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To elucidate the lutein biosynthesis pathway in the lutein-producing alga, Chlorella protothecoides CS-41, the {-carotene desaturase
gene (zds) was isolated from Chlorella protothecoides using the approach of rapid amplification of cDNA ends. The full-length
c¢DNA sequence was 2031 bp and contained 1755bp putative open reading frame which encodes a 584 amino acid deduced
polypeptide whose computed molecular weight was 63.7 kDa. Sequence homology research indicated that the nucleotide and
putative protein had sequence identities of 72.5% and 69.5% with those of the green alga Chlamydomonas reinhardtii, respectively.
Phylogenetic analysis demonstrated that the ZDS from C. protothecoides CS-41 had a closer relationship with those of chlorophyta
and higher plants than with those of other species. In addition, we also found that the zds gene expression was upregulated in

response to light.

1. Introduction

Green algae in the genus Chlorella are widely distributed
in freshwater environments. They are typically small, non-
motile, unicellular organisms with a single chloroplast and a
rigid cell wall [1]. Chlorella protothecoides CS-41 is a strain
that produces a high yield of lutein, which triggered our
interest to investigate it.

Carotenoids are widely distributed in the world. They
are a structurally diverse class of isoprenoids which are syn-
thesized by all photosynthetic organisms and many nonpho-
tosynthetic bacteria and fungi. They play a critical role in
human nutrition and health [2]. In addition, they protect
the photosynthetic apparatus in plants [3] from photo-
oxidation. So far, more than 700 types of carotenoids have
been found from natural sources [4]. For their extensive
commercial and industrial uses, carotenoids especially lutein
and astaxanthin are in high demand around the world.

Currently, for lutein production, the most widely used
source is French marigold (Tagetes patula). However, mass
plantation of marigold occupies a large land area and is
easily influenced by season and climate. Previous research
in our laboratory showed that Chlorella protothecoides CS-41

cultivated heterotrophically can produce a considerable
amount of lutein [5]. By optimizing their cultivation condi-
tions and the composition of the medium, one can improve
the production of lutein for a higher yield [6, 7]. However,
there are no reports about enhancing lutein production
by genetic modification, although the genetic engineering
technology has become more and more popular in the area
of molecular biology. Therefore, the purpose of this research
was to characterize the genes involved in lutein biosynthesis,
with the expectation of increasing the lutein content in
Chlorella protothecoides CS-41 by genetic engineering in the
near future.

The carotenoid biosynthesis pathway in Chlorella pro-
tothecoides CS-41 is similar to that of higher plants, which
is a complicated secondary metabolic system [8, 9] and
is highly conserved in all carotenogenic organisms [10]
(Figure 1). The process starts with the condensation of two
geranylgeranyl diphosphate molecules to form phytoene.
Phytoene is converted into colored {-carotene in a two-
step desaturation reaction by phytoene desaturase. Further
desaturation and cyclization reactions lead to the biosynthe-
sis of a- and f-carotene, which are subsequently converted
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FIGUreg 1: Putative biosynthesis pathway of carotenoids. The names of enzymes are abbreviated as follows: CrtB, bacterial phytoene
synthase; Crtl, bacterial phytoene desaturase; PSY, phytoene synthase; PDS/CrtP, phytoene desaturase; ZDS/CrtQ, {-carotene desaturase;

CRTISO/CrtH, carotenoid isomerase.

into xanthophylls. ZDS is a key enzyme in carotenogenesis
serving downstream of (-carotene in the carotenoid biosyn-
thetic pathway. In order to have a fuller understanding of
the carotenogenic pathway of Chlorella protothecoides, we
decided to isolate the cDNA of the zds gene and characterize
this essential enzyme as well as other key enzymes such as
PSY, PDS, and LCYE using a series of bioinformatics tools
and functional analysis methods.

2. Materials and Methods

2.1. Microbial Strains and Culture Conditions. The microal-
gal strain used in this study was Chlorella protothecoides CS-
41, obtained from the CSIRO Marine Laboratories (Hobart,
Australia). They were grown in modified Basal medium [11],
which contained 10 g L™! glucose, at 28°C and shaken at 180
rpm. The cultures were later collected at the log or late log
phase of growth.

Escherichia coli strain DH5a was used as the host for the
multiplication of plasmids.

2.2. Genomic DNA and RNA Isolation. Genomic DNA
was extracted using a modified cetyltrimethylammonium
bromide (CTAB) method [12]. The total RNA was isolated
from 15mL of C. protothecoides CS-41 cells grown to the
late log phase using RNAprep Plant Kit (Tiangen Biotech,
China). DNA contamination was removed with DNasel
(Tiangen Biotech, China) according to the manufacturer’s
instruction. The quantity of the total DNA and RNA

was determined using a Nanodrop1000 spectrophotometer
(Thermo scientific, USA).

2.3. Cloning of Full-Length zds ¢cDNA and Genomic DNA.
Degenerate primers were designed for the amplification of
the partial cDNA from C. protothecoides CS-41. The primers
were derived from the highly conserved nucleotide and
amino acid sequences reported for the zds gene from four
kinds of algae: Volvox carteri (XM_002954182), Chlorella
NC_64A (gm_36-00005), Chlamydomonas reinhardtii (XM_
001700734), and Dunaliella salina (HM754265); and four
kinds of higher plants: Arabidopsis thaliana (NM_202493),
Solanum  lycopersicumn ~ (EF650012),  Carica  papaya
(FJ812088), and Zea mays (EU974617).

One-step reverse transcriptase-polymerase chain reac-
tion (RT-PCR) with the primers ZDSF and ZDSR (Table 1)
was performed to amplify a portion of the zds cDNA. RT-
PCR was performed using an RNA PCR Kit (AMV) ver.3.0
(TaKaRa, Dalian, China) according to the manufacturer’s
protocol for cDNA synthesis, followed by PCR amplification
(1 cycle of 94°C, 5 min; 20 cycles of 94°C, 30's, 65-50°C, 30 s
(decrease 0.5°C per cycle), and 72°C, 2 min; 5 cycles of 94°C,
30s, 44°C, 30s, and 72°C, 2 min; 1 cycle of 72°C, 10 min).
The PCR product was purified with an AxyPrep PCR column
(Axygen Biosciences, USA) to remove excess primers. Then
the product was ligated into pMD-18T vector (TaKaRa,
Dalian, China) according to the manufacturer’s instructions
and chemically transformed into E. coli strain DH5a com-
petent cells. Transformants were selected on LB-agar plates
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TaBLE 1: PCR primers and targeted fragments of the zds gene in C. protothecoides CS-41.

Primers Primer sequence (5'-3") Product size (bp)
Core fragment 413
ZDSF TCTTTGGCTGCTATTTCAACCTG
ZDSR ATCGTCACAGTTCAGGAAGC
5-RACE 691
ZRO1 TTCAGGAAGCCCAGAGCGTAG
ZRI1 TTGCCGCCGAGGAAGAAGC
3’-RACE 1390
ZFOl1 ACCTGCTGCTCAAGGACCAC
ZFI1 AGACGTGCGTGAGCTGGACTTC
ZF12 CCGATTGCTGACTACATCACTGCCA
ZDS-ORF 1755 for cDNA; 4587 for DNA
ZDSF1 ATGCAGGCATCAGCGGTGGCC
ZDSR1 TCACGCAGCCACCGCCTGCT
qRT-PCR 171
ZDSRTF TGGGCACCTCTCCCGTTG
ZDSRTR AGTTCAGGAAGCCCAGAGCG
Chlorella S-actin 166
c-actinF TGATGAAGATCCTCACAGAGC
c-actinR TCTGGCAGTTCAAAGGTCTT

containing 100 mg/L ampicillin. Positive clones were selected
and sequenced in both directions using M13 sequencing
primers.

Sets of specific primers were synthesized based on the
sequence of putative insert for 5" and 3’ rapid amplification
of cDNA ends (RACE) [13]. ZRO1 and ZRI1 were used for 5’
RACE of zds gene, ZFO1 and ZFI1, ZFO1 and ZFI2 (Table 1)
for 3'RACE of zds gene. RACE was performed using the 5'-
Full RACE Kit and 3’-Full RACE Core Set Ver.2.0 (TaKaRa,
Dalian, China) according to the manufacturer’s protocol.
The RACE products were gel purified and sequenced as
previously described. One pair of specific primer, ZDSF1 and
ZDSRI1 (Table 1), was designed from the sequences of the 5’
and 3'RACE fragments to amplify a full-length zds cDNA and
its corresponding gene.

2.4. Sequence Alignment and Phylogenetic Analysis. Compar-
ative and bioinformatics analysis of the nucleotide sequences
and deduced amino acid sequences were carried out
online at the websites (http://www.ncbi.nlm.nih.gov/) and
(http://cn.expasy.org/). The nucleotide sequence, deduced
amino acid sequence, and open reading frame [14] were ana-
lyzed, and the sequence comparison was conducted through
a database search using BLAST programs. The phylogenetic
analysis of zds gene from other plant species was aligned with
Clustal X program version 1.83 using default parameters
[15] and manual adjustments when necessary. Phylogenetic
trees were constructed using MEGA (Molecular Evolutionary
Genetics Analysis) version 4.0 [16]. The neighbor-joining
(NJ) [17] method was used to construct the tree. In the NJ
method, the P distance was used to analyze the amino acid
sequences. A total of 1000 repetitions were performed using

2000 bp ——

—— 1755bp
1000bp —— — 975bp
750 bp — — 691bp
500 bp —— —— 486bp

—— 413bp
250 bp—

FIGURE 2: The PCR products of the zds gene of C. protothecoides
CS-41. Lane 1: The core fragment of zds; lane 2: 5'-RACE fragment
of zds; lanes 3 and 4: 3'-RACE fragments of zds; lane 5: the ORF
fragment of zds; M: DL 2000.

the bootstrap method to determine the reliability of each
node of the tree.

2.5. zds Expression Analysis in Response to Light. To analyze
the light regulation pattern of the zds gene in C. protothe-
coides, the algal cells from late log phase were cultivated in the
dark for more than 2 days, then collected by centrifugation
at 5500g for 15min under dark conditions. The pellet
was resuspended in fresh medium without glucose, and
then subjected to light treatment under a light intensity of
120 umolm~2s~! for different induction times (0h, 0.5h,
1h, 2h, and 4h). Each treatment was carried out in three
replicates.
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FIGURE 3: Diagram of exons and introns of zds gene in C. protothecoides CS-41. Ten exons were (1) 1st bp to 112nd bp; (2) 217th bp to 332nd
bp; (3) 509th bp to 586th bp; (4) 893rd bp to 1001st bp; (5) 1194th bp to 1285th bp; (6) 1500th bp to 1598th bp; (7) 1812nd bp to 1995th
bp; (8) 2243rd bp to 2438th bp; (9) 2707th bp to 2851st bp; (10) 3070th bp to 3171st bp; (11) 3366th bp to 3427th bp; (12) 3589th bp to
3748th bp; (13) 4060th bp to 4238th bp; and (14) 4467th bp to 4587th bp.
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FIGURE 4: Sequence alignment of deduced PDS and ZDS with those from other organisms. Species designations are A. thaliana (Ath), Z.
mays (Zma), C. reinhardtii (Cre), C. protothecoides (Cpr), and D. salina (Dsa). Amino acids in black boxes indicate identical residues, while
gray boxes indicate conserved residues. The blank frame shows the consensus motif of dinucleotide-binding domain. The red frame indicates

the postulated carotenoid-binding domain.

QPCR experiments were performed on an iQ Cycler
(Bio-Rad, Watford, UK) with the specific primers (Table 1)
and the SYBR ExScript RT-PCR kit (TaKaRa, Dalian, China).
For each reaction, 1uL of cDNA was added as template,
12.5uL of 2 x SYBR Premix Ex Taq, 0.25uM of forward
primer, and 0.25uM of reverse primer, and nuclease-free
water were added to a final volume of 25 uL. The thermal
cycling conditions were 3min at 95°C for activation of
the hot start Taq polymerase and 40 cycles of 95°C, 155,
60°C, 155, and 72°C, 30s. Melting curve analysis following
each qPCR was performed to assess product specificity.
Each qPCR measurement was carried out independently

at least three times, and the mean value was used for
quantification. The 2724¢T method was used to analyze the
relative changes in gene expression, and the expression of
B-actin gene was used as a normalized control, and the
expression of the untreated samples was used as a negative
control.

3. Results and Discussion

3.1. Cloning of C. protothecoides CS-41 zds Gene. Carotenoids
comprise a diverse group of multifunctional, taxonomically
widespread, and biotechnologically important pigments.
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Their biosynthetic pathway is a model system for under-
standing the evolution of secondary metabolism. ZDS is
an essential carotenogenic enzyme that carries out the
conversion from (-carotene to lycopene in eukaryotes. So
far, nuclear genome sequences of several eukaryotic algae,
including C. reinhardtii [18, 19] and Chlorella NC_64A [1,
20] have been completed, but the characteristics of ZDS
in these eukaryotic algae have not yet been released by the
authors. As a result of the incomplete molecular investigation
of carotenogenesis of eukaryotic algae, the carotenogenic
enzymes of C. protothecoides CS-41 have not been isolated
and characterized thoroughly, and the carotenogenic path-
way of C. protothecoides CS-41 is still unclear. Nonetheless,
several DNA sequences of carotenogenic enzymes of C.
protothecoides CS-41 have been determined, such as the psy,
pds, and Icye genes. In this study, the cDNA of zds was isolated
using the RACE-PCR approach.

TD-PCR with primers ZDSF and ZDSR (Table 1) gener-
ated a predicted 413-bp fragment (Figure 2, lane 1). BLAST
analysis showed that the nucleotide sequence of this fragment
shared about 76% identity with that of C. reinhardtii, which
suggested that the sequence of the fragment was derived from
a putative {-carotene desaturase.

With this sequence information, specific primers were
designed for 5" and 3'RACE of the related gene. A 691-bp
fragment (Figure 2, lane 2) was generated with the primers
ZRO1/ZRI11; a 486-bp fragment (Figure 2, lane 3) generated
at the first cycle of 3'RACE with the primers ZFO1/ZFI1;
a 975-bp fragment (Figure 2, lane 4) at the second cycle of
3'RACE with ZFO1/ZFI2. They were confirmed by sequenc-
ing to be the 5" and 3’ regions of a phytoene desaturase gene,
respectively. RT-PCR with the primer pair, ZDSF1/ZDSR1,
generated a 1755-bp fragment (Figure 2, lane 5), which was
identified as a full-length zds cDNA (submitted to GenBank,
accession no. GU269622).

To characterize the corresponding gene of the zds
c¢DNA, genomic PCR was performed. A 4587-bp fragment
(submitted to GenBank, accession No. GU269623) was gen-
erated and sequenced. Analysis of the obtained nucle-
otide sequence revealed that the product was the zds
gene. After analysis using online software (http://www
.ncbi.nlm.nih.gov/IEB/Research/Ostell/Spidey/), this gene
was found to consist of fourteen exons and thirteen introns
(Figure 3).

3.2. Characterization of the Deduced ZDS Protein. By using
the Compute pI/Mw tool at the website http://web.expasy
.org/compute_pi/, the open reading frame of zds cDNA
encodes a protein of 584 amino acids, which has a calculated
molecular mass of 63.67 kDa and an isoelectric point of 8.68.
The protein contained 64 strongly basic amino acids (Lys
and Arg), 58 strongly acidic amino acids (Asp and Glu),
219 hydrophobic amino acids (Ala, Ile, Leu, Phe, Trp and
Val), and 145 polar amino acids (Asn, Cys, Gln, Ser, Thr
and Tyr).

A sequence homology search revealed that the putative
protein had high homology with ZDS sequences of oth-
er Chlorella species, such as 64.8% identities and 69.1%
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FIGURE 5: Analysis of the signal peptide of the ZDS from C.
protothecoides CS-41.

positives with that from Chlorella NC_64A. ZDS was
also highly similar to that from C. reinhardtii (69.5%
identities, 75.4% positives) and D. salina (57.4% iden-
tities, 67.0% positives), further confirming that ZDS be-
longs to the algal ZDS family. The deduced ZDS
similar to the PDS protein contained a conserved
dinucleotide-binding site (GXGX,GX3AX,LX3GXcEX5GG)
at the N-terminus and a carotenoid-binding domain
(AGDYTKQRYLASMEGATEFSG) at the C-terminus [21]
(Figure 4).

BLASTP analysis suggested that this protein contains a
FAD binding domain belonging to the Pyridine nucleotide-
disulphide oxidoreductase superfamily that is involved in
oxidative metabolism of a variety of hydrocarbons [21].
Prediction of a transmembrane region was performed using
the TMHMM server version 2.0, which suggested that the C.
protothecoides ZDS was not a potential transmembrane pro-
tein. The SignalP-HMM analysis results suggested that there
is a signal peptide in this polypeptide with the maximum
cleavage site probability of 0.307 between positions 16 and
17 (Figure 5), which implies that it belongs to the outside
protein. The function of this protein in C. protothecoides CS-
41 needs further investigation.

3.3. Molecular Evolution Analysis. The zds gene was first
cloned from C. protothecoides CS-41, prompting an inves-
tigation of their evolutionary position in the phylogenetic
tree of various genes. Using MEGA 4.0, phylogenetic anal-
ysis of 20 ZDS protein sequences demonstrated that four
clusters were displayed on the phylogenetic tree as follows:
higher plants, chlorophyta, cyanobacteria, and bacteria. As
displayed in the phylogenetic tree, the ZDS from C. protothe-
coides had a closer relationship with those of chlorophyta and
higher plants than with those of cyanobacteria (Figure 6).
This suggests that ZDS was derived from a common ancestor
gene from bacteria via cyanobacteria to plants. This is
consistent with the previous conclusion from the phyloge-
netic analysis that PSY and PDS from C. protothecoides are
more closely related to those from other algae and higher
plants.
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Relative expression level

Time (h)

FIGURE 7: Gene expression levels determined from cells exposed to
light for different lengths of time in C. protothecoides CS-41. Data
(mean + SEM) are combined from three independent experiments.
*indicated that gene expression levels were highly significantly
different from that at 0 h (P < 0.01); *showed that gene expression
levels were significantly different from that at 0 h (P < 0.05).

3.4. Gene Expression Response to Light. Light, as a particu-
larly important environmental factor for all photosynthetic
organisms, is essential for photosynthesis, and also involved
in the regulation of many aspects of plant growth and devel-
opment [22]. Carotenoids are ubiquitous and essential com-
ponents of photosynthetic tissues in unicellular microalgae

because they participate in the light harvesting process
and prevent photooxidative damage of the photosynthetic
apparatus [23]. Hence, investigating gene expression in the
biosynthetic pathway of carotenoids is very important. As a
key enzyme in the pathway of carotenoids, the transcription
level of the zds gene was investigated after treatment under
light by using real-time PCR. The result showed that the
expression of zds gene increased to 5.3 times than that in
the dark, which indicated that the expression of zds gene was
upregulated in response to light (Figure 7). In addition to zds
gene, we also investigated the expression of the psy, pds, and
Icye genes in the unicellular green alga C. protothecoides (data
not shown). Our results revealed that all of these genes in
the biosynthesis pathway showed upregulation in response
to light.

Since metabolically engineered microorganisms [24] and
transgenic plants [25-28] are widely used in carotenoid
production and carotenoid breeding to meet the high global
demand, large carotenogenic gene pool should be provided
first from the targeted engineered microorganisms for
carotenoid production. The carotenoid biosynthesis pathway
in higher plants and C. reinhardtii has been described in
great detail using genetic, biochemical, and molecular data;
however, this is the first research on the carotenoid pathway
of a lutein-producing microalga, Chlorella protothecoides CS-
41. Once these genes of key enzymes have been successfully
isolated and characterized including the zds gene, it will
lead to the elucidation of the carotenogenic pathway of C.
protothecoides as well as the evolution of secondary me-
tabolism.
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