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Abstract: The Hosta hybrid cultivar ‘So Sweet’, an important ornamental and widely used horticul-
tural plant, is noted for its rich, fragrant white flowers. The main aroma components of Hosta flowers
are terpenoids, mainly monoterpenes. Until now, the terpene synthases responsible for terpene
production in Hosta were not described. In this study, two terpene synthase (TPS) genes (HsTPS1 and
HsTPS2) were cloned and characterized to further study their function. Furthermore, the volatile
terpenes of Hosta ’So Sweet’ in two flower development stages from two in vitro enzyme tests were
analyzed by gas chromatography–mass spectrometry (GC–MS). We analyzed the expression levels of
two genes at four different developmental stages using quantitative real-time PCR, while localization
was analyzed using Nicotina benthamiana leaves. In vitro, the two proteins were identified to mainly
produce linalool and nerol. In addition, the active products of the two recombinant proteins were
(E,E)-farnesol and (E,E)-farnesal, respectively, using farnesyl pyrophosphate as a substrate. The
high expression of HsTPS1 and HsTPS2 was correlated with the release of components of Hosta
flowers. To our knowledge, this is the first time that the terpene synthase genes of Hosta species have
been isolated and identified, providing an opportunity to study the terpene metabolic pathways in
Hosta species.

Keywords: flower fragrance; GC–MS analysis; Hosta; terpene synthase

1. Introduction

All volatile organic compounds (VOCs) are divided into several classes, including ter-
penoids, phenylpropanoids/benzenoids, fatty acid derivatives, and amino acid derivatives,
in addition to a few species-/genus-specific compounds not represented in these major
classes [1]. Terpenoids are the most diverse plant secondary metabolites, and they play an
important role in the survival and evolution of plants in different ecological environments.
The metabolic pathways of VOCs in plants have been extensively studied, especially in
flowering plants with high concentrations of terpene compounds [2], including Lilium [3],
Rosa chinensis [4], and Orchidaceae [5]. Various publications have estimated that the num-
ber of distinct terpenoid compounds (an inclusive term used to describe terpenes and
terpene derivatives from different pathways) could be more than 2300 individual structures
described in higher plants [6,7]. These products have been widely used in the pharma-
ceutical, flavor fragrance, and biofuel industries [2]. In general, isoprenoid precursors in
plants are produced from interconverted C5 isoprenoyl pyrophosphate (IPP) and its allyl
isomer dimethylallyl pyrophosphate (DMAPP), synthesized via the methvaleric acid and
methylerythritol phosphate pathways [8]. IPP and DMAPP are synthesized via the MVA
and MEP pathways and subsequently condensed to geranyl diphosphate (GPP), farnesyl
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diphosphate (FPP), and geranylgeranyl diphosphate (GGPP) by prenyl-PP synthases [9].
GPP and GGPP are localized in plastids, while FPP is localized in the cytosol. The key
enzymes in the biosynthetic pathways of terpenoids [10] convert the above substrates into
various terpenoids with different types and structures [11,12]. In the study of Aharoni et al.,
the FaNES1 enzyme produced in E. coli was capable of generating both linalool and neroli-
dol when supplied by in vitro enzyme activity with GPP or FPP [13]. In a recent study,
three rose monoterpene synthases were functionally characterized in vitro; one had linalool
synthase activity, whereas the other two had dual linalool/nerolidol synthase activity [14].
So far, numerous TPS genes have been isolated from a variety of plants, and their ecological
roles have been extensively studied. To our knowledge, previous studies on TPS genes
were mainly derived from dicotyledons, with only a few derived from monocotyledons,
such as Alstroemeria [15], Hedychium coronarium [16], and Freesia and Lilium cultivars [17,18].
Given the importance of floral fragrances in speciation and evolution [19,20], more TPS
genes derived from monocotyledons should be studied.

Plants from the genus Hosta belonging to the Liliaceae family are the most well-known
plants and irreplaceable resources for applied gardening and landscaping [21]. They were
later classified by botanists as Asparagaceae [22]. H. plantaginea (Lam.) Aschers, the most
famous species of the genus, originally from China, is widely cultivated worldwide for
its leaves and flowers, along with strong adaptability to different environments, as well
as a long blooming period [23–25]. H. ‘So Sweet’ originated from the hybridization of
H. plantaginea with H. ‘Fragrant Bouquet’ [26,27]. These plants are also important in
traditional Chinese medicine [28,29]. The main floral components of Hosta are terpenes, of
which monoterpenes account for the majority.

The main objectives of the present study were to isolate and clone the two TPS
genes of H. ‘So Sweet’, and to functionally express and characterize the recombinant
terpene synthases using in vitro systems. The expression pattern of the TPS involved in
the formation and emission of terpenoids in different flower development stages was also
elucidated. This research is expected to lay the foundation for the study of Hosta plantaginea
terpene synthase genes. We hope that these results can provide new insight into terpene
biosynthesis in monocotyledons.

2. Materials and Methods
2.1. Plant Material

Hosta ‘So Sweet’ plants were grown in the horticulture nursery of the Conservation
and Exploitation of Wild Resources of Changbai Mountain, Jilin Agricultural University
with the temperature set at 25–30 ◦C in natural light and 18–20 ◦C in the dark (longitude:
116◦13′9.4116” E, latitude: 39◦59′55.8312” N; 67 m above sea level). The cultivation substrate
was garden soil, yellow sand soil, and perlite in a ratio of 3:1:1. The collection period of the
flower samples was from mid-August to mid-September. For natural volatile compound
analysis, fresh flowers were immediately placed into 100 mL vials, and then quickly
transported to the laboratory for scent collection. All samples at four flower developmental
stages were immediately frozen in liquid nitrogen and stored at −80 ◦C until required. The
flower developmental stages are presented in Figure S1.

2.2. RNA Extraction and cDNA Synthesis

Total RNA was extracted using a mini BEST Plant RNA extraction kit (TaKaRa, Kyoto,
Japan) according to the manufacturer’s instructions. Complementary DNA was synthesized
in a final reaction volume of 20 µL using a PrimeScriptTM RT regent kit with gDNA eraser
(TaKaRa, Japan).

2.3. Cloning of HsTPS1 and HsTPS2 Genes

Terpene synthase genes in Hosta flowers were screened from a previously reported
transcriptome database (NCBI BioSample database: no. PRJNA542483). The sequences
were aligned against the nonredundant protein database via the BlastX algorithm (https://
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www.ncbi.nlm.nih.gov/ accessed on 30 January 2020). HsTPS1 and HsTPS2 were selected
and named. The full-length sequence was cloned using pairs of primers designed by Primer
Premier 5 (http://www.premierbiosoft.com/primerdesign/ accessed on 10 February 2020).
The reaction was carried out in a final volume of 20 µL containing 1 µL of cDNA (0.2 µg),
4–6 pmol of each primer, and 10 µL PrimeSTAR Max Premix from the PrimeSTAR Max
DNA Polymerase kit (TaKaRa, Japan) using the following regime: 94 ◦C for 3 min, 35 cycles
at 98 ◦C for 10 s, 52 ◦C for 5 s, 72 ◦C for 20 s, with an extension time of 7 min at 72 ◦C. The
PCR products were cloned into the pEASY-Blunt Simple Cloning Vector (TransGen Biotech,
Beijing, China); then, competent E. coli JM109 cells were transformed, and a positive single
colony was screened and sequenced. The primers and gene sequence data are shown in
Tables S1 and S2.

2.4. Sequence Analysis

For the purpose of phylogenetic tree analysis, amino acid sequences of HsTPS pro-
teins and their homologs in other plant species were aligned using Clustal Omega (https:
//www.ebi.ac.uk/Tools/msa/clustalo/ accessed on 1 March 2020) by choosing the neighbor-
joining method in MEGA 6 (www.megasoftware.net accessed on 1 March 2020) with bootstrap
analysis (1000 replicates) [30,31]. Multiple sequence alignment was submitted to ESPript 3.0
(https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi accessed on 1 March 2020) [32]. Con-
servative motifs such as RRx8W, DDxxD, and DDxxTxxxxE were indicated in gray. The
Newick file exported from MEGA 6 was uploaded to ITOL (https://itol.embl.de/ accessed on
1 March 2020) for further annotation [31,33].

2.5. Quantitative Real-Time PCR Analysis

Quantitative RT-PCR was performed to compare the gene expression abundance of
HsTPS1 and HsTPS2. Quantitative RT-PCR was performed by an ABI 7500 real-time PCR
system using 2× RealStar Green Fast Mixture with ROX II (GenStar, Beijing China). The
experimental regime was as follows: 95 ◦C for 2 min flowed by 40 cycles at 95 ◦C for
15 s and 55 ◦C for 30 s. To normalize the expression values, the 2−∆∆Ct method was used
to process experimental values [34]. Hosta Actin was used as the reference gene. All the
reactions were carried out according to the manufacturer’s protocol in a 20 µL volume
using 1 µL of reverse transcribed cDNA as template and 200 nM of each of the primers. All
primer and gene sequences are provided in Tables S1 and S2.

2.6. Expression of Recombinant HsTPS1, HsTPS2 in E. coli and In Vitro Enzyme Assay

The full-length sequences of HsTPS genes without terminator were amplified using
specific primers and then inserted into the pET-28a expression vector with a T7 promoter.
The recombinant expression vector was inserted into Rosetta (DE3) competent E. coli cells
by heat shock and sequenced to confirm its identity. The E. coli was grown in Luria–Bertani
(LB) medium according to the instructions for competent cells. The recombinant protein
was induced by 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG), incubated for 16–20 h
at 16 ◦C with shaking at 185 rpm. The soluble protein was purified using a 6× His-Tagged
Protein Purification Kit (Cowin Biosciences, Beijing, China) following the manufacturer’s
instructions. The reaction mixture used for enzyme activity consisted of 50–100 µg of
recombinant HsTPS protein, 1 mM GPP (Sigma) or FPP (Sigma) as the substrate, 25 mM
Tris-HCl (pH7.8), 5 mM dithiothreitol as the buffer, and 10 mM MgCl2 as the cofactor in a
total volume of 2 mL. Enzyme activity was measured after 2 h incubation in hexane at 30 ◦C.

2.7. GC–MS Analysis

The GC–MS analyses of the volatile compounds from Hosta flower tissues and enzy-
matic activities were conducted using an Agilent 6890N GC (gas chromatograph) combined
with an Agilent 5975 mass detector. A 30 m × 0.25 mm × 0.10 µm HP-1MS capillary
column was equipped with the instrument. Helium gas was used as the carrier gas, at
a flow rate of 0.9 mL/min. The temperature program settings were: 3 min at 60 ◦C after
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injection, followed by a 10 ◦C/min temperature ramp from 60 ◦C to 280 ◦C, and held for
2 min. Temperatures of the injector and detector were 250 ◦C. Different aroma components
formed their respective chromatographic peaks, and the retention index was determined by
searching the NIST08 mass spectral library (http://webbook.nist.gov/chemistry accessed
on 1 March 2020). The results were analyzed using C6–C19 alkane standard substances.
Multiple comparisons were performed to assist the qualitative retrieval of mass spectrome-
try data. The relative quantitative analysis was performed through a peak normalization
procedure. Peak areas were normalized as percentages and used to determine the relative
amounts of the volatile compounds.

2.8. Subcellular Localization of HsTPS Proteins

The subcellular localization of both HsTPS1 and HsTPS2 protein sequences was using
a computer-based prediction server (http://www.cbs.dtu.dk/services/TargetP/ accessed
on 5 March 2020) [35]. The genes of HsTPS1 and HsTPS2 intact ORF sequences were cloned
into the pCambia-1300 expression vector, by replacing the terminator with GFP (green
fluorescent protein). Nicotiana benthamiana leaves were infected by Agrobacteria cultures
independently expressing the two TPSs [36]. After 48 h of transformation, infiltrated leaves
were visualized by laser scanning confocal microscopy. Images were exported and spliced
using Photoshop (www.photoshop.com/ accessed on 1 March 2020).

3. Results
3.1. Phylogenetic Analysis of TPS Genes from H. ‘So Sweet’

The RNA of Hosta flower was reverse-transcribed into cDNA and analyzed by PCR.
HsTPS1 (1758 bp) and HsTPS2 (1770 bp) encode 586 and 590 amino acids, respectively, with
molecular weights of 67.48 and 68.1 kDa. The HsTPS1 full-length sequence shared 56.79%
amino acid identity with the (R)-linalool synthase from Magnolia champaca (ART66980.1).
In addition, HsTPS1 had 56.69% and 56.50% homology with trans-ocimene synthase from
Litsea cubeba (AEJ91554.1) and Cinamomum micranthum f. kanehirae (RWR 88332.1). The ho-
mology of HsTPS1 with monoterpene synthase from a Lilium hybrid cultivar (QBP79170.1)
was 52.90%. The HsTPS2 full-length sequence shared 63.06% and 61.75% identity with
the linalool synthase from a Freesia hybrid cultivar (AQM50913.1) and 54.02% identity
with the myrcene synthase from Lilium sp. BT-2016 (AMT81307.1). HsTPS1 and HsTPS2
shared 44.46% identity with each other (Figure 1). Terpenoid synthases are usually cate-
gorized into seven branches, named TPS-a, TPS-b, TPS-c, TPS-d, TPS-e/f, and TPS-g [6].
The following motifs have already been reported to be implicated in catalysis by TPS: an
anarginine-enriched region, often appearing as an RRx8W motif; a specific linalool syn-
thase region, often appearing as (M/L)L(S/Q/N) L(F/Y)EAS; asparticacid-enriched and
glutamic acid-enriched regions, appearing as DDXXD and NSE/DTE motifs [37,38]. The
RRx8W motif is characteristic of the N-terminal domain of monoterpene synthases, as well
as the TPS-b subfamily in angiosperms and the TPS-d subfamily in gymnosperms [39–41].
It has also been demonstrated to be isomerized in the first step from geranyl diphosphate
to linalalyl diphosphate [42,43]. These motifs may be involved in the linalool synthase
activity of HsTPS1 and 2. The LSLYEA(S/A) motif of HsTPS was located in a highly similar
region to that seen in other mTPSs, considered to be an active site peptide. The highly
conserved DDXXD motif is generally recognized as a binding site for the metal ion-chelated
diphosphate ester substrate [44]. In contrast, NSE/DTE motifs are less conserved, and they
are known to be combined with divalent metal ion cofactors in enzyme activity [37,45];
they were present as the DDL(G/A)TS(E/T)AE motif in the HsTPS amino-acid sequences.
In general, monoterpenes tend to cluster by genus rather than function [37]. Thirty-five
different mTPSs from twenty-seven different species and two HsTPSs were aligned in this
study, and a phylogenetic tree was constructed (Figure 2). It is worth mentioning that most
of the reported linalool/nerolidol synthases belong to the TPS-g group. This is a subfamily
closely related to the TPS-b group, which comprises angiosperm acyclic terpene synthases.
Both TPSs were clustered into the TPS-b group, close to the TPS-g group.
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3.2. Functional Characterization of Recombinant HsTPS1 and HsTPS2

The recombinant proteins were obtained from the E. coli Rosetta (DE3) strain using a
pET-28a expression vector. The soluble portion of the protein induced by low temperature
was purified and incubated with GPP and FPP substrates, and the products were analyzed
by GC–MS (Figure 3). The two recombinant proteins were active when incubated with
GPP substrates and produced monoterpenes. Incubation of recombinant HsTPS1 with GPP
mainly produced linalool, citronellene, and nerol. In addition, minor amounts of geranial
were detected. Incubation of recombinant HsTPS2 with GPP produced linalool, nerol,
and geranial. After incubation with FPP, both recombinant proteins showed activity and
produced sesquiterpenes in lower amounts. Recombinant HsTPS1 used FPP to produce
(E,E)-farnesol and (E,E)-farnesal. In addition to the above two sesquiterpenes, recombinant
HsTPS2 protein also produced a small amount of nerolidol.

Horticulturae 2022, 8, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 3. Total ion chromatogram of the products formed by incubating extracts of empty vector 
(control) with GPP and FPP. GC–MS analysis of products formed by recombinant HsTPS1 and 
HsTPS2 in the substrate GPP and FPP. Only sample peaks that were significantly higher than the 
negative control were marked with letters. Corresponding compounds are: 1 = linalool (retention 
time = 7.087 min); 2 = citronellene (retention time = 9.229 min); 3 = nerol (retention time = 9.639 min); 
4 = geranial (retention time = 10.100 min); 5 = (E,E)-farnesal (retention time = 15.587 min); 6 = 
nerolidol (retention time = 15.796 min); 7 = (E,E)-farnesol (retention time = 15.961 min). 

3.3. Terpenoids Production in Hosta and Expressional Analysis of HsTPS1 and HsTPS2 Genes 
Terpenoids are the dominant scent components in Hosta flowers, mainly including 

linalool, myrcene, limonene, and (E)-β-ocimene [21]. The volatile compounds in flowers 
of H. ‘So Sweet’ were analyzed by hexane extraction and GC–MS. The test results showed 
that the relative content of terpenoids in H. ‘So Sweet’ was 91.78–93% of the total volatile 
compounds, with a small amount of phenylpropionic acid compounds and fatty family 
compounds. Fifteen terpenoids were detected at S2 (the stage of flower buds 1 day before 
full bloom), while twenty-two were detected at S3 (fully bloom flowers for 1 day). The 
data are shown in Table 1. The total ion chromatograms of scent components emitted from 
the flowers at two different developmental stages are shown in Figure 4. Linalool and β-

Figure 3. Total ion chromatogram of the products formed by incubating extracts of empty vector
(control) with GPP and FPP. GC–MS analysis of products formed by recombinant HsTPS1 and HsTPS2



Horticulturae 2022, 8, 447 7 of 13

in the substrate GPP and FPP. Only sample peaks that were significantly higher than the negative
control were marked with letters. Corresponding compounds are: 1 = linalool (retention time =
7.087 min); 2 = citronellene (retention time = 9.229 min); 3 = nerol (retention time = 9.639 min);
4 = geranial (retention time = 10.100 min); 5 = (E,E)-farnesal (retention time = 15.587 min);
6 = nerolidol (retention time = 15.796 min); 7 = (E,E)-farnesol (retention time = 15.961 min).

3.3. Terpenoids Production in Hosta and Expressional Analysis of HsTPS1 and HsTPS2 Genes

Terpenoids are the dominant scent components in Hosta flowers, mainly including
linalool, myrcene, limonene, and (E)-β-ocimene [21]. The volatile compounds in flowers
of H. ‘So Sweet’ were analyzed by hexane extraction and GC–MS. The test results showed
that the relative content of terpenoids in H. ‘So Sweet’ was 91.78–93% of the total volatile
compounds, with a small amount of phenylpropionic acid compounds and fatty family
compounds. Fifteen terpenoids were detected at S2 (the stage of flower buds 1 day before
full bloom), while twenty-two were detected at S3 (fully bloom flowers for 1 day). The data
are shown in Table 1. The total ion chromatograms of scent components emitted from the
flowers at two different developmental stages are shown in Figure 4. Linalool and β-pinene
were the main compounds, accounting for 52.23% and 28.79% at S2. At S3, the contents of
linalool and β-pinene accounted for 40.76% and 37.13% of the total compounds. In addition,
there were three major components, D-limonene, α-phellandrene, and β-phellandrene,
which varied greatly between two stages.

Table 1. Terpenoids identified from Hosta flower volatiles of two different developmental floral stages
using GC–MS analysis. All compounds were identified using the NIST database and quantified by
comparing the peak area with the internal standard ethyl decylate. Data are presented as means
(±SE, n = 3).

No RT 1 Terpenoids
Relative Content 2 (%)

S2 S3

1 6.203 α-Thujene 0.330 ± 0.100 0.435 ± 0.195
2 6.374 α-Pinene 0.665 ± 0.065 0.990 ± 0.210
3 7.156 β-Terpinene 0.375 ± 0.135 0.585 ± 0.535
4 7.577 β-pinene 28.865 ± 1.095 37.000 ± 2.830
5 7.853 α-Phellandrene 1.060 ± 0.260 1.995 ± 1.335
6 8.011 2-Carene — — 0.095 ± 0.065
7 8.162 p-Cymene 0.050 ± 0.020 0.765 ± 0.345
8 8.287 D-Limonene 1.455 ± 0.415 8.615 ± 1.455
9 8.333 β-Phellandrene 1.575 ± 0.495 3.665 ± 0.305
10 8.491 (E)-β-Ocimene 0.130 ± 0.020 0.300 ± 0.140
11 8.748 γ-Terpinene 0.210 ± 0.040 0.150 ± 0.070
12 9.241 Terpinolene 0.070 ± 0.030 0.485 ± 0.275
13 9.609 Linalool 52.230 ± 2.210 40.140 ± 1.960
14 10.010 2,4(10)-Thujadiene — — 0.145 ± 0.065
15 10.885 Terpinen-4-ol 0.100 ± 0.030 0.185 ± 0.025
16 11.102 α-Terpineol 0.310 ± 0.060 0.235 ± 0.105
17 14.481 α-Bergamotene 0.025 ± 0.015 — —
18 14.652 trans-β-Farnesene — — 0.085 ± 0.075
19 14.823 cis-β-Farnesene — — 0.185 ± 0.085
20 15.132 (Z,E)-πFarnesene — — 0.170 ± 0.080
21 15.316 α-Farnesene — — 0.205 ± 0.065
22 16.053 cis-Nerolidol — — 0.040 ± 0.020

1 Retention time (RT) in min. 2 Relative peak area expressed as percentage of the peak area of corresponding
compound over the total peak areas of all identified volatiles. — —, not detected. The relative contents of five
major terpenoids were labeled in light gray.
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for one day (S3). 1 = β-Pinene; 2 = α-Phellandrene; 3 = D-Limonene; 4 = Linalool; 5 = β-Phellandrene.

The expression of HsTPS1 and HsTPS2 genes was consequently evaluated during petal
development using quantitative RT-PCR to compare their transcription. The expression
level of HsTPS2 was much higher than that of HsTPS1. The expression patterns of the
two HsTPSs were higher at S2 and S3 compared with S1 and S4. HsTPS1 expression was
highest at S3, while HsTPS2 expression was highest at S2. The expression levels of HsTPS1
and HsTPS2 were significantly decreased at S4 (Figure 5). Linalool was released and
accumulated before flowering, with peak values reaching the maximum after flowering
(Figure 4).

3.4. In Vivo Localization of the Two TPSs

Most monoterpene synthases are thought to be localized in plastids, while sesquiter-
pene synthases are generally thought to be localized in the cytosol. It is typically believed
that monoterpene synthases and sesquiterpene synthases use GPP and FPP as their sub-
strates, respectively [1,6]. Bioinformatic analyses of the two TPSs were performed using the
online software TargetP 2.0, and the two TPS genes were predicted with high probability to
be chloroplast transport peptides, indicating the possibility of chloroplast localization. The
reliability value of the prediction result was lower than the general value (>4), indicating
low reliability. To test the above prediction, Nicotiana benthamiana leaves were infected by
Agrobacteria cultures independently expressing the two TPSs [36]. The results of scanning
laser confocal microscopy showed that HsTPS1 was probably localized in plastids, whereas
HsTPS2 was localized in the cytosol (Figure 6).
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with Agrobacterium carrying a pCambia 1300 expression vector, where the HsTPS1 and HsTPS2
coding sequence was fused with the GFP coding sequence, respectively. GFP, GFP fluorescence
detected in the green channel; BF, brightfield image; Merged, merged green and BF channel images.

4. Discussion

In the present work, we isolated and functionally analyzed two terpene synthase
genes from the Hosta flower for the first time, and we used qRT-PCR to investigate the
expression of these genes in flowers at four different developmental stages. There was a
significant correlation between the release of linalool in Hosta and the expression of HsTPS
genes. To date, several terpene synthases have been found to be bifunctional in vitro but
monofunctional in planta [46]. Some terpene synthases synthesize linalool and nerolol
in vitro but exhibit monoterpene or sesquiterpene biosynthesis activity in planta [47]. These
studies suggest that some sesquiterpene synthases may have evolved from a subset of
monoterpene synthases adapted to use farnesyl diphosphate as a substrate [48]. In a recent
study, PamTPS1 (Plectranthus amboinicus) was identified as a linalool/nerolidol synthase
with the ability to exclusively produce linalool and nerolidol. Thus, some enzymes pos-
sess both monoterpene synthase and sesquiterpene synthase activities [49]. Recombinant
SaNES/LIS (Santalum album L.) is a bifunctional enzyme that showed the biosynthesis of
(E)-nerolidol from farnesyl diphosphate and of linalool from geranyl diphosphate [50]. In
a study of Clematis florida, recombinant proteins CfTPS1 and CfTPS2 were demonstrated
to catalyze the conversion of geranyl diphosphate to linalool. In addition, CfTPS1 and
CfTPS2 produced nerolidol from farnesyl diphosphate [51]. Although recombinant pro-
teins of HsTPS1 and HsTPS2 showed enzyme activity when provided with GPP and FPP
as substrates in vitro, respectively, their role in plants should be inferred in conjunction
with subcellular localization. Different localization results were obtained in the subcellular
localization analysis of tobacco. The exact role of HsTPS in Hosta was not clarified in
this study; hence, the possibility of HsTPS acting as both a monoterpene synthase and a
sesquiterpene synthase in plants cannot be ruled out. Further experiments are needed to
provide evidence for more reliable conclusions.

Overall, the results showed that there was a certain correlation between the high
expression of HsTPS genes and the accumulation of the flower terpene content at S2 and S3.
The release of linalool and its rich monoterpene compounds in Hosta plants was directly
related to the level of TPS. It is speculated that HsTPS1 and HsTPS2 are involved in the mass
production of linalool in Hosta, while there may also be many multifunctional enzymes
similar to HsTPS1 and HsTPS2 in Hosta.

These studies lay a foundation for the study of terpene release in Hosta flowers, fill the
gap of floral scent research in Liliaceae plants, and provide ideas for further study of the
Liliaceae gene and cell engineering. The production of large amounts of linalool in Hosta
flowers may be facilitated by various enzymes such as HsTPS1 and HsTPS2, a hypothesis
that needs to be further verified. In the future, the identification and expression of key TPS
genes can provide information for the study of the correlation between the TPS family and
terpene synthesis in Hosta.

5. Conclusions

In this study, we identified and functionally characterized, for the first time, two
TPS genes of a Hosta species. These two key enzymes were placed in the evolutionary
perspective of TPS families in various plants, and further related studies have been carried
out. This study lays the foundation for further understanding the production process of
terpenoids. Studies of terpene synthase are of great significance in terms of medicinal value
and the genetic breeding of Hosta and other horticultural plants. More functional character-
ization and detailed chemical analysis of TPS will contribute to a better understanding of
the evolution of TPS in Hosta and, more broadly, how fragrant Hosta evolved. We hope that
more attention will be paid to Hosta plants with rich terpenoids. This is potentially a step
toward improving the fragrance and, hence, the ornamental and economic value of Hosta
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plants. We believe that Hosta flowers should also be further evaluated, especially hybrids
such as ‘So Sweet’, which may be a good source for studying terpene synthase activity and
genetic engineering. Hosta flowers can also be used as raw materials in the spice industry.
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