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Abstract Lycopene beta-cyclase (β-LCY) is the key
enzyme that modifies the linear lycopene molecule into
cyclic β-carotene, an indispensable carotenoid of the
photosynthetic apparatus and an important source of
vitamin A in human and animal nutrition. Owing to its
antioxidant activity, it is commercially used in the cosmetic
and pharmaceutical industries, as well as an additive in
foodstuffs. Therefore, β-carotene has a large share of the
carotenoidic market. In this study, we used reverse
transcription-polymerase chain reaction (RT-PCR) and rapid
amplification of cDNA ends (RACE)-PCR to obtain and
clone a cDNA copy of the gene Lyc-β from Ficus carica
(Lyc-β Fc), which codes for the enzyme lycopene β-
cyclase (β-LCY). Expression of this gene in Escherichia
coli produced a single polypeptide of 56 kDa of weight,
containing 496 amino acids, that was able to cycle both
ends of the lycopene chain. Amino acid analysis revealed
that the protein contained several conserved plant cyclase
motifs. β-LCY activity was revealed by heterologous
complementation analysis, with lycopene being converted
to β-carotene as a result of the enzyme’s action. The β-
LCY activity of the expressed protein was confirmed by
high-performance liquid chromatography (HPLC) identifi-
cation of the β-carotene. The lycopene to β-carotene
conversion rate was 90%. The experiments carried out in
this work showed that β-LYC is the enzyme responsible for

converting lycopene, an acyclic carotene, to β-carotene, a
bicyclic carotene in F. carica. Therefore, by cloning and
expressing β-LCY in E. coli, we have obtained a new gene
for β-carotene production or as part of the biosynthetic
pathway of astaxanthin. So far, this is the first and only
gene of the carotenoid pathway identified in F. carica.
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Introduction

Carotenoids are one of the most diverse and widely
distributed groups of natural pigments. They are synthe-
sized by all photosynthetic and many nonphosynthetic
organisms, including bacteria, fungi, algae, and higher
plants (D’Ambrosio et al. 2004). They are responsible for
the color of fruits and flowers, providing distinct yellow,
orange, and red colors, serve as precursors to the plant
hormone abscisic acid and thus contributing substantially to
plant–animal communication (DellaPenna and Pogson
2006; Hirschberg 2001). In addition, the colors of many
carotenoid-accumulating fruits and flowers also contribute
to an increase in their economic value (Fraser and Bramley
2004; Rodríguez Concepción 2006).

Carotenoid pigments in the chloroplast of the green tissues
function to block the highlight lethal effects of oxygen and free
radicals resulting from the transfer of electrons from triplet
chlorophyll to molecular oxygen (Frank and Cogdell 1993;
Pecker et al. 1996). Carotenoid pigments are synthesized in
the isoprenoid biosynthetic pathway within the chloroplasts
of plants. Moreover, carotenoids represent essential structural
components of the light-harvesting antenna and reaction
centre complexes (Horton et al. 1996).

J. M. Araya-Garay : L. Feijoo-Siota : P. Veiga-Crespo : T. G. Villa
Department of Microbiology,
University of Santiago de Compostela,
15782 Santiago de Compostela, Spain

P. Veiga-Crespo : T. G. Villa (*)
School of Biotechnology, University of Santiago de Compostela,
15782 Santiago de Compostela, Spain
e-mail: tomas.gonzalez@usc.es

Appl Microbiol Biotechnol (2011) 92:769–777
DOI 10.1007/s00253-011-3488-8



The biosynthetic pathway of carotenoids is highly com-
plex. The first step is the condensation of two molecules of
geranyl geranyl pyrophosphate (GGPP) to originate the C40

molecule phyotene (Park et al. 2002). This two-step reaction
is catalyzed by phytoene synthase (PSY) a single soluble
enzyme (Fig. 1). Two sequential desaturations in the
phytoene molecule result in the formation of the first
phytofluene and then ζ-carotene. Both of these reactions
are carried out by phytoene desaturase (PDS). Two additional
desaturations yield the symmetrical red carotenoid pigment
lycopene (Britton 1998; Sandmann 1994).

In higher plants, the cyclization of lycopene can occur in
two different manners, originating either ε-carotene or β-
carotene, according to the type of rings on the ends of the
molecule (Bouvier et al. 2005; Cunningham 2002). These
reactions are catalyzed by two different enzymes ε-LCYand
β-LCY, respectively. β-LCY acts sequentially on both ends
of lycopene, originating β-carotene as a final product and
γ-carotene as an intermediate (Cunningham et al. 1994;
Hugueney et al. 1995). However, ε-LCY can only act on
one end of the lycopene molecule, producing δ-carotene
(Bouvier et al. 2005; Fraser and Bramley 2004; Hirschberg
2001), which then is converted to α-carotene through a
single β-ring addition catalyzed by β-LCY (Cunningham et
al. 1996; Hirschberg et al. 1997; Tian et al. 2003) (Fig. 1).

Most carotenoids are produced by chemical synthesis,
due to the low productivity of biological systems. But,

because of changing consumer perceptions, primarily in
Europe, the natural sources of carotenoids are rapidly
gaining economical importance (Rodney 1994). β-
Carotene is still the most prominent carotenoid used in
foodstuffs and supplements and has the largest share of the
carotenoidic market.

Ficus carica L., a deciduous tree belonging to the
Moraceae family, is one of the earliest cultivated fruit trees.
Today, fig is an important crop worldwide for dry and fresh
consumption (Solomon et al. 2006). On the basis of the
Dietary Reference Intakes (DRI) data, published by Food
and Nutrition Board of the U.S. Institute of Medicine, and
the nutrient composition of dried figs (Vinson et al. 2005),
they can be demonstrated to be a superior source of
minerals, vitamins, amino acids, crude fibers, polyphenols,
and several carotenoids, including lycopene, β-carotene,
lutein, and α-carotene (Lianju et al. 2003; Vinson 1999;
Vinson et al. 2005), with lycopene being the most abundant
carotenoid, followed by β-carotene and lutein. Figs contain
all major carotenoids appearing in human plasma (Su et al.
2002). However, until now no gene has been described in
the biosynthetic pathway of carotenoids in this species.

The purpose of this study was to isolate and clone the
full-length cDNA for Lyc-β gene from F. carica (Lyc-β Fc),
and to analyze the amino acid sequence of this enzyme, as
it could prove very useful for futures studies in metabolic
engineering to create new biological systems able to
produce high levels of natural β-carotene or serve as an
intermediary in the path to produce other carotenoids such
as xanthophyll astaxanthin.

Materials and methods

Bacteria and plasmids used in this work

Polymerase chain reaction (PCR)-amplified fragments were
cloned into the plasmid pCR Blunt II TOPO (Invitrogen),
and the DNA constructs obtained were transformed into
Eschrichia coli TOP10 (Invitrogen). Transformed E. coli
TOP10 cells were grown in LB medium at 37 °C for 12 h.
Kanamycin (50 μg/ml) was employed for selection of
transformants.

Plasmid derived from pACYC184 was pACCRT-EIB
(Misawa and Shimada 1998), which harbors the Erwinia
uredovora crtE (GGPP synthase), crtB (phytoene synthase),
and crtI (phytoene desaturase) genes and mediates the
formation of lycopene, was a present from Prof. Misawa
(Research Institute for Bioresources and Biotechnology,
Ishikawa Prefectural University, Japan). This plasmid was
transformed into E. coli BL21 (DE3) to achieve E. coli BL-
pACC, a strain of able to produce lycopene and used for
color complementation assays (Table 1). Transformed E.

Fig. 1 Schematic diagram of the early steps in the carotenoid
biosynthetic pathway in plants
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coli BL21 (DE3) cells were grown in LB medium at 28 °C
for 48 h in the darkness, to maximize carotenoid produc-
tion. Chloramphenicol (34 μg/ml) was employed for
selection of E. coli BL-pACC transformants.

The pET21a (Novagen, Cambridge, UK) expression
vector contained the complete ORF (open reading frame)
of the gene Lyc-β Fc (pET21-Lycβ) was transformed into
E. coli BL21 (DE3) (Invitrogen) to achieve E. coli BFc-
pACC (Table 1). Transformed E. coli BL21 (DE3) cells
were grown in LB medium at 28 °C in the presence of
ampicillin (50 μg/ml) for 48 h when β-LCY enzyme
expression was anticipated. Isopropyl-β-D-thiogalactopyr-
anoside (IPTG) was added (1 mM) at the end of the
logarithmic growth phase.

Cloning of the lycopene β-cyclase gene from F. carica

Total RNA was isolated from 60 mg of fresh leaf from F.
carica, using the RNeasy Plant Mini Kit (Qiagen, Valencia,
CA, USA), as recommended by the manufacturer.

The first cDNA strand was synthesized using the reverse
transcription (RT)-PCR AMV kit (Roche Applied Science,
Indianapolis, IN, USA). Degenerate primers Lyc-β Deg F
and Lyc-βDeg R (Table 1), used to carry out RT-PCR, were
designed using Primer Premier 5.0 (Biosoft International),
according to conserved motifs of other Lyc-β sequences
deposited in the GenBank Database. Specific cDNA
amplification was carried out by PCR using the above-
mentioned oligonucleotide primers and 2 μl of first-strand
cDNA. The reaction mixture contained polymerase buffer,
0.2 mM of each primer, 1.5 mM MgCl2, 0.2 mM of each

deoxynucleotide, and 1 unit of Accuzyme DNA polymerase
(Bioline, Taunton, MA).

PCR reactions to amplify the internal fragment of Lyc-β Fc
were carried out using the following program: 94 °C for 2 min,
35 cycles of 94 °C for 45 s; 49 °C for 1 min and 72 °C for
2 min; and a final extension of 72 °C for 2 min. The PCR
product was cloned into the pCR Blunt II TOPO vector
(Invitrogen) using the Zero Blunt TOPO PCR Cloning Kit
(Invitrogen). DNA inserts were then sequenced.

RACE-PCR

The 5′ and 3′ ends of Lyc-β Fc were obtained by rapid
amplification of cDNA ends (RACE)-PCR, using the 5′/3′
RACE kit, 2nd Generation (Roche Applied Science). The
primers Lyc-β Fc1, Lyc-β Fc2, Lyc-β Fc3, Lyc-β Fc4, and
Lyc-β Fc5 (Table 2) were designed for the RACE-PCR. The
amplification was carried out with 1 unit of Accuzyme DNA
Polymerase. Lyc-β Fc1 was the primer used for first strand
cDNA synthesis. The missing 5′ region of the gene was
obtained in a PCR containing Lyc-β Fc2 and Oligo dT-
Anchor primer as primers, and incubated as follows: 1 cycle
at 94 °C for 2 min; 10 cycles of 94 °C for 15 s, 55 °C for
30 s and 72 °C for 40 s; 25 cycles of 94 °C for 15 s, 55 °C
for 30 s and 72 °C for 40 s and increasing the elongation
time by 20 s in each subsequent cycle; and a final extension
cycle of 72 °C for 7 min. The resulting DNA product was
then used as the template (dilution 1:20) in a subsequent
PCR, with Lyc-β Fc3 and the PCR anchor primer as primers.
This second PCR was incubated as described above, except
for the primer annealing step that was increased to 60 °C.

Table 1 Characteristics and carotenoid contents of the E. coli transformants used in this study

E. coli strain Plasmid(s) Gene(s) Source Enzyme common name Substrates Product GenBank
accession no.

E. coli BL-pACC pACCRT-EBI Eu-crt E Erwinia uredovora GGPP synthase FPP/GPP GGPP D90087

Eu-crt B Erwinia uredovora Phytoene synthase GGPP Phytoene D90087

Eu-crt I Erwinia uredovora Phytoene desaturase Phytoene Lycopene D90087

ζ-carotene Lycopene D90087

Neurosporene Lycopene D90087

E. coli BFc-pACC pET21-Lycβ Lyc-β Fc Ficus carica Lycopene beta-cyclase Lycopene β-carotene JF279547

+-carotene β-carotene JF279547

δ-carotene α-carotene JF279547

E. coli BLFc-pACC pACCRT-EBI Eu-crt E Erwinia uredovora GGPP synthase FPP/GPP GGPP D90087

Eu-crt B Erwinia uredovora Phytoene synthase GGPP Phytoene D90087

Eu-crt I Erwinia uredovora Phytoene desaturase Phytoene Lycopene D90087

ζ-carotene Lycopene D90087

Neurosporene Lycopene D90087

pET21-Lycβ Lyc-β Fc Ficus carica Lycopene beta-cyclase Lycopene β-carotene JF279547

+-carotene β-carotene JF279547

δ-carotene α-carotene JF279547
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To obtain the 3′ end of Lyc-β Fc, we carried out two
sequential PCR reactions, using the Lyc-β Fc4 and Lyc-β
Fc5 primers, respectively, and the PCR anchor primer. The
DNA fragments obtained were then sequenced.

From the sequences obtained above, we designed PCR
primers Lyc-β NdeI F and Lyc-β SacI R to amplify the
complete gene Lyc-β Fc coding region. We added restric-
tion sites NdeI and SacI, respectively, (Table 2) at the 5′ and
3′ end of the primers to facilitate future DNA cloning. The
PCR conditions were: 1 cycle at 94 °C for 3 min; 35 cycles
of 94 °C for 45 s, 54 °C for 60 s and 72 °C for 2 min; and a
final extension at 72 °C for 10 min. The resulting PCR
product was cloned into a pET21a vector, thus obtaining the
expression plasmid pET21-Lycβ (Table 1).

Determination of lycopene cyclase enzymatic activity

The lycopene cyclase enzyme activity was determined by
color complementation assays using the strain E. coli BL-
pACC as a start point (Table 1). This strain displays a red
coloration due to lycopene accumulation.

E. coli BL-pACC was co-transformed with the plasmid
pET21-Lycβ to achieve E. coli BLFc-pACC. This strain
displays an orange coloration due to the accumulation of
specific carotenoid, providing an easily screenable phenotype.
Co-transformed cells were plated on LB agar plates contain-
ing chloramphenicol (34 μg/ml) and ampicillin (50 μg/ml),
and spread with 10 μl of a 100 mM aqueous solution of
Isopropylthio-β-D-galactoside (IPTG) 1 h before the cells
were plated. The plates were incubated at 28 °C for 48 h in
the darkness, to maximize carotenoid production. E. coli BL-
pACC transformed with the plasmid pET21a was used as the
negative control. After incubation, the cyclase activity on the
lycopene molecule was identified by the color of the bacterial
colonies; a red color meant no cyclase activity, whereas an
orange/yellow resulted from the enzymatic activity.

HPLC analysis of carotenoids

E. coli BLFc-pACC (Table 1) was grown over night in LB
broth supplemented with chloramphenicol (34 μg/ml) and
ampicillin (50 μg/ml) at 37 °C with agitation (200 rpm). The
culture was then incubated for another 48 h at 28 °C in the
darkness with agitation (200 rpm) after adding isopropyl-β-
D-thiogalactopyranoside (1 mM). After incubation, the cells
were centrifuged (4,000×g for 5 min), and the bacterial
pellet washed twice with deiodinized water, re-suspended in
acetone (Sigma) and homogenized by vortexing (10 min at
4 °C). After a new centrifugation (13,000×g, 2 min, 4 °C),
the supernatant was recovered and dried down under a N2

flow, and kept at −80 °C until high-performance liquid
chromatography (HPLC) analysis. All operations were
carried out on ice under dim light to prevent photo-
degradation, isomerizations, and structural changes of the
carotenoids. The samples were prepared for HPLC by
dissolving the dried residues in 2 ml of chlorophorm/
methanol/acetone (3:2:1 v/v/v) and filtered through polycar-
bonate 0.22-μm filter. The HPLC device used was equipped
with a photodiode array detector and was controlled by the
Empower2 software program. A C30 carotenoid column
(250×4.6 mm, 5 μm; YMC Europa) was used, and the
mobile phase was as follows: A, methyl tert-butyl ether; B,
water; C, methanol. The linear ternary gradient elution
program was performed as follows: initially, A/B/C
(5:5:90); then 0–12 min, A/B/C (5:0:95); 12–20 min, A/B/
C (14:0:86); 20–30 min, A/B/C (25:0:75); 30–50 min, A/B/
C (50:0:50); 50–70 min, A/B/C (75:0:25); and finally back
to A/B/C (5:5:90) for re-equilibration. The flow rate was
maintained at 1 ml/min, the temperature at 24 °C and
the sample volume was 20 μl. Carotenoids were
identified by comparing their HPLC retention time and
color with standard compounds or with reported data.
The β-carotene and lycopene standards were obtained

Table 2 PCR primers used in this study (sequence is written 5′ to 3′)

Technique Primer Primer sequence

RT-PCR Lyc-β DegF 5′ TGGCCHAAYAATTAYGGWGTTTGG 3′

RT-PCR Lyc-β DegR 5′ ATATCCATDCCAAAASAGWAG 3′

5′ RACE-PCR Lyc-β SP1 5′ TCCCACCCATTGCCATCACACTT 3′

5′ RACE-PCR Lyc-β SP2 5′ GGTGACCCTCAACTTCAGCCAAAA 3′

5′ RACE-PCR Lyc-β SP3 5′ GCCTCTCCCTATTGACACGCCCAT 3′

3′ RACE-PCR Lyc-β SP4 5′ CGGGGTACCCCGGGGAAATGAGCCTTACTTGCGAG 3′

3′ RACE-PCR Lyc-β SP5 5′ CGGGGTACCCCGTGGAGGTGAAGAAGAGGATGGTTGC 3′

PCR (ORF) Lyc-β NheI F 5′ GGAATTCCATATGGGTACTCTTCCATATCCA 3′

PCR (ORF) Lyc-β SacI R 5′ CGAGCTCCTAAATGGTTTCAAGTGCCAAAT 3′

H = A, C; Y = C, T; W = A, T; D = A, G; S = C, G

F forward, R reverse, ORF open reading frame
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from Sigma-Aldrich (Madrid, Spain) as described
(Melendez Martinez et al. 2003; Rodrigo et al. 2004).
The photodiode array detector was set to scan from 250 to
540 nm throughout all of the elution profile. For each
elution, a Maxplot chromatogram was obtained, which
plots each carotenoid peak at its corresponding maximum
absorbance wavelength. Quantitative analysis was done by
calculating peak areas of the chromatogram using a
calibration curve obtained with a β-carotene standard.

Protein electrophoresis (SDS-PAGE)

E coli BL21 (DE3) transformed with either pET21a or
pET21-Lycβ was grown at 37 °C, with agitation (180 rpm),
until it reached an OD of 0.5–1. The cultures were then
inducted by addition of 1 mM IPTG. After four hours
incubation, samples were taken and according to the instruc-
tions provide in the pET21a system manual (Novagen). Prior
to polyacrylamide gel electrophoresis, the samples were
incubated at 85 °C for 3 min in solubilization buffer containing
2.5% (w/v) SDS, 125 mM dithiothreitol, 25% (v/v) glycerol
and 112.5 mM Tris–HCl, pH 6.8. The protein samples were
then loaded onto a 12% polyacrylamide gel and separated on a
Mini Protean II cell (Bio-Rad, Hercules, CA), according to the
method of Laemmli (1970). The gel was run at 120 V for 1 h,
using Tris–Glycine buffer (25 mM Tris; 192 mM Glycine;
0.1% SDS; pH: 8.3). The molecular weight of the proteins
was determined using Precision Plus Protein Standard
(Bio-Rad) and the software Quantity One (Bio-Rad).

Bioinformatic analyses

Vector NTI Advance 9.0 software (Invitrogen) and BioEdit
Sequence Alignment Editor version 7.0.5.3, were used to
analyze the nucleotide and deduced amino acid sequences,
and for sequence alignment, respectively. The NCBI
database was searched for plant β-LYC sequences using
the BLAST software (Altschul et al. 1990).

The ChloroP 1.1 Prediction Server program (Emanuelsson
et al. 1999) was used to identify the β-LCY signal/sorting
peptide. Phylogenetic and molecular evolutionary analyses
were conducted using MEGA version 3.1 package program
(Kumar et al. 2004). Data were analyzed by neighbor-joining
method. The reliability of the neighbor-joining tree (Saitou
and Nei 1987) was estimated by calculating bootstrap
confidence limits (BCL) (Peelman et al. 2003) based on
1,000 replicates. The Gen Bank accession numbers of the
nucleotides used in the analysis are shown in Fig. 4.
Subcellular sorting was predicted by PSORT Web server
(Nakai and Horton 1999) for analyzing and predicting
protein-sorting signals at the Institute for Molecular and
Cellular Biology (Osaka, Japan). Finally, PSIpred v3.0
(Jones 1999), was used for hydrophobicity and for protein
secondary structure predictions.

Results

Lyc-β Fc cDNA sequence

We obtained, by RT-PCR, a single 914 bp PCR product
using the conserved sequences-based primers Lyc-β Deg F
and Lyc-β Deg R (Fig. 2a). By sequence analyses, the
amplicon displayed a high similarity (74–77%) to other
plant lycopene-cyclase genes, such as those from Citrus
sinensis (ABB72443), Actinidia deliciosa (FJ427509),
Actinidia chinensis (FJ427508), Lycopersicon esculentum
(X86452), and Carica papaya (ABD91578).

We had to resort to RACE-PCR to obtain the sequences
of the 5′ and 3′ ends of Lyc-β Fc. The 5′ end of the gene
was amplified as a 420-bp fragment (Fig. 2b), whereas a
fragment of 750 bp (Fig. 2c) represented the 3′ end of the
gene. Both new sequences overlapped the known internal
sequence of the gene. Finally, the complete sequence of the
Lyc-β Fc cDNA from F. carica could be determined
(JF279547). The complete ORF **of the gene had a length

Fig. 2 Isolation of the full-
length Lyc-β cDNA from Ficus
carica. a Fragment of the Lyc-β
Fc cDNA internal sequence,
amplified with the primer pair
Lyc-β DegF and Lyc-β DegR. b
The 5′ end of the Lyc-β Fc
cDNA, isolated by 5′-RACE. c
The 3′ end of the Lyc-β Fc
cDNA, isolated by 3′-RACE. d
Open reading frame of the full-
length Lyc-β Fc cDNA from F.
carica
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Fig. 3 Characteristics of the F. carica beta lycopene cyclase protein.
The most likely points for chloroplast precursor cleavage are indicated
with an arrow. Characteristic regions of the plant LCYs are indicated
by open boxes, the dinucleotide binding signature, cyclase motifs (M)

I to IV, and charged region (Cunningham et al. 1996; Hugueney et al.
1995). Domains described as essential for β-LCY activity are boxed in
gray (Bouvier et al. 1997)
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of 1,488 bp (Fig. 2d), and the predicted amino acid sequence
specified a polypeptide of 496 amino acids in length. This
was the amplicon co-expressed in E. coli BL-pACC.

Several featured structures of interest were found when the
predicted F. carica Lyc-β Fc sequence was compared and
aligned with other lycopene β-cyclases (Fig. 3). Data analysis,
with the PSORT program, predicted a plastid location for the
β-LCY protein, with a predicted transit peptide of 36 bp
(Fig. 3). β-LCY from F. carica contains the specific highly
conserved LCY motif, characteristic of this kind of enzymes
in higher plants. The analysis of conserved motifs along the
amino acid sequences showed the presence of a dinucleotide-
binding signature, typically DX4GXGXAX4A, with a sec-
ondary structure of β sheet–α-helix loop–β sheet. This motif
is referred to as the “dinucleotide binding fold” that is present
in all plant β-LCYs (Cunningham et al. 1994; Wirenga et al.
1986) (Fig. 3). Other than that, the rest of the essential motifs
for cyclase activity were present in the β-LCY of F. carica
(Bouvier et al. 1997; Cunningham et al. 1996).

β-LYC Fc expression and characterization

When the E. coli BL21 (DE3)-expressed pET21-Lycβ was
analyzed by SDS/PAGE, a protein of 56 kDa of molecular
weight could be observed. This band only appeared in the
cells expressing the construct and after the induction of the
plasmid with IPTG (1 mM), but not in the negative controls.
However, studies were not performed on tissue differential
expression or at different stages of plant development.

The Neighbor-Joining test showed a high homology of
the expressed protein with lycopene β-cyclase genes of
plants. The marine microalgae Dunaliella salina was used
as an outgroup and appears in an isolated branch. The
position of the sequence from F. carica was more closely
related to A. deliciosa and A. chinensis than to other β-
LCYs so far examined (Fig. 4).

Color complementation assays were used to analyze the
enzymatic activity ofβ-LCY. These tests are based on the color
differences between the carotenoids; lycopene is red, whereas
β-carotene is orange/yellow. When E. coli BL-pACC was co-
transformed with pET21-Lycβ, and β-LCY expression
induced, the color of the bacterial colonies turned from red
to orange/yellow, thus indicating a variation in the carotenoid
composition from lycopene to β-carotene (Fig. 5). The
negative controls did not show changes in their colors.

Carotenoid identification and quantification by HPLC

The analyses of carotenoids present in the negative controls
showed that the initial pigment in the cells was lycopene,
whereas the pigment after β-LCY expression of E. coli
BLFc-pACC corresponded to β-carotene. This strongly
suggested the ability of β-LCY to act on both ends of the

lycopene molecule as expected from a β-cyclase activity.
We did not observe accumulation of the monocyclic species
γ-carotene in cultures of E. coli BLFc-pACC. This is
consistent with studies conducted so far, claiming that all
known β-cyclases, except one recently discovered in a
marine bacterium (Teramoto et al. 2003), create rings at
both ends of lycopene to form β-carotene via γ-carotene
(Daisuke et al. 2005; Sandmann et al. 1990).

Fig. 4 Phylogenetic tree generated based on alignment of nucleotide
sequence of different β-LCYs. The tree was inferred using the
Neighbor-Joining method. The Bootstrap values on the nodes indicate
the number of times that each group accurred with 1,000 replicates.
The evolutionary distances were computed using the Kimura 2-
parameter method (Kimura 1980) and are in the units of the number of
base substitutions per site. The rate variation among sites was
modelled with a gamma distribution (shape parameter = 1). Accession
numbers of nucleotide sequences are in parenthesis

Fig. 5 Complementation color analysis. a E. coli BL-pACC trans-
formed with pET21-Lycβ. b Negative control: E. coli BL-pACC
expressing pET21a, without Lyc-β gene
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The β-carotene content of the recombinant E. coli
BLFc-pACC was 529 μg/g−1 of dry weight cells and the
β-cyclase activity, defined as the percentage of lycopene/
β-carotene conversion rate, was 91%. There results show
higher values of beta carotene production compared with
those obtained in other recombinant E. coli strains
(Misawa et al. 1995; Misawa and Shimada 1998; Schurr
et al. 1996), but lower than other E. coli strains carrying
the exogenous ipi gene for IPP isomerase (Misawa and
Shimada 1998).

In addition, we observed that E. coli BLFc-pACC
transformant varies for level of pigmentation. When grown
on plates at 28 °C in the darkness, it showed the highest
accumulation of pigment.

Discussion

β-Carotene is still the most prominent carotenoid on the
market; however, most carotenoids are still produced by
chemical synthesis, due to the low productivity of the
biological systems (Rodney 1994). One way to increase the
productivity of carotenoid synthesis would be the use of
recombinant DNA technology, but before this technology
can be used, the carotenoid biosynthetic genes need to be
isolated and characterized.

In this study, we were able to clone and identify the
complete sequence encoding the lycopene cyclase enzyme
from F. carica, and to carry out its heterologous expression
in E. coli. The molecular mass of the newly expressed
protein, as isolated from the soluble cytoplasmic fraction,
was 56 kDa, which corresponded to the expected mass
calculated from the gene sequence.

The amino acid sequence of the ORF, displayed high
similarity with the β-LCYs from other plants. Thus, the
presence in the N-terminal end of the signal peptide for
plastid importation is typical of all the enzymes involved in
the biosynthesis of carotenoids in plants (Bouvier et al.
2005; Fraser and Bramley 2004; Sandmann et al. 2006)
and, as expected, is not present in the β-LCYs from
bacteria or cyanobacteria (Hugueney et al. 1995). Within
this region, it was possible to identify the “Plant β-LCY
conserved region,” that has been proposed as essential for
the association of β-LYC to the membrane and for its
catalytic activity (Beyer et al. 1991; Hugueney et al. 1995).

Lycopene is the primary substrate for the formation of
cyclic carotenoids in plants. The conversion of lycopene to
β-carotene requires that a cycling reaction occurs at both
ends of the symmetrical lycopene. The analysis of
carotenoids showed the presence of β-carotene, and we
were unable to observe accumulation of the monocyclic γ-
carotene in cultures containing pACCRT-EIB and pET21-
Lycβ, even though a substantial amount of lycopene

accumulated in these cells. This observation indicates that
any molecule of lycopene which is cycled at one end has
high probability of being cycled at the other end as well.
The possibility that lycopene cyclase operates as a
homodimeric complex would be one explanation for this
result (Gallagher et al. 2003). Our result demonstrated that
a single plant enzyme efficiently catalyze sequentially both
cyclization steps like others plants β-LCYs described so far
(Ahrazem et al. 2009; Alquezar et al. 2009; Ampomah-
Dwamena et al. 2009; Hugueney et al. 1995; Rodrigo et al.
2004).

On the other hand, the heterologous expression of
biosynthetic pathways in E. coli continues to be a powerful
approach for developing metabolic engineering aplications
in plants. The utility of the bacterial system lies in its
inherent similarity to the biochemistry of the plant plastid
(Gallagher et al. 2003).

It can therefore be concluded that the Lyc-β Fc gene
encodes for a lycopene β-cyclase, capable of synthesizing
β-carotene, a pigment of high industrial interest and of
great importance in health and human and animal nutrition.
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