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Under stress conditions, Haematococcus pluvialis
Flotow accumulates fatty acid–esterified astaxan-
thin, in extraplastidial lipid globules. The en-
hanced accumulation of fatty acids, mainly in
triacylglycerols (TAG), among which oleic acid
predominates, is linearly correlated with that
of astaxanthin. We used inhibitors of either
carotenoid or lipid biosynthesis to assess the inter-
relationship between carotenogenesis and TAG ac-
cumulation under high light irradiance as the stress
factor. The two carotenogenesis inhibitors used—
norflurazon, an inhibitor of phytoene desaturase,
and diphenylamine (DPA), an inhibitor of
b-carotene C-4 oxygenase—suppressed the accumu-
lation of astaxanthin in a concentration-dependent
manner. Concurrently, the accumulation of neutral
lipids was significantly less affected. The lipid
biosynthesis inhibitor sethoxydim, which inhibits
acetyl-CoA carboxylase, significantly decreased
de novo fatty acid synthesis and, in concert, drastical-
ly inhibited astaxanthin formation. In the presence
of various concentrations of the three inhibitors, the
inhibition of astaxanthin was not accompanied by a
proportional decrease in oleic acid, which was used
as a marker for TAG fatty acids. When astaxanthin
synthesis was completely inhibited, the volumetric
content of oleic acid was about 60% of the control
value when the two carotenogenesis inhibitors
(0.05 lM norflurazon or 20 lM DPA) were used
and 27% of the control when the lipid-synthesis in-
hibitor (50 lM) was used. We suggest therefore that
TAG accumulation under high irradiance is not
tightly coupled with astaxanthin accumulation, al-
though the correlation between these two processes
was demonstrated earlier. Furthermore, we propose
that the accumulation of a certain amount of TAG is
a prerequisite for the initiation of fatty acid–esteri-
fied astaxanthin accumulation in lipid globules.

Key index words: astaxanthin; diphenylamine;
Haematococcus pluvialis; high light irradiance; nor-
flurazon; oleic acid; sethoxydim; triacylglycerols

Abbreviations: ACCase, acetyl-CoA carboxylase;
DPA, diphenylamine; GL, glycolipid; HL, high

light; NL, neutral lipid; PL, phospholipid; PUFA,
polyunsaturated fatty acid; TAG, triacylglycerol

The ketocarotenoid astaxanthin, which is a second-
ary carotenoid, is widely used as a red colorant in
marine fish aquaculture (Johnson and An 1991,
Benemann 1992). Because of its high antioxidative ac-
tivity, astaxanthin also has several clinical applications
(Palozza and Krinsky 1992, Lorenz and Cysewski 2000,
Osterlie et al. 2000). The richest natural source of this
carotenoid is the green alga Haematococcus pluvialis
Flotow (Chlorophyceae, order Volvocales), which
accumulates astaxanthin up to 4% of its dry biomass,
in extraplastidial lipid globules under various envi-
ronmental stress conditions (Kobayashi et al. 1992,
Tjahjono et al. 1994, Harker et al. 1996, Boussiba
2000, Sarada et al. 2002).

Carotenoid biosynthesis in higher plants and green
algae occurs via the following pathway: synthesis of the
five-carbon building units isopentenyl diphosphate
and its isomer dimethylallyldiphosphate, condensation
of the C5 units, formation of phytoene, desaturation,
cyclization, and modification (Lichtenthaler 1999).
Several inhibitors of carotenogenesis were used for
elucidating the biosynthetic pathway of carotenoids in
microalgae. Fosmidomycin, an inhibitor of 1-deoxy-
D-xylulose-5-phosphate reductoisomerase, a plastid en-
zyme of the nonmevalonate pathway leading to IPP
formation, suppressed astaxanthin synthesis in flagel-
lates of H. pluvialis (Hagen and Grünewald 2000).
Norflurazon is an inhibitor of phytoene desaturase,
which is the first enzyme responsible for the introduc-
tion of the conjugated double bonds (Böger and Sand-
mann 1983). In H. pluvialis, norflurazon at 100mM
inhibited the accumulation of secondary carotenoids,
resulting in the accumulation of high levels of phy-
toene, accounting for 60% of total carotenoids (Harker
and Young 1995). In Dunaliella bardawil, the desatura-
tion of phytoene to phytofluene was inhibited by
0.3mM norflurazon, resulting in the accumulation of
phytoene, whereas at somewhat lower concentration
(0.1mM) the accumulation of phytofluene was also
detected (Shaish et al. 1990). Diphenylamine (DPA),
another carotenogenesis inhibitor that inhibits b-caro-
tene C-4 oxygenase, when applied at a low concentra-
tion (30mM) specifically inhibited the conversion of
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b-carotene to ketocarotenoid in H. pluvialis and conse-
quently also the synthesis of astaxanthin, resulting in
the accumulation of b-carotene (Fan et al. 1995). At
higher concentrations (60 and 90mM), phytoene, rather
than b-carotene, was found by the same authors to
accumulate, indicating the inhibition of an earlier step
(e.g. desaturation). However, Harker and Young
(1995) demonstrated the accumulation of b-carotene
in cells treated with 100mM DPA. In D. bardawil, DPA
(40.6mM) inhibited the accumulation of b-carotene
with the accompanied accumulation of phytoene
(Vorst et al. 1994).

The capability of H. pluvialis to accumulate high
amounts of astaxanthin was suggested to be due to its
ability to deposit the fatty acid–esterified pigment in
cytoplasmic lipid globules (Sprey 1970, Boussiba
2000). Zhekisheva et al. (2002) reported that intensive
de novo fatty acid synthesis occurs when cells accumu-
late astaxanthin. Under nitrogen starvation or high ir-
radiance, the accumulation of oleic acid in lipids,
mainly in triacylglycerols (TAG), was linearly corre-
lated with the accumulation of astaxanthin monoesters
(Zhekisheva et al. 2002). Furthermore, the inhibition
of fatty acid synthesis by cerulenin, an inhibitor of
3-ketoacyl-acyl carrier protein synthase, resulted in the
inhibition of astaxanthin accumulation in H. pluvalis
under high light (Schoefs et al. 2001).

The first step of the de novo fatty acid synthesis in
chloroplasts, catalyzed by acetyl-CoA carboxylase (AC-
Case), is the formation of malonyl CoA. In most higher
plants, two forms of ACCase were identified: a pro-
karyotic multi-subunit form, localized in the chloro-
plast, and an eukaryotic multidomain form, found in
the cytosol. The herbicide sethoxydim inhibits ACCase
activity and disrupts acyl lipid biosynthesis specifically
in grasses possessing the multidomain form in both
plastids and cytosol (Konishi and Sasaki 1994, Har-
wood 1999). When this herbicide was administrated to
D. bardawil, it inhibited both lipid and b-carotene ac-
cumulation (Rabbani et al. 1998). The multidomain
form of ACCase was demonstrated in Isochrysis galbana
(Prymnesiophyceae) (Livne and Sukenik 1992) and in
the diatom Cyclotella cryptica (Roessler 1990).

Although astaxanthin accumulation was previously
shown to be correlated with fatty acid biosynthesis in
H. pluvialis, the detailed interdependence between
both processes has not been investigated. This study
aimed to clarify this issue by the use of the caroteno-
genesis inhibitors, norflurazon and DPA, and the fatty
acid synthesis inhibitor sethoxydim.

MATERIALS AND METHODS

Materials. Haematococcus pluvialis Flotow 1844 em. Wille
K-0084 was obtained from the Scandinavia Culture Center
for Algae and Protozoa at the University of Copenhagen,
Denmark.

Growth conditions. Algal cultures were cultivated in 4-cm-
wide 600-mL glass columns containing 500 mL of modified
BG-11 medium (Boussiba and Vonshak 1991) that were
placed in a temperature-regulated water bath at 251 C. The

culture medium was aerated with air stream enriched with
1.5% CO2. Illumination was provided by cool-white fluores-
cent lamps (20 W) external to the water bath. Irradiance was
measured at the center of the column with a quantum meter
(Lambda L1-185, Lambda Probes and Diagnostics, Graz,
Austria). Cultures of nonflagellated green cells were cultivat-
ed for 5 days at a light intensity of 75 mmol pho-
tons �m�2 � s�1, resuspended in modified BG-11 medium
to a cell number of 2 � 105 cells �mL�1, and grown under
astaxanthin-inductive conditions, that is, photon flux density
of 350 mmol photons �m�2 � s� 1 (high light, HL). As a result,
the cells became red. On the basis of our previous finding
that cells growing at a light intensity of 75 mmol pho-
tons �m�2 � s�1 for 24 h contain the same amount of second-
ary carotenoids and lipids as in zero time cells (Zhekisheva
et al. 2002), the latter were used as the noninduced control.
Likewise, based on another finding that during the 24 h of
HL intense accumulation of carotenoids and lipids took place
without an accompanying change in cell number, the volu-
metric content of the pigments and lipids reported here
relates to their cellular content.

Measurements of growth parameters and pigment content.
Growth parameters were measured in culture samples im-
mediately after the end of 24-h exposure to HL. Chlorophyll
and total carotenoids were determined by spectrophotome-
ter, as described previously (Zhekisheva et al. 2002).

Pigment analysis. The pigments were resolved by HPLC
with a Varian chromatography system equipped with a Pro-
star 240 solvent-delivery module and Prostar 330 photodi-
ode array detector (Varian Analytical Instruments, Walnut
Creek, CA, USA). Cells were ground with mortar and pestle
under liquid nitrogen and extracted with methanol. The
pigment extract was filtered through 0.45-mm filters and
separated according to Yuan et al. (1997) by using a C18
reverse-phase column (5 mm, 250 mm Lichrosphere 100,
Merck, Darmstadt, Germany). Esterified astaxanthin and
b-carotene were quantified by integrating the peak area
and comparing it with commercial standards (Sigma Chem-
ical Co., St. Louis, MO, USA). Phytoene, which was separated
from the total extract on SEP-PAK cartridges (Waters, Mil-
ford, MA, USA) by elution in 5% diethyl ether in hexane, was
quantified by spectrophotometer using an absorbance coef-
ficient in hexane of E1%

1 cm 5 915.
Lipid extraction. Biomass was harvested, centrifuged, and

lyophilized. Samples (50 mg) were extracted with 200 mL
DMSO for 5 min at 701 C and further extracted with 5 mL
of methanol at 41 C for 1 h. For phase separation, peroxide-
free diethyl ether containing 0.01% butylated hydroxytolu-
ene, hexane, and water was added to the methanol extract at
a volumetric ratio of 1:1:1:1 (Zhekisheva et al. 2002). The
lipid-containing upper phase was evaporated to dryness un-
der vacuum and kept at � 201 C under argon atmosphere in
a small volume of chloroform.

Lipid fractionation. Total lipid extracts were fractionated
into three classes—neutral lipids (NL), glycolipids (GL),
and phospholipids (PL)—on silica cartridges (Bond-Elute
JR-SI, Varian) by sequential elution with chloroform, acetone,
and methanol, as previously described (Cohen et al. 1992).
Neutral lipids were further resolved to TAG, diacylglycerols,
unesterified fatty acids, and astaxanthin esters by TLC (silica
gel 60, with a concentrating zone, 20 � 20–cm plates, 0.25 mm
thickness, Macherey-Nagel, Düren, France) using a solvent
system of petroleum ether:diethyl ether:acetic acid (70:30:1, v/
v/v). Lipids were visualized by brief exposure to I2 vapors and
were identified by comparison with the Rf of standards.

Fatty acid analysis. Samples of freeze-dried biomass, lipid
extracts, or individual lipids were transmethylated with 2%
H2SO4 in dry methanol under argon atmosphere at 801 C for
1.5 h. Toluene was added (10%, v/v) to facilitate solubilization
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of the neutral lipids. Neutral lipids and astaxanthin esters
were hydrolyzed by 5% KOH in 95% ethanol followed by
transmethylation (Christie 1989). Gas chromatographic anal-
ysis of fatty acid methyl esters was performed on a Supelco-
wax 10 (Supleco Inc., Bellefonte, PA, USA) fused silica
capillary column (30 m � 0.32 mm) using a temperature gra-
dient of 1851 C to 2101 C. Fatty acid methyl esters were iden-
tified by co-chromatography with authentic standards (Sigma
Chemical Co.) and by comparison of their equivalent chain
length (Ackman 1969). The data presented in the tables and
figures represent mean values of at least three independent
experiments with a range of less then 5% for major peaks
(over 10% of fatty acids) and 10% for minor peaks. Each
sample was analyzed in duplicate.

Inhibition of carotenoid and fatty acid biosynthesis. Two caro-
tenogenesis inhibitors were used: norflurazon (4-chloro,5-
methylamino-2-a-a-a, trifluoro-methyl-phenyl-3(2H) pyridazi-
none, Sandoz Agro, Inc., Des Plaines, IL, USA) and DPA
(BDH Chemicals Ltd., Poole, UK). The fatty acid inhibitor
used was sethoxydim (Riedel-de Haën, Seelze, Germany). Ali-
quots were taken from the stock solutions (0.1 mM of norf-
lurazon, 10 mM of DPA, and 10 mM of sethoxydim in DMSO)
and added to the cultures at the onset of induction to make a
range of concentrations of 0.01–0.05 mM norflurazon, 5–30
mM DPA, and 10–50mM sethoxydim. The DMSO was added to
the cells of the control at concentrations lower than 1%.

Isolation of lipid globules. Red cells were frozen in liquid
nitrogen and ground with mortar and pestle. Grinding me-
dium contained 10 mM 4-morpholinepropanesulfonic acid
(pH 7.0), 10 mM KCl, 5 mM EDTA, 1% BSA (fatty acid free),
0.005% Triton X-100, 1 mM phenylmethanesulfonyl fluoride,
1 mM benzamidine, 0.5 mg �mL�1 leupeptine, 1 mM di-
thiothreitol, and 0.6 M sucrose. The homogenate was centri-
fuged at 1500 g for 10 min to remove cell debris and unbroken
cells. The supernatant and the floating layer were gently
mixed and subjected to flotation gradient centrifugation at
25,000 g. Discontinuous gradient contained 0.4 M sucrose and
0.2 M sucrose in 10 mM 4-morpholinepropanesulfonic acid,
5 mM EDTA, 10 mM KCl, and 1 mM dithiothreitol. The float-
ing oil layer above the 0.2 M sucrose buffer was collected,
mixed with an equal volume of 0.6 M sucrose buffer, and
overlaid with 0.2 M sucrose. The flotation centrifugation step
was repeated to recover oil bodies.

Statistics. Each experiment was repeated at least three
times. Each datum point in the tables and figures represents
a mean of at least three independent experiments varying by
less than 5%.

RESULTS

Effect of norflurazon and DPA on carotenoid and fatty
acid biosynthesis. Exponentially growing (green non-
flagellated) cells of H. pluvialis were exposed to HL
(350 mmol photons �m�2 � s� 1) to induce carotenoid
accumulation. Two carotenogenesis inhibitors, norf-
lurazon and DPA, were added to the cultures at var-
ious concentrations at the time of inoculation, and
their effect on carotenoid and fatty acid accumulation
was determined after 24 h on per volume basis, which
is, as explained in Materials and Methods, related to
their cellular content. It is worthy to mention that
H. pluvialis cells survived all inhibitors treatments ap-
plied in this work and were able to divide after a lag
period of 24–48 h.

As compared with zero-time control, cells subjected
to HL and not treated with any inhibitor (HL control)
accumulated considerable amount of carotenoids
(Table 1). Of the 12.3mg �mL� 1 of total carotenoids, es-
terified astaxanthin constituted 9.2mg �mL� 1; the rest
was xanthophylls—zeaxanthin, violaxanthin, anther-
axanthin, neoxanthin, and b-carotene (Fig. 1). Chlo-
rophyll content also increased, but to a lesser extent,
during 24 h of exposure to HL. At a concentration of
0.01 mM, norflurazon had no effect on total carotenoid
accumulation. However, at 0.02mM, the content of car-
otenoids and astaxanthin was about half that of the
control (6.7 and 4.2mg �mL�1, respectively). At
0.05 mM, only 26% of the total carotenoid content of
control (3.2 mg �mL� 1) was accumulated with trace
amounts of astaxanthin (Table 1). Concomitantly, phy-
toene content increased by about 7-fold from 0.3 to
2 mg �mL� 1. At the same time, chl synthesis was not
affected significantly even in the presence of the high-
est norflurazon concentration (Table 1).

Addition of 30mM DPA to the HL-exposed cultures
completely inhibited the accumulation of astaxanthin,
but no b-carotene accumulation was observed (Fig. 1).
The HPLC analysis of these cells revealed the accu-
mulation of x-carotene (data not shown). This finding

TABLE 1. Effect of norflurazon, DPA, and sethoxydim on the content (mg �mL� 1) of pigments and total fatty acids in
Haematococcus pluvialis grown under high irradiance for 24 h.

Treatment Total carotenoids Esterified astaxanthin b-Carotene Chl Total fatty acids Oleic acid

0-time control 1.4 Trace 0.1 4.4 20.5 0.96
HL control 12.3 (100)a 9.5 (100) 0.3 (100) 6.7 (100) 133.2 (100) 27.1 (100)
Norflurazon (mM)
0.01 14.5 (118) 10.9 (115) 0.3 (100) 7.7 (115) 139.2 (104) 28.6 (105)
0.02 6.7 (56) 4.2 (44) 0.2 (87) 6.6 (98) 111.1 (83) 22.0 (82)
0.05 3.2 (26) 0 (0) 0.2 (63) 6.1 (91) 98.5 (74) 16.1 (59)
DPA (mM)
5 13.1 (106) 9.8 (103) 1.0 (333) 6.6 (98) 137.3 (103) 30.5 (112)
10 7.6 (62) 2.6 (27) 1.9 (633) 6.0 (89) 143.4 (108) 30.1 (111)
20 4.8 (39) 1.5 (16) 2.0 (666) 5.7 (85) 91.4 (68) 17.0 (63)
Sethoxydim (mM)
10 13.0 (106) 6.9 (73) n.d. 7.2 (107) 102.2 (77) 18.5 (68)
20 5.7 (46) 0.8 (8) n.d. 6.6 (98) 72.1 (54) 10.7 (39)
50 3.3 (27) 0 (0) n.d. 6.1 (91) 61.0 (46) 7.3 (27)

HL control, high light exposed; n.d., not determined.
aValues in the brackets represent percent of HL control.
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indicated an inhibition of the x-carotene desaturase
rather than the b-carotene C-4 oxygenase. However, at
lower DPA concentrations (e.g. 5–20mM), b-carotene
content increased by 3.3- to 6.7-fold (Table 1) concur-
rently with the increase in the level of xanthophylls
(zeaxanthin, antheraxanthin, and violaxanthin) (Fig. 1).
In the presence of 10 and 20mM DPA, total carotenoid
accumulation decreased to 62% and 28% that of the
control, respectively (Table 1), whereas astaxanthin
content decreased to 39% and 16%, respectively.

In HL control cultures, accumulation of astaxanthin
was accompanied by an intense synthesis of lipids, as
shown by an increase in the volumetric content of total
fatty acids, from 20 in zero-time control to 133mg �
mL� 1 (Table 1). Among total fatty acids, oleic acid was
dominant in these cells, accounting for 29.3mg �mL� 1.
Administration of 0.05 mM norflurazon or 20mM DPA,
which almost entirely abolished the synthesis of as-
taxanthin, reduced the volumetric content of total fatty
acids to 74% and 78% of control, respectively. At the
same inhibitor concentrations, oleic acid was reduced
to 51% or 58% of the control, respectively (Table 1).
Hence, the impact of norflurazon and DPA on lipid
synthesis was significantly lower than their effect on
astaxanthin synthesis.

Effect of sethoxydim on the accumulation of fatty acids
and carotenoids. The fatty acid synthesis inhibitor set-
hoxydim reduced the HL-induced accumulation of
both fatty acids and carotenoids, especially that of as-
taxanthin (Table 1). Although the volumetric content
of fatty acids was reduced to 54% and 46% by 20 and
50 mM sethoxydim, respectively, that of total car-
otenoids was reduced to 46% and 27%, respectively.
At the same inhibitor concentrations, oleic acid was
reduced to 35% or 25% of the control, respectively
(Table 1). The content of esterified astaxanthin was
practically annulled at 50 mM sethoxydim. The con-
tent of chl was not affected significantly by these
concentrations of sethoxydim.

Effect of inhibitors on fatty acid content and composi-
tion. The three main lipid fractions—NL, GL, and

PL—as well TAG, isolated from the NL fraction, were
determined in cells treated with the three inhibitors
used above, which were applied at a concentration
causing about 50% reduction in total carotenoid ac-
cumulation, that is, 0.02 mM norflurazon, 20 mM DPA,
and 20 mM sethoxydim (Fig. 2).

In green cells growing exponentially under nonin-
ductive conditions (75mmol photons �m� 2 � s�1), mem-
branal lipids, GL and PL, were the major lipid
classes. As a result of the exposure to high irradiance,
all three lipid fractions increased, especially NL, which
became the predominant lipid class (Fig. 2). A major
part of NL was TAG. Although NL content increased
sharply from 1.9 to 78.9mg �mL� 1, TAG content in-
creased from 0.4 to 53.2mg �mL� 1. The GL and PL
contents also increased significantly under HL, from
40.3 and 17.2mg �mL� 1 to 101.5 and 29.1mg �mL� 1,
respectively.

All three inhibitors used reduced the volumetric
contents of NL, which nevertheless remained the dom-
inant class (Fig. 2). The cells treated with norflurazon
and DPA contained, among their NL, significant
amounts of diacylglycerols and nonesterified fatty ac-
ids in addition to TAGs. Sethoxydim (20 mM) had the
strongest effect on NL, reducing the volumetric con-
tent of both NL and TAG by 50%. The content of GL
was also reduced by 36%, 27%, and 25% to that of the
control by norflurazon, DPA, and sethoxydim, respec-
tively. However, the inhibitors had a very little impact
on the volumetric content of PL. Because of the ap-
parent decrease in NL content, the proportion of
membrane lipids (GL and PL) in total cell lipids was
significantly higher in sethoxydim-treated cells than in
the untreated control (Fig. 2).

The sharp increase in the content of NL under HL
was accompanied by significant alteration in its fatty
acid composition (Table 2). In green cells (0-time

FIG. 1. Pigment profile (analyzed by HPLC) of Haematococcus
pluvialis induced to accumulate astaxanthin by high irradiance
for 24 h as affected by DPA at different concentrations. Peaks: 1,
Neoxanthin; 2, violaxanthin; 3, antheraxanthin; 4, zeaxanthin;
5, chl b; 6, chl a; 7 and 8, esterified astaxanthin; 9, b-carotene.

FIG. 2. Volumetric content of NL, GL, and PL in the cultures
of Haematococcus pluvialis grown under high irradiance for 24 h as
affected by norflurazon (0.02mM), DPA (20mM), and sethoxydim
(20mM) as compared with 0-time control and HL-exposed cells
(HL control). The horizontal line inside the NL bar marks the
portion of TAG in this fraction.
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control), the major fatty acids of NL and TAG were
mostly linoleic (18:2) and palmitic (16:0) acids, fol-
lowed by oleic (18:1), linolenic (18:3o3), and hex-
atetraenoic (16:4o3) acids (Table 2). Under HL, oleic
acid content almost tripled in NLs and doubled in TAG
at the expense of most polyunsaturated fatty acids
(PUFA). However, 18:3o3 decreased only slightly,
whereas 18:2 even increased in TAG.

The fatty acid composition of GLs of red cells (HL
control) was distinguishable from that of green cells by
the presence of higher levels of C16 and C18 PUFA
(Table 2) (Zhekisheva et al. 2002). The major fatty ac-
ids composing GL in green cells were 16:0, 16:2o6,
16:4o3, 18:2, and 18:3o3 (Table 2). Under HL, the
levels of the PUFA 16:3o3, 16:4o3, and 18:3o3 signif-
icantly increased concomitantly with the drop in the
proportion of their less unsaturated precursors. Oleic
acid was only a minor component of the GL fraction.
In both green and red cells, PL fatty acids were dom-
inated by 16:0 and 18:2. Under HL the content of
18:3o3 increased. The three inhibitors did not signif-
icantly affect the fatty acid composition of the major

lipid classes at the concentrations indicated above (Ta-
ble 2).

In HL control lipid globules, which appeared inten-
sively red due to the high concentration of astaxanthin
esters (molar ratio of TAG to astaxanthin monoester
was close to 3), TAG was the major lipid. The fatty acid
composition of both TAG and esterified astaxanthin
isolated from the lipid globules was similar to each
other (Table 3) and was also similar to that of TAG ex-
tracted from whole cells (Table 2). However, the es-
terified astaxanthin was relatively rich in C20
unsaturated fatty acids in comparison with the TAG
isolated from the lipid globules.

Are astaxanthin accumulation and fatty acid synthesis
interdependent? In view of our previous results,
which showed that the accumulation of oleic acid in
total fatty acids was directly correlated with that of
astaxanthin esters (Zhekisheva et al. 2002), we exam-
ined the interrelationship between the two processes
by the use of the carotenogenesis and lipid synthesis
inhibitors used above. As shown above (Table 2), un-
der HL oleic acid increased the most among the fatty

TABLE 2. Fatty acid composition of NL, TAG, GL, and PL of Haematococcus pluvialis grown under high irradiance for 24 h (HL
control) as affected by norflurazon (0.02mM), DPA (20mM), and sethoxydim (20mM) as compared with 0-time control.

Fatty acid composition (% of total)

16:0 16:2 16:3 16:4 18:0 18:1 18:2 18:3 18:3 18:4 20:2 20:3 20:4 20:5 Others
Lipid Treatment o6 o3 o3 o6 o3 o3 o6 o6 o6 o3

NL 0-time control 23.6 5.6 1.0 6.2 2.4 11.2 26.0 1.6 12.1 1.5 1.4 0.7 3.8 1.2 1.7
HL control 15.6 0.3 1.8 4.4 0.9 30.4 26.9 2.1 9.0 1.9 1.5 0.6 0.9 3.2 0.5
Norflurazon 13.3 0.2 1.6 6.1 1.1 26.7 26.6 2.3 11.7 2.1 0.9 0.6 1.4 1.2 4.2
DPA 13.9 0.5 1.4 4.0 0.9 29.3 24.7 3.2 12.0 2.2 1.2 1.0 1.0 3.4 1.3
Sethoxydim 14.7 0.4 1.2 3.0 1.5 30.0 29.4 2.0 9.0 1.5 0.9 0.8 1.8 0.5 3.3

TAG 0-time control 18.3 3.5 0.8 6.7 2.7 16.2 21.5 4.1 10.1 3.4 1.7 1.0 6.9 2.5 0.6
HL control 18.8 0.6 2.0 4.5 1.1 31.0 26.2 2.2 8.1 1.8 0.5 0.5 0.9 0.5 1.2
Norflurazon 18.4 tr 1.7 4.2 1.1 30.1 27.1 2.3 8.6 2.1 0.6 0.5 1.1 0.4 1.7
DPA 17.0 0.6 1.5 3.8 0.9 32.3 25.4 3.6 9.5 2.0 0.6 0.7 0.8 0.5 0.8
Sethoxydim 18.0 0.9 1.3 2.8 1.3 29.7 30.1 2.3 7.1 1.5 0.7 0.6 1.7 0.6 1.4

GL 0-time control 13.4 13.2 2.1 12.0 0.3 4.1 30.3 1.0 18.3 1.0 0.4 0.5 1.6 0.5 1.3
HL control 14.7 0.8 7.1 20.0 0.3 2.2 8.9 1.9 39.7 1.8 0.3 0.2 0.9 0.9 0.3
Norflurazon 15.7 0.3 6.4 18.2 0.8 3.3 8.3 1.4 40.4 1.4 0.5 0.2 0.8 0.4 1.9
DPA 13.5 0.2 5.6 21.5 0.8 3.1 8.3 1.1 41.6 1.0 0.4 0.3 0.6 0.4 1.6
Sethoxydim 15.1 0.6 3.9 20.5 0.6 2.2 7.7 2.1 41.7 2.0 0.5 0.3 1.3 0.4 1.1

PL 0-time control 34.1 4.0 0.9 2.0 0.6 7.3 23.9 3.5 6.8 2.9 1.6 1.4 7.0 2.1 1.9
HL control 34.8 0.7 2.6 2.2 0.5 6.3 18.3 4.9 16.1 4.3 1.4 0.4 4.5 1.6 1.4
Norflurazon 31.8 0.7 3.2 2.8 0.9 5.5 17.2 4.0 21.3 3.6 1.2 0.4 3.3 1.2 2.9
DPA 31.2 0.4 3.0 2.3 0.8 6.3 18.3 3.4 22.4 2.7 1.3 1.0 2.9 1.0 3.0
Sethoxydim 32.2 0.8 1.9 2.5 0.7 5.5 16.3 5.8 16.8 5.5 1.7 0.7 4.9 1.4 3.3

TABLE 3. Fatty acid composition of TAG and astaxanthin monoesters (ASME) of isolated lipid globules of Haematococcus
pluvialis grown under high irradiance for 24 h.

Fatty acid composition (% of total)

16:0 16:2 16:3 16:4 18:03 18:1 18:2 18:3 18:3 18:4 20:2 20:3 20:4 20:5 Others
Lipid o6 o3 o3 o6 o3 o3 o6 o6 o6 o3

TAG 23.9 0.5 1.6 2.4 1.5 31.6 24.5 2.0 5.0 1.4 1.1 1.0 1.0 0.9 0.7
ASME 25.3 Trace 0.7 1.9 3.5 25.7 17.7 1.7 9.0 2.0 1.8 2.9 2.5 3.9 1.1
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acids of NL and TAG. We therefore used the increase
in this fatty acid as an indicator of TAG accumulation
under HL. The content of esterified astaxanthin and
the content of oleic acid in the presence of various
concentrations of norflurazon and sethoxydim (Table
1), expressed as percent of the HL control, were
plotted each versus the other (Fig. 3).

As can be seen, the inhibition of astaxanthin syn-
thesis by norflurazon was linearly correlated with that
of oleic acid. However, this was true only for 40% of
the oleic acid produced under these conditions. In-
deed, oleic acid synthesis was not annulled, even
when astaxanthin synthesis was completely inhibited.
A 16-fold increase in the volumetric content of oleic
acid, from 0.96 to 16 mg �mL� 1 (Table 1), occurred
during 24 h of HL in the presence of the highest
concentration of norflurazon (0.05 mM).

Sethoxydim inhibited de novo oleic acid synthesis. Its
accompanying effect on astaxanthin accumulation was
moderate if the content of oleic acid was higher than
60% of its HL control. Below this value, the synthesis of
astaxanthin was sharply inhibited and abolished when
the content of oleic acid decreased to about 30% of its
corresponding control (Fig. 3).

DISCUSSION

In H. pluvialis, extraplastidial oil globules, contain-
ing both TAG and esterified astaxanthin, are formed
during the exposure of cells to different stresses
(Boussiba 2000). We previously showed that in cells
subjected to HL or nitrogen starvation, both monoes-
terified astaxanthin and TAG were rich in oleic acid
(Zhekisheva et al. 2002). These findings allowed us to
suggest that an increase in the proportion of mono-
unsaturated fatty acids is important for sequestering
the high content of astaxanthin esters in oil globules.
Moreover, a direct positive correlation between oleic

acid and esterified astaxanthin was established. Our
results indicated that the accumulation of astaxanthin
is accompanied, and perhaps preceded, by the accu-
mulation of oleate-rich TAG. However, there was no
indication which of these processes was the prerequi-
site for the other. The present experiments with the
two carotenogenesis inhibitors, norflurazon and DPA,
applied to HL-exposed H. pluvialis cells showed that
whereas astaxanthin accumulation was severely inhi-
bited, fatty acid synthesis was not proportionally de-
creased. Neutral lipids and particularly TAG were still
produced, indicating that their synthesis was not solely
dependent on the accumulation of carotenoids. In-
deed, high irradiance induces TAG synthesis in many
algae that do not necessarily accumulate carotenoids
(Roessler 1990).

When cultures were treated with the ACCase inhib-
itor sethoxydim, a strong dependence of astaxanthin
production on lipid synthesis was evident. The sharp
increase in lipid synthesis within 24 h of high irradi-
ance (Table 1) together with the 5-fold increase in bio-
mass (Zhekisheva et al. 2002) indicates that under HL,
H. pluvialis cells enhance the synthesis of fatty acids
de novo and hence require a large content of malonyl-
CoA. The inhibition of malonyl-CoA production, and
consequentially TAG biosynthesis, by sethoxydim had
a strong impact on astaxanthin formation. We propose
therefore that in H. pluvialis, fatty acid synthesis plays a
key role in the regulation of astaxanthin biosynthesis.
We also suggest that under HL, the synthesis of as-
taxanthin is not the only driving force for fatty acid
synthesis. This can be deduced from the results show-
ing a high content of fatty acids in cells devoid of as-
taxanthin. By the use of another fatty acid synthesis
inhibitor cerulenin, Schoefs et al. (2001) also indicated
the importance of active fatty acid synthesis for as-
taxanthin accumulation in flagellated cells of H. plu-
vialis exposed to high irradiance. Fatty acid synthesis as
a driving force for carotenoid accumulation was also
suggested for D. bardawil (Rabbani et al. 1998). As in H.
pluvialis, the inhibition of fatty acid synthesis in D. bard-
awil by sethoxydim completely abolished b-carotene
accumulation in TAG droplets in the plastids. It is thus
clear that enhanced TAG production is essential for
carotenoid overproduction in these microalgae, and it
is not dependent on the intracellular site of deposition
(plastids or extraplastidial compartment). Moreover,
the fatty acid esterification of astaxanthin in H. pluvialis
represents another essential constraint for its en-
hanced accumulation. The similarity in the major fat-
ty acid composition of TAG and esterified astaxanthin
indicate that both acylations utilize the same pool of
fatty acids.

The proportion of oleic acid (18:1) among fatty
acids of TAG sharply increased in H. pluvialis under
HL; at the same time, the proportion of other major
fatty acids, 16:0 and 18:2, did not change. Three
major molecular species of TAG (18:1/18:1/18:1,
18:1/18:1/18:2, and 16:0/18:1/18:2) were produced
under HL, indicating that the major flux of de novo

FIG. 3. Relationship between the content of esterified astaxan-
thin and oleic acid, expressed as percent of the HL control, in
Haematococcus pluvialis as affected by various concentrations of
norflurazon and (�) and sethoxydim (& ). Values presented in
Table 1 were used for plotting the curves.
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synthesized fatty acids are channeled into TAG pre-
dominantly via the Kennedy pathway of TAG biosyn-
thesis (Kennedy 1961).

The percentage of the PUFA 18:3o3 and 16:4o3 in
NLs and in TAG decreased under HL. However, be-
cause of the sharp increase in TAG volumetric content
under HL, the content of these fatty acids also signif-
icantly increased. Because the levels of these fatty acids
also increased in GL, the major lipid class of chloro-
plastic membranes, their increase in TAG indicates a
turnover of chloroplastic fatty acids for extra-
plastidial NL synthesis. Utilization of chloroplastic
fatty acids for TAG synthesis was shown in ozone-
fumigated (Sakaki et al. 1994) and senescent (Kaup
et al. 2002) leaves of higher plants. The typical feature
of this pathway is the appearance of the predominant
thylakoid fatty acids 18:3o3 and 16:3o3 in TAG.
The pathway involves lipolysis of GL and assembly of
TAG, catalyzed by diacylglycerol acyltransferase (Kaup
et al. 2002). The turnover of chloroplastic membrane
lipids supports the suggestion that accumulation of as-
taxanthin in cytoplasmic lipid globules involves trans-
port of its intermediates from the site of the early
biosynthetic steps in the chloroplast (Grünewald et al.
2001).

We conclude that fatty acid synthesis in H. pluvialis
exerts a strong control over astaxanthin esterification
and deposition in oil globules. However, the lipid bio-
synthesis in this alga does not depend on astaxanthin
accumulation. This may indicate that both processes
differ on their signaling demands. Furthermore, we
suggest that accumulation of a certain amount of
TAG is prerequisite for the initiation of astaxanthin
overproduction. Apparently, high irradiance induces
several substantial alterations in lipid metabolism of
H. pluvialis in concert with enhanced de novo biosyn-
thesis of TAG, namely, the increase in the desaturation
of chloroplastic lipids and the rapid flux of unsaturated
fatty acids to the newly formed TAG. It is noteworthy
that the inhibitors, either of carotenoid or lipid
synthesis, did not affect notably the fatty acid pattern
of the major lipid classes even when astaxanthin
production was repressed, indicating that the mecha-
nism of oil globules formation under HL is strictly
regulated.

Finally, it is also worth mentioning that complete
inhibition of astaxanthin accumulation by either caro-
tenoid or lipid biosynthesis inhibitors did not result in
cell death despite the exposure to high irradiance. In
all these treatments, significant amounts of other sec-
ondary carotenoids were accumulated. Astaxanthin
plays the main role in light protection (Wang et al.
2003); however, under the specific conditions used in
the present work, the increase in other secondary caro-
tenoids (probably xanthophylls) represents an alter-
native mechanism for the survival of H. pluvialis under
HL. This observation is currently under investigation.

We thank Ms. Dorot Imber for editing this manuscript and
useful suggestions.
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