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Abstract The tropical tree Bixa orellana L. produces a
range of secondary metabolites which biochemical and
molecular biosynthesis basis are not well understood. In
this work we have characterized a set of ESTs from a non-
normalized cDNA library of B. orellana seeds to obtain
information about the main developmental and metabolic
processes taking place in developing seeds and their
associated genes. After sequencing a set of randomly
selected clones, most of the sequences were assigned with
putative functions based on similarity, GO annotations and
protein domains. The most abundant transcripts encoded
proteins associated with cell wall (prolyl 4-hydroxylase),
fatty acid (acyl carrier protein), and hormone/flavonoid
(20G-Fe oxygenase) synthesis, germination (MADS FLC-
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like protein) and embryo development (AP2/ERF tran-
scription factor) regulation, photosynthesis (chlorophyll
a-b binding protein), cell elongation (MAP65-1a), and stress
responses (metallothionein- and thaumatin-like proteins).
Enzymes were assigned to 16 different metabolic path-
ways related to both primary and secondary metabolisms.
Characterization of two candidate genes of the bixin
biosynthetic pathway, BoCCD and BoOMT, showed that
they belong, respectively, to the carotenoid-cleavage
dioxygenase 4 (CCD4) and caffeic acid O-methyltrans-
ferase (COMT) families, and are up-regulated during seed
development. It indicates their involvement in the syn-
thesis of this commercially important carotenoid pigment
in seeds of B. orellana. Most of the genes identified here
are the first representatives of their gene families in
B. orellana.

Keywords Apocarotenoids - Bixin -
Carotenoid-cleavage dioxygenase - O-methyltransferase

Introduction

Bixa orellana L. (known as annatto or achiote) is a
perennial tree species, native to the tropical Americas,
which produces a wide variety of secondary metabolites
through its tissues, including several carotenoid deriva-
tives, terpenoids, tocotrienols, arenes, and flavonoids
[1-6]. B. orellana is economically important as it is the
sole source of the natural pigment bixin, an apocarote-
noid extracted from the pericarp of the seeds and widely
used as a soluble color additive in foods and cosmetics
since the pre-Colombian times [7]. Bixin ranks second
after caramel as the most used natural dye in the
industry [8].
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Large-scale partial sequencing of anonymous cDNA
clones and the subsequent identification of their functions
through homology searches in public databases is a powerful
tool to clarify biosynthetic pathways and their associated
genes. This approach, usually referred to as Expressed
Sequence Tags (EST) analysis, has been extensively applied
to understanding the biochemistry of natural products, such
as fatty acids [9], terpenes [10], phenylpropanoids [11] and
flavonoids [12], in organs of different plant species. These
works showed that partial cDNA sequences, i.e. ESTs, can be
successfully used to identify putative clones for a wide range
of gene products related to both primary and secondary
metabolisms.

Notwithstanding its economic importance, the tran-
scriptome of B. orellana remains poorly characterized,
with only 870 ESTs reported from a subtracted cDNA
library of developing seeds [13]. Further characterization
of ESTs would provide a quick, low-cost, and efficient way
to expand the pool of genes associated to seed development
and metabolism in B. orellana. In this work we report the
analysis of 792 anonymous clones from a non-normalized
cDNA library from developing seeds of the commercial cv.
‘Bico-de-Pato’.

Materials and methods
Plant material

Samples of seeds at different developmental stages (14, 28,
42 and 63 days after anthesis) (Fig. 1) were collected from
14-year-old annatto plants (Bixa orellana L. cv. ‘Bico-de-
Pato’) grown at the Federal University of Vigosa, Brazil.
After harvesting, the samples were immediately immersed
in RNAlater™ RNA stabilization reagent (Qiagen, USA),
incubated overnight at 4°C, and then maintained at —20°C
for future use.

Fig. 1 Fruits and seeds of B.

orellana at 14 (a), 28 (b), 42 (c), A
and 63 (d) days after anthesis

(daa). Bar = 10 mm
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cDNA library construction and sequencing

RNA was isolated by using the method described by
Rodrigues et al. [14]. RNA samples were then treated
with DNase I (Amersham Biosciences, EUA) and later
purified using the QiaGen Rneasy Mini Protocol RNA
Cleanup Kit (Qiagen, USA). The purity and concentration
of the isolated RNA were checked by electrophoresis in
1% (w/v) agarose gel and spectrophotometry at 260 and
280 nm.

RNA samples from the different developmental stages
were pooled and used for cDNA library construction using
the Creator™ SMART™ ¢DNA Library Construction Kit
(Clontech, USA), according to the manufacturer’s instruc-
tions. The cDNAs were cloned into pGEM-T Easy vector
(Promega Co., USA) under random orientation and the
recombinant plasmids were subsequently introduced into
Escherichia coli ElectroMAX DHI10B competent cells
(Invitrogen, USA) by electroporation. Successful recombi-
nants were obtained by screening white colonies of electro-
porated E. coli grown on Luria—Bertani (LB) medium [15]
supplemented with 100 pg/ml ampicillin, 20 pg/pl IPTG
and 2 pg/pl Xgal. Quality control of cDNA insertion was
performed by PCR amplifications with M13 forward (5-GT
AAAACGACGGCCAGT-3') and reverse (5-CAGGAAAC
AGCTATGAC-3') primers of randomly selected clones. The
size of amplified DNA fragments was checked on 1% (w/v)
agarose gel stained with ethidium bromide (0.5 pg/ml).

Individual white colonies were selected and incubated
overnight at 37°C and 260 rpm orbital agitation in 96 wells
plates containing LB supplemented with ampicillin
(100 pg/ml). Plasmid DNA was extracted by using the
alkaline lysis procedure [15]. The supernatant was cleared
off from protein and cellular debris by filtration (0.22 pum)
prior to alcohol precipitation.

Sequencing reactions were performed on an ABI PRISM
3100 Genetic Analyzer (Applied Biosystems, USA), using
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the Big Dye Terminator DNA Sequencing Kit (Applied
Biosystems, USA) and the M13 reverse primer.

Sequence analysis and annotation

ESTs were clustered and assembled into contigs using the
program SEQMAN from the laser-gene package (DNAstar,
USA). ESTs were annotated by reference to Gene Ontol-
ogy (GO) and to the ‘nr’ section of GenBank using
BLAST2GO (http://blast2go.bioinfo.cipf.es/) [16] and
BLASTX [17], respectively. Homologies with expected-
values <1E—3 were considered significant. GO annota-
tions were divided into categories: Biological Process (BP),
Cellular Component (CC) and Molecular Function (MF).
The annotation was improved by comparing the sequences
against the InterPro domains database using InterProScan
[18] at the EBI Server.

Sequences encoding plant carotenoid cleavage dioxy-
genases (CCDs) and O-methyltransferases (OMTs) were
identified and compared to the ‘nr’ section of the GenBank.
For these two gene families, dendrograms were generated
using ClustalW [19] with Neighbor-Joining [20] and a
bootstrap of 1000.

Quantitative real-time PCR (qPCR)

The expression pattern of B. orellana CCD (BoCCD) and
OMT (BoOMT) genes was investigated during different
stages of seed development. Total RNA isolation and
treatment was carried out as previously described and the
first strand cDNA was synthesized by using the First Strand
cDNA Synthesis Kit (Fermentas, USA). The relative
abundance of the mRNAs was quantified using ABI Prism
7500 and Sequence Detection System 1.6.3 (Applied Bio-
systems, USA). The B. orellana gene encoding for 18S
rRNA (Bo 18S rRNA) was selected as endogenous control.
Primers of the two target genes and endogenous control
were designed according to their expressed sequence tags
(ESTs) in our library, using the Primer Express Software,
version 2 (Applied Biosystems, USA). These are listed in
Electronic supplementary material (ESM) (Table S1).

All the real-time PCR reactions triplicates included:
75-100 ng of cDNA, 200 nM of each primer, 2 ul SYBR
Green 1 x (Applied Biosciences, USA), 1 x PCR buffer,
200 mM dNTPs, 3 mM MgCl,, 2 50 x Rox, 1U Plati-
num® Taq DNA Polymerase (Invitrogen, USA), and sterile
Milli-Q water for a final volume of 20 pl. The following
steps were used in the qPCR reactions: (1) activation of
Taq DNA polymerase at 50°C for 2 min, (2) initial dena-
turation at 95°C for 10 min, (3) denaturation at 95°C for
15 s, (4) annealing at 60°C for 30 s and (5) extension at
60°C for 1 min. Steps 3-5 were repeated for 40 cycles.
Non-template control (NTC) reactions were also performed

in triplicates for each pair of primers, and two biological
repeats were used in all experiments. To verify that only a
single PCR product was generated for the amplified tran-
script, the multicomponent data for each sample was sub-
sequently analyzed using Dissociation Curve 1.0 (Applied
Biosystems, USA). The relative gene expression levels
were obtained by relative quantification (RQ) according to
the 272" method [21]. A non-parametric z-test was per-
formed in order to compare the expression level of each
gene at each different stage of seed development.

Results
EST library construction

‘Bico-de-Pato’ is an accession of B. orellana that produces
a high number of capsules per inflorescence and seeds per
capsules. The bixin content per seed is >2.8% [22]. The
standard EST library was designed to represent the main
characteristics of interest in this study, namely seed yield
and color. The library covered all pivotal developmental
stages of the seeds. This strategy was planned to obtain the
widest representation of the B. orellana seed transcriptome,
in order to make the identification of genes of agronomic
interest easier. The library contained an estimated insert
size distribution ranging from 500 to 2000 bp (data not
shown).

EST sequencing and clustering

A total number of 792 clones were sequenced. After low
quality and vector trimming of raw sequences, 651
sequences larger than 100 bp were assembled into 82
contigs containing from 2 to 58 sequences each; 42
sequences were singlets. About 87% of contigs had less
than 10 ESTs, and 29 of these had only two sequences.
Twelve percent of the contigs had 10 to 25 sequences and
only 1% had 58 sequences (ESM Fig. S1). The sample size
of the final unigene set resulting from the assembling step
was 124 sequences. About 68% of the ESTs were between
300 and 599 pb (ESM Fig. S2). Only 3% of the ESTs were
smaller than 200 bp. The rate of redundancy calculated as
[1-(number of unigenes/number of ESTs)] x 100 was
~81%.

EST annotation and functional classification

Gene Ontology (GO) annotation of ESTs was performed
with BLAST2GO software (http://blast2go.bioinfo.cipf.es/)
[16], which assigns GO annotations through a three-step
procedure: BLAST against protein databases, retrieval of
all GO annotations for a specified number of BLAST hits
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(Mapping), and GO assignment through an evaluated
annotation rule (Annotation). The rate of BLASTX hits
was found to be 649 among 651, ie. 99.7%, with 464
(71.5%) being significant at E < 0.001 (ESM Fig. S3) and
ranging from 1E—4 to 1E—105. More than 80% of the
hits showed E-values higher than 1IE—10 (ESM Fig. S4)
and half of them (45.5%) were between 1E—19 and
1E—10.

About 70% (326) of the ESTs showing a significant hit
were mapped, and 95% (310) of them were later annotated
(ESM Fig. S3). The rate of no-hit (Not blasted) was 2 ESTs
(0.3%), the absence of GO annotation (No mapping)
accounted for 138 ESTs (29.7%), and the sequence that did
not fulfill quality parameters of trustable annotation (Not
annotated) accounted for 16 ESTs (4.9%). From the
sequences with a significant BLAST hit without GO term
assignment, 6.4% were hypothetical (1.3%) or predicted
proteins (5.1%), indicating the uncertainty in the functional
characterization of the hit sequences.

A total of 651 ESTs were annotated with 1167 terms,
distributed among the main Gene Ontology categories:
Biological Process (47.5%), Molecular Function (79%) and
Cellular Component (52.8%). There were 189 (29%)
sequences annotated in all three GO categories, and 55
(8.4%) had at least two annotations. The most expressive
defined categories in Biological Processes were related to
proline hydroxylation (60 ESTs; 9.2%), regulation of tran-
scription (49 ESTs; 7.5%), translation and post-translational
modifications (48 ESTs; 7.4%), defense response (43 ESTs,
6.6%), response to biotic and abiotic stimulus (28 ESTs;
4.3%), ribosome biogenesis (22 ESTs, 3.4%), biosynthesis
of fatty acids (19 ESTs, 2.9%), and oxidation reduction (14
ESTs, 2.2%) (Table 1). Other processes represented inclu-
ded hydrogen peroxide catabolic process (8 ESTs, 1.2%),
photosynthesis and light harvest (5 ESTs, 0.8%), and aer-
obic respiration (4 ESTs, 0.6%).

The Molecular Function describes the biochemical
activity carried out by the gene product. Some of the most
expressive categories included iron ion binding (68 ESTs,
10.4%), oxidoreductase activity (61 ESTs, 9.4%), protein
binding (46 ESTs, 7.1%), and transcription factor activity
(43 ESTs, 6.6%) (Table 2).

Abundant genes in the EST library

The most frequent transcripts of the cDNA library are
shown in Table 3. They are about 43% of the total number
of annotated ESTs. Transcripts frequently found in the
library were associated to genes from (i) cell wall (prolyl 4-
hydroxylase), fatty acid (acyl carrier protein), and hor-
mone/flavonoid (20G-Fe oxygenase family) synthesis, (ii)
germination (MADS FLC-like protein 3) and embryo
development (AP2/ERF transcription factor) regulation,

@ Springer

Table 1 Functional classification according to the category of Bio-
logical Process in GO

Biological Process Number Fraction
of ESTs of ESTs (%)
Peptidyl-proline hydroxylation 60 9.2
to 4-hydroxy-L-proline
Regulation of transcription 49 7.5
Translation and post-translational 48 7.4
protein modification
Defense response 43 6.6
Response to biotic and abiotic 28 43
stimulus
Ribosome biogenesis 22 34
Fatty acid biosynthetic process 19 29
Oxidation reduction 14 2.2
Hydrogen peroxide catabolic process 8 1.2
tRNA aminoacylation for 6 0.9
protein translation
Xenobiotic metabolic process 6 0.9
Photosynthesis, ligth harvesting 5 0.8
Aerobic respiration 4 0.6
Copper ion transport 4 0.6
Mitocondrial electron transport, 4 0.6
cytochrome ¢ to oxygen
Protein-chromophore linkage 4 0.6
Cytolysis 3 0.5
Transcription 3 0.5
DNA replication and repair 2 0.3
Intracellular protein transport 2 0.3
Superoxide metabolic process 2 0.3
ATP synthesis coupled proton 1 0.2
transport
Glutamine biosynthetic process 1 0.2
Lignin biosynthetic process 1 0.2
Lipid metabolic process 1 0.2
Nitrogen fixation 1 0.2
Pathogenesis 1 0.2
Proteolysis 1 0.2
Regulation of protein metabolic 1 0.2
process
Transport 1 0.2
Tricarboxylic acid cycle 1 0.2

(iii) photosynthesis (chlorophyll a-b binding protein), (iv)
cell elongation (MAP65-1a) and (v) stress and defense
responses (metallothionein- and thaumatin-like proteins).
For example, prolyl 4-hydroxylase displayed a redundancy
of 60 ESTs (9.2%). The highest redundancy was 97 ESTs
(14.9%) and was observed for the function “protein”,
which in most cases did not match any known protein motif
by InterProScan analysis. The functions of these proteins
still need clarification.
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Table 2 Functional classification according to the category Molec-
ular Function in GO

Molecular Function Number of Fraction of

ESTs ESTs (%)
Iron ion binding 68 10.4
Oxidoreductase activity 61 9.4
Protein binding 46 7.1
Transcription factor activity 43 6.6
Structural constituent of ribosome 26 4.0
Cofactor binding 19 2.9
Phosphopantetheine binding 19 29
Acyl carrier activity 19 29
ATP binding 10 1.5
DNA binding 10 1.5
Catalase activity 8 1.2
Metal ion binding 8 1.2
Aminoacyl-tRNA ligase activity 6 0.9
Translation initiation factor activity 6 0.9
Sequence-specific DNA binding 4 0.6
Chlorophyll binding 4 0.6
Copper ion transmembrane 4 0.6
transporter activity
Cytochrome-c oxidase activity 4 0.6
Magnesium ion binding 4 0.6
RNA binding 3 0.5
Zinc ion binding 3 0.5
Helicase acitivity 2 0.3
Nucleic acid binding 2 0.3
Superoxide dismutase activity 2 0.3
Acyltransferase activity 1 0.2
Caffeate O-methyltransferase 1 0.2
activity
Carotenoid-cleavage dioxigenase 1 0.2
4b activity
DNA ligase (ATP) activity 1 0.2
Glutamate-ammonia ligase activity 1 0.2
GTP binding 1 0.2
Heat shock protein binding 1 0.2
Hydrogen ion transporting 1 0.2
ATP synthase activity
Hydrolase activity, acting on ester 1 0.2
bonds
Isocitrate dehydrogenase 1 0.2
(NAD+) activity
Peptide binding 1 0.2
Peptidyl-prolyl cis-trans isomerase 1 0.2
activity
Protein dimerization activity 1 0.2
Protein serine/threonine kinase activity 1 0.2
Protein transmembrane transporter 1 0.2
activity
Proton-transporting ATPase activity 1 0.2

Table 2 continued

Molecular Function Number of Fraction of

ESTs ESTs (%)
RNA polymerase II transcription 1 0.2
factor activity
Serine-type peptidase activity 1 0.2
Signal peptidase activity 1 0.2
Small conjugating protein 1 0.2
ligase activity
Sulfotransferase activity 1 0.2
Transporter activity 1 0.2
tRNA binding 1 0.2

Table 3 Protein functions and EST frequencies in the cDNA library
of seeds from Bixa orellana

Putative function EST E-value
sequences (%)

Protein 97 (14.9%) 2.56E—34

Prolyl 4-hydroxylase 60 (9.2%) 6.74AE—47

60 s ribosomal protein 138 25 (3.8%) 5.44E—16

Acyl carrier protein 18 (2.8%) 5.25E—-08

MADS FLC-like protein 3 10 (1.5%) 7.92E—07

20G-Fe oxygenase family protein 9 (1.4%) 2.12E—45

Chloroplast initiation factor 3 6 (0.9%) 8.36E—11

Microtubule-associated protein 6 (0.9%) 2.53E-55
MAP65-1a

AP2/ERF domain-containing 5 (0.8%) 1.91E-07
transcription factor

Chlorophyll a-b binding protein 5 (0.8%) 5.02E-09

Conserved hypothetical protein 5 (0.8%) 8.43E—07
[Ricinus communis]

Metallothionein-like protein 5 (0.8%) 2.89E—17

Pathogenesis-related thaumatin-like 5 (0.8%) 2.27E—84
protein

Thaumatin-like protein 5 (0.8%) 2.81E—85

Zf-hd protein dimerisation region 5 (0.8%) 9.95E—19
containing protein

Copper transporter 4 (0.6%) 3.85E—38

Cytochrome ¢ oxidase subunit vb 4 (0.6%) 9.31E—49

Predicted protein [Populus trichocarpa] 4 (0.6%) 6.64E—20

Total 278 (42.8%)

Genes related to metabolic pathways

To identify the B. orellana sequences that putatively
encode for structural enzymes of metabolic pathways, the
Enzyme Commission (EC) numbers of the predicted pro-
teins were determined. This analysis indicated the occur-
rence of three main classes of enzymes: oxidoreductases
(EC:1) (74 ESTs), transferases (EC:2) (101 ESTs) and
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Fig. 2 EC classes detected among the ESTs from the cDNA library

hydrolases (EC:3) (34 ESTs) (Fig. 2). Based on the EC
number, it was possible to characterize each putative
enzyme coded by an EST sequence, defining to which
metabolic pathway it belongs. EC numbers allowed the
assignment of 16 metabolic pathways, including those
related to seed yield (nitrogen metabolism) and synthesis of
secondary metabolites (flavonoids, phenylpropanoids,
alkaloids, and terpenoids) (Table 4).

Analysis of genes related to secondary metabolism

Two candidate genes of the bixin biosynthetic pathway
included in the EST collection were selected and further

analyzed: (i) a carotenoid-cleavage dioxygenase (CCD) that
belongs to a rapidly growing family that cleaves carotenes
and xanthophylls to apocarotenoids and (ii) a caffeate
O-methyltransferase, which is a member of the distinct
family of O-methyltransferases (OMTs) involved in the
transfer of methyl groups from S-adenosyl-L-methionine to
hydroxyl or carboxyl groups of a wide range of acceptor
molecules to generate methyl ether derivatives and that
includes lignin, flavonoids, caffeine, bixin and floral scent
components.

Multiple alignments of plant CCD and OMT sequences
were performed with ClustalW, and dendrograms were
constructed with the Neighbor Joining method. The den-
drogram of 19 plant CCDs (Fig. 3a) shows that the BoCCD
analyzed is closely related to the members of the CCD
subclass 4 (CCD4), which includes enzymes involved in
the cleavage of f-carotene (CmCCD4b and MdCCD4),
lycopene (BoLCD), and zeaxanthin (CsZCD). Considering
the dendrogram of nine plant OMTs (Fig. 3b), that
of B. orellana (BoOMT) was grouped together with the
caffeic acid 3-O-methyltransferase (EgCOMT) from
Eucalyptus gunnii, as a sister clade of 3’ flavonoid
O-methyltransferase (CaFOMT) from Chrysosplenium
americanum and caffeic acid O-methyltransferases 1
(RcOMT1) and 2 (RcOMT?2) from Rosa chinensis. This
shows that BoOMT is a member of the caffeic acid
O-methyltransferase family.

Table 4 Metabolic pathways
assigned by the Enzyme
Comission (EC) number

Pathway

Nitrogen metabolism
Peptidoglycan biosynthesis

Arginine and proline metabolism

Alanine, aspartate and glutamate metabolism

Flavonoid biosynthesis

Biosynthesis of phenylpropanoids

Biosynthesis of alkaloids derived from

shikimate pathway

Biosynthesis of alkaloids derived from

terpenoid and polyketide

Biosynthesis of alkaloids derived from

histidine and purine

Biosynthesis of alkaloids derived from
ornithine, lysine and nicotinic acid

Biosynthesis of terpenoids and steroids

Tryptophan metabolism
Photosynthesis
Oxidative phosphorylation

Biosynthesis of plant hormones
Citrate cycle

Enzyme EC
number
Glutamine synthetase 6.3.1.2
Glutamine synthetase 6.3.1.2
Glutamine synthetase 6.3.1.2
Glutamine synthetase 6.3.1.2
Caffeate O-methyltransferase 2.1.1.68
Caffeate O-methyltransferase 2.1.1.68
Isocitrate dehydrogenase (NAD+) 1.1.1.41
Caffeate O-methyltransferase 2.1.1.68
Isocitrate dehydrogenase (NAD+) 1.1.1.41
Isocitrate dehydrogenase (NAD+-) 1.1.1.41
Isocitrate dehydrogenase (NAD+) 1.1.1.41
Isocitrate dehydrogenase (NAD+-) 1.1.1.41
Isocitrate dehydrogenase (NAD+-) 1.1.1.41
Catalase 1.11.1.6
H™-transporting two-sector ATPase 3.6.3.14
H*-transporting two-sector ATPase 3.6.3.14
Cytochrome-c oxidase 1.9.3.1
Isocitrate dehydrogenase (NAD+) 1.1.1.41
Isocitrate dehydrogenase (NAD+) 1.1.1.41
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To ascertain the importance of both genes in the seed
metabolism of B. orellana, their expression profiles were
also analyzed during the distinct stages of seed develop-
ment by quantitative real-time PCR. We found that BoCCD
and BoOMT were strongly up-regulated during seed
development (Fig. 4). There was a sharp increase in the
mRNA levels of both genes at 42 days after anthesis (daa),
reaching maximum levels at 63 daa. This induction of
expression correlates with the concomitant increase in seed
pigmentation and fruit diameter and length. The expression
level of BoOMT was higher than BoCCD in all the different
stages of seed development.

Discussion

EST sequencing has been used as a valuable tool in
genomic analysis. A number of EST collections from dif-
ferent plant tissues and species are available in public
databases. Searches in these databases are a quick way to
identify, by similarity, genes of potential interest. How-
ever, in the case of B. orellana, there are a limited number
of deposited sequences in public databases. To get a gen-
ome-wide overview of the repertoire of B. orellana genes,
we have constructed a standard non-normalized cDNA
library from developing seeds, covering all their pivotal
developmental stages. A total of 792 independent clones
were randomly selected and sequenced. These cDNA
clones are publicly available from the corresponding author
upon request. Overall, 651 ESTs were obtained, yielding
124 putative unique transcripts. Besides of the high
redundancy (81%) of the library, it was possible to identify
several sequences of interest.

The Gene Ontology annotation of the B. orellana
unigenes was performed with BLAST2GO (B2GO) [16]. It
uses multiple BLAST hits to search for functional anno-
tations and assigns GO terms to the query sequence by
applying an annotation algorithm that considers HSP
length, e-value, percentage of similarity, Evidence Code of
the source annotations and the topology of the Gene
Ontology. This represents an important contribution to the
EST projects, which in the past years used to perform
annotation solely by direct assignment of the GO terms to
the best hit of BLAST searches. The B2G method has
shown to have a high annotation recall and has been used in
other EST projects related to plants [23, 24].

The homology searches performed against different
databases allowed annotation of most of the ESTs, with
72% of them displaying some similarity degree. These
results are in agreement with those obtained in many EST
projects [24-26]. It was observed that 28% of the
sequences did not produce significant hits in the BLASTX
searches. These sequences were in average 414-bp long.

Additional efforts to characterize these sequences did not
yield any success, suggesting that the 185 ESTs of
B. orellana might correspond to Bixa exclusive genes since
there were no significant hits with more than 8.5 million
EST sequences derived from plant species deposited at the
GenBank.

The functional classification according to the GO
vocabulary showed that the genes were distributed among
the three main categories: Biological Process (BP),
Molecular Function (MF) and Cellular Component (CC).
The fact that 79% of the sequences annotated were dis-
tributed in the MF category reveals a major role of this
class of genes in the cellular and biochemical events
occurring during seed development in B. orellana. Tran-
scription factor activity (6.6%), binding (31.5%) and oxi-
doreductase activity contributed together with 47.5% of the
ESTs assigned to this category.

Analysis of the transcripts most frequently found in our
non-normalized cDNA library provided insights about the
main developmental and metabolic processes occurring
during seed development in B. orellana. These transcripts
included those encoding prolyl 4-hydroxylase, acyl carrier,
MADS FLC-like 3, 20G-Fe oxygenase, AP2/ERF tran-
scription factor, chlorophyll a-b binding, MAP65-1a,
metallothionein-like, and thaumatin-like proteins. The
majority of these proteins are the first representatives of their
gene families in B. orellana. Prolyl 4-hydroxylases (P4Hs)
are 2-oxoglutarate dioxygenases that catalyze the hydrox-
ylation of peptidyl prolines, playing an important role in the
synthesis of cell-wall glycoproteins, such as extensins,
hydroxyproline rich glycoproteins (HRGPs), lectins, and
arabinogalactan proteins [27, 28]. These glycoproteins are
involved in various aspects of plant growth and develop-
ment, ranging from wall architecture and assembly to cell
proliferation, cell-to-cell recognition, and cell expansion
[29]. Acyl carrier protein (ACP) is a small acidic protein
involved as an essential co-factor in fatty acid synthesis,
acyl-ACP desaturation and plastidial acyltransferase reac-
tions [30]. This protein contains a phosphopantetheine
prosthetic group that forms a thioester bond with fatty acids,
resulting in activation of the carboxyl carbon of the acyl
group. Fatty acids are widely found as major carbon and
chemical energy reserve in seeds [31]. As a MADS-box
transcription factor (so named for MCMI1, AGAMOUS,
DEFICIENS, and serum-response factor), FLOWERING
LOCUS C (FLC) is a major regulator of flowering and seed
germination responses to seasonal environmental factors
[32]. The increase of MADS FLC expression may prevent
both flowering and dormancy, in a temperature-dependent
process. It has been recently proposed that a high level of
MADS FLC expression during seed maturation would allow
seeds to overcome primary dormancy during imbibition,
most likely following a sequence involving ABA decrease
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followed by GA-promoted germination [32]. 20G-Fe
oxygenase is an oxidoreductase of the 2-oxoglutarate
(20G)-Fe(Il) oxygenase superfamily, which is widespread
in bacteria and eukaryotes [33]. In plants, these enzymes
catalyze different hydroxylation and desaturation steps such
as those involved in the biosynthesis of flavonoids, cathe-
chins, anthocyanidins [34], gibberellins [35] and ethylene
[36]. AP2/ERF proteins are defined by the presence of the
AP2/ERF domain, which consists of about 60-70 amino
acids involved in DNA binding [37]. It has been demon-
strated that the AP2/ERF proteins have important functions
in the transcriptional regulation of a variety of biological
processes, including embryo development [38]. The func-
tional analysis of BABY BOOM (BBM), an AP2/ERF
domain-containing protein of Arabidopsis, showed that it
activates signal transduction pathways leading to the
induction of embryo development from differentiated
somatic cells, thereby acting as a key regulator of embryo
development in plants [38]. MAP65 is a multigene family of
65 kDa microtubule-associated proteins specific to plants
[39]. These proteins are involved in the maintenance of the
spindle midzone, a structure that is formed between daughter
chromatids during anaphase B and is essential to the mitosis
completion [40]. MAP65s were reported to be involved in
cell elongation of bean epicotyls [41] and carrot suspension
cells [39]. Metallothioneins (MTs) are a superfamily of
ubiquitously expressed low molecular mass (6-7 kDa)
cysteine-rich proteins found in a wide range of organisms,
from plants to fungi, with high capacity to form metal-
thiolate clusters with copper, cadmium, zinc, mercury and
silver [42, 43]. Several functional roles have been attributed
to MTs, including heavy metal detoxification, zinc and
copper homeostasis [44, 45], scavenging of reactive oxygen
species [46], regulation of metalloenzymes and transcription
factors [44], and response to stress conditions [47, 48].
Thaumatin-like proteins (TLPs) belong to the Group 5 of the
pathogenesis related (PR-5) family commonly found both in
monocotyledonous and dicotyledonous species [49]. All
members of this PR group are homologous to thaumatin, a
sweet-tasting protein isolated from Thaumatococcus dani-
ellii fruits [50]. They exhibit antifungal activity, which is
correlated with plasma membrane permeabilization [51, 52]
and can also act as protease and reverse transcriptase
inhibitors [53]. TLPs may be part of the complex defensive
system that protects the nutrient-rich seeds of B. orellana
against microbial growth, as reported in chestnut seeds [54].

The investigation of the EC number associated to pre-
dicted proteins revealed that the functions transferases,
oxidoreductases and hydrolases are the three main classes
of enzymes present in B. orellana seeds. These enzymes
were associated to 16 different metabolic pathways related
to both primary and secondary metabolisms (Table 4).
Metabolic pathways involved in seed yield and synthesis of

@ Springer

Fig. 3 Dendrogram analysis of amino acid sequences of plant CCDs p

(a) and OMTs (b). Amino acid sequences were aligned using Clustal
W and a neighbor-joining tree was constructed using a bootstrap of
1000. The GenBank accession numbers for the sequences are as
follows: AtCCDI1 (Arabidopsis thaliana CCD1, NP_191911), AtN-
CED2 (Arabidopsis thaliana NCED2, NP_193569), AtNCED3 (Ara-
bidopsis thaliana NCED3, NP_188062), AtNCED4 (Arabidopsis
thaliana NCED4, NP_193652), AtNCEDS5 (Arabidopsis thaliana
NCEDS5, NP_174302), AtNCEDG6 (Arabidopsis thaliana NCED6,
NP_189064), AtCCD7 (Arabidopsis thaliana NCED7, NP_182026.1),
AtNCEDS (Arabidopsis thaliana NCEDS, NP_195007.2), AtNCED9
(Arabidopsis thaliana NCED9, NP_177960), BoLCD (B. orellana
lycopene cleavage dioxygenase, AJ489277), BonBMT (B. orellana
norbixin methyltransferase, AJ548847), CaFOMT (Chrysosplenium
americanum 3’ flavonoid O-methyltransferase, AAA80579.1),
CaXMT1 (Coffea arabica xanthosine methyltransferase 1,
BAC43756), CaXMT (Coffea arabica xanthosine methyltransferase,
BAB39215), CbSAMT (Clarkia breweri salicylic acid methyltrans-
ferase, AAFO00108), CcCCD4b (Citrus clementina CCD4b,
ABC26012), CmCCD4b (Chrysanthemum x morifolium CCDA4b,
BAF36656), CsZCD (Crocus sativus zeaxanthin cleavage dioxygen-
ase, AJ489276), EgCOMT (Eucalyptus gunnii caffeic acid O-meth-
yltransferase, P46484.1), LsCCD4 (Lactuca sativa CCD4, BAE
72094), MACCD4 (Malus x domestica CCD4, ABY47995), OfCCD4
(Osmanthus fragans CCD4, ABY60887), PSNCED4 (Pisum sativum
NCED4, BAC10552), RcOMT1 (Rosa chinensis caffeic acid O-meth-
yltransferase 1, Q8GU25), RcOMT2 (Rosa chinensis caffeic acid
O-methyltransferase 2, BAC78827.1), and RdACCD4 (Rosa x
damascena CCD4, ABY60886)

secondary metabolites, the targets of this study, were
present. For instance, glutamine synthase (GS) catalyzes
the ATP-dependent assimilation of ammonium into gluta-
mine using glutamate as a substrate. This reaction is now
considered to be the major route facilitating the incorpo-
ration of inorganic nitrogen (ammonium) into organic
molecules (e.g., glutamine and glutamate) and, thereby,
controlling plant growth and productivity [55]. In fact,
recent findings demonstrated that GS can control seed
number and seed size in a number of different plant species
[55-58]. This enzyme could play a role in the control of
seed number in ‘Bico-de-Pato’.

The genes related to the synthesis of secondary metab-
olites, CCD (BoCCD) and caffeate O-methyltransferase
(BoOMT), were object of a deeper analysis in the present
study. The dendrogram analysis showed that BoCCD has a
strong similarity to many other CCD4 proteins. CCD4 is a
member of the CCD family, which in A. thaliana has nine
members (CCD1, 4, 7, 8 and NCED?2, 3, 5, 6, and 9) that
are used to name orthologous proteins in other plant spe-
cies. The biological function of CCD4 in plants has been
elucidated only recently. It has been demonstrated that
there are at least two isoforms encoded by CCD4 genes
(CCD4a and CCD4b) [59, 60]. CCD4 of A. thaliana has
been observed to be located in plastoglobules, where it
could play a role in the dark-induced breakdown of
carotenoids [61]. RNA interference (RNAi) showed that
CCD4a from Chrysanthemum X morifolium is involved in
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the white color formation in petals by cleaving carotenoids
into colorless compounds [59]. Crocus sativus CCD4 has
been reported to cleave f-carotene at the 9,10 (9',10)
positions to yield f-ionone [62]. In a comprehensive
analysis involving CCD4 from different plant species, it
has been recently shown that the recombinant proteins oxi-
datively cleave their substrates at the same position (9,10 and
9'.10') but they might have different biochemical and bio-
logical functions as they accept different (apo)-carotenoid

’7 RcOMTI
. L
ReOMT2

substrates and show various expression patterns [60]. Chry-
santhemum x morifolium (CmCCD4a) and Malus x
domestica (MdCCD4) CCD4 accepted the Cyp-carotenoid
p-carotene as substrate, while A. thaliana (AtCCD4) and
Rosa x damascena (RACCD4) CCD4 preferentially
cleaved the Csp-apocarotenoid substrate 8'-apo-f-caroten-
8'-al. CmCCD4a, MdCCD4 and RACCD4 have flower
specific expression patterns, while AtCCD4 is expressed
during petal differentiation and anthesis. Besides its
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Fig. 4 Quantitative RT-PCR analysis of BoCCD and BoOMT
expression in seeds of Bixa orellana at 14, 28, 42, and 63 days after
anthesis (daa). The levels of expression were normalized to the
corresponding value of 18S rRNA. The mRNA accumulation was
normalized according to the expression of BoOOMT at 63 daa. Data are
means = SE of three experimental replicates. ** Significantly dif-
ferent from 14 daa according to Student’s #-test (P < 0.01)

similarity with B. orellana LCD (BoLCD) [63] and Crocus
sativa ZCD (CsZCD) [64], as showed in our dendogram,
CCD4 does not cleave linear carotenoids such as lycopene,
or carotenoids containing hydroxyl group such as zeaxan-
thin [60]. Our data on expression analysis revealed that
BoCCD was significantly induced during seed develop-
ment, which correlated with the massive accumulation of
apocarotenoids accompanying seed maturation [65]. These
results strongly suggest that BoCCD plays a key role in the
accumulation of apocarotenoids by cleaving carotenes and/
or xanthophylls in B. orellana seeds.

BoOMT sequence was found closer to EgCOMT, CaF-
OMT, RcOMT1 and RcOMT?2 than to the B. orellana
norbixin methyltransferase (BonBMT) [63]. The OMTs
form a distinct family in which the caffeic acid OMT
(COMT) and caffeoyl CoA OMT (CCOMT) are the most
studied. COMT methylates caffeic acid/5-hydroxyferulic
acid, whereas CCOMT methylates CoA ester [66]. Both
enzymes are involved in the biosynthesis of lignin, but it
has been reported that a COMT from R. chinensis
(RcOMT1) is highly expressed in floral organs and effi-
ciently methylates eugenol and isoeugenol to yield the
volatile floral scents methyleugenol and isomethyleugenol,
respectively, while RcOMT?2 does not show any particular
tissue specificity and exhibits the highest activity with
caffeic acid [67]. Flavonoid and isoflavonoid OMTs
involved in the biosynthesis of phytoalexins [68, 69], sal-
icylic acid OMT involved in the biosynthesis of floral scent
and methyl salicylate (CbSAMT) [70], norbixin OMT
involved in the biosynthesis of norbixin (BonBMT) [63]
and several OMTs involved in the biosynthesis of caffeine
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(CaXMT) [71, 72] have also been identified and charac-
terized. Due to the high variability in function with mini-
mal sequence divergence, the function of the BoOMT
identified in our EST library remains to be unveiled.
Nevertheless, its up-regulation during seed maturation
provides strong evidence of its involvement in the bio-
synthesis of phenylpropanoid- and/or flavonoid-methylated
derivatives, which are present in mature seeds of B. orell-
ana [2, 5].

In summary, we have characterized a set of ESTs from a
non-normalized cDNA library of B. orellana that provided
information on the genes involved in the main develop-
mental and metabolic processes taking place during seed
maturation. BoCCD and BoOMT, two genes candidate
genes of the bixin biosynthetic pathway included in the EST
collection, were showed to belong to the carotenoid-cleav-
age dioxygenase 4 (CCD4) and caffeic acid O-methyl-
transferase (COMT) families, respectively. The expression
analysis showed that both genes are highly induced during
seed development, which indicates their involvement in the
synthesis of this important carotenoid pigment in seeds of
B. orellana. The functional analysis of these genes is now
underway in order to clarify their precise roles in the syn-
thesis of bixin in B. orellana.
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