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Abstract Citrus, rich in carotenoids, is the most impor-

tant fruit crop based on the total annual production. In the

carotenoid biosynthesis pathway, phytoene synthase (PSY,

EC 2.5.1.32) catalyzes the dimerization of two molecules

of geranylgeranyl pyrophosphate (GGPP) to phytoene and

has been shown to be a rate-limiting enzyme for the syn-

thesis of carotenoids. In this study, we investigated cata-

lytic activity of CsPSY from Cara Cara navel orange

(Citrus sinensis Osbeck) by heterologous expression in

Escherichia coli containing a GGPP-producing plasmid.

Moreover, the effects of CsPSY overexpression on carot-

enoid accumulation were also functionally analyzed in

transgenic Hongkong kumquat (Fortunella hindsii Swin-

gle). The resulting transgenic plants produced orange

fruits, and extracts from the fruits of four overexpressing

plants had a 2.5-fold average increase of phytoene with the

content approximately 71.38 lg/g fresh weight. Lycopene,

b-carotene, and b-cryptoxanthin in transgenic fruits were

also markedly increased, whereas the levels of lutein and

violaxanthin kept nearly unchanged with 1.1–1.3 folds

variation. Transcript levels of carotenoid biosynthetic

genes in the CsPSY overexpressed plants remained unal-

tered except that PDS and ZDS showed a minor increase.

This study suggests that CsPSY plays a crucial role in

citrus carotenoid biosynthesis and could be used as a means

of engineering fruit crop for the production of carotenoids.
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Abbreviations

PSY Phytoene synthase

cDNA Complementary DNA

GGPP Geranylgeranyl pyrophosphate

HPLC High-performance liquid chromatography

BA 6-Benzyladenine

IBA Indole butyric acid

KT Kinetin

NAA a-Napthaleneacetic acid

NPT II Neomycin phosphotransferase II

Introduction

Carotenoids are an important family of isoprenoid pig-

ments synthesized by plants and certain algae, bacteria, and

fungi. In photosynthetic organisms, carotenoids play

essential functions as components of the light-harvesting

system, and protecting plant cells from photo-oxidative

damage (Demmig-Adams and Adams 2002). Carotenoids

provide the yellow, orange or red coloration characteristic

of many flowers and fruits, to attract animals for pollina-

tion or for the dispersal of seeds (Bartley and Scolnik

1995). Carotenoids also serve as precursors for the bio-

synthesis of the plant hormone abscisic acid (Schwartz

et al. 1997) and for the production of volatile compounds

for fruit and flower flavor and aroma (Bouvier et al. 2003;

Simkin et al. 2004). In addition, plant carotenoids are the

primary dietary source of provitamin A and are generally
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believed to offer numerous benefits to human health

(Botella-Pavı́a and Rodrı́guez-Concepión 2006).

Carotenoids are produced in the plastids from isopen-

tenyl diphosphate precursors originating from the glycer-

aldehyde phosphate pyruvate pathway (Cunningham and

Gantt 1998). The first committing step of carotenoid bio-

synthesis is a head-to-head coupling of two molecules of

geranylgeranyl pyrophosphate (GGPP) by phytoene syn-

thase (PSY) to yield phytoene, which is desaturated by

phytoene desaturase (PDS) and zeta-carotene desaturase

(ZDS) and isomerized by carotenoid isomerase (CRTISO)

to form the linear all-trans-lycopene (Fig. 1). Lycopene is

cyclized twice by two individual cyclases, producing

a- and b-carotene, which are then subject to oxygenation

reactions to produce different xanthophylls, such as lutein,

zeaxanthin, violaxanthin, and neoxanthin.

The high economic value of carotenoids as nutritional

sources of vitamin A and health-promoting compounds has

prompted some attempts to increase carotenoids biosyn-

thesis in plants. Seed-specific overexpression of bacterial

PSY targeted to the plastid led to a 50-fold increases in

carotenoid levels in the mature seeds of canola (Brassica

napus) (Shewmaker et al. 1999). Similarly, the expression

of a bacterial PSY in tomato in a fruit-specific manner

resulted in elevated levels of phytoene, lycopene, lutein,

and b-carotene (Fraser et al. 2002). Manipulation of the

PSY activity has also resulted in increased levels of

carotenoids in tomato (Fray et al. 1995), tobacco (Busch

et al. 2002), Arabidopsis (Lindgren et al. 2003), rice (Paine

et al. 2005), potato (Ducreux et al. 2005) and flaxseed

(Fujisawa et al. 2008). However, little is known about PSY

genes’ function and their potential of carotenoid improve-

ment in fruit tree.

Cara Cara, an interestingly pink-fleshed mutant origi-

nated from Washington navel orange (Citrus sinensis

Osbeck), has been characterized and identified as a unique

navel orange accumulating high amounts of lycopene and

b-carotene in the pulp (Lee 2001). Cara Cara navel orange

had drawn extensive attentions and investigations for its

attractive red pulp color, high antioxidant activity, and

numerous benefits to human health (Xu et al. 2006; Tao

et al. 2007; Alquezar et al. 2008). Previously, we isolated

cDNA encoding PSY from Cara Cara navel orange, but the

function of the gene product had not been demonstrated

(Tao et al. 2007). In the carotenoid biosynthetic pathway,

PSY is thought to be a key regulatory enzyme in the pro-

duction of carotenoids; therefore, it has been the potential

target of genetic manipulation in plants for enhancing

carotenoid levels (Shewmaker et al. 1999; Ye et al. 2000;

Fraser et al. 2002). In the present study, we characterized

the CsPSY gene from Cara Cara navel orange and dem-

onstrated its catalytic activities by heterologous expression

in E. coli cells. Moreover, the CsPSY gene has also been

introduced into Hongkong kumquat (Fortunella hindsii

Swingle), a citrus relative, and the transgenic fruits have

been produced with enhanced levels of carotenoids accu-

mulation, a level about 2.0-fold higher than the non-

transformed controls. These results could help us gain more

knowledge on the regulatory role of CsPSY in carotenoid

biosynthesis in citrus fruits, as will also benefit the

improvements of the carotenoid content and composition in

citrus fruits in the future.

Materials and methods

Sequence analysis of cDNA encoding PSY

Total RNA was extracted from the pulp of Cara Cara navel

orange according to the method described by Liu et al.

(2006) and mRNA was purified by the PolyATtract� mRNA

Isolation SystemsIII Kit (Promega, USA). The first strand

cDNA was synthesized with the RevertAidTM-MuLV Kit

(MBI, Lithuania). Gene-specific primers (50-CAGGGGCCT

CAAAATTTTCTT-30 and 50-GGCCTTGGATTGTGAAT

TGG-30) were designed based on the sequences published

previously (Tao et al. 2007). The amplified cDNA was cloned

into pMD18-T Easy vector (Takara, Japan) and the sequence

was determined on the ABI PRISM TM 310 genetic analyzer

(Applied Biosystems, Foster City, CA, USA).

Fig. 1 Schematic diagram of the biosynthesis pathway of carotenoids

in plants. Summarized based on Cunningham and Gantt (1998), Kato

et al. (2004) and Alquezar et al. (2008, 2009). IPP isopentenyl

diphosphate, DMAPP dimethylallyl diphosphate, PSY phytoene

synthase, PDS phytoene desaturase, ZDS f-carotene desaturase,

CRTISO carotene isomerase, LCYb lycopene b-cyclase, LCYe lyco-

pene e-cyclase, HYb b-carotene hydroxylase, ZEP zeaxanthin

epoxidase
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Expression of CsPSY in E. coli

For bacterial expression analysis, we amplified coding

sequences of CsPSY by PCR using the forward primer

50-CGGGATCCATGTCTGTTACA-30 with a BamHI site

(underlined) and the reverse primer 50-CCCTCGAGTT

AAGCCTTACT-30 with an XhoI site (underlined). The

resulting PCR product was cloned into the BamHI and

XhoI sites in pET-28a (?) (Novagen, Madison, WI).

Plasmid pET-CsPSY and pET-28a (?) (empty vector) as a

negative control were transformed into E. coli BL21 (DE3)

containing expression plasmid pACCRT-E for GGPP bio-

synthesis (Misawa et al. 1990). Another plasmid pACCRT-

EB (Misawa et al. 1990) that allows bacteria to produce

phytoene was transformed into E.coli BL21 (DE3) and

used as the positive control. The transformed E. coli were

grown overnight at 37�C on Luria–Bertani (LB) solid

medium containing 50 lg/mL of kanamycin and 35 lg/mL

chloramphenicol. Selected colonies were inoculated in LB

liquid medium with appropriate antibiotics, and shaken at

25�C for 4 days in darkness for expression. The cells were

harvested by centrifugation (3,000g for 15 min at 4�C),

washed in sterile distilled water, lyophilized and used for

carotenoid extraction.

Plasmid construction and plant transformation

The complete coding region of CsPSY was amplified by

PCR with primers: 50-CGGGATCCATGTCTGTTACA-30

(BamHI site underlined) and 50-GGGGTACCTTAAGC

CTTACT-30 (KpnI site underlined). The amplified products

were digested with BamHI and KpnI, inserted into the

corresponding sites of the binary plant expression vector

PMV (a pBI121 derivative which has been modified by

deleting the b-GUS fragment and introducing a new mul-

tiple cloning sites: 50-BamHI, XhoI, SalI, …, XbaI, BamHI,

KpnI-30), resulting in final constructs pBI-CsPSY for

transformation. The construct was electroporated into

Agrobacterium tumefaciens strain EHA105. Epicotyl seg-

ments from 4-week-old etiolated seedlings of Hongkong

kumquat (F. hindsii Swingle) were infected with Agro-

bacterium according to the method of Duan et al. (2007).

Briefly, explants after 3 days of co-cultivation were put on

an MT medium of supplemented with 3% sucrose, 1.0 mg/L

BA, 0.5 mg/L KT, 0.1 mg/L NAA, 50 mg/L kanamycin

(Km), 400 mg/L cefotaxime (Cef) for shoot regeneration

and first selection. Explants were subcultured on an MT

medium supplemented with 3% sucrose, 0.5 mg/L BA,

0.5 mg/L KT, 0.1 mg/L NAA, 100 mg/L Km, 400 mg/L

Cef for shoot elongation and second selection. The

adventitious shoots that emerged on the segments were

detached and cultured on an 1/2 MT medium supplemented

with 3% sucrose, 0.5 mg/L NAA, 0.1 mg/L IBA, 0.5 g/L

activated charcoal, 50 mg/L Km, 200 mg/L Cef for root-

ing. Rooted plantlets were transplanted into pots containing

a commercial substrate with organic matter and vermiculite

under greenhouse facilities.

PCR and Southern blot for transgenic analysis

Standard PCR techniques were used to detect the selective

marker gene sequences in leaf samples from regenerated

transgenic plants. The NPTII gene primers were: 50-AGG

ACCATGTGGTCTCTCTT-30 and 50-TGGCCAACACTT

GTCACTAC-30, which produced a 500-bp fragment. The

thermal condition was 35 cycles of 30 s at 94�C, 30 s at

55�C, and 1 min at 72�C.

Total DNA was isolated from leaves of five individual

PCR-positive lines and non-transformed control plant in

the greenhouse according to Cheng et al. (2003). For

Southern blot analysis, 15 lg DNA sample was completely

digested with BamHI, separated on 0.8% (w/v) agarose gel,

blotted onto a nylon membranes (Hybond-NX, Amersham-

Pharmacia Biotech, Little Chalfont, UK). Probe labeling by

Digoxigenin (DIG), hybridization, and detection were

conducted according to manufacturer’s instructions (Roche

Diagnostics GmbH, Mannheim, Germany).

Carotenoid extraction and HPLC analysis

Carotenoids from bacteria or citrus full-colored fruits and

leaves were extracted and analyzed essentially as described

by Liu et al. (2007) with slight modifications. Briefly,

100 mg of bacterial cells or 300 mg of citrus fruits and

leaves was ground to fine powder and extracted three times

with 5 mL of hexane:acetone (1:1, v/v) by vortexing for

30 min until the samples were colorless. The extracts were

combined, partitioned by adding 5 mL of NaCl-saturated

solution, and centrifuged at high speed for 5 min. The

carotenoid containing upper phase was transferred into a

new tube and dried under a gentle stream of nitrogen gas.

The dried sample was resuspended in 400 lL of

MeCN:MeOH:CH2Cl2 (45:5:50, v/v/v). Separation and

identification of carotenoids were carried out on a reverse

phase Analytical YMC Carotenoid Column C30 (150 9

4.6 mm i.d., 3 lm, Wilmington, NC, USA) using a Waters

HPLC system with a photodiode array detector (Waters,

Milford, MA). Identification of carotenoids was achieved

by comparison of the individual characteristic absorption

spectrum and the retention time with known standards.

Quantification was performed using a calibration curve

generated with commercially available phytoene, lycopene,

b-carotene, a-carotene, b-cryptoxanthin, lutein and viola-

xanthin standards (Sigma-Aldrich).
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Expression analysis of the carotenoid pathway genes

in transgenic Hongkong kumquat fruits

Total RNA from Hongkong kumquat fruits was extracted

as previously described (Liu et al. 2006). The RNA

samples were treated with DNase I and reverse-transcribed

with RevertAidTM-MuLV Kit (MBI, Lithuania) to gen-

erate the first strand cDNA. The cDNA samples were used

as templates in real-time PCR assay in the presence of a

SYBR Green PCR Master Mix (Applied Biosystems) and

carotenogenic gene-specific primers (Table 1). The reac-

tions were performed in an ABI 7500 Real Time System

(Applied Biosystems). Thermal cycling conditions were an

initial incubation at 50�C for 2 min and 95�C for 1 min,

followed by 40 cycles of denaturation for 15 s at 95�C and

annealing/extension for 1 min at 60�C. Relative expres-

sion levels were calculated using the DDCT method as

described by Lyi et al. (2007). All data were normalized

first with the level of the b-actin internal transcript control

and then with the expression of the non-transformed

controls.

Statistical analyses

Statistical differences between WT and transgenic lines

were assessed based on the analysis of variance ANOVA

using SPSS (Chicago, IL, USA). Differences were con-

sidered significant at a probability level of P B 0.05.

Results

Sequence analysis of CsPSY cDNA

A 1,520-bp CsPSY cDNA from Cara Cara navel orange

was isolated using the RT-PCR technique (Tao et al. 2007).

It contained an open reading frame (ORF) of 1,311 bp, and

encoded a polypeptide of 436 amino acids with an esti-

mated molecular mass of 49.5 kDa. A putative chloro-

plastic transit sequence was predicted to be the N-terminal

residues 1–44 through the Chlorop 1.1 program based

on the website: http://www.cbs.dtu.dk/services/ChloroP/

(Fig. 2a). The transmembrane domain of CsPSY was

analyzed with DNAman program, which located in

260–282 amino acids (Fig. 2b).

The deduced amino acid sequence of CsPSY was com-

pared with those of other known PSY proteins. The CsPSY

sequence shared 99% identity with PSY clone from Citrus

unshiu (Kim et al. 2001; Ikoma et al. 2001). CsPSY also had

a high degree of homology with other higher plant species,

such as Cucumis melo (82%), Lycopersicon esculentum

(80%), Capsicum annuum (79%), Helianthus annuus

(78%), Arabidopsis thaliana (77%), Narcissus pseudonar-

cissus (76%), Dunaliella salina (75%), Zea mays (73%) and

Oryza sativa (72%). However, a low level of homology

(30%) was observed with Erwinia uredovora. The phylo-

genetic analysis demonstrated similar patterns (Fig. 2c),

which indicated that PSY isolated from fruits such as citrus,

Table 1 List of primers used in

quantitative RT-PCR analysis of

the expression of carotenoid

biosynthetic genes in transgenic

Hongkong kumquat fruits

Primers were designed based on

the program of the Primer

software (Applied Biosystems,

USA)

Genes Primer names Sequences

PSY PSY-L GAGCAAGGATGCCTCAAATC

PSY-R CCCGGACTGCTGTGTTTAAT

PDS PDS-L CCTCTGTCGTCACTCGATCA

PDS-R ATAATTGGCGGACAGGCATA

ZDS ZDS-L CCCTTGAGCATCCGCAAT

ZDS-R ATCAGTGCTCGTTGTATGCTTACTATATT

CRTISO CRTISO-L TCATCCTCAAGCACAAAATGGT

CRTISO-R TTCTTTCCATTCACATGGGTGTT

LCYb LCYb-L CAGAATTGAGGCTTCGAACGA

LCYb-R GGCTATATGGTGGCAAGGACTT

LCYe LCYe-L CAAGGAAACCGTGCCACATC

LCYe-R CAACTGGATATTGAGGGCATCA

HYb BCH-L GGCACGTCGGCAATGG

BCH-R TTTGGGATGGCCTACATGTTC

ZEP ZEP-L ACCGAGTCCCCAAGCAAAGT

ZEP-R GAAGCAATTCTTCGACGTGACA

b-Actin b-Actin-L ATCTGCTGGAAGGTGCTGAG

b-Actin-R CCAAGCAGCATGAAGATCAA
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tomato, capsicum, and melon can be categorized into one

group. Thus, these results suggested that an evolutionary

link did exist among the fruit-producing plants.

Expression of CsPSY in Escherichia coli

To investigate the catalytical activity of CsPSY, the full-

length ORF of CsPSY was cloned into pET-28a (?) and

transformed into an E. coli strain engineered to accumulate

GGPP (Misawa et al. 1990). HPLC analysis revealed that the

GGPP-accumulating E. coli cells transformed with the

CsPSY construct showed a peak (Fig. 3b, peak 1) that was

not detected in the empty vector control, pACCRT-E/pET-

28a (?) (Fig. 3a). The retention time and absorption spec-

trum of the peak 1 matched well with those of the peak 2

presented in the positive control carrying pACCRT-EB for

phytoene biosynthesis (Fig. 3c, peak 2). These results

confirmed the functionality of CsPSY gene product, which

could catalyze a head-to-head condensation of two molecules

of GGPP produced by the E. coli cells to form phytoene.

Production of transgenic Hongkong kumquat plants

expressing CsPSY

To further understand the functional roles of CsPSY gene and

the metabolic processes affected in plants, the CsPSY cDNA

under the control of the 35S CaMV promoter was trans-

formed into Hongkong kumquat (Fortunella sp.), a closest

relative genus of Citrus and had a short juvenile period of

about 2 years. Following selection on the basis of kanamycin

resistance, approximately 50 putatively independent trans-

genic Hongkong kumquat plantlets were obtained. Out of

them, only 5 lines were positive for the kanamycin resistance

Fig. 2 a Deduced amino acid sequence of phytoene synthase cDNA

(CsPSY) from Cara Cara navel orange. The putative signal of

chloroplastic transit peptide is underlined. b Transmembrane domain

of CsPSY located in 260–282 amino acids. c The phylogenetic tree of

CsPSY and other related sequences. The tree was constructed by

MEGA 4.0 program (Tamura et al. 2007) using the neighbor-joining

method (Saitou and Nei 1987). The GenBank accession numbers for

the PSY amino acids sequences are as follows: Citrus sinensis
(CsPSY), Citrus unshiu (CuPSY, BAB18514), Citrus paradisi
(CpPSY, AAD38051), Cucumis melo (CmPSY, CAA85775), Capsi-
cum annuum (CaPSY, CAA48155), Lycopersicon esculentum
(LePSY, AAA34153), Helianthus annuus (HaPSY, CAC27383),

Arabidopsis thaliana (AtPSY, AAN17427), Zea mays (ZmPSY,

AAR08445), Oryza sativa (OsPSY, AAS18307), Narcissus pseudo-
narcissus (NpPSY, CAA55391), Daucus carota (DcPSY,

BAA84763), Erwinia uredovora (EuPSY, BAA14128)

Fig. 3 Pigments produced in E. coli GGPP-accumulating strains.

Pigments extracted from E. coli cells harboring plasmids pACCRT-E,

the engineered plasmid producing GGPP, and pET-28a, the empty

vector (a); plasmids pACCRT-E and pET-CsPSY, which encodes

CsPSY (b); and plasmid pACCRT-EB, the engineered plasmid

producing phytoene as a positive control (c). The absorption spectra

of specific peaks are presented to the boxes with retention times of

23.5 min
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gene (NPTII) (Fig. 4a), and the rest 45 were negative

for NPTII gene, indicating they were probably escapes.

Southern analysis with the NPTII gene probe revealed the

integration of 1–2 copies of the transgene in these lines L-11,

L-17, L-21 and L-28; however, hybridization signal was not

detected in transgenic line L-15 (Fig. 4b).

In these transgenic lines, there were no apparently dif-

ferences in the growth habits or the shape and size of leaf,

flower and fruit compared to wild-type plants (Fig. 4c).

However, a change of color was observed in the fruits of

transgenic plants. The wild-type Hongkong kumquat plants

usually formed yellow fruits, while transgenic plant lines

showed fruit colors varying from deep yellow to orange

(Fig. 4d), suggesting that overexpression of CsPSY in

Hongkong kumquat conferred carotenoid accumulation to

the transgenic plants to different extent.

Carotenoid analyses in transgenic Hongkong

kumquat fruits

To examine the effect of the CsPSY transgene on carotenoid

accumulation, four independent transgenic lines with varied

copy numbers as confirmed by Southern blot were selected

for further investigation. There was no obvious correlation

between copy number and carotenoid content (Table 2). The

fruits from CsPSY transgenic lines were found to contain up

to 171.9 lg/g FW of total carotenoids, a level about 2.0-fold

higher than the non-transformed controls. The phytoene

content of the CsPSY transgenic lines was estimated to be

58.60–102.18 lg/g FW, representing the greatest increase

(1.7–3.0-fold) above non-transformed controls. A similar

increase was also observed in lycopene accumulation

(2.2–2.9-fold). The fruits of the transgenic lines contained

6.45–7.40 lg/g FW of lutein and 40.32–48.06 lg/g FW of

violaxanthin, corresponding to remaining almost unchange

(1.1–1.3-fold), compared with those in non-transformed

controls. Less abundant Hongkong kumquat carotenoids

such as b-carotene and b-cryptoxanthin content were also

elevated 2.0- and 2.3-fold, respectively, in most of the CsPSY

transgenics. Moreover, there were slight changes in the

proportion of carotenoid composition in these lines com-

pared with the wild-type plants. No significant differences in

carotenoid amount in the leaves were found between trans-

genic and non-transformed plants (data not shown).

Fig. 4 a Identification of

transgenic Hongkong kumquat

by PCR reaction. b Southern

analysis of wile type (WT) and

transgenic lines L-11, L-15,

L-17, L-21 and L-28. c The

plant growth of WT and

transgenic line L-11. d The fruit

phenotype of WT and

transgenic lines L-11, L-17,

L-21 and L-28. Scale bar 1.0 cm
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Perturbations in carotenoid biosynthetic

gene expression

Alteration of expression of some carotenoid biosynthetic

genes has been shown to affect the transcript levels of other

carotenoid genes in plants. To examine the effect of the

CsPSY transgene on the expression of carotenogenic genes in

the transgenic plants, the transcript levels of a panel of genes

associated with carotenoid biosynthesis were examined by

quantitative real-time RT-PCR. The genes examined include

PSY, PDS, ZDS, LCYb, LCYe, HYb, and ZEP (Fig. 1).

For a set of four plants, a detailed analysis was made to

show possible reactions of these genes in response to the

overexpression of CsPSY (Fig. 5). A slight increase in the

mRNA levels of PDS and ZDS was observed in the CsPSY

transgenic lines; however, CRTISO was nearly unaltered.

Moreover, transcript levels of other downstream genes

(LCYe, LCYb, HYb and ZEP) showed no significant dif-

ference in comparison with levels in non-transformed

control plants, although there was an increase in PSY

transcript by a factor ranging from 4 to 6 (Fig. 5).

Discussion

An increased emphasis on dietary sources of health-pro-

moting foods (functional foods) that contain carotenoids is

leading to improvement in plant species using traditional

breeding methods and biotechnology (Fraser and Bramley

2004; Botella-Pavı́a and Rodrı́guez-Concepión 2006).

Citrus fruits contain a considerable amount of carotenoids

and form part of the daily nutrition of human being.

Recently, lycopene-accumulating citrus mutants, such as

Star Ruby grapefruit, Cara Cara navel orange, and Hong

Anliu sweet orange, have drawn extensive attentions and

investigations for their attractive red pulp color, significant

antioxidant activity, and numerous benefits to human

health (Lee 2001; Fraser and Bramley 2004; Xu et al. 2006;

Liu et al. 2007; Alquezar et al. 2008, 2009). Whether citrus

fruit could accumulate more specific carotenoids for human

health applications or the composition of citrus fruit

carotenoids could be purposely controlled has become an

interesting breeding objective. For this purpose, a PSY

gene that encodes an enzyme in the early part of the

carotenoid biosynthetic pathway was considered to be an

important target.

PSY is a rate-limiting enzyme in the carotenoid bio-

synthetic pathway (Cunningham and Gantt 1998). The

contribution of transcript abundance of PSY to the carot-

enoid accumulation was studied in many plant species,

including tomato fruit (Giuliano et al. 1993), pepper fruit

(Bouvier et al. 1994) and C. unshiu fruits (Ikoma et al. 2001;

Kato et al. 2004). Similarly, CsPSY was also observed to be

up-regulated with the accumulation of carotenoids in Cara

Cara navel orange (Tao et al. 2007). In this research, we

further characterize the function of CsPSY to investigate its

possibilities in carotenoid improvement in citrus. After

cloning of the gene, sequence analysis of the CsPSY indi-

cated that there is one transmembrane domain located in

260–282 amino acids (Fig. 2b), which demonstrate that

CsPSY is a membrane-bound protein. Moreover, a typical

cleavable transit sequence for plastid targeting in CsPSY

(Fig. 2a) was predicted to be the N-terminal residues 1–44;

this result is consistent with previous results in Arabidopsis

(Scolnik and Bartley 1994), tomato (Ray et al. 1992), and

sunflower (Salvini et al. 2005) which are 1–70, 1–62, and

1–67 residues, respectively.

The catalytic activity of carotenoid biosynthetic enzymes

could be investigated by heterologous expression in E. coli,

which has proven to be a powerful tool for characterizing

carotenogenic genes (Chamovitz et al. 1992; Cunningham

et al. 1993). Many carotenoid biosynthetic enzymes from

plants, such as tomato, Arabidopsis, and pepper, are func-

tionally expressed in E. coli systems (Misawa et al. 1994;

Pecker et al. 1996; Sun et al. 1996; Bouvier et al. 1998; Tian

and DellaPenna 2001; Cunningham and Gantt 2001), sug-

gesting that enzymes from phylogenetically distant species

can be associated into a functional multi-enzyme complex. In

the present paper, the expression of CsPSY in E. coli cells

confirmed that it encodes a functional PSY, which converted

Table 2 Carotenoid content of ripe Hongkong kumquat fruit from selected lines transformed with the citrus phytoene synthase CsPSY gene

Line Carotenoid content (lg/g FW)

Violaxanthin Lutein b-Crytoxanthin a-Carotene b-Carotene Lycopene Phytoene Total

WT 38.45 ± 1.32a 5.60 ± 0.10a 1.55 ± 0.04c 0.44 ± 0.01b 0.70 ± 0.08c 4.05 ± 0.45c 33.52 ± 1.33c 84.3 ± 3.33c

L-11 46.05 ± 1.03a 6.45 ± 0.21a 3.73 ± 0.05a 0.60 ± 0.02a 1.11 ± 0.28ab 11.76 ± 1.16a 102.18 ± 4.77a 171.9 ± 7.52a

L-21 53.62 ± 2.27a 7.70 ± 0.57a 2.87 ± 0.26ab 0.58 ± 0.02a 1.09 ± 0.14ab 9.50 ± 1.09ab 63.23 ± 4.98b 137.6 ± 9.33b

L-17 48.06 ± 1.53a 6.46 ± 0.60a 4.44 ± 0.46a 0.57 ± 0.07a 1.72 ± 0.30a 9.18 ± 1.20b 61.51 ± 6.36b 131.9 ± 10.52b

L-28 40.32 ± 5.59a 7.40 ± 1.48a 3.18 ± 0.44a 0.48 ± 0.04ab 1.61 ± 0.21a 8.92 ± 2.06b 58.60 ± 7.62b 120.5 ± 17.44b

Carotenoid content was measured in 40 mature fruits per line. Each value is the mean ± SE of three independent replicates. Different letter

besides value indicates statistically different at P B 0.05 among the different lines
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two molecular GGPP to phytoene. Kim et al. (2003) have

reported a citrus PSY from C. unshiu, which truncated 89

amino acids in its N-terminus when compared with CsPSY

herein; and its catalytic activity is similar to CsPSY in this

study, suggesting that the presence of transit peptide did not

severely inhibit its catalytic activities. The amount of phyto-

ene produced by CsPSY in E. coli cells was very much lower

(15–16%) than that produced by E. uredovora crtB (Fig. 3).

This might have been caused by the different solubility

between CsPSY and CrtB proteins or enzymatic activities.

PSY is a key enzyme in carotenoid biosynthesis and it is

the branching enzyme that determines the flux of carbon

source toward carotenoids (Bramley et al. 1992; Shew-

maker et al. 1999); therefore, it has been the target of

genetic manipulation in many plants. Increasing the

activity of PSY leads to substantial increases in carotenoid

accumulation and/or results in carotenoid accumulation in

plant tissues that do not normally produce carotenoid pig-

ments in tobacco, tomato, rice, Arabidopsis, and rapeseed

(Fraser et al. 2002; Busch et al. 2002; Ye et al. 2000;

Lindgren et al. 2003; Shewmaker et al. 1999). In the

present study, the overexpression of the CsPSY gene in

Hongkong kumquat resulted in a significant accumulation

of phytoene in transgenic fruits. Increases of lycopene,

b-carotene, and b-cryptoxanthin were also observed in the

transgenic fruits. These results suggest that the flux of

phytoene synthesis from GGPP was first promoted by

expressed CsPSY gene product (CsPSY) in the fruits, and

phytoene was consecutively decomposed to the down-

stream metabolites lycopene, b-carotene, b-cryptoxanthin,

violaxanthin and lutein, as catalyzed by endogenous

carotenoid biosynthetic enzymes such as PDS, ZDS,

CRTISO, LCYb, LCYe, HYb, and ZEP in fruits

(Fig. 1), which was also suggested in other plant species

(Shewmaker et al. 1999; Kato et al. 2004). Increasing

carbon flux into the carotenoid pathway can produce other

phenotypic effects on plant development because the

GGPP is an intermediate common to many pathways

(Fig. 1). For example, tomato plants with constitutive

overexpression of the fruit-related PSY1 showed dwarfism,

spindly vegetative tissue, smaller fruit and reduced gib-

berellin levels because of redirecting GGPP from the

respective pathway (Fray et al. 1995). Also, in tobacco, the

constitutive expression of a PSY gene resulted in severe

phenotypic effects including dwarfism, altered leaf mor-

phology, and pigmentation (Busch et al. 2002). However,

besides the fruits color, no significant phenotypic differ-

ences were observed in the CsPSY transgenic lines showing

elevated carotenoids in the ripe fruit. It is possible that

Hongkong kumquat plants, as a wild fruit tree, may possess

some strong ability to mask the detrimental effects caused

by expression of a foreign gene during their growth and

development.

In conclusion, we functionally characterized a PSY

cDNA from Cara Cara navel orange. The high sequence

similarities, but more importantly the accumulation of

phytoene in CsPSY-expressing transgenic lines and in

E. coli cell transformed with the CsPSY construct, indicate

that the CsPSY gene encodes a functional PSY and could

be an important regulatory step in carotenoid accumulation

in citrus fruit. Therefore, CsPSY will have potential for

metabolite engineering toward altering pigmentation and

enhancing nutritional value of citrus, and producing valu-

able carotenoids in microorganism.
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