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ABSTRACT. A cDNA coding for a putative terpene synthase (Grtps) was isolated from ʻRio Redʼ grapefruit (Citrus paradisi Macf.) mature fruit by differential display RT-PCR and the corresponding full-length cDNA and genomic clone
were subsequently obtained. The isolated cDNA clone was 1644 bp in length encoding a protein of 548 amino acids
with a predicted molecular mass of 64 kDa and of pI 5.38. The genomic clone was 3203 bp in length with 6 introns
and 7 exons. This Grtps appears to be a sesquiterpene synthase based on molecular weight, genomic organization, and
similarity with the other terpene synthases. Both RT-PCR and Northern blot expression analysis indicated that Grtps
is not expressed in immature fruits, roots, or leaves, but only in mature fruits. Southern blot analysis of genomic DNA
demonstrated that Grtps is one of the members in the family of terpene synthases.

Terpenoids are the largest class of natural products, containing
well over 30,000 individual compounds (Buckingham, 1998), and
are present and usually abundant in all phyla, and have diverse
functions in primary metabolism and in ecological interactions
(Trapp and Croteau, 2001). Recently, a family of 40 terpenoid synthase genes was isolated from Arabidopsis thaliana (L.) Heynh.,
which is the largest and most diverse group of TPS gene so far
isolated from one plant species (Aubourg et al., 2002). This large
family may be involved in the production of terpenoids that are
accumulated in small amounts into the plant, released from plant
into the environment, or rapidly metabolized to other substance,
since A. thaliana lacks the anatomic structures associated with
the accumulation of terpenoids (Fäldt et al., 2002). All terpene
synthases are very similar in physical and chemical properties.
Sequence comparison of terpene synthases within and between
subfamilies and characterization of the corresponding enzymes
demonstrated that sequence relatedness allows identification of
members of the three major classes of terpene synthases, monoterpene, sesquiterpene, and diterpene synthases (Bohlmann et
al., 1998). Trapp and Croteau (2001) compared the plant terpene
synthases according to their genomic structure, including intron
number, exon size, and intron position and classified them into
three classes, 12–14 introns (class I), 9 introns (class II), or 6
introns (class III).
The terpenoids, monoterpene(C10), sesquiterpene(C15), and
diterpenes(C20), are derived from the prenyl diphosphate substrates geranyldiphosphate (GPP), farnesyl diphosphate (FPP),
and geranylgeranyl diphosphate (GGPP), respectively, by numerous variations on a common electrophilic reaction mechanism
(Gershenzon and Croteau, 1993). They play numerous functional
roles in primary metabolism and in ecological function for communication or defense (Back and Chappell, 1995; Hahlbrock et
al., 1995; Harborne, 1991). The majority of terpenoids have traditionally been referred to as secondary metabolites or as natural
products. Terpenoid secondary metabolites are abundant in many
essential oils (Lawrence, 1992), resins (Martin et al., 2002), and
floral scents (Dudareva and Pichersky, 2000), and several are
of pharmacological significance, including the monoterpenoid
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dietary anticarcinogen limonene (Crowell and Gould, 1994) and
the terpenoid anticancer drug Taxol (Holmes et al., 1995).
Terpenoid synthases (monoterpene, sesquiterpene, and diterpene synthases) serve to convert the central precursor isopentenyl
diphosphate to the parent skeletons of the various terpene types
(Ramos-Valdivia et al., 1997; Trapp and Croteau, 2001), since
the products of the reactions are most often cyclic the terpene
synthase are also called cyclases. This family of enzymes not
only catalyzes the committed step in the biosynthesis of most
terpenoids but also is largely responsible for the great structural
diversity encountered in this class of natural products (Davis
and Croteau, 2000).
In this paper, we describe the isolation, molecular characterization, and the expression pattern of a putative grapefruit terpene
synthase (Grtps) from juice vesicles of ʻRio Redʼ grapefruit.
Materials and Methods
PLANT MATERIALS. Immature fruits of ≈4.5 cm in diameter
with no color developed, and mature fruits of ≈10 cm that had
the red internal color fully developed were harvested from ʻRio
Redʼ grapefruit tree. Juice vesicles were collected from the
fruits, frozen in liquid nitrogen, and maintained at –80 °C for
future use. Juice vesicles were also collected from mature fruits
of ʻWhite Marshʼ grapefruit and ʻMarrsʼ sweet orange [Citrus
sinensis (L.) Osb.]. Leaves and roots were collected from ʻRio
Redʼ grapefruit, frozen in liquid nitrogen, and maintained at –80
°C for future use.
RNA AND DNA ISOLATION. Total RNA was isolated from
leaves, roots, and juice vesicles of immature and mature fruits
using RNAwiz or ToTally RNA kits (Ambion, Austin, Tex.) following the manufacturerʼs instruction. DNA contamination was
eliminated by a DNAse I RNAse free (Amersham Biosciences,
Piscataway, N.J.) treatment. Genomic DNA was isolated using
plant DNAzol Reagent according to the instruction (Invitrogen,
Carlsbad, Calif.).
DIFFERENTIAL DISPLAY RT-PCR AND ISOLATION OF FULL-LENGTH
CDNA. Differential display RT-PCR experiments were performed
using RNAimage kit (GeneHunter Corp., Nashville) according to
the manufacture instructions, as briefly described. Two hundred
nanograms of total RNA from juice vesicles of immature and
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mature ʻRio Redʼ grapefruit fruits were reverse transcribed using
Omniscript reverse transcriptase (Qiagen, Valencia, Calif.) and
1 µM of either one base anchor primers (HT11A, HT11C, and
HT11G). Aliquots of 2 µL of the obtained cDNA were amplified
using each anchor primers (1 µM) along with 1 µM of either one
of the AP random primers and HotStart Taq DNA polymerase
(Qiagen). PCR products were labeled by α-[33P] dATP and separated in 6% denaturing polyacrylamide sequence gels, Sequagel-6
(National Diagnostic, Atlanta). After separation, the gels were
dried without fixing and exposed to Kodak Biomax MR (Eastman
Kodak Co., Rochester, N.Y.) film at –80°C. Bands from transcripts
up-regulated in mature ʻRio Redʼ grapefruit were reamplified,
validated by reverse northern blot, cloned into PCR-TRAP vector
(GeneHunter Corp.), and sequenced.
RAPID AMPLIFICATION OF CDNA ENDS (RACE) AND ISOLATION OF
GENOMIC CLONE. Full-length Grtps cDNA clones was obtained by
RLM-5´RACE using the GeneRacer Kit (Invitrogen), following
the manufacturers instructions. Briefly, 5 µg of total RNA from
mature ʻRio Redʼ grapefruit was reverse transcribed using the
GeneRacer oligo dT primer and SuperScript II reverse transcriptase (Invitrogen). In subsequent PCRs, a gene-specific reverse
primer (5´-CGTCAAAATGGAACGTGGTCTCCTA-3) was
synthesized based on the sequence of Grtps partial cDNA clone
in combination with the GeneRacer 5´ primer (5´-CGACTGGAGGCACGAGGACACT GA-3´). The RACE-PCR products were
separated on 1.2% agarose gel and cloned into TOPO TA cloning
system (Invitrogen) according to the manufacture instructions.
The genomic clone was obtained by PCR using genomic
DNA as a template and primers flanking the Grtps open reading
frame. Sequencing was performed by primer walking. Similarity
search was performed at the GenBank database using blastn and
blastx, and alignment was performed using ClustalX (European
Bioinformatics Institute, 2004) and boxshade software (Institute
Pasteur, 2004).
NORTHERN BLOT AND REVERSE-TRANSCRIPTION-PCR. Total
RNA (15 µg) from juice vesicles of mature and immature ʻRio
Redʼ grapefruit, and from root and leaves were electrophoresed
on 1.2% agarose/formaldehyde gels and blotted onto nylon
membranes (Hybond N+; Amersham Biosciences). The partial
Grtps clone fragment of 320 bp (includes the 3´UTR plus 162
nucleotides upstream of the stop codon) was radiolabeled by
the Nick-translation method (Invitrogen) and used as a probe.
Hybridization was carried out at 65 °C overnight in a modified
Church buffer (Church and Gilbert, 1984) containing 7% SDS,
0.5 M EDTA, 0.5 M sodium phosphate, and 1% BSA. Blots were
washed twice with 2× SSC, 0.1% SDS for 20 min, 1× SSC,
0.1% SDS for 10 min at 65 °C. Blots were exposed to X-ray film
(Eastman Kodak Co.) with intensifying screen for at –80 °C and
developed accordingly.
For RT-PCR, the first strand cDNA synthesis was performed on
5 µg total RNA from juice vesicles of mature ʻWhite Marshʼ and
ʻRio Redʼ grapefruit, unripe ʻRio Redʼ grapefruit, ʻMarrsʼ sweet
orange, and from leaves and roots of ʻRio Redʼ grapefruit, using
SuperScript II reverse transcriptase (Invitrogen) and Oligo(dT)1218 primer, following the manufacturerʼs instructions. Ethidium
bromide stained-gel was used to verify the integrity and equal
loading. The PCR amplification was performed using 1 unit of
HotStarTaq DNA polymerase (Qiagen) and primers flanking the
open reading frame. The PCR condition for all the samples was
15 min at 95 °C, 2 min at 94 °C, followed by 40 cycles of 30 s
at 94 °C, 30 s at 55 °C, and 2 min at 72 °C, followed by a final
extension of 10 min at 72 °C.
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SOUTHERN HYBRIDIZATION. Genomic DNA (15 µg) was digested
with EcoRI, BamHI, and HindIII, electrophoresed in 0.8% TAEagarose gels, and transferred onto Hybond N+ nylon membrane
(Amersham Biosciences) by alkali blotting (0.4 N NaOH). The
membrane was hybridized with α-[32P] dCTP-labeled Grtps
partial clone (320 bp) and with the Grtps entire coding region
cDNA at 65 °C overnight in a modified Church buffer (Church
and Gilbert, 1984) containing 7% SDS, 0.5 M EDTA, 0.5 M
sodium phosphate, and 1% BSA. Blots were washed twice with
2× SSC, 0.1% SDS for 20 min, 1× SSC, 0.1% SDS for 10 min
at 65 °C and exposed to Biomax MS film (Eastman Kodak Co.)
with intensifying screen at –80 °C.
EXPRESSION OF GRTPS IN ESCHERICHIA COLI. PCR-generated
cDNA encompassing the complete coding sequence of Grtps
was inserted into the cloning site of the protein expression vector pET101/D-TOPO (Invitrogen). The construct pET101/DTOPO-Grtps was introduced into E. coli BL21Star (DE3) cells
and cultured at 37 °C in Luria-Bertani (LB) medium containing
100 µg·mL–1 ampicillin. When the OD600 of the culture reached
0.5–0.8 they were induced by the addition of isopropyl-1-thio-βD-galactopyranoside (IPTG) to a final concentration of 1 mM. The
cultivation was continued and cells were harvested in different
times intervals and suspended in tris-glycine SDS buffer (2×)
(Invitrogen). The proteins were separated by Novex tris-glycine
polyacrylamide gel (Invitrogen) according to the manufacturer
instructions and staining with Coomassie blue. In parallel, lysates
of E. coli cells transformed with pET101/D-TOPO containing no
insert was prepared in the same way and used as the control.
Results and Discussion
ISOLATION AND CHARACTERIZATION OF GRTPS CDNA. Using differential display RT-PCR and reverse northern blot we identified
one fragment of 320 bp expressed uniquely in mature fruit of
ʻRio Redʼ grapefruit, which was cloned and sequenced. Northern blot analysis (Fig. 1) indicated that this partial transcript is
not expressed in immature fruits, leaves or roots of ʻRio Redʼ
grapefruit. Similarity search at the GenBank database revealed
no similarity at the nucleotide level but a high similarity at the
deduced amino acid level with a terpene synthase from Citrus
junos Sieb. ex Tan. We designated it as partial Grtps, for partial
grapefruit terpene synthase cDNA.
To obtain the full-length Grtps cDNA, RLM-5´RACE was
performed as previously described. The full-length Grtps obtained
is composed by 1877 nucleotides, including an open reading frame
(ORF) of 1644 bp (GeneBank accession no. AF411120), encoding a polypeptide of 548 amino acid with a calculated molecular
mass of 64 kDa and a pI of 5.38.
In general terpene synthases encode proteins of 550–850 amino
acids and molecular masses of 50–100 kDa. Monoterpene synthases are in the range of 600–650 amino acids in length and are
smaller than diterpene synthases by ≈210 amino acids, and larger
than sesquiterpene synthases by 50–70 amino acids (Bohlmann
et al., 1998; Chen et al., 1995; Facchini and Chappell, 1992).
The length of the deduced Grtps protein (548 amino acids) and
the predicted molecular weight (64,000) is in the range of other
sesquiterpene synthases.
To verify the expression of the full-length Grtps in different
varieties and organs, we used RT-PCR. RNA was isolated from
mature fruit of ʻWhite Marshʼ and ʻRio Redʼ grapefruit; ʻMarrsʼ
sweet orange; and from immature fruit, leaves, and roots of ʻRio
Redʼ grapefruit. Five micrograms of total RNA was reverse tran455
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Fig. 1. Northern blot analysis of RNA isolated from mature (M), Immature (I)
fruits, roots (R), and leaves (L) of ʻRio Redʼ grapefruit. The blot was hybridized
with Grtps partial clone (320 bp, including part of the far 3´ end of the ORF
plus 3´UTR). Ethidium bromide stained-gel was used to verify the integrity
and equal loading (bottom gel).

Fig. 2. Reverse-transcription-PCR of 5 µg total RNA isolated from ʻWhite Marshʼ
grapefruit mature fruit (W), ʻMarrsʼ sweet orange mature fruit (MO), ʻRio
Redʼ grapefruit mature fruit (M), immature fruit (I), roots (R), and leaves (L),
using primers flanking the Grtps ORF. RNAs were visualized by staining with
ethidium bromide to serve as equal loading controls.

to a terpene synthase (GeneBank accession no. AF 288465) from
the same species. The average identity for the 598 nucleotides of
the six areas was 87.5%. Some of these areas of similarity could
be conserved regions among the citrus terpenoids.
The deduced amino acid sequence for Grtps cDNA shown
high similarity with terpenoid synthases from several plant species. The highest similarity was with a terpene synthase from C.
junos (60% identity, and 75% positives, E = 0.0), followed by a
(E)-beta-farnesene synthase (56% identity, 72% positives, E =
e-171) from the same species, and a (+)-delta-cadinene synthase
from Gossypium arboreum L. (49% identity, 69% positives, E
= e-150). The lowest similarity in a 101 blast hits was with a
terpene synthase from Arabidopsis thaliana (35% identity, 54%
positives, E = 7e-86). In all the 101 blast hits the similarity was
with terpenoid synthases from various plant species.
Figure 4 shows the alignment of Grtps deduced amino acid
sequence, with four other homologous proteins. All homologue
members possessed a number of conserved sequence motifs,
including the highly conserved aspartate-rich motif (DDXXD),
which is found in all terpenoid synthases, and is recognized as
binding site for the divalent metal ion of the substrate diphosphatemetal ion complex (Tarshis et al., 1994). The conserved histidine,
cysteine, and arginine residues, involved in catalysis by terpene

scripted using SuperScript II (Invitrogen) and Oligo(dT)12-18. The
PCR amplification was performed with the same cycling conditions
for all the samples, using HotStarTaq DNA polymerase and primers flanking the Grtps ORF. The reverse primer was anchored at
the stop codon area that is specific for Grtps. Ethidium bromide
stained-gel was used to verify the integrity and equal loading.
The results indicates (Fig. 2) that Grtps is expressed exclusively
in mature fruits and is not specific for the red grapefruit but also
for the white grapefruit, as well as for orange. As seen previously,
no expression was detected in immature fruits, leaves, and roots
of ʻRio Redʼ grapefruit. The main reason to use RT-PCR instead
of Northern blot is that, as will be discussed later, Grtps is part
of a terpene synthase family in citrus and it seems to share many
conserved motifs with others enzymes of the same group, therefore,
using the ORF as probe would cause hybridization to many others terpene synthases in addition to Grtps. We indeed performed
Northern blot, and confirmed this assumption (results not shown).
Additionally, the southern blot using the partial clone as a probe
detected a single gene (Fig. 5a), while using the ORF, detected
several (Fig. 5b). This partial clone includes the 3´ UTR plus 162
nucleotides upstream of the stop codon.
For functional expression, Grtps cDNA was
subcloned into pET101/D-TOPO that employs T7RNA polymerase promoter for direct expression
of the active protein in E. coli BL21 (DE3). Echerichia coli BL21 was cultured, and its expression
induced by IPTG at a final concentration of 1 mM
as described previously. The desired 64-kDa protein
was detected as a single band in the fraction of the
recombinant bacterial cells, while it was absent in
the corresponding fraction from the control E. coli
cells (containing the vector with no Grtps) and in
the noninduced E. coli BL21 (Fig. 3). The amount of
protein produced increased from 2 to 6 h induction as
can be seen by the thickness of the bands produced
in 2, 4, and 6 h.
Similarity search at the GenBank database using blastn for the full-length Grtps cDNA revealed
three areas of similarities, along the ORF, with (E)beta-farnesene synthase (GeneBank accession no.
AF374462) from C. junos. The first area, a stretch
of 212 nucleotide, shown 85% identity; the second
of 115 nucleotides had 81 identity, and the third with Fig. 3. The expression analysis of Grtps in E. coli. Expression of Grtps cDNA in E. coli BL21
(DE3) (pET101/D-TOPO) after IPTG induction at 2, 4, and 6 h. No insert (C) and noninduced
138 nucleotide, 79% identity. There were also six (U) are controls. The 64 kDa for Grtps is marked with arrow, and molecular mass markers are
areas distributed along the Grtps ORF with similarity indicated.
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Fig. 5. Southern blot analysis of Grtps. DNA gel blot of
genomic DNA from ʻRio Redʼ grapefruit (15 µg) digested
with the indicated restriction enzymes, and hybridized with
a radiolabeled Grtps partial clone (a) and with coding region
(b). Molecular mass markers are indicated in kilobases.

Southern blot analysis of Citrus genomic DNA
digested with EcoRI, BamHI, and HindIII enzymes
and hybridized with a probe containing Grtps ORF
revealed a large number of bands, indicating that a
high number of Tps genes are present in the citrus
genome (Fig. 5b). Since the Northern blot analysis
Fig. 4. Alignment of deduced amino acid sequence of Tps cloned from citrus with other terpene
synthase. 1) Citrus paradisi, terpene synthase (AF411120); 2) C. junos, terpene synthase (Fig. 1), using the partial Grtps clone (320 bp, com(AF288465); 3) C. junos, beta-farnesene synthase (AF374462); 4) Lycopersicon hirsutum Dunal, prising the far 3´ end ORF plus 3´UTR) as probe,
sesquiterpene synthase (AF2794); 5) Arabidopsis thaliana, monoterpene synthase (At4g16740). indicated that this gene is specifically expressed
This alignment was created using Clustal X and boxshade. The absolutely conserved aspartate rich in mature fruit, we decided to perform another
region DDXXD of terpene synthases is marked. The conserved histidine, cysteine, and arginine
Southern blot using this fragment as probe, in high
residues are marked with arrows.
stringent conditions. Figure 5a shows the results for
synthases from both angiosperms and gymnosperms (Munck and the Southern blot of genomic DNA digested with EcoRI, BamHI,
Croteau, 1990; Rajaonarivony et al., 1992; Savage et al., 1994, and HindIII and hybridized with the partial Grtps. The results
1995), are present in Grtps. The conserved motif RRx8W, which revealed a single band for each of the enzyme digests, indicating
is the characteristic of most of monoterpene synthases (Aubourg that Grtps is a single-copy gene in the citrus genome.
et al., 2002; Bohlmann et al., 1998), is missing in the Grtps cloned
GENOMIC ORGANIZATION. The genomic clone (3 kb) correspondfrom Citrus (Fig. 4).
ing to Grtps was obtained by PCR amplification using primers
The comparison of Grtps amino acid sequence with sequences flanking the ORF. The intron junctions, mapped by nucleotide
of other terpene synthase indicated that this Grtps cDNA is sequence comparison of the cDNA and the genomic clone, reveled
truncated at the 5´ terminus (Fig. 4), the truncation represents that Grtps gene is structured as seven exon segments interrupted
18 amino acid residues of a presumptive transit peptide region by six introns with a range in size from 91 to 497 bp (Fig. 6).
at the N-terminus of the deduced protein. This peptide is found Trapp and Croteau (2001) classified the terpene synthase genes
in both monoterpene and diterpene synthases and supposedly into three classed (class I, class II, and class III), which appear
it facilitates the import of these nuclear encoded gene products to have evolved sequentially form class I to class III by intron
into plastids, a process that involves cleavage of the pre-proteins loss and loss of the conifer diterpene internal sequence domain.
to the mature active enzyme (Colby et al., 1993; Mau and West, Class I Tps comprise 12–14 introns and 13–15 exons, class II Tps
1994; Vogel et al., 1996). This also supports the assumption that genes comprise 9 introns and 10 exons, and class III Tps genes
Grtps may be a sesquiterpene synthase.
comprise 6 introns and 7 exons. According to this classification the
J. AMER. SOC. HORT. SCI. 130(3):454–458. 2005.
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Fig. 6. Genomic organization of Grtps gene. Black vertical bars represent introns 1–6 (Roman numerals in figure) and are separated by blocks with specified lengths
representing exons 1–7. The conserved aspartate rich region DDXXD of terpene synthases is marked in the fourth exon.

Grtps gene belongs to class III. According to Trapp and Croteau
(2001) this terpene synthase class comprises only angiosperm
monoterpene, sesquiterpene, and diterpene synthases involved
in the secondary metabolism.
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