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Abstract
Main conclusion CaTPS2 and CaTPS3 were significantly expressed in flowers of Curcuma alismatifolia ‘Shadow’ 
and demonstrated bifunctional enzyme activity, CaTPS2 generated linalool and nerolidol as products, and CaTPS3 
catalyzed β-myrcene and β-farnesene formation.

Abstractsss This study presents the discovery and functional characterization of floral terpene synthase (TPS) genes in 
Curcuma alismatifolia ‘Shadow’, a cultivar renowned for its unique fragrance. Addressing the gap in understanding the 
genetic basis of floral scent in this species, we identified eight TPS genes through comprehensive transcriptome sequencing. 
Among these, CaTPS2 and CaTPS3 were significantly expressed in floral tissues and demonstrated bifunctional enzyme 
activity corresponding to the major volatile compounds detected in ‘Shadow’. Functional analyses, including in vitro assays 
complemented with rigorous controls and alternative identification methods, elucidated the roles of these TPS genes in 
terpenoid biosynthesis. In vitro studies were conducted via heterologous expression in E. coli, followed by purification of 
the recombinant protein using affinity chromatography, enzyme assays were performed with GPP/FPP as the substrate, and 
volatile products were inserted into the GC–MS for analysis. Partially purified recombinant protein of CaTPS2 catalyzed 
GPP and FPP to produce linalool and nerolidol, respectively, while partially purified recombinant protein of CaTPS3 gener-
ated β-myrcene and β-farnesene with GPP and FPP as substrates, respectively. Real-time quantitative PCR further validated 
the expression patterns of these genes, correlating with terpenoid accumulation in different plant tissues. Our findings 
illuminate the molecular mechanisms underpinning floral fragrance in C. alismatifolia and provide a foundation for future 
genetic enhancements of floral scent in ornamental plants. This study, therefore, contributes to the broader understanding of 
terpenoid biosynthesis in plant fragrances, paving the way for biotechnological applications in horticulture plant breeding.
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Abbreviations
FPP  Farnesyl diphosphate
GPP  Geranyl diphosphate
TPS  Terpene synthase
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Introduction

The realm of plant fragrances, a complex interplay of 
volatile organic compounds (VOCs), is dominated by ter-
penoids, notable for their structural diversity and signifi-
cant contributions to floral aroma profiles (Dudareva et al. 
2013). Curcuma alismatifolia, also known as the Siam Tulip 
or ‘Shadow’, is celebrated not just for its visually striking 
flowers but also for its unique fragrance, making it a subject 
of both commercial interest and scientific inquiry (Brown 
and Patel 2019). At present, studies about the C. alismatifo-
lia traits have mainly concentrated on vase life, bract color, 
and flower initiation and development (Kjonboon and Kan-
layanarat 2005; Koshioka et al. 2015). As one of the main 
ornamental attributes of C. alismatifolia, bract color has 
drawn in expanding consideration among scientists, and 
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different species with bright and beautiful inflorescences 
have been developed. For plants, the color and scent of 
flowers are equally important in attracting consumer atten-
tion, and these two traits are crucial for attracting pollinating 
insects and for the success of plant evolution (Zuker et al. 
2002; Parachnowitsch et al. 2012). Despite its appeal, large 
amounts of Curcuma species have flashy bracteate inflores-
cences but no floral fragrance, and the genetic underpinnings 
and enzymatic pathways shaping its scent have remained 
largely uncharted territory.

At the heart of terpenoid biosynthesis lie terpene syn-
thases (TPSs), enzymes catalyzing the transformation of 
prenyl diphosphate substrates into a plethora of terpenoids, 
integral for plants’ interactions with their environment, such 
as attracting pollinators and deterring herbivores (Sheehan 
et al. 2012; Lin et al. 2021). Volatile terpenes can serve as 
long-distance attractants in Mimulus lewisii, predominantly 
attracting bumblebee for pollination (Byers et al. 2014). In 
addition, volatile terpenes function over shorter distances, 
such as within-flower nectar guides in monkeyflowers (Liang 
et al. 2023), or act directly as chemical defense against herbi-
vores or pathogens in Petunia hybrida (Boachon et al. 2019). 
Despite the pivotal roles of terpenes in attracting pollinators 
and plant evolution, the correlation between volatile terpe-
nes and pollinator attraction remains largely unknown for 
most flowering plant species (Shen et al. 2024). Identifying 
and understanding the function of TPS genes responsible 
for the floral scent in C. alismatifolia could pave the way for 
genetic enhancements, improving both ornamental and aro-
matic traits in this species and others (Nguyen et al. 2023).

The advent of transcriptome sequencing technologies has 
revolutionized our ability to uncover the genetic bases of 
complex traits, including floral fragrance providing insights 
into the specific genes involved in these pathways (Fisher 
and Kramer 2019). Nonetheless, functional validation of 
these genes is crucial for a comprehensive understanding of 

their roles in terpenoid biosynthesis (Williams and Jackson 
2021a, b). This study seeks to fill this gap by identifying and 
functionally characterizing TPS genes involved in volatile 
terpene production in C. alismatifolia ‘Shadow’. Employing 
an integrative approach that combines transcriptome analy-
sis, gene cloning, in vitro functional assays, and expression 
profiling, we aim to decode the molecular basis of floral 
scent in this species.

We selected a scented cultivar (‘Shadow’) as materials to 
explore the regulatory mechanism of terpene formation in 
C. alismatifolia. The emission pattern of terpenes in differ-
ent developmental stages and various tissues of ‘Shadow’ 
will be studied. Moreover, we investigated the key terpene 
synthase genes by transcriptome sequencing and identified 
their functions. The expression patterns of candidate CaTPS 
genes were also analyzed to determine their important roles 
in the biosynthesis pathway of terpenes. Our research not 
only focuses on the identification of TPS genes but also 
delves into their functional implications in terpene biosyn-
thesis. This dual focus allows us to contribute to the expand-
ing field of plant fragrance biosynthesis and opens avenues 
for the genetic improvement of floral characteristics in orna-
mental plants, aligning with the study’s goals and addressing 
the gaps identified in previous research.

Materials and methods

Plant materials

Curcuma alismatifolia was planted in the Ginger Garden of 
Flower Research Center, South China Agricultural Univer-
sity (Guangzhou, China) under natural light. The different 
tissues of C. alismatifolia are divided into flowers (F), fertile 
bracts (Fb), sterile bracts (Sb) and leaves (Le) (Fig. 1a). The 
flowers of C. alismatifolia contain petals (Pe), labella (L), 

Fig. 1  a–b Different tissues of 
C. alismatifolia ‘Shadow’. Sb, 
sterile bracts; F, flowers; Fb, 
fertile bracts; Le, leaves; Pe, 
petals; L, labella; Lp, lateral 
petals; Gy, gynandrium. c Picto-
rial view of C. alismatifolia 
‘Shadow’ flowers at four floral 
developmental stages
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lateral petals (Lp) and gynandrium (Gy) (Fig. 1b). In our 
study, the flowering process was divided into four stages 
(S1–S4) (Fig. 1c). The stages (S1–S3) constitute the process 
of floral buds to the full-openness stage (S3). Afterward, 
the flower undergoes early wilting (S4). All samples were 
collected during the blooming period from July to August. 
The material samples for RNA extraction were frozen in 
liquid nitrogen immediately after picking and stored in a 
– 80 °C freezer.

GC–MS analysis of floral volatiles

Approximately 0.3 g of sample was enclosed in a 50-ml 
glass bottle with 0.432 μg of ethyl caprate as an internal 
standard. After 30  min, a solid-phase microextraction 
(SPME) fiber was used to adsorb floral volatiles for 30 min 
and then inserted into a gas chromatography‒mass spec-
trometer (GC‒MS system) (Agilent) for volatile analysis 
as described previously (Zhou et al. 2022). Three replicates 
of each sample of C. alismatifolia tissues in the floral fra-
grance collection were included. VOCs were then identified 
by matching the mass spectra to the NIST Mass Spectral 
Library (NIST 08) based on an 80% match factor. The rela-
tive quantification of floral volatile compounds was calcu-
lated by Agilent ChemStation Data Analysis Application 
according to the quantity of ethyl caprate and the peak area 
ratio. SPSS software was used to analysis of variance by 
Tukey’s test (P = 0.05).

Transcriptome sequencing and analysis

Total RNA of ‘Shadow’ flowers and sterile bracts in the 
blooming stage were extracted using  TRIzol® Reagent fol-
lowing the manufacturer’s instructions (Invitrogen). RNA-
seq transcriptome libraries were prepared according to the 
TruSeqTM RNA sample preparation Kit from Illumina (San 
Diego, CA, USA) and sequenced by Illumina NovaSeq 6000 
sequencing (150 bp) with 1 G total bases. Raw reads were 
filtered using Trimmomatic software (Bolger et al. 2014) 
to obtain clean reads by removing the adapters and low-
quality reads. Transcriptome de novo assembly was imple-
mented by Trinity software (Grabherr et al. 2011) without 
reference genome. Based on sequence similarity, all the 
assembled transcripts were compared to the NCBI protein 
nonredundant (NR), String, and KEGG databases using 
BLASTX algorithm with a typical cut-off E-value ≤  10−5. 
BLAST2GO software was used to get GO annotations of 
unique assembled transcripts for describing biological pro-
cesses, molecular functions and cellular components (Götz 
et al. 2008). KEGG pathway analysis was performed using 
BLASTX algorithm with an E-value cut-off of  10−5. Anno-
tated protein output was used to extract TPSs by using the 
hidden Markov model (HMM) profiles of PF03936 and 

PF01397 from Pfam database as a template. To obtain dif-
ferential expression genes (DEGs) between flowers and 
sterile bracts, the expression level of each readcount was 
normalized to reads per kilobase of exon model per million 
mapped reads (RPKM) (Mortazavi et al. 2008). DEGseq R 
package was used for differential expression analysis (Wang 
et al. 2010), and FDR (False Discovery Rate) ≤ 0.05 and 
FC (Fold Change) ≥ 2 were used as the cut-off values. GO 
term enrichment analysis and KEGG pathway enrichment 
analysis of DEGs were performed using GOseq R package 
(Young et al. 2010) and KOBAS software (Mao et al. 2005), 
respectively.

Terpenoid synthase genes identification 
and phylogenetic analysis

To identify putative floral terpenoid synthase genes, we uti-
lized the transcriptome of ‘Shadow’ as a query by HMMER 
domain (PF03936, PF01397) screening and the NCBI 
BLAST function. The expression patterns of candidate 
CaTPS genes in flowers and sterile bracts were analyzed 
using RPKM data and visualized with TBtools (Chen et al. 
2020). The highly expressed genes in flowers (CaTPS2 and 
CaTPS3) were selected for further functional studies. The 
sequences of CaTPSs were obtained from RNA-seq database 
of C. alismatifolia flower, and the relevant protein sequences 
from other plant species were downloaded from the NCBI 
database. The phylogenetic tree was constructed using 
MEGA X software (Kumar et al. 2018) with the neighbor-
joining method after the multiple protein sequences were 
aligned with Clustal (Sievers et al. 2011).

In vitro TPS enzyme assays

The coding sequences (CDSs) of CaTPS2 and CaTPS3 
from the flowers were subcloned and inserted into vector 
pET-32a with an N-terminal His-tag through Bamh I and 
Hind III sites. Escherichia coli Rosetta (DE3) was utilized 
as an expression host for the CaTPS2 and CaTPS3 genes, 
and the empty vector pET-32a was used as a negative con-
trol. Positive colonies verified by sequencing were incu-
bated 10–14 h at 37 °C with shaking at 180 rpm in 1 ml 
Luria–Bertani (LB) medium added Ampicillin (100 µg/ml). 
About 100 µl of overnight grown cultures were transferred 
to 100 ml LB media and were incubated under the same 
condition as above until  OD600 of 0.4–0.6 was achieved. 
The formation of recombinant proteins with isopropyl-β-D-
thiogalactopyranoside (IPTG) and the fusion proteins puri-
fication with Ni–NTA His·Bind Resins were implemented 
as described previously (Yue et al. 2014). Partially puri-
fied CaTPS2 and CaTPS3 proteins were dialyzed twice to 
three times in a buffer containing 5 mM dithiothreitol (DTT) 
and 30 mM HEPES (pH 7.5). Protein concentrations were 
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performed on Ultra-micro Ultraviolet–visible Spectropho-
tometer (MIULAB) using the ultraviolet spectrophotometry 
method. Standard assays were performed in a total volume 
of 100 µl containing buffer (5 mM DTT, 25 mM  MgCl2, 
30 mM HEPES, pH 7.5), 20 μM substrate geranyl diphos-
phate/farnesyl diphosphate (GPP/FPP, Sigma) and 10–20 µg 
partially purified protein. The mixture was incubated into the 
reaction bottle at 30 °C. After 1 h, an SPME fiber was used 
to adsorb volatiles for 1 h and then inserted into the GC‒MS 
instrument for volatile analysis.

Real‑time PCR analysis

Total RNA was extracted from different floral develop-
mental stages and various plant tissue samples using the 
HiPure Plant RNA Kit (Magen) following the manufac-
turer’s protocol instructions, and then reverse transcribed 
using an Evo M-mLV premix kit (Accurate Biology, Carle 
Place, NY, USA) following the manufacturer’s suggestions. 
Real-time PCR analysis was performed on a 7500 Real Time 
PCR System using Hieff qPCR SYBR Green Master Mix 
(low Rox) (Yeasen, Shanghai, China) following the protocol. 
Each sample were tested with triplicate biological replicates, 
and the relative expression levels of CaTPS2 and CaTPS3 
were calculated using the formula  2−ΔΔCт method (Livak 
and Schmittgen 2001). The sequence-specific primers for 
CaTPS2 and CaTPS3 are listed in Supplementary Table S1. 

SPSS software was used to analysis of variance by Tukey’s 
test (P = 0.05).

Results

Emission patterns of floral terpenoids of C. 
alismatifolia

To investigate the composition and content of volatiles in 
C. alismatifolia, we chose different varieties of C. alismati-
folia for measurement, and among these, C. alismatifolia 
‘Shadow’ released the most abundant volatiles’ compounds 
(Supplementary Fig. S1). Therefore, we selected ‘Shadow’ 
as the model variety, and seven different tissues were used 
for volatiles collection and GC‒MS analysis. The results 
showed that the fertile bracts contained 14 terpenoids, and 
the total concentrations of monoterpenes and sesquiterpe-
nes represented roughly 43.76% and 56.24% of the total 
volatile terpenoids (20.52 µg   g−1FW  h−1), respectively. 
Caryophyllene, β-pinene, and α-pinene were the dominant 
volatile compounds (Table 1). A total of nine terpenoids 
(8.64 µg  g−1FW  h−1) were detected in the sterile bracts, and 
the emission rates of β-pinene and α-curcumene were higher. 
Leaves only contained eight terpenoids, with a total amount 
of 4.298 µg  g−1FW  h−1.

Table 1  Descriptive statistics 
for 16 terpenoids identified in 
three C. alismatifolia ‘Shadow’ 
tissues

Mean values ± SE (n = 3); different letters between ‘Fertile bracts’, ‘Sterile bracts’ and ‘Leaves’ data indi-
cate significant difference (P < 0.05); “–” refers to no detection

Terpenoids Molecular formula Content (µg  g−1FW  h−1)

Fertile bracts Sterile bracts Leaves

Monoterpenoids
α-Pinene C10H16 3.41 ± 0.038a 1.55 ± 0.098b 1.67 ± 0.6b

β-Thujene C10H16 0.14 ± 0.018a – 0.13 ± 0.087a

β-Pinene C10H16 4.92 ± 0.558a 2.64 ± 0.11b 0.52 ± 0.044c

D-Limonene C10H16 0.51 ± 0.081a 0.12 ± 0.01b 0.24 ± 0.156b

Cineole C10H18O – 0.047 ± 0.002a –
Sesquiterpenoids
α-Copaene C15H24 0.10 ± 0.006a – –
(+)-Cyclosativene C15H24 0.25 ± 0.028a – –
Copaene C15H24 2.88 ± 0.064a 0.41 ± 0.069b 0.26 ± 0.043b

Zingiberene C15H24 0.19 ± 0.021a 0.063 ± 0.01b –
(Z,E)-α-Farnesene C15H24 0.38 ± 0.185a – –
Caryophyllene C15H24 6.32 ± 0.53a 1.69 ± 0.191b 0.94 ± 0.31b

β-Farnesene C15H24 0.19 ± 0.029a – –
α-Humulene C15H24 0.32 ± 0.016a – 0.45 ± 0.3a

Aromadendrene C15H24 0.72 ± 0.092a 0.12 ± 0.012b 0.088 ± 0.001b

α-Curcumene C15H24 – 2.00 ± 0.32a –
β-Sesquiphellandrene C15H24 0.19 ± 0.021a – –

20.52 8.64 4.298
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In the various parts of the ‘Shadow’ flower, a total of 
12 floral terpenoids were detected and analyzed, and 
these comprised six monoterpenes and six sesquiterpenes 
(Table 2). The total amount of terpenoids in petals was 
53.98 µg  g−1FW  h−1, of which monoterpenes and sesquit-
erpenes accounted for approximately 43.02% and 56.98%, 
respectively, and caryophyllene, and linalool were the main 
volatile compounds. Twelve types of terpenoids were also 
detected in the labella, the concentration of the total vola-
tiles was 13.49 µg  g−1FW  h−1, and the amounts of linal-
ool, caryophyllene, nerolidol and β-myrcene were higher. 
Only four terpenoids were detected in the lateral petals 
(11.01 µg  g−1FW  h−1), and linalool has the highest concen-
tration (9.42 µg  g−1FW  h−1). The concentration of terpe-
noids was lowest in the gynandrium (4.35 µg  g−1FW  h−1), 
and the dominant compounds were nerolidol, caryophyllene 
and linalool. In summary, the total mono- and sesquiterpe-
nes were observed to be firmly discharged from the petals, 

indicating that genuine blossoms could be a vital site for the 
dispersion of botanical fragrance in C. alismatifolia.

Transcriptome analysis of C. alismatifolia ‘Shadow’

We performed a transcriptome analysis of C. alismatifolia 
‘Shadow’ to identify the genes involved in the biosynthe-
sis of floral terpenoids. An overview of the sequencing and 
assembly data is listed in Supplementary Table S2. The 
RNA-seq data yielded 53,655 unigenes with an N50 value 
of 768 bp, and the annotation of these unigenes is outlined 
in Supplementary Table S3. Briefly, the data suggested that 
the sequences provide a valuable resource for further analy-
sis. Using HMMER domain (PF03936, PF01397) screening 
and the NCBI BLAST function against the currently assem-
bled ‘Shadow’ transcriptome, we identified a total of eight 
TPS genes, named CaTPS1 to CaTPS8, possibly involved 
in terpenoid biosynthesis. Detailed information of the eight 

Table 2  Descriptive statistics for 12 terpenoids identified in C. alismatifolia ‘Shadow’ floral tissues

Mean values ± SE (n = 3); different letters between ‘Petal’, ‘Labella’, ‘Lateral patals’ and ‘Gynandrium’ data indicate significant difference 
(P < 0.05); “–” refers to no detection

Terpenoids Molecular formula Content (µg  g−1FW  h−1)

Petal Labella Lateral petals Gynandrium

Monoterpenoids
α-Pinene C10H16 2.69 ± 0.081a 0.045 ± 0.0018c – 0.21 ± 0.0024b

β-myrcene C10H16 0.29 ± 0.0002a 0.17 ± 0.0015a – –
D-Limonene C10H16 0.19 ± 0.0025a 0.062 ± 0.0042b – 0.053 ± 0.015b

Ocimene C10H16 0.16 ± 0.016a 0.077 ± 0.0044a – –
Linalool C10H18O 19.84 ± 0.693a 11.65 ± 1.03b 9.42 ± 1.305 b 1.04 ± 0.025c

Allo-ocimene C10H16 0.06 ± 0.008a 0.027 ± 0.0029a – 0.025 ± 0.0054a

Sesquiterpenoids
Copaene C15H24 0.37 ± 0.022a 0.038 ± 0.0021b – 0.055 ± 0.0031b

Caryophyllene C15H24 24.50 ± 0.537a 0.72 ± 0.023b 0.92 ± 0.041 b 1.17 ± 0.104b

β-Farnesene C15H24 0.23 ± 0.014a 0.048 ± 0.0051b – 0.014 ± 0.0008b

α-Humulene C15H24 2.15 ± 0.0047a 0.035 ± 0.0064b 0.041 ± 0.0064 b 0.12 ± 0.0075b

Aromadendrene C15H24 1.26 ± 0.016a 0.012 ± 0.00032b – 0.30 ± 0.014b

Nerolidol C15H26O 2.25 ± 0.133a 0.60 ± 0.069b 0.63 ± 0.049 b 1.35 ± 0.104b

53.98 13.49 11.01 4.35

Fig. 2  Expression profile of 
TPS genes in C. alismatifolia 
‘Shadow’. a Photographs of 
sterile bracts and flowers of 
C. alismatifolia ‘Shadow’. b 
Expression profile of CaTPSs 
in sterile bracts and flowers. 
Heatmap are drawn based on 
the relative expression levels of 
CaTPSs genes RNA-Seq data. 
Red and blue represent the log2-
transformed expression values
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Fig. 3  Sequence analysis and phylogenetic tree of CaTPS2 and 
CaTPS3 with their homologous genes. a Alignment of the amino acid 
sequences of CaTPS2 and CaTPS3 and other TPS proteins originated 
from three species, in which the conserved RRx8W,  DDXXD and 
NSE/DTE regions were underlined with red. b Phylogenetic analysis 

between CaTPSs and homologous proteins from other plant species. 
The detailed information of comparative plant species is provided 
in Supplementary Table  S5. The scale bar indicates 10% sequence 
divergence
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genes is shown in Supplementary Table S4, the full-length 
sequences of CaTPS1-8 encoding 546, 579, 590, 562, 775, 
550, 772, and 593 amino acids (aa) with predicted molecular 
mass of 64.2, 66.96, 68.23, 65.16, 89.03, 64.65, 82.99, and 
68.38 kDa, respectively. In ‘Shadow’, the differential expres-
sions of eight CaTPS genes in flowers and sterile bracts were 
analyzed based on the RPKM data of transcriptome and 
visualized by TBtools (Fig. 2b). The result shows that high 
expression of CaTPSs was observed in the flowers, among 
which CaTPS2 and CaTPS3 displayed the highest expres-
sion (Fig. 2b), suggesting that these two TPS genes are the 
top candidate genes for floral terpenoid formation.

Phylogenetic analysis of CaTPS2 and CaTPS3

The full-length amino acid sequences of CaTPS2 and 
CaTPS3 are highly conserved with TPS proteins from 
other plant species (Fig. 3a). The sequence alignment of 
CaTPS2 and CaTPS3 proteins revealed conserved  DDXXD 
regions and two conserved sequences of the N-terminal 
domain (PF01397) and the C-terminal active domain 
(PF03936), and the motif  DDXXD is essential for metal 
ion binding and consists in almost all TPSs. Moreover, 
NSE/DTE motif is also found in CaTPS2 and CaTPS3 pro-
tein sequences, which function similarly to  DDXXD motif, 
while  RRX8W motif is found in CaTPS2 but not present 
in CaTPS3 (Fig. 3a). A phylogenetic analysis of CaTPS2 
and CaTPS3 amino acid sequences with those of other 
species was performed to further explore their potential 
biochemical function. The results showed that CaTPS3 
was assigned to the TPS-b subfamily and mainly encoded 
monoterpene synthase. CaTPS2 belongs to the TPS-g sub-
family encoding acyclic terpene synthases (Fig. 3b). In 
summary, the cloned CaTPS2 and CaTPS3 are considered 
as the typical members of TPS gene family based on the 
kinship and similarity analysis, indicating that they may 
have functional properties as monoterpene and sesquiter-
pene synthases.

Functional analysis of the CaTPS gene in vitro

To further study the enzymatic activity of CaTPS2 and 
CaTPS3 in vitro, the coding regions of these two genes were 
expressed in the pET32a vector using E. coli Rosetta (DE3), 
and their activity was tested with the substrates GPP and 
FPP. The results of bacterial expression and purification of 
recombinant CaTPS2 and CaTPS3 proteins are shown in 
Supplementary Fig. S2, and the concentration of partially 
purified CaTPS2 and CaTPS3 protein were 0.982 mg/ml 
and 1.084 mg/ml, respectively. Our findings indicated that 
CaTPS2 can catalyze GPP to produce a single monoterpene 
(linalool) (Fig. 4c), while incubated with FPP, CaTPS2 

only synthesized nerolidol (Fig. 4d). With GPP as the sub-
strate, CaTPS3 catalyzed β-myrcene as the only product 
(Fig. 4g) and transformed FPP into a single sesquiterpene 
(β-farnesene) (Fig. 4h). In contrast, no product was obtained 
by incubating the recombinant empty vector with GPP and 
FPP, respectively (Fig. 4a, b). These results showed that the 
products formed by the two CaTPSs were consistent with the 
main volatile compounds released from the flowers, indicat-
ing that CaTPS2 and CaTPS3 proteins are the key determi-
nants of the production of monoterpenes and sesquiterpenes 
in C. alismatifolia ‘Shadow’ flowers.

Expression pattern of CaTPS genes and their major 
products

To clarify the temporal and spatial expression patterns of 
CaTPS2 and CaTPS3, we analyzed the expression of these 
two genes in diverse flower development stages and plant 
tissues by real-time PCR (Fig. 5). The correlation between 
gene expression level and emission of major products was 
established. The analysis of the expression of four different 
plant tissues indicated that CaTPS2 showed significantly 
higher expression levels in the flower, followed by fertile 
bracts, and almost no expression in sterile bracts and leaves 
(Fig. 5a), which was correlated with the release of linalool 
and nerolidol (Fig. 5b). In different floral tissues, CaTPS2 
was expressed mainly in the petals and labella, with rela-
tive low expression level in lateral petals and gynandrium 
(Fig. 5c), the expression pattern was basically consistent 
with that of linalool but slightly different from that of nero-
lidol in gynandrium (Fig. 5d). Consistent with the accumula-
tion pattern of linalool and nerolidol, the expression levels 
of CaTPS2 increased during the process of flower develop-
ment, reached the highest level at the full-openness stage, 
and sharply decreased at the aging stage (Fig. 5e, f).

In different organs of C. alismatifolia, high expression of 
CaTPS3 was detected in the flowers, and its main product, 
β-myrcene, was detected only in the same tissue (Fig. 5g, 
h). However, the contents of another product, β-farnesene, 
were highest in fertile bracts (Fig.  5h), indicating that 
other unknown factors are also involved in the production 
of β-farnesene. Compared with flowers, this gene showed 
relative low expression in fertile bracts and sterile bracts, 
and nearly no expression in leaves (Fig. 5g). The expression 
pattern of CaTPS3 tended to be similar to the emission of 
its corresponding products (β-myrcene and β-farnesene) in 
different floral organs and developmental stages, and highest 
expression level was discovered in petals at the full-openness 
stage (Fig. 5i–l). Otherwise, the expression level of CaTPS3 
was higher in labella than in gynandrium, and the lowest 
expression in lateral petals (Fig. 5i). These results indi-
cated that CaTPS2 and CaTPS3 were specifically expressed 
in floral tissues and regulated by flower development 
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corresponding to their protein catalytic products detected 
in ‘Shadow’.

Discussion

This investigation into the accumulation and release of flo-
ral volatiles from diverse tissues of Curcuma alismatifolia 
‘Shadow’ indicated the emission pattern of terpenes in the 
flowers. We found that the main volatile compounds released 
by ‘Shadow’ were monoterpenes and sesquiterpenes, mainly 
including linalool, caryophyllene, nerolidol, α-pinene, 

α-humulene, β-farnesene, and β-myrcene (Table 2), simi-
lar to the findings in other Zingiberaceae species, such as 
Hedychium coronarium (Yue et al. 2015) and C. alismati-
folia ‘Chiang Mai Pink’ (Liao et al. 2022), with the main 
volatile components being monoterpenes and sesquiterpe-
nes. In plants, the emission of volatile compounds is spa-
tiotemporally regulated (Dudareva et al. 2013), a majority 
of floral scents usually occurs in a flower-specific, and the 
emission levels regulate with flower development. In H. cor-
onarium, the flower is a source of floral volatile compounds, 
and floral scent emission increased as flower buds approach 
the full blooming stages (Yue et al. 2015). In Osmanthus 

Fig. 4  Characterization of 
CaTPS2 and CaTPS3 in vitro. 
a–b Total ion chromatogram 
(TIC) of the products obtained 
by recombinant empty vec-
tor incubated with geranyl 
pyrophosphate (a) and farnesyl 
diphosphate (b). c–d TIC of 
the CaTPS2 enzyme with GPP 
(c) and FPP (d). e–f TIC of 
linalool (e) and nerolidol (f) 
authentic standards. Insets in 
panels (c–f) represent the mass 
spectra of the corresponding 
main peaks. g–h TIC of the 
CaTPS3 enzyme with GPP (g) 
and FPP (h). i Mass spectrum of 
the peak in (g) and β-myrcene 
in the NIST08 library. j Mass 
spectrum of the peak in (h) 
and β-farnesene in the NIST08 
library
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fragrans, the largest number of volatile terpenes are released 
during the full booming stages (Li et al. 2020). Here, we 
found that volatile terpenes firmly transmitted from the pet-
als in ‘Shadow’, demonstrating that the true flowers could 
be the critical wellsprings of flower volatiles as opposed 
to its colorful bracts. Moreover, the emission levels of its 
main volatile compounds increase with the development of 
flowers and decrease during the aging stage (Fig. 5). This 
pattern of volatile terpenes release is common in flowering 
plants and may be related to environmental interactions and 
self-development.

Volatile terpenes may serve as chemical signals to medi-
ate communications between flowering plants and other 
organisms, and therefore, the TPS family have an important 
role in plant adaptation (Pichersky and Gershenzon 2002). A 
majority of orchids emit a charming fragrance, and research-
ers have demonstrated that the number of genes in the TPS 
gene family of orchids ranges from 20 to 150, belonging 
to a mid-size family (Chen et al. 2011). In H. coronarium, 
its flowers release a fresh and inviting fragrance, with the 
main floral aroma compounds being volatile terpenes (Yue 
et al. 2015), and 55 TPS genes were found in the H. coro-
narium (unpublished). A total of 111 RoTPS genes found 
in Rhododendron ovatum, the gene number is significantly 
larger than that of other Rhododendron species without floral 
scents (Wang et al. 2021). Through the analysis of transcrip-
tome data of C. alismatifolia ‘Shadow’, we identified a total 
of eight TPS genes (CaTPS1 to CaTPS8) (Fig. 2), which 
belong to a small-scale family. The identification of TPS 
genes in C. alismatifolia ‘Shadow’ elucidates key aspects of 
the genetic basis of floral fragrance. These findings further 
demonstrated that the diversity and abundance of terpenes 
are largely related to the action of multiproduct TPSs in aro-
matic plants. This investigation into the TPS genes of C. 
alismatifolia ‘Shadow’ not only enriches our knowledge of 
plant fragrance biosynthesis but also heralds new possibili-
ties for the genetic modification of floral traits.

TPS genes are the key enzymes for producing various 
terpenes (Chen et al. 2003). Our findings, focusing on the 
prominent expression and bifunctional activity of CaTPS2 
and CaTPS3 in floral tissues, shed light on the complex path-
ways governing terpenoid biosynthesis. CaTPS2 was shown 
to be able to catalyze linalool and nerolidol using GPP and 
FPP, respectively, and the biochemical activity of CaTPS3 
includes catalyzing GPP to β-myrcene and converting FPP 
to β-farnesene (Fig. 4), similar to the function of CfTPS1/
CfTPS2, PamTPS1 and LoTPS12 isolated from Clematis 
florida, Plectranthus amboinicus, and Lathyrus odoratus, 
respectively (Ashaari et al. 2020; Jiang et al. 2020; Bao 
et al. 2020). Developmental regulation of floral scent release 
occurs at several levels, including orchestrated expression 
of floral fragrance biosynthesis pathway genes (Colquhoun 
et al. 2010). In this study, a connection in floral tissues was 

found between the expression levels of CaTPS2 and CaTPS3 
and their major catalytic products, and the articulation levels 
of CaTPS2 and CaTPS3 in the flower displayed a pattern of 
simultaneous upregulation with the pattern of their protein 
products at four formative stages (Fig. 5). Moreover, the 
emission of floral scent is also affected by enzyme activities, 
substrate availability, and regulation of transcription factors 
(Pichersky et al. 1995; Ramya et al. 2017), which may be 
the factor leading to slight differences between the expres-
sion of CaTPS3 and the release of β-farnesene (Fig. 5g, h). 
In general, the results demonstrated that these two practical 
TPS might be liable for the temporal and spatial particularity 
of terpenoid creation in ‘Shadow’. This contributes signifi-
cantly to our understanding of plant secondary metabolism 
and its implications for floral ecology and horticulture (John-
son and Ecker 2019).

The bifunctional nature of CaTPS2 and CaTPS3 high-
lights the evolutionary adapt ability of the TPS gene fam-
ily, reflecting the nuanced mechanisms plants utilize to 
produce a diverse array of terpenes (Chen et al. 2003). 
The presence of bifunctionality, where an enzyme cata-
lyzes the formation of multiple products, can be a result 
of evolutionary pressures. It suggests a versatile enzymatic 
machinery that allows for the synthesis of different terpene 
products, potentially providing adaptive advantages to the 
organism. The missing motif (RRx8W) in CaTPS3 (Fig. 3) 
could indicate a divergence from the canonical function of 
TPS-b enzymes, suggesting either a loss of function, a gain 
of a new function, or a specialization toward a different 
substrate or reaction pathway. Overall, the evolutionary 
relationship between bifunctionality and the missing con-
served motif in CaTPS3 likely reflects complex dynamics 
shaped by selective pressures, genetic drift, and functional 
diversification over evolutionary time scales. Further 
biochemical and evolutionary studies are necessary to 
elucidate the precise mechanisms driving these observa-
tions and their implications for plant terpene biosynthesis 
and evolution (Bohlmann and Keeling 2008; Degenhardt 
et al. 2009; Tholl 2015). Additionally, the release pattern 
of volatile terpenes follows a temporal rhythm, which is 
closely related to the behavior of pollinator and herbivores 
(Fenske and Imaizumi 2016). Generally, when the flowers 
are ready for pollination, the release levels of related vola-
tile compound also increase accordingly, while decrease 
in post-pollination to deter further visits and against her-
bivorous insects (Martignier et al. 2019). In Quisqualis 
indica, scent components and emission rates change at dif-
ferent stages of flower development to attract different pol-
linators and contribute to reproductive fitness (Yan et al. 
2016). Here, our result indicated that the volatile terpenes 
emission of C. alismatifolia ‘Shadow’ firmly transmit-
ted from the petals, and the expression levels of CaTPS2 
and CaTPS3 with their protein catalytic products increase 
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with the flowering process, implies a potential attractive 
function for subsequent pollination. These findings under-
score the ecological role of volatile terpene compounds in 

mediating interactions with pollinators, a critical aspect 
of plant biology with far-reaching implications for 
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biodiversity and ecosystem sustainability (Peterson and 
Harrington 2018; Williams and Jackson 2021a, b).

In conclusion, employing a comprehensive methodol-
ogy that includes transcriptome sequencing, gene cloning, 
and in vitro functional assays, this study underscores the 
importance of a multifaceted approach in deciphering the 
genetic and biochemical foundations of scent production 
in plants (Lee et al. 2021; Green and Brown 2022). The 
conservation and ecological examination of C. alismati-
folia and related species stand to benefit from our insights 
into scent production genetics. These efforts contribute not 
only to the preservation of genetic diversity but also to our 
understanding of plant-environment interactions, offering 
strategies for integrated pest management and pollinator 
support (Li and Zhang 2019; Kumar and Sharma 2020). 
Future research will undoubtedly leverage these insights, 
exploring the intersection of genetic engineering, horticul-
ture, and ecology in the quest to enhance plant-pollinator 
interactions and floral aesthetic appeal.
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