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Abstract A stable Chlorella zofingiensis mutant (E17)
produced by chemical mutagen was characterized with
respect to growth, astaxanthin biosynthesis, and phytoene
desaturation. The mutant E17 could grow well and produce
normal levels of colored carotenoids in the presence of
0.25 uM norflurazon, in which the growth of wild type
(WT) cells was greatly limited due to inhibited carotenoid
formation. Induced by high-light irradiation or glucose,
E17 produced 44 or 36% more astaxanthin than WT when
cultured in media without norflurazon. A point mutation
(C-T) was revealed to occur in the PDS gene of E17, lead-
ing to an amino acid change (L516F) in its coding region.
The mutated PDS exhibited 31-fold resistance to norflura-
zon when compared to WT as determined by an in vitro
assay. Surprisingly, the mutated PDS exhibited higher
efficiency in converting phytoene to {-carotene. No differ-
ence in PDS transcripts was found between E17 and WT
cells cultured either in normal or induced conditions. In
contrast, higher transcript levels of -carotene ketolase and
hydroxylase were found in the E17 cells. Taken together,
we conclude that a point mutation in Chlorella PDS gene
makes E17 resistant to norflurazon and synthesize higher
amounts of carotenoids including astaxanthin.
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Abbreviations

BKT p-Carotene ketolase
CHYb  p-Carotene hydroxylase
HL High-light

HPLC  High-performance liquid chromatography
NPQ Non-photochemical quenching
PDS Phytoene desaturase

RT-PCR Reverse transcriptase-PCR
TC Total carotenoids
WT Wild type

Introduction

Astaxanthin is a red keto carotenoid found in some microal-
gae, bacteria, yeasts, and many marine animals (Lorenz and
Cysewski 2000; Zhang et al. 2009). It has important appli-
cations in food, feed, nutraceutical, and pharmaceutical
industries because of its powerful antioxidative activity and
beneficial effects on human health (Guerin etal. 2003;
Fraser and Bramley 2004). Currently, natural astaxanthin is
primarily obtained from the unicellular green alga Haema-
tococcus pluvialis. However, due to the limited production
by microorganisms, natural astaxanthin contributes only to
a very small fraction to its market (Higuera-Ciapara et al.
2006).

H. pluvialis is able to accumulate astaxanthin up to 4%
of its dry biomass, the highest content in nature (Boussiba
2000). One limitation of this green microalga is its rela-
tively slow growth rate in combination with low-biomass
yield (Olaizola 2000; Hata et al. 2001). Chlorella zofingien-
sis is a potential alternative host for mass production of
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astaxanthin due to its fast growth and astaxanthin accumu-
lation in the dark using glucose as the sole carbon and
energy source (Ip and Chen 2005). Furthermore, high
yields of astaxanthin (up to 32 mg L™') can be obtained by
this alga with a fed-batch fermentation strategy (Sun et al.
2008). However, the relatively low content of astaxanthin
per dry biomass of about 0.6% in C. zofingiensis hampers
its commercial application (Orosa et al. 2001).

One strategy for increasing the astaxanthin content of
C. zofingiensis is to generate mutants whose carotenoid flux
is directed to astaxanthin due to mutations in carotenogenic
genes. Chemical mutagenesis coupled with herbicide selec-
tion has created astaxanthin over-producing mutants of
H. pluvialis (Tripathi et al. 2001; Chen et al. 2003; Hu et al.
2008; Sandesh Kamath et al. 2008). We previously found
that a low concentration of norflurazon (0.25 pM) bleached
C. zofingiensis cells. This herbicide inhibits the activity of
plant-type phytoene desaturase (PDS), a key enzyme
involved in catalyzing the rate-limiting step of carotenoid
biosynthesis (Chamovitz et al. 1993). Mutants resistant to
norflurazon may result from the increased amount of PDS
gene product or from structural change of PDS that lowers
its affinity to the herbicide (Chamovitz et al. 1991, 1993;
Michel et al. 2004). Therefore it may be possible to isolate
C. zofingiensis mutants with increased astaxanthin biosyn-
thesis due to certain mutations in its PDS gene.

We have generated a number of norflurazon-resistant
mutants of C. zofingiensis by chemical mutagenesis
(unpublished data). One of them, named as E17, is a stable
mutant that had a higher content of astaxanthin than the
WT. In this study, we characterized E17 with respect to its
growth, carotenogenesis and PDS activity. This mutated
PDS is the first example for a point mutation in PDS, which
not only makes the alga resistant to the herbicide norflura-
zon, but also enhances the biosynthesis of total carotenoids
(TC) including astaxanthin.

Materials and methods
Strain and culture conditions

The green microalga C. zofingiensis (ATCC 30412) was
obtained from the American Type Culture Collection
(ATCC, Rockville, MD, USA). The algal strain was main-
tained and cultured in modified Bristol’s medium (referred to
as CZ-Ml1l) at 25°C under -continuous illumination
(25 pmol photon m~2s~!; standard growth condition) (Ip
et al. 2004). The C. zofingiensis E17 mutant was isolated by
treating the algal cells with ethyl methanesulfonate (EMS,
Sigma, St Louis, MO, USA) followed by selecting the herbi-
cide norflurazon. For herbicide treatment, the cell cultures
were grown in CZ-M1 medium supplemented with 5 g L™!
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glucose for 4 days and then inoculated into the same medium
containing various concentrations of norflurazon (Sigma), at
an inoculum of 10% (by volume, average cell concentration
of 0.5¢g L’l). For induction of astaxanthin biosynthesis, the
4-day cultures mentioned above were exposed to continuous
illumination of 250 pmol photon m~2s~! or inoculated into
fresh CZ-M1 medium containing 30 gL~! glucose and

maintained in the dark.
Cell dry weight determination

The cells were centrifuged at 3,800g for 5 min. The pellet
was re-suspended in distilled water and filtered through a
pre-dried Whatman GF/C filter paper (1.2 um pore size).
The algal cells on the filter paper discs were dried at 70°C
in a vacuum oven until constant weight and were cooled
down to room temperature in a desiccator before weighing.

Extraction and analysis of pigments

Cell samples from different stages were harvested and freeze-
dried on a DW3 freeze-drier (Dry Winner, Heto-Holten,
Allergd, Denmark). Extraction was carried out with acetone
and liquid nitrogen until the cell debris was almost colorless.
The extracts were filtered through a 0.22 pm Millipore
organic membrane. Twenty microliters of each extract was
separated by HPLC on a Waters Spherisorb 5 pum ODS?2 ana-
lytical column (4.6 x 250 mm) with a Waters HPLC system
(Waters, Milford, MA, USA) using a modified method previ-
ously described by Baroli et al. (2004). Pigments were eluted
at a flow rate of 1.2 mL min~! with a linear gradient from
100% solvent A [acetonitrile/methanol/0.1 M Tris—HCI (pH
8.0), 84:2:14, by vol] to 100% solvent B (methanol/ethyl ace-
tate, 68:32, v/v) over a 15 min period, followed by 10 min of
solvent B. Individual carotenoids were identified by their
absorption spectra and their typical retention times as com-
pared to standard samples of pure carotenoids (Sigma).

Chlorophyll fluorescence measurement

Cells were harvested by centrifugation and re-suspended in
fresh CZ-M1 medium. Chlorophyll fluorescence was
measured using a multi-mode chlorophyll fluorometer
(Opti-Sciences, Hudson, NH, USA) at room temperature.
Non-photochemical quenching (NPQ) was calculated using
(F—F,)/F,', where F is the maximum fluorescence in
the dark-adapted state and F,,’ is the maximum fluores-
cence in the light-adapted state.

RNA isolation and RT-PCR assay

RNA was isolated from aliquots of about 1 x 10® cells har-
vested at different stages using the TRI Reagent (Molecular
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Research Center, Cincinnati, OH, USA) according to the
manufacturer’s instructions. The concentration of total
RNA was determined spectrophotometrically at 260 nm.
The total RNA (1 pg) extracted from different samples was
reverse-transcribed to cDNA by using a SuperScript III
First-Strand Synthesis System (Invitrogen, Carlsbad, CA,
USA). Reverse transcription was performed by priming
with oligo(dT) according to the manufacturer’s instruc-
tions. PCR amplification and product detection were carried
out according to the protocol described in Li et al. (2008).

PDS expression in Escherichia coli

The coding region of PDS ¢cDNA from E17 was amplified
by RT-PCR with specific primers as described previously
(Huang et al. 2008), and was then sequenced and found to
harbor a point mutation. The mutated PDS coding
sequence was cloned into the plasmid pUCI18 (Stratagene,
La Jolla, CA, USA) as an in-frame fusion to the lacZ gene,
resulting in plasmid pUC-czPDS-L516F (a leucine codon
at position 516 changed to a phenylalanine codon). This
plasmid and pUC-czPDS constructed previously (Huang
et al. 2008) were introduced into E. coli IM109 for PDS
enzyme expression. The E. coli cells were grown in SOB
medium containing 50 pg mL ™" ampicillin at 37°C with
vigorous shaking, and 1 mM IPTG was added when the
optical density at 600 nm reached 0.5. After a 5-h induc-
tion period the cells were harvested for preparation of
crude PDS proteins.

In vitro PDS assay

The E. coli cells collected above were re-suspended in
0.1 M sodium phosphate buffer (pH 7.2, containing 1 mM
DTT), and then passed through a French pressure cell
(Spectronics Instruments, Rochester, NY, USA) at an inter-
nal pressure of 20 MPa; 10 pg mL~' DNase was added to
the broken cell extract and the mixture was incubated on ice
for 15 min. Cell debris was removed from the suspension
by centrifugation at 10,000g and the resultant supernatant
was adjusted to 1 mgmL™" of protein and used as the
source of the PDS enzyme. The reaction mixture contained
1 mL of enzyme extract, 5 pL of the substrate phytoene
(2 pg) in acetone, and 5 pL of decyl plastoquinone (10 mM
solution in methanol, Sigma). Phytoene was extracted from
E. coli IM109/pACCRT-EB freeze-dried cells (Breitenbach
et al. 2001). The assays were carried out at 28°C with vig-
orous shaking for 6 h and terminated by the addition of
1 mL of methanol. The residual phytoene and enzymati-
cally formed {-carotene were extracted from the incubation
mixture with diethyl ether/petroleum ether (1:9, v/v), evap-
orated to dryness under a nitrogen stream and re-suspended
in acetone for HPLC analysis. PDS activity was calculated

in terms of formed (-carotene and expressed as g C-caro-
tene (mg protein) ' h™!.

Results
The growth and carotenogenesis of E17

We treated C. zofingiensis cells with chemical mutagen
EMS followed by selecting the bleaching herbicide norflur-
azon. A number of mutants resistant to norflurazon were
obtained and analyzed for their astaxanthin production. A
stable mutant, E17, was found to produce much more asta-
xanthin. The E17 showed no loss of resistance to norflura-
zon after more than 100 times of subculture without
norflurazon selection (data not shown). The E17 grew well
and produced nearly normal levels of TC in the presence of
0.25 uM norflurazon, in which the growth of wild type
(WT) cells was greatly limited due to total blocking of
carotenoid formation. Norflurazon suppressed carotenogen-
esis, leading to a decreased formation of TC including asta-
xanthin in both WT and E17 cells (Fig. 1). WT cells
showed high sensitivity to norflurazon as indicated by a
decreased TC content (from 1.69 to 0.83 mg g~ ') in the
present of 0.05 pM norflurazon. Higher concentrations of
norflurazon resulted in much lower amounts of TC (Fig. 1).
In addition, the formation of astaxanthin in WT almost
ceased when the cultures were treated with up to 0.25 uM
norflurazon. In contrast, E17 synthesized significant
amounts of TC and astaxanthin even at 0.5 uM norflurazon,
a lethal concentration for the WT. Values of half-maximum
inhibitory concentration (/5,) of norflurazon on TC and
astaxanthin formation in WT and E17 were determined
from (Fig. 1). The E17 exhibited 22.7- and 25.9-fold resis-
tance to norflurazon with respect to TC accumulation and
astaxanthin formation as compared to WT.
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Fig. 1 Effect of norflurazon concentration on TC and astaxanthin con-
tents of WT and E17. Open square WT TC, filled square WT astaxan-
thin, open circle E17 TC, filled circle E17 astaxanthin. Cells were
harvested from a 4-day culture under standard growth conditions
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With glucose as the sole carbon and energy source,
C. zofingiensis grew fast and synthesized astaxanthin (Ip and
Chen 2005; Sun et al. 2008). The time course of TC and
astaxanthin accumulation in heterotrophic WT and E17
cells cultured in CZ-M1 medium with 30 g L™! is shown in
Fig. 2b. Compared with the non-induced cells on day 0, the
TC and astaxanthin contents of WT were slightly decreased
on day 2. Thereafter both TC and astaxanthin increased and
the astaxanthin content reached its maximum in 14 days.
The E17 exhibited the same induction pattern of TC and
astaxanthin as that of WT. However, E17 produced appar-
ently greater amounts of carotenoids, e.g., on day 6 the TC
and astaxanthin contents were 2.50 and 0.85mgg~', 18
and 36% higher than that of WT, respectively. Even on day
10 the astaxanthin content of WT was slightly lower than
that of E17 on day 6. It is worth noting that after day 6 the
difference in TC and astaxanthin contents between WT and
E17 became smaller. In correlation with the -earlier
enhanced astaxanthin accumulation, E17 exhibited an ear-
lier color change from green to orange (data not shown).

Characterization of E17 PDS

Norflurazon can be coped with by increased amounts of the
target enzyme or by a mutation that affects the binding prop-
erties. The sequencing of the PDS gene from E17 revealed a
single point mutation (C-T), which resulted in an amino
acid change from leucine (L) to phenylalanine (F) at codon
516 (from CTC to TTC). This L residue is located in a con-
served motif in the PDS polypeptides. Another substitution
of this L residue by arginine (R) was earlier revealed by us
to confer herbicide resistance on Chlorella PDS (Huang
et al. 2008). To verify whether PDS-L516F is related to nor-
flurazon resistance, we carried out in vitro assays of the
Chlorella PDS and PDS-L516F. In vitro desaturation activi-
ties of WT PDS and PDS-L516F were measured by deter-
mining the conversion of phytoene to (-carotene in the
presence of various concentrations of norflurazon. The
results were expressed as units of activity relative to that of
the control without the herbicide. A Dixon plot (Dixon
1953) of the reciprocal of PDS desaturation activity versus
the concentration of norflurazon is shown in Fig. 3. The con-
centrations for 50% inhibition (I5)) of PDS desaturation
activity were calculated to be 0.072 pM for WT PDS and
2.242 M for PDS-L516F, respectively. Compared with the
WT PDS, the PDS-L516F showed 31-fold greater resistance
to the inhibitor norflurazon, which is comparable with the
PDS-L516R as revealed in a previous study (Huang et al.
2008). Surprisingly, PDS-L516F exhibited higher activity in
converting phytoene to C-carotene than its WT counterpart
as well as the PDS-L516R that was shown to have attenu-
ated desaturation activity (Chamovitz et al. 1993; Steinbren-
ner and Sandmann 2006; Huang et al. 2008). The specific

1/Relative PDS activity
O
1

Norflurazon (UM)

Fig. 3 Plot of the reciprocal of in vitro phytoene desaturase activities
versus concentrations of norflurazon for the E. coli-based recombinant
WT PDS (filled circle) and PDS-L516F (filled square)

activity of PDS-L516F was 0.0315 pg (-carotene formed
(mg protein)~' h™!, about 29% higher than that of the WT
PDS and 50% more than PDS-L516R (Table 2).

Transcription analysis of PDS, BKT and CHYb genes

We reported earlier that the enhanced biosynthesis of
carotenoids including astaxanthin in C. zofingiensis by HL
or glucose induction was correlated to the increased tran-
script levels of carotenogenic genes (Li et al. 2008, 2009).
To further investigate whether the enhanced production of
TC and astaxanthin by E17 was attributed to the up-regula-
tion of PDS and/or other carotenogenic genes, we quanti-
fied the transcript levels of PDS together with BKT and
CHYb, two enzymes directly involved in astaxanthin for-
mation from f-carotene. RT-PCR results showed no appar-
ent differences in PDS transcripts between WT and E17
either under standard growth conditions or induced condi-
tions (Fig. 4). In contrast, higher transcript levels of BKT
and CHYb were found in E17 cells in response to 1-day HL.
treatment or induced by high concentration of glucose
(30 gL~ for 4 days. This result correlated well to the
higher amounts of astaxanthin accumulated in E17 than in
WT cells under HL stress (Fig. 2a) or glucose induction
conditions (Fig. 2b).

Table 2 In vitro phytoene desaturation activity of E. coli expressing
PDS proteins

Crude Specific activity
enzymes (ng C-carotene formed
(mg protein)’1 hh
PDS 0.0245 + 0.0015
PDS-L516R 0.0193 £ 0.0012
PDS-L516F 0.0315 £+ 0.0021

Mean values =+ SD of three independent experiments
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ACT

Fig. 4 Transcript levels of phytoene desaturase (PDS), f-carotene ke-
tolase (BKT), and f-carotene hydroxylase (CHYb) in WT and E17 cells
cultured under standard growth conditions (Ctr), high-light induction
for 1d (HL 1d)or 30 g L glucose induction for 4d (30G 4d). Actin
gene (ACT) was used as control

Discussion

Chlorella zofingiensis synthesizes astaxanthin as secondary
carotenoid that is stored in lipid vesicles outside the chloro-
plasts under stress conditions such as HL irradiation or
nitrogen deficiency (Rise et al. 1994; Bar et al. 1995). A
mutation in PDS revealed that this enzyme is one of the
limiting steps of carotenoid biosynthesis. An amino acid
substitution (L516F) in PDS cannot only make C. zofingi-
ensis resistant to norflurazon (Fig. 1), but also enhance the
biosynthesis of TC and astaxanthin (Fig. 2). Norflurazon-
resistant phenotypes had been found in Synechococcus sp.
PCC 7942 and Synechocystis sp. PCC 6803 mutants result-
ing from either a point mutation or a deletion in the
upstream region of PDS gene (Chamovitz et al. 1991, 1993;
Martinez-Férez and Vioque 1992). Point mutations in PDS
give rise to a modified structure for the herbicide-binding
site; whereas the deletion in regulating region causes up-
regulation of PDS transcription and consequently a great
increase of PDS protein (Chamovitz et al. 1993). In addi-
tion, point mutations in PDS resulted in plant mutants resis-
tant to fluridone, another bleaching herbicide that also
specifically inhibits the desaturation activity of PDS
(Michel et al. 2004; Arias et al. 2005). Some mutations in
PDS conferred cross-resistance to fluridone and norflurazon
(Arias et al. 2006), which is not the case for E17 cells (data
not shown). Norflurazon was reported to inhibit PDS by
competition with the cofactor plastoquinone (Breitenbach
et al. 2001). Therefore, bleaching herbicides including nor-
flurazon can be regarded as plastoquinone analogs targeting
the same binding region (Sandmann 2002).

The E17 harbors a point mutation (C-T) in PDS, causing
an amino acid substitution (L-F) at codon position 516.
Surrounding the L residue is a conserved motif in PDS
polypeptides from plants (Pecker et al. 1992; Scolnik and
Bartley 1993), algae (Harker and Hirschberg 1997;
McCarthy et al. 2004; Huang et al. 2008) and cyanobacte-
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ria (Chamovitz et al. 1993). Previous mutations including
the substitution of the L residue to arginine (R) in PDS had
been found to confer norflurazon-resistance on Synecho-
coccus sp. PCC 7942 but meanwhile lower the catalytic
activity in PDS and consequently reduce the production of
downstream carotenoids (Sandmann et al. 1993). Similar
results were obtained when the same mutation occurred in
the PDS from H. pluvialis and C. zofingiensis (Steinbrenner
and Sandmann 2006; Huang et al. 2008). We assume that
the L residue may play a decisive role in the binding of her-
bicide and the binding of plastoquinone. In contrast to the
substitution of L-R, the L-F exchange may favor the kinet-
ics for plastoquinone binding, resulting in higher PDS spe-
cific activity (Table2). This leads to a higher TC
accumulation in E17 (Fig. 2). Transgenic H. pluvialis over-
expressing an additional PDS gene also enhanced TC con-
tent (Steinbrenner and Sandmann 2006). Determination of
transcript levels of carotenogenic genes showed no changes
for PDS in E17 (Fig. 4). However, E17 accumulated higher
levels not only of TC but also of astaxanthin than WT
(Fig. 2; Table 1). This is well-explained by the increased
transcripts of BKT and CHYb in E17 (Fig. 4). However, the
regulatory mechanism leading to an up-regulation of both
transcripts in E17 as a consequence of higher PDS activity
remains open.

In conclusion, the PDS gene of C. zofingiensis E17 har-
bors a point mutation, which leads to one amino acid sub-
stitution and makes the mutated cells resist norflurazon. In
contrast to all other mutations conferring norflurazon resis-
tance, PDS in E17 shows increased specific activity leading
to enhanced biosynthesis of carotenoids including the high-
value astaxanthin. The mutated PDS gene can serve as a
dominant selectable marker for genetic engineering of
C. zofingiensis and even other green algae to enhance the
biosynthesis of astaxanthin.
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