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Introduction

Croton stellatopilosus (Euphorbiaceae) is a Thai medicinal plant,
formerly known as C. sublyratus (Esser and Chayamarit, 2001).

Abbreviations: DMAPP, dimethylallyl diphosphate; DXP, 1-deoxy-p-xylulose
5-phosphate; dxs, | DXS, 1-deoxy-p-xylulose 5-phosphate synthase; GGOH,

ABSTRACT

1-Deoxy-p-xylulose 5-phosphate synthase (DXS, EC: 4.1.3.37), the first enzyme in the 2C-methyl-
p-erythritol 4-phosphate (MEP) pathway, is known to be responsible for the rate-limiting step of
isoprenoid biosynthesis in Escherichia coli and Arabidopsis thaliana. In this study, the dxs gene from
Croton stellatopilosus, designated csdxs, was cloned from leaf tissue using the rapid amplification of
cDNA ends (RACE) technique. Leaves of C. stellatopilosus contain plaunotol, an acyclic diterpene alcohol.
The csdxs cDNA containing the open reading frame of 2163 base pairs appeared to encode a polypeptide
of 720 amino acids. Analysis of the deduced amino acid sequence revealed that the NH,-terminus of
CSDXS carried a chloroplast transit peptide, a thiamine diphosphate binding site, and a transketolase
motif, which are the important characteristics of DXS enzymes in higher plants. Multiple alignments of
CSDXS with other plant DXSs have indicated that CSDXS has identity ranging between 68% and 89%.
Expression levels of csdxs and genes encoding key enzymes in the plaunotol biosynthetic pathway,
namely 2C-methyl-p-erythritol 4-phosphate synthase (meps) and geranylgeranyl diphosphate synthase
(ggpps), were analysed by measuring transcript levels in leaves of different developmental stages. The
results showed that dxs, meps, and ggpps are all active in young leaves prior to full expansion when
plaunotol is synthesised from the DXP precursor in chloroplasts. The dense presence of chloroplasts and
oil globules in the palisade cells of these leaves support the view that these genes are involved in
plaunotol biosynthesis in chloroplast-containing tissues.

Crown Copyright © 2009 Published by Elsevier GmbH. All rights reserved.

Since 1978, it has been reported that plaunotol isolated from its
leaves has an anti-peptic ulcer activity (Ogiso et al., 1978).
Presently, the leaves of C. stellatopilosus are used as raw materials
for manufacturing an anti-peptic ulcer drug, Kelnac®, which
contains plaunotol as an active ingredient.

Plaunotol is an acyclic diterpene alcohol derived from four
isoprene units. As shown in Fig. 1, one molecule of dimethylallyl
diphosphate (DMAPP) and three molecules of isopentenyl diphos-

geranylgeraniol; ggpps, | GGPP, geranylgeranyl diphosphate; GGPPS, geranylgeranyl
diphosphate synthase; IPP, isopentenyl diphosphate; IspD, 4-diphosphocytidyl-2C-
methyl-p-erythritol synthase; IspG, 1-hydroxy-2-methyl-2-(E)-butenyl 4-dipho-
sphate synthase; meps, | MEPS, 2C-methyl-p-erythritol 4-phosphate synthase; PCR,
polymerase chain reaction; RACE, rapid amplification of cDNA ends; SDS, sodium
dodecyl sulphate
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phate (IPP) are connected by head-to-tail condensation, which is
catalysed by geranylgeranyl diphosphate synthase (GGPPS), yielding
geranylgeranyl diphosphate (GGPP) (Sitthithaworn et al, 2001).
Recently, membrane-bound GGPP phosphatases have been shown
to catalyse the two-step monodephosphorylation of GGPP to form
geranylgeraniol (GGOH) (Nualkaew et al., 2005). For the final step in
plaunotol biosynthesis, GGOH 18-hydroxylase has been reported to
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Fig. 1. Plaunotol biosynthesis via the methylerythritol phosphate pathway.

catalyse the addition of a hydroxyl group at the C-18 position of
GGOH, yielding 18-hydroxygeranylgeraniol or plaunotol (Tansakul and
De-Eknamkul, 1998).

Studies of the organelle localisation of plaunotol in
C. stellatopilosus leaves have suggested that plaunotol accumulates
as oily globules mainly in the palisade cells of the leaves
(Sitthithaworn et al., 2006). These data are also in agreement
with the localisation of the gene encoding the enzyme GGPPS
(Sitthithaworn et al., 2001), and are supported by results showing
a correlation between plaunotol production and chlorophyll
accumulation in the chloroplast (Morimoto and Murai, 1989).

During the past few decades, information on isoprenoid
biosynthesis via the 2C-methyl-p-erythritol 4-phosphate (MEP)
pathway has been uncovered (for a review, see Rohdich et al.,
2003). The initial step begins with the formation of 1-deoxy-
p-xylulose 5-phosphate (DXP) by the condensation of pyruvate
and glyceraldehyde 3-phosphate, which is catalysed by 1-deoxy-
p-xylulose 5-phosphate synthase (DXS) (Sprenger et al., 1997). In
the second step, which is catalysed by 2C-methyl-p-erythritol

4-phosphate synthase (MEPS), DXP is further transformed into
2C-methyl-p-erythritol 4-phosphate (MEP). The formation of MEP
from DXP is synthesised in a single step by the rearrangement of
DXP to an intermediate with a branched carbon skeleton,
2C-methyl-p-erythrose 4-phosphate, followed by a reduction step
using NADPH (Takahashi et al., 1998). The resulting MEP is then
converted into its cyclic diphosphate by the sequential actions
of 4-diphosphocytidyl-2C-methyl-p-erythritol synthase (IspD),
4-diphosphocytidyl-2C-methyl-p-erythritol kinase (IspE), and
2C-methyl-p-erythritol 2,4-cyclodiphosphate synthase (IspF)
(Rohdich et al., 1999; Liittgen et al., 2000; Herz et al., 2000).
2C-methyl-p-erythritol 2,4-cyclodiphosphate is transformed into
IPP and DMAPP via 1-hydroxy-2-methyl-2-(E)-butenyl 4-dipho-
sphate by the sequential actions of 1-hydroxy-2-methyl-2-(E)-
butenyl 4-diphosphate synthase (IspG) and 1-hydroxy-2-methyl-
2-(E)-butenyl 4-diphosphate reductase (IspH) (Hecht et al., 2001;
Altincicek et al., 2001) (Fig. 1). In C. stellatopilosus, the origin of IPP
in the plaunotol pathway has been studied by feeding experiments
using isotopic glucose. Feeding young C. stellatopilosus shoots with
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either [U->C]glucose or [1-'3C]glucose revealed that the IPP
moieties in plaunotol, all originate from the MEP pathway
(Wungsintaweekul and De-Eknamkul, 2005).

In terpenoid biosynthesis, DXS has been reported to be a target
of antimicrobials and herbicides in pathogenic bacteria and plants
(Rohdich et al., 2005). Moreover, DXS has been suggested to be a
regulatory enzyme in isoprenoid biosynthesis, as shown in Coleus
forskolii (Engprasert et al., 2005) and Elaeis guineensis (Khemvong
and Suvachittanont, 2005). In Arabidopsis thaliana, knocking out
DXS causes albino phenotype. That study suggests that DXS plays
a role in chloroplast development (Mandel et al., 1996). Homo-
logous overexpression of both the Escherichia coli dxs and meps
genes has led to increased lycopene production compared with
cells that overexpressed dxs alone (Kim and Keasling, 2001). Thus,
dxs and meps are probably good candidates for metabolic
engineering to increase plaunotol synthesis in C. stellatopilosus.

Recently, we have reported a cDNA clone encoding 2C-methyl-
p-erythritol 4-phosphate synthase (csmeps) from C. stellatopilosus
leaves (Wungsintaweekul et al., 2008). Results obtained from such
studies of the regulatory roles of csdxs and csmeps genes in leaf,
twig, and root tissues of C. stellatopilosus have clearly suggested
that csdxs and csmeps mRNAs are expressed in chloroplast-
containing tissues, where plaunotol accumulates. In this study,
csdxs cDNA was cloned and functionally analysed based on the
deduced amino acid sequence of CSDXS. The expression profiles of
dxs, meps, and ggpps in C. stellatopilosus leaves of different
developmental stages were determined in parallel with plaunotol
contents and cellular organisation, in order to understand the role
of the chloroplast in plaunotol biosynthesis.

Materials and methods
Plant materials

The leaves, shoots, and roots of Croton stellatopilosus Ohba
(Euphorbiaceae) used in this study were obtained from plants
growing in an open field at the Faculty of Pharmacy, Srinakhar-
inwirot University. A voucher specimen was collected and
deposited at the Department of Pharmaceutical Chemistry and
Pharmacognosy, the Faculty of Pharmacy, Srinakharinwirot Uni-
versity.

Cloning of C. stellatopilosus dxs cDNA

Total RNA was isolated from young leaves of 2-year-old
C. stellatopilosus plants using a phenol-sodium dodecyl sulphate
(SDS) procedure and lithium chloride precipitation (Sambrook
et al.,, 1989). Total RNA (10 pg) was reverse-transcribed using the
SuperScript™ 1II reverse transcriptase (Invitrogen, USA) with a
RACE32 primer (Table 1), according to the manufacturer’s
protocol. After RNase H treatment, the resulting single-strand
cDNA mixtures were used as templates for the following
PCR steps.

For core fragment amplifications, sets of degenerate oligonu-
cleotide primers, corresponding to the highly conserved amino
acid sequences of known plant DXSs, were designed and used for
the PCR amplifications (Table 1). The first PCR was performed with
the external set of primers P126S and P434A using Ex-Tag™ DNA
polymerase (Takara, Japan). The PCR program was 95 °C for 5 min,
30 cycles of 95 °C for 1 min, 42 °C for 2 min, and 72 °C for 3 min,
with a final extension at 72 °C for 10 min. The resulting PCR
product was purified with a Suprec™ 02 column (Takara, Japan)
to remove excess primers. Then, nested PCR was performed with
the internal set of primers, P194S and P393A, and the first PCR

Table 1
Primers used in this study.

Primer Sequence (5 —3')
Reverse transcription
RACE32 GACTCGAGTCGACATCGATTTTTTITITITITT
Core fragment
P126S CCICAYAARATHYTIACIGG (™8PHKILTG)
P194S GTIATHGGIGAYGGIGCIATG (?'*VIGDGAM)
P393A GTIACIGCRTTYTGYTCIGCDAT (*4’AEQHAVTF)
P434A GCRAAIARIACIGGIARYTTYTGIA (*37LQKLPVRFA)
3" and 5'-RACE
3'-346S AATCAACTGGGCCAGTCTTGATTCATGT
3/-521S GCGTGCCTTCCTAACATGGTGGTG
5-280A ACCCTTGGCAATCTCTCTTAGTTCTCTT

AP1 CCATCCTAATACGACTCACTATAGGGC
Transcription profile analysis (expected size, bp)

DXS-S GAACTGAAGCAGCTAGCAGAAG (59 2)
DXS-A AACACCCTTGGCAATCTCTC

MEPS-S AATTGGGGTACCATGGCTCTTAATTTG (42 6)
MEPS-A TGCAAGTGCCACCACTTTAAA

GGPPS-S GCGTGTGAACTTGTTGGCGGAG (6 6 8)
GGPPS-A CAATGGAGCCGCCTTCTCAGG

18SRNA-S CAAAGCAAGCCTACGCTCTG (3 00)
18SRNA-A CGCTCCACCAACTAAGAACG

The amino acid sequences corresponding to the core fragment primers are those of
CSDXS.

product was then used as a template under the same PCR
conditions.

The 5 and 3’ ¢cDNA ends were amplified using the rapid
amplification of cDNA ends (RACE) method (Frohman et al., 1998)
with the Marathon™ cDNA amplification kit (BD Bioscience,
Clontech™®). First-strand cDNA was synthesised from total RNA
(10 pg) with the Marathon™ cDNA synthesis primer and avian
myeloblastosis virus (AMV)-reverse transcriptase (Clontech®),
according to the manufacturer’s protocol. Second-strand cDNA
was synthesised from the first-strand cDNA with a second-strand
enzyme cocktail and T4 DNA polymerase. After treatment with
solvent extraction and precipitation, the resultant cDNA was
ligated to the Marathon cDNA adaptor to create adaptor primer
binding sites for amplification of the 5’ and 3’ ends. Sets of specific
primers were synthesised based on the core sequences obtained
(Table 1). The 5 end of cDNA was synthesised with 5-280A and
adaptor primer AP1, and the 3’ end was amplified using the AP1
and 3'-346S primers. Additionally, amplification with AP1 and
3’-521S was performed to complete the 3’ end of the cDNA. All
PCR reactions were performed using Advantage 2 polymerase
(Clontech®). The PCR program was 94 °C for 30 s and 30 cycles of
94 °C for 5 s and 68 °C for 3 min. PCR products were purified using
Wizard® PCR Preps (Promega) and ligated into pT7Blue T-vector
(Novagen). The resulting plasmids were chemically transformed
into Escherichia coli strain DH5o competent cells (Invitrogen).
Transformants were selected on ampicillin LB-agar plates.
Recombinant plasmids were extracted using the GFX Micro
plasmid Prep kit (Amersham Bioscience), cut with Pstl and EcoRl,
and the insertion was analysed by agarose gel electrophoresis.

DNA sequence determination and sequence analysis

DNA fragments were sequenced using a BigDye® Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, USA). After
amplification, the samples were separated in an ABI PRISM®
Applied Biosystems 3700 DNA analyser, equipped with computer
workstation Model 3100, Version 3.7. The nucleotide sequence
obtained in this study was deposited in the EMBL/GenBank/DDBJ
databank with the accession number AB354578. Comparative
analyses of nucleotide sequences and deduced amino acid
sequences were performed using BLAST programs (http://www.
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ncbi.nlm.nih.gov/BLAST/) and DNASIS v3.5 software. Multiple
alignments were conducted using Clustal W (2.0) and BioEdit
v7.0.5.

Semiquantitative RT-PCR

Total RNA was isolated from C. stellatopilosus tissue using
a phenol-SDS procedure and lithium chloride precipitation. First-
strand c¢DNA was synthesised using a clone AMV reverse
transcription kit (Invitrogen). Reverse transcription was per-
formed for 50 min at 42 °C in 20 pL of standard buffer containing
1 puL of 50 uM oligo(dT),e primer, 500 ng of total RNA isolated
from each plant tissue, and 15 units of AMV reverse transcriptase.
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The levels of the dxs, meps, and ggpps transcripts and that of a
housekeeping gene (18S rRNA) were determined in parallel in each
RNA sample, which was isolated from the plant tissue. The primer
sets used to amplify dxs, meps, ggpps, and 18S rRNA are shown in
Table 1. The PCR reactions were performed under the optimal
conditions for each gene. The PCR products were separated by
2.0% (w/v) agarose gel electrophoresis and stained with ethidium
bromide. The band intensities were measured using a Gel Doc
Model 1000 (Bio-Rad, USA) equipped with Molecular Analyst®
software (Windows Software for Bio-Rad’s Image Analysis
Systems, Version 1.4). Expression of the transcripts was calculated
as the ratio of the band intensity of the gene in question and that
of 18S rRNA.

C.stellatopilosus W————DACSDLQKYTSVSPHFPWRTDLLGQSLLRIN ————————————— QAKGKKIHPGG 55
A.annua TQ ——————— RSVTSNQPLIQHCLFGTDLNSSQKPFN---=-=-=-----=--~-~--~ QIVKIISNG 49
A.thaliana S‘FAFPSYIITKG———GLSTDSCKSTSLSSSRSLVTDLPSPCLKPNN —————————————— NSHSNIRIRAK 56
C.annuum GIL RTVAVASDASKPTPLFSEWIHGTDLQFQFHQKLT--=---=--=---=---- -~ QVKKI{SRT 55
H.brasiliensis R----NTISDLQKYSYVSSHFLSRKNPLAQSLHRLN------------- QAKSKRIIPER 55
C.stellatopilosus 126
A.annua KELKQLADELRSDVIFNVSKTGGHLGSSLGVVELT VA
A.thaliana KELKQLEDELRSDVIFNVSKTGGHLGSSLGVVELT 127
C.annuum LKELKQLADELRSDEIFNVSKTGGHLGSSLGVVELT 126
H.brasiliensis 126
C.stellatopilosus 206
A.annua 200
A.thaliana 207
C.annuum APQDEILWDVGHQSYPHKILTGR B 206
H.brasiliensis PODKILWDVGHQSYPHKILTGRRIN 206
HH##HEHHHHH A HHH AR H
C.stellatopilosus R NNVVAVIGDGAMTAGQAYEAMNNAGYLDSDMIVILNDNKQVSLPTATLDGPIPPVGALSSALSRLQSNRPLRELREIm 286
A.annua GTNEVVAEIGDGAMTAGQAYEAMNNAGYLDSDMIVILNDNKQVSLPTANLDGPIPPVGALSSALSRLQSNRPLRELREVA 280
A.thaliana NNVVAVIGDGAMTAGQAYEAMNNAGYLDSDMIVILNDNKQVSLPTATLDGPSPPVGALSSALSRLQSNEELRELREVA 287
C.annuum R NNVEAVIGDGAMTAGQAYEAMNNAGYLDSDMIVILNDNEQVSLPTATLDGP PPVGALSSALSRLQSNRPLRELREVARETS
H.brasiliensis ININNVVAVIGDGAMTAGQAYEAMNNAGYLDSDMIVILNDNKQVSLPTATLDGPIPPVGALSSALSRLOSNRPLRELREVAREIS
C.stellatopilosus KGVTKQIGGOMHELAAKVDEYARGMISIISGSELFEELGLYYIGPVDGHNIRDI\YS T L.KEVKS TKETGPVLIHVVTEKGRGEEIN
A.annua KEVTKQIGGPMHELAAKVDEYARGMISGSGS LFEELGLYYIGPVDGHEIDDL AILKEVKSTKTTGPVLIHVETEKGR 360
A.thaliana KGMTKQIGGPMHELAAKVDEYARGMISGEGSSLFEELGLYYIGPVDGHNIDDL AILKEVKSTETTGPVLIHVVTEKGR 367
C.annuum KGVTKQIGGIFMHELAAKVDEYARGMISGSGS LFEELGLYYIGPVDGHNIDDLISILKEVESTKTTGPVLIHVVTEKGR 366
H.brasiliensis KGVTKINIGGYMHELAAKVDEYARGMISGSGSMLFEELGLYYIGPVDGHNIDDIWAI LKEVKETKTTGPVLIHVVTEKGRGEEIYS
C.stellatopilosus RIee S TOSYTTYFAEALTAEAENYDKDIVATHAAMGGGTGIR 446
A.annua SN TOS Y TTYFAEAL IAEAEMDKRI VETHAAMGGGT 440
A.thaliana TQSYTTYFAEALEAEAEEDKDEVAIHAAMGGGT L 447
C.annuum TQSYTTYFAEALIAEAEMDKDIVATIHAAMGGGT 446
H.brasiliensis 446
C.stellatopilosus pFNe)z\ENDVNIDNeIHe N ez erNR4I)V(0):0:N'apl0)AYs 524
A.annua IAEQHAVTFAAGLACEGLKPFCAIYSSF!QREYDQ 518
A.thaliana IAEQHAVTFAAGLACEGLKPFCAIYSSFMQRAYDQVV. 525
C.annuum IAEQHAVTFAAGLACEGLKPFCATIYSSFMQRAYDQ 524
H.brasiliensis IAEQHAVTFAAGLACEGLKPFCAIYSSFMQRAYDQ 524
*kkkkkkk
C.stellatopilosus 602
A.annua 596
A.thaliana 603
C.annuum 602
H.brasiliensis [ORI.PPGNKGIPIREVGKGR I Ll BERVALLGYGINAVQORSICLANY O
C.stellatopilosus ﬂﬂSLVETPG Y TVADARFCKPLDORLIRSLA 681
A.annua “TIVQERG— ITVADARFCKPLDHSLIRELA1THEVLITVEEGSIGGFGSH 675
A.thaliana MLIZERE - 682
C.annuum 681
H.brasiliensis 681
C.stellatopilosus
A.annua
A.thaliana
C.annuum
H.brasiliensis

Fig. 2. Multiple alignments of the deduced amino acid sequences of DXSs obtained from C. stellatopilosus (this study), Artemisia annua, Arabidopsis thaliana, Capsicum
annuum, and Hevea brasiliensis. The arrowhead denotes the cleavage site of chloroplast transit peptide. # and = indicate the regions corresponding to the putative thiamine
diphosphate-binding site and transketolase motif, respectively. Closed circles denote the catalytic amino acid residues H114, E449, D480, and R557 of the CSDXS protein.
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Quantitative analysis of plaunotol by gas chromatography (GC)

Leaves of different developmental stages (harvested from the
same stem), stems, and roots were collected and used for
plaunotol content determination. The samples were prepared
separately as previously described (Vongchareonsathit and De-
Eknambkul, 1998). Dried samples (2 g) were extracted with 10 mL
of absolute ethanol (Merck, Darmstadt, Germany) under reflux for
1h and filtered. The filtrates were evaporated under reduced
pressure. The residue was dissolved in 2 mL of 50% (v/v) ethanol in
water in the presence of 1.6% (w/v) NaOH solution and gently
heated for 30 min. The mixtures were partitioned with 3 mL of n-
hexane three times. The n-hexane fractions were pooled and
evaporated to dryness. The dried residue was re-dissolved in
0.5 mL of n-hexane, centrifuged, and subjected to a GC system
(Agilent 6850 instrument equipped with an FID detector). The GC
conditions were as follows: HP1 methylsiloxane column (GC-
Hewlett Packard, CA, USA), 30 m x 0.32 mm internal diameter,
0.25-um film thickness, 1.0 mL/min helium flow; splitless
injection; temperature program from 235°C (hold 1 min) to
280 °C (rate 15 °C/min) with a hold of 2.5 min; injector tempera-
ture 220 °C; detector temperature 280 °C; and sample size 1.0 pL.

AAD56390 Artemisia annua [84]

W. Sitthithaworn et al. / Journal of Plant Physiology 167 (2010) 292-300

Plaunotol was eluted at 5.5 min. The peak areas were converted to
the concentration by using a plaunotol calibration curve (linearity
range 0.01-0.5 pg/ulL, with R? of 0.999). Samples were analysed in
triplicate.

Transmission electron microscopy

Shoot and young leaf (leaf no. 3) samples were cut into small
pieces (1.0 x 1.0 mm?), fixed in a solution of 2.5% (v/v) glutaralde-
hyde in 0.1 M phosphate buffer, pH 7.2, kept at 4 °C for 2 h, and then
washed thoroughly with distilled water. After staining with 2% (w/v)
uranyl for 20 min, the tissue samples were transferred into
dehydrating agents as follows: 70%, 80%, and 90% (v/v) ethanol for
5 min, absolute ethanol for 10 min, propylene oxide for 15 min,
mixtures of propylene oxide and epoxy resin (1:1, 1:2) for 2 h each,
and finally epoxy resin for 3 h. The resulting samples were
embedded in liquid paraffin at 70 °C for 16 h. Blocks of specimens
were sectioned at 80- to 90-nm thickness with an ultramicrotome
(RMA, model MT-XL, AZ, USA). The specimens were viewed and
photographed under a JEOL JEM-2010 CX transmission electron
microscope (Tokyo, Japan) at 80 kV.

AB354578 Croton stellatopilosus ~ [100]
‘_:AY502939 Hevea brasiliensis  [89]
AB294698 Hevea brasiliensis [88]
AY315652 Pueraria montana [85]
AJ430047 Medicago truncatula [87]
‘ :078328 Capsicum annuum  [84]
] AF143812 Lycopersicon esculentum [83]
[ NM117647 Arabiopsisthaliana [83]
;DQ4522297 Brassica rapa [83]
L AY583783 Elaeis guineensis [84]
‘_|:NMOO1062059 Oryza sativa [88]
EF507248 Zea mays [82]
AY254390 Andrographis paniculata [84]
DS544911  Physcomitrella patens [80]
[ | EF688331  Picea abies [81]
AY505128 Ginkgo biloba [81]
AF443590 Morinda citrifolia [71]
_| EF688333typell Picea abies [76]
AY505129 Taxusx media [75]

EF043284 Adonis aestivalis varpalestina [69]
AB205044 Chrysanthemum xmorifolium  [75]

AJ429232 Steviarebaudiana [74]

AJ011840 Catharanthus roseus [73]

AY687353 Lycopersicon hirsutum [73]

AJ279019 Narcissus pseudonarcissus [73]

AJ430048 DXS2 Medicago trunculata [73]

AF251020 Tagetes erecta [71]

_|

AY770407  Antirrhinum majus [68]

0.1

AF019383  Mentha x piperita [70]

Fig. 3. Phylogenetic tree analysis of plant DXSs from ClustalW XXL alignments, viewed using TreeView v 1.6.6. Accession numbers are indicated in front of the plant names.

Numbers in brackets indicate the % identity from the PSI-BLAST.
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leaves. (B) Illustrates the relationships of the relative intensities to 18S rRNA.

Results and discussion
Cloning of C. stellatopilosus dxs cDNA

The open reading frame of dxs cDNA encodes a protein of 720
amino acid residues.

Sequence comparison with other plant dxs cDNAs revealed
high levels (68-89%) of identity throughout the entire coding
region (Fig. 2). As shown in Fig. 3, CSDXS has high homology (89%
identity) with DXS from Hevea brasiliensis. Some of these enzymes,
such as the one from Capsicum annuum, have been shown to
belong to the DXS class II (Bouvier et al., 1998). However, sequence
similarity with prokaryotic dxs cDNAs from Mpycobacterium
marinum, Geobacter metallireducens, Rhodobacter sphaeroides, and
E. coli was low (30-50%). The computer program BLAST P (http://
www.ncbi.nlm.nih.gov/BLAST/) suggested that this protein
belonged to the transketolase and dehydrogenase E1 component
family. It contained the consensus sequence for the thiamine
diphosphate (TPP)-binding motif (GDG(X)E(X)4A(X)11NDN,
where X denotes any amino acid) (Hawkins et al., 1989) at
position 216-246. In addition, the consensus sequence for the
transketolase motif (Schenk et al., 1997) has been designated as
DRAGX;sPXD, where X denotes any amino acid. This motif is
located at position 498-532. The catalytic amino acid residues
include H114, E449, D480, and R557, which were previously
identified in E. coli (Sprenger et al., 1997; Lois et al., 1998), Mentha
piperita (Lange et al., 1998), and C. annuum (Bouvier et al., 1998).
The protein has a predicted pl of 6.80 and a calculated molecular
weight of 77,623 Da (http://au.expasy.org/cgi-bin/pi_tool).

The computer program TargetP (www.cbs.dtu.dk/services/
TargetP/), which predicts the subcellular localisation and cleavage
site of a given protein by a computational neural network-based
method (Emanuelsson et al., 1999), predicted that CSDXS would
be localised to chloroplasts. Earlier expression studies with Taxus
canadensis GGPPS in yeast (Schmidt and Gershenzon, 2007)
and spearmint limonene synthase in E. coli (William et al., 1998)
have demonstrated that a high level of heterologous expression
can be achieved upon removal of the plastidial transit sequence at
the N-terminus. It has been suggested that a change in secondary
structure from a beta sheet to a more helical structure marks a
transit peptide cleavage site (von Heijne et al., 1989). Sequence
alignment (Fig. 2) and predicted secondary structures based on
ChloroP v1.1 (Emanuelsson et al., 1999) suggest that the putative
cleavage site is located in the vicinity of Ser-57.

Transcription profile analyses of dxs, meps, and ggpps during
plaunotol biosynthesis

The expression profiles of dxs, meps, and ggpps mRNAs were
relatively similar (Fig. 4). High levels of mRNA transcripts were
first observed in the shoot, and the levels of the transcripts
increased greatly again during leaf development. The highest level
of transcripts detected occurred in young leaves prior to full
expansion, decreasing when the leaves reached full expansion.
Although the mRNA levels in fully expanded leaves were less than
those observed in young leaves, they were higher than the level
found in the root, in which chloroplasts are rarely observed. Thus,


http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ncbi.nlm.nih.gov/BLAST/
http://au.expasy.org/cgi-bin/pi_tool
www.cbs.dtu.dk/services/TargetP/
www.cbs.dtu.dk/services/TargetP/
www.cbs.dtu.dk/services/TargetP/
www.cbs.dtu.dk/services/TargetP/
www.cbs.dtu.dk/services/TargetP/

298 W. Sitthithaworn et al. / Journal of Plant Physiology 167 (2010) 292-300

Fig. 5. Electron micrographs of young leaf (A, C, E) and shoot (B, D, F) samples from C. stellatopilosus. Ch, chloroplast; E, upper epidermis; O, oil globule; P, palisade cells.

it was found that the dxs, meps, and ggpps mRNAs are abundant in
chloroplast-containing tissues. Very low levels of expression in
root tissues were detected, suggesting that the activities of DXS,
MEPS, and GGPPS are required, at least at a basal level, in non-
photosynthetic tissues.

It has been reported that the biosynthesis of plaunotol is
catalysed by the enzymes involved in the plastidial pathway
(Wungsintaweekul and De-Eknambkul, 2005) and that plaunotol
was found to accumulate in chloroplasts (Sitthithaworn et al.,
2006). These reports suggested that plaunotol is actively bio-
synthesised in leaves during plastid differentiation or leaf green-
ing process but not in shoot tissue. To confirm this hypothesis,
shoot and young leaf (leaf no. 3) tissue samples were sectioned to
capture their transmission electron micrographs. In the young leaf
(Figs. 5A, C, E), the layers of palisade cells contained an
enrichment of chloroplasts as well as oil globules. In contrast,
few chloroplasts and no oil globules were observed in the shoot
(Figs. 5B, D, F). These data are in agreement with the plaunotol
contents in those tissues (Table 2). A small amount of plaunotol
has been detected in shoots, where plastid development is
incomplete, although high levels of gene expression have been
observed. This suggests that DXP, MEP, and GGPP synthases in the
shoot may provide DXP, MEP, and GGPP substrates, which are
immediately channelled into the crucial compounds leading to the

Table 2
Plaunotol contents from various organs of C. stellatopilosus.

Sample Plaunotol content® (%w/w) =+ S.D.
st leaf 1.48 +0.08

2nd leaf 1.68 + 0.16

3rd leaf 0.92 +0.17

4th leaf 0.07 +£0.01

5th leaf 0.51 +0.04

Shoot nd.

Stem 0.24 +0.08

Root n.d.

2 Samples were analysed in triplicate.
b n.d.=not determined (concentration <0.002 pug).

plastid development. A remarkably high amount of plaunotol was
detected in young leaves (leaves no. 1-3), while its levels declined
in fully expanded leaves (Table 2, Fig. 4). These results were
consistent with dxs, meps, and ggpps gene-expression patterns in
the leaf tissues and suggested strong induction of dxs, meps, and
ggpps gene expression in leaves at the stage with the highest
rate of plaunotol accumulation. The function of plaunotol in
C. stellatopilosus is unknown, however. The large amount of
plaunotol in young leaves before they reach full expansion may
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be due to the maturity of the chloroplast, and it is presumably
produced for as a defence mechanism, particularly for young
leaves. These genes were slightly expressed in root tissues, where
a small amount of plaunotol accumulated. The low level of gene
expression in non-photosynthetic tissue suggested that these genes
are responsible for plaunotol biosynthesis in the chloroplast.

A strong correlation between plaunotol accumulation and leaf
development has been observed. Plaunotol is restricted to young
leaves prior to full expansion. Thus, it has been suggested that
biosynthesis of plaunotol is highly functional during plastid
development in the leaf greening process. The results are in
agreement with an earlier study of the production of diterpenes in
Scoparia dulcis leaf organ cultures, which revealed that the
concentration of diterpenes increased in parallel with the
differentiation of green leaves (Hayashi et al., 1999). Moreover,
the production of monoterpenes in the oil glands of peppermint
leaves was limited only to young leaves prior to full expansion
(Turner et al., 1998).

A high level of gene expression was also observed in other
plants when a secondary metabolite was biosynthesised. It has
been reported that dxs mRNA levels are highest during the first
stages of peppermint leaf development, preceding the peak of
monoterpene biosynthesis (Lange et al., 1998). In tomato fruit, dxs
induction is associated with the activation of carotenoid biosynth-
esis at the onset of fruit ripening (Lois et al., 2000), while its
expression in young to fully expanded leaves remained constant,
consistent with the fact that no specific isoprenoid product
accumulates at high levels during leaf development.

The results also indicate an unambiguous correlation between
levels of accumulated dxs, meps, and ggpps mRNA in a given tissue
and the plastid isoprenoid requirements of that tissue. Most
plastid isoprenoid products are related to photosynthesis, there-
fore more active gene expression in shoot and leaf tissues
compared with the root should be expected. The relationship
between gene expression and plaunotol biosynthesis during
plastid development indicates that overexpression of dxs, meps,
and ggpps is an attractive goal for metabolic engineering to
increase plaunotol synthesis.
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