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Phytoene synthase (Psy) catalyzing the dimerization of two molecules of geranylgeranyl pyrophosphate
(GGPP) to phytoene may be rate limiting for the synthesis of â-carotene in Dunaliella salina. To
elucidate the carotenogenic pathway in D. salina, the complete Psy gene was first isolated by genome
walking technology and suppression PCR. Subsequently, RT-PCR was performed to obtain the Psy
cDNA of 1260 bp, which codes 420 amino acids. The Psy gene of total length of 2982 bp was found
to consist of five exons and four introns when compared with the cDNA sequence. The D. salina Psy
amino acid has a 78-89% similarity with many other higher plants, but a phylogenic analysis shows
a closer relationship between the microalgal and cyanobacterial Psy.
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1. INTRODUCTION

Carotenoids are a large group of polyene pigments produced
by higher plants, certain species of bacteria, fungi, and archaea
as well as some algae. Natural carotenoids have various
biological functions, such as light harvesting, photoprotection,
elimination of free radicals, and as precursors of hormones (1).
The growing attention paid on these structurally diverse
compounds is due to their beneficial effects on human health
and their pharmaceutical values (2).

The main metabolic pathway of carotenoids is clear and may
be common for most of the carotenogenic species (3). The early
steps of the carotenoid metabolic pathway, which consist of the
biosynthesis of phytoene from terpenoid precursors by phytoene
synthase as well as the desaturation of phytoene into lycopene
followed by two cyclization reactions of lycopene to formR-
or â-carotene, have been extensively studied, and the corre-
sponding genes have been isolated from yeast, bacteria, algae,
and plants (4-7).

Since Misawa cloned the carotenoid biosynthesis gene cluster
from Erwinia uredoVora for the first time (8) many works have
been done on recombinant microorganisms to generate structur-
ally novel or rare high-value carotenoids in nature (9-11).
Besides the assembly of carotenogenic genes into new pathways
and molecular incubation of novel metabolic routes, a large pool
of available crt genes is also required to produce a mass of high-
value carotenoids. Ye obtained “gold rice”, which is rich in
â-carotene, by engineering the provitamin A biosynthesis
pathway into (carotenoid-free) rice endosperm (12).

As a green algaeDualiella salinacould accumulateâ-caro-

tene up to 50 mg g-1 of dry weight. Under the conditions of
high light, high salinity, and nutrient deprivation, it is even up
to 10% of the dry weight inD. salina (13-15).

We hypothesized that inD. salinathere is a specific secondary
metabolic pathway to massively synthesizeâ-carotene, possibly
due to a relatively simple reaction sequence or special primary
structure of the involved enzymes, such as lycopene cyclases
(Lyc) and phytoene synthase (Psy). The crt genes for the
putatively efficient carotenoid biosynthetic pathway inDu-
naliella may significantly contribute to massive production of
â-carotene in heterologous host systems such asEscherichia
coli or in transgenic plants. Additionally, phytoene synthase is
often considered to be the first carotenogenic key enzyme in
the carotenoid biosynthetic pathway and plays an important
control role in the carbon resource flux toward carotenoid
synthesis (16,17).

Therefore, in the present paper the Psy gene was first chosen
to illuminate the possibly specific carotenoid metabolic pathway
in D. salina. Cloning and analysis of the Psy gene would lay a
foundation to study the mechanisms for theâ-carotene biosyn-
thetic pathway and high accumulation in this green algae.

2. MATERIALS AND METHODS
2.1. Strains and Culture Conditions.D. salinacells obtained from

the Chinese Academy of Science were grown in defined medium (18)
containing 2 mol/L NaCl at 26°C under a 14/10 h dark/light cycle
and were collected at the log phase or late log phase.E. coli DH5R
was used as the host for the multiplication of plasmids.

2.2. Genomic DNA Isolation and Manipulation.Genomic DNA
of D. salinawas isolated following the method described by Yang (19).
Amplification by PCR usingD. salinagenomic DNA as template was
performed with specific primers that corresponded to the strongly
conserved amino acid sequence of Psy from two kinds of algae (Dunalie
bardawil and Haematococcus pluVialis) and six kinds of plants
(Arabidopsis thaliana, Oryza satiVe, Tagetes erecta, Lycopersicon
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esculentum,Capsicum annuum, andDaucus carota): Psy-F 5′-
GAGTACGCCAAGACCTTCTA-3′ (forward) and Psy-R 5′-GTTGT-
CATAGTCATTCTTCTC-3′(reverse). The procedure is as follows: 1
cycle of 94°C, 5 min; 22 cycles of 94°C, 45 s, 46-35.5 °C, 40 s
(decrease 0.5°C per cycle), and 72°C, 2 min; 5 cycles of 94°C, 45
s, 35°C, 40 s, and 72°C, 2 min; 1 cycle of 72°C, 10 min.

The PCR products were separated by electrophoresis in 1.5% agar
gels, cloned in the pMD18-T vector (TaKaRa) according to standard
methods (20), and then sequenced.

For genome walking,D. salina genomic DNA was completely
digested with EcoRV,DraI, PVuII, andStuI, respectively, followed by
product purification before ligation with Adaptor according to the
manual of the Universal GenomeWalker Kit (CLONTECH Laborato-
ries). To obtain the 5′and 3′portions of theD. salinaPsy sequence,
two primers, the upstream walking primer UWR 5′-GTGCGTGGCT-
TGAGCGGCTTAGAAATG-3′ and the downstream walking primer
DWF 5′-ATGGTCATCACAGCGGCTTGCTTCACAG-3′, respec-
tively, were designed on the basis of the known Psy gene sequence.

Suppression PCR was carried out using primer pairs AP1/UWR and
AP1/DWF as follows: 7 cycles of 94°C, 2 s, and 72°C, 3 min; 32
cycles of 94°C, 2 s, and 67°C, 3 min; 1 cycle of 67°C, 4 min.

For other DNA manipulation and technical details, see Sambrook
and Russell (20).

2.3. Cloning ofD. salina Psy cDNA.The total RNA was prepared
from 10 mL ofD. salinacells grown at the late log phase with RNA-
SOLV reagent (Omega) according to the manufacture’s instruction.
RNA was reverse transcribed in a total volume of 10µL by using an
oligo(dT)18 primer, and all volume was immediately added to a PCR
master mixture using an RNA PCR Kit (AMV) ver. 3.0 (TaKaRa)
according to the manufacturer’s protocol. The amplification procedure
is as follows: 1 cycle of 94°C, 2 min; 30 cycles of 94°C, 30 s, 65-
50.5°C, 30 s (decrease 0.5°C per cycle), and 72°C, 1 min; 5 cycles
of 94 °C, 30 s, 50°C, 30 s, and 72°C, 1 min; 1 cycle of 72°C, 4 min.

The PCR product was cloned and sequenced as above.
On the basis of the previously obtained Psy gene sequence, the

following primers were designed for the PCR amplification:
5′-TATACGCGTTTATGCCCTCCACTTCCG-3′(forward) and 5′-
TTTGAGCTCGACTACTGTGGGCTCTTGGG-3′(reverse), introduc-
ing aMluI andSacI restriction site at the start and stop coding region
of the Psy cDNA molecule, respectively.

2.4. Sequencing and Phylogenic Analysis.Sequence analysis and
alignments were done with the DNAStar software package (Lasergene).
The amino acid sequence was subjected to TMHMM server (http://
genome.cbs.dtu.dk/services/TMHMM-2.0/) for transmembrane analysis,
and a hidden Markov model (http://genome.cbs.dtu.dk/services/SignalP-
2.0/) for the prediction of protein signal sequence. For construction of
a phylogenic tree, Clustal X1.8 (NCBI, Bethesda, MD) and TREE-
CONW 1.3b computer programs were used.

2.5. Nucleotide Sequence Accession Number.The NCBI GenBank
accession numbers for the phytoene synthase gene and cDNA reported
in this paper are GBAN AF305430 and AY601075, respectively.

Figure 1. Two fragments amplified from untouched genomic DNA: M,
marker; CK, negative control.

Figure 2. Genome walking PCR products: (A, B) upstream and
downstream walking; M, marker; lanes 1−4, PCR products from DraI-,
EcoRV-, PvuII-, and StuI-digested genome walker libraries.

Figure 3. Diagram of overlapping relationship of subclone fragments and positions of corresponding primers.
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3. RESULTS

3.1. Isolation of the Psy Gene fromD. salina. The genomic
DNA was prepared from cells grown at late logarithmic phase.
PCR was done with the untouched genomic DNA by using
primer Psy-F/R, and two major bands, 2490 and 1500 bp in
length, in 1.5% agar gel were recovered and sequenced (Figure
1). A complete BLAST homologous search in the GenBank
database showed that the larger fragment has a certain similarity
with the Psy gene from other species.

Four genome walker libraries were constructed by ligation
of the adaptor withDraI-, EcoRV-, PVuII-, andStuI-digested
genomic DNAs respectively. They were used as templates to
isolate the 5′upstream and 3′downstream regions of theD.
salina Psy gene.

Upstream genome walking was performed with AP1 and
primer UWR and a notable 3500 bp band observed only from
the DraI-digested genome DNA library, as shown inFigure
2A. It was cloned and sequenced, and a BLAST retrieve found
its Psy gene homologous sequence and overlap in its C terminus
with the previously obtained fragment. A similar downstream
genome walking using primer DWF and AP1 found that two
fragments, 3000 and 400 bp fromStuI andPVuII, respectively,
showed similarity with other homologous Psy genes after their

sequences were determine (Figure 2B). The latter band was
consistent with the prediction that there is aPVuII restriction
site 400 bp away from the DWF region.

TheD. salinaPsy gene was assembled according to overlap-
ping sequences from the three fragments above and is 2982 bp
in length (Figure 3).

3.2. Cloning Psy cDNA by Reverse Transcription PCR.
Total RNAs extracted from freshly harvested cells were used
as templates to amplifyD. salina Psy cDNA. A 1260 bp
fragment (Figure 4) was successfully obtained and predicted
to be Psy cDNA by using BLAST programs (NCBI) to perform
a complete homologous search in the GenBank database.

The differences between theD. salinaPsy gene and the cDNA
sequence were compared. Four conjectural introns separating
five exons were 720, 292, 251, and 459 bp in length, respectively
(Figure 5). A 47.3 kDa peptide coded by Psy cDNA consists
of 420 amino acids, pI 8.67. Analysis with the TMHMM server
showed that there is no transmembrane region contained in this
peptide. It has a signal sequence in the C terminus involved in
protein transposition according to the analysis with a hidden
Markov model.

The BlastP search results demonstrated that the clonedD.
salina Psy showed at the protein level 81% identity and 89%
similarity with D. bardawil , 70 and 80% with theH. pluVialis
counterpart, 67 and 80% with theA. thalianacounterpart, and
65 and 78% withD. carotaPsy; these data demonstrated that
the clonedD. salinaPsy belongs to the Psy family.

Amino acid sequence alignment (data not shown) ofD. salina
Psy with the known alga and plant Psy showed that the
conserved regions do not lie in the N terminus; the functional
region of this carotenoid synthase may begin from its 119th
amino acid, and the first 20 amino acids may function as a
transmembrane region.

3.3. Phylogenetic Analysis.Neighbor-joining included in the
TREECONW 1.3b software package was used to build a
phylogenic tree; analysis of the complete homologous Psy
sequences recovered with the tree are shown inFigure 6. Psy
sequences and GenBank accession numbers are as follows: nine
plant species,C. annuum(CAA48115),T. erecta(AAM45379),

Figure 4. RT-PCR product: M, marker; CK, negative control.

Figure 5. Diagram of exons and introns of Psy gene in D. salina.

Figure 6. Phylogenic tree of Psy sequences from various species (numbers associated with the branches are bootstrap values; branch lengths are
proportional to the number of amino acid substitutions and are measured by the distance scale bar).
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A. thaliana (AAM62787), D. carota (BAA84763), O. satiVe
(AAK07735), Helianthus annuus(CAC19567),L.esculentum
(CAA42969),Narcissus pseudonarcissus(S54135),Zea mays
(S68307); green algaeD. bardawil (T10702); three cyanobac-
teria, SynechocystisPCC6803 (NP_441168),Synechococcus
PCC7942 (CAA45350),Nostocsp. PCC7120 (NP_485873); and
seven bacteria,Mycobacterium tuberculosisH37Rv (NP_217974),
Thermus thermophilusHB27 (YP_006040),Rodobacter cap-
sulatus(P17056),Lactobacillus plantarumWCFS1 (NP_786525),
Agrobacterium tumefaciens(AAL42564), Halobacteriumsp.
NRC-1 (NP_280449), andCorynebacterium efficiensYS-314
(NP_737251).

As shown from the tree, Psy catalyzing an early carotenoid
biosynthetic pathway step is well conserved among bacteria,
cyanobacteria, and eukaryotic organisms. Two defined clusters
of Psys can be found. One comprises the enzyme from bacteria.
In a separate group, chlorophyte, cyanobacteria, and higher
plants align together. The cyanobacterial Psys have a closer
relationship withDunaliella Psys than with the plant Psys.

4. DISCUSSION
D. salinais one of the commonly recognized natural sources

to produceâ-carotene, but the previous work mainly focused
on the improvement of culture conditions and extraction
methods; however, there is a lack of study on enzymes directly
involved in the carotenoid metabolic pathway by using molec-
ular biology technology. Psy is the first carotenoid synthase in
plants and plays an important role in production levels of
carotenoids. The work of obtaining the Psy cDNA fromD.
salina would help in our understanding of the regulation
mechanism of Psy and even the mechanisms for high accumula-
tion of â-carotene inD. salina, which aids in the production of
masses of naturalâ-carotene. Additionally, works on transform-
ing the Psy gene ofD. salinaor the whole carotenoid synthesis
pathway in crops will help to improve theâ-carotene content,
which will contribute to solving the problem of vitamin A
deficiency in developing countries.

From the known Psy gene of eukaryotic organisms, the Psy
gene in D. salina has a smaller number of exons than the
common five to seven exons in plants, and the exons of Psy in
D. salina and other higher plants have similar locations.
Alignments at the protein level show the sequence differences
between plant and bacterial Psys are mainly found at the N
terminus due to the presence of a signal peptide responsible
for the localization of these enzymes in chloroplasts and
chromoplasts (21). This is also demonstrated by analysis using
a hidden Markov model. The relatively conserved C terminus
may be involved in the catalytic activity or substrate recog-
nization/binding (22).

Studies on the N-terminal sequence differences and upstream
regions ofD. salina Psy would be helpful to illuminate the
possible specific regulation mechanisms for Psy.
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