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Terpene production in the peel of sweet orange fruits
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Abstract

Terpenoids constitute the largest and most diverse class of natural products. They are important factors for aroma
and flavor, and their synthesis is basically done from two compounds: isopentenyl diphosphate and dimethylallyl
diphosphate. Isopentenyl diphosphate is synthesized through two different pathways, one that occurs in the cyto-
plasm and one in the plastid. With the sequencing of ESTs from citrus, we were able to perform in silico analyses on
the pathways that lead to the synthesis of terpenes as well as on the terpene synthases present in sweet orange.
Moreover, expression analysis using real-time gPCR was performed to verify the expression pattern of a terpene
synthase in plants. The results show that all the pathways for isopentenyl diphosphate are present in citrus and a
high expression of terpene synthases seems to have an important role in the constitution of the essential oils of cit-

rus.
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Introduction

Citriculture plays a fundamental role in Brazilian ag-
ribusiness. The main activity is the production of concen-
trated frozen juice where the State of Sao Paulo is the main
producer, processor, and exporter. It is responsible for an
annual income of around 1.5 billion dollars in exports,
which is not restricted to orange juice since pectin, animal
feed, and essential oils are an important part of these reve-
nues. The essential oil of sweet orange is a byproduct of the
juice production and therefore, makes Brazil the main pro-
ducer in the world.

Plants synthesize a wide range of low molecular
weight compounds that do not show any obvious function
in growth and development, called secondary metabolites.
These metabolites are also called natural products and their
studies led to a current focus on the discovery of new drugs,
antibiotics, insecticides, and herbicides (Croteau et al.,
2000). The natural products can be divided into three differ-
ent groups: alkaloids, phenylpropanoids and phenolic com-
pounds, and terpenoids, which constitute the largest and the
most diverse class. The vast majority of the terpenoids are
classified as secondary metabolites whose functions can be

Send correspondence to Marco Aurélio Takita. Centro APTA Citros
Sylvio Moreira, Instituto Agrondmico de Campinas, Rodovia
Anhanguera km 158, Caixa Postal 4, 13490-970 Cordeirdpolis, SP,
Brazil. E-mail: takita@iac.sp.gov.br.

ecological, providing defense against herbivores or patho-
gens, attracting animals that disperse pollen and seeds, or
inhibiting germination of neighbor plants (Langenheim,
1994; Bouwmeester et al., 1999; Dicke, 1999; Pichersky
and Gershenzon, 2002). The biosynthesis of terpenes is di-
vided into four steps: synthesis of the precursors, isopen-
tenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) through two different pathways; repetitive addi-
tion of the precursors to form a series of homologues of
prenyl diphosphate, which are the immediate precursors of
the different classes of terpenes; elaboration of the terpenes
backbones by the activity of specific synthases; and sec-
ondary enzymatic modification of these backbones that
will give the functional properties and family diversity. The
two pathways responsible for the synthesis of IPP and
DMAPP are known as the acetate-mevalonate pathway and
non-mevalonate pathway and are localized in different cel-
lular compartments: one in the cytoplasm and the other in
plastids, respectively (Adam et al., 1999; Lichtenthaler,
1999). In general, the former leads to the synthesis of some
sesquiterpenes and triterpenes (sterols) while the later is re-
sponsible for the synthesis of monoterpenes, diterpenes,
tetraterpenes (carotenoids) and polyterpenes.

Since several different enzymes participate in the
synthesis of terpene precursors and terpenes, in this work
we analyzed the presence of transcripts for most of these
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enzymes within the expressed sequence tags (EST) dataset
of the CitEST Project, the Brazilian initiative for Citrus
EST sequencing coordinated by the Centro APTA Citros
Sylvio Moreira. First we identified transcripts for all en-
zymes involved in the synthesis of geranyl diphosphate,
farnesyl diphosphate, and geranylgeranyl diphosphate, in
the fruit epicarp of sweet orange. We also identified terpene
synthases within the whole Citrus sinensis CitEST data-
base and evaluated the ones expressed in the pericarpo of
the fruits since this is the major source for essential oil in
citrus. We also confirmed some of the data for the relative
abundance of one terpene synthase in different tissues by
quantitative real time PCR.

Material and Methods

cDNA libraries

EST data were generated in the CitEST Project
(citest.centrodecitricultura.br). The dataset included all the
Citrus sinensis ESTs present in the CitEST databank. For
fruit libraries, the pericarp of fruits measuring 1, 2.5, 5,7, 8,
and 9 cm in diameter was used. In brief, total RNA was ex-
tracted from 1 g of tissue using the TRIzol Reagent
(Invitrogen Corp., Carlbad, CA). Poly A+ RNA was iso-
lated from 0.5 mg of the total RNA using the mRNA Isola-
tion System (Promega Corporation, Madison, WI). The
cDNA libraries were constructed with the SuperScript
Plasmid System with Gateway Technology for cDNA Syn-
thesis and Cloning kit (Invitrogen), which uses a primer
consisting of an oligo (dT) sequence with a NotI restriction
site for the cDNA synthesis together with Sal/l adapters to
directional cloning. The cDNA fragments were cloned into
the pSPORT 1 vector and transformed into E. coli DH5o
cells.

The plasmids DNA was extracted by the boiling
method (Marra et al., 1999). The sequencing reactions were
done using the Big Dye Terminator kit v3 and v3.1 (Ap-
plied Biosystems). Sequencing was carried in ABI 3700
and 3730 automatic DNA analyzers (Applied Biosystems).

The electropherograms obtained from the sequencer
were submitted to the database through a web interface and
stored for analysis.

Searches for sequences in the database and
processing

The search for sequences encoding components of the
terpene biosynthesis pathway was performed using the
tblastn tool (Altschul ez al., 1997). These searches were car-
ried out using sequences from Arabidopsis thaliana that en-
code the different proteins of the terpene biosynthesis
pathways available in GenBank (Table 1). For assembly,
the sequences were clusterized by the local ongoing project
manager “Gene Projects,” a tool available in CitEST that
allows searching, clustering, and analysis of reads and the
formed contigs. Clusters that did not show similarity to en-
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Table 1 - Enzymes of Arabidosis thaliana used for the search of the
CitEST database. The enzymes listed in the first column were searched in
the CitEST database using the genes of Arabidopsis thaliana, listed in the
last column. In column 2 are listed the EC numbers for each enzyme
obtained from KEGG.

Name EC A. thaliana
number accession
number
acetoacetyl CoA thiolase 2.3.19 At5g48230
At5g47720
hydroxymethylglutaryl-CoA synthase 2.3.3.10 At4g11820
hydroxymethylglutaryl-CoA reductase 1.1.1.34 Atlg76490
At2g17370
mevalonate kinase 2.7.1.36 At5g27450
phosphomevalonate kinase 2.74.2 Atlg31910
diphosphomevalonate decarboxylase 4.1.1.33 At2g38700
At3g54250
1-deoxy-D-xylulose-5-phosphate 22.1.7 At3g21500
synthase Atdgl15560
At5g11380
1-deoxy-D-xylulose-5-phosphate 1.1.1.267 At5g62790
reductoisomerase
2-C-methyl-D-erythritol 4-phosphate 2.7.7.60 At2g02500
cytidylyltransferase
4-(cytidine 2.7.1.148  At2g26930
5’-diphospho)-2-C-methyl-D-erythritol
kinase
2-C-methyl-D-erythritol 4.6.1.12 At1g63970
2,4-cyclodiphosphate synthase
4-hydroxy-3-methylbut-2-en-1-yl 1.17.4.3 At5g60600
diphosphate synthase
4-hydroxy-3-methylbut-2-enyl 1.17.1.2 At4g34350
diphosphate reductase
isopentenyl-diphosphate delta-isomerase 5332 At3g02780
farnesyltranstransferase 2.5.1.29 At2g18620
geranyltranstransferase 2.5.1.10 At3g14530
dimethylallyltranstransferase 2.5.1.1 At3g14550
At3g20160
At3g29430
At3g32040
At4g36810
Atdgl17190
At5g47770

zymes related to the synthesis of terpene were manually
discarded. For identification of the terpene synthases, we
performed searches using keywords like terpene or
terpenoid in a assembly of all the reads from sweet orange
using CAP3 (Huang and Madan, 1999).

Gene expression analysis

RNA was purified from leaves (pool of young leaves
from a 6 months old plant grown in greenhouse), fruit
(pericarp of a fruit of 6 cm in diameter from a plant grown
in the field), flower (one fully developed flower isolated
from a plant grown in the field), bark (pool of tissue from a
6 months old plant grown in the greenhouse) and root (same
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plant used for bark preparation) of sweet orange plants (Cit-
rus sinensis L. Osbeck var. Péra IAC). The plant material
was thoroughly ground in a mortar, the RNA was extracted
using the TRIzol reagent and DNase-treated (DNase I Amp
Grade, Invitrogen) according to the manufacturer’s instruc-
tions. The cDNA was prepared using the M-MLV Reverse
Transcriptase (Invitrogen). Briefly, 5 pug of RNA was
mixed to 150 ng of random hexamers and 10 mM dNTP
mix ina 12 uL reaction. After incubation for 5 min at 65 °C
the RT buffer was added to 1X, DTT to 0.1 M and 20 U of
RNase OUT (Invitrogen). The mixture was incubated for
2 min at 37 °C and 200 U of M-MLYV reverse transcriptase
were added to the reaction. The tube was further incubated
at 25 °C for 10 min and 37 °C for 50 min. The enzyme was
inactivated at 70 °C for 15 min. Eighty nanograms of the
cDNA were used for the real time qPCR assay. One terpene
synthase was selected for primer design using the Primer-
Select software from the Lasergene99 suite (DNASTAR
Inc., Madinson, WI). Ten picomol of the primers (d-limo-
nene-1F TGCATTAATCCCTCAACCTTGGCTACCT,
d-limonene-1R  ATGATTCTGATGGCTGCTCTATTTG
TTGC) were used in real time qPCR analysis run in an ABI
7000 Sequence Detection System (Applied Biosystems,
Foster City, CA). The amplification was done using SYBR
Green PCR Master Mix (Applied Biosystems). After incu-
bation at 50 °C for 2 min and 95 °C for 10 min, we ran 40
amplification cycles of denaturation at 95 °C for 30 s, and
annealing/amplification at 60 °C for 1 min. A dissociation
analysis was performed to detect eventual abnormalities in
the amplifications. As an internal control, a gene encoding
B-tubulin (B-Tubulina-F - GGATCTTGAACCCGGTAC
CA, B-Tubulina-R - ATCAATTCGGCGCCTTC AG) was
used. The relative expression was calculated in the ABI
Prism 7000 SDS software with RQ Study (Applied
Biosystems).

Results

In silico analysis

In plants, IPP is synthesized via two well-known
pathways and isomerized to DMAPP by an enzyme
known as IPP isomerase (E.C. 5.3.3.2). These two com-
pounds are used for the synthesis of geranyl diphosphate,
farnesyl diphosphate and geranylgeranyl diphosphate. In
order to confirm the existence of the components of these
pathways in sweet orange, the CitEST database was
screened for sequences containing similarity to the differ-
ent enzymes that participate in the synthesis of IPP. This
search was done using the tblastn tool and an e-value of
10 as a cut-off. As expected, in this analysis we identi-
fied all enzyme-encoding genes in the peel of sweet or-
ange fruits as shown in Figure 1 A. Three similar enzymes
(farnesyltranstransferase, geranyltranstransferase, and
dimethylallyltranstransferase - E.C.s 2.5.1.1, 2.5.1.10,
and 2.5.1.29) process IPP and DMAPP to produce geranyl
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diphosphate, farnesyl diphosphate and geranylgeranyl
diphosphate. Genes encoding these enzymes were also
found in the CitEST database (Figure 1B).

The actual number of reads varied for each gene. The
highest number of reads identified for a particular enzyme
was 49 for 1-deoxy-D-xylulose-5-phosphate synthase.
These reads produced, after clusterization, 5 contigs and 4
singlets, which also represented the highest number of clus-
ters observed for a particular enzyme.

Production of terpene also depends on the activity of
terpene synthases, enzymes that use geranyl diphosphate,
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Figure 1 - Pathways for the synthesis of terpenes. Scheme of the reactions
that lead to the synthesis of terpenes in plants. The marked enzymes were
found in the CitEST database and the number of reads for each enzyme is
shown close to the EC number, as well as the number of contigs and
singlets obtained after the assembly. A. The two distinct pathways repre-
sented in the specific compartments as they occur. B. IPP and DMAPP are
converted in geranyl diphosphate, farnesyl diphosphate and
geranylgeranyl diphosphate. The first two compounds are formed in both
compartments, the cytoplasm and the plastid, while geranylgeranyl
diphosphate is produced in the plastid.
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farnesyl diphosphate and geranylgeranyl diphosphate as
substrate to produce different terpenes. Monoterpenes are
derived from geranyl diphosphate, sesquiterpenes from
farnesyl diphosphate, and diterpenes from geranylgeranyl
diphosphate by the action of terpene synthases or
cyclases. In a global assembly of all the sweet orange
reads, we were able to find 292 sequence tags obtained
from the peel of fruits that formed 44 clusters with se-
quences related to terpene synthases. These 44 clusters en-
compassed a total of 344 reads (292 from fruit libraries
and 52 from other sweet orange libraries) and were consti-
tuted by 27 contigs and 17 singlets. Eight of these 27
contigs (Cl14, Cl15, Cl17, Cl18, Cl19, CI120, CI22, and
CI25) were composed exclusively of reads from the fruit
libraries. We compared the clusters that had reads from
the fruit libraries with the Swissprot database using the
blastp tool (WU-Blast2 search at EMBL). The obtained
clusters were classified in different classes of enzymes:
E.C.554.99.8,4.2.3.8,4.2.3.9,2.5.1.-,4.2.3.13 and E.C.
4.2.3.20. The last two were the most represented ones in
the database, with 82 and 193 reads respectively (Table 2).
The clusters that showed more than 10 reads were further
analyzed. Since these reads came from libraries prepared
from the peel of sweet orange fruits of different sizes, we
evaluated the expression pattern in the different develop-
mental stages of the fruit. Therefore, we counted the num-
ber of reads from each stage and normalized by 10,000
reads (Figure 2). The clusters 17 and 21 showed an expres-
sion more uniform throughout the development while the
others showed a more concentrated expression in the three
first developmental stages.

We also made a comparison of the number of reads
from libraries prepared from different tissues. In this analy-
sis, we compared the expression pattern of the terpene
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Figure 2 - Gene expression of terpene synthases in fruits. The most ex-
pressed terpene synthases found in fruits were evaluated for their expres-
sion pattern in fruit development. The number of reads for each transcript
was counted for each of the libraries prepared, which represent different
developmental stages. The reads were counted and normalized for 10,000
reads.
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Table 2 - Clusters of terpene synthase genes. The clusters containing reads
from the fruit libraries were analyzed in relation to the number of reads
and their composition as well as to the class of enzyme they encode. EC
42.3.20 is (R)-limonene synthase, EC 4.2.3.13 is (+)-d-cadinene
synthase, EC 5.4.99.8 is cycloartenol synthase, EC 2.5.1.32 is phytoene
synthase, EC 4.2.3.9 is aristolochene synthase and EC 4.2.3.8 is casbene
synthase.

Cluster Nr N fruit ~ Nleaf N flower N bark Enzyme
name libraries libraries library  library

CI12 12 11 1 0 0 EC4.2.3.20
CI3 20 4 16 0 0 EC4.23.13
Cl4 7 3 4 0 0 EC4.23.13
Clo 2 1 1 0 0 EC4.23.13
C17 3 1 2 0 0 EC4.23.13
CI8 3 1 2 0 0 EC5.4.99.8
C19 2 1 1 0 0 EC4.23.13
C110 2 1 0 1 0 EC4.23.20
Cl11 3 2 0 1 0 EC 4.2.3.20
Cl12 4 3 1 0 0 EC 5.4.99.8
Cl13 19 18 1 0 0 EC4.23.13
Cl14 31 31 0 0 0 EC 4.2.3.20
Cl15 2 2 0 0 0 EC4.23.20
Cll6 4 2 1 0 1 EC4.23.13
C17 106 106 0 0 0 EC4.2.3.20
Cl18 2 2 0 0 0 EC4.23.20
C119 4 4 0 0 0 EC2.5.1.32
CI20 3 3 0 0 0 EC 4.2.3.20
CI21 57 47 9 1 0 EC4.23.13
CI22 9 9 0 0 0 EC 4.2.3.20
CI23 3 2 1 0 0 EC 5.4.99.8
CI24 3 1 0 2 0 EC5.4.99.8
CI25 2 2 0 0 0 EC4.2.3.20
CI26 4 1 3 0 0 EC2.5.1.32
CI27 15 14 0 1 0 EC4.23.20
CI28 3 2 1 0 0 EC4.23.13
Cl34 2 1 1 0 0 EC4.23.13
Cl43 1 1 0 0 0 EC 4.2.3.20
Cl44 1 1 0 0 0 EC 5.4.99.8
Cl45 1 1 0 0 0 EC4.23.20
Cl46 1 1 0 0 0 EC4.23.13
Cl47 1 1 0 0 0 EC4.2.3.20
Cl48 1 1 0 0 0 EC4.23.9
Cl149 1 1 0 0 0 EC 4.2.3.20
CI50 1 1 0 0 0 EC 4.2.3.20
CIs1 1 1 0 0 0 EC4.23.13
Cl52 1 1 0 0 0 EC 5.4.99.8
CIs3 1 1 0 0 0 EC4.23.20
Cl54 1 1 0 0 0 EC4.2.3.20
CI55 1 1 0 0 0 EC4.2.3.20
Cl56 1 1 0 0 0 EC4.23.20
C157 1 1 0 0 0 EC4.238
CI58 1 1 0 0 0 EC 4.2.3.20
CI59 1 1 0 0 0 EC 5.4.99.8
Total 344 292 45 6 1

Nr: total number of reads; N fruit libraries: number of reads in the fruit li-
braries; N leaf libraries: number of reads in the leaf libraries; N flower li-
brary: number of reads in the flower library; N bark library: number of
reads in the bark library.
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synthases that were expressed in the fruit with other librar-
ies. The reads were counted, and the expression was nor-
malized by 10,000 reads (Figure 3). Beside the fruits, these
genes were expressed in leaves, flowers and barks. For this
analysis, it is clear that most of these clusters showed higher
expression in fruits but others like CI3 and Cl4 had higher
expression in leaves.

Gene expression analysis

Limonene is the major component of citrus essential
oil. One cluster in particular, CI117, seems to be the most
important for limonene synthesis in fruits because it pre-
sented the highest number of reads besides having a high
expression throughout development. To understand more
about the enzyme responsible for the synthesis of this
terpene, we evaluated the expression pattern of this puta-
tive limonene synthase. Moreover, all the data evaluated
was obtained in silico To confirm the data, it was neces-
sary to take a biological approach. Therefore, we decided
to validate the observations using the quantitative real
time PCR method. Gene-specific primers were used for
the amplification of a particular region of the transcript of
the most expressed limonene synthase. The specificity
was certified by a blastn search against the CitEST data-
base to be unique for the studied genes. The expression
pattern in fruit, leaf, flower, bark, and root (additional to
the in silico studied tissues) of sweet orange cv. Péra was
analyzed in triplicate (Figure 4).

Using fruit as a calibrator, we were able to compare
the expression pattern in the different tissues for the gene
encoding this particular limonene synthase. In this analysis,
we were able to confirm a higher expression of this gene in
fruits as observed in the in silico analysis. It presents an ex-
pression around 4 times higher than flower, the second
most abundant tissue. Detection in root was obtained but at
avery high Ct, demonstrating the low amount of transcripts
present in this tissue.
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Figure 3 - Gene expression of terpene synthases in sweet orange. The
terpene synthases expressed in fruits were analyzed in silico for their ex-
pression in other tissues. The reads were counted and normalized to
10,000 reads.
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Figure 4 - Expression of the limonene synthase in sweet orange. The tis-
sue expression pattern of a putative limonene synthase was evaluated by
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Discussion

Citrus production in Brazil is a major economic activ-
ity. Itaccounts for a gross income of US$ 1.5 billion mainly
because of the production of concentrated juice for exporta-
tion. As a byproduct of this activity, the industry also pro-
duces essential oil obtained from the peel of the fruit. This
oil is the main component of the essential oil exports for
Brazil. Together with oils from other citrus, it accounts for
85% of the exports. Terpenes are the main component of
the citrus essential oil and it is composed mainly of mono
(around 90%) and sesquiterpenes that accumulate espe-
cially in oil glands present in the epicarp. The terpenes that
constitute the essential oil of sweet orange are ¢-pinene,
camphene, sabinene, B-pinene, myrcene, 8-3-carene, d-li-
monene, terpinolene, o-copaene, -elemene, B-caryophyl-
lene, o-cadinene, a-humulene, B-farnesene, valencene, and
d-cadinene. The major terpene by far is d-limonene, which
accounts for almost 95% of the volatile fraction of the oil.

In this work, we evaluated the genes that encode the
components involved in the synthesis of terpenes found in
the fruit of sweet orange.

Synthesis of terpenes relies on two different pathways
that lead to the synthesis of IPP. These two pathways occur
in different compartments, the cytoplasm and the plastid.
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Both of the pathways have enzymes encoded in the nucleus
and their transcripts were present in the libraries construc-
ted for the sweet orange flavedo, as expected. The expres-
sion level of the enzymes was very variable with genes
showing up to 49 transcripts (the 1-deoxy-D-xylulose-5-
phosphate synthase) and genes showing just one, the hydro-
xymethylglutaryl-CoA (HMGQG) reductase. This enzyme is
important in the first stages of fruit development (Narita
and Gruissem, 1989; Cowan et al., 1997; Kato-Emori et al.,
2001; Kobayashi ef al., 2002) when it correlates with cell
division. In later stages of fruit development, this enzyme
does not seem to be active (Narita and Gruissem, 1989;
Cowan et al., 1997; Kato-Emori et al., 2001). Also notice-
able, 1-deoxy-D-xylulose-5-phosphate synthase (DXPS)
was detected as the most expressed gene within the meva-
lonate-independent pathway. That could correlate with the
role of DXPS on catalyzing the first committed step of
isoprenoid (non-mevalonate derived) synthesis within plas-
tids, a pathway responsible for supplying all the required
IPP into the compartment and its partial exportation to the
cytosol (Lichtenthaler, 2000).

Several terpene synthase encoding genes are present
in the citrus genome. Transcripts for terpene synthases
were detected in fruit, leaf, flower, and bark tissues, which
probably reflects the general role of terpenes as pollinator
attracters or repellents against herbivores or pathogens
(Langenheim, 1994; Bouwmeester ef al., 1999; Dicke,
1999; Pichersky and Gershenzon, 2002; Dudareva et al.,
2003). We focused our analysis on the terpene synthases
that were identified in the epicarp of sweet orange fruits
since citrus essential oil is extracted from the flavedo where
they accumulate in specialized secretion cavities (Lucker et
al.,2002). In this analysis, we found 44 clusters containing
reads from the fruit libraries. Most of the 27 contigs that
formed these 44 clusters also had reads from other libraries,
although in a lesser amount. These clusters encoded in their
majority enzymes of E.C. 4.2.3.13 (8-cadinene synthase) or
E.C. 4.2.3.20 (limonene synthase). Most of the reads be-
longed to clusters that showed similarity to limonene syn-
thase. Limonene is the major component of citrus essential
oil and therefore it is not a surprise that genes encoding
these enzymes showed high expression in fruits of sweet
orange. Interestingly, one of the clusters, CI17 is the one
that show the highest number of sequences and in silico
analysis of expression show that this limonene synthase is
expressed quite equally throughout the development of the
fruit in high levels. This could be the form responsible for
most of the limonene synthesized in the fruits of sweet or-
ange. This is also true for CI21, which encodes an enzyme
of E.C. 4.2.3.13. The expression pattern of the other clus-
ters throughout fruit development showed that the terpene
synthases are predominantly expressed at the beginning of
the fruit development. It remains to be seen if this expres-
sion correlates with production of essential oil and terpene
more specifically.
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Our qPCR analysis showed higher expression of the
limonene synthase encoding gene in fruits when compared
to flower, leaf, bark, and root tissues. This result was ex-
pected, since it agreed with our in silico results. The gPCR
results corroborate our EST data, reinforcing the usefulness
of sequencing cDNA stretches on inferring gene expression
patterns when non-normalized libraries are considered
(Ewing et al., 1999). The limonene synthase gene showed
expression in all analyzed tissues, fruit and flower with the
highest levels. This probably reflects the role of terpenes as
an important group of secondary metabolites involved in
fruit and flower aroma (Sharon-Asa ef al., 2003). In agree-
ment with in silico data, expression of the limonene syn-
thase gene was higher in fruit tissue. The second highest
level of gene expression for limonene synthase was de-
tected in flower, but interestingly, not a single sequence tag
was detected within the respective cluster in that tissue in a
previous in silico analysis (Figure 3). This probably can be
explained by the reduced number of sequenced flower-
derived reads in the CitEST Project in comparison to fruit
(there are 5 times more reads for fruits). Moreover, the high
sensitivity of the real time quantitative PCR analysis could
also reveal marked differences that are not observed in less
sensitive methods (Lossos et al., 2004). Another difference
is in relation to the source for the experiments. For the
gPCR study of flowers, a unique flower was used for RNA
extraction while, for the library construction, a pool of
flowers in different developmental stages was utilized. In
Citrus limon, two different limonene synthases were identi-
fied (Lucker et al., 2002). In the CitEST database, there are
many more sequences encoding putative limonene syn-
thases. One possibility is that the clustering was too strin-
gent and some of the sequences should had have been
clustered together. Nevertheless, the high level of expres-
sion of one of these genes can help to explain the reason
why limonene is more than 90% of the terpenes in the com-
position of citrus essential oil (Sawamura et al., 2004; Song
et al., 2000).

Further gene characterization, validation of their ex-
pression and enzyme activity, and elucidation of specific
roles for terpene synthases in terpene production are still in
demand and remain a challenge in generating new informa-
tion and supporting their application for development of
novel technologies in plant breeding, drug discovery, and
in vitro synthesis.
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