
Identifying a Carotenoid Cleavage Dioxygenase 4a Gene
and Its Efficient Agrobacterium-Mediated Genetic
Transformation in Bixa orellana L.

Mohan Sankari1 & Hridya Hemachandran1
& Amirtha Anantharaman1

&

Subramanian Babu1
& Renata Rivera Madrid2

& George Priya Doss C1
&

Devanand P. Fulzele3 & Ramamoorthy Siva1

Received: 16 October 2015 /Accepted: 18 February 2016 /
Published online: 27 February 2016
# Springer Science+Business Media New York 2016

Abstract Carotenoids are metabolized to apocarotenoids through the pathway catalysed by
carotenoid cleavage oxygenases (CCOs). The apocarotenoids are economically important as it
is known to have therapeutic as well as industrial applications. For instance, bixin from Bixa
orellana and crocin from Crocus sativus are commercially used as a food colourant and
cosmetics since prehistoric time. In our present study, CCD4a gene has been identified and
isolated from leaves of B. orellana for the first time and named as BoCCD4a; phylogenetic
analysis was carried out using CLUSTALW. From sequence analysis, BoCCD4a contains two
exons and one intron, which was compared with the selected AtCCD4, RdCCD4, GmCCD4
and CmCCD4a gene. Further, the BoCCD4a gene was cloned into pCAMBIA 1301, trans-
formed into Agrobacterium tumefaciens EHA105 strain and subsequently transferred into
hypocotyledons and callus of B. orellana by agro-infection. Selection of stable transformation
was screened on the basis of PCR detection by using GUS and hptII specific primer, which
was followed by histochemical characterization. The percent transient GUS expression in
hypocotyledons and callus was 84.4 and 80 %, respectively. The expression of BoCCD4a gene
in B. orellana was confirmed through RT-PCR analysis. From our results, the sequence
analysis of BoCCD4a gene of B. orellana was closely related to the CsCCD4 gene of
C. sativus, which suggests this gene may have a role in various processes such as fragrance,
insect attractant and pollination.
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Abbreviations
CCD Carotenoid cleavage dioxygenase
NCED 9-cis epoxy carotenoid dioxygenase
CCO Carotenoid cleavage oxygenase
BLAST Basic Local Alignment Sequence Tool
NJ Neighbour-joining method
CTAB Cetyltrimethyl ammonium bromide
MS Murashige and Skoog
LB Luria broth
YEP Yeast extract peptone
NAA α-Naphthaleneacetic acid
2,4-D 2,4-Dichlorophenoxyacetic acid
BA Benzyladenine
35S CaMV 35S promoter of the cauliflower mosaic virus
GUS β-Glucucauronidase
hptII Hygromycin phosphotransferase II
OD600 Optical density at 600 nm
GFP Green fluorescence protein
PCR Polymerase chain reaction
RT-PCR Reverse transcriptase–polymerase chain reaction
X-Gluc 5-Bromo-4-chloro-3-indolyl-b-D-glucuronic acid

Introduction

Carotenoids are tetraterpenoid pigments synthesized in photosynthetic plants and non-
photosynthetic organism such as bacteria and fungi. They reside in the plastids of plant to
provide red, orange and yellow colours to many flowers and fruits. In addition, they play a
vital role in photosynthesis, light harvesting, photoprotection [1]. Carotenoids are cleaved
through oxidative tailoring to yield apocarotenoids by the enzyme called carotenoid cleavage
dioxygenase [2, 3].

Apocarotenoids are isoprenoid compound which serve as an insect attractants, as
well as contribute the flavour and aroma in flowers and fruits [4, 5]. Apocarotenoids
are mainly responsible for the regulation of gene expression in both plants and
animals. The biologically important apocarotenoids like abscisic acid (ABA) plays an
essential role in seed development and environmental adaptation, such as biotic and
abiotic stresses [6–11]. Apocarotenoids are also involve in the allelopathic interactions
and plant defence mechanism [12]. A commercially valuable apocarotenoid like bixin
and crocin gets its role as colourant in nutritional supplement, food and cosmetic
industries [13, 14].

Bixin is a dicarboxylic monomethyl ester apocarotenoid pigment that confers orange-red
colour in the Bixa orellana seeds. Bixa orellana Linn. (Bixaceae), widely called as annatto or
achiote, is a small tree native to South America and cultivated in many tropical countries and
southern parts of India [15]. The genetic improvement of this traditional dye-yielding plant is
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hindered by limited genetic variability, long reproductive cycle and recalcitrant tissue culture
regeneration [16]. To overcome this, Agrobacterium-mediated genetic transformation or direct
DNA transfer method is widely used for transformation of the genes into the plant cells. In
B. orellana, Agrobacterium-mediated genetic transformation was carried out in two varieties
such as Peruana and Criolla in which the transient β-glucucauronidase (GUS) gene expression
was carried out in hypocotyls and it showed 50 and 100 % of expression frequency,
respectively [16]. Parimalan et al. studied the direct and callus-mediated somatic embryogen-
esis of B. orellana and it showed 86.7 % of transient GUS expression [17]. The advantage of
genetic transformation is used to regulate the biosynthetic pathway to enhance the nutritional
content, stress tolerance, productivity and pest resistance of the plant [18, 19]. Agrobacterium-
mediated transformation has also been carried out in tomato to improve the quality of fruit and
to produce disease-resistant plants [20], and carotenoid biosynthesis has been achieved by
genetic engineering in rice [21, 22] and Citrus paradise [23].

Bixin is one of the oldest pigments used by humans in foods and cosmetics [24]. There was
an increase in demand of bixin, because of the consumer banned on the chemically synthesized
azo dyes. Among natural colour additives, bixin ranked as second in the various field
applications [25]. Even though it has great economic importance, the molecular characteriza-
tion of B. orellana remains poorly characterized. The biosynthetic pathway of bixin was
elucidated by [26] and documented in a heterologous system [27, 28]. The three genes
especially lycopene cleave dioxygenase (BoLCD), bixin aldehyde dehydrogenase (BoBADH)
and norbixin carboxyl methyltransferase (BoBMT), which catalyse the sequential conversion
of lycopene into bixin. Carotenoid cleavage dioxygenase (CCD) are non-haem oxygenases
that cleave carotene into apocarotenoids which synthesize hormones that regulate plant growth
and flower development [2]. The well-known example is abscisic acid, which plays a major
role in the regulation of drought tolerance, seed growth and sugar sensing. These enzymes
provide unique colour, flavour and aroma to flowers and fruits. CCD genes and enzymes have
been studied in a number of species such as B. orellana [5], Crocus sativus [29], Chrysan-
themum morifolium [30] and potato [31].

Despite the increasing number of carotenoid cleavage dioxygenases characterized from
plants over the last few years, relatively little is known about the function of the dioxygenases
in B. orellana. Recently, Rodrı’guez-A vila et al. reported a new CCD1 gene member
(BoCCD1) in different plant tissues of B. orellana plantlets [5]. However, there is no report
on CCD4 gene in B. orellana and knowledge remains to be clarified. Here in this paper, we
report the identification of a new CCD4 gene member, namely BoCCD4a. The phylogenetic
analysis was performed, in order to determine the close relationship between CCD4 families;
we cloned the CCD4a gene into binary expression vector pCAMBIA 1301 and successful
evidence of transformation was carried out by Agrobacterium-mediated transformation.

Materials and Methods

Isolation of BoCCD4a Gene

Genomic DNAwas isolated from B. orellana leaves using cetyltrimethyl ammonium bromide
(CTAB) method [32]. The isolated DNA was quantified and amplified with gene specific
pr imers (CCD4a-F: 5 ′ -CAATCTCAAGTATTAGCATTC-3 ′ , CCD4a-R: 5 ′ -
CTGCTGTGACAGCAGCTCAGC-3′). Primers were designed based on the available
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sequence of CCD4a from C. sativus. Polymerase chain reaction (PCR) was carried out in
thermal cycler (Eppendorf, Germany). The PCR reaction was performed at initial denaturation
at 95 °C for 5 min, denaturation (95 °C for 1 min), annealing (40.3 °C for 1.10 min) and
extension (72 °C for 1.10 min) for 30 cycles, then a final extension at 72 °C for 7 min. The
amplified fragment was cloned into the pGEM-T Easy vector (Promega, USA) at 16 °C for
12 h and then transformed into DH5α Escherichia coli competent cells. Selection of
recombinants was done by blue-white screening method [33] and confirmed by colony PCR
based on the size of the fragment. The PCR products were sequenced and the sequences were
compared with GenBank nucleotide database using the Basic Local Alignment Sequence Tool
(BLAST, National Center for Biotechnology Information). The sequence homology and
phylogenetic analysis was performed by using the CLUSTALW tool and neighbour-joining
method respectively.

Phylogenetic and Gene Structure Analysis of BoCCD4 Gene

The phylogenetic analysis was carried out for BoCCD4 gene, and the homologous
sequences of other plants CCD4 genes were retrieved from GenBank by using the
BLASTP [34]. The nucleotide sequences were aligned using CLUSTAL W with default
settings [35]. TrimAI tool was used for trimming the sequence that eliminates the
spurious sequence and improve the quality of the phylogenetic tree [36]. For tree building
analyses, the Akaike information criterion (AIC) was used in ModelTest v2.4 server [37]
to estimate the most appropriate model of nucleotide substitution. The phylogenetic tree
was constructed by using the neighbour-joining (NJ) method with 1000 bootstrap values
through MEGA v6.0 software [38]. NJ analysis was executed by using the model p-
distance with other parameters like gap/missing data was pairwise deletion and substitu-
tion was Transition + Transversion. The gene structure analysis was carried out in this
study by using the available genomic sequence of CCD4. The gene sequences were
retrieved from GenBank [39] using NCBI program. FGENESH the gene prediction
software [40] was used to predict the gene structure of isolated BoCCD4 gene from
B. orellana and compared with already reported CCD4 gene structure.

Construction of Plant Expression Vector pCAMBIA1301: BoCCD4a

The recombinant plasmid was named as pGEMT-BoCCD4a. The BoCCD4a gene was re-isolated
using these primers (CCD4a-F: 5′-GCGGAATTCGCTCGGTTGTCATCCTCCTCCCTC-3′ and
CC4a-R: 5′-GCGGGATCCGCCTACTGCTGTGACAGCAGCT-3′) from recombinant plasmid
pGEMT-BoCCD4a, and pCAMBIA 1301 was subjected to restriction digestion for transfer of
BoCCD4a gene from pGEMT-BoCCD4a to pCAMBIA 1301. Both vectors were subjected to
double digestion individually. The reactionmixture contained 5μl of the DNA, 1μl (20,000U/ml)
EcoRI enzyme, 5 μl of 10× NEB buffer and 9 μl of sterile water making up to a final volume of
20 μl. The reaction mixture was incubated at 37 °C for 4 h and the reaction was stopped by
incubating the vials at 65 °C for 10min. The product was further purified usingQiagen purification
kit (Qiagen, Hilden, Germany). The restricted products were used for a second digestion. The
reaction mixture contained 10 μl of the purified product, 1 μl BamHI (20,000 U/ml), 5 μl of 10×
NEB buffer and 4μl of sterile watermaking up the total volume of 20μl. The reactionmixturewas
incubated at 37 °C for 4 h. The mixture was spinned briefly and incubated at 16 h for 16 °C. The
vials were chilled on ice and moved to −20 °C till further use.
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Transformation of E. coli DH5α with pCAMBIA 1301: BoCCD4a

All standard transformation methods were followed by [41]. Transformation of DH5α com-
petent cells with the ligated product was performed using the heat shock method. One hundred
microlitres of DH5α competent cells with 5 μl of ligated product was incubated for 30 min.
Heat shock was given to the tube at 42 °C for 45 s in water bath and then kept in ice for 5 min.
The Luria broth (LB) broth (800 μl) was added into the tube and kept for incubation at 37 °C
for 2–3 h. The culture was centrifuged at 4000 rpm for 1 min to obtain the pellet to which
100 μl LB broth was added and spread over LB agar plates containing kanamycin (100 mg/l)
and subsequently incubated overnight at 37 °C. Single colonies from the plates were inocu-
lated in LB broth and incubated at 37 °C for overnight from which plasmid DNAwas isolated
using Qiagen plasmid isolation kit (Qiagen, Hilden, Germany) and confirmed by colony PCR
based on the size of the fragment.

Transformation of Agrobacterium EHA105 with pCAMBIA 1301: BoCCD4a

Transformation of Agrobacterium tumefaciens EHA105 was done by the freeze thaw method
with modification [42]. Briefly, 5 μl of plasmid DNA was mixed with 100 μl of
Agrobacterium competent cells, and the mixture was frozen in liquid nitrogen and thawed at
room temperature and incubated in ice for 30 min. The yeast extract peptone (YEP) broth
(800 μl) was added to the tubes and incubated at 28 °C for 2–4 h. The tubes were centrifuged
at 4000 rpm for 1 min and the supernatant was discarded. The YEP broth (100 μl) was mixed
with the pellet and plated on YEP medium containing kanamycin (50 mg/l) and rifampicin
(20 mg/l). The plates were incubated at 28 °C for 2 days. Transformed colonies were
confirmed by colony PCR.

Explants Preparation and Callus Induction

The seeds of B. orellana were collected from Shervaroy Hills, Eastern Ghats, and established
in VIT University nursery, VIT University, Vellore, Tamil Nadu, India. It was thoroughly
washed with running tap water for 20 min. The seeds were sterilized with 0.1 % mercuric
chloride for 30 s and then rinsed with sterile distilled water followed by washed with 70 % (v/
v) ethanol for 1 min. After 1 min of washing, seeds were carefully rinsed with sterile distilled
water for five times and kept for in vitro germination for 10–15 days.

For callus induction, the nodal explant selected from the in vitro grown seedlings was
sterilized and inoculated into Murashige and Skoog (MS) medium [43] supplemented with α-
naphthaleneacetic acid (NAA; 1.07–2.14 μM) and BA (10.2 μM) and 2,4-
dichlorophenoxyacetic acid (2,4-D; 0.45–0.90 μM) and BA (10.2 μM) hormones and 2.6 g/
l gelrite [17]. The pH of the medium was adjusted to 5.8 with 0.1 N NaOH and autoclaved at
121 °C for 20 min, and the culture was incubated in plant tissue culture room at 25±2 °C and
maintained with 16/8 h photo period for 3 weeks (Table 1). The 3-week-old callus cultures
were sub-cultured onto the same medium for maintenance.

Agrobacterium Infection and Co-cultivation of Callus

Agrobacterium tumefaciens strain EHA105 harbouring the binary vector pCAMBIA 1301
plasmid (11.8) contained the selectable marker gene hygromycin phosphotransferase II (hptII),
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and uidA reporter gene GUS (X-glucuronidase) was used for transformation. A single
colony of A. tumefaciens strain EHA105 was inoculated into 5 ml of YEP medium
containing rifampicin (10 mg/l) and kanamycin (100 mg/l). The culture was incubated
overnight at 28 °C at 150 rpm on shaker. An aliquot of the overnight culture (50 μl)
was inoculated into 150 ml of fresh YEP broth containing same antibiotic and
incubated with the same condition, when the culture reached an absorbance 1 at
OD of 600 nm. Cells were pelleted by centrifugation at 4000 rpm for 10 min. The
pellet was suspended in 50 ml of YEP medium supplemented with acetosyringone
(10 μM). Callus was infected with the above suspension culture with 30–45 min
intermittent shaking. After infection, the callus was cultured on the co-culture medium
(Table 1) containing acetosyringone (100 μM) without any antibiotics. Cultures were
incubated under dark for 2 days.

Selection of Callus and Molecular Confirmation

After co-cultivation, the callus was transferred into MS medium containing hormones with
hygromycin (10 mg/l) and cefotaxime (250 mg/l) (Table 1). The cultures were sub-cultured for
every 2 weeks on the same medium. For confirmation of transformants, molecular confirma-
tion by PCR using GUS and hptII primers, following histochemical GUS assay using X-glcA,
was also done to confirm the transformed callus [17].

Molecular Confirmation for the Selection of Transformed Callus

From transformed callus, genomic DNAwas isolated by modified CTAB method [32]. For PCR
analysis, forward and reverse primers specific to partial hygromycin phosphotransferase (hptII)
(hptII-F: 5′GATGTTGGCGACCTCGTATT-3′, hptII-R: 5′-GTGTCACGTTGCAAGACCTG-3′)
and glucuronidase (GUS) (GUS-F: 5′-CCGTCCCAAGCAAGTTACAAT-3′, GUS-R: 5′
TTCGGAATCTCCACGTTACC-3′) genes were used [37]. PCRwas carried out in thermal cycler
(Eppendorf,Germany).ThePCRreactionwasperformedat 94 °C for2min, denaturation (94 °C for
30 s), annealing (55 °C for 30 s) and extension (72 °C for 30 s) for 30 cycles, then a final extension at
72 °C for 5 min and final hold at 4 °C for 10 min. The amplified products were analysed
electrophoretically (Bio-Radmini sub-cell GT, USA).

Table 1 MS media composition used for this study

Name of media Composition

Callus induction medium MS media supplemented with vitamins, 0.1 % myoinositol, 3 % sucrose,
1.07-2.14 μM NAA, 10.2 μM BAP and 0.45-0.90 μM 2-4-D, 10.2
μM BAP, gelrite 2.6 g/L, pH 5.8

Callus sub-culture medium MS media supplemented with vitamins, 0.1 % myoinositol, 3 % sucrose,
1.07–2.14 μM NAA, 10.2 μM BAP and 0.45–0.90 μM 2,4-D, 10.2
μM BAP, gelrite 2.6 g/L, pH 5.8

Co-cultivation medium MS media supplemented with vitamins, 0.1 % myoinositol, 3 % sucrose, 100 μM
acetosyringone, gelrite 2.6 g/L, pH 5.8

Selection medium MS media supplemented with vitamins, 0.1 % myoinositol, 3 % sucrose, 10.2 μM
BAP, 0.45 μM 2,4-D 10 mg/L hygromycin, kanamycin 50
mg/L, gelrite 2.6 g/L, pH 5.8
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Histochemical GUS Assay

The co-cultivated callus was used for GUS assay by using established methods with some
modifications [44]. For histochemical confirmation, the callus were incubated overnight in a
solution containing 2 mM of histochemical substrate 5-bromo, 4-chloro, 3-indolyl glucuronide
(X-Glc,), 50 mM potassium phosphate buffer (pH 7.0), 2 mM potassium ferrocyanide, 2 mM
potassium ferricyanide, 0.1 % triton X-100 and sterile distilled water. After overnight incuba-
tion, the callus were washed with 70 % ethanol to remove the chlorophyll and blue colour
callus were visualized. Percentage of transformants was calculated by the total number of blue
colour explants divided by the number of explants inoculated [17].

Visualization of GFP Fluorescence

Transient and stable green fluorescence protein (GFP) expression was analysed using fluores-
cence microscope (Wesmox, India). The images were recorded under a blue filter, in a range of
420–495 nm and UV filter in a range of 340–380 nm in ×10 magnification. All explant
transformed with GFP were tested for GFP expression.

BoCCD4 Expression by Reverse Transcriptase-Mediated PCR

Total RNA was extracted from B. orellana callus using RaFlex RNA isolation kit protocol
(Genei, Bangalore, India). The RNA was further treated with DNase-1, amplification grade
(Sigma-Aldrich, USA). The first-strand complementary DNA (cDNA) was synthesized using
1 μg total RNAwith the help of cDNA synthesis kit (AMV RT PCR kit, Genei, Bangalore) in
a reaction volume of 20 μl, at 42 °C for 60 min followed by 10 min according to manufac-
turer’s instructions. The first-strand cDNA was immediately subjected to PCR amplification
wi th gene - spec i f i c p r ime r s . The gene - spec i f i c p r ime r s (CCD4-F : 5 ′ -
CCGCGCCATCACAATATTCA-3′, CCD4-R: 5′TAGGTAGAGGGTGAGTGCCT-3′) were
designed from the BoCCD4a gene sequence used in this study. PCR reaction mixture
containing 1 μl of first-strand cDNA template, 1 μl of forward primer, 1 μl of reverse primer,
10 μl of PCR master mix (amplicon) and 7 μl of sterile water was carried out in Eppendorf
Mastercycler under the following conditions: 95 °C at 5 min as an initial denaturation followed
by 30 cycles of 1 min 94 °C, 1 min at 35 °C, 1 min at 72 °C and a final extension at 72 °C for
10 min. A parallel reaction with 28 cycles and specific primers (18S rRNA-F: 5′-
CGCGTCCGGTCCTCG-3′, 18S rRNA-R: 5′-TTAGAAAAATAAAGTTGGGTGTCGG-3′)
for the 18S rRNA gene was used as an expression control.

Results and Discussion

Cloning of Partial Genomic DNA Clone of CCD4a Gene

Bixin of B. orellana and crocin of C. sativus are apocarotenoids having a similar
chemical structure [14]. Taking this advantage, the primers were designed from a
sequence of C. sativus CCD4a gene. A partial CCD4a gene was obtained by using
two gene-specific oligonucleotides. The obtained 1083-bp (Accession number:
KT378217) product was cloned into pGEMT vector and selection of recombinant
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was done by blue-white screening method, and recombinants were confirmed by the
same fragment size obtained from colony PCR. The obtained nucleotide sequence
showed similarity with C. sativus. The relationship between B. orellana CCD4a
sequence with other plant CCD4 sequences was analysed by sequence comparison
using CLUSTALW and by construction of a phylogenetic tree.

In biosynthetic pathway, the breakdown of carotenoids into apocarotenoids was catalysed
by the enzyme carotenoid cleavage oxygenases (CCOs). The CCOs are categorized into 9-cis
epoxy carotenoid dioxygenase (NCEDs) and carotenoid cleavage dioxygenase (CCDs). CCDs
are further divided into four groups, viz, CCD1, CCD4, CCD7 and CCD8. The CCD1 enzyme
cleaves numerous cyclic and linear all-trans-carotenoids (C5–C6, C7–C8, C9–C10 double
bonds) to produce multiple apocarotenoid products. The CCD4 are involved in the production
of plant volatile compounds like β-ionone and damascene and also reported to help during
drought stress. The other two CCD enzymes, CCD7 and CCD8, are involved in shoot
branching and strigolactone production. The CCD7 enzyme cleaves β-carotene to produce
β-ionone and C27 10′-apo-β-carotenal. The CCD8 cleaves the C27 aldehyde at its C13–C14
double bond, which result in the formation of apocarotenoids [5, 45, 46]. In B. orellana, CCD1
gene was isolated by [5] and reported that BoCCD1 enzymes cleaves the lycopene the double
bonds 5–6/5′–6′ leading to the formation of bixin. It is also interesting to note that the
production of bixin in different developmental stages of seeds of B. orellana and BoCCD1
plays an important role in bixin production. However, in several other plant species, the
expression of CCD1 was controlled by the production of important apocarotenoids such as
beta-ionone, a fragrance volatile in petunia flowers, or C13-norisoprenoids, considered flavour
compounds in grapeberries [47, 48].

In the present study, a new CCD gene, BoCCD4a, was isolated and its sequence showed high
homology with CCD4a of C. sativus. The function of CCD4 gene has been reported in several
plant species like C. sativus and C. morifolium. In C. sativus, the function of CCD4 expression
pattern revealed CsCCD4a and b emissions of high level of β carotene and emission of β ionone
formation during stigma development [29]. In CCD4 enzymes belonging to theN-terminal domain
for plastid targeting, CsCCD4a and CsCCD4b proteins are targeted to plastid plastoglobules in
plant and the activity that was determined in this enzyme has a 9, 10 (9′, 10′) cleavage activity onβ
carotene [29]. The silencing of CCD4a gene in C. morifolium by RNA interference (RNAi)
resulted in the change of petal colour from white to yellow. It occurs by the accumulation of
carotenoid in Chrysanthemum petals by cleaving β-carotene, which finally confirms the CCD4a
gene expression resulting in white colour petal formation [30]. Similar studies have been carried
out in potato tubers, by using RNAi approach by downregulation of CCD4 gene in tubers resulted
in high level of carotenoid formation [31].

Phylogenetic Tree Construction

Phylogenetic tree was constructed to explore the evolutionary relationship of isolated
CCD4a gene (BoCCD4a) using MEGA v6.0. The best-fit model suggested by
ModelTest v2.4 was (GTR+ I +G) for nucleotide substitution. The sequence alignment
of BoCCD4 gene shows the conserved region with other plant CCD4 genes. The
phylogenetic tree shows relatively high sequence homology of BoCCD4a gene with
various plant CCD4 (Fig. 1). The different plant families included for comparing the
phylogenetic tree construction are Rosaceae (Malus domestica, Prunus persica, Rosa
damascena), Rutaceae (Citrus clementine, Citrus unshiu,), Asteraceae (C. morifolium),
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Oleaceae (Osmanthus fragrans), Iridaceae (C. sativus), Vitaceae (Vitis vinifera),
Fabaceae (Medicago truncatula), Brassicaceae (Arabidopsis thaliana), Lamiaceae
(Scutellaria baicalensis), Solanaceae (Nicotiana tabacum, Lycium barbarum, Lycium
ruthenium), Liliaceae (Lilium brownie), Cucurbitaceae (Momordica charantia) and
Bixaceae (B. orellana). The evolutionary relationship of CCD sub-class genes were
well documented by [3]. The tree result suggested that the isolated B. orellana CCD4
gene was closely related to C. sativus CCD4 gene family. To study the structural
variation of isolated CCD4 genes, the exon regions were predicted through FGENESH
software and identified that two exons were present in our isolated BoCCD4 genes
from B. orellana. It has been evidenced by comparing the B. orellana CCD4 exon
position with already reported CCD4 genes in the species of AtCCD4, RdCCD4,
GmCCD4a and CmCCD4a (Fig. 2, Table 2). According to previous report, in Glycine
max CCD4a gene sequence and C. morifolium CCD4a gene sequence showed the
presence of two exons and one intron [3, 6]. However, in A. thaliana CCD4a and
Rosa domestica CCD4a gene sequence showed the absence of introns [2].

Fig. 1 Phylogenetic tree retrieve from the neighbour-joining analysis of the B. orellana CCD4a isolated.
Bootstrapping values (1000 replicates) are shown on the tree. Evolutionary analyses were conducted in MEGA
6. Accession numbers are on the left side. Black-coloured circle indicates the gene under study

Appl Biochem Biotechnol (2016) 179:697–714 705



Expression of BoCCD4a Gene in pCAMBIA 1301

The expression vector was generated and named as pCAMBIA 1301: BoCCD4a (Fig. 4), in
which the BoCCD4a gene was under the control of 35S CaMV promoter. The regenerated
expression vector pCAMBIA 1301: BoCCD4a was then introduced into Agrobacterium strain
EHA105, and the recombinant strain EHA105/pCAMBIA1301: BoCCD4a was used for
transformation experiments. The transformation of pCAMBIA1301: BoCCD4a gene into
Agrobacterium strain EHA105/pCAMBIA1301: BoCCD4a was verified by colony PCR
(Fig. 3a). Similar study was carried out in rice, where the gene was constructed into the
pCAMBIA 1301 vector to study the expression of the Agrobacterium-mediated transformation
in rice seedlings [49].

Optimization Conditions for Callus Induction

For callus initiation in B. orellana, different explants like cotyledon, hypocotyledon, leaves
and nodal region were used. Here, we observed maximum growth of callus was obtained from
the nodal explants. For callus induction study, we have followed [17] protocol and, accord-
ingly, different concentrations and combinations of NAA, BA and 2,4-D were used. In brief,

Fig. 2 Structural analysis of CCD genes to detect the exon and intron region. Red: first exon region in the
sequence, blue: last exon region in the sequence, yellow: exon region

Table 2 CCD4a gene structural information in selected plant species

Organism name Chromosome
location

Genomic
sequence

Number of
exons

Length of
exons

Exon
1

Exon
2

Glycine max CCD4a I NC_016088.1 2 599-1250
1940-2562

Chrysanthemum morifolium
CCD4a

– – 2 190-840
1000-1800

Rosa domestica CCD4a – – 1 15-1790

Arabidopsis thaliana CCD4a IV NC_003075.7 1 78-1900

Bixa orellana CCD4a – – 2 373-455
645-830
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NAA (1.07–2.14 μM) with BA (10.2 μM) and 2,4-D (0.45 and 0.90 μM) with BA (10.2 μM)
were supplemented with MS medium.

Among the different combinations, MS medium supplemented with NAA (1.07 μM) with BA
(10.2 μM) showed good response (57 %). The combination with 2,4-D (0.45 μM ) with BA
(10.2 μM) does not show the proper growth (Table 3). Our result shows that most of the nodal
region explant exhibits callus initiation after 2 weeks and developed compact, creamish white calli
after 2 weeks of culture initiation. The highest growth of callus was observed in the lower
concentration of hormones, while in higher concentration of hormones showed the browning of
callus and also affected further proliferation in a sub-cultured medium. In order to study the
Agrobacterium-mediated transformation, callus was further sub-cultured for every 2 weeks, and
the high amount of gelling agent would reduce the water potential in medium and resulting in the
formation of hard and fragile embryogenic calli that are supposed to be more responsive for
transformation [50]. In the present study, we observed the nodal region was most suitable for the
induction of callus as compared to any other explants. Only the fresh nodal region segments were
totipotent and produced with the ability to regenerate the callus. In our observation, any callus that
turned brown was found to be unsuitable for regeneration and transformation.

Fig. 3 a Confirmation by five randomly selected colonies after transformation. Lane 1: 1-kb ladder, Lanes 2–6:
transformed colonies. b Transient GUS gene expression analysis. (1) Non-transformed explant and (3, 5) non-
transformed 3-week-old calli. (2) Stable expression of transformed explants and (4, 6) stable expression of 3-
week-old calli, showing GUS expression in following co-cultivated in presence of 100 μM acetosyringone. c
PCR amplification of partial hptII gene. 1100-bp ladder, 2407 amplicon of partial hptII gene. d PCR amplifi-
cation of GUS gene. Lane 1: 100-bp ladder, Lane 2: 589-bp amplicon of partial GUS gene. e BoCCD4
expression profile obtained for B. orellana callus. RT-PCR analysis was carried out with CCD4 and 18S rRNA
gene. Lane 1: 100-bp ladder, Lane 2: amplification of specific CCD4 gene and amplification of 18S rRNA
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Agrobacterium-Mediated Transformation and Co-cultivation, Selection of Callus

Three-week-old callus and explants were infected with Agrobacterium EHA105 strain
for transformation study. The callus and explants were co-cultured on MS medium
supplemented with 100 μM acetosyringone to enhance the transformation efficiency.
Co-cultivation for 2 days in the presence of 100 μM acetosyringone was found to be
most suitable for optimum transformation. The chemical acetosyringone produces
natural phenolic compound that induces the virulence and enhances the genetic
transformation in plant [51]. After co-cultivation, callus and explants were transferred
to selection medium containing MS medium supplemented with 50 mg/l hygromycin
and 250 mg/l cefotaxime. The antibiotic cefotaxime was widely used to avoid the
overgrowth of Agrobacterium, and the selection marker will be useful in selection of
transformed tissue without effecting the transformation. In this study, cefotaxime with
a concentration of 250 mg/l was found to be more efficient for growth and differen-
tiation of transformed callus. Higher concentration of antibiotics decreased the trans-
formation efficiency. Apart from this, the selection could be based on the antibiotics
like kanamycin or hygromycin. The plant cells regenerate only in the selective agent;
the non-transformed cell dies in selectable marker genes. In this study, we used
hygromycin as selectable marker gene for the efficient transformation; it is widely
used to select the Agrobacterium-transformed explants or callus for further study [52].
Many researchers have worked in transformation of B. orellana using different strains
of Agrobacterium. For instance, Zaldivar–Cruz et al. (2003) used hypocotyledons as
explant for agroinfection using LBA4404 strain containing pBI.121 and pCAMBIA
2301 in PC-L2 medium [53] containing 200 μm of acetosyringone and 250 mg−1 of
cefotaxime [16]. Parimalan et al. (2011) transformed somatic embryos with
A. tumefaciens strain GV 3101 harbouring pCAMBIA 1305.2 vector in RBANGT
medium containing 10 μm of acetosyringone, 10 mg/l of hygromycin and 250 mg/l of
cefotaxime [17]. In loblolly pine, the effect of different antibiotics like carbenicillin,
Claforan and Timentin was involved in the removal of Agrobacterium overgrowth
through Agrobacterium-mediated transformation [54]. In Agrobacterium transforma-
tion, the co-cultivation time and density of Agrobacterium are important to affect T-
DNA delivery and integration. The transformation efficiency was affected by several
important factors such as MS medium with nutrient supplement, hormones, co-
cultivation time, Agrobacterium vectors and selection [55]. The main problem in
Agrobacterium transformation was necrotic response, because it decreases the trans-
formation efficiency after co-cultivation and that leads to callus browning and tissue

Table 3 MS medium with hormones for callus induction using nodal region

Medium Plant growth
hormone (μM)

No. of explants
cultures

No. of callus
formed

Percentage of explants inducing
callus

NAA 2,4-
D

BAP

MS 1.07 10.2 40 23 57.5

MS 0.45 10.2 40 19 47.5
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shrinkage. It was caused by the cell death at the site where Agrobacterium was
applied. In our observation, any callus that turned brown within 2 weeks was
untransformed. Such kind of activity was recognized as hypersensitivity defence
mechanisms of plants to Agrobacterium infection [56]. The callus that grow rapidly
were found to be transformed and further investigated for the β-glucuronidase (GUS)
assay. Other factors like culture medium, incubation condition, mode of injury for
Agrobacterium infection to improve the T-DNA delivery in plant species and
acetosyringone concentrations play a vital role in transformation efficiency [57]. In
this study, we used A. tumefaciens strain EHA105 harbouring pCAMBIA 1301 for
stable transformant study in B. orellana. The Agrobacterium transformation work was
carried out in Vitis vinefera CCD1 [58]. The vector pCAMBIA 1301 was widely used
in Agrobacterium-mediated transformation in rice [59], C. paradise [22] and
Arabidopsis thaliana [60]. For GUS assays, pCAMBIA 1301 vector was used for
stable transformation and it could be used for suitable reporter gene system.

Histochemical GUS Expression in Transformed Plants

To further confirm the transformed plants, GUS assay was used as one of the markers. GUS
gene expression was extensively applied in many plant species like rice [61, 62], tomato [20],
corn [63], yam [64] and maize [65]. The result has shown successful agro-infection and
transient expression of GUS gene expression, which was indicated as blue colour staining in
transformed explants and callus (Fig. 3b (2, 4, 6)). The frequency of transient GUS expression
was 84.4 % in explants and 80 % in tested callus (Table 4). In GUS assay, acetosyringone
plays a major role and it enhances the transformation efficiency [66]; the removal of
acetosyringone from the co-cultivation medium and inoculation medium has decrease the
GUS gene expression. The low level GUS expression in 100 mM concentration of
acetosyringone was observed and showed significant result in GUS activity. The GUS gene
expression was reported in two varieties of B. orellana and in hypocotyls of annatto seedlings
[16]. A similar GUS transformation efficiency was reported in B. orellana by [17].

Visualization of GFP Fluorescence in Transformants

GFP fluorescence visualization is a useful tool for selecting transformed plants. It was widely
used in gene transformation of many plant species such as yam [64], barley [67], alfalfa [68]
and apple [69]. In this study, we have examined explants from the hypocotyledon, leaf and
roots for GFP fluorescence. Fig. 4b, d, f, h shows GFP expression in transformed
hypocotyledons, leaf and root. In control, GFP was not observed (Fig. 4a, c, e, g). Visualizing

Table 4 Transformation efficiency of B. orellana explants and callus

No. of
explants
infected

No. of
callus
infected

GUS-
positive
plants

GUS-
positive
callus

Percentage of
transformation
efficiency in
explants

Percentage of
transformation
efficiency in
explants

Mean ± S.E.
of GUS
positive
explants

Mean ± S.E.
of GUS
positive
callus

15 5 38 12 84.4 80 12.67 ± 0.47 4 ± 0.82

Values represent mean ± standard error (SE) of explant and callus (values are the mean of three replicates)
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GFP expression is an advantage to select transformation in early stage, thus avoiding regen-
eration of non-transformants.

Molecular Analysis of Transformants

To confirm the occurrence of foreign genes into the genome of transformed callus, antibiotic-
resistant plants were examined for PCR. PCR analysis was performed with transformed
genomic DNA to confirm the presence of transformants. Like in previous report by [17], here
also we obtained the expected result in the partial amplified product of about 589 bp (Fig. 3c, d)
corresponding to the GUS gene that was observed from genomic DNA using GUS gene-
specific primers. An amplified fragment of 407 bp (Fig. 3c, d) was also observed from
transformed plants using hptII-specific primers that confirms the presence of hptII gene. The
amplified products were observed in all transformants tested, confirming the presence of both
transformed GUS and hptII. The molecular confirmation of the GUS and hptII was reported in
many plants such as in yam [64], GUS gene in maize [56].

Fig. 4 Transient expression of GFP gene a, c without agro-infection hypocotyledons and b, d 2 days after agro-
infection. e Leaf without agro-infection, f 2 days after agro-infection in leaf, g root without agro-infection and h
root with 2 days after agro-infection
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RT PCR Analysis

To investigate the CCD4a gene expression of transformed callus, reverse transcriptase PCR
(RT-PCR) was carried out. The cDNA from the transformed callus was subjected to RT-PCR
to analyse the expression level. The expected size of the band 390 bp (Fig. 3e) was observed in
transformed callus. It is noticeable that the CCD4a gene was expressed in transformed callus.
In parallel, the 18S rRNAwas used as an mRNA expression as a control. In BoCCD1, RT-PCR
was evaluated to study the expression pattern in vegetative organs and reproductive tissues,
and also the expression was carried out to study the BoCCD1 expression level with bixin
accumulation in mature seeds [5]. After Agrobacterium transformation, a study of the presence
and expression level of the gene with control has been carried out in previous report such as in
mint with glutathione synthetase gene [70] and potato [71].

Conclusion

In our study, for the first time, we have isolated CCD4a gene from B. orellana leaves. The
phylogenetic tree result suggested that the CCD4a gene from B. orellana showed homology
with the other plant CCD genes. Further, we investigated the expression of CCD4a gene in
B. orellana using Agrobacterium transformation strain EHA105. The co-cultivation medium
showed higher transformation activity and the expression of CCD4a was confirmed by RT-
PCR analysis. It is necessary to analyse if the presence of CCD4a enzymes in B. orellana
would cleave different carotenoid substrates at their 9, 10 (9′,10′ double bonds) by bacterial
expression assays. Moreover, the characterization of CCD4a is required to reveal the func-
tional role and enzymatic activity of apocarotenoid production in B. orellana.
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