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Terpene produced by coexpression of the TPS
and P450 genes from Lavandula angustifolia
protects plants from herbivore attacks during
budding stages

Zhengyi Ling"?3, Jingrui Li'?, Yanmei Dong'?, Wenying Zhang '3, Hongtong Bai'?, Shu Li*, SuWang* Hui Li"?" and
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Abstract

To deter herbivore attacks, plants employ a diverse array of volatile compounds, particularly during the early
developmental stages. The highly expressed genes LaTPS7, LaTPS8, and LaCYP71D582 were identified during the
budding phases of Lavandula angustifolia. In vitro studies revealed that LaTPS7 generated nine distinct compounds,
including camphene, myrcene, and limonene. LaTPS8 enzymatically converted eight volatiles by utilizing geranyl
diphosphate and nerolidyl diphosphate as substrates. Overexpression of plastid-localized LaTPS7 in Nicotiana
benthamiana resulted in the production of limonene. Furthermore, the endoplasmic reticulum-associated enzyme
LaCYP71D582 potentially converted limonene into carveol. In N. benthamiana, LaTPS8 is responsible for the
synthesis of a-pinene and sylvestrene. Furthermore, leaves transfected with LaTPS7 and leaves cotransfected with
LaTPS7 and LaCYP71D582 exhibited a repellent effect on aphids, with an approximate rate of 70%. In comparison,
leaves with an empty vector displayed a repellent rate of approximately 20%. Conversely, tobacco leaves expressing
LaTPS7 attracted ladybugs at a rate of 48.33%, while leaves coexpressing LaTPS7 and LaCYP71D582 attracted
ladybugs at a slightly higher rate of 58.33%. Subsequent authentic standard tests confirmed that limonene and
carveol repel Myzus persicae while attracting Harmonia axyridis. The promoter activity of LaTPS7 and LaCYP71D582
was evaluated in Arabidopsis thaliana using GUS staining, and it was observed that wounding stimulated the
expression of LaTPS7. The volatile compounds produced by LaTPS7, LaTPS8, and LaCYP71D582 play a crucial role in
plant defence mechanisms. In practical applications, employing biological control measures based on plant-based
approaches can promote human and environmental health.
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Introduction

Plants engage in multifaceted interactions with their
environment through the emission of a diverse array of
volatiles, which serve various physiological and ecologi-
cal functions. The hypothesis of herbivore-induced plant
volatiles (HIPVs) was proposed by Ehrlich and Raven
[1], suggesting that plants utilize volatiles for communi-
cation and defence against herbivore attacks. A recent
investigation conducted by Liu [2] discovered a nega-
tive correlation between the production of volatile com-
pounds in cotton plants and the presence of Helicoverpa
armigera eggs, indicating the crucial role of volatiles in
pest protection. Numerous plant-derived volatile chemi-
cals, particularly terpenes/terpenoids, have demon-
strated protective effects. For instance, farnesene acts as
a repellent for aphids (Myzus persicae) while attracting
predatory ladybugs (Harmonia axyridis) [3, 4]. Linalool,
another common compound found in flowers and fruits,
has been observed to attract thrips in Arabidopsis thali-
ana, while linalool oxides (catalysed by CYP71D) repel
them [5]. Moreover, HIPVs, including volatiles released
by mint plants such as limonene, 1,8-cineole, and car-
vone, serve as attractants for herbivore-preying animals
[6]. Thus, volatile compounds can be considered part of
a defence system employed by plants to protect them-
selves through tritrophic interactions, either directly or
indirectly [7]. Furthermore, it has been observed that
volatile chemicals are likely expressed at higher concen-
trations during early developmental stages or in specific
tissues, with subsequent maintenance at consistent levels
and reduction during mature or senescence phases [8].
This dynamic regulation of volatile chemical expression
in plants enables them to adapt to their surroundings and
ensure successful reproduction.

The majority of HIPVs are composed of terpenes/ter-
penoids, which are synthesized through the mevalonate
(MVA) pathway, localized in the cytosol and produc-
ing sesquiterpenes, and the 2-C-methyl-D-erythritol-
4-phosphate (MEP) pathway, occurring in plastids and
producing monoterpene. Within the plant kingdom, ter-
pene synthases (TPSs) form a medium-sized gene family
comprising various subfamilies. Moreover, investigations
have extensively explored the structure and function of
terpenes in peppermint (MenthaxXpiperita) [9), Artemisia
annua L. [10], and A. thaliana, particularly regarding
the postprocessing of terpenes by coexpressed genes [5].
However, it remains unknown whether similar catalytic
mechanisms and corresponding ecological functions
occur in Lavandula angustifolia, a terpene-rich plant,
and which specific genes are coexpressed to regulate the
production of volatile terpenes/terpenoids in this species.

L. angustifolia, commonly known as lavender, is a
flowering plant renowned for its production of approxi-
mately 70 volatile chemicals within its blossoms, such
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as limonene, a-pinene, and linalool, among others. Due
to its intricate terpene biosynthesis regulation, lavender
has emerged as a prominent model plant for studying this
aspect [11]. Through in vitro experimentation, specific
enzymes involved in terpene production in lavender have
been identified, including LaLIMS, LaLINS, z-cadinol
synthase, 1,8-cineole synthases and -phellandrene syn-
thase [12—15]. Despite the well-established requirement
of terpene synthases (TPSs) and cytochrome P450 (CYP)
enzymes for terpene and terpene derivative biosynthesis
[16] and the fact that CYP family members constitute
approximately 1% of the genome in most plant species
[17], the functional characterization of CYP genes in lav-
ender remains unexplored.

The physiological activities of volatiles and the genes
involved in tritrophic interactions in lavender remain
largely unknown. Previous investigations have explored
the composition of volatile organic compounds (VOCs)
during inflorescence ontogeny, revealing the categoriza-
tion of terpenes into three distinct groups across three
flowering developmental phases [18]. Notably, limonene
falls within the first group and exhibits natural insect
repellent properties. Our recent study identified aphids
and ladybugs as the most prevalent insects in lavender
fields during early spring, suggesting the existence of
tritrophic interactions involving volatile compounds,
predators, and prey [19]. Moreover, Y-tube olfactometer
trials demonstrated that S-trans-ocimene and (+)-R-lim-
onene effectively repelled 74.71% and 78.41% of aphids,
respectively [19]. Therefore, further investigation into the
response of these chemicals to herbivores and the under-
lying gene-level mechanisms governing external stimuli
is warranted to shed light on the intricate plant-insect
relationship.

In this study, we cloned and identified the terpene syn-
thase (TPS) and cytochrome P450 (CYP) genes expressed
in immature lavender flowers using transcriptome data.
Subsequently, we conducted in vitro and in vivo experi-
ments to evaluate the functionality of the gene products.
Additionally, we investigated the responsiveness of these
genes to environmental stimuli and examined their regu-
latory elements. Furthermore, authentic standards were
employed to assess the effects of the identified volatile
compounds on aphids and ladybugs, thus elucidating
their ecological potential. The outcomes of this study not
only enhance our understanding of lavender’s diverse
applications based on its distinct developmental pro-
cesses but also provide insights for the implementation of
biological control strategies.

Materials and methods

Plants and insects

L. angustifolia cultivar ‘Jingxun 2’ was collected from the
National Germplasm Bank of Aromatic Plants, located
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at the Institute of Botany, Chinese Academy of Sci-
ences, at different developmental stages. The stages were
defined as follows: Bud represents FBO, characterized by
fully closed and green petals; Blossom denotes the blos-
som stage, with approximately 60% of the flowers open
and the petals displaying a purple colouration (F3); and
Fade represents the fading stage, in which the petals had
started to shrink and were on the verge of falling off (F5).
Each stage has been described in a previous study [19].
Nicotiana benthamiana (benth) and A. thaliana plants at
four weeks of age were cultivated in a controlled green-
house environment at a temperature of 25 °C, with a pho-
toperiod of 16 h of light and 8 h of darkness and a light
intensity of 200 mmol m~2s~ ",

The aphids (Myzus persicae) and ladybugs (Harmo-
nia axyridis) used in the experiments were graciously
provided by Prof. Su Wang from the Beijing Acad-
emy of Agricultural and Forestry Sciences. The aphids
were maintained in a growth chamber measuring
30x30%25 cm, set at a temperature of 25 °C, and sub-
jected to an L16:D8 photoperiod. The aphids were fed on
tobacco plants. Ladybugs that emerged from pupae were
kept at a temperature of 25 °C, while the remaining pupae
were stored at a temperature range of 10-15 °C.

Cloning and transcript analyses of the LaTPS7, LaTPS8 and
LaCYP71D582 genes

Total RNA was extracted from the glandular trichomes
of both flowers and leaves for further analysis. To obtain
RNA, the glandular trichomes were carefully scraped
along the base using a needle. For leaves, trichomes at
various developmental stages were collected by brushing
and then sequentially filtered through meshes with pore
sizes of 1.6 mm, 0.15 mm, and finally 0.125 mm to sep-
arate glandular trichomes from flowers and leaves. Liq-
uid nitrogen was employed to maintain the integrity of
the trichomes during the collection process as described
previously [20]. The glandular trichomes were observed
under a microscope after their isolation.

Once the RNAs were collected, reverse transcription
was conducted using oligo d(T) primers according to the
manufacturer’s instructions (TSINGKE, China). Follow-
ing cDNA synthesis, target genes were amplified utiliz-
ing gene-specific primers and Phanta Max Polymerase
(Vazyme, China). To determine the expression levels,
the relative quantification method was employed, with
18S rRNA serving as the reference gene to calculate the
normalized expression levels (27®<T), Statistical analysis
of gene expression levels across different flower develop-
mental stages was performed using least significant dif-
ference (LSD) test in SPSS 17.0. The notation ‘abc’ was
employed to indicate significant differences. Detailed
information regarding the primers used in this study can
be found in Table S1.
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Sequence analysis of the target genes

Multiple sequence alignment was performed on ESP-
ript  (http://espript.ibcp.fr/ESPript/ESPript/) following
a previously reported methodology [21]. The primers
employed for ORF amplification can be found in Table
S1. Phylogenetic trees were generated using the neigh-
bour-joining method in MEGA 7, and the resulting trees
were visually enhanced using Interactive Tree of Life
(http://itol2.embl.de/) [22]. Additional details regarding
the genes utilized in constructing the phylogenetic tree
can be found in Tables S2 and S3.

Subcellular localization of LaTPS7, LaTPS8, and
LaCYP71D582 in N. benthamiana

The mannopine synthase promoter MAS-driven expres-
sion vector super-1300-eGFP was subjected to Hind
IIT digestion in preparation for ligating the target genes
using the TreliefTM SoSoo Cloning Kit (TSINGKE,
China). Following the protocol outlined by Jin et al. [23],
the resulting plasmids were then transformed into E. coli
for amplification before being transferred into Agrobacte-
rium tumefaciens GV3101 for transient transformation in
4-week-old N. benthamiana plants. The leaves of N. ben-
thamiana were carefully excised, mounted onto slides,
and examined using a confocal laser-scanning micro-
scope equipped with a standard filter set (Leica TCS SP5)
after 3 days of infiltration. The acquired images were pro-
cessed using Image] software (https://imagej.nih.gov/ij).

Heterologous expression of TPSs in E. coli and in vitro
enzymatic assay

The shortened sequences of terpene synthases (TPS)
lacking the anticipated signal peptide were inserted into
a pDE2 vector containing a recombinant C-terminal and
poly-histidine tag using the pDE2 Directional Expression
Kit Ver. 2 (TSINGKE, China). The resulting constructs
were then transformed into E. coli BL21 (DE3), and the
recombinant proteins were induced with isopropyl-S-
D-thiogalactopyranoside (IPTG) at a concentration of
1.0 mM for approximately 8 h. Subsequently, the pro-
teins were purified using a His-Tagged Gravity Column
(Merck Millipore). To confirm successful purification,
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) was performed.

For the in vitro enzymatic assay to assess TPS activity,
purified proteins (approximately 20 uL) were mixed with
500 pL of buffer (25 mM HEPES, pH 7.3; 10 mM MgCl,;
10% glycerol; 10 mM DTT) and 10 pg of either farnesyl
diphosphate (FPP), neryl diphosphate (NPP), or gera-
nyl diphosphate (GPP) (Sigma-Aldrich). The enzymatic
assay protocol described by Chen et al. [24] was followed.
After vortexing, the mixtures were incubated at 30 °C for
2 h. Subsequently, 250 mL of hexane was added and vor-
texed for 1 min. The upper layers were then centrifuged
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at 1200 g and 4 °C for 30 min, followed by transfer to 2
mL glass vials for gas chromatography-mass spectrom-
etry (GC-MS) analysis. Heat-inactivated recombinant
proteins were used as a negative control in the experi-
mental procedure.

Transient expression of LaTPS7, LaTPS8, and LaCYP71D582
in N. benthamiana

Upon reaching an optical density (ODg,) of 1.0, leaves
from 4-week-old N. benthamiana plants were selected
for infiltration with GV3101 harbouring specific target
TPS genes. Concurrently, GV3101 strains carrying TPS
or CYP were mixed at a 1:1 ratio for coexpression once
the ODg,, reached 1.0. Following a 5-day incubation
period, the infiltrated leaf tissues were carefully excised
and assessed under UV light to verify the efficiency of
agroinfiltration and ascertain gene expression levels. Sub-
sequently, the leaf samples were rapidly frozen using liq-
uid nitrogen and subsequently pulverized. The extraction
of volatiles was achieved by subjecting the leaf powder to
vortexing in hexane after maintaining a temperature of
-80 °C. The resulting extracts were stored at -20 °C prior
to analysis. Gas chromatography-mass spectrometry
(GC-MS) was employed to characterize and quantify the
volatile chemicals present in the samples.

GC-MS analysis

GC-MS analysis was performed using an Agilent 7890B
GC system coupled with an Agilent Technologies 7000 C
Inert XL Mass Selective Detector equipped with an HP-
5MS UI column (30 m x 0.25 mm X 0.25 pum; Agilent
Technologies). The injection method employed was split-
less. The injector temperature was maintained at 250 °C
throughout the analysis. The temperature program con-
sisted of an initial hold at 40 °C for 3 min, followed by
a linear increase to 130 °C at a rate of 10 °C-min~ !, then
to 250 °C at a rate of 50 °C-min~!, which was held for
10 min. Helium gas was employed as the carrier gas at a
flow rate of 1 mL-min~ ",

The ionization energy used was 70 eV, while the elec-
tronic impact ion source temperature, quadrupole tem-
perature, and mass range were set at 200 °C, 150 °C,
and 35-550 u, respectively. Product identification was
achieved by comparing the retention time and electron
ionization mass spectra of the detected compounds with
those available in the Mass Spectral Library of Agilent.

Determination of promoter activity in A. thaliana and gene
expression under methyl jasmonate (MeJA) treatment

Fusion primer and nested integrated PCR (FPNI-PCR)
was employed to extract a 1.5-kb region of the promoter
for each gene from genomic DNA using gene-specific
primers and arbitrary primers, following the PCR con-
ditions described by Wang et al. [25]. The obtained

Page 4 of 13

sequences were analysed using the PlantCARE online
tool [26] and subsequently inserted into the pCXGUS-P
vector, which was digested with BamHI. The pCXGUS-P
vector contains a cloning cassette upstream of the GUS
gene (uidA). After validation through sequencing, the
resulting constructs were introduced into Agrobacte-
rium GV3101 and used for floral dip transformation of A.
thaliana, following the method described by Clough et al.
[27]. Transformed lines were selected on MS plates con-
taining 50 pg:mL™' hygromycin and further confirmed
by PCR analysis. GUS staining, based on the technique
described by Jefferson et al. [28] using 5-bromo-4-chloro-
3-indolyl-3-D-glucuronide (X-Gluc), was performed.
Furthermore, at 8:00 AM, lavender plants at the flow-
ering stage were treated with 8 mM methyl jasmonate
(MeJA) to stimulate gene expression according to a pre-
vious study [20]. The control group received a MeJA-
deficient buffer. Each plant was treated with 10 mL of the
buffer until the leaves were wet, and after 12 h, the plant
materials were harvested and stored in liquid nitrogen
as described previously [20]. Using the aforementioned
approach, the relative expression levels of the target
genes in the glandular trichomes of lavender flowers were
examined using quantitative real-time PCR (qRT-PCR).
The significance of LaTPS7 expression under MeJA treat-
ment was determined using Student’s ¢ test in SPSS 17.0.

Insect behaviour

A Y-tube olfactometer test was conducted to assess the
impact of volatiles on the behaviour of aphids (M. persi-
cae) and ladybugs (H. axyridis) following a fasting period
of 3 h. The volatile compounds limonene and carveol
were dissolved in paraffin oil to generate different con-
centrations. The olfactometer was operated at a flow rate
of 300 mL-min~". Insects were categorized as responders
if they entered more than half the length of the olfactory
arms and remained there for at least 10 s. If the insects
did not show a preference for either arm after 5 min, they
were classified as having made no choice. After testing 10
aphids or ladybugs, fresh disks were replaced. The sig-
nificance of the insect choices was examined using the
Chi-square test in SPSS 17.0. Each insect was tested only
once. To eliminate any residual odour sources, the olfac-
tometer was cleaned with 95% ethanol after each test,
followed by washing with distilled water and drying in
an oven in preparation for the next sample test. During
the measurement process, a fluorescent lamp positioned
approximately 15 cm above the front of the Y-shaped
tube provided uniform illumination, ensuring consistent
light intensity in both arms. The x*-analysis method was
employed to evaluate if the insect selection between the
treated odour sources followed a theoretical distribution
with an hO of 50: 50 under different criteria, and x> values
were calculated accordingly.
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Furthermore, a leaf disk bioassay was conducted fol-
lowing the protocol described by Picard et al [37]. Trans-
formed N. benthamiana leaves were punched into 1 cm
diameter disks, which were then placed on filter paper
inside Petri dishes. Starved aphids were introduced into
the Petri dishes, and the number of insects on control and
treatment disks was recorded for a duration of 1 hour. A
total of 90 aphids were included in the study. The influ-
ence of volatiles on ladybugs, also starved for 3 hours,
was assessed using a Y-Tube olfactometer. A total of 60
ladybugs were tested. Ladybugs that entered more than
half of the arm length of the olfactometer and remained
for at least 10 seconds were considered responders. After
testing 10 aphids or ladybugs, fresh disks were provided.
Subsequent statistical analysis was conducted to analyze
the obtained data. The statistical analysis for the aphids
was performed using General Linear Model-Univariate
Analysis in SPSS 17.0. The model was selected as ‘type
III; and a dual comparative test employing the method
of ‘Tukey s-b’ was utilized with a significance level of
p=0.05. For the ladybugs, the statistical analysis involved
the use of a X test, also conducted in SPSS 17.0.

Results
Candidate genes from L. angustifolia and construction of a
phylogenetic tree
The transcriptomes from flowers at different develop-
mental stages were analysed to investigate gene expres-
sion patterns in a previous study [19]. Based on the
transcriptome data, TPS (TRINITY DN51614 cl g5)
and CYP (TRINITY DN22690 cO gl) were selected
for further analysis due to their high expression levels
in the bud and coexpression pattern (Figure S1). Two
TPS genes were identified using the same primer pairs,
yielding sequences of 1803 and 1800 bp, and were des-
ignated LaTPS7 and LaTPS8, respectively, after valida-
tion through sequencing. The nucleotide sequences of
LaTPS7 and LaTPS8 shared identical regions of 33 bp at
the N-terminus and 23 bp at the C-terminus (Figure S2).
To explore their relationship with other terpene syn-
thases, neighbour-joining phylogenetic trees were con-
structed based on the deduced amino acid sequences.
The analysis revealed that both LaTPS7 and LaTPS8
belonged to the TPS-b subfamily of monoterpene syn-
thases [24] (Fig. 1a). LaTPS7 exhibited the highest simi-
larity to limonene synthase from L. angustifolia, while
LaTPS8 showed the highest similarity to pinene syn-
thase from L. pedunculata. Notably, both proteins pos-
sessed conserved motifs such as the arginine-tryptophan
(RRXgW) motif at the N-terminus and the aspartate-rich
(DDXXD) and NSE/DTE motifs at the C-terminus, which
are involved in the cyclization of terpene precursors such
as GPP, NPP, and/or FPP (Figure S3, S4).
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The CYP sequence was assigned the name
LaCYP71D582 by the CYP450 nomenclature com-
mittee. LaCYP71D582 displayed high identity with
PbCYP71D378 from Plectranthus barbatus and exhib-
ited conserved motifs, including (A/G)GX(D/E)T(T/S),
EXXR, and FXXGXRXCXG [29] (Fig. 1b) (Figure S5).
Phylogenetic analysis of CYP clans associated with ter-
pene metabolism [17] placed LaCYP71D582 within
the CYP71 clan, which is the largest clan among CYPs
(Fig. 1b) [30]. Based on these findings, it is likely that
LaCYP71D582 plays a role in terpene biosynthesis.

Quantitative RT-PCR analysis of gene expression during
the budding stage

The expression profiles of LaTPS7, LaTPS8, and
LaCYP71D582 were reassessed using quantitative real-
time PCR (qRT-PCR) in this study. Samples were col-
lected from leaves and flowers at different developmental
stages of glandular trichomes, namely, budding, bloom-
ing, and fading (Fig. 2). The results revealed that during
the budding stage, the expression of LaTPS7, LaTPSS8,
and LaCYP71D582 was highly pronounced in the glan-
dular trichomes of the flowers, whereas negligible expres-
sion was observed during other developmental phases.
As the flowers transitioned into the blooming and fad-
ing stages, the expression levels of LaTPS7, LaTPS8, and
LaCYP71D582 exhibited a decreasing trend. These find-
ings provide evidence of potential interactions among
these genes throughout plant growth (Fig. 2), suggesting
that the enzymatic products of TPSs may undergo fur-
ther modification mediated by CYPs.

Subcellular localization of LaTPS7, LaTPS8, and
LaCYP71D582 via transient expression in N. benthamiana
LaTPS7 and LaTPS8 were subjected to signal peptide
prediction using Phyre2 software, which indicated the
presence of signal peptides. On the other hand, the sub-
cellular localization of LaCYP71D582 was predicted to
be in the membrane. To experimentally verify these pre-
dictions, ORF fusion vectors containing enhanced green
fluorescent protein (eGFP) were constructed for each of
these genes. These constructs were then introduced into
N. benthamiana leaves through Agrobacterium tumefa-
ciens-mediated transformation. Subsequently, confocal
microscopy was employed to examine the subcellular
localization of the proteins of interest.

The results showed that LaTPS7 and LaTPS8 were
localized in the chloroplasts throughout the entire leaf
(Fig. 3), confirming their predicted subcellular localiza-
tion. Conversely, the localization of LaCYP71D582 was
observed in the endoplasmic reticulum (ER) (Fig. 3), con-
sistent with the predicted localization.
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Fig. 1 Phylogenetic tree of LaTPS7, LaTPS8 and LaCYP71D582. (a) The candidate TPSs genes were grouped into TPS-b (purple), which is denoted by bold
fonts, and the genes in white font (purple and blue) are all lavender terpene synthase genes that have been published. The monoterpene synthases are
clustered into TPS-b (purple), including LaTPS7 and LaTPS8. While the sesquiterpene synthases are clustered into TPS-a (blue). (b) According to Nelson and
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Fig. 2 The expression levels of LaTPS7, LaTPS8, and LaCYP71D582 in glan-
dular trichomes from various developmental stages were examined by
quantitative real-time PCR (qRT-PCR). glandular trichomes were collected
from leaves and flowers from bud stage, blossom stag and fade stage.
Three genes showed the highest expression level in glandular trichomes
of the flower during the bud phase while decreased in blossom and fade
stage. The 18 S rRNA genes were used to standardize the transcript levels.
The results are the average SE of three replicates

Isolation and in vitro enzymatic characteristics of TPSs

To elucidate the functional properties of the proteins
under investigation, truncated versions of the TPS pro-
teins lacking signal peptides were generated and fused
with a six-His tag to yield recombinant proteins. These
recombinant proteins were subsequently expressed and
purified in E. coli BL21 (DE3). To evaluate the enzymatic
activities of the recombinant proteins, they were sub-
jected to assays using GPP (geranyl diphosphate), NPP
(neryl diphosphate), or FPP (farnesyl diphosphate) as
substrates.

Upon analysis, it was observed that LaTPS7 exhibited
catalytic activity towards GPP, leading to the produc-
tion of seven different monoterpenes, namely, a-pinene,
camphene, myrcene, limonene, terpinolene, linalool, and
terpineol. Furthermore, when NPP was employed as a
substrate, LaTPS7 catalysed the synthesis of a-pinene,
camphene, limonene, terpinolene, terpineol, and nerol
(Fig. 4a).

On the other hand, LaTPS8 generated a-pinene, myr-
cene, sylvestrene, linalool, fenchol, and geraniol from
GPP and a-pinene, limonene, terpinolene, terpineol, and
nerol from NPP (Fig. 4b). Notably, when FPP was utilized
as a substrate for either protein, no discernible prod-
ucts were observed. It is important to note that no novel
compounds were detected in the control group (data
not shown). These results provide evidence that both
LaTPS7 and LaTPS8 function as monoterpene synthases,
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producing distinct volatile compounds from identical
substrate molecules.

Functional characterization of TPSs and CYP in vivo
To validate the functional roles of LaTPS7, LaTPS8, and
LaCYP71D582 in plants, transient transfection experi-
ments were conducted in tobacco leaves. Additionally, to
investigate their in vivo functions, coexpression experi-
ments were performed involving LaCYP71D582 along
with either LaTPS7 or LaTPS8. Notably, in N. benthami-
ana, the expression of LaTPS7 alone led to the produc-
tion of limonene, while LaTPS8 was found to generate
a-pinene and sylvestrene, as depicted in Fig. 5a.
Moreover, the presence of a newly detected product,
carveol, was observed exclusively in the assay involving N.
benthamiana coexpressing LaTPS7 and LaCYP71D582,
while no carveol production was observed in the assay
involving LaTPS8 and LaCYP71D582, as depicted in
Fig. 5b. These results suggest that LaCYP71D582 poten-
tially plays a role in hydroxylating limonene at the Cé6
position, resulting in the production of carveol (Fig. 5c).

The spatial-temporal expression pattern of LaTPS7 and
LaCYP71D582

The specific expression patterns of LaCYP71D582 and
LaTPS7, which are involved in sequential catalysis, were
investigated in this study. To analyse their expression
profiles, we employed FPNI-PCR to obtain the promoters
of LaTPS7 and LaCYP71D582, referred to as Pro-LaTPS7
and Pro-LaCYP71D582, respectively, resulting in DNA
fragments of 1299 and 1434 bp in size. Analysis of these
promoters revealed the presence of predicted regula-
tory elements along with the basic promoter elements, as
determined by PlantCARE (Figure S6, S7).

Subsequently, we transformed promoter-GUS fusion
vectors into A. thaliana to examine the expression pat-
terns of LaTPS7 and LaCYP71D582. The GUS reporter
gene driven by the Pro-LaTPS7 promoter showed strong
expression in the flowers, siliques, trichomes, and
leaves, with notable induction in response to mechanical
wounding (Fig. 6a). Notably, the expression of LaTPS7 in
plants was comparable to the response elicited by herbi-
vore attacks. Conversely, Pro-LaCYP71D582-driven GUS
expression exhibited a constitutive pattern in the flowers,
siliques, trichomes, and leaves without being influenced
by mechanical injury (Fig. 6b).

Furthermore, to simulate insect infestation, we treated
lavender plants at the flowering stage with methyl jasmo-
nate (MeJA), a phytohormone that is recognized to be
induced by herbivore attacks and is commonly employed
to simulate insect attacks on plants [31-33]. Interest-
ingly, we observed that the expression level of LaTPS7,
which was expressed at low levels during the blossom
stage (Fig. 2), was consistently nearly 10 times higher
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LaCYP71D582-eGFP

Fig. 3 Subcellular localization of LaTPS7, LaTPS8, and LaCYP71D582 in N. benthamiana. plant leaves after three days of inoculation were observed under
confocal microscopy with 480 nm. LaTPS7 and LaTPS8 were discovered in chloroplasts, particularly, LaTPS8 depicts a scatter distribution, while LaTPS7
depicts a condition in which the chloroplasts are wrapped. Meanwhile, LaCYP71D582 was discovered in the endoplasmic reticulum (ER) contiguous
to chloroplasts. Auto, chlorophyll autofluorescence; eGFP, enhanced Green Fluorescent Protein channel image; Light, light microscopy image; Merged,
merged image between Auto and eGFP. Post processing of pictures were completed by image J (https://imagej.nih.gov/ij)

in glandular trichomes of MeJA-treated flowers than in
control glandular trichomes (Fig. 6¢). The findings of
this study suggested that the expression of LaTPS7 can
be induced by the methyl jasmonate (MeJA) signal. This
molecular mechanism is likely to play a significant role in
the plant’s defence response.

Limonene and carveol repel aphids and attract ladybugs to
protect plants

Previous studies have indicated that limonene is repellent
to most herbivores, including aphids [19]. However, the
effects of limonene and its derivatives on aphid-ladybug
interactions remain largely unexplored. In this study,

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Ling et al. BMC Plant Biology (2023) 23:477

a GPP GPP
@ LaTPS7 NPP ®) LaTPS8 NPP
FPP FPP
; 1
4000000 4000000 1
§ g
3000000 c 9
§ g 3000000 N
g : i
2000000
< g mweef l
2 [ I | J
-] 2 4
& 1000000 B 1000000
€ g 1 s
« i
T v T ] e
6 8 10 12 6 8 10 12
Time (min) Time (min)

Fig.4 In vitro enzymatic assays of LaTPS7 and LaTPS8. Products produced
by LaTPS7 (a) and LaTPS8 (b) from GPP, NPP and FPP. Compounds are
marked with number: (1) a-Pinene, (2) Camphene, (3) Myrcene, (4) Limo-
nene, (5) Sylvestrene, (6) Terpinolene, (7) Linalool, (8) Fenchol, (9) Terpineol,
(10) Nerol, (11) Geraniol. For each enzymatic catalysis assay, the chroma-
tography was acquired by importing the.csv file into GraphPad. To avoid
any ambiguity caused by data overlap, the GPP results (red) were slightly
shifted back and thus staggered with the NPP results (blue)
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Fig.5 Invivo enzymatic activity in N. benthamiana. (a) Volatiles produced
in N.benthamiana leaves over-expressing LaTPS7 or LaTPS8 respectively,
showing that LaTPS7 only produced limonene and LaTPS8 produced
a-pinene and sylvestrene. (b) Volatiles produced in the plant leaves co-ex-
pressing LaCYP71D582-LaTPS7 or LaCYP71D582-LaTPS8. It indicated that
limonene can be converted into carveol by LaCYP71D582. (c) Limonene
was hydroxylated at C6 by LaCYP71D582 to form carveol. The gray trace in
(@) and (b) indicate the control extract N.benthamiana leaves transformed
with empty vector. The chromatography was obtained by GraphPad with
the same method as demonstrated in Fig. 4

researchers employed a Y-tube olfactometer to investi-
gate the responses of aphids and ladybugs to limonene
and carveol, aiming to elucidate the potential relation-
ship between volatile chemicals, aphids, and ladybugs.
Consistent with expectations, the results showed that
out of 47 tested aphids, 27 preferred paraffin oil over
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Fig. 6 GUS staining and MeJA treatment showing the expression pat-
tern of LaTPS7 and LaCYP71D582. (a) Histochemical stain of promoter of
LaTPS7 (Pro-LaTPS?). 1-3, leaves; 4, flower; 5, trichome (GT); 6, silique. The
red arrows shows the wounding sites. It indicated that the wound is able
to stimulate LaTPS7 expression level; (b) Histochemical stain of promoter
of LaTPS8 (Pro-LaCYP71D582). 1, leaf; 2, flower; 3, trichome (GT); 4, silique.
(c) The expression level of LaTPS7 was confirmed by applying 8 mM 10mL
MeJA treatment at the blossom stage, when limonene declined. The
samples were collected after 12 h. MeJA was dissolved in water with 1%
ethanol and 0.1% Tween 20. Asterisks indicate a significant difference of
expression level by utilizing Student’s t-test, *** P <0.001

limonene at a concentration of 4.5%. In contrast, 48
aphids avoided the 0.05% carveol, while 22 aphids were
attracted to it. Based on these observations, the repellent
effectiveness of limonene and carveol against aphids was
estimated to be approximately 65%. Surprisingly, lady-
bugs exhibited contrasting behaviour, as 55 individuals
were attracted to limonene at a concentration of 0.1%,
while only 19 chose paraffin oil. Similarly, 45 ladybugs
were attracted to the 0.025% carveol, whereas 25 pre-
ferred the paraffin oil. The attraction rates for limonene
and carveol were approximately 60% and 70%, respec-
tively (Fig. 7c, d).

Benth leaves transfected with LaTPS7, and leaves co-
transfected with LaTPS7 and LaCYP71D582, exhibited
a repellent effect on aphids, with an approximate rate
of 70% (Fig. 7b). In comparison, leaves with an empty
vector displayed a repellent rate of approximately 20%.
Conversely, tobacco leaves expressing LaTPS7 attracted
ladybugs at a rate of 48.33%, while leaves co-expressing

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Ling et al. BMC Plant Biology (2023) 23:477

@ e

LaTPST+LaCYPTIDS82

Q Harmonia axyridis
Lares? |

S S S s

% J

Choice rate (%)

b -

Myzus persicae

LaTPST+LaCYPT1DS82

% 4

D )

Choice rate (%)

Page 10 of 13

E @Paraffn oil @stanc x
(c) ==
e N | o
a
(d) L} o X
- [ —

Fig. 7 Behavioral responses of aphids and ladybugs toward overexpressed plants and standards. Over 70 aphids and ladybugs were tested in total for
each odor. Asterisks indicate a significant difference of choice towards different odor source using Chi-Squared Test. *P <0.05; **P <0.01; *** P <0.001).
Y-Tube olfactorometer test was involved and the y?-analysis method was utilized to see if insect selection between the ¥ treated odor sources followed
a theoretical distribution with a hO of 50:50 under various criteria, and ¥’ values were calculated. Statistics for aphids in leaf disk bioassay was General

Linear Model-Univariate Analysis

LaTPS7 and LaCYP71D582 attracted ladybugs at a
slightly higher rate of 58.33% (Fig. 7a). It is worth noting
that the percentages do not sum up to 100% due to the
presence of some insects that did not choose either side.
These findings suggest that the combination of limonene
and carveol is more attractive to ladybugs than limonene
alone.

These findings shed light on the potent anti-aphid
impact of limonene and carveol, as they effectively inhib-
ited aphid attacks on the plant. The results indicated a
complex and contrasting response of aphids and ladybugs
to these volatile compounds, highlighting the intricate
interplay between the plant, herbivores, and natural ene-
mies in the context of plant defence mechanisms.

Discussion

During the early developmental stages, in contrast to
the mature stages, plants allocate resources towards the
production of a diverse array of volatiles due to the vul-
nerability of juvenile tissues, such as young leaves and
blossoms, to herbivore attacks [7]. This phenomenon is
supported by gene expression profiles obtained during
the flower development phase (Figure S1), which high-
light the importance of various volatile compounds in
plant defence mechanisms during the early stages. Simi-
lar observations have been reported in other plant spe-
cies, including A. thaliana and Zanthoxylum piperitum
[5, 34]. Balancing growth and defence during this period
poses a challenge for plants, as both processes require
substantial energy [7]. Consequently, plants have evolved
multiple strategies to ensure their survival and growth
within limited spatial constraints.

Our analysis revealed that limonene and ocimene are
dominant compounds that potentially confer protec-
tion against herbivores during the budding stage [19].
Conversely, volatiles associated with attracting pollina-
tors during anthesis, such as linalool, linalyl acetate, and

lavandulyl acetate, were prominent. These findings are
consistent with the results reported by Pokajewicz et
al. [35]. However, an interesting discrepancy was noted,
as terpinen-4-ol emerged as a major constituent during
the blossom stage. This discrepancy could potentially be
attributed to genetic variation. Notably, both limonene
and carveol exhibited increased levels in the new culti-
vars L. x intermedia and L. angustifolia [35], suggesting
a correlation between these two compounds. Notably,
compounds such as limonene, ocimene, and carveol may
not meet the normative content requirements. However,
considering the diverse array of volatiles present in laven-
der, further exploration of the functional roles of different
compounds, particularly their physiological and ecologi-
cal significance, holds great promise for expanding the
value and application of lavender.

Plants employ volatile chemicals to establish a tri-
trophic interaction involving plants, herbivores, and car-
nivores, thereby providing a natural biological control
mechanism and minimizing the need for insecticide use,
which contributes to a sustainable agricultural system
[36].

Our research findings indicate that limonene and car-
veol exhibit repellent effects on aphids while attracting
ladybugs. Similar observations have been made in soy-
beans (Glycine max) and mint [4, 6]. Furthermore, lim-
onene has been found to attract predatory mites, such
as Phytoseiulus persimilis and Neoseiulus californicus
[6], while repelling western flower thrips (Frankliniella
occidentalis) [37], indicating its potential for resistance
against a broad range of herbivores [38]. Carveol, pinene,
and limonene may also contribute to the development
of plant-based insect repellents. However, insects have
evolved resistance mechanisms and flexibility in response
to these defensive compounds. For instance, Musca
domestica employs endogenous P450 enzymes to con-
vert limonene to carveol and carvone, thus reducing the
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toxicity of these compounds to flies [39]. This finding
highlights the multifunctional nature of the same terpene
in different species and provides insights into the ongo-
ing coevolutionary arms race between insects and chemi-
cally defended plants.

Terpene synthases (TPS) are pivotal enzymes respon-
sible for the biosynthesis of terpenes and terpenoids
in plants. Despite the availability of whole genome
sequences in certain species, such as Gossypium, the
highly conserved nature of TPS sequences and their
repetitive actions pose challenges in their annotation and
functional assignment [40]. Thus, experimental validation
becomes necessary for function identification. LaTPS7
and LaTPS8 exhibit significant similarity, with 77.61%
of their genes being identical, leading to the generation
of highly repetitive products in vitro. Both LaTPS7 and
LaTPS8 demonstrate the ability to catalyse GPP and NPP
into distinct products, thereby illustrating the promiscuity
and multisubstrate properties of TPSs [41]. While most
monoterpene synthases, including LaTPS7 and LaTPS8,
are localized in plastids, TPSs have also been identified in
mitochondria and the cytosol [42—-45]. Moreover, recent
discoveries have revealed the existence of noncanoni-
cal metabolic pathways. For instance, in roses, a novel
enzyme called RhRNUDX1 (a nudix hydrolase) has been
identified, which produces geraniol and operates through
a catalytic mechanism distinct from that of known mono-
terpene synthases [45]. These findings underscore the
current gaps in our understanding of terpene metabolism
at a network level, including substrate regulation and the
influence of environmental cues.

The promoter activity of TPS genes in the regulation
of terpene synthesis was examined in this study. LaTPS7
promoter analysis using PlantCARE revealed the pres-
ence of MYC transcription factors (TFs), which provided
insights into the observed wounding-induced expres-
sion pattern, as confirmed by GUS staining. The applica-
tion of methyl jasmonate (MeJA) specifically enhanced
the expression of LaTPS7 during the blooming stage of
lavender, resembling the expression pattern reported in
Capsicum annuum [46, 47]. Additionally, investigations
on poplar leaves demonstrated that juvenile leaves exhib-
ited a more robust and rapid transcriptome response to
simulated caterpillar feeding than adult leaves [48]. This
heightened response in juvenile tissue can be attributed
to its increased susceptibility to herbivore attacks, with
transcription factors such as NAC, ethylene-insensitive3-
like TF, and R2R3-MYB potentially activating fast signal
transduction pathways [49, 50]. Although several TFs
have been identified in L.X intermedia [51], lavender likely
possesses additional regulatory elements that modulate
terpene production and responsiveness to the environ-
ment. However, most of the studies mentioned above
primarily focused on the vegetative growth stage; while
lavender is considered a shrub with valuable blooms, it is
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crucial to also investigate the reproductive growth stage.
Despite using A. thaliana, a species lacking glandular tri-
chomes but possessing trichomes, in the promoter test
experiment, previous research by Beilstein et al. [52] dem-
onstrated the homology between trichomes and glandu-
lar trichomes. Hence, considering the absence of genetic
manipulation techniques in lavender, A. thaliana serves
as a suitable model organism for such investigations.

Cytochrome P450 enzymes (CYPs) play a significant
role in plant defence mechanisms. Examples include
CYP51 in Avena spp., CYP99A2 and CYP99A3 in Oryza
sativa, and CYP82G1 in Arabidopsis, as reported by Qi
et al. [53], Shimura et al. [54], and Lee et al. [55], respec-
tively. These CYPs are involved in the metabolism of
various terpenoids, including mono-, sesqui-, and di-
terpenoids, which are initially synthesized and stored in
plastids. Subsequently, these terpenoids undergo further
modification by CYPs located in the cytosol or endoplas-
mic reticulum (ER) membranes. During the early flow-
ering stages, LaCYP71D582, the first cloned CYP gene
from lavender, contributes to plant defence by converting
limonene to carveol. Although some CYPs are known to
target plastidial membranes [56, 57], this study revealed
that LaCYP71D582 is localized in the ER (Fig. 3), which
is in close proximity to plastids within plant cells. This
spatial relationship suggests potential communica-
tion between these organelles, and similar observations
have been reported by Ginglinger et al. [58]. Sequence
analysis revealed that LaCYP71D582 shares 56.40% and
58.72% similarity with limonene-6-hydroxylase from M.
canadensis (Accession number: QDF63370.1) and M.
gracilis (Accession number: AAQ18706.1), respectively.
In contrast, the most closely related sequence corre-
sponds to a CYP identified in P. barbatus, which is known
to be involved in the biosynthesis of forskolin [59]. These
findings imply that relying solely on the sequence simi-
larity of CYP enzymes may be unreliable for determining
their function and substrates, as highlighted by the inves-
tigation conducted by Baldwin et al. [60].

The presence of the GT1-motif, which is light-respon-
sive, and the LTR sequence, which is responsive to low
temperature, in the promoter region of LaCYP71D582
indicates that this CYP gene possesses elements that
enable it to respond to environmental stimuli. This
observation suggests that environmental factors could
potentially influence the expression of CYP enzymes.
However, there is a limited amount of research available
regarding the impact of environmental variables on CYPs
and the regulation of terpenoid biosynthesis. In plants,
CYP enzymes are involved in various catalytic and meta-
bolic processes, including the metabolism of fatty acids,
alkanes, and phytoalexins [17]. Therefore, it is crucial to
not only investigate CYP-related catalytic activities but
also examine how biotic and abiotic factors modulate
CYP gene expression.
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To date, a total of 30 unique CYP genes have been pre-
dicted from the expressed sequence tag (EST) database in
L. angustifolia, as reported by Lane et al. [61]. This valu-
able resource provides an opportunity for further func-
tional characterization of CYP genes involved in terpene
biosynthesis and facilitates a deeper understanding of
terpene metabolism in L. angustifolia.

In summary, this study investigated the functional roles
of three lavender genes, namely, LaTPS7, LaTPS8, and
LaCYP71D582, in relation to terpene production and
plant defence mechanisms. Specifically, we focused on
their involvement during the budding stage, where these
genes play significant roles in both direct and indirect
defence of lavender plants. Additionally, we examined the
interactions between plants, aphids, and ladybugs, which
contribute to a tritrophic relationship crucial for suc-
cessful lavender propagation. Our findings revealed that
LaTPS7 and LaCYP71D582 exhibit high expression lev-
els in lavender during the budding stage, enabling them
to respond effectively to herbivore attacks by producing
limonene and carveol as defence mechanisms. Further-
more, establishing a tritrophic connection is essential for
optimal plant reproduction and flowering. Consequently,
our research expands the range of lavender varieties that
can be utilized, owing to a deeper understanding of the
diverse developmental processes involved.
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