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Abstract

Floral volatile terpenoids are known to play important roles in plant pollination biology by attracting
animal pollinators and repelling antagonists, as well as enhancing resistance to potential microbial
pathogens. Terpenoid blend emitted by a flower is usually plant-lineage specific and mostly
determined by a set of versatile terpene synthases (TPSs) which catalyze the final step of diverse
terpenoid synthesis. The strongly scented flower of Jasminum sambac emits linalool and a-farnesene
dominating the nocturnal floral VOC, yet the corresponding TPSs have not been identified. Here, we
show that four TPS enzymes are responsible for the synthesis of the mixtures of volatile terpenoids
in the flower, based on their highly-correlated and almost-exclusive expression in the petal, and on
their enzymatic characterizations in vitro and in Nicotiana benthamiana. JsTPS01 (TPS-a) acts as a
sesquiterpene synthase, producing t-cadinol in yeast at levels that mirror its rhythmic expression in
petals. JsTPS02 (TPS-b) carries a plastid-transit peptide, localizes to chloroplasts/plastids, and
converts GPP to linalool with high affinity (Km = 28.2 + 3.4 uM). JsTPS03 is a TPS-b clade member
that is able to convert FPP to farnesol with a Km of 14.4 + 5.9 uM in an in vitro assay using isolated
yeast vehicles. JsTPS04 (TPS-e/f) exhibits dual targeting—cytosolic in Arabidopsis protoplasts but
plastidic in J. sambac petals—and functions as a bifunctional mono-/sesqui-TPS, forming linalool from
GPP (Km = 2.5 + 0.3 uM) and trans-nerolidol from FPP (Km =7.6 + 0.6 uM). Transient expression in
Nicotiana benthamiana leaves further confirmed its in-planta linalool production. collectively, we
identified four preferentially expressed terpene synthases contribute to linalool, t-cadinol, tans-
nerolidol, and farnesol in Jasminum sambac.

Keywords: Jasminum sambac; floral scent; monoterpenoids; sesquiterpenoids; terpene synthase;
linalool; nerolidol; farnesol; cadinol

1. Introduction

Plant utilizes diverse ‘secondary’ compounds made from its specialized metabolisms for
interactions with the surrounding abiotic or biotic factors [1]. The ecological and/or physiological
roles of plant specialized metabolites are often lineage-specific or evolutionary convergent, with well-
known examples in herbivore defense [2], UV protection [3] or pollinator attraction [4,5]. An
estimation on the number of these specialized compounds across the plant kingdom suggests a range
in hundreds of thousands [6] and, the enzymes responsible for making the chemical diversity are
known to possess lower catalytic efficiency but remarkable substrate or product promiscuity [7-9].

Terpenoids or isoprenoids are one of the most diverse classes of such compounds, the final step
in synthesis of which is mainly catalyzed by two groups of closely related enzymes called prenyl
transferases (PTs) and terpene synthase (TPSs) [10]. Precursors of the reactions are the two isomeric
5-carbon (C5) building blocks isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP), as well as their condensed derivatives geranyl diphosphate (GPP, C10), neryl diphosphate
(NPP, C10), farnesyl diphosphate (FPP, C15) and geranylgeranyl diphosphate (GGPP, C20) [11,12].
In plants, IPP and DMAPP are generated via two independent and compartmentally separated
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pathways, the acetyl-CoA derived cytosolic mevalonate (MVA) pathway and the pyruvate derived
plastidial 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway [13]. While PTs usually work in
condensation of the two C5 blocks [14], or in generation of longer-chain polyisoprenoids via
sequential head-to-tail additions of IPP [15], TPSs catalyze the final production of the many
structurally distinct isoprenoid molecules which may be modified, simultaneously or subsequently,
by the cytochrome P450 monooxygenase (P450) enzymes to give rise to the diversity of nature
terpenoid compounds [16-18]. Many of the lower molecular weight and high melting point acyclic
or cyclic terpenoids, mostly the C10 monoterpenoids and the C15 sesquiterpenoids are volatile
organic compounds (VOC) that function essentially as pollinator or seed-disperser attractants and
defense arsenals [19,20]. Recent studies on the structural and functional divergence of the TPS family
has highlighted the evolutionary importance of terpenoids in mediating plant-plant and plant-
microbe interaction that affects plant fitness and adaption [21-25].

Most fragrant flowers typically emit a mixture of between 20 and 60 different compounds
derived from limited metabolic pathways including the terpenoid, lipoxygenase and
phenylpropanoid/benzenoid  pathways. =~ While volatile fatty acid derivatives and
phenylpropanoids/benzenoids are commonly found in floral scents, terpenoids constitute the largest
class of floral volatiles [26]. It is suggested that floral scent is an important trait of pollination
syndromes that may impact plant reproduction strategy and contribute to reproductive isolation as
well, and that either “structural” or ‘regulatory’ genes responsible for the production of the fragrant
compounds are under evolutionary selection imposed by both mutualists and antagonists [5,27-29].
In the model plant Arabidopsis thaliana, the genome encodes 32 TPS full-length genes among which
more than half have been functionally investigated including 4 flower-specific terpene synthase
(TPS11,14, 21 and 24) genes that together with the widely-expressed TPS03 and TPS10 contribute to
a mix of emitted monoterpenes and sesquiterpenes in the flower, despite the low level of the emission
rate [30,31]. Interestingly, the same set of floral terpenoids is similarly produced among 37
Arabidopsis ecotypes, indicating an inherited role in reproduction fitness or for pollination strategy
of this species [32]. The second most extensively studied plant species for the TPS functionality is the
cultivated tomato (Solanum lycopersicum), the genome of which contains at least 52 loci with 34
putative functional TPS genes, representing all the seven clades of the TPS family [25,33]. However,
tomato flowers as well as the Arabidopsis, are usually wind-pollinated with occasional aid by insects
like bumble bees. The expression of several non-exclusive floral TPSs is consistent with the mild
release of volatile mono- and sesquiterpenes [25,33]. For plant species with strongly scent flowers,
such as Clarkia breweri, Antirrhinum majus and several ochid plants, knowledge about the composition
of specific fragrant bouquet, the genes underpinning the biosynthetic regulation, as well as the eco-
evolutionary significance of the floral scent from particular plant lineages are increasingly
documented [20,34-40]. Despite the great progresses made, however, much less investigation has
been reported in many other fragrant plants, especially those without handful genetic tools [41].

Jasminum sambac (L.) Aiton, a nocturnal anthesis species from the olive family (Oleaceae), is an
evergreen shrub or vein native to India or Southeast Asia and cultivated worldwide for the showy
and exceptionally fragrant flowers. Most Jasminum species are distylous in floral morphology [42]
and the cultivated plants are usually clonally propagated that may also due to the lack of nature seed-
setting [43]. In Asia the flowers are used for essential oil industry and for scent tea production. The
closely related species in the Genus including |. grandiflorum, . asteroides and ]. auriculatum are also
used for the same purpose and their floral VOCs constitute highly characteristic proportion of benzyl
acetate, linalool, and oa-farnesene, with quantitative variation of other minor terpenoids and
phenylpropanoids/benzenoids among them [44-50]. In one experiment, enzyme activities of several
biosynthesis enzymes including terpene synthase were determined using crude petal extract, roughly
correlating to the VOC emission rate [45]. however, the corresponding genes encoding such enzymes
were still elusive. In recent years, genome data for different jasmine cultivars have been reported
successively [48-54], along with analyses of the terpene synthase (TPS) gene family [48,53,55]. A TPS
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responsible for synthesizing [3-ocimene has also been described [48]; however, the TPS involved in
the biosynthesis of linalool—a dominant terpene aroma compound —has not yet been reported.

Here, we showed that four highly expressed flower-specific TPS were responsible for the
biosynthesis of the floral monoterpenoids and sesquiterpenoids in ]. sambac. Specifically, the most
strongly expressing [sTPS04 produces both the monoterpene linalool and the sesquiterpene tans-
nerolidol, JSTPS03 convert FPP to farnesol, JsTPS02 is dedicated to linalool formation, and JsTPS01
generates the sesquiterpene t-cadinol in yeast. It remains to be determined how these genes are
regulated and the relevance to the pollination syndromes.

2. Materials and Methods

Plant materials and growth conditions

Three-year old plants of double petal ]. sambac were obtained by clonal propagation in a nursery
and grown in pots of J30 x 40 cm, filled with peat, perlite and vermiculite in a ratio of 7:0.5:3. In their
third year, plants were moved to a climate room with a photoperiod of 16 h/8 h (light/dark), a
temperature regime at 26/22 °C (light/dark) and a constant relative humidity at 70%, and maintained
with regulatory watering.

During the experiments, 20 plants were used in headspace determination. Another 40 plants
were used for petal extraction of VOC, analysis of gene expression and protoplast isolation. Since
J.sambac anthesis started at ~18:00 of the day, all mature flower buds (approximately 1-2 cm in wide)
were labeled with a plastic tag in the afternoon and the life-time of the flowers were followed and
sampled accordingly. For repeated experiments, we usually carried out pruning on all plants after
flowering to maintain a unified growth status and plant height.

Plants of A. thaliana (Columbia-0) and N. benthamiana were grown in a climate room at 24 °C/20
°C (light/dark) with a photoperiod of 16 h/8 h (light/dark).

Headspace and petal extract volatile compound collection

A simple headspace measurement was employed to monitor the VOC during the flowering
lifetime in a 2-h-interval starting from 17:00 until the next 48 h, in which one removed flower at each
sampling time was enclosed in a Perkin Elmer sample vail (20 ml) and kept at 50°C for 25 min before
automatic injection (1 uL of the headspace) into the GC-MS. The determination was conducted in
triplicates and the experiment repeated three times.

For VOC analysis in petal extracts, collected petals were ground into fine powders in liquid
nitrogen and ~ 0.5 g of these were transferred to a 5 mL glass vial. 1.0 mL n-hexane (cat.nr.
1.04391.4008, Merck KGaA, Darmstadt, Germany) was added to extract the organic compounds for
24 hours in room temperature. After centrifugation at 2500 x g for 10 min at 4 °C, the supernatants
were passed through a 0.22 um membrane filter, collected and subjected to GC-MS. The experiments
were repeated three times.

For quantification, peak area was calibrated using an 5 ng-ul"! internal standard «-Cedrene (cat.
Nr. 22133, Merck KGaA, Darmstadt, Germany). (supplementary data set 1).

RNA extraction and reverse transcription

Flowers were collected at continued time-points of every two hours during flowering starting
from 17:00 RNA, similar to the sampling for scent determination. Petals were removed and frozen in
liquid nitrogen immediately after flower collections. About 100 mg liquid-nitrogen-ground-powder
of petal was used for RNA extraction with the TransZol Up Plus RNA Kit (TransGen Biotech,
Shanghai, China), per manufacturer’s standard protocol. The purity and concentration of RNA were
assessed using a Nanodrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA).
Approximately 1 pg total RNA was used for cDNA synthesis in a final reaction volume of 20 ul
containing Oligo d(T)18 primers and the transcript® RT/RI Enzyme Transcriptase (TransGen Biotech)
according to the manufacturer’s specifications.

Transcriptome data mining, full-length ¢cDNA cloning, plasmid construction and sequence
analysis
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Three replicates of flower at 17:00 (F1), 01:00 (the following day, F2), 09:00 (the following day,
F3) and young stem (S) and leaf (L) sample were used to extract total RNA. A total of 15 libraries (F1,
F2, F3, L, S, three biological duplicates) were constructed and sequenced with the Illumina NovaSeq
6000 sequencer (2 x 150 bp read length). For raw data, FastQC (version 0.11.5) was used for quality
control and the Fastp (version 0.20.0) was used for filtering. the filtered clean reads were then
independently mapped to the double petal Jasmine genome (GWHBFHJ00000000) by HISAT2
(v2.1.0) for subsequent different analyses [56]. The expression level of each transcript was calculated
by the Transcripts per million reads (TPM) was used to determine each transcript’s expression level,
and genes were classified as differentially expressed genes (DEGs) if | log2 FC| > 1 and adjusted
Pvalue < 0.05. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of DEGs was
performed by clusterProfiler R software (v4.0) [57]. To identified TPS related sequences in the flower
and leaf transcriptomes, local BLAST search was conducted with known TPSs from other plants,
resulting in 34 original sequences, that were further reduced to a set of 4 genes by screening for genes
that are highly expressed in flowers but lowly expressed in leaves. (Tab S1) Primers for quantitative
RT-PCR were designed accordingly, using Primer3 plus at http://www.bioinformatics.nl/cgi-
bin/primer3plus/ with default setting. The primers are listed in Tab. S2.

For CDS cloning of four TPS genes, Total RNA was isolated using a TransZol Up Plus RNA Kit
(TransGen Biotech, Shanghai, China). Synthesis of cDNA was conducted in a 20 pL reaction
containing Oligo d(T)18 primers and the transcript® RT/RI Enzyme Transcriptase (TransGen Biotech)
using approximately 1 ug total RNA as templates following the manufacturer’s instruction. The full-
length JsTPS cDNA were PCR amplified using designed primers (Tab. S2) and then sub-cloned into
the pENTR™/D-TOPO® (Thermo Fisher Scientific, Shanghai, China) and subsequently into a binary
vector pK7FWG2 [58] using LR reaction (ThermoFisher, Shanghai, China) yielding pK7-
JsTPS01/02/03/04-GFP, respectively. This Gateway cloning strategy resulted in a 16-amino-acid-liker
‘KGGRA DPAFL YKVVI S’ between the JsTPS’s C-terminal and the GFP. A control vector pK7-GFP
expressing the GFP alone was described previously [59]. All constructs had been verified by Sanger
sequencing.

For sequence alignment and phylogenetic tree constructions, the web-based program MUSCLE
(https://www.ebi.ac.uk/Tools/msa/muscle/) was used with the default parameters. The protein
sequences of other TPSs with known functions and/or structures were retrieved from SSWISS/Pro. A
Neighbor-Joining tree was constructed using MEGA X ver. 10.1.8 [60] with 1000 bootstrap number
and visualized via Figtree ver. 1.4.4. (downloaded from http://tree.bio.ed.ac.uk/software/figtree/).

Quantitative real-time PCR analysis

Quantitative RT-PCR was performed on a Roche LightCycler 96, using 1 ul cDNA in a 20 ul of
reaction mixture containing 10 pl of 2xTransStart® Green qPCR SuperMix (TransGen Biotech), 0.2 uM
of each primer pair (Tab.S1). The relative expression level of target genes was calculated by the 2-4¢™
method [61]. For measurement on petal samples at various time point during flowering, 3-5 flowers
from 3 plants were pooled as a biological sample which was determined by at least 3 technical
replicates.

Subcellular localization of JsTPS proteins in protoplasts and N. benthamiana

The binary vectors pK7-JsTPSs expressing the candidate enzymes in fusion with a C-terminal

GFP driven by the cauliflower mosaic virus 355 promoter were used for PEG-mediated transfection
of protoplasts isolated from either 5-week-old Arabidopsis rosette leaves or fully-open Jasminum
petals, as describe elsewhere [62]. After incubation at room temperature for 20~22 h in darkness, the
protoplasts were examined under a Leica M205 FA confocal microscope with a filter setting for GFP
(excitation at 470/40 nm, emission at 525/50 nm) and for chlorophyll auto-fluorescence (excitation at
545/30 nm, emission at 620/60 nm).

The same set of binary vectors were also used in agoinfiltration-based transient expression in
leaves of 4-week-old N. benthamiana plants. This was done by growing Agrobacterium tumefaciens
strain GV3101 harboring the respective vectors to a cell-density of 1 ODsoonm and further incubating
without shaking at room temperature for 2-3 h after washing and resuspending to a final 0.1 ODsoonm
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in an infiltration medium (10 mM MES buffered MS with 3 % sucrose and 200 pm acetosyringone,
pH6.1).

The epidermis was removed from the leaves at 2 days post infiltration for fluorescence
observation under the same microscope conditions.

Transient Expression in N. benthamiana and Collection of Emitted Volatiles

Similar to fluorescence observation in N. benthamiana leaves transiently expressing the JsTPS-
GEFP fusions, the infiltrated tobacco plants were maintained in a growth chamber at 22 °C with 16 h
light/8 h dark. Two days after infiltration, infected leaves were harvested and leaf disks were cut from
the infected area, and ground into fine powder in liquid nitrogen immediately. Approximately 0.5 g
of the powder was extracted with 1.5 mL ethyl acetate and the supernatant after centrifugation at
13000 x g for 10 min at 4°C was clarified by passing through a 0.22 em filter before subjecting to
GC/MS analysis. The leaves infiltrated with an Agrobacterium harboring the pK7-GFP vector served
as an empty vector (EV) control.

Heterologous Expression in Yeast

The yeast expression vectors were constructed based on the plasmid pDRTxa [63] by ligation of
the BamH I and Sal I restricted PCR fragments to the same restricted plasmid, respectively. The
specific primers could be found in Tab. S2. The yeast strain By4742 was the expression host and
transformed via the standard PEG protocol [64]. A single colony of the transformants was grown in
10 mL selection medium (SD-ura) at 28°C overnight with shaking at 200 rpm. This preculture was
diluted in a 120 mL SD-ura to an initial ODeoonm = 0.2. After the ODsoonm reaching 0.8, the excreted
products were extracted using solid phase extraction cartridges (Oasis HLB 3cc/60mg from Waters,
Shanghai, China), according to the manufacturer’s guidelines. After washing and drying, the loaded
cartridges were eluted with 2.5 mL ethyl acetate containing 5 ng/eL. a-cedrene (cat. Nr. 22133 from
Sigma-Aldrich, Shanghai, China) as an internal standard and the combined organic phase was
dehydrated over Na25Os, concentrated in a stream of nitrogen to dryness and re-dissolved in 200 pL
ethyl acetate before GC-MS analysis. Empty vector-transformed yeast cells were used as mock control
(EV).

Recombinant Proteins and In Vitro enzyme assay of four JsTPSs

The cDNA of each JsTPS was amplified with pK7-JsTPSs plasmid as a template and subcloned
into pET21HA vector, using BamH 1/Sal I (Thermo Scientific) restriction sites. The resulting plasmid
was introduced into an E. coli Rosetta (DE3) (WEIDI, Shanghai). The transformant was grown to an
0.6 ODsoonm before induction of protein expression. The recombinant JsTPS was best achieved by
adding 1 mM isopropyl p-D-1-thiogalactopyranoside isopropyl (3-d-1-thiogalactopyranoside (IPTG)
(Sigma) and incubated 12 h at 20°C. Purification of the N-terminal-10xHis-tagged recombinants
JsTPS02 and JsTPS04 were carried out by using a Ni-NTA column kit (Sangon, Shanghai, China), with
an elution buffer containing up to 500 mM imidazole.

All constructs were verified by sequencing, and protein concentration after purification was
monitored via the Quick Start Bradford protein assay kits using bovine serum albumin as a standard
(Bio-Rad). The expected size of the recombinant fusion proteins was checked by SDS-PAGE.

The in vitro enzymatic assay was performed in a final volume of 250 pl consisted of 30 mM
HEPES (pH 7.4), 10 mM MgClz, 100 mM KCl, 5 mM dithiothreitol,10% glycerol and 20 pg of the
recombinant protein, together with a substrate either FPP (Sigma-Aldrich, cat. Nr. F6892-1VL) or GPP
(Sigma-Aldrich, cat. Nr. G6772-1VL ) or GGPP (Sigma-Aldrich, cat. Nr. G6025 -1VL) up to 0.2 mM
concentration. After mixing gently, the reaction was carefully overlaid with 250 pl hexane (cat.nr.
1.04391.4008, Merck KGaA, Darmstadt, Germany) to trap volatile products. The tube was then sealed
with parafilm and incubated at 30 °C for 1 h. The reaction was terminated by vortex for 1 min, and
then immediately centrifuged at 1200 x g for 30 min at 4°C. The hexane upper layer was transferred
into a 2 ml glass vial for GC-MS analysis. As a negative control, heat-inactivated recombinant protein
was added to the enzyme assay. Reactions were performed over a range of substrate concentrations
from 0 to 300 um to determine the substrate-dependent kinetics. Nonlinear regression fitting of the
Michaelis-Menten equation was carried out via the GraphPad Prism ver. 8.3.0.
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Yeast Microsome Isolation and in vitro enzyme assay of JsTPS01 and JsTPS03

For yeast microsome isolation, culture cells at log phase with an ODsoonm of 0.6-0.8 were collected
and chilled on ice. Cell pellet after centrifugation at 3,000 x g for 5 min at 4°C was washed once with
half volume of chilled extraction buffer (20 mM Tris-HCl, 10 mM MgClz, 1 mM EDTA, 5% Glycerol,
1 mM DTT, 1 mM PMSEF, pH 8), and re-suspended in residue extraction buffer (~100 uL). To this, 1
ul of 0.1M PMSE, 10 pl freshly prepared protease inhibitors (1 tablet in 1 ml H20) and equal volume
of acid-washed glass beads (cat. Nr. G8772-500G from Sigma-Aldrich Chemie Gmbh, Munich,
Germany) were added before performing cell disruption by vortex for 5-10 min in a cold-room.
Supernatants after centrifugation at 500 x g for 5 min was combined with that of a second extract of
the cell debris by re-suspended in 100 pL of extraction buffer, 1 ul of 0.1M PMSF and 10 pl protease
inhibitors, vortex twice for 30 sec and centrifuge again. The microsomal fraction was isolated from
the merged supernatants by centrifugation at 100,000 x g for 45 min at 4°C. The microsome pellet was
re-suspend in 100 pL of storage buffer (20 mM Tris-Cl, 0.1 mM EDTA, 10% glycerol, 100mM KClI, 1
mM DTT, 1 mM PMSF, pH 7.5) and 20 ul protease inhibitors. All the purification steps were
conducted either in a cool room or on ice. Protein concentration was estimated by the Bradford
protein assay (Bio-lab, Shanghai, China, cat. Nr. 5000002) using bovine serum albumin (BSA) as a
calibration standard.

The following in vitro enzymatic assay was performed as described above.

Gas chromatography—mass spectrometry analysis

GC-MS analysis was conducted in a Perkin Elmer Clarus 680 GC with SQ 8TGC/MS system
coupled to a HP-5 MS capillary column (0.25 mm diameter, 30 m length, and 0.25 um film thickness).

For headspace volatile compound, The GC program was isothermal at 40 °C for 4 min, then
increased at a rate of 10 °C min-'to 70 °C for 3 min, and was then further increased at a rate of 1.5 °C
min-! to 100 °C for 2 min and 14°C min-! to 240 °C for 2 min (total 44 min).

For extract volatile, The GC program was isothermal at 40 °C for 4 min, then increased at a rate
of 10 °C min-'to 70 °C for 3 min, and was then further increased at a rate of 3 °C min-! to 100 °C for 2
min and 5°C min-! to 280 °C for 2 min (total 60 min).

For analysis of emitted volatiles in N. benthamiana, yeast expression product, and in vitro enzyme
assay, The GC program was isothermal at 50 °C for 3 min, then increased at a rate of 6 °C min-'to 200
°C for 1 min, and was then further increased at a rate of 20°C min-! to 240 °C for 2 min (total 33 min).

The detector was activated after a 2.5-min solvent delay. Mass spectra were recorded using the
scan mode (total ion count, 45-600 amu). To identify in mixture, mass spectra and linear retention
index were searched and compared to the NIST 2020 mass spectra library implemented in the Clarus
SQ 8T platform, or when possible, authentic standards were used for qualitative confirmation. For
internal standard, 5 ng/oL cedrene was added to the injected samples. Authentic standard
compounds linalool (cat. Nr. 51782-1ML) and farnesol (cat. Nr. 43348-1ML) were purchased from
Sigma-Aldrich, nerolidol (cat. Nr. B20176 -1ML) from Orileaf (YuanYe®, Shanghai, China).

Statistical Data analysis

When appropriate, one-way ANOVA and pair-wide multiple t-tests on means of the three
biological replicates were conducted using the GraphPad Prism software ver. 8.3.0.

3. Results

3.1. Circadian Emission of VOC in Flowers of |. sambac Dominated by Terpenoids

As a typical night-blooming specie, the flowers of J. sambac open approximately at dusk and
remain open for about 2 days under nature field conditions. The flower senescence normally occurs
after 24 hours post anthesis (hpa) that is obvious by gradually developed purple color in petals
(Figure 1a). Abscission of the flower occurred at approximately 48 hpa under the control climate room
conditions. It is well known that floral scent of |. sambac flowers are released mainly during the first
8 hpa at night. In order to gain more detailed profiles of the floral scents, we analyzed the head-space
emission via gas chromatography-mass spectrometry (GC-MS) by sampling at 2-hours-interval in a
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48-h duration (Figure 1b). We found that the total emission reached its maximum at approximately
2-3 hpa followed with fluctuated reduction before the dawn. Low level of scent remained during the
next daytime, although variation among single flower existed. The second dark/light cycle showed
similar emission pattern but with largely reduced volatiles (Figure 1c). Our results also showed that
the most abundant VOCs in the headspace of flowers of the |. sambac cv ‘shuangban’ were linalool,
a-farnesene and benzyl acetate, making up to 38.1%, 26.7% and 29.4% of the total VOCs at their
maximum, respectively (Figure 1b,c upper panel). The three major headspace constituents were
somehow different quantitatively between the cultivar here and the Indian one or other close species
[44,45]. In the petal extracts, however, a-farnesene was the most predominated compound, with a
maximum content up to 112.6 pg-g' FW at 23:00 hour. This was followed by cis-3-Hexenyl benzoate
(up to 331.5 ug-g! FW at 23:00 hour) and t-cadinol (up to 52.4 ug-g'! FW) (Figure 1d and
Supplementary Data Set S1). It was also noted that the amount of linalool in the petal extracts was
lower than 20 pg-g-1 FW during the whole flowering time (Supplementary Data Set 1). Nevertheless,
the major VOCs in Jasminum flowers are mainly derived from terpenoid biosynthesis pathway and,
to a lesser extent from the benzenoid pathway. Consistent with previously reported by others [46],
the floral scent emission in this species follows a circadian rhythm, but only in the first night is a
significant scent release observed (Figure 1c).
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Figure 1. (a) Flowers at various time points post anthesis. The light/dark cycle is indicated below the picture.
Scale bar = 1.0 cm; (b) Overlay representative GC-MS spectrum of the headspace VOC during the first 12 h when
the emission is maximum; (c) Head-space emission of floral volatiles during 48 h of the flower lifetime;
(d)Volatile compounds in petal extracts at time-points during 24 h flower opening.

3.2. Identifying and Cloning of Candidate TPS Genes expressed in Petals

Having characterized the circadian profile of the floral VOCs emission, we sought to isolate the
genes corresponding to the biosynthesis of the volatile terpenes. We constructed a transcriptome data
set prepared from Jasminum flowers, leaves and stem at different time points of day and night. The
raw sequence data have been deposited in the Genome Sequence Archive (Genomics, Proteomics &
Bioinformatics 2025) in National Genomics Data Center (Nucleic Acids Res 2025), China National
Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences (GSA:
CRAO031067) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa. Using BLAST searches against
a set of homologous sequences in the transcriptomes followed by manual curation, we identified 34
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non-redundant terpene synthase-related genes. Among these genes, 4 genes were highly expressed
in flowers, being 2-3 order of magnitudes more abondance in transcript levels comparing with the
leaves and stems (Figure 2). Since the transcriptome data represented overall floral tissues other than
merely petals that supposed to be the site of VOC synthesis, and was limited in time-point sampling.
To profile precisely the expression of these genes in petals, we sampled the flowers at a 2-h-interval
during the whole floral life-time (48 h post anthesis) and conducted quantitative measurement using
petals RNA isolation. Moreover, the expression patterns of the four putative TPS genes highly
correlated with floral terpenoid emission profiles, with maximum mRNA level at the first night
(Figure 2b). These four genes DJ27262, DJ12081, D]J02562 and D]26725, were assigned as [sTPS01
(NCBI acc. Nr. MW057924), JsTPS02 (MW057922), JsTPS03 (MW057923) and JsTPS04 (MW057921),
respectively. Subsequently the full-length cDNAs were cloned with specific primers (Table S2) and
the deduced amino acid sequences showed that they shared 22.26 to 37.80 percent Identities with
each other.

Together with other known-function TPS enzymes, a maximum likelihood tree was constructed
which revealed that JsTPS01 belonged to the TPS-a clade while both JsTPS02 and JsTPS03 were TPS-
b type. The JsTPS04 was the largest protein among the four, containing 844 amino acid residues with
extended N- and C-terminuses, which fell into the TPS-e/f clades of the terpene synthase family
(Figure 3a). By TargetP predictions, only JsTPS02 contained plastid transit peptide, implying a
plastidial localization.

In term of sequence similarity, JsTPS04 is more divergent from the other three terpene synthase
enzymes, and its amino acid sequence shares 40.6 and 45.3% identity with the Clarkia S-linalool
synthase CbLIS (LIS_CLABR) and the Arabidopsis geranyllinalool synthase TPS04 (Figure 3b). It
lacks the N-terminal tandem arginine/tryptophan motif ‘RR(x8)W’, thought to be critical for
monoterpene cyclization [65,66] but also found later [67] in many sesquiterpene and diterpene
synthases. JsTPS04 also contains both the ‘DDxxD’” and ‘NSE/DTE’ motifs of metal-binding sites,
structural characteristics may distinguish isoprenoid diphosphate lyases and terpenoid cyclases from
prenyltransferases [11]. Moreover, the C-terminal domain of JsTPS04 exists an additional acid motif
‘DxxDD’, which seems to be a variant form mimicking the general acid motif ‘DxDD’ signatural in
some class II terpenoid synthases [11,24] (Figure 3b). The other three JsTPSs all contain the N-terminal
‘RRx8W’ motif and the typical ‘DDxxD’, but one of them (JsTPS01) has a modified NSE/DTE motif
(Figure 3b). Homologous modeling of the protein structures provides an overview of the domain
architecture and the conserved Mg2+-binding ‘DxxDD’ motif configuration in the models (Figure S1).
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Figure 2. A heatmap depicting the normalized FPKM taken from the transcriptome data and transcript
abundance of the most highly expressed TPS genes in petals during floral lifetime.
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Figure 3. (a) Phylogenetic relationship of JsTPSs with other terpene synthases of known function from other
species using amino acid sequences (named by SWISS/Pro codes or PDB accession). The tree is constructed using
MEGA X ver. ver. 10.1.8 and visualized via FigTree ver. 1.4.4. The scale bar represents amino acid residue
substitution rate per site. Subgroups are depicted with color lines and bootstraps values greater than 50 are
shown; (b) Amino acid sequence alignment showing the conserved motifs in the JsTPS proteins together with
those of the (E E)-alpha-farnesene synthase 1 from apple (AFSI_MALDO) and the S-linalool synthase from
Clarkia breweri (LIS_CLABR). The predicted chloroplast transit peptide in JsTPS02 is boxed. The known
functional motifs RRX8W, DDXXD, NSE/DTE and DXXD are labeled.

3.3. Subcellular Localization of the Four Terpene Synthase Proteins

Since substrates of terpene synthases are mainly derived from the cytosolic MVA and the
plastidic MEP pathways, the subcellular localization of a TPS enzyme can be considered a major
determinant of its catalytic reaction and also hints for the functionality. Using C-terminal GFP-tagged
JsTPSs for protoplast transient expression in Arabidopsis leaves and Jasminum petals, we found that
JsTPS02 proteins were clearly distributed in the chloroplast or in the plastid-like structures of the
petal, consistent with the TargetP prediction, whereas both JsTPS01 and JsTPS03 enzymes were
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mainly cytosolically localized (Figure 4). Interestingly, the fluorescence signal of the JsTPS04-GFP
fusion was differently localized between protoplasts of Arabidopsis leaves and of Jasminum petals. It
seemed that JsTPS04 was localized to the cytosol or ER in the leaf protoplasts, but in the petal cells
the fluorescence signal was observed in some granular-like structures (Figure 4). A further
experiment using Nicotiana benthamiana leaf infiltration showed that the JsTPS04-GFP fusion could be
localized to both chloroplasts (or particles around the chloroplasts) and cytoplasm in the leaves, while
the chloroplast-localization of JsTPS02 and the cytosolic localization of JsTPS01 or JsTPS03 were
confirmed, although chloroplast-associated signal were somewhere found irregularly for the latter
two (Figure S2).

—

Bright GFP Chlorophyll Overlay Bright GFP Overlay

-GFP

JsTPS02

JsTPS03

JsTPS04 |

Arabidopsis leaf protoplasts Jasminum petal protoplasts

Figure 4. The four JsTPSs in fusion with a C-terminal GFP tag were transiently expressed in protoplasts of
Arabidopsis rosette leaves or Jasminum petals. GFP fluorescence was observed at 470 nm excitation and 525 nm

emission; chlorophyll fluorescence at 545 nm excitation and 620 nm emission. Scale bar =5 pum.

3.4. Enzyme Activities of the Four Jasminum Terpene synthase Proteins

The N. benthamiana leaves transiently expressing the JsTPS-GFP fusions were used for measuring
the enzymatic activity. The assay was conducted using leaf extracts with ethyl acetate in a GC-MS
system. A significant peak of linalool with a retention time (RT) at 11.67 min was produced in JsTPS04
expressing leaves, whereas the other three TPS did not yield any different peaks within the RT ranges
as compared with the GFP alone vector (EV) (Figure 5a). Linalool peak was identified by comparison
of the RT and mass spectra with the authentic standard and the NIST20 libraries. We also found that
in the EV-transfected leaves, phytol, an acyclic diterpene alcohol and a constituent of chlorophyll,
common to green leaves, was the major compound at the C20 range, whilst the expression of the
JsTPSs induced the accumulation of several aliphatic hydrocarbon and heterocyclic compounds
(Figure S3). Some unknown products (RT at ~ 29.1 min) were also induced in JsTPS01/02/03-
transfected leaves but absent in the GFP control (EV) and the JsTPS04-expressing leaves. Thus, only
the TPS-e/f member JsTPS04 could catalyze the synthesis of linalool when transiently expressed in
the N. benthamiana leaves. However, they all seemed to interfere with the diterpenoid biosynthesis
pathway in the leaves.
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In vivo assay for terpenoid accumulation in yeast cell (strain 4742) revealed the significant de
novo production of a sesquiterpenoid t-cadinol in JsTPS01 expressing cells while the other three
JSTPSs resulted in no different terpenoid profiles comparing to the empty vector (Figure 5b). Since
the yeast cell generally contains less available geranyl diphosphate (GPP) or other prenyl
diphosphate but generates a large pool of farnesyl diphosphate (FPP) from the cytosolic mevalonate
(MVA) pathway for further synthesis of the sesquiterpene squalene and several essential sterols [68].
Therefore, this endogenous pool of FPP could be used efficiently by JsTPS01 to make t-cadinol.

We expressed the full-length cDNAs of JsTPSs in E. coli to obtain purified recombinant proteins,
using a N-terminal fusion of 10xHis-tag. The recombinant 10xHis JsTPS02 and JsTPS04 were readily
generated (Figure S54). Although purified recombinant proteins contained His-tag at the N-termina,
JsTPS02 show catalytic activities converting the substrates GPP to linalool (Figure 6a), and JsTPS04
converting GPP to linalool, FPP to trans-Nerolidol in a preliminary experiment (Figure 7a). Thus, the
recombinant JsTPS02 and JsTPS04 proteins were used in serial reactions with different substrate
concentrations to determine the enzymatic property. Using different concentration of GPP (3 pM, 30
uM,45 uM, 180 uM, 300 uM) as substrate, the apparent Vmax and Km of the JsTPS02 for substrate
GPP were estimated as 47.68 + 1.68 ng/ug-1 protein h-1 and 28.18 + 3.42 uM, respectively (Figure 6
bed). With varying concentrations of GPP (3 uM, 9 uM, 30 uM, 60 uM, 90 pM) as substrate, the
apparent Vmax and Km of the JsTPS04 for substrate GPP were estimated as 6.20 + 0.13 ng/ug protein
h and 2.51 + 0.34 puM, respectively (Figure 7 b,d). Similarly, the apparent Vmax and Km of the
JsTPS04 for substrate FPP were estimated as 7.57 = 0.11 ng/ug™ protein h™! and 7.58 + 0.63 uM,
respectively (Figure 7c,d).

Due to unsuccessful expression and purification in E. coli, JsTPS01 and JsTPS03 with an N-
terminal HA-tag were further expressed in yeast cells. The two JsTPS proteins could be correctly
detected as membrane-bound forms by a western blot on isolated total and membrane fractions using
an anti-HA antibody (Figure S5). We then isolated the recombinant proteins for an in vitro assay
using the membrane fractions as enzyme sources. The reactions of JsTPS01 and JsTPS03 did not yield
any additional products over the mock control, when using up to 100 uM GPP as the substrate (Figure
8a). However, JsTPS03 was able to generate farnesol from added FPP at up to 100 uM, which was not
observed for JsTPSO1 and the mock control (Figure 8b). The product farnesol was identified by
authentic standard comparison (Figure 8c). To characterize the catalytical activities of JsTPS03, we
isolated the partially purified proteins and determined the enzymatic kinetics using substrate-
dependent assay against FPP concentrations and generated their Michaelis-Menten plots (Figure 8d).
The apparent Km for JsTPS03 was 15.48+3.43 uM. We were not able to estimate the efficiency
parameters of the JsTPS03 due to that the actual concentration of the enzyme molecules were not
known in the assay, however, the result should indicate that JsTPS03 were likely to function as
farnesene synthases in the in vitro assay.
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Figure 7. (a) Incubation with GPP, FPP, GGPP up to 200 uM resulted in linalool and trans-nerolidol; (b)

Representative chromograms of the reaction products; (c) Curve fitting against two substrates; (d) Comparison

of mass spectrum of the enzymatic product with that of the authentic compound linalool and tans-nerolidol.
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Figure 8. (a) Incubation with GPP up to 100 uM resulted in no significant new product peak; (b) New product
corresponding to farnesol was formed by the activity of JsTPS03 using FPP as substrate; (c) Comparison of
mass spectrum of the enzymatic product with that of the authentic compound farnesol; (d) Concentration-

dependence reaction kinetics of the JsTPS03 against FPP and the apparent Michaelis-Menten parameters.

4. Discussion

In this study, we have identified one monoterpene synthase, two sesquiterpene synthase and
one monoterpene/sesquiterpene synthase that responsible for the linalool, farnesol, t-cadinol, and
trans-nerolidol in J. sambac, based on their abundant and almost exclusive expression in the petal, as
well as on the biochemical characterization in N. benthamiana leaves, yeast cell, and E.coli cell.

Yeast cells expressing JsTPS01 accumulated t-cadinol comparing to the empty vector (Figure
5B). Since the yeast cell generally contains less available geranyl diphosphate (GPP) or other prenyl
diphosphate but generates a large pool of farnesyl diphosphate (FPP) from the cytosolic mevalonate
(MVA) pathway for further synthesis of the sesquiterpene squalene and several essential sterols [68].
Therefore, this endogenous pool of FPP could be used efficiently by JsTPS01 to make t-cadinol. T-
cadinol is detected in extract of Jasminum flowers and was consistently detected throughout the main
scent-emission period (Figure 1). So it is possible that JsTPS01 might catalyze the synthesis of t-
cadinol in the flower petal. Since the cadinol family of sesquiterpenoid are known to have
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antimicrobial activity [69,70], the expression of JsTPS01 during anthesis might be beneficial for the
flower fitness by making sesquiterpenoids involved in defense against microbial pathogens. Quite a
few cadinene synthases from other plants have been functionally and structurally determined [11,70-
72]. Among them, JsTPS01 has an overall sequence identity of 33.33, 45.78 and 48.05% at the amino
acid level with the cadinol synthase LaCADS from Lavandula angustifolia [72], (+)-delta-cadinene
synthase from Gossypium arboretum [71]and cadinene synthase SITPS16 from tomato [25].

The JsTPS02 is a member of the TPS-b clade which may function as a linalool synthase in the J.
sambac petal. Linalool accounts for the major floral volatile monoterpene in most J. spp. fragrance
[44] and is a characteristic fragrance constituent of white, night-blooming, moth-pollinated flowers,
in addition to many diurnal flowers pollinated by bees, beetles and butterflies [73,74]. JsTPS02 is
predicted to contain a signal peptide (Figure 3) and is later correspondingly found in granular
structures in the leaf and petal protoplast (Figure 4). Moreover, in vitro, JsTPS02 could mediate the
biosynthesis of linalool using added GPP as a substrate, with an apparent Km of 28.18 + 3.42 uM
(Figure 6). Given that JsTPS02 is quite similar to the Clarkia S-linalool synthase [75], JsTPS02 might
be a linalool synthase. Linalool exists in two different enantiomers in nature: R-(-)-linalool and S-(+)-
linalool; while the former is found mostly in woody or leaf essential oils, the latter is emitted from
many flowers as the dominant enantiomer [76]. It has been reported that in J. grandiflorum flower
developmental stages from bud to open flower, an enantiomer ratio shift from R- to S-form occurs
with S-(+)-linalool being the most abundance at opening stage [46]. It remains to be determined
whether JsTPS02 could produce both or preferentially S-form linalool. In addition, as reported in
many natural linalool-emitting plant or transgenic plants over-expressing linalool synthases, linalool
glycosides are the major forms for transport and storage before release [35,73,77]. We also showed
that the free linalool in the petal extract with hexane was rather low as comparing to the large portion
in the headspace (Figure 1d). It could be possible that the Jasminum flower may contain similar pool
of conjugated nonvolatile linalool in the petal subcellular structures before emission, as showed in a
recent study using four Jasminum species [47].

JsTPS03 could mediate the biosynthesis of farnesol in isolated membrane fraction from
ectopically expressing yeast cells using added FPP as a substrate with an apparent Km of 15.48+3.43
uM (Figure 8a). JsTPS03 belongs to the TPS-b subfamily, sharing 45.1% with the apple a-farnesene
synthase AFS1_MALDO [78]. Most plant sesquiterpene synthases in purified form have a reported
FPP affinity ranging from 0.4 to 142.9 uM, but typically close to around 10 uM [79], so we speculate
that the JsTPS03 should function as a farnesene synthases in the Jasminum petal.

JsTPS04 belongs to the TPS-e/f clade. Its transient expression in Nicotiana benthamiana leaves
yielded linaloo], also the recombinant protein could convert GPP into linalool in vitro, implying that
JsTPS04 possesses linalool-synthase activity. Both JsTPS02 and JsTPS 04 recombinant protein catalyze
the conversion of GPP to linalool, with an apparent Km of 28.18 + 3.42 uM and 2.51 + 0.34 pM,
respectively (Figures 6a and 7a). It is therefore that the JsTPS04 has a higher affinity to the substrate
than JsTPS02 in vitro. Moreover, JsTPS04 also accepted FPP to produce tans-nerolidol with an
apparent Km of 7.58+ 0.63 uM, which was detected both in petal extracts and throughout the floral
scent-emission period. Thus, we speculate that the JsTPS04 should also function as a nerolidol
synthases in the Jasminum petal, demonstrating that the enzyme functions as a nerolidol synthase as
well. Collectively, these results indicate that JsTPS04 is a bifunctional terpene synthase capable of
generating both monoterpenes and sesquiterpenes. This is consistent with its multiple subcellular
localizations in. Moreover, in the petal protoplast, JsTPS04 is found in granular structures, however,
it can catalyze the conversion of FPP into sesquiterpenes-a phenomenon that has also been reported
previously. e.g. The plastic-located farnesene synthase PvHVS from Prunella vulgaris (family
Lamiaceae), a member of the TPS-a clade, can use FPP to make bisabolol and farnesene in vitro [80].

In summary, we identified a linalool synthase (JsTPS02), a cadinol synthase (JsTPS01), and a
bifunctional mono-/sesquiterpene synthase (JsTPS04) that produces linalool/tans-nerolidol, and a
putative farnesene synthase (JsTPS03) in J. sambac petals. Although we could not roll out the existence

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1707.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 November 2025 d0i:10.20944/preprints202511.1707.v1

16 of 20

of other terpene synthases in the flower, JsTPS04 and JsTPS03 are the best candidate responsible for
the synthesis of linalool and farnesene to be released from the petal, respectively.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Data S1: List of compounds identified in the headspace and ethyl acetate extracts
from petals at various time-points during the flowering lifetime and the quantification; Figure S1: Homologous
models of the four JsTPSs showing the conserved Mg?* binding DDxxD motif in each protein structure. The
models are built via SWISS-MODEL homology-modelling server (https://swissmodel.expasy.org/). Magnesium
ion is depicted as green ball, and the aspartates side chains at the conserved Mg?* binding motif, as well as at the
acid motif, are showed as sticks; Figure 52: Representative images of transient expression of GFP-tagged TPS
proteins in leaves of Nicotiana benthamiana; Figure S3: JsTPSs induced the accumulation of several aliphatic
hydrocarbon and heterocyclic compounds in N. benthamiana leaves transiently expressing TPS genes; Figure S4:
Production of JsTPS02 and JsTPS04 recombinant proteins in E. coli. Proteins were separated on 10% SDS-PAGE
and the gel was stained with 1.25% Coomassie Blue R250. A: Induction and Western blot detection of the four
JsSTPS recombinant proteins; B: Purification of the four JsTPS recombinant proteins; Figure S5: JsTPS01 and
JsTPS03 expression in yeast were detected with an antibody against the N-terminal HA-tag. EV, empty vector;
W, whole cell lysates; M, mambrane fraction. 15 el of sample was loaded in each lane.; Table S1: Four JsTPSs
from Jasminum flower/leaf transcriptomes and the respective qRT-PCR primers used; Table S2: List of primer

sequences used in CDS cloning and vector constructions.
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