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Lilium, the famous and significant cut flower, emits a variety of volatile organic
compounds, which mainly contain monoterpenes, such as myrcene, (E)-p-ocimene, and
linalool. To understand the molecular mechanism of monoterpene synthesis in Lilium,
we cloned two potential genes in the methylerythritol 4-phosphate pathway, namely
LiDXS and LiDXR, from the strong-flavored oriental Lilium ‘Siberia’ using a homology-
based PCR strategy. The expression levels of LiDXS and LIDXR were consistent with
the emission and accumulation of monoterpenes in different floral organs and during the
floral development, indicating that these two genes may play key roles in monoterpene
synthesis. Subcellular localization demonstrated that LIiDXS and LiDXR are expressed in
the chloroplasts. Ectopic expression in transgenic tobacco suggested that the flowers
of LiIDXS and LIDXR transgenic lines accumulated substantially more diterpene, sclareol,
compared to the plants transformed with empty vector. Surprisingly, increased content
of the monoterpene, linalool and sesquiterpene, caryophyllene, were detected in the
LIDXR transgenic lines, whereas the emission of caryophyllene, increased in one of the
LiDXS transgenic tobacco lines, indicating that these two genes play significant roles in
the synthesis of floral volatiles in the transgenic plants. These results demonstrate that
LIDXR can contribute to monoterpene biosynthesis in Lilium ‘Siberia’; however, the role
of LIDXS in the biosynthesis of monoterpenes needs further study.

Keywords: Lilium, LiDXS, LiDXR, monoterpenes biosynthesis, floral scent, volatile

INTRODUCTION

Fragrance is a significant and important character of horticultural plants that provides pleasure
and enhances the ornamental value of flowers. Moreover, the aromatic compounds and essential
oils present in flowers determine their economic value (Feng et al., 2014). Floral scent is produced
by volatile organic compounds (VOCs) with low molecular weight (Pichersky et al., 2006), which
are categorized into three major groups, namely terpenoids, phenylpropanoids/benzenoids, and
fatty acid derivatives, according to their biosynthetic origin (Muhlemann et al., 2014). Floral
VOCs are signals between plants and insects (Piechulla and Pott, 2003; Reinhard et al., 2004;
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Cseke et al, 2007), and they play vital roles in attracting
the pollinators (Pellmyr and Thien, 1986) and in defending
against pathogens (Ramak et al., 2014). Among the three major
groups of VOCs, benzenoids are used mainly for attracting
pollinators, whereas terpenoids and benzenoids protect plants
from pathogens (Schiestl, 2010). Terpenoids are the largest
class of floral volatiles derived from two common and inter-
convertible five-carbon precursors, isopentenyl diphosphate
(IPP) and dimethylallyl diphosphate (DMAPP) (McGarvey and
Croteau, 1995). Unlike most other organisms, plants use at
least two metabolic pathways to synthesize IPP and DMAPP.
These include the cytosolic mevalonate (MVA) pathway, which
occurs in the cytoplasm and the 2-C-methyl-D-erythritol-4-
phosphate (MEP) pathway, which operates in the plastids (Jadaun
et al., 2017). It has been shown that volatile monoterpenes and
diterpenes, carotenoids, and chlorophylls are all formed by the
MEP pathway, whereas the MVA pathway is mainly responsible
for the synthesis of volatile sesquiterpenes and triterpenes
(Lichtenthaler, 1999; Eisenreich et al., 2004; Chaurasiya et al,,
2012; Yadav et al., 2014).

The MEP pathway involves seven enzymatic reactions,
starting with the condensation of D-glyceraldehyde-3-phosphate
(G3P) and pyruvate, which results in the formation of 1-deoxy-
D-xylulose-5-phosphate (DXP) and is catalyzed by DXP synthase
(DXS) with the assistance of thiamine pyrophosphate (TPP) and
Mg?* (Rodriguez-Concepcion and Boronat, 2002). In the second
step, DXP reductoisomerase (DXR) synthesizes the intermediate
product, MEP, from DXP in the presence of NADPH and Mn?*
or Mg2Jr (Takahashi et al., 1998). Therefore, the conversion from
DXP to MEP is considered the committed step in the formation of
IPP, an important intermediate substrate in these two pathways.

Many researchers have proposed that DXS and DXR are the
potential control points in the synthesis of isopentenes (Harker
and Bramley, 1999; Kuzuyama et al., 2000; Carretero-Paulet et al.,
2006). To date, multiple DXS and DXR genes have been isolated
and characterized. The DXS genes have been reported frequently
not only from the model plant, Arabidopsis thaliana (Carretero-
Paulet et al, 2006), but also from ornamental plants like
Lavandula latifolia (Munoz-Bertomeu et al., 2006), Pelargonium
spp.(Jadaun et al., 2017), Catharanthus roseus (Chahed et al.,
2000), and Aquilaria sinensis (Xu et al., 2014) and from crop
plants, such as Solanum lycopersicum (Lois et al., 2000), Zea
mays (Cordoba et al., 2011), Aconitum balfourii (Sharma et al.,
2016), Tripterygium wilfordii (Tong et al, 2015), and Salvia
miltiorrhiza (Zhou et al., 2016). Because of their relationship in
catalyzing a subsequent step in the MEP pathway, the DXRs are
always illustrated together with the DXS genes in A. thaliana
(Carretero-Paulet et al., 2006), Dendrobium officinale (Fan et al.,
2016), Rosa rugosa (Feng et al., 2014), L. latifolia (Mendoza-
Poudereux et al., 2014), Osmanthus fragrans (Zeng et al., 2016),
and other plants. However, detailed studies are required for
understanding whether the DXS and DXR genes play key roles in
monoterpene biosynthesis of essential oils. In Ocimum basilicum,
the expression levels of DXS and DXR genes were positively
correlated with the yield of monoterpenes (Xie et al., 2008).
In spike lavender, DXS was reported to play a crucial role in
the biosynthesis of the monoterpene precursor, whereas DXR

was not found to be the rate-limiting enzyme in this pathway
(Mendoza-Poudereux et al., 2014). In the flowers of R. rugosa, the
RrDXR gene might play a key role in the biosynthesis of volatile
monoterpenes, but RrDXS might not be a key gene (Feng et al,,
2014). Surprisingly, the abundance of DXS and DXR transcripts
in O. fragrans flowers was inconsistent with the emission of
monoterpenes (Zeng et al., 2016). Whether DXS and DXR genes
play important roles in monoterpene synthesis in lily, needs
further investigation.

Lily, a popular and commercially important cut flower, emits
significant amounts of VOCs, consisting mainly of monoterpenes
(Hu et al,, 2017; Kong et al., 2017). Although the floral scents
of the oriental Lilium hybrids are flowery and sweet, it is not
liked by people owing to the emission of large amounts of volatile
compounds (Johnson et al., 2016). To improve this aspect and to
produce new Lilium varieties with fragrance emission within the
acceptable range, it is important to understand the biosynthesis
of monoterpenes in Lilium in detail. However, until date the
molecular mechanism of monoterpene biosynthesis in lily is
poorly understood.

In the present study, we investigated the two potential rate-
limiting enzymes, LiDXS and LiDXR, in the strong-scented
oriental lily, Lilium ‘Siberia, to improve our understanding of
the process of synthesis volatile compounds in floral organs.
Considering the fact that Lilium is a model plant used for
understanding the molecular pathway related to floral scents
(Johnson et al., 2016), our elucidation of the monoterpene
metabolic pathway in lily provides the theoretical basis for future
improvement of its flowering traits through genetic engineering,
and lays a foundation for genetic improvement and molecular
breeding for floral traits of ornamental plants.

MATERIALS AND METHODS
Plant Material

Lilium ‘Siberia’ was collected from Xiaotangshan, Beijing. Healthy
buds of consistent size, prior to the budding stage, were cut and
water-cultured in a condition-stable phytotron at 25 £ 1°C under
55% relative humidity and a photoperiod of 16 h light and 8 h
dark.

RNA Extraction and Gene Cloning

The inner petals from at least three flowers in full-bloom on
day 2 were collected at 9:00 h and were immediately frozen
in liquid nitrogen and stored in a —80°C freezer for RNA
extraction. The total RNA was extracted using Trizol reagent
(Invitrogen, Carlsbad, CA, United States) according to the
manufacturer’s instructions. The total RNA was digested at
37°C with RQ1 RNase-free DNase (Promega, United States) to
eliminate the residual genomic DNA. To synthesize the first-
strand cDNA, 5 |Lg total RNA was transcribed using GoScript™
Reverse Transcription System (Promega, United States) as per
the prescribed protocol. To obtain an intermediate nucleotide
fragment of LiDXS, a pair of degenerate primers, DXS-F1
and DXS-R1, was designed by aligning the conserved domains
of different DXS protein sequences retrieved from National
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Center for Biotechnology Information (NCBI) (Accession Nos.
BAD43377.1, ACF60511.1, NP_001234672.1, ACT32136.1, and
AEZ53173.1). We obtained the first-strand cDNA for 3’- and 5'-
rapid amplification of cDNA ends (RACE) as per the procedure
described in the user manual of SMARTer® RACE 5'/3" Kit,
and designed the gene-specific primers, 3 GSP and 5 GSP for
amplifying the 3’- and 5'-ends. The intermediate fragment and
the 3’- and 5'-ends were assembled to determine the full-length
sequence of LiDXS. Subsequently, we designed another pair of
primers, DXS-F2 and DXS-R2, to amplify the open reading frame
(ORF) sequence.

The ORF of DXR was amplified using the primers, DXR-
F and DXR-R, designed on the basis of the sequence of this
gene from Lilium longiflorum (Accession No. KF765491). All
the PCR products were sub-cloned into pCloneEZ-TOPO vector;
the recombinant vector was transformed into Escherichia coli
DH5a and the positive clones were screened by sequencing.
The sequences of the primers used in this study are listed in
Supplementary Table 1.

Bioinformatics Analysis

The ClustalX 2.0 (Larkin et al, 2007) software was used
for alignment of the sequences from L. ‘Siberia and other
monocot, eudicot, and protist species. The multiple alignments
of sequences were edited using the BioEdit 7.0 (Hall, 1999).
MEGA 5.0 was used to construct the phylogenetic tree using the
protein sequences from different species based on the neighbor-
joining method with 1000 bootstrap replicates. The subcellular
localization of the two potential genes was conducted using
Plant-mPLoc, ChloroP, and WoLF PSORT online tools.

Subcellular Localization

The vector construction was done using the In-Fusion® HD
Cloning Kit (Clontech, Japan) following the recommended
protocol. The ORFs of LiDXS and LiDXR were amplified
using gene-specific primers (Supplementary Table 1) with
15-bp homologous sequences with plant expression vector
pSuper1300::GFP containing the recognition sites for Xbal
and Spel. The vector pSuper1300::GFP was linearized by
digestion with Xbal and Spel. The targeted gene fragments
and vectors were ligated by the In-fusion enzyme to construct
the recombinant plasmids, pSuper1300:LiDXS::GFP and
pSuper1300:LiDXR::GFP, driven by the CaMV-35S promoter.
The recombinants were transformed into Agrobacterium
tumefaciens GV3101 using freeze-thaw method for further
study. The final ODggo of the Agrobacterium cells transformed
with the construct re-suspended in 5 mL of infiltration buffer
(10 mM MgCl,, 10 mM MES-KOH; pH 5.6-5.7) was adjusted
to 0.5. The Agrobacterium solution containing 1/1000 volume
of acetosyringone (150 mM) was incubated without shaking at
28°C for 2 h before injecting the leaves. The underside of the
leaves of Nicotiana benthamiana was injected using a syringe and
the infected leaves were exposed to long daylight for 48-56 h.
The labeled pieces of leaves (1 cm in diameter) were placed on
the glass slide. The expression of green fluorescent protein (GFP)
was observed under the confocal laser scanning microscope,
Leica TCS SP8 (Leica, Germany).

Gene Expression Analysis

To determine the levels of the LiDXS and LiDXR transcripts
during the flowering stages and in different floral tissues,
quantitative real-time PCR (qRT-PCR) was performed using
the PikoReal real-time PCR system (Thermo Fisher Scientific,
China). Each sample was pooled in at least three replicates
and the three pools served as the three biological replicates;
for each replicate, qRT-PCR was performed thrice. Only the
inner petals were collected from 13:00 to 15:00 h at every
stage. RNA extraction was performed as described above and
the cDNA was synthesized according to the instructions in the
manual of PrimeScript™ RT reagent Kit with gDNA Eraser
(Perfect Real Time) (TaKaRa, Japan). The PCRs were carried
out using cDNA diluted 30-times with the SYBR® Premix Ex
Taq™ Mix II (TaKaRa, Japan). The procedure for qRT-PCR
was the classical three-step method and the relative transcript
levels were computed using the 27 22Ct method, as described
previously (Zhang et al., 2017). The Actin gene (Accession
number: AB438963) was used as the internal reference, as
described by earlier (Zhang et al., 2017). The sequences of all the
gene-specific primers are listed in Supplementary Table 1.

Transformation and Screening of

Tobacco

The pSuper1300::LiDXR and pSuper1300::LiDXS constructs used
for the stable transformation of tobacco were generated as
described above except for the linearized plant expression vector,
pSuper1300, without the GFP label.

They were transformed into wild type tobacco (Nicotiana
tabacum ‘NC89’) leaf disks through A. tumefaciens GV3101-
mediated freeze-thaw transformation. For obtaining the
transgenic lines, Agrobacterium-mediated transformation of
tobacco leaf disks was performed as described previously (Burow
et al, 1990). The positive transgenic plants were screened
on Murashige and Skoog’s (MS) medium supplemented with
50 mg/L hygromycin, and were identified through PCR. The T1
and T2 transgenic seeds were collected. All the T2 seeds (T3)
were generally transgenic and could be used for the determining
the content of the floral volatiles. All the transgenic plants were
cultured under the same conditions with 16 h light at 24°C /8 h
night at 18°C.

For analyzing the expression levels of LiDXS and LiDXR in the
transformed tobacco plants, we collected the flowers at 9:00 h
on the first day of flowering. For each line, at least three petals
from the transgenic tobacco flowers were pooled and real-time
PCR was performed following the steps described above using
NtEFal as the endogenous control gene. The expression levels of
endogenous NtDXS and NtDXR genes in tobacco were detected
as well. The sequences of all the gene-specific primers are listed
in Supplementary Table 1.

Terpenoid Quantification in Tobacco

The floral volatiles in the transgenic tobacco plants were detected
mainly by using headspace solid-phase microextraction (HS-
SPME). Each sample, collected from three tobacco flowers, was
put in the headspace bottle, and the samples from each line
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were taken in triplicates. The fiber (50/30 wm DVB/CAR/PDMS)
was conditioned for 2 h at 250°C in the gas chromatography
inlet before the first volatile extraction. The sample was
equilibrated for 3 h at 25°C and collection was done at
50°C for 30 min using the extractor inserted into the upper
side of the vial. Immediately after extraction, the fibers were
desorbed for 5 min at 250°C in the injection port and then
gas chromatography-mass spectrometry (GC/MS) analysis was
performed. GC/MS was carried out using Shimadzu CGMS-
QP2010 (Shimadzu, Kyoto, Japan) equipped with a DB-5MS
capillary column (30 m x 0.25 mm x 0.25 pm, Shimadzu).
The chromatography program started at 40°C for 2 min,
and the temperature was increased to 200°C at a rate of
5°C/min and held at this temperature for 6 min; the inlet
temperature was set at 200°C, total flow was 27.5 mL/min,
and the split ratio was 20. The carrier gas used was helium.
The parameters for mass spectrometer were as follows: the
electron potential was set to 1 KV, the mass scan range (m/z)
was 30-300 amu, and the ion source temperature was set to
250°C. The volatile compounds in the flowers were identified
by comparison with the compounds present in the National
Institute of Standards and Technology (NIST) 11 library using
GC/MS Postrun Analysis software. The relative content of each
compound was calculated based on the peak area normalization
method.

Statistical Analysis

The statistical significance was determined with SPSS 22.0 (SPSS,
Inc., Chicago, IL, United States) using one-way ANOVA. The
standard deviation was calculated using triplicate samples and
significant differences (p < 0.05) between the transformed lines
and transgenic tobacco transformed with the empty vector were
compared. The bar charts representing the data were drawn with
Origin Pro 8.0 (Northampton, MA, United States).

RESULTS

Characterization of LiDXS and LiDXR

To identify the function of LiDXS and LiDXR in terpene
biosynthesis, we isolated their ORFs using homologous cloning
from L. ‘Siberia.” The full-length cDNA sequence of LiDXS
(Accession No. MF078467) was found to be 2479 bp, containing
an ORF of 2199 bp encoding 732 amino acids. The alignment
of the protein sequences of DXS from different sources using
Clustal X and BioEdit showed that LiDXS was weakly conserved
in the N-terminal and contained the typical WDVGHM and
TAEQHA domains (Figure 1A), which are believed to be closely
related to the catalytic function. The phylogenetic analysis
was performed based on the selected DXS protein sequences.
The results showed that the phylogenetic tree consisted of
three clades. In addition, LiDXS belonged to the DXS type-
2 (DXS2) clade and had higher homology to DXS2 from
Z. mays (Figure 1B). The ORF length of LiDXR (Accession No.
MF078468) was 1419 bp, encoding 472 amino acids. The blastp
analysis showed that LiDXR contains two putative domains:
DXP_reductoisom (78-206 amino acid), which is present on

the C-terminus of the pfam02670 domain in bacterial and
plant proteins, and DXP_redisom_C (28-472 amino acid).
Moreover, the alignment of DXR sequences from eukaryotes and
prokaryotes revealed that the DXRs were highly homologous
and shared a conserved P(P/Q)PAWPG(R/T) motif (Figure 1C),
which was not present in the DXR sequences from protists
and regarded as a signature for DXR proteins in all plants
(Devi et al, 2015). The sequence was not conserved at the
N-terminal end (positions 1-54), whereas the extended region
(55-77 amino acids) and the C-terminal region were strongly
conserved. The phylogenetic tree of DXR sequences revealed
that they were organized into four groups: cluster I comprised
eudicots, monocots formed cluster II, gymnosperm formed
cluster III, and cluster IV comprised protists; the phylogenetic
tree revealed the evolutionary relationship among the different
species (Figure 1D). In lily, the DXR sequence was conserved;
for example, the sequence of LiDXR was highly similar to that of
DXR from another monocot, L. longiflorum.

LiDXR and LiDXS were predicted to be localized to the
chloroplasts using the online softwares, Plant-mPLoc, WoLF
POST, and ChloroP. To determine the intracellular localization
and roles of LiDXR and LiDXS, construct vectors and empty
vector were transformed into the leaves of N. benthamiana.
We found that the GFP signal from the empty vector was
obtained from the nucleus and cytoplasm, whereas when LiDXS
and LiDXR were fused to GFP, the signal was localized in the
chloroplasts (Figure 2).

LiDXS and LiDXR Expression in Floral

Organs and Developmental Stages

To investigate the possible role of LiDXS and LiDXR in
monoterpene production, the expression profiles of these genes
was determined in different floral organs and during four
flowering stages using qRT-PCR. We gathered the whole
flowers on the first day of the full-bloom stage, and divided
them into four parts: petals, filaments, anthers, and stigma
(Figure 3A). The process of flowering was divided into four
stages: (FS1) budding stage, (FS2) initial flowering stage, (FS3)
full-blooming stage, (FS4) wilting stage (Figure 3D). The results
indicated that the expression levels of LiDXS and LiDXR
were consistently higher in petals as compared with those in
the remaining organs (Figures 3B,C). Their expression levels
increased from the budding stage to the full-bloom stage and
then decreased during the withering stage (Figures 3E,F),
consistent with the release of floral volatiles in Lilium (Hu et al.,
2017).

Overexpression of LiDXS and LiDXR in
Tobacco Affects the Accumulation of

Terpenoids

LiDXS and LiDXR might be the crucial genes contributing to
the biosynthesis of monoterpenes (linalool, (E)-f-ocimene, and
myrcene), as revealed by real-time PCR (Figure 3). The stably
transformed tobacco plants were obtained by infecting leaf disks
with A. tumefaciens GV3101 carrying pSuper1300::LiDXR and
pSuper1300::LiDXS. At least 30 transgenic tobacco plants (T1)
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FIGURE 1 | Multiple alignment and phylogenetic analysis of protein sequence of DXS and DXR from different species. (A) Alignment of deduced amino acid
sequences of DXS proteins performed using Cluster X and DNAMAN 7.0. Species abbreviations in gene names are as follows: At: Arabidopsis thaliana, Zm: Zea
mays, Sl: Solanum lycopersicum, Nt: Nicotiana tabacum, Ag: Agrobacterium tumefaciens (AIC32317.1), Ec: Escherichia coli (EGT70614.1). Their accession numbers
were in parallel with DXS2 protein in (B). Identical amino acid residues are shaded black, and the similar ones are shaded gray. The highly conserved domains were
marked red: box a is WDVGHM motif, box b is IAEQHA motif. (B,D) Phylogenetic tree of DXSs and DXRs proteins, respectively, using neighbor-joining method with
1000 bootstrap replicates and showing values more than 50%. Accession numbers of the amino acid sequences accession numbers registered in NCBI were listed
after the species names. (C) Alignment of amino acid sequences of LIDXR and DXRs proteins from other species. Species abbreviations in gene names are as
follows: Gb: Ginkgo biloba, Tm, Taxus x media, Pt: Pinus taeda, At: Arabidopsis thaliana, Nt: Nicotiana tabacum, Zm: Zea mays, Cm: Cyanidioschyzon merolae
strain 10D, Gs: Galdieria sulphuraria. The assession number of these species were the same as that in part D. The P(P/QPAWPG(R/T) motif was labeled in box a.

were obtained for each of the target genes. The transformed by PCR. The seeds of T1 plants (T2 seeds) were screened on
lines were confirmed by hygromycin resistance and the presence = MS medium containing hygromycin. Two positive transgenic
of the target genes in the transgenic plants was determined lines harboring LiDXS (S1 and S6) and three lines harboring
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FIGURE 2 | Subcellular localization of LIDXS and LIDXR. The fusion proteins
(LIDXS::GFP and LIiDXR::GFP) and GFP as a control protein were observed
under the confocal laser scanning microscope. The first panel was
constructed in the green fluorescence channel. The second panel was the
chloroplast autofluorescence channel. The merged images were formed from
the first two panels. Bar = 10 um.

LiDXR (R3, R4, and R8) were selected using RT-PCR. These
were all provided in Supplementary Figure 1. The floral scent
in all these transgenic plants were obviously increased without
any changes in the phenotypic characters, such as flower color
and shape (Supplementary Figure 2). The transgenic tobacco
plants transformed with the empty vector were treated as
control. The endogenous and heterogenous expression levels
of the transgenes were further confirmed by qRT-PCR. The
results showed that the ecpotic expression levels of both
the genes were significantly increased in the transgenic lines
compared to their levels in the control plants (Figures 4A,E).
Meanwhile, the endogenous NtDXS and NtDXR genes in tobacco
were expressed stably (Supplementary Figure 3). The floral
volatiles in all the lines were examined by HS-SPME-GC-
MS. There were no differences in the contents of the volatile
compounds between the control and transgenic lines; however,
terpenoids were enhanced differently in the transgenic lines
(Figure 5). In the S1 and S6 lines, the amounts of linalool (a
monoterpene) were enhanced slightly but no obvious changes
were noticed compared to the level in the control (Figure 4B).
The content of caryophyllene (a sesquiterpene) was strongly
increased in S6, whereas no significant difference was detected
in S1 (Figure 4C). The content of sclareol (a diterpenoid) was
sharply increased in the S1 and S6 lines, and there were significant
differences in the content compared to control (Figure 4D).
The overexpression of LiDXR resulted in apparent changes in
the contents of different compounds in the transgenic lines.
The content of linalool was significantly increased in R3, R4,
and R8 lines by 1.6-2.1 times compared to the content in
the control plants (Figure 4F), and obvious changes in the
content of caryophyllene were observed (Figure 4G). The
content of sclareol was also significantly enhanced in the R3
and R4 lines, whereas no change was detected in the R8 line
(Figure 4H).

DISCUSSION

To elucidate the functions of LiDXS and LiDXR, we analyzed
these sequences at first. The blastp analysis showed that LiDXS
belonged to highly conserved transketolase-like enzyme family,
in which the C-terminal domain serves as a regulatory binding
site. Both, LiDXS and transketolase, contain histidine residues,
which are thought to be involved in proton transport during
the reaction (Lois et al, 1998). In addition, they contain a
typical conserved motif for the binding of TPP, which acts
as a cofactor (Jadaun et al., 2017). The phylogenetic tree of
LiDXS revealed that these genes evolved during the evolution
of the most advanced angiosperms. The distance of PiDXS
from Pinus densiflora and GbDXS from Ginkgo biloba were
the closest; both these plants are gymnosperms. LaDXS, from
Lavandula angustifolia, clustered together with SaDXS from
S. miltiorrhiza, both of which belong to Labiatae. LiDXS was
next to ZmDXS from Z. mays, a monocot. The DXS is reported
to be usually encoded by a small family of genes (Walter
et al., 2002; Phillips et al., 2008; Cordoba et al., 2009, 2011)
and there are many DXS homologs in plants, such as Z. mays
(Cordoba et al, 2011), Hedychium coronarium (Yue et al.,
2015), and S. Ilycopersicum (Zhou et al, 2016). The three
clades of the gene family are differently expressed during plant
development and in specific organs (Cordoba et al.,, 2011), and
play different roles in plant development. The first group of
DXS genes mainly functions as a housekeeping gene (Kim et al,,
2005); the second clade is mainly involved in the secondary
metabolism of plants (Walter et al, 2002). The third type
synthesizes some substances derived from the isoprene pathway,
which are necessary but have lesser demand in the plants,
such as gibberellins and abscisic acid (Rohmer et al.,, 1996;
Lichtenthaler, 1999). Moreover, in this phylogenetic tree, the
proteins are organized into different clades according to their
functions, among which the DXS2 clade is involved in the
isoprene synthesis pathway; for example, CrDXS participates
in the biosynthesis of the monoterpene indole alkaloids in C.
roseus (Burlat et al., 2004). However, the phylogenetic analysis of
LiDXR indicates the evolutionary relationship among the DXRs
and their diversification, and suggests that the DXRs might have
evolved from an ancestral gene (Tong et al., 2015) by parallel
duplication (Devi et al., 2015). In lily, LiDXS belonged to the
DXS2 clade, suggesting that it might function in the synthesis of
monoterpenes.

The enzymes of the MEP pathway were demonstrated to be
localized in chloroplasts in soybean, as well as in maize (Cordoba
et al., 2011) and Arabidopsis (Hsieh et al., 2008), using GFP
labeling (Wright et al, 2014). In plant cells, the movement
of genes from the photosynthetic endo-symbiont (plastid) to
the nucleus mandates that the encoded plastidal proteins must
have a transit peptide that can translocate them to their site of
function. The plastid localization signals in the DXS and DXR
proteins were present on the N-terminus and were not found
to be conserved in different species (Figures 1A,C). Moreover,
the signal peptide was found to be absent in the bacterial DXS
and DXR (Carretero-Paulet et al., 2002; Rodriguez-Concepcion
and Boronat, 2002). Both LiDXS and LiDXR were predicted to
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contain a chloroplast transit peptide, respectively, 53 and 48
amino acids in length. The plant DXS proteins contain a typical
plastid transit peptide sequence, which determines the plastidal
localization of these proteins (Bouvier et al., 1998; Lois et al.,
2000). All the enzymatic reactions of the MEP pathway are
carried out in the chloroplast and control the metabolic flux
in the cells (Hsieh et al., 2008). In the plastid-localized MEP
pathway, the DXS enzyme has been demonstrated to be the
rate-limiting step; investigations on Arabidopsis CLA1 mutant,
showed that dysfunction of clal (DXS-like gene) results in the
lack of isoprenoids leading to albinism (Mandel et al., 1996).
The DXS proteins in maize, concluding dxsl, dxs2, and dxs3,
were only observed in the chloroplasts (Cordoba et al.,, 2011).
And SmDXS1 and SmDXS2 in S. miltiorrhiza were located in
the chloroplasts, in agreement with the plastidal operation of
the MEP pathway (Zhou et al, 2016). Similar results about
DXR genes were found in some plants, such as Arabidopsis
(Carretero-Paulet et al., 2002) and Glycine max (Zhang et al.,
2012), providing evidence of plastid localization of plant DXRs.
In this study, LiDXS and LiDXR were localized to the chloroplasts
providing credence to the proposed roles of LiDXS and LiDXR in
the MEP pathway in lily.

Previous studies have shown that the expression of genes for
the rate-limiting enzymes controlling the MEP pathway also has
features that correspond to the spatial and temporal rhythm
of fragrance. For instance, the expression profile of VvDXS

positively correlates with the accumulation of monoterpenes in
Moscato Bianco berries (Battilana et al., 2011). Petals are the
main organs that release distinct aroma compounds in many
plants (Feng et al., 2014). As reported by Feng, the main aromatic
components of R. rugosa are emitted from petals and stamens.
The expression of RrDXR in petals was found to be the highest
compared to its expression in other organs, such as stamens,
pistils, calyxes, and receptacles, whereas the expression of RrDXS
was lower in petals than in receptacles. This suggests that the
isolated RrDXS belonged to the DXS1 clade and might not play
the main function in the biosynthesis of monoterpenes, whereas
RrDXR might be playing a key role in the MEP pathway. Here,
the expression of LiDXS and LiDXR were significantly higher in
the petals than in the other tissues; this result was consistent with
the report that the amounts of volatile compounds from petals
were similar to that in the whole detached flower of L. ‘Siberia’
(Hu et al., 2017).

The amounts of the emitted floral volatiles exhibited rhythmic
patterns during the flowering stages. The analysis of the floral
scents from H. coronarium indicated that the emission of
monoterpenes was gradually enhanced from D1-D3 (budding
stage) to D4 (full flowering stage) stage, in which the expression
was highest. In addition, transcriptome analysis of samples from
different stages, revealed that the expression levels of genes
responsible for key enzymes (including HcDXS2A, HcGPPS,
HcTPS7, and HcTPS8) were the highest at the full flowering
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stage, indicating that these genes might be involved in the
synthesis of floral metabolites (Yue et al., 2015). In our study,
the expression levels of LiDXS and LiDXR were initially lower
at the budding stage and were apparently increased at the full
flowering stage; subsequently, they were decreased at the wilting
stage, as observed in a recent report, in which the terpenoid
components peaked at the flowering stage (Hu et al., 2017). The
expression levels of LiDXS and LiDXR were positively correlated
with the emission of volatile compounds in L. ‘Siberia; suggesting
these two genes might play significant roles in the biosynthesis of
monoterpenes.

The DXS and DXR proteins have been proposed to be
the key and rate-limiting enzymes of terpenoid biosynthesis
in many plants, such as A. thaliana (Carretero-Paulet et al,
2006) and T. wilfordii (Tong et al., 2015). Increased expression
of DXS and DXR could alter the accumulation of MEP-
derived isoprenoids (e.g., chlorophylls and carotenoids) in

A. thaliana (Carretero-Paulet et al., 2006). TwDXSI, TwDXS2,
and TwDXR from T. wilfordii promoted the accumulation
lycopene in an E. coli strain as determined through color
complementation assays, indicating that these genes could
function in controlling the terpenoid biosynthetic flux (Tong
etal., 2015). The overexpression and down-regulation of SmDXS2
resulted in obvious increase and decrease in the content of
tanshinone in transgenic roots of S. miltiorrhiza (Zhou et al.,
2016). Several studies supported the view that DXS and DXR
are crucial enzymes in regulating the metabolic flux through
the MEP-pathway. In the present study, the high levels of
ectopic expression of LiDXS and LiDXR was responsible for the
induction of sclareol biosynthesis. These findings were consistent
with a previous study (Morrone et al., 2010), which reported
that the overexpression of three genes (idi, dxs, and dxr) led
to the greatest increase in the yield of this diterpene. The
ectopic expression AtDXS gene from A. thaliana in L. latifolia
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FIGURE 5 | The identification of flower volatiles from transgenic N. tabacum. (A) GC trace of flower of transgenic N. tabacum plants. (B) Mass spectra of linalool,
caryophyllene, and sclareol. The products were identified by comparison with compounds in the library NIST11.

significantly altered the content of monoterpenes in transgenic
lavender, without causing changes in growth characteristics and
ecological habits (Munoz-Bertomeu et al., 2006). The analysis
of the metabolites showed that the content of essential oil

(geraniol, linalool, and citronellol) increased in the leaves of rose-
scented geranium transiently expressing LiDXS. Interestingly,
the amount of sesquiterpenes content increased as compared
with that in the control (Jadaun et al., 2017), which consistent
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with the findings in our transgenic lines. The content of
caryophyllene was enhanced in the R3, R4, R8, and S6 lines.
The tobacco plants transformed with LiDXR also accumulated
substantial amount of linalool without any changes in the
composition of plant volatiles with respect to the plants with
empty vector. Similar results have been reported in transgenic
peppermint (Mentha x piperita) (Mahmoud and Croteau, 2001).
Because floral volatile compounds in lily mainly comprise of
monoterpenes, such as linalool, (E)-p-ocimene and myrcene (Hu
etal., 2017), LiDXR is a crucial gene associated with the synthesis
of monoterpenes, even more terpenoids, and the function of
LiDXS in this process needs to be verified.

CONCLUSION

This is the first report on the cloning of LiDXS and LiDXR from
oriental Lilium ‘Siberia’ based on an approach using homologous
cloning and RACE. The expression patterns of LiDXS and
LiDXR were consistent with the emission amounts of volatile
compounds, indicating the potential roles of these genes in
the biosynthesis of monoterpenes. The subcellular localization
revealed that these two crucial enzymes are located in the
plastids. Moreover, LiDXR was identified to play effective roles
in the regulation of flower scents. However, we did not produce
sufficient evidence regarding the regulatory role of LiDXS in
monoterpene biosynthesis in the present study. Therefore, more
research is needed to verify the function of LiDXS. Our results
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