at a light intensity of 10 µmol photons m-2 

s-1; illumination with higher light intensities resulted in a reduction of photosynthetic 

pigments (Fig. 6C). The highest growth rate was observed after illumination with 50 to 150 

µmol photons m-2 s-1 with higher light intensities leading to a reduction in cell numbers. A 

light response curve for low light-adapted Haematococcus cells was determined (Fig. 6D). 

The light compensation point occurred at a light intensity of 10 µmol photons m-2 s-1. Using a 

light intensity of 50 µmol photons m-2 s-1, a strong increase in the photosynthetic oxygen 

production was observed; illumination with higher light intensities only led to minor increases 

in the photosynthesis rate. 

 

5.4.4 Both red and blue light are effective in the light induction of carotenoid 

biosynthesis genes 

Our results suggest that the redox state of the photosynthetic electron transport plays a role in 

the light regulation of carotenogenesis in Haematococcus. Consequently, light regulation of 

the carotenoid biosynthesis genes should not be limited to a specific region of the solar 

spectrum, but should occur similarly in response to illumination with photosynthetically 

active radiation such as blue and red light. Haematococcus flagellate cells were illuminated 

with white, red, and blue light using a light intensity of 50 µmol photons m-2 s-1, respectively. 

This light intensity was shown to be sufficient for a maximum light induction of the 

carotenoid gene expression (Fig. 6). The illumination with white light led to the up-regulation 

of all four carotenoid genes examined in comparison to the low light control (Fig. 7A, lanes 1 

and 2). Blue and red light also resulted in an elevated expression of phytoene synthase, 

phytoene desaturase, lycopene cyclase, and carotenoid hydroxylase with similar mRNA levels 

under white, red and blue light (Fig. 7A, lanes 2, 3, and 4). Interestingly, the addition of 

DCMU abolished both red light and blue light induction of all four carotenoid biosynthesis 

genes (Fig. 7A, lanes 4 and 6). Following growth under the same light conditions, 

Haematococcus cells were subjected to carotenoid analysis and astaxanthin was quantified 

(Fig. 7B). The addition of DCMU to red and blue light-induced cells almost completely 

abolished astaxanthin accumulation. However, in contrast to the induction of carotenoid 

genes, blue light was significantly more effective in the induction of astaxanthin accumulation 

than red light. Thus, whereas similar amounts of astaxanthin were synthesized following 

illumination with white and blue light, only less than 50 % astaxanthin was detected under red 
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light. It was concluded that red and blue light are similarly efficient in the induction of the 

carotenoid genes, whereas blue light seems to have additional effects on the biosynthesis of 

astaxanthin. 

 

 
Fig. 7: Carotenoid biosynthesis genes are up-regulated under both blue and red light. RNA 
was isolated from Haematococcus cells after growth under low light conditions (LL, lane 
1) and after an additional illumination with either white light (WL, lane 2), red light (RL, 
lanes 3 and 4) and blue light (BL, lane 5 and 6) for 24 h (50 µmol photons m-2 s-1, 
respectively) (A). The photosynthesis inhibitor DCMU was added as indicated (lanes 4 and 
6). For Northern blot analysis the Haematococcus phytoene synthase (PSY), phytoene 
desaturase (PDS), lycopene β-cyclase (LYC), and carotenoid hydroxylase (CHY) cDNAs 
were used as specific probes. For comparison, total RNA was stained with ethidium 
bromide (lower panel). Alternatively, cells were grown as described under A and 
astaxanthin was isolated and quantified (B). C, Cell numbers and contents of 
photosynthetic pigments of Haematococcus. Growth and light inductions were carried out 
as described under A. Total chlorophyll and carotenoids (without astaxanthin) and cell 
numbers are indicated by black, gray and open bars, respectively.  
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In comparison to Haematococcus cultures illuminated with low and white light, the cultures 

treated with blue and red light revealed higher cell numbers (Fig. 7C). This effect which is 

probably due to the higher ratio of photosynthetically active radiation in blue and red light 

was abolished by the addition of DCMU. Blue and red light also led to lower chlorophyll and 

carotenoid contents. Similar to the effect of DCMU on cultures induced by moderate white 

light, supplementation of Haematococcus cultures grown under red and blue light with 

DCMU resulted in higher chlorophyll contents (Fig. 3C, Fig, 7C). 

 

5.5 DISCUSSION 

There is mounting evidence that photosynthesis, in addition to its essential function in the 

conversion of light energy into chemical energy, plays an important regulatory role in the 

acclimation of plants to environmental light conditions (for reviews see Scheibe, 1991; Allen 

et al., 1995; Allen and Pfannschmidt, 2000; Pfannschmidt et al., 2001a). During this 

acclimation process, changes in the reduction/oxidation (redox) state of components of the 

photosynthetic electron transport lead to the adjustment of photosystem stoichiometry and to 

balanced electron transport rates. In addition, redox control was shown to be involved in the 

post-translational modification of photosynthetic proteins as well as in the regulation of 

chloroplast and nuclear gene expression. For example, nuclear gene expression of the 

chlorophyll-binding proteins of the light-harvesting complex in the green alga Dunaliella 

tertiolecta as well as the chloroplast genes coding for reaction center proteins of photosystem 

I in Sinapis alba are under redox control (Escoubas et al., 1995; Pfannschmidt et al., 1999). In 

addition, the expression of several nuclear-encoded genes of photosystem I is controlled by 

the redox state of the photosynthetic electron transport (Pfannschmidt et al., 2001b). The 

redox control of gene expression seems to be a widespread mechanism which is not limited to 

green algae and higher plants, but has also been reported for the regulation of photosynthetic 

and other genes in cyanobacteria (Kujat and Owttrim, 2000; El Bissati and Kirilovsky, 2001). 

Here, we show that the expression of the carotenoid biosynthesis genes phytoene 

synthase, phytoene desaturase, lycopene cyclase, and carotenoid hydroxylase in response to 

increased light intensities is correlated with the redox state of the photosynthetic electron 

transport (Fig. 3, Fig. 4). We applied two inhibitors of the photosynthetic electron transport 

which are commonly used for the detection of redox-controlled processes in plants (e.g. 

Pfannschmidt et al., 1999; Kujat and Owttrim, 2000). Furthermore, using DCMU and 

DBMIB can help narrow down the component of the photosynthetic electron transport 

responsible for redox sensing. In the presence of DCMU, the electron flow from photosystem 
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II into the plastoquinone pool is inhibited (Trebst, 1980). Thus, the plastoquinone pool cannot 

be reduced by photosystem II. In contrast, DBMIB was reported to inhibit cyclic and linear 

electron transport and prevents the oxidation of the plastoquinone pool by the cytochrome b6 f 

complex. When photosynthesis in Haematococcus flagellates was inhibited by addition of 

either DCMU or DBMIB, light induction of carotenoid genes was abolished only in the 

presence of DCMU (Fig. 3). In the presence of DBMIB, all carotenoid biosynthesis genes 

examined revealed a typical up-regulation in response to increased light. The different effects 

of DCMU and DBMIB on light regulation of the carotenoid biosynthesis genes were also 

observed when cells were grown autotrophically and the inhibitors were added at a 

concentration which resulted in a half-maximal inhibition of photosynthetic oxygen evolution, 

respectively (Fig. 4). Consequently, the suppression of carotenoid gene expression in the 

presence of DCMU is not due to secondary effects of photosynthesis inhibition but seems to 

be directly dependent on the redox state of components of the photosynthetic electron 

transport. Our inhibitor studies with DCMU and DBMIB further suggest that the 

plastoquinone pool functions as the redox sensor for the up-regulation of carotenoid 

biosynthesis genes in Haematococcus. This is in accordance with several other examples 

where the plastoquinone pool was shown to be involved as a redox sensor for the 

transcriptional control of chloroplast and nuclear genes (e.g. Escoubas et al., 1995; 

Pfannschmidt et al., 1999; Tullberg et al., 2000; Yang et al., 2001). In addition to the four 

genes examined in the present study, β-carotene ketolase and isopentenyl pyrophosphate 

isomerase also revealed an up-regulation in response to light (Sun et al., 1998). The β-

carotene ketolase is the only enzyme of the Haematococcus carotenoid biosynthetic pathway 

which is entirely limited to astaxanthin production. All other enzymes involved in astaxanthin 

biosynthesis including carotenoid hydroxylase also function in the general carotenoid 

pathway (Fig. 1). Therefore, it would have been very interesting to include the regulation of 

the β-carotene ketolase mRNA in our study. In Northern blot analysis however, transcript 

levels of β-carotene ketolase were below detection limits even under higher light conditions 

suggesting a very low expression of this gene (data not shown). Nevertheless, in Western blot 

analysis using a ketolase antiserum, the accumulation of the β-carotene ketolase protein was 

strictly dependent on higher light intensities and was not observed in the presence of DCMU 

(Grünewald et al., 2001; Steinbrenner, J., Hagen, C., and Linden, H., unpublished results). 

Our results indicated that not only the specific astaxanthin biosynthetic pathway, but also the 

general steps in carotenoid biosynthesis are regulated by the redox state of the photosynthetic 

electron transport in Haematococcus. Interestingly, the regulation of carotenoid biosynthesis 
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by redox control seems to be limited to Haematococcus, whereas blue and red light 

photoreceptors were reported to bring about the light induction of carotenoid genes in the 

green alga Chlamydomonas reinhardtii and in higher plants, respectively (von Lintig et al. 

1997; Bohne and Linden, 2002). To our knowledge, this represents a first example in which 

an entire biosynthetic pathway is under photosynthetic redox control.  

To gain a deeper understanding of light regulation of astaxanthin biosynthesis, the 

expression of carotenoid biosynthesis genes as well as astaxanthin production in response to 

different light quantities and qualities were examined. In accordance with previous results 

obtained for Haematococcus cyst cells, we observed a correlation of light intensities with 

astaxanthin accumulation in flagellates (Fig. 6) (Kobayashi et al., 1992). In contrast, a 

maximum light induction of carotenoid genes was observed at lower light intensities (50 µmol 

photons m-2 s-1). Interestingly, cells adapted to low light revealed a major increase in the 

photosynthesis rate when a light intensity of 50 µmol photons m-2 s-1 was applied. Thus, both 

light-induced expression of carotenoid genes as well as photosynthetic oxygen evolution were 

saturated at similar light intensities. In addition, the saturation of the light-induced carotenoid 

gene expression at a light intensity of 50 µmol photons m-2 s-1 suggests that the light 

regulation of carotenoid biosynthesis genes is not a stress response to high light. It rather 

seems to be part of the acclimation process of Haematococcus to increasing light intensities. 

Nevertheless, the light induction of carotenoid gene expression was shown to be a prerequisite 

for the increasing accumulation of astaxanthin under stronger light intensities as indicated by 

the inhibitory effects of DCMU. It has previously been reported that the addition of reactive 

oxygen species (ROS)-generating compounds to Haematococcus cells resulted in a drastic 

increase in astaxanthin accumulation (Kobayashi et al., 1993; Fan et al., 1998). The effect of 

ROS was shown to be post-translational. Thus, ROS which is produced as a result of high 

light stress may directly lead to the enhanced activation of one or several carotenoid 

biosynthesis enzymes as previously proposed  (Kobayashi et al., 1993). In contrast, the 

addition of ROS-generating compounds did not influence the expression of carotenoid 

biosynthesis genes (Steinbrenner and Linden, 2000). Blue light was more effective in the 

induction of astaxanthin accumulation than red, whereas blue and red light revealed similar 

quantum efficiencies in the up-regulation of carotenoid biosynthesis genes (Fig. 7). Since both 

blue and red light are absorbed by the photosynthetic pigments and lead to the activation of 

the photosynthetic electron transport, these findings provided additional evidence for the 

dependence of carotenoid biosynthesis gene regulation on the redox state of the 

photosynthetic electron transport. This is further supported by the fact that the addition of 
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DCMU abolished both the blue and red light-induced gene expression. Our results also make 

an involvement of blue and red light photoreceptors in the regulation of carotenoid gene 

expression in Haematococcus rather unlikely.  

The induction of carotenoid gene mRNA levels in response to moderate light was 

found to be due to transcriptional activation (Fig. 5). Consequently, a signal transduction 

cascade must exist which detects changes in the redox state of the plastoquinone pool in the 

chloroplast and which results in the transcriptional activation of the nuclear-localized 

carotenoid biosynthesis genes. Although the presence of such a signaling cascade has been 

generally accepted, the signaling components have not been identified today. 

In conclusion, our results indicate that light regulation of carotenogenesis in 

Haematococcus is under photosynthetic redox control. The transfer of Haematococcus cells 

from low light conditions to moderate light intensity results in the reduction of the 

components of the photosynthetic electron transport including the plastoquinone pool. The 

plastoquinone pool seems to function as redox sensor; reduction of the plastoquinone pool 

subsequently leads to the transcriptional activation of most if not all genes involved in 

astaxanthin biosynthesis. The redox control of carotenoid genes seems to have two different 

physiological functions. On one hand, the transient induction of the carotenoid genes under 

moderate light conditions is part of the acclimation process of Haematococcus to increased 

light conditions. On the other hand, redox regulation of carotenoid genes is a prerequisite for 

the production of astaxanthin under stress conditions such as high light and in the presence of 

ROS. In contrast to the transcriptional redox regulation of carotenoid genes, high light and 

ROS exert a further and perhaps post-translational regulation of astaxanthin biosynthesis. The 

high light regulation is correlated with the light intensity and dependent on the light quality 

applied. The accumulation of astaxanthin enables Haematococcus pluvialis to prevent 

photooxidative damage and to cope with unfavorable growth conditions. 
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6.2 ABSTRACT 

Astaxanthin is a high-value carotenoid, which is used as a pigmentation source in fish 

aquaculture. Additionally, a beneficial role of astaxanthin as a food supplement for humans is 

evident. The unicellular alga Haematococcus pluvialis is a suitable biological source for 

astaxanthin production. In the context of the strong biotechnological relevance of H. pluvialis 

for the production of high amounts of astaxanthin and other high-value carotenoids, we 

developed a genetic transformation protocol for metabolic engineering of this green alga. In a 

first step, the gene coding for the carotenoid biosynthesis enzyme phytoene desaturase was 

isolated from H. pluvialis and modified by site directed mutagenesis. In an in vitro assay, the 

modified phytoene desaturase was still active in the conversion of phytoene to ζ-carotene and 

revealed a 43 fold higher resistance towards the bleaching herbicide norflurazon. Upon 

biolistic transformation using the modified phytoene desaturase as reporter gene and selection 

with norflurazon, the integration in the nuclear genome of H. pluvialis and gene and protein 

expression of phytoene desaturase were shown by Southern, Northern and Western blots, 

respectively, in eleven transformants. Some of the transformants exhibited a higher carotenoid 

content in the green state which correlated with increased non-photochemical quenching. This 

chlorophyll fluorescence measurement can be used as a screening procedure for stable 

transformants. Stress induction of astaxanthin biosynthesis by high light showed an 

accelerated accumulation of astaxanthin in one of the transformants as compared to the wild 

type. Our results strongly indicate that the modified phytoene desaturase gene is a useful tool 

for the genetic engineering of carotenoid biosynthesis in H. pluvialis.  
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6.3 INTRODUCTION 

Among all carotenoids used as food supplement for humans, for food coloration or as 

pigmentation source for egg yolk the ketocarotenoid astaxanthin (3,3’-dihydroxy-4,4’-diketo-

β-carotene) is the most important from the biotechnological viewpoint (Boussiba et al., 1992; 

Lorenz and Cysewski, 2000). Besides the use as colorant it was discussed that astaxanthin 

supplementation might be a practical and beneficial strategy in human health management 

due to its neuroprotective, its immunomodulating and its antioxidant potential (Guerin et al., 

2003). Although most of the astaxanthin is produced by total chemical synthesis today and 

sold at a price of $2500 kg-1 (Johnson and Schroeder, 1995), the high price and the increasing 

demand as a food supplement provide a good opportunity for naturally produced astaxanthin.  

Biosynthesis of astaxanthin has been observed only in a limited number of organisms, e.g. in 

some marine bacteria, in the yeast Phaffia rhodozyma and in some green algae (Johnson and 

Schroeder, 1995). The unicellular green alga Haematococcus pluvialis reveals the highest 

astaxanthin accumulation (up to 4 %/ dry weight) and seems to be a very promising source for 

natural astaxanthin (Boussiba, 2000). A promising strategy to further improve the astaxanthin 

yield of H. pluvialis is the genetic engineering of the carotenoid biosynthesis pathway. 

 There are two reports of successful transformation of H. pluvialis by particle 

bombardment using the β-galactosidase gene (lacZ ) (Teng et al., 2002; Meng et al., 2005). 

The reporter gene was transiently expressed under the control of the SV40 promoter or the β-

carotene ketolase promoter. Unfortunately, a stable transformation was not obtained. 

Moreover, to date, there are no reports of a dominant selective transformation system for H. 

pluvialis. For the establishment of a stable transformation system several genetic tools are 

needed. This includes the choice of a reporter gene, a strong promoter and an adapted 

termination signal and a suitable method for stable DNA transfer into the cells. For H. 

pluvialis no strong promoters were isolated, yet. A further problem known from the 

transformation of other green algae is, that for foreign genes introduced e.g. into 

Chlamydomonas reinhardtii display low transcript levels despite being fused to strong 

endogeneous promoters (Lumbreras et al., 1998). It has been suggested that such failures of 

exogenous gene expression might be due to mismatches in codon usage patterns 

(Schiedlmeier et al., 1994), epigenic silencing by DNA methylation or changes in chromatin 

domain structure (Babinger et al., 2001; Jakobiak et al., 2004), and/or rapid mRNA 

degradation (Cerutti et al., 1997). These hurdles might be overcome by selecting a modified 

endogenous gene from the organism to be transformed. For C. reinhardtii there have been 



 65

reports using a modified cry1-1 gene, conferring resistance to crytoleurine (Nelson et al., 

1994), or a mutant protophorphyrinogen oxidase gene (ppx1) (Randolph-Anderson et al., 

1998). Another modified C. reinhartdtii gene was a genetically engineered acetolate synthase 

(als) that is conferring resistance to sulfonylurea herbicides, like sulfonmeturon methyl 

(Kovar et al., 2002).  

 Sequence information for genes that could be adapted as dominant selective markers 

after appropriate genetic modifications are not available from H. pluvialis to date. The limited 

sequence information that is available includes most of the carotenoid biosynthesis genes that 

were cloned and partially characterized by different research groups: isopentyl pyrophosphate 

isomerase (Sun et al., 1998), phytoene synthase (Steinbrenner and Linden, 2001), phytoene 

desaturase (Pds) (Grünewald et al., 2000), lycopene β-cyclase (Steinbrenner and Linden, 

2003) or the genes involved in the specific astaxanthin biosynthesis pathway like β-carotene 

ketolase (Grünewald et al., 2001) and carotenoid hydroxylase (Hyd) (Linden, 1999). 

Different mutations of the Pds gene from the cyanobacteria Synechococcus and Synechocystis 

were reported to lead to a resistance against the bleaching herbicide norflurazon (Chamovitz 

et al., 1993; Martinez-Ferez et al., 1994). The PDS from Synechococcus PCC7942 with the 

four known amino acid exchanges and their resistance factors (RF) against the bleaching 

herbicide norflurazon is shown in figure 1A. This inhibitor showed an interaction with the 

cofactor binding site of the enzyme in a competitive manner, blocking the transfer of electrons 

and protons to the cofactor plastoquinone in higher plants (Breitenbach et al., 2001). As a 

consequence, formation of carotenoids is prevented leading to phytotoxic effects due to 

photooxidation of chlorophyll and other components of the photosynthetic apparatus 

(Sandmann and Böger, 1989; Böger and Sandmann, 1990). Since H. pluvialis is highly 

sensitive against this herbicide and high sequence homologies exist between the 

Synechococcus PDS and the H. pluvialis protein, an exchange of one of the amino acids in 

Fig. 1A should be a promising strategy to engineer norflurazon resistance to the 

Haematococcus PDS and use this modified Pds gene as a dominant selectable marker and a 

reporter gene for the transformation of H. pluvialis.  

The present investigation describes the isolation of the gene coding for the carotenoid 

biosynthesis enzyme PDS from H. pluvialis. After mutation of the Pds gene resulting in a 

norflurazone-resitant phytoene desaturase, this gene was used for successful nuclear 

transformation and the genetic engineering of the carotenoid biosynthesis pathway for 

accelerated astaxanthin biosynthesis. 
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Fig. 1: Comparison of phytoene desaturase (PDS) from Synechococcus PCC7942 including 
the four known amino acid exchanges and their resistance factors (RF) against the bleaching 
herbicide norflurazon with the PDS from H. pluvialis (A). The ChloroP program identified a 
chloroplast transit peptide (TP) at the N-treminus. The modified codon in position 504 of the 
PDS from H. pluvialis, leading to an amino acid exchange from leucine to arginine, 
corresponds to codon 436 in the PDS from Synechococcus. Intron and exon structure of the 
Pds gene, the promoter sequence is indicated by the grey filled box, the exon sequences by 
black filled boxes and the intron sequences by thin lines (B). Map of H. pluvialis 
transformation vector pPlat-PdsMod4.1 with indicated restriction sites (C). The engineered 
Pds gene (PdsMod4.1) is inserted into the NaeI site of the vector pBluescript SK(-). The 
construct also contains the ampicillin resistance gene and the Escherichia coli origin of 
replication (ColE1) and a multiple cloning site (MCS). The sequence of this vector has been 
deposited at the EMBL Genebank (accession number DQ404589). 
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6.4 MATERIALS AND METHODS 

6.4.1 Haematococcus pluvialis strain, growth conditions, media 

H. pluvialis Flotow NIES-144 was obtained from the National Institute for Environmental 

Studies (NIES), Tsukuba, Japan and was grown in basal medium containing acetate 

(Kobayashi et al., 1993). Growth was performed at 22°C in Erlenmeyer flasks without 

aeration under a dark/light cycle of 12 h low light (20 µmol photons m-2 s-1, provided by 

universal-white lamps Osram L65W/25S) and 12 h dark for 3 d (final cell density 

approximately 3.5 x 105 cells/ml). Cultures were shaken manually once a day. For high light 

treatments, H. pluvialis was grown at 175 µmol photons m-2 s-1 at continuous light as 

indicated. For strong light treatments, H. pluvialis cells were set at 700 µmol photons m-2 s-1. 

For transformation protocols, optimal H. pluvialis medium (OHM) (Fabregas et al., 2000), 

supplemented with 2.42 g Tris-Acetate pH 7.2 (OHA) was used. After transformation, cells 

were plated on solid OHA medium, containing 5 µM norflurazon.  

 

6.4.2 Construction of genomic DNA library, screening and DNA sequencing 

For genomic DNA isolation, H. pluvialis cells were collected by centrifugation after a growth 

period of 3 d. The cells were frozen and subsequently powdered under liquid nitrogen using a 

mortar and pestle. Genomic DNA was isolated by using the Plant DNA Isolation Kit (Roche) 

following the manufacturers instructions. The genomic DNA library was constructed using 

the SuperCos I Vector Kit (Stratagene) according to the manufacturers instructions. The 

screening of the genomic DNA library for the isolation of the Pds gene was carried out by 

colony hybridization using a specific Pds cDNA probe according to the instructions in the 

DIG Nonradioactive Nucleic Acid Labeling and Detection System (Roche). Probe labeling 

and hybridization were carried out as described earlier (Steinbrenner and Linden, 2003). 

Positive clones were purified and cosmid DNA was isolated using High Pure Plasmid 

Isolation Kit (Roche) and analyzed by Southern blotting. After restriction of DNA by enzyme 

digestion, a 5.78 kb XbaI/XhoI fragment harbouring a Pds gene fragment was isolated and 

cloned in the pBluescriptSK- Vektor (Stratagene). The resulting plasmid was named 

pBluescript-Pds. The nucleotide sequence of H. pluvialis Pds gene was determined for both 

strands using the Abi Prism Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin 

Elmer). The analysis of nucleotide and derived amino acid sequences was carried out using 
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the Lasergene program (DNASTAR, Inc.). The intron exon organization of the Pds gene is 

shown in Fig. 1B. 

 

6.4.3 Construction of the transformation vector Plat-Pds-Mod4.1 

The mutated form of the Pds gene from H. pluvialis was constructed by site-directed 

mutagenesis using the vector pBluescript-Pds and the primers 5´-cc aag cag aag tac cgc gcc 

tcc atg gag gg-3´ and 5´-ccc tcc atg gag gcg cgg tac ttc tgc ttg g-3´ (the codon for the 

exchange from leucine to arginine is marked in bold). For mutagenesis the Quickchange 

Mutagenesis Kit (Stratagene) was used. The plasmid with the modified Pds was named 

pBluescript-PdsMod4.1. To verify the nucleotide exchange, the H. pluvialis Pds gene was 

partially sequenced using the Abi Prism Dye Terminator Cycle Sequencing Ready Reaction 

Kit (Perkin Elmer). To maintain the multiple cloning site for the final transformation vector, 

the mutated Pds gene was amplified by PCR using the primers 5´-cgc gat atc ggt gag ggg ttc 

aag tgc c-3´ and 5´-ccg ata tcg ttt gaa ttt tgg ctt gtt tgc-3´. In this step, the end standing XhoI 

and XbaI restriction sites of the Pds gene were eliminated and two EcoRV sites were 

introduced into the PCR product. By restriction digest with EcoRV the PCR product was 

cloned into the NaeI site of a pBluescriptSK(-) vector. The resulting transformation vector 

was named pPlat-PdsMod4.1 (Fig. 1 C). The sequence of the vector pPlat-PdsMod4.1 has 

been deposited at the EMBL Genebank (accession no. DQ404589). 

 

 

6.4.5 cDNA synthesis 

To recover the mutation within the cDNA pool of PDS WT and the mutated PDS (PDS Mut) 

transcripts, total RNA was isolated and cDNA synthesis was performed using iScript cDNA 

synthesis Kit (Biorad) according to the manufacturer’s instructions. For the specific PCR 

amplification of Pds cDNAs, the primers 5´-act cta gaa atg cag aca aca atg cgt ggc-3´  

together with 5´-ccc gga ttc aat agt ata cac cac aag c-3´  were used. The resulting PCR 

products were sequenced to verify the nucleotide exchange at the codon position 504 within 

the cDNA pool of the H. pluvialis Pds transcripts.  
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6.4.6 Transformation and growth of Escherichia coli 

Escherichia coli strain BL21 (DE3) (Novagene) was transformed with individual plasmids for 

the expression of PDS from H. puvialis in its wild type (PDS WT) or mutated form (PDS 

Mut). For the production of phytoene as substrate in the enzyme reaction, E. coli JM101 cells 

harbouring the plasmid pACCRT-EB were used (Breitenbach et al., 2001). Growth was 

performed in LB medium supplied with appropriate antibiotics in concentrations of 100 

µg/mL ampicillin and 50 µg/mL kanamycin. To the enzyme expressing strains, 

isopropylthiogalactose (1 mM) was added to the culture after an optical cell density (OD600, 1 

cm light path) of 0.6 was reached. Growth was performed at 25 °C overnight. Plasmid pBlue-

PdsWT, which mediates the overexpression of the PDS WT of H. pluvialis, was constructed by 

RT-PCR reaction of the corresponding cDNA using the primers 5´-act cta gaa atg cag aca aca 

atg cgt ggc-3´ together with 5´-ccc gga ttc aat agt ata cac cac aag c-3´ and cloning in frame 

into the XbaI/EcoRI sites of the vector pBluescriptSK- (Stratagene).  

The PDS Mut from H. pluvialis was constructed by site-directed mutagenesis using the vector 

pBlue-PdsWT and the primers 5´-cc aag cag aag tac cgc gcc tcc atg gag gg-3´ and 5´-ccc tcc 

atg gag gcg cgg tac ttc tgc ttg g-3´ (the codon for the exchange from leucine to arginine is 

marked in bold). The resulting plasmid was named pBlue-PdsMut. For the overexpression of 

the PDS WT and PDS Mut the pET system (Novagene) was used. Therefore the plasmids 

pBlue-PdsWT and  pBlue-PdsMut were restriction digested and the corresponding cDNAs were 

cloned in frame into the SacI/XhoI sites of the expression vector pET24b. The resulting 

plasmids were pET24b-PdsWT and pET24b-PdsMut. 

 

6.4.7 PDS assay including substrate and enzyme preparation  

Extraction of phytoene, the preparation of the enzyme and the PDS enzyme assay were 

performed according to Breitenbach et al. (2001). To the PDS assay, norflurazon was applied 

in increasing concentrations from 0.001 µM to 0.5 µM to the PDS WT enzyme and from 0.5 

µM to 20 µM to the engineered PDS Mut.   

 

6.4.8 Transformation protocol 

Haematococcus cells were grown in basal medium for 3 d under standard conditions (see 

above). Cells were concentrated by centrifugation and re-suspended to a density of 

approximately 1 x 108 cells/ml OHA medium. 1 ml of concentrated cells was used for each 

bombardment, plated on nylon filters on OHA plates. For transformation, the Biolistic PDS-
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1000/He system was used (Biorad). Fifty µl of M 17 tungsten particles solution (60 mg/ml in 

H2O) were mixed with 2 µl of DNA solution (1 µg/µl), 50 µl 2.5 M CaCl2 and 20 µl of 0.1 M 

spermidine-base. The mixture was incubated for 10 min at RT, centrifuged for 10 sec and the 

pellet was re-suspended in 250 µl ethanol. After an additional centrifugation for 10 sec the 

pellet was re-suspended in 50 µl ethanol. Twenty µl of DNA-coated particles were layered on 

a macrocarrier. Plates were bombarded at a distance of 7.5 cm under vacuum of 25 mmHg 

using 1350 psi rupture disks. After transformation, the cell-containing nylon disks were 

placed in 50 ml OHA medium for a regeneration period of 24 h under a dark/light cycle of 12 

h low light (20 µmol photons m-2 s-1). After this period the cells were concentrated by 

centrifugation and plated on 10 8-cm-diameter Petri dishes containing selective OHA 

medium. Colonies appearing after one month were picked and re-streaked at least three times 

on selective OHA medium.    

 

6.4.9 Northern and Southern blot analysis 

Probe labeling and hybridization were carried out according to the instructions in the DIG 

Nonradioactive Nucleic Acid Labeling and Detection System (Roche). The H. pluvialis 

cDNAs Pds (EMBL GenBank accession no. X86783) and Hyd (EMBL GenBank accession 

no. AF162276) were applied as probes. For the analysis of vector integration into the nuclear 

genome of H. pluvialis, an additional hybridization probe against the ampicillin resistance 

cassette was used. 

For Northern Blot analysis the H. pluvialis cells were collected by centrifugation after 

3 d of growth. The cells were frozen and subsequently powdered under liquid nitrogen using a 

mortar and pestle. RNA was then isolated according to the miniprep RNA extraction 

procedure as described (Sokolowsky et al., 1990). The Northern blot analysis was performed 

as described earlier (Steinbrenner and Linden, 2003).  

For Southern blot analysis, genomic DNA was isolated by using the Plant DNA 

Isolation Kit (Roche) following the manufacturers instructions. The genomic DNA (5 µg) was 

XbaI/XhoI digested, the DNA fragments were separated by electrophoresis on a 0.8% agarose 

gel, transferred to a positively charged nylon membrane (Roche) and hybridized with Pds 

cDNA probe or the ampicilin resistance gene probe in the presence of 50% formamide at 

42°C. 
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6.4.10 Isolation of proteins and Western blot analysis 

The polyclonal antibody against the PDS was kindly provided by Dr. C. Hagen (University of 

Jena, Germany). For protein isolation, H. pluvialis transformants were collected by 

centrifugation after a growth period of 3 d. The cells were frozen and subsequently powdered 

under liquid nitrogen using a mortar and pestle. The proteins were precipitated and 75 µg of 

each transformant protein extract was separated on a 12% SDS-polyacrylamide gel, 

electroblotted to a PVDF membrane (0.45 µm pore-size) (Amersham Biosiences Europe 

GmbH, Freiburg, Germany), probed with anti-PDS antibody at 1:5000 dilution and a 

horseradish peroxidase-linked anti-rabbit-immunoglobin antibody at 1:20000 dilution. Signals 

were visualized by using the enhanced chemiluminescence (ECL) Western blotting detection 

system and Hyperfilm ECL (Amersham, Biosiences). A second, identically loaded gel was 

run as control and stained with Coomassie Brilliant Blue 250R (not shown).  

 

6.4.11 Carotenoid and chlorophyll analysis 

For carotenoid analysis in the green state, cells under strong light were instantly frozen in 

liquid nitrogen and freeze-dried. Extraction was with methanol containing 6% (w/v) KOH at 

60°C for 20 min. The extracts were partitioned against 10% (v/v) diethyl ether in petrol and 

the carotenoid content determined by HPLC on a 25 cm C18 Vydac 218TP54 column with 

methanol as mobile phase at 20°C (Eppler et al., 1992). Reference carotenoids were isolated 

from cyanobacteria (Steiger et al., 1999) or pepper leaves (Simkin et al., 2000). Carotenoid 

extraction, HPLC analysis and the quantification of astaxanthin and astaxanthin esters from 

H. pluvialis was carried as reported earlier (Steinbrenner and Linden, 2003). Chlorophyll was 

extracted in a similar way using methanol without the addition of KOH and quantitated as 

described by Lichtenthaler and Wellburn (1983). Carotenoid and chlorophyll values are given 

as the means of four independent determinations together with the standard deviation. 

 

6.4.12 Chlorophyll fluorescent measurements 

Screening of transformants for changed fluorescence parameters was performed using the 

Walz pulse-amplitude modulation (PAM) Fluorescent Imaging System, model IMAG (Walz, 

Effeltrich, Germany). Transformants and WT cells were grown on OHA solid medium 

without norflurazon for 3 weeks. Before measurement the cells were adapted for 4 hours in 

the dark. A saturating pulse (800 ms) of blue light (2400 µmol photons m-2 s-1) was provided 

via LED lamps for determination of Fm (maximum fluorescence in the dark-adapted state). 
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Actinic light (180 µmol photons m-2 s-1) was provided via blue light LED lamps. The 

measuring beam was switched to 2 Hz during saturating pulses and during actinic 

illumination. NPQ was calculated as (Fm- Fm´)/ Fm´ using the provided imaging software.  

 

6.5 RESULTS  

6.5.1 Isolation of the Haematococcus pluvialis nuclear gene coding for PDS 

For the isolation of the Pds gene, a genomic DNA library of H. pluvialis was screened using a 

specific hybridization probe against the Pds cDNA. Eight different clones with genomic 

fragments sizes between 30 and 45 kbp harboring the putative Pds gene were collected. By 

XbaI/XhoI digestion a 5.78 kb fragment was isolated and cloned in the corresponding 

restriction sites of the pBluescriptSK(-) vector (Stratagene). The DNA fragment was 

sequenced and an alignment with the known Pds cDNA of H. pluvialis  revealed a 2 kb 

promoter region, 7 introns and a 423 bps 3´-untranslated region. The intron and exon 

organization is shown in Fig. 1B.  

 

6.5.2 The PDS Mut shows higher resistance towards the bleaching herbicide 

norflurazon in the in vitro assay compared to the PDS WT 

The desaturase activity of a recombinant PDS WT and PDS Mut of H. pluvialis was measured 

by the conversion of phytoene to ζ-carotene after the addition of different concentrations of 

norflurazon using an in vitro assay. The Dixon plot of the reciprocal product formation versus 

increasing concentrations of the inhibitor norflurazon resulted in a straight line with r = 90 % 

for the PDS WT and r = 91 % for the PDS Mut, respectively (Fig. 2) (Dixon, 1953). From the 

intercepts with the x-axis the ki values for norflurazon as inhibitor were calculated to be 0.14 

µM and 5.98 µM for the heterologous expressed PDS WT and PDS Mut, respectively. In 

comparison to the wild type enzyme the mutated form revealed a 43 fold higher resistance.  
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Fig. 2: Dixon plot of the reciprocal in vitro phytoene to ζ-carotene conversion versus 
increasing concentrations of the inhibitor norflurazon of a recombinant WT phytoene 
desaturase and PDS Mut of H. pluvialis. The ki values for norflurazon inhibition were 
calculated from the intercepts with the x-axis to be 0.14 µM and 5.98 µM for the heterologous 
expressed PDS WT and PDS Mut, respectively. RF, Resistance factor. 
 
 

6.5.3 Analysis of Haematococcus transformants 

After transformation of H. pluvialis with the vector pPlat-PdsMod4.1 and pBluescript-Pds by 

particle bombardment and a regeneration period the cells were plated on norflurazon 

containing OHA plates. After three weeks of growth, colonies appeared in samples that were 

transformed with the vector pPlat-PdsMod4.1. No growth was visible when the vector 

pBluescript-Pds, harbouring the Pds WT gene, was used for transformation. It is difficult to 

estimate the efficiency of transformation by particle bombardment on a cell basis because 

many of the cells are outside the target zone. In these experiments using ∼108 cells and 1 µg 

of DNA, generally 100 transformants were recovered. Therefore, transformation efficiency 

was estimated in the range of 10-6 cells/µg DNA. Although the transformation rate is rather 

low when compared to C. reinhardtii, transformations with similar rates were reproducible 

and the obtained transformants grow well under selective and nonselective conditions. 
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6.5.4 Transformants show additional copies of Pds Mut within the nuclear genome 

After a growth period of four weeks, the appearing colonies were re-streaked for at least three 

rounds on norflurazon containing plates and then incubated in liquid media. To determine if 

the resistance against norflurazon was due to stable nuclear integration of the engineered Pds 

gene, Southern blot analysis of the transformants was performed with hybridization probes 

against the Pds and the ampicillin resistance cassette of the transformation vector. DNA was 

isolated from cultures of eleven individual transformants and digested by restriction enzymes 

and hybridized with a probe against the Pds (Fig. 3A). The endogenous Pds gene was 

detected in all transformants and the WT H. pluvialis strain, the size of 5.78 kb is 

corresponding to the size of the XhoI/XbaI-fragment that was isolated and subcloned from the 

genomic DNA library of H. pluvialis. 

All tested transformants show additional copies of the engineered Pds Mut gene with 

larger sizes than the endogenous Pds WT gene. Interestingly, the transformants 5, 6, 10, 11 

show very strong signals at the 8.7 kb position, matching the vector size of 8.74 kb. To verify 

the integration of the transgenes into the nuclear genome of H. pluvialis, additional Southern 

blot analysis using a hybridization probe against the ampicillin resistance cassette of the 

transformation vector was performed (Fig. 3B). The data support the results obtained in Fig. 

3A, where Pds cDNA was used as a hybridization probe. Almost all transformants with the 

exception of one of the eleven transformants tested yielded one or more bands as visible 

evidence for transgene integration into the genome. No ampcillin resistance cassette band was 

detected in transformant P3 and the WT H. pluvialis, although this transformant was about 

20-fold more resistant to norflurazon as the WT in an assay with increasing norflurazon 

concentration on OHA plates (data not shown). Transformant P3 showed the additional bands 

between 9.41 and 23.1 kb in the Southern blot using the Pds cDNA hybridization probe (Fig. 

3A). This finding indicates a loss of the ampicillin resistance cassette and perhaps parts of the 

transformation vector during the integration event of the transgene into the nuclear genome of 

H. pluvialis. 

The transformation stability was analyzed using the plasmid pBluescript-PdsMod4.1, 

harboring the engineered Pds Mut gene within the multiple cloning site. After a growth period 

over 20 weeks (approx. 120 generations) under nonselective conditions, still 70% of the 

analyzed transformants retained their norflurazon resistance and revealed a stable transgene 

integration within the genome (data not shown). 
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Fig. 3: Southern blot analysis of H. pluvialis transformants P1-P11 and H. pluvialis wild type 
(WT). DNA from transformants and WT was digested with XbaI and XhoI and 
electrophoresed on a 0.8% agarose gel. For detection, a Pds-specific cDNA probe (A) or a 
specific probe against the ampicillin resistance cassette (B) was used. The arrow marks the 
5.78 kb XbaI/XhoI fragment containing endogenous Pds gene. Numbers on the left 
correspond to labeled λHindIII fragments used as size markers (M).  
 

6.5.5 The transformants show increased Pds expression levels compared to the WT 

To monitor whether the additional copies of transgene in the genome of the eleven analyzed 

transformants change the expression level of the Pds mRNA, Northern blot analysis was 

carried out. For further comparison of the Pds expression levels between the different 

transformants and the WT, total RNA was extracted from WT cells before and after 18 h and 
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36 h high light treatment. Recently, it was demonstrated that the expression of genes encoding 

enzymes involved in the carotenoid biosynthesis are up regulated in response to increased 

light intensities (Steinbrenner and Linden, 2001; Steinbrenner and Linden, 2003). Exposure of 

low light grown WT cultures to higher light intensities resulted in the accumulation of Pds 

transcripts (Fig. 4A). The Pds transcript level in the transformants grown at low light 

conditions were analyzed (Fig. 4A). Seven out of eleven transformants revealed an unchanged 

basal expression of the Pds gene under the tested condition. The transformants P3, P6, P10, 

P11 showed increased levels of Pds transcripts compared to the WT (Fig. 4A). 

 

 Fig. 4: Transcript 
analysis of phytoene 
desaturase gene (Pds) 
and carotenoid 
hydroxylase gene 
(Hyd) in wild type H. 
pluvialis cells after 0, 
18 and 36 h of high 
light and in 
transformants P1-P11 
under low light 
conditions (A). For 
comparison, total 
RNA (rRNA) was 
stained with ethidium 
bromide. Western 
analysis of phytoene 
desaturase protein 
(PDS) levels (B).  

 

To gain further information whether the up-regulation of the Pds transcripts is due to stress 

effects or to additional copies of the Pds gene in the nuclear genome, the expression of the 

Hyd gene was tested under the same conditions (Fig 4B). In earlier experiments, it was shown 

that the Hyd gene expression was only detected under stress conditions (Steinbrenner and 

Linden, 2001; Steinbrenner and Linden, 2003). In all transformants, expression of the Hyd 

gene was below detection. However, light induction of the Hyd gene was observed in the WT 

cells included as a stress control. Since the transcript level not necessarily matches the protein 

level, Western blot analysis using PDS-antibodies were performed. The results revealed that 

the amount of PDS correlates with the level of its transcripts.  
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6.5.6 The transformants show a mixture of Pds WT and Pds Mut transcripts  

To gain further information on the expression of the transgenic Pds Mut as well as the 

functionality of the promoter and terminator region of the 5.7 kb Pds gene, cDNA synthesis 

and subsequent sequencing of the Pds transcript pool was performed. The cDNAs of the wild 

type H. pluvialis and of the two transformants P3 and P11 were investigated by sequencing 

(data not shown). No additional mutations were found within the Pds cDNA except a mixture 

of ctg and cgc at codon position 504 for the transformants P3 and P11. The obtained Pds WT 

cDNA was identical with that present in the EMBL GenBank. These findings indicate that the 

2 kb promoter region of the engineered 5.7 kb Pds gene fragment isolated from a H. pluvialis 

genomic DNA library is sufficient to drive transgene expression.  

 

6.5.7 Carotenoids, chlorophylls and non-photochemical quenching of selected 

transformants 

Analysis of norflurazon resistant Synechococcus mutants revealed that phytoene desaturation 

is a rate-limiting step in carotenoid biosynthesis in cyanobactria (Chamovitz et al., 1993). 

Furthermore, previous results indicated that the heterologous expression of the Pds gene from 

Erwina uredovora in tobacco changed the composition of leaf carotenoids (Misawa et al., 

1994). To obtain more information about these processes in H. pluvialis, transformants were 

grown under low light intensities or 1h strong light and carotenoid concentration and 

composition was determined (Table 1). Transformant P11 showed a higher carotenoid level 

and P3 a lower carotenoid content. In the latter, the chlorophyll concentration was also 

decreased resulting in a carotenoid/chlorophyll ratio which is significantly higher than in the 

WT ranging between the values of the WT and P11. Subsequent HPLC analysis of the 

carotenoid composition in transformants P3, P11 and WT illuminated for 1h with strong light, 

revealed for both transformant a significant increased of lutein, zeaxanthin and β-carotene 

levels.  
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In addition, it was investigated whether the phytoene desaturation is a rate-limiting step for 

astaxanthin synthesis. Therefore, the transformants were grown for 3d under low light 

conditions, then exposed to continuous high light illumination and astaxanthin accumulation 

determined. In a time course, transformant P3 showed a visible red phenotype after 8h of high 

light exposure whereas the other transformants and the WT still remained green (Fig. 5). 

Quantification of astaxanthin from the two transformants P3 and P11 and the WT cells after 

48 h of high light illumination confirmed that high light leads to enhanced astaxanthin levels 

in transformant P3 (11.4 ± 0.9 mg / g dry weight), whereas the levels in the WT (8.6 ± 1.4 mg 

/ g dry weight) and in transformant P11 (8.4 ± 1.6 mg / g dry weight) were 26 % lower. 
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Fig. 5: Astaxanthin formation after exposition of H. pluvialis WT and the transformants P3 
and P11 to continuous high light. 
 

Chlorophyll fluorescence was determined with dark-adapted H. pluvialis WT and 

transformants. The time course of non-photochemical quenching (NPQ) is shown in Fig. 6. 

WT cells reached a maximum value of 0.38 after 70 seconds. Transformants P3 and P11 

reached their maxima after the same time. However, the NPQ value was almost 2-fold higher 

for both. 
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Fig. 6: Kinetics of non-photochemical quenching (NPQ) of dark-adapted H. pluvialis wild 
type (WT) and the transformants P3 and P11. 
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6.6 DISCUSSION 

The development of a transformation system depends on the availability of suitable strong 

promoters, termination signals and the choice of promising reporter or resistance genes. At 

present, there are no appropriate genetic tools available from H. pluvialis. The Pds gene from 

plants, algae and cyanobacteria is susceptible to the herbicide norflurazon and four mutations 

in this enzyme from the cyanobacteria Synechoccocus PCC 7942 are known to acquire 

resistance (Chamovitz et al., 1993). Since alignments of the amino acid sequence of PDS 

from Synechococcus and H. pluvialis revealed a high homology within the areas where the 

mutations were found, we followed a direct genetic approach exchanging Leu504 to Arg in 

the phytoene desaturase from H. pluvialis (Fig. 1A). By in vitro enzyme analysis, it was 

shown that the engineered PDS Mut was still active, and exhibited a 43-fold higher resistance 

towards norflurazon compared to the WT enzyme (Fig. 2). This decrease of norflurazone 

susceptibilty was sufficient for selection of H. pluvialis transformed with the mutated Pds 

gene.  

After biolistic transformation of H. pluvialis and following selection on norflurazon 

containing medium, the integration of the finally used transformation vector pPlat-PdsMod4.1 

by Southern blot analysis was examined (Fig. 3). Using a Pds cDNA probe all transformants 

revealed additional copies of the Pds gene within the nuclear genome except the WT. For the 

11 transformants that were analyzed is not fully understood whether the transforming DNA 

was linked to the Pds locus by homologous recombination or the integration was due to 

heterologous recombination events within in the genome. It was estimated for C. reinhardtii 

that homologous recombination events take place at a ratio of 1:100 for a mutated 

protophorphyrinogen oxidase gene (ppx1) when the biolistic method is used (Randolph-

Anderson et al., 1998). A homologous recombination event by a single crossover should 

result in a 6.4 kb and an 8.11 kb band in the Southern blot using the Pds cDNA probe. A 

homologous recombination event by a double crossover should lead to a loss of the vector 

backbone and therefore the ampicillin resistance cassette. It is difficult to estimate the correct 

size of the different bands that hybridize with the Pds cDNA and the ampicillin gene probe. 

Transformant 2 shows signals that could match this assumption, but in general strong signals 

were found at the vector size of 8.7 kb. It is more likely that the transforming DNA undergoes 

complex rearrangement and concatemer formation before integration, resulting in complex 

tandem array of pPlat-PdsMod4.1 DNA that is stable after integration into the genome. This 

has previously been reported for integration of transgenes into the genome of the green alga 

Volvox carteri that is taking place as tandem repeats due to homologous recombination events 
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of the plasmids forming circular concatemeric structures prior the integration into the genome 

(Hallmann et al., 1997; Babinger et al., 2001).  

The changed expression level of the Pds gene under standard growth conditions is not 

linked to stress induction as shown by the Hyd gene expression (Fig. 4). It is more likely that 

the altered expression of the Pds gene is due to multiple copies of the gene in the genome of 

the transformants. Interestingly, the strength of expression is somehow linked to the copy 

number of the transgene but there seem to be additional positional effects. The integration 

locus of the introduced DNA in the genome seems to be an important factor in determining 

the transgenic Pds gene expression. Western blot analysis revealed that Pds gene transcript 

and protein level matched their degree of expression. This result indicates that under standard 

growth conditions there is no posttranscriptional regulation of the Pds gene expression.  

Furthermore, the analysis of total Pds gene transcripts was performed for the WT strain and 

the transformants P3 and P11. The two transformants showed a mixture of WT and transgene 

transcripts indicating that the promoter is sufficient to drive transgenic Pds Mut gene 

expression and the endogenous Pds gene is still intact. 

The transformants were not only analyzed for transcription and protein expression but also for 

possible effects of increased phytoene desaturase levels on carotenoid metabolism. Carotenoid 

analysis of transformants P3, P11 has shown that total carotenoid concentration was higher in 

P11 on a dry weight basis whereas this value was lower for P3 (Table 1). Since the 

chlorophyll content was also lower, a pleiotropic effect on the chloroplast can be assumed. 

Related to chlorophyll, total carotenoids are also increased over the wild type. Both 

transformants synthesize higher levels of zeaxanthin and lutein, as compared to the WT 

(Table 1). This is in accordance with findings that the heterologous expression of a bacterial 

phytoene desaturase in tobacco changed the composition of leaf carotenoids (Misawa et al., 

1994) and led to increased carotenoid formation in tomato (Römer et al., 2000). Under light 

stress, the transformant P3 showed an enhanced accumulation of astaxanthin that reached 26 

% higher levels after 48 h of high light exposure as compared with the WT and transformant 

P11 (Fig. 5). All our results indicate that the phytoene desaturating step is rate limiting for 

carotenoid synthesis in the chloroplast of H. pluvialis under high light conditions. The degree 

of non-photochemical quenching is related to the zeaxanthin content and the mount of 

zeaxanthin relative to all xanthophyll cycle carotenoids calculated by the Z/Z+A+V ratio 

(Baroli and Niyogi, 2000). These zeaxanthin related parameters were both increased in 

transformants P3 and P11 (Tab. 1). In accordance with the higher zeaxanthin concentration, 

NPQ values were almost 2-fold higher in the transformants (Fig 6). Consequently, NPQ 
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measurement may be used as a convenient screening procedure for transformants obtained 

with the vector pPlat-PdsMod4.1. A video imaging of chlorophyll fluorescence has been 

proved successful to detect Chlamydomonas xanthophyll cycle mutants (Niyogi et al., 1997). 

The results reported here clearly demonstrate that the mutated Pds gene can be used as 

dominant selective marker for stable nuclear transformation of H. pluvialis. Thus, our 

transformation vector pPlat-PdsMod4.1 (Fig. 1C) resembles a basic tool for the genetic 

modification of this alga. In addition, we report for the first time a specific genetic 

engineering of the carotenoid biosynthesis pathway leading to increased carotenoid 

biosynthesis and an accelerated accumulation of astaxanthin in H. pluvialis. The presented 

work resembles a proof of concept for the genetic engineering of the carotenoid biosynthetic 

pathway in H. pluvialis towards increasing astaxanthin production.  
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7. GENERAL DISCUSSION 

Haematococcus pluvialis normally occurs in ephemeral rain pools and birdbaths, which 

undergo daily environmental changes due to evaporation, rain fall and changing light 

intensities. Long dry periods are accompanied by strong evaporation rates resulting in higher 

concentrations of salts and nutrients and higher light intensities. During rain periods available 

nutrients are diluted and growth has to be performed under non optimal conditions.  

Haematococcus pluvialis is able to cope with these changing environmental stress conditions 

by the accumulation of the red ketocarotenoid astaxanthin, which is generally accompanied by 

a morphological change resulting in large red cyst cells, to withdraw long dry periods. 

Recently it has been reported that astaxanthin acts as a sunshade, absorbing the light in the 

blue region, thus protecting the phosynthetic apparatus from excess light (Wang et al., 2003). 

The aim of my studies was to gain insight into the molecular basis of stress-induced 

astaxanthin accumulation of H. pluvialis. A schematic model of the results is presented in 

Figure III.  

 

Fig. III: Carotenogenesis in the green alga Haematococcus pluvialis. – A schematic model  
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At the beginning of the present study, the sequence of the isoprenoid biosynthesis gene 

isopentyl pyrophosphate isomerase (Sun et al., 1998) and the carotenoid biosynthesis gene 

phytoene desaturase (PDS) (Grünewald et al., 2000) as well as the genes involved in the 

specific astaxanthin biosynthesis pathway like β-carotene ketolase (Grünewald et al., 2001) 

and carotenoid hydroxylase (HYD) (Linden, 1999) were already published. Moreover, crucial 

enzymes of the carotenoid biosynthesis pathway such as phytoene synthase (PSY), the ζ-

carotene desaturase and lycopene β-cyclase (LYC) remained unknown. The missing 

carotenoid biosynthesis genes Psy and Lyc were isolated and characterized during this study, 

whereas the ζ-carotene desaturase is still unknown (Chapter 4.4.1; Chapter 5.4.1). With the 

gene probes of Psy, Pds, Lyc and Hyd at hand we addressed several questions concerning 

stress induced astaxanthin accumulation in Haematococcus pluvialis. 

First the role of light in the induction of astaxanthin biosynthesis was investigated. 

Astaxanthin accumulation occurres in flagellate cells in response to higher light intensities, 

which seems to be a consequence of the early and low transient up-regulation of carotenoid 

biosynthesis genes under these conditions (Chapter 4.4.3; Chapter 5.4.2; Grünewald et al., 

1997). Together with earlier results on the up-regulation of phytoene desaturase, β-carotene 

ketolase and isopenthyl diphosphate isomerase, we suggest that the regulation of carotenoid 

gene transcript levels plays an important role in the acclimation process to increasing light 

intensities in Haematococcus pluvialis (Sun et al., 1998; Grünewald et al., 2000).  

Recently, data was presented by Wang and coworker (2003) that further support this 

assumption: During the induction of astaxanthin accumulation by high light, measured 

photosynthesis rates remained high, whereas the amount of D1 protein was significantly 

reduced. The observed decline in D1 protein content stopped after one day and recovered to 

normal levels after 5 days. The authors concluded that the formation of astaxanthin prevents 

further photooxidative damage and seems to enables the cell to cope with high light 

conditions and to maintain the PSII function and the structural integrity of PSII (Wang et al., 

2003).  

A further question addressed was the involvement of other stress factors in the up-

regulation of carotenoid biosynthesis genes and the induction of encystment of H. pluvialis. It 

was reported that the addition of sodium acetate and growth under high light induce high 

accumulation of astaxanthin in Haematococcus pluvialis (Kobayashi et al., 1993; Boussiba, 

2000). At that point, the molecular basis of these observations was not understood.  

In our experiments we observed a strong induction of steady-state mRNA levels for phytoene 

synthase and carotenoid hydroxylase under these conditions (Table I, Fig. 4, Chapter 4.4.2). 
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Interestingly, the induction by sodium acetate could be replaced by the addition of sodium 

chloride, indicating that the effect of sodium acetate on carotenoid gene expression is the 

result of salt stress and not due to an increased carbon/nitrogene ratio as suggested earlier 

(Kakizono et al., 1992). Under salt stress alone the induction of the expression of the 

phytoene synthase and the carotenoid hydroxylase was delayed compared with the induction 

by sodium acetate and high light (Table I, Chapter 4.4.2), whereas the induction under high 

light alone resulted in a moderate and early transient expression of phytoene synthase and 

carotenoid hydroxylase. Therefore the strong up-regulation of mRNA levels in response to 

high light and salt stress seem to result from the additive effects of the early and weak 

response to high light and the delayed, but strong response to salt stress (Chapter 4.4.2, Table 

I).  

Another important feature is the interrelation between cyst cell formation and the 

accumulation of astaxanthin. Interestingly, Haematococcus pluvialis is able to dissect 

between different environmental stresses resulting in adjusted answers like the accumulation 

of low amounts of astaxanthin under high light conditions without encystment or the 

induction of the encystment process with low accumulation of astaxanthin under high salt 

conditions and low light conditions. On the other hand, high light in combination with salt 

stress led to a massive accumulation of astaxanthin and strong encystment. However, it was 

reported that increased astaxanthin production is coupled with the formation of non-motile 

cysts accompanied by an increased lipid synthesis in H. pluvialis (Zhekisheva et al., 2005). 

Inhibition of fatty acid synthesis has significant effect on astaxanthin biosynthesis, whereas 

the inhibition of carotenoid biosynthesis by norflurazon or DPA has only little effects on lipid 

synthesis (Zhekisheva et al., 2005). This probably represents the need for pigment 

accommodation in the lipid globules in the cytoplasm, suggesting that the accumulation of 

astaxanthin is closely related to the synthesis of fatty acids. It is possible that the fatty acids 

accumulated serve as a matrix for solubilizing the astaxanthin esters.  Therefore, the induction 

of lipid acid synthesis and encystment are a prerequisite for the accumulation of high amounts 

of astaxanthin in H. pluvialis.  

It has previously been observed that ROS-generating substances such as Fe2+, methyl 

viologen and methylene blue result in drastic increase of astaxanthin accumulation under the 

addition of sodium acetate, which led to the hypothesis that the stress response in 

Haematococcus pluvialis may be mediated by ROS (Kobayashi et al., 1993; Fan et al., 1998; 

Boussiba, 2000). Additionally it was assumed that ROS might play a direct role in the 

induction of carotenoid biosynthesis gene expression (Boussiba, 2000). However, the results 
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presented here show that ROS are not directly involved in the induction of gene expression of 

phytoene synthase and carotenoid hydroxylase (Table I, Chapter 4.4.2). It has previously been 

reported that the addition of ROS generating compounds to Haematococcus pluvialis cells 

may act on the posttranslational level and is independent on de novo protein synthesis 

(Kobayashi et al., 1993; Fan et al., 1998). Further supportive data came from our experiments 

with increasing light intensities, where the expression levels of carotenoid biosynthesis genes 

were not elevated, but higher astaxanthin accumulation was observed (Fig.6, Chapter 5.4.3). 

Thus, ROS, which are produced as a result of high light stress, may directly lead to the 

enhanced activation of carotenoid biosynthesis enzymes. The mechanism by which ROS 

activate astaxanthin biosynthesis is not known. It might be postulated that ROS or their 

products are involved in the structural activation of carotenoid biosynthetic enzymes as the 

mechanism is indicated in glutathione transferases (Aniya and Anders, 1992) and glutathione 

reductase (Miller and Claiborne, 1991). 

One question that arises is the role of astaxanthin in protection Haematococcus 

pluvialis against damage caused by ROS. If not kept under strict control in living cells, ROS 

can cause damage to cellular constituents or metabolic processes, e.g. destruction of 

membranes, inhibition of enzyme activity, or oxidation of amino acids of proteins (Herbert et 

al., 1992). To counter the damaging activities of ROS, microalga and plants have evolved 

various antioxidant defense systems. The major anti-oxidative mechanisms include enzymes 

such as superoxide dismutases, ascorbate peroxidases and catalases. Low molecular 

antioxidants like glutathione, ascorbic acid, hydroquinones, α-tocopherol and carotenoids are 

also involved in the detoxification of ROS. Recently, the activities of such defense 

mechanisms have been worked out in more detail for H. pluvialis using a proteonomic and a 

cDNA microarray approach (Wang et al., 2004; Eom et al., 2005).  

Proteonomic analysis by 2D electrophoresis and peptide mass fingerprinting, identified 

proteins, particularly those from the families of superoxide dismutase, catalase and 

peroxidase, which were up regulated after the onset of oxidative stress and then reverted to 

down-regulation during astaxanthin accumulation (Wang et al., 2004). These results were 

confirmed on the transcriptional level using cDNA microarray analysis (Eom et al., 2005).  It 

seems likely that the antioxidative defense system is a short-term protection mechanism of 

Haematococcus pluvialis that is followed by a long-term survival strategy including cellular 

accumulation of astaxanthin and cyst cell formation. Astaxanthin acts as a sunshade to 

prevent further oxidative damage of the chloroplast by excessive light energy and additionally 

protects the nuclear DNA acting as physiochemical barrier to prevent damage by free radicals 
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(Hagen et al., 1993; Wang et al., 2003). 

An increasing number of reports shows that the reduction/oxidation (redox) state of 

the plastoquinone, the cytochrome b6f complex and other unidentified components of the 

electron transport chain affect chloroplast and nucleus gene expression (Pfannschmidt, 

2003a,b). To narrow down the components that are involved in the redox dependent induction 

of astaxanthin biosynthesis in H. pluvialis, the two inhibitors of photosynthetic electron 

transport DCMU and DBMIB were applied (Fig3, Chapter 5.4.2). In the presence of DCMU, 

the electron flow from PSII into the plastoquinone pool is inhibited, leading to a more 

oxidized state of the plastoquinone pool (Trebst, 1980). Whereas DBMIB inhibits the cyclic 

and linear electron flow and thus prevents the oxidation of the plastoquinone pool by the 

cytochrome b6f complex.  

Our inhibitor studies suggest that the redox state of the plastoquinone pool, which is 

embedded within the electron transport chain of the chloroplast, seems to play an important 

role in light sensing and the resulting induction of the expression of the carotenoid 

biosynthesis genes (Fig. 3, Fig. 4, Chapter 5.4.2; Fig. 7, Chapter 5.4.4). These findings are in 

accordance with other examples where the plastoquinone pool is involved in the 

transcriptional control of chloroplast and nuclear genes. For example, nuclear gene expression 

of the chlorophyll-binding proteins of the light-harvesting complex in the green alga 

Dunaliella tertiolecta as well as the chloroplast genes coding for reaction center proteins of 

photosystem I in Sinapsis alba are under redox control (Escoubas et al., 1995; Pfannschmidt 

et al., 1999). In addition, the expression of several nuclear-encoded genes of the photosystem 

I is controlled by the redox state of the photosynthetic electron transport (Pfannschmidt et al., 

2001). Recently, it was shown that the control of the xanthophyll biosynthetic genes β-

carotene hydroxylase and zeaxanthin epoxidase in Nicotiana tabacum are also under redox 

control of the plastoquinone pool (Woitsch and Römer, 2003). 

To investigate the role of cryptochromes or phytochromes photoreceptors in the 

regulation of the carotenoid biosynthesis genes, experiments with blue or red light in the 

presence or absence of DCMU were performed. Since both and red light are absorbed by the 

photosynthetic pigments and lead to the activation of the photosynthetic electron transport and 

the addition of DCMU abolished both the red and blue-light induced gene expression, an 

involvement of phytochromes and cryptochromes in the regulation of carotenoid gene 

expression can be excluded (Fig 7, Chapter 5.4.4). In contrast to this finding, blue and red-

light photoreceptors were reported to control carotenoid gene expression in the green alga 
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Chlamydomonas reinhardtii and in higher plants, respectively (von Lintig et al., 1997); 

Bohne and Linden, 2002).  

To get a deeper insight into the regulatory mechanisms involved in the light regulation of H. 

pluvialis carotenoid biosynthetic genes, the stability of carotenoid mRNAs was examined 

using the transcription inhibitor actinomycin D. The results shown in Fig. 5 (Chapter 5.4.2) 

suggest that the induction of carotenoid biosynthesis gene mRNA levels in response to 

moderate light is an effect of transcriptional activation and not due to higher mRNA stability.  

Consequently a signal transduction cascade must exist which detects changes in the redox 

state of the plastoquinone pool and results in the transcriptional activation of the nuclear 

localized carotenoid biosynthesis genes. The existence of such a signaling cascade has been 

generally accepted, but the signaling components are not yet identified (Fey et al., 2005).   

In order to further understand the regulatory mechanisms that are involved in 

astaxanthin accumulation, to elucidate the compounds that are involved in the signaling 

process between the chloroplast and the nucleus combined with the high biotechnological 

relevance of Haematococcus pluvialis, led us to the development of a stable transformation 

system for genetic engineering. Since H. pluvialis possesses most of the different valuable 

carotenoids such as lycopene, lutein, β-carotene, zeaxanthin and astaxanthin, regulation of 

their production via genetic manipulation will be of great value for basic research and will 

promote the production of recombinant strains of this alga as a natural source for these 

valuable pigments.  

Although two reports of successful nuclear transformations of H. pluvialis using the β-

galactosidase gene (lacZ) were published recently, the established transformation systems 

were not stable (Teng et al., 2002; Meng et al., 2005). Moreover, to date, there are no reports 

of dominant selective systems for H. pluvialis. To bypass problems like gene silencing of 

foreign reporter genes, missing sequence information of strong promoters of H. pluvialis, 

coding usage problems or the fact that foreign genes display low transcript levels despite 

being fused to strong endogenous promoters, it was tried to overcome this hurdles by 

selecting a modified endogenous gene from H. pluvialis.  Sequence information for modified 

genes such as the cry1-1 gene, conferring resistance to crytoleurine (Nelson et al., 1994), or a 

mutant protophorphyrinogen oxidase gene (ppx1) (Randolph-Anderson et al., 1998) from 

Chlamydomonas reinhardtii are not available for H. pluvialis. Only limited sequence 

information is available for H. pluvialis including most of the carotenoid biosynthesis genes.  

Investigations of the carotenoid biosynthesis Pds gene of the cyanobacteria Synechoccocus 

PCC 7942 revealed four mutations conferring resistance against the bleaching herbicide 
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norflurazon (Chamovitz et al., 1993). Haematococcus pluvialis is sensitive against 

norflurazon (Harker and Young, 1995). We introduced the mutation conferring the strongest 

resistance (70-fold) into the Pds cDNA of H. pluvialis using a direct genetic approach. 

Additionally this region revealed a high amino acid identity as compared with the 

Synechococcus enzyme. It was shown that the engineered PDS Mut was still active in the 

conversion from phytoene to ζ-carotene under in vitro conditions, and revealed a 43-fold 

higher resistance towards norflurazon compared to the WT enzyme (Fig. 2, Chapter 6.5.2).  

After isolation of the Pds gene from a genomic DNA library from H. pluvialis and site 

directed mutagenesis, Haematococcus pluvialis WT cells were transformed by particle 

bombardment. Subsequent genetic analysis of the obtained transformants for vector 

integration within the nuclear genome revealed additional copies of the Pds gene (Fig. 3, 

Chapter 6.5.4). Due to multiple copies of the engineered gene in the genome of the 

transformants, altered expression of the Pds was found (Fig. 4A, Chapter 6.5.5). Subsequent 

western blot analysis of the transformants showed the same alterations of the PDS protein 

level. This indicates that under standard growth conditions there is no posttranscriptional 

regulation of the Pds gene expression (Fig. 4B, Chapter 6.5.5).  

Further analysis of the carotenoid composition revealed that two transformants (P3, 

P11) synthesize higher levels of zeaxanthin and lutein, as compared to the WT (Table 1, 

Chapter 6.5.7). This is in accordance with findings that the heterologous expression of a 

bacterial phytoene desaturase in tobacco changed the composition of leaf carotenoids 

(Misawa et al., 1994) and led to increased carotenoid formation in tomato (Römer et al., 

2000). Additionally, under high light conditions P3 showed an accelerated accumulation of 

astaxanthin that reached 26 % higher levels after 48 h of high light exposure as compared 

with the WT (Fig. 5, Chapter 6.5.7). This finding indicates that the phytoene desaturating step 

is rate limiting under high light conditions, but not under low light conditions in H. pluvialis.  

The degree of non-photochemical quenching is related to the zeaxanthin content and 

the mount of zeaxanthin relative to all xanthophyll cycle carotenoids calculated by the 

Z/Z+A+V ratio (Baroli and Niyogi, 2000). These zeaxanthin related parameters were both 

increased in two transformants (Table 1, 6.5.7). In accordance with the higher zeaxanthin 

concentration, NPQ values were almost 2-fold higher in the transformants (Fig 6, Chapter 

6.5.7). Consequently, NPQ measurement may be used as a convenient screening procedure 

for transformants obtained with the vector pPlat-PdsMod4.1. A video imaging of chlorophyll 

fluorescence has been proved successful to detect Chlamydomonas xanthophyll cycle mutants 

(Niyogi et al., 1997). The results reported here clearly demonstrate that the mutated Pds gene 
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can be used as dominant selective marker for stable nuclear transformation of H. pluvialis. 

Thus, our transformation vector pPlat-PdsMod4.1 (Fig. 1C, Chapter 6.3) resembles a basic 

tool for the genetic modification of this alga. In addition, we report for the first time a specific 

genetic engineering of the carotenoid biosynthesis pathway leading to increased carotenoid 

biosynthesis and an accelerated accumulation of astaxanthin in H. pluvialis. The presented 

work resembles a proof of concept for the genetic engineering of the carotenoid biosynthetic 

pathway in H. pluvialis towards increasing astaxanthin production.  

 

  

8. CONCLUSION AND OUTLOOK 

In conclusion, H. pluvialis appears to be capable of responding to various stress conditions in 

different ways. Whereas high light leads to a transient response and to a moderate 

accumulation of astaxanthin, which is part of the acclimation process of Haematococcus to 

increased light conditions.  The combination of various stress conditions such as high light 

and salt stress is obligatory for encystment and the strong up-regulation of carotenoid genes. 

The strong accumulation of astaxanthin and the encysted state are the prerequisite to 

withstand long dry periods under high light conditions that generally occur in the natural 

habitat of Haematococcus pluvialis, like birdbaths and small water pools. 

With the established transformation system at hand and the better understanding of the 

regulation of astaxanthin synthesis, several new prospects for genetic engineering of H. 

pluvialis come into focus. The constitutive expression of the β-carotene ketolase and the 

carotenoid hydroxylase, that are normally only expressed under stress conditions, could be a 

possibility to accumulate astaxanthin or other valuable carotenoids like canthaxanthin and 

zeaxanthin under normal growth conditions. Strong constitutive promoters like the actin or the 

rubisco small subunit 2 promoter have already been isolated (Steinbrenner, unpublished 

results).  

The PSY is known to be a bottleneck in carotenoid biosynthesis. The overexpression 

of a bacterial phytoene synthase (crtB) from Erwinia uredovora revealed 2-4 higher 

carotenoid amouns during fruit ripening in tomato plants (Fraser et al., 2002). Additionally, 

the overexpression of a Synechococcus deoxy-D-xylulose-5-phosphate synthase (DXS) in E. 

coli led to increased accumulation of carotenoid precursors (Miller et al., 2000). Furthermore, 

the DXS was shown to possess regulatory function during tomato fruit ripening (Lois et al., 

2000). As a first step towards altering the astaxanthin accumulation in H. pluvialis, the early 

isoprenoid biosynthesis gene Dxs and the carotenoid biosynthesis gene phytoene synthase 
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(Psy) have also been isolated from a H. pluvialis genomic DNA library (Steinbrenner, 

unpublished results). Therefore, the overexpression of DXS and PSY could also lead to 

increased carotenoid accumulation in Haematococcus pluvialis.  

A screening system for overproducing astaxanthin accumulating strains could be 

established, using the tightly regulated Bkt or Hyd promoters fused to different antibiotic 

resistance genes. The aminoglycoside 3-phosphotransferase VIII gene (aph) from 

Streptomyces rimosous, conferring resistance against paromomycin, was already used to 

transform Haematococcus pluvialis (Steinbrenner, unpublished results), (Sizova et al., 2001). 

Bkt /Hyd-promoter:aphVIII fusions could be used to screen for mutants that are resistant 

against paromomycin after chemical mutagenesis. Therefore the tight regulation of the Hyd 

and Bkt promoters should be somehow changed, due to mutations of proteins that are 

regulating expression or repression of these promoters or are involved in signaling of different 

stress situations. 
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10. APPENDIX 

 

10.1 Records of achievement 

 

If not mentioned otherwise, results described in chapter 4, 5 and 6 were exclusively 

performed by me or under my direct supervision. An exception is made in chapter 6.4.11 in 

which the pigment analysis by HPLC was performed by Prof. Gerhard Sandmann in 

Frankfurt.  
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German patent registration 10 2005 049 072.7  
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