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Abstract Hedychium coronarium, a perennial herb
belonging to the family Zingiberaceae, is cultivated as a
garden plant or cut flower as well as for medicine and
aromatic oil. Its flowers emit a fresh and inviting scent,
which is mainly because of monoterpenes present in the
profile of the floral volatiles. However, fragrance produced
as a result of monoterpenes has not been well studied. In
the present study, two novel terpene synthase (TPS) genes
(HcTPS7 and HcTPS8) were isolated to study the biosyn-
thesis of monoterpenes in H. coronarium. In vitro charac-
terization showed that the recombinant HcTPS7 was
capable of generating sabinene as its main product, in
addition to nine sub-products from geranyl diphosphate
(GPP). Recombinant HcTPS8 almost specifically catalyzed
the formation of linalool from GPP, while it converted
farnesyl diphosphate (FPP) to o-bergamotene, cis-o-bi-
sabolene, P-farnesene and other ten sesquiterpenes.
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Subcellular localization experiments revealed that HcTPS7
and HcTPS8 were located in plastids. Real-time PCR
analyses showed that HcTPS7 and HcTPS8 genes were
highly expressed in petals and sepals, but were almost
undetectable in vegetative organs. The changes of their
expression levels in petals were positively correlated with
the emission patterns of sabinene and linalool, respectively,
during flower development. The results indicated that
HcTPS7 and HcTPS8 were involved in the biosynthesis of
sabinene and linalool in H. coronarium flowers. Results on
these two TPSs first characterized from H. coronarium
provide new insights into molecular mechanisms of terpene
biosynthesis in this species and also lay the basis for bio-

technological modification of floral scent profile in
Hedychium.
Keywords Floral fragrance - Sabinene synthase -

Linalool synthase - Terpene biosynthesis -
White ginger lily

Abbreviations
DMAPP Dimethylallyl pyrophosphate
FPP Farnesyl diphosphate

GC-MS  Gas chromatography-mass spectrometry
GFP Green fluorescence protein

GGPP Geranylgeranyl diphosphate

GPP Geranyl diphosphate

1PP Isopentenyl pyrophosphate

LB Luria—Bertani

ORF Open reading frame

PDMS Polydimethylsiloxane

RACE Rapid amplification of cDNA ends
RT-PCR Reverse transcription PCR

TPS Terpene synthase
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Introduction

Floral scent provides an important means of communica-
tion between flowering plants and pollinators during their
long evolution, especially in long-distance communication
(Dudareva and Pichersky 2000). Potential pollinators can
easily locate and identify the scented flowers promoting a
connection between the plants and their pollinators through
special compounds or unique ratios of general compounds
(Raguso 2008). The efficient “attraction and pollination
model”, which increases fertilization rates and reduces
energy consumption by the plants and their pollinators,
improves the plants adaptability to its environment (Pi-
chersky and Dudareva 2007). The anti-microbial or anti-
herbivore activity of volatiles emitted from flowers protects
the vulnerable reproductive organs of plants from their
enemies (Dudareva et al. 2004). Like floral color, longevity
and form, floral fragrance is a significant ornamental
characteristic that enhances the esthetic values of the
ornamental plants (Pichersky and Dudareva 2007).

Floral scent is determined by a complex mixture of low-
molecular weight volatile substances belonging to three
major groups: terpenoids, phenylpropanoids/benzenoids,
and fatty acid derivatives (Vainstein et al. 2001). The
largest class of volatiles is the terpenoids, which is a very
large and structurally diverse group of secondary metabo-
lites. All terpenoids are derived from the five-carbon
compound isopentenyl pyrophosphate (IPP) and its allylic
isomer dimethylallyl pyrophosphate (DMAPP) via two
alternative pathways: the cytosolic mevalonate (MVA)
pathway and the plastidial methylerythritol phosphate
(MEP) pathway (Pichersky et al. 2006). The successive
head-to-tail condensation of IPP and DMAPP by the action
of prenyltransferases generates the direct precursors of
terpenes, GPP and geranylgeranyl diphosphate (GGPP) in
plastids, as well as FPP in cytosol. Thereafter, TPSs con-
vert GPP, FPP and GGPP into structurally diverse mono-
terpenes, sesquiterpenes and diterpenes, respectively (Yu
and Utsumi 2009). TPSs are the primary enzymes in the
terpenoid biosynthetic pathways (Tholl 2006). It is gener-
ally believed that the biosynthesis of monoterpenes and
sesquiterpenes is compartmentalized wherein the mono-
terpene is produced in the plastids where GPP is synthe-
sized, and the sesquiterpene is formed in the cytosol where
FPP is generated. However, metabolic engineering in
Arabidopsis, tobacco and tomato uncovered the existence
of a small FPP pool in plastids and a GPP pool in the
cytosol (Aharoni et al. 2003; Davidovich-Rikanati et al.
2008; Gutensohn et al. 2013; Wu et al. 2006).

So far, some TPSs responsible for the formation of floral
volatile terpenes have been characterized in several orna-
mental plants including Clarkia breweri (Dudareva et al.
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1996; Pichersky et al. 1995), rose (Guterman et al. 2002),
snapdragon (Dudareva et al. 2003; Nagegowda et al. 2008)
and Alstroemeria (Aros et al. 2012) and in the model plant
Arabidopsis (Chen et al. 2003; Tholl et al. 2005). Volatile
terpenes are often released from specific floral tissues at
particular times or developmental stages to attract pollin-
ators (Tholl 2006). However, terpene production is always
correlated with the transcriptional activity of the corre-
sponding 7PS genes. For example, in Arabidopsis, two
flower-specific TPS genes (TPSI1 and TPS21) account for
the formation of almost all sesquiterpenes emitted from
flowers (Tholl et al. 2005). In snapdragon, two nearly
identical TPS genes are responsible for linalool and ner-
olidol biosynthesis in flowers. The expression pattern of
both TPS genes is positively correlated to the emission of
linalool and nerolidol (Nagegowda et al. 2008).

Hedychium coronarium (commonly named as white
ginger lily or butterfly ginger) is a perennial herb that
belongs to the family Zingiberaceae. It is commonly found
in tropical and subtropical regions, such as Southern China,
India, Brazil, and Southeast Asian countries. This herb is
often cultivated as a garden plant or for cut flowers because
of its distinct and highly fragrant flower, and also grown for
medicine and aromatic oil (Wu and Raven 2001). The
blooming of H. coronarium flowers results in the emission
of a large number of volatile compounds, which mainly
consist of the monoterpene linalool, (E)/(Z)-B-ocimene,
1,8-cineole, sabinene, o-thujene, myrcene, o/B-pinene, and
sesquiterpene o-farnesene, B-caryophyllene, as well as
some benzenoids (Baez et al. 2011; Fan et al. 2003, 2007).
The volatile compounds from this herb are more fragrant
than other studied species, such as snapdragon and rose.
Therefore, it is an ideal material to study the formation and
emission of floral scents. However, there has been very
little research on the formation of this fragrance in H.
coronarium. Until now, one TPS gene with unsure function
(Li and Fan 2011) and one FPP synthase gene possibly
related to sesquiterpene synthesis (Lan et al. 2013) have
been reported in H. coronarium. The genes that are
responsible for the biosynthesis of floral volatile compo-
nents are largely unknown. In addition, many species in
Hedychium are of high ornamental values because of their
showy flowers with myriad colors and shapes, or their
fragrances. However, some species with fine ornamental
traits in Hedychium lack the fragrance, such as H. cocci-
neum (Wu and Raven 2001). Therefore, researches on the
formation of floral scent will facilitate the breeding of
scent-related traits in Hedychium. The present study
describes the cloning, biochemical characterization, sub-
cellular localization and expression pattern of two mono-
terpene synthases involved in the formation and emission
of sabinene and linalool in H. coronarium flowers.
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Materials and methods
Plant materials

Hedychium coronarium, H. forrestii, H. coccineum and H.
gardnerianum were grown in the horticulture chamber in
South China Agricultural University under natural light
from April to November, and the materials used in the
experiments were collected in September with ~12-h day
length. Hedychium coronarium flowers for gene expression
and volatiles analysis of different flower developmental
stages bought from a local H. coronarium cut flowers farm.
The cut flowers were immediately cultured in MS liquid
medium after they were brought back to laboratory. They
had the similar flower developmental process with natural
flowers. Arabidopsis thaliana ecotype Col-0 for subcellular
localization experiments was grown in a growth room at
22 °C with 12-h light and 12-h dark cycles.

Reagents and radiochemicals

Unlabeled GPP, FPP and terpenoid standards were pur-
chased from Sigma-Aldrich. [1-*H]-GPP (20 Ci/mmol) and
[1->H]-EPP (20 Ci/mmol) were purchased from American
Radiolabeled Chemicals. All other reagents or solvents
were obtained from Sangon Biotech, Sigma-Aldrich unless
otherwise stated. The enzyme preparations were purchased
from TaKaRa unless otherwise stated.

Cloning of HcTPS7 and HcTPS8 genes

Two putative partial ginger TPS sequences (DY354445 and
DY357133) were found in the ginger-expressed sequence
tag database (http://www.agcol.arizona.edu/cgi-bin/pave/
GT/index.cgi) using a previous cloned H. coronarium TPS
gene as the inquiry sequence in BLAST searches. Total
RNA from H. coronarium flowers for genes cloning was
isolated with RNAiso Plus reagent (TaKaRa) following the
manufacturer’s protocol. To obtain 3’ and 5’ ends of the
two clones, first-strand cDNA synthesis and rapid ampli-
fication of cDNA ends (RACE) were performed using Full
RACE Kit (TaKaRa) according to manufacturer’s intro-
duction. For 3’ RACE, Gene-specific forward primers were
5'-GGAGCTTTGAAACCTGGTTTGATC-3' for HcTPS7
and 5'-CTGCACGTCTCTTTAGGCTTCTC-3' for HcT
PS8. Nested gene-specific primers for second round were
5'"TGAACTGGAGATTCCAGCGATTGCAC-3' for HcT
PS7 and 5'-GGAATGCTGAGTTTGTATGAGGC-3' for
HcTPS8. Based on the sequence information from 3’ end
amplicons, Gene-specific reverse primers for 5 RACE
were 5-TCTTTGTGTCCATCTCCCTAAAAGC-3’ for
HcTPS7 and 5'-AAAGCAGTTTCCTTTTGTTTGTGCG-3'
for HcTPSS. Nested gene-specific reverse primers were

5'-CGTTGAAGTCCAACTTGGCCAACAG-3' for HcTPS7
and 5-CAAGAAGAAGAGGGTTGTCGATGAC-3'. The
full-length cDNAs were amplified using high-fidelity DNA
polymerase KOD-Plus (TOYOBO) following the manufac-
turer’s recommendation. Forward primers were 5'-GGC
ATTAAGTTAAGATGTCTGTCTC-3' for HcTPS7 and
5-TCGGATCATCAGGAAATCCAAGT-3' for HcTPSS.
Reverse primers were 5-TTATTAACGGTTACACGA
GTTCG-3' for HcTPS7 and 5'-GCTGATGGGCGAG
GCTTTATAT-3' for HcTPS8. PCR conditions were as fol-
lows: 94 °C for 2 min, followed by 35 cycles of 98 °C for
15 s, 55 °C for 30 s, 68 °C for 2 min. The product was
ligated into pMD-19 vector after the A base was added on 3’
end by means of Tag DNA polymerase. The resulting plasmid
DNA was sequenced.

Genomic DNA was isolated from the flowers using the
Plant Genomic DNA Kit (TTANGEN). Genomic sequences
of HcTPS7 and HcTPS8 were amplified with primers for
full-length cDNA amplification. The alignment was per-
formed by ClustalX and shaded with GeneDoc. For phy-
logenetic analysis, the tree was constructed with MEGA4
after the amino acid sequences were aligned using
ClustalX.

Heterologous expression of HcTPSs in Escherichia coli

Most monoterpene synthases have an N-terminal transit
peptide that could cause the formation of inclusion body in
bacterial hosts (Williams et al. 1998). So, the open reading
frames (ORFs) excluding the N-terminal transit peptides
(Fig. 1) were amplified by PCR using high-fidelity DNA
polymerase KOD-Plus (TOYOBO) and then cloned into
pET30a vector (Novagen). The truncated HcTPSs were
fused to six C-terminus histidine residues to facilitate
protein purification. The resulting constructs were trans-
formed into E. coli Rosetta (DE3) competent cells (Invit-
rogen). Single positive colonies verified by sequencing
were incubated overnight at 37 °C with shaking at 180 rpm
in Luria—Bertani (LB) liquid medium supplemented with
kanamycin (100 pg/ml) and chloramphenicol (34 pg/ml).
The next day the grown cultures were diluted 1:50 with LB
medium under the same conditions as above until ODgg of
0.4-0.6 was achieved. Cell cultures were inducted with
0.1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) and
then incubated overnight at 16 °C and 180 rpm. The cells
were separated from the medium by centrifugation at
5,000g and 4 °C for 5 min. The pellets were resuspended
in lysis buffer (50 mM NaH,PO,, pH 8.0, 300 mM NaCl,
10 mM imidazole) containing 0.5 mg/ml lysozyme and
1 mM phenylmethanesulfonyl fluoride (PMSF). The
reconstituted pellets were incubated on ice for 20 min. The
cells were then sonicated thirty times (work 3 s with 3 s
intervals for each time) on ice and the clarified lysate was
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HcTPS7 HE S e e L e MSVSLSFAASAEFGFRGGLGGFSRPAEAI ¢LPRIQCHSAEQSQSPLIIE | DDH : 80
HoTPS8 : —=——c-—mme—mce—ee——d MSLLLAPPSYFPFRG----- LRRSTA ¢LRLVKCTADRQSPEAA RR% KEQ : 75
Sp-Sabsl : ~MPLNSLHNLERKPEKAWSTS------— PAARLQASFSLQQE— —-—--EPRQIIJ#E MO QORY : 70
LaLINS I it ININMP------ V PF ¢---SQLH----- 'VDETIi8el) A KKC : 54
McLIS : MCTIISVNHHHVAILSKPKVKLFHTKNK ‘ASINLPWSLSPSS AS PIse SISSKLYTISSAQEE RRSGN EKQ : 97
HcTPS7 GERIK: I(CETN EE] DTIPRGFYASFEDIS--LQF! WDOKG : 178
HcTPS8 : TKYLMLIFKERJIA] CE JASIPRNNIHSSLEEISSTIIFKDGIFHA JKGQ : 174
Sp-SabS1l : VNIQAEIFT R] = JOTIFSSIIHNEHRYFHN - - —— -] JTIJKCS : 164
LaLINS : LTLEGIET KEIFK-G' JHINLiIfYNDHKYFYDSEAEG SNGT : 153
McLIS LEZEEEJST] K -G. SNTIINSIYKIFQNNNSTKVG--2 JHGS : 194
HcTPS7 H —ED: QSQAE:— (HIPKN. EIDE eS—-IFKPG 273
HcTPS8 H IRSDGIF KNI (HIPEN EID'EESD K-—-| 271
Sp-Sabsl : INAN-[/AQ - SIFRE! DlD' eDE D-E] 259
LaLINS H [KH----D! | {SIFOR! Dl_D' \EDGLID-A) 245
McLIS EKTLEIGE 5 EF?EEKISKAGIDG---D] 288
HeTPS7 372
HcTPS8 4 R-DAQT}GNC: 370
Sp-Sabsl : (QRKMAAIIIT: 358
LaLINS QRKVATEIIT : 344
McLIS 1A W VAKE S M P T THLDDVYDIYGTLDELQLEF Tz Vil : 387
HcTPS7 : N GKDL <E D 471
HcTPS8 : N ANNL' E} 469
Sp-Sabsl : I, ANSTDE E} 458
LaLINS : A GSSME;PI E} 444
McLIS : E AKSKEL E) 487
HcTPS7 : KESTMPSIN' O 570
HcTPS8 : RESPANAK! 568
Sp-Sabsl : SL (H 558
LaLINS : S D R 544
McLIS : S (D R 586
HcTPS7 4 eYANADGETQK (M. 593

HcTPS8 : INKYGKADG>TMTQWM: 591

Sp-SabSl : |MeHGVQHSZIHQQLG! 581

LaLINS : IMEN---QSSLQQ 564

McLIS : IYeN---HSOLOHRUA 606

Fig. 1 Alignment of deduced amino acid sequences of HcTPS7 and
HcTPS8 with S. pomifera sabinene synthase (Sp-SabS1, ABH07678),
L. angustifolia linalool synthase (LaLINS, ABB73045) and M. citrata
linalool synthase (McLINS, AAL99381). Amino acid residues shaded
in black, gray and light gray represent 100, 80 and 60 % conserved

collected by centrifugation at 12,000g and 4 °C for 10 min.
The lysate was loaded onto a Ni-NTA His-Bind Resins
(Novagen) to purify His-tagged recombinant protein fol-
lowing manufacture’s introduction. Partially purified pro-
teins were dialyzed twice against a buffer containing
30 mM HEPES (pH 7.5) and 5 mM dithiothreitol (DTT).
Protein concentrations were determined by the Bradford
method (Bradford 1976) using bovine serum albumin as the
standard. Bacterial lysates and purified enzyme samples
were examined on SDS-PAGE stained with Coomassie
brilliant blue. The specific amount of TPS protein was
determined by quantitative comparison of the intensity of
the Coomassie brilliant blue-stained TPS protein band with
those of bovine serum albumin standards.
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identity, respectively. Dashes indicate gaps inserted for optimal
alignment. The conserved RRXgW and DDXXD motifs of monoter-
pene synthases are underlined. Triangle indicates truncation sites of
HcTPS7 and HcTPSS for heterologous expression assay in E. coli

Enzyme assay and production identification

For enzyme characterization, standard assays were per-
formed in a total volume of 100 pl containing buffer
(30 mM HEPES, pH 7.5, 5 mM DTT, 20 mM MgCl,),
20 uM [1-3H]-GPP (50 mCi/mmol) and 1-10 pg partially
purified protein. The mixture was immediately overlaid
with 500 pl hexane and incubated at 30 °C for 20 min. The
reaction was stopped by vigorous mixing and centrifuga-
tion to separate the phase. A volume of 400 pl hexane
containing radioactive reaction products was counted by
liquid scintillation counter (PerkinElmer Tri-carb 2910TR,
efficiency for *H = 62.51 %). Five reaction time points (5,
10, 15, 20 and 30 min), seven temperature levels (22.5, 25,
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27.5, 30, 32.5, 35 and 37.5 °C) and HEPES buffer with
eight pH levels (5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 9.0)
were selected to evaluate enzyme characterization. For the
determination of the metal ion requirement, assays were
performed in buffer with varying concentrations of MgCl,
(0-100 mM) or MnCl, (0-10 mM). For evaluation of the
K., value, different concentrations of GPP were applied in
standard assays in three replications. Calculations of the
K., value and V,,,,x were obtained by hyperbolic regression
of resulting data using SigmaPlot 10.0 (Systat Software).
Controls in all assays were performed under the same
conditions, but using the purified product of the empty
vector or heat-denatured enzyme.

For the identification of reaction products, enzyme
assays were carried out in 5-ml sealed glass vials in a total
volume of 1 ml containing recombinant HcTPS proteins,
unlabeled GPP/FPP (20 uM) and buffer as described above
for standard assays. A polydimethylsiloxane (PDMS, with
50/30 pm divinylbenzene/Carboxen) fiber (Supelco) for
solid-phase microextraction was inserted into the vial to
collect volatiles. The mixture was incubated at 30 °C for
1 h and then at 45 °C for 15 min. After incubation, the
PDMS fiber was injected into a gas chromatography—mass
spectrometry (GC-MS) system for analysis. GC-MS
analyses were performed on Agilent 7890A gas chroma-
tography system coupled with Agilent 5975C mass spec-
trometry detector. The instrument was equipped with an
Agilent DB-5MS capillary column (30 m x 0.25 mm) and
helium as a carrier gas at a constant flow of 1 ml/min. The
oven temperature was initially maintained at 40 °C for
2 min, followed by an increase to 250 °C at a rate of 5 °C/
min, and held at 250 °C for 5 min. The products were
identified by comparing the mass spectra and retention
times with authentic standards or known volatile com-
pounds of H. coronarium, or by comparing mass spectra
with the NIST 08 mass spectra library.

Subcellular localization experiments

The various fragments used for localization experiments
were fused upstream of, and in frame with, green fluores-
cent protein (GFP) in the cloning sites Spe I and Sma I (at
the 5" and 3’ end of both inserts, respectively) of the p35S-
EGFP-1 vector. Sequencing proved that no errors had been
introduced. Arabidopsis protoplasts were isolated and
transformed as described by Sheen (Yoo et al. 2007).
Protoplasts were visualized 16 h after transformation using
Leica TCS SP2 AOBS Spectral Confocal Scanner mounted
on a Leica DM RXA?2 upright fluorescent microscope with
40 x 0.75 numerical aperture objective. GFP fluorescence
was excited at 488 nm and chlorophyll autofluorescence at
543 nm using Ar ion laser and HeNe laser (LASOS
Lasertechnik GmbH), respectively. Triple dichroic filter

(TD) was used to collect fluorescence (500-535 nm for
green and 555-700 nm for red). Images were processed
from optical sections taken along the optical axis and
projected into one image using the Leica LCS 2.61
software.

Validation of reference genes for quantitative real-time
PCR

Total RNA for expression analysis of different tissues was
isolated using an improved hexadecyl trimethyl ammonium
bromide (CTAB) method (Jaakola et al. 2001; Wang and
Zhou 2008). The genomic DNA was digested with DNase |
at 37 °C for 10 min following the manufacturer’s instruc-
tion. Total RNA was then purified using RNA clean kit
(TIANGEN) according to the manufacturer’s protocol.
Total RNA from other samples was isolated as described
above and quantified by spectrophotometry. One micro-
gram of total RNA was reverse transcribed using the
PrimeScript Reverse Transcriptase and oligo (dT);g prim-
ers according to the manufacturer’s instructions. To the
primers for real-time reverse transcription PCR (RT-PCR),
the sequences of reference genes in H. coronarium were
first cloned based on high conservation in plants. Then, the
primers of reference genes were designed with Primer 5.0
software. Real-time RT-PCR was performed in a volume of
20 pl containing SYBR premix ExTaq, cDNA solution,
forward and reverse primers following the manufacturer’s
recommendations, with an iQ5 real-time PCR detection
system (Bio-Rad). The PCR conditions were as follows:
95 °C for 1 min, followed by 40 cycles of 95 °C for 15 s,
55 °C for 30 s, 72 °C for 30 s. The specificity of each
primer pair was verified by agarose gel electrophoresis
analysis and melting curve analysis (60-95 °C). A standard
curve using a dilution series of the cDNA derived from
petals as the template was made to calculate the amplifi-
cation efficiency and correlation coefficient (R?) of each
primer pair. The primer sequences and amplicon charac-
teristics of reference genes are listed in Table 1. The sta-
bility of the potential reference genes was assessed using
geNorm (Vandesompele et al. 2002) and NormFinder
(Andersen et al. 2004) under different experimental
conditions.

Real-time RT-PCR

The primer sequences designed in the 3’ untranslated
region and their amplicon characteristics are listed in
Table 1. The specificity of each primer pair was verified by
agarose gel electrophoresis analysis, melting curve analysis
(60-95 °C) and sequencing of cloned amplicons. Real-time
RT-PCRs were performed as described above. Three
independent amplifications were performed from each
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Table 1 Genes, primer sequences and amplicon characteristics for real-time RT-PCR

Gene Gene name Primer sequences (forward/reverse) Amplicon Amplicon Amplification R?

symbol 5 -3 temperature (°C) length (bp) efficiency (%)

ACTI Actinl GTATGTTGCTATTCAGGCTGTCC  82.80 134 99.4 0.996
GAAGAATGGCATGAGGTAGAGC

ACT2 Actin2 TGGTATTGCCGACCGTATGAG 84.00 110 105.7 0.990
AGCCTCCGATCCACACACTG

UBQ Ubiquitin TGCCGACTACAACATCCAGAAG  86.40 178 93.2 0.997
GACCTTACCAGTTGCGTCATC

GAPPH Glyceraldehyde-3- TAACATCATTCCCAGCAGCACTG 83.20 136 94.8 0.998

phosphate dehydrogenase  GAGCCTGACAGTGAGATCCAC

RPS Ribosomal protein S TTAGTAGCATCGGCTGCAATAAG 80.80 163 94.5 0.994
CTCTTTTGGGAAGACGGTTGAG

HcTPS7 - AGGGTCCTGAACGGGAACAG 84.80 180 97.1 0.995
GAAGTACGTCCAAATGATGGTCG

HcTPSS - ATGTTGAAGACAGTGGCAGTGG  81.20 170 98.5 0.997

AATTTTGAGCACCTGGCCTGTC

sample which comprised at least three biological replicates.
The relative expression levels and standard deviation of
target genes were calculated by iQ5 optical system soft-
ware (Bio-Rad). ACTI or RPS was used to normalize the
relative quantity of target genes under different experi-
mental conditions. The histograms were created using
SigmaPlot 10.0. Analysis of variance was performed by
SPSS software using Dunnett’s T3 test (P = 0.05).

RT-PCR

To compare the gene expressive abundance of HcTPS7 and
HcTPSS8, the RT-PCRs were performed using the primers
for Real-time RT-PCR (Table 1) with the cDNA from the
petals of 48 h. The reaction systems and PCR conditions
were the same as described for Real-time RT-PCR except
24/28 cycles were conducted.

Headspace analysis of floral volatiles

The flower developmental process from squaring stage to
senescence stage was divided into nine stages (Fig. 10a) at
9:00 (sample 0, 24, 48 h), 15:00 (8, 36, 56 h) and 23:00
(16, 40, 64 h), respectively. The whole flower of each stage
was enclosed in a 500-ml glass bottle with the addition of
1.728 pg ethyl caprate as internal standard. After equilib-
rium of volatiles for 30 min, a PDMS fiber was inserted
into the bottle to adsorb volatiles for 30 min. Then, the
fiber was injected into a GC-MS system (Agilent) for
analysis as described above.

The nucleotide sequences reported in this article have
been deposited in the GenBank database under accession
numbers KF765488 (HcTPS7), KF358246 (HcTPSS),
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KJ816318 (ACTI), KI816319 (ACT2), KI816320 (UBQ),
KJ816321 (GAPDH) and KJ816322 (RPS).

Results

Cloning and sequence analysis of TPSs from H.
coronarium

A ginger-expressed sequence tag database was blasted
using a previous cloned 7PS gene (GenBank accession no.

Fig. 2 a Phylogenetic tree of plant terpene synthases based on thep
neighbor-joining method. The copalyl diphosphate synthases were
defined as an out-group when rooting the tree. All the terpene
synthases are classified into seven subfamilies (TPS-a through TPS-
2). In TPS-a and TPS-b subfamilies, the TPSs isolated from monocots
are shadowed in gray and clustered to the disparate clade form dicots
(shadeless). The numbers at each branch indicate bootstrap percent-
ages from 1,000 replicates. The evolutionary distances were com-
puted using the model of Poisson correction. Positions containing
gaps and missing data were eliminated. The scale bar indicates 10 %
sequence divergence. GenBank accession numbers are shown in
Supplementary Table S1. Aa, Artemisia annua; Ap, Alstroemeria
peruviana;, Ag, Abies grandis; Am, Antirrhinum majus; At, Arabi-
dopsis thaliana; Cb, Clarkia breweri; Cj, Citrus junos; Cl, Citrus
limon; Cm, Cucurbita maxima; Cu, Citrus unshiu; Fa, Fragaria x
ananassa; Fh, Freesia hybrid, Ga, Gossypium arboretum; La,
Lavandula angustifolia; Le, Lycopersicon esculentum; Mc, Mentha
citrata; Mp, Mentha x piperita; Nt, Nicotiana tabacum; Ob, Ocimum
basilicum; Os, Oryza sativa; Pa, Picea abies; Pf, Perilla frutescens;
Ps, Picea sitchensis; So, Salvia officinalis; Sp, Salvia pomifera; Vv,
Vitis vinifera; Zm, Zea mays; Zo, Zingiber officinale; Zz, Zingiber
zerumbet. b Genomic organization of HcTPS7 and HcTPSS. The
frames and solid lines represent exons and introns, respectively.
Dashed lines on two sides indicate the 5-UTR (leff) and 3'-UTR
(right). The numerals in the frames and on the lines indicate the
number of nucleotides. Black triangles represent the position of the
DDXXD motif
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IN695016) from H. coronarium to obtain the TPS genes
that could account for the production of terpene com-
pounds identified in H. coronarium flowers. Among several

a

100 Cl y-terpinene synthase

Cl (-)-B-pinene synthase
Cu (E)-B-ocimene synthase
Vv (-)-a-terpineol synthase
Aa (3R)-linalool synthase
Cl (+)-limonene synthase

Le linalool synthase

28

56 Pf myrcene synthase
rI:SO 1,8-cineole synthase
99 La linalool synthase

100

100 Mc linalool synthase

100
90 So (+)-sabinene synthase
Sp sabinene synthase

Ap myrcene synthase

) Fh linalool synthase

63 08 HcTPS7

1 9 HcTPS8

53 Ga (+)-0-cadinene synthase

100

100

Ob (R)-linalool synthase

Ag (E)-o-bisabolene synthase
Pa (E)-o-bisabolene synthase

100

97

0.1

Ag d-selinene synthase
1oo|: Pa (-)-linalool synthase
Ps (-)-linalool synthase
100 Ag (-)-(45)-limonene synthase
szl_E Ag myrcene synthase
99 Ag B-phellandrene synthase
Cb (S)-linalool synthase

Cm ent-kaurene synthase
At ent-kaurene synthase

100

At copalyldiphosphate synthase
4100'_5 Le copalyl diphosphate synthase
f ! 87 Cm copalyl diphosphate synthase

b  HcTPS7

Os linalool synthase

) At linalool synthase
@rolidol synthase 1
81 Am nerolidol/linalool synthase 2

candidate TPS clones,
DY357133 were expressed in the flowers of H. coronari-
um, but not in leaves and rhizomes (data not shown). Next,
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3’ RACE and 5’ RACE were carried out to get the 3’ and 5’
ends of the two genes designated as HcTPS7 and HcTPSS.
The full-length cDNAs of HcTPS7 and HcTPSS8 contained
putative ORFs of 1779 and 1773 bp encoding 593 and 591
amino acid (aa) residues with predicted molecular weights
of 68.5 and 68.4 kDa, respectively. The motif DDXXD,
which is highly conserved in almost all TPSs and is
responsible for metal ion binding and substrate ionization,
is present in the sequences of HcTPS7 and HcTPSS8
(Christianson 2006; Degenhardt et al. 2009) (Fig. 1). Both
sequences also have the N-terminal RRXgW motif essential
for most monoterpene synthases (Degenhardt et al. 2009;
Williams et al. 1998) (Fig. 1).

Alignment of the amino acid sequence revealed that
HcTPS7 and HcTPSS8 share 60 % identity with each other.
However, they exhibit low identity with TPSs from other
species (Fig. 1). For example, HcTPS7 shows 41 %
sequence identity to Salvia pomifera sabinene synthase
(Kampranis et al. 2007), while HcTPS8 shows 41 and 42 %
identity with Mentha citrata linalool synthase (Crowell
et al. 2002) and Lavandula angustifolia linalool synthase
(Landmann et al. 2007), respectively (Fig. 1). Phylogenetic
analysis showed that plant terpene synthases were classi-
fied into seven different subfamilies, designated TPS-a
through TPS-g (Bohlmann et al. 1998; Dudareva et al.
2003; Martin et al. 2004). Both TPSs from H. coronarium
belonged to TPS-b subfamily (Fig. 2a), which predomi-
nantly consists of angiosperm monoterpene synthases.
However, the TPSs of monocots were distinctly clustered
in another clade diverged from the clade of dicots (Fig. 2a).
This divergence also appeared in the TPS-a clade (Fig. 2a)
(Chen et al. 2011a) suggesting that the ancestral mono- and
sesqui-TPSs appear to exist before the split of monocot and
dicot lineages. To examine the genomic structure of
HcTPS7 and HcTPSS, the PCR amplicons of genomic
clones were sequenced and were compared with their
corresponding cDNAs. The two genomic clones containing
six introns and seven exons (Fig. 2b) belonged to the Class
IIT TPS genes, which consist of angiosperm monoterpene,
sesquiterpene, and diterpene synthases genes involved in
secondary metabolism (Trapp and Croteau 2001). The
nucleotide numbers of exons and phases of introns were
also similar to the other Class III TPS genes (Trapp and
Croteau 2001) (Fig. 2b).

Functional characterization of HcTPS7

The coding regions of HcTPSs excluding N-terminal transit
peptides were expressed in E. coli, and their activity was
analyzed in vitro. Recombinant HcTPS7 generated sabinene
(74.1 %) as its major product in vitro when it was incubated
with GPP (Fig. 3). Furthermore, nine by-products identified
as o-thujene (5.0 %), a-pinene (3.2 %), B-pinene (8.2 %),

@ Springer

ag 3
=
[
=
=
=
=
<
]
Z
E 4
g | 12 W56 78 9 10
9 10 11 12 13 14
Retention time (min)
b 93
54
.5 Peak 3
=
2 77
= 6 | 136
S e W Nl tes s '
c 93
54
= H. coronarium
=
=
.§ 77
= 136
S 3 euy ,|II 'H 107 15 121 |
93
d8
5 sabinene
=
=
2
2 77
=
53 69
S I ,.|| |l| 105 111121 o8 '{°
60 70 80 90 100 110 120 130

m/z

Fig. 3 Analyses of products generated by the recombinant HcTPS7
enzyme from GPP. a Total ion chromatogram of the monoterpene
products formed by HcTPS7. b Mass spectra of the peak 3. ¢ Mass
spectra of sabinene in floral scent of H. coronarium. d Mass spectra of
sabinene in the NISTO8 library. Mass spectra of other peaks are
provided in Supplementary Fig. S1. / o-thujene, 2 a-pinene, 3
sabinene, 4 -pinene, 5 myrcene, 6 o-phellandrene, 7 o-terpinene, 8
B-phellandrene, 9 y-terpinene, and /0 terpinolene

myrcene (1.7 %), o-phellandrene (0.4 %), o-terpinene
(1.8 %), B-phellandrene (2.2 %), y-terpinene (2.7 %), and
terpinolene (0.7 %) were synthesized from GPP (Fig. 3a and
Supplementary Fig. S1). However, no sesquiterpene product
was detected when FPP was used as a substrate (data not
shown). The multiple reaction products derived from GPP
were synthesized arising from a common reaction interme-
diate, a-terpinyl cation, following a series of hydride shifts,
ring closures and deprotonations (Supplementary Fig. S2).
Maximal activity was detected at pH 7.5 and similar content
of each product was observed at pH 6.0 and 9.0. However, at
pH 5.5, only trace level of sabinene was detected, indicating
negligible enzyme activity of HcTPS7 under this acid-base
condition (data not shown). HcTPS7 exhibited a divalent
cation requirement (Mg>" and Mn*") for activity, but no
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Fig. 4 Analyses of products generated from GPP by the recombinant
HcTPS8 enzyme. a Total ion chromatogram of the products formed
by incubating extracts of empty vector (control) with GPP. b Total ion
chromatogram of the monoterpene products formed by HcTPSS.
¢ Total ion chromatogram of the linalool authentic standard. d Mass
spectra of the peak 4. e Mass spectra of linalool in floral scent of H.
coronarium. f Mass spectra of linalool authentic standard. Mass
spectra of other peaks are provided in Supplementary Fig. S3a. /
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activity only in presence of K* (data not shown). For kinetic
analysis, a range of GPP (0.5-100 uM) concentrations was
assayed to yield the hyperbolic saturation curve (Fig. 6h).
The K, and V.« were calculated to be 26.49 £+ 6.31 uM
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Fig. 5 Analyses of products generated from FPP by the recombinant
HcTPS8 enzyme. a Total ion chromatogram of the sesquiterpene
products formed by HcTPSS8. b Mass spectra of the peak 1. ¢ Mass
spectra of a-bergamotene in the NISTOS library. Mass spectra of other
peaks are provided in Supplementary Fig. S3b. d Chemical structures
of a-bergamotene (peak 1), B-farnesene (peak 2), a-curcumene (peak
3), (Z)-a-bisabolene (peak 4), B-bisabolene (peak 5), and B-sesquip-
hellandrene (peak 6). Unlabeled peaks were unidentified sesquiter-
pene products

and 828.92 £ 76.57 pkat/mg, while K., and catalytic effi-
ciency K. /K, were 0.057 s7! and 217 s 'mM7,
respectively.

Functional characterization of HcTPS8

Recombinant HcTPSS functioned as a bifunctional TPS that
could utilize GPP and FPP as substrates. When incubated
with GPP, HcTPS8 almost specifically catalyzed the for-
mation of linalool (96.2 %), and trace levels of myrcene
(1.6 %), limonene (1.4 %), (Z)-B-ocimene (0.8 %) were
detected in the reaction products (Fig. 4). All of these
products were not found in compounds formed by the
extracts of E. coli expressing empty vector in the presence
of GPP (Fig. 4a). The proposed reaction mechanism of
linalool started with the ionization of GPP and was termi-
nated through the water capture of geranyl cation (Supple-
mentary Fig. S2). With FPP as a substrate, HcTPS8
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synthesized a-bergamotene (36.6 %), B-farnesene (11.9 %), sesquiterpenes (16.4 %) that could not be identified due to
a-curcumene (5.0 %), (Z)-a-bisabolene (18.3 %), B-bisabo- lack of corresponding authentic standards, and low matching
lene (8.2 %), B-sesquiphellandrene (3.6 %) and seven other ~ mass spectra to references in the NISTOS8 library (Fig. 5).
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«Fig. 6 Biochemical analysis of HcTPS7 and HcTPS8 proteins. Effect
of reaction time (a), temperature (b), pH (c), Mg2+ concentration (d),
and Mn>* concentration (e) on HcTPSS8 activity with GPP as the
substrate. f Kinetic analysis for HcTPS8 under different GPP
concentrations. The saturation curve was generated using Michae-
lis—-Menten equation by hyperbolic regression (n = 3). g Specific
activity of HcTPS8 with GPP and FPP analyzed by GC-MS.
h Kinetic analysis for HcTPS7 under different GPP concentrations
(n=3)

To further investigate H. coronarium TPS, the basic
enzymatic features of HCTPS8 were characterized. Using
GPP as a substrate, HcTPS8 showed a linear activity
ranging from 5 to 30 min (Fig. 6a). The enzyme exhibited
a catalytic optimum at 30 °C, with more than 70 % of its
maximal activity between 22.5 and 37.5 °C (Fig. 6b). The
optimal reaction pH for the enzyme was 7.5, and only very
low catalytic activity was observed at pH 5.5 (Fig. 6¢).
Since, a divalent metal ion cofactor is required for the TPS
activity (Schnee et al. 2002), the effect of different con-
centrations of Mg?" (0-100 mM) and Mn** (0-10 mM)
was tested (Fig. 6d, e). The maximum enzyme activity was
achieved at 20-30 mM Mg”", while higher concentration
caused an obvious reduction in catalytic activity (Fig. 6d).
The highest activity for Mn>" was measured at 5 mM,
further increase in Mn>" concentration to 10 mM led to a
slight reduction in catalytic activity (Fig. 6e). The enzyme
activities showed a preference for Mg”" and the maximum
velocity was 1.49-fold higher in the presence of Mg than
Mn?". The K,, values were 673 and 35 pM for Mg”" and
Mn?", respectively. No reaction product was detected by
GC-MS in the presence of K* instead of divalent metal ion
(data not shown). Kinetic characterization of HcTPS8 for
GPP was carried out under optimal conditions. The satu-
ration curve was generated using the Michaelis—Menten
equation by hyperbolic regression (Fig. 6f). The K,, and
Vmax Were calculated to be 20.54 £ 4.52 uM and
1272.33 £+ 101.06 pkat/mg, while K., and catalytic effi-
ciency K., /K, were 0.088 s7! and 431s!'mM7!,
respectively. Under saturating substrate concentration,
specific activity of HcTPS8 for GPP was 53 times higher
than for FPP (Fig. 6g), suggesting HcTPS8’s preference for
GPP.

Subcellular localization

To understand the active compartmentalization of HcTPS7
and HcTPSS8, various prediction softwares (SignalP, http://
www.cbs.dtu.dk/services/SignalP/; TargetP, http://www.
cbs.dtu.dk/services/TargetP/; ChloroP, http://www.cbs.dtu.
dk/services/ChloroP/; Predotar, http://urgi.versailles.inra.
fr/predotar; WoLF PSORT, http://wolfpsort.seq.cbre.jp/)
were used to analyze their subcellular localization. The
results of prediction suggested HcTPS7 was localized in

the plastids with high probability in all software, while no
consistent localization was attained for HcTPS8 (Supple-
mentary Table S2). To experimentally confirm subcellular
localization, the N-terminal 80-aa peptide of HcTPS7 and
HcTPS8 as well as intact coding sequence of HcTPS8 was
fused to a GFP reporter gene and transferred to Arabidopsis
protoplasts, which were subsequently analyzed for tran-
sient GFP expression by confocal laser scanning micros-
copy (Fig.7). The results showed that the green
fluorescence of HcTPS7tp-GFP located in the plastids
(Fig. 7e-h), which clearly indicated that the HcTPS7 pro-
tein is targeted to the plastid. Both fusions of the entire
HcTPS8 protein and its N-terminal 80-aa peptide to GFP
localized to the plastids (Fig. 7i-p), suggesting that
N-terminal 80 amino acids were sufficient for plastid tar-
geting to HCTPS8. Similar GFP expression patterns were
observed for fusion of snapdragon AmNES/LIS-2 transit
peptide (Nagegowda et al. 2008) used as positive control
(Fig. 7g—t). Thus, HcTPS7 and HcTPS8 proteins were
located in the plastids.

Validation of reference genes for real-time RT-PCR

Real-time RT-PCR is an efficient technique for quantifying
gene expression, but its accuracy is strongly influenced by
the stability of the internal reference gene used for data
normalization. However, no general reference gene is
appropriate for each assay because of their varying
expression model under different experimental conditions.
Therefore, it is necessary to validate the stability of refer-
ence genes in each experimental condition prior to their use
for real-time RT-PCR normalization (Chen et al. 2011b;
Exposito-Rodriguez et al. 2008; Gutierrez et al. 2008). Five
candidate reference genes were assessed by geNorm and
NormFinder, and their amplicon lengths varied from 110 to
178 bp and amplification efficiency ranged between 93.2
and 105.7 % (Table 1). The results revealed that the most
stable genes (lowest M value) were ACTI and ACT2 in
different tissues and GAPDH and RPS showed the highest
stability at different flower developmental stages with
geNorm algorithm (Fig. 8a, b). Similar results were
obtained using NormFinder program with ACT] being the
most stable in different tissues and RPS being the most
stable at different flower developmental stages (Fig. 8c).
Therefore, ACTI and RPS were used as endogenous con-
trols for consequent expression analysis in different tissues
and at different flower developmental stages, respectively.

Expression analysis of HcTPS7 and HcTPSS gene
Real-time RT-PCR analysis showed that HcTPS7 and

HcTPS8 were highly expressed in labella apex, labella base
(except at lower level for HcTPS7), lateral petals and
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Fusion constructs

Fig. 7 Confocal images of transiently expressed GFP fusions in
Arabidopsis protoplasts. Images in the same row are from the same
protoplast observed in different channels. The ‘Green’ column (a, e, i,
m and q) shows GFP fluorescence, detected in the green channel.
Chlorophyll autofluorescence detected in the red channel is shown in
the ‘Red’ column (b, f, j, n and r). The ‘Merged’ column (c, g, k,
o and s) shows merged green and red channel images. The images of

sepals (Fig. 9), which are the major parts for scent emis-
sion (Fan et al. 2003). HcTPS7 and HcTPS8 were also
expressed at lower levels in other floral tissues (styles and
stigmas (except at undetectable levels for HcTPS7),
anthers, filaments and pedicels), but were almost unde-
tectable in bracts, leaves, pseudostems, rhizomes and roots
(Fig. 9). Meanwhile, sabinene and linalool were not or
rarely detected in essential oils of leaves and rhizomes in
H. coronarium (Dos Santos et al. 2010; Joy et al. 2007),
indicating their correlation with gene expression.

During flower development, there was almost no
expression for HcTPS7 mRNA transcripts in petals before
40 h (Fig. 10c). The HcTPS7 expression levels increased
sharply between 32 and 48 h, peaking at 48 h, and then
decreased with flower senescence (Fig. 10c). Emission of
sabinene was consistent with HcTPS7 gene expression
between 40 and 64 h (Fig. 10e). However, emission of
sabinene decreased gradually from 8 to 32 h when almost
no HcTPS7 expression occurred (Fig. 10e). HcTPSS
mRNA levels in petals increased gradually between 0 and
40 h, peaking at 40 h with full bloom, and then decreased
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bright field are shown in the ‘BF’ column (d, h, 1, p and t). Schematic
representation of the fusion constructs is as follows: 7tp and 8tp,
N-terminal 80-amino acid peptide of HcTPS7 and HcTPSS, respec-
tively; HcTPS8, full-length of HcTPS8; M, transit peptide of
AmNES/LIS-2 in snapdragon as a plastidic marker. p35S, 35S
caulifiower mosaic viral promoter, GFP enhanced green fluorescent
protein as a cytosolic control, NOS NOS terminator, Bars 25 pm

from 40 to 64 h (Fig. 10d). The change of HcTPSS8
expression level showed a positive correlation with the
emission pattern of linalool (Pearson correlation coefficient
r = 0.632, significant correlation at the level of P < 0.1)
(Fig. 10d, f). In sepals, the gene expression trends of
HcTPS7 and HcTPS8 were similar to these in petals, but
the expression peaks emerged 8 h ahead (Supplementary
Fig. S4), indicating that the biosynthesis events of terpenes
in sepals may precede that in petals.

Relative gene expressive abundance of HcTPS7 and
HcTPS8 was estimated with RT-PCR using cDNA of petals
at 48 h (Fig. 10b). The results showed that HcTPS7
amplicon could not be detected when 24 cycles were per-
formed, while a weak band was observed at 28 cycles,
which was similar in intensity with HcTPSS8 at 24 cycles.
Thus, the expressive abundance of HcTPS8 was approxi-
mately 16 times than HcTPS7.

The mRNA expression of HcTPSs was analyzed in
blooming flowers of different species in Hedychium
(Fig. 11). HcTPS7 gene was highly expressed in H. coro-
narium and at very low level in H. gardnerianum, H.
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Fig. 8 Expression stability values of the candidate reference genes.
a, b Average expression stability values of candidate reference genes
in different H. coronarium tissues (a) and during different flower
developmental stages (b) calculated by geNorm. ¢ Stability values of
the candidate reference genes calculated by NormFinder

coccineum and H. forrestii. The highest expression of
HcTPS8 was noted in H. coronarium, and lower levels
were observed in the scented H. gardnerianum and it was
barely expressed in non-scented H. coccineum and H.
forrestii. This result was consistent with previous northern
blot analysis (data not shown).

Discussion

Terpenoids are the most abundant and structurally diverse
class of plant secondary metabolites. TPSs are responsible
for the terpenoid diversity to a large extent (Yu and Utsumi
2009). In this research, two monoterpene synthases
(HcTPS7 and HcTPS8) were isolated and functionally
characterized. HcTPS7 designated as sabinene synthase
was a multiproduct enzyme that synthesizes sabinene
(74.5 %) as its main product and nine by-products (a-
thujene, a-pinene, B-pinene, myrcene, o-phellandrene, o-
terpinene, B-phellandrene, y-terpinene, and terpinolene)
(Fig. 3). Until now, sabinene synthases were characterized
from S. officinalis, S. pomifera, and Citrus jambhiri.
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Fig. 9 Expression analysis of HcTPS7 and HcTPSS in different
tissues. a Photographs of floral organs at developmental stage of 40 h
and vegetative organs of H. coronarium. Tissues used for the gene
expression analysis are indicated. Bars 2 cm. b, ¢ Relative expres-
sion analysis of HcTPS7 (b) and HcTPSS (c¢) was performed by real-
time RT-PCR. ACTI was used as an endogenous control. Relative
transcription level of tissue with highest expression quantity was set
to 1 (100 %). Error bars indicate standard deviation of three
replicates. Different lowercase letters labeled on bars indicate
statistically significant differences at the level of P < 0.05. SS styles
and stigmas, A anthers, F filaments, LA labella apex (the white part),
LB labella base (the pale yellow part), LP lateral petals, Se sepals, Pe
pedicels, B bracts, Le leaves, Ps pseudostems, Ri rhizomes, Ro roots

Sabinene synthase (SSS) from S. officinalis produces sa-
binene (63 %), y-terpinene (21 %), terpinolene (7.0 %),
limonene (6.5 %) and myrcene (2.5 %) (Wise et al. 1998).
The K, value for SSS (7.4 uM) is lower than K,,, value for
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Fig. 10 HcTPS7 and HcTPSS8 expression analyses, and the emission
of sabinene and linalool in flowers of H. coronarium during flower
development. a Representative photographs of flowers in different
flower developmental stages. b RT-PCR analysis of HcTPS7 and
HcTPSS8 using cDNA of 48 h flowers to compare gene expressive
abundance. ¢, d Expression analysis of HcTPS7 (¢) and HcTPSS (d) in
petals in different flower developmental stages. RPS was used as an

HcTPS7 (26.49 & 6.31 uM). Sabinene synthase (Sp-
SabS1) from S. pomifera synthesizes 98.4 % sabinene and
1.6 % myrcene (Kampranis et al. 2007). For Citrus
Jjambhiri RlemTPS2, the dominant product is sabinene, and
the minor products are of/f-pinene, and B-phellandrene
(Kohzaki et al. 2009). The products of these TPSs also
show that the multiproduct monoterpene synthases fre-
quently produce limonene, myrcene, sabinene, and o/p-
pinene in the product spectra (Faehnrich et al. 2011). The
amino acid sequences of SSS and Sp-SabS1 share 95 %
identity with each other; while they share only 40 and 41 %
identity with HcTPS7, respectively. However, the identity
between HcTPS7 and HcTPSS8 at amino acid level is 60 %.
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letters labeled on bars indicate statistically significant differences at
the level of P < 0.05
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The result shows that TPSs synthesizing different products
in species with closer affinity are more similar to each other
than TPSs producing the same products in distantly related
species, suggesting that the divergent and convergent
evolution of TPS gene function is common in higher plant
(Chen et al. 2011a).

Linalool synthases are identified widely from both
angiosperms and gymnosperms, and they generate linalool
as a unique or predominant product from GPP. Among
them, strawberry FaNES (Aharoni et al. 2004), tomato
LeMTSI1 (van Schie et al. 2007), snapdragon AmNES/LIS
(Nagegowda et al. 2008), Populus trichocarpa PtTPS3/4
(Danner et al. 2011), and kiwifruit AcNES1 (Green et al.
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Fig. 11 Expression analysis of HcTPS7 and HcTPS8 in blooming
flowers of four Hedychium species. RPS was used as an endogenous
control. The transcription level of H. coronarium flowers was set to 1
(100 %). Error bars indicate standard deviation of three replicates.
Different lowercase letters labeled on bars indicate statistically
significant differences at the level of P < 0.05. I H. coronarium
(scent), 2 H. gardnerianum (scent), 3 H. coccineum (scentless), 4 H.
forrestii (scentless)

2012) are bifunctional enzymes that produce acyclic ter-
pene alcohols linalool from GPP and nerolidol from FPP.
HcTPS8 was also a bifunctional enzyme, which synthesized
linalool from GPP (Fig. 4). However, differently, the ses-
quiterpene products catalyzed by HcTPS8 were not nerol-
idol, but multiple cyclic sesquiterpenes (Fig. 5). Recently,
one turmeric (Curcuma longa) monoterpene (MT17A2)
shows similar catalytic function to HcTPS8 (Koo and Gang
2012). Both the size and the functional groups in the cavity
of the active site are important for the substrate availability
and outcome of the reaction (Green et al. 2011; Kampranis
et al. 2007). We speculate that there may be something
peculiar about the contour of the active site of HcTPSS,
which serves as a template for the binding of GPP or FPP
and reactive intermediates that follow the formation of the
initial carbocation intermediate. Perhaps the active site is
sufficiently large and unconstrained to permit water capture
of the GPP upon ionization. With FPP, perhaps the larger
substrate is more constrained in the active site; therefore,
the reactive carbocationic intermediates can have many
metabolic fates, instead of direct water capture, thereby
resulting in the formation of multiple cyclic sesquiterpenes.
The K,,, value of HcTPSS8 for GPP was 20.54 4+ 4.52 puM,
which was lower than linalool synthases from L. angusti-
folia (42.7 + 4.6 uM) (Landmann et al. 2007) and M. cit-
rate (56 £ 5 uM) (Crowell et al. 2002), but was higher than
most of the linalool synthases. The catalytic efficiency for
GPP was similar to other bifunctional linalool synthases
(Landmann et al. 2007).

It is generally believed that the biosynthesis of mono-
terpenes and sesquiterpenes is compartmentalized wherein

the monoterpene is produced in the plastids where GPP is
synthesized, and the sesquiterpene is formed in the cytosol
where FPP is generated. Thus, the subcellular localization
of TPS protein and substrate availability regulated the
terpene biosynthesis in planta (Gutensohn et al. 2013;
Nagegowda et al. 2008). Subcellular localization experi-
ments confirmed the plastid targeting of HcTPS7 and
HcTPS8 (Fig. 7). Thus, the enzymes are supposed to be
plastidic sabinene synthase and linalool synthase, respec-
tively. Furthermore, two plastid-targeted GPP synthases
showing similar gene expression pattern with HcTPSs in H.
coronarium were identified (unpublished data), indicating
sufficient GPP supply for HcTPS7 and HcTPS8 enzymes.
However, metabolic engineering of TPS genes revealed the
presence of the small amount of plastidic FPP in Arabi-
dopsis and tobacco (Aharoni et al. 2003; Wu et al. 2006).
In the monocot, Phalaenopsis bellina, a PbGDPS enzyme
exhibits dual prenyltransferase activity, producing both
GPP and FPP, suggesting the presence of a possible FPP
pool in plastids (Hsiao et al. 2008). Therefore, a bifunc-
tional TPS enzyme characterized in vitro can possibly
show bifunctional behavior in planta. HcTPS8 can accept
GPP and FPP as substrates and produce monoterpene
alcohol linalool and several sesquiterpenes in vitro
(Figs. 4, 5). Therefore, the possible sesquiterpene activity
of HcTPS8 in plastids does not exclude completely in
planta. Nevertheless, HcTPSS is likely to mainly act as a
linalool synthase, because no sesquiterpene products cata-
lyzed by HcTPS8 were detected in the floral volatile
compound under recent experimental conditions.

In higher plants, emission of volatile terpenes is often
regulated at the transcriptional level. In Arabidopsis, two
TPSs that are responsible for the biosynthesis of sesqui-
terpenes emitted from flowers are only expressed in some
parts of the Arabidopsis flower (Tholl et al. 2005). The
emission of linalool from C. breweri flowers is positively
correlated with the levels of linalool synthase mRNA
(Dudareva et al. 1996). In snapdragon flowers, the bio-
synthesis and emission of the (E)-B-ocimene and myrcene
correlate with the specific expression patterns of their
corresponding 7PS genes in the upper and lower petal
lobes during flower development (Dudareva et al. 2003).
Flowers of H. coronarium emit a large number of mono-
terpenes including linalool, (E)/(Z)-B-ocimene, 1,8-cineole,
sabinene, o-thujene, myrcene and o/B-pinene when flower
blooms (Baez et al. 2011; Fan et al. 2003, 2007). However,
there are very little linalool and sabinene in the essential oil
of leaves and rhizomes (Dos Santos et al. 2010). The
HcTPS7 and HcTPSS genes were also highly expressed in
flower tissues and were very low in leaves and rhizomes
(Fig. 9). During flower development, the gene expression
patterns of HcTPS7 (40-64 h) and HcTPSS in petals also
coincide with the emission of sabinene and linalool
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(Fig. 10). However, emission of sabinene decreased grad-
ually from 8 to 32 h when almost no HcTPS7 expression
occurred (Fig. 10e). It seems that another TPS generated
sabinene as product or by-product accounts for the bio-
synthesis of sabinene between 8 and 32 h.

In Hedychium, some species have many excellent orna-
mental traits, but lack fragrance, such as H. coccineum
and H. forrestii (Wu and Raven 2001). Checking the vola-
tile profile of H. coccineum flowers in previous papers, no
sabinene and very little linalool were observed (Fan et al.
2007). That is mainly because TPS genes are barely
expressed in the flower of these species, such as HcTPS7 and
HcTPSS (Fig. 11). Cseke et al. (1998) reported that scented
C. breweri and scentless C. concinna showed vastly different
expression characteristics of LIS gene, which was responsi-
ble for the formation of linalool in C. breweri. The reason
resulting in this difference is likely to be the sequence vari-
ation in the region of LIS promoters. In Santalum, the gen-
ome sequence of santalene synthase in S. murrayanum with
oil-deficient phenotype also contains a complete ORF that is
highly similar with its orthologous genes in other three
essential oil-containing species (Jones et al. 2011). Itis likely
that factors regulating the TPS gene expression, rather than
the absence of, or mutations of the genes themselves, are
responsible for the low- or no-oil phenotype (Jones et al.
2011). But, the reasons causing the TPS expression differ-
ence in Hedychium remain to be verified experimentally.

Previous phylogenetic analysis of the plant TPS super-
family revealed seven subfamilies, designated TPS-a
through TPS-g (Bohlmann et al. 1998; Dudareva et al.
2003; Martin et al. 2004). However, Chen et al. (2011a, b)
recognized a new plant TPS subfamily (TPS-h) including
eight TPSs possibly evolved from CPS/KS prototype TPS
in lycopod Selaginella moellendorffii. Interestingly, in this
nonseed vascular plant, another unusual type of TPSs, more
closely related to microbial TPSs than other plant TPSs,
were found (Li et al. 2012), indicating the evolutionary
complexity of plant TPS gene family. Previous studies
indicated that plant mono- and sesqui-TPSs appeared to
derive from an ancestral diterpene synthase involved in
primary metabolism by gene duplication, domain loss and
functional divergence (Hillwig et al. 2011; Trapp and
Croteau 2001). This evolution process seemed to occur
independently in gymnosperms and angiosperms (Fig. 2a)
(Martin et al. 2004; Chen et al. 2011a). Recent work based
on the genome sequence of the cultivated tomato revealed
that most of the TPS genes in the tomato genome are
located in clusters (Falara et al. 2011). The cluster of TPS
genes was also observed in the genomes of Arabidopsis and
grape (Aubourg et al. 2002; Martin et al. 2010) as well as
the monocot sorghum, rice and mays (Zhuang et al. 2012),
representing relatively recent duplications and divergences.
Analyses on the genomes of two monocots (rice and
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sorghum) revealed that very little TPS belonged to the
TPS-b subfamily (Chen et al. 2011a). To data, none of the
maize TPS belonging to this subfamily was reported. In
this study, two H. coronarium mono-TPSs belonging to
TPS-b subfamily were identified. Phylogenetic analysis
indicates that two H. coronarium mono-TPSs, together
with the other two functional characterized monocot mono-
TPSs A. peruviana myrcene synthase (Aros et al. 2012) and
Freesia hybrid linalool synthase (unpublished), form a
distinct clade that diverges from dicot mono-TPSs in TPS-
b subfamily (Fig. 2a). The evolution divergence between
monocot and dicot also appears in the TPS-a subfamily
containing mostly sesqui-TPSs in angiosperms (Fig. 2a),
suggesting that the ancestral mono- and sesqui-TPSs
evolved from di-TPSs seem to exist before the split of
monocots and dicots and expand independently after this
split. Both H. coronarium mono-TPS genes have six
introns that are common in angiosperms (Fig. 2b) (Au-
bourg et al. 2002; Trapp and Croteau 2001). However,
exceptional number of intron due to loss and gain of intron
in the evolution was also observed in angiosperms (Falara
et al. 2011; Lee and Chappell 2008).

In conclusion, we have first identified two monoterpene
synthases involved in the biosynthesis of sabinene and
linalool, which are two important constituents of floral
scent in H. coronarium. Wherein, HcTPS7 is a multi-
product monoterpene synthase and HcTPS8 is a bifunc-
tional TPS with special catalytic activity on sesquiterpene.
Our results provide new insights into molecular mecha-
nisms of terpene biosynthesis in H. coronarium and also
provide the opportunities for breeding and genetic manip-
ulation of scent-associated traits in Hedychium to enhance
their commercial values. In the future it will be interesting
to unravel the transcriptional regulatory network of floral
scent formation and emission in H. coronarium.
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