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Time-series transcriptome provides insights
into the gene regulation network involved
in the volatile terpenoid metabolism during
the flower development of lavender
Hui Li1,3†, Jingrui Li1,2†, Yanmei Dong1,2, Haiping Hao1, Zhengyi Ling1,2, Hongtong Bai1, Huafang Wang3*,
Hongxia Cui1* and Lei Shi1*

Abstract

Background: Essential oils (EOs) of Lavandula angustifolia, mainly consist of monoterpenoids and sesquiterpenoids, are
of great commercial value. The multi-flower spiciform thyrse of lavender not only determines the output of EOs but
also reflects an environmental adaption strategy. With the flower development and blossom in turn, the fluctuation of
the volatile terpenoids displayed a regular change at each axis. However, the molecular mechanism underlying the
regulation of volatile terpenoids during the process of flowering is poorly understood in lavender. Here, we combine
metabolite and RNA-Seq analyses of flowers of five developmental stages at first- and second-axis (FFDSFSA) and initial
flower bud (FB0) to discover the active terpenoid biosynthesis as well as flowering-related genes.

Results: A total of 56 mono- and sesquiterpenoids were identified in the EOs of L. angustifolia ‘JX-2’. FB0’ EO consists of
55 compounds and the two highest compounds, β-trans-ocimene (20.57%) and (+)-R-limonene (17.00%), can get rid of
74.71 and 78.41% aphids in Y-tube olfactometer experiments, respectively. With sequential and successive blossoms,
temporally regulated volatiles were linked to pollinator attraction in field and olfaction bioassays. In three characteristic
compounds of FFDSFSA’ EOs, linalyl acetate (72.73%) and lavandulyl acetate (72.09%) attracted more bees than linalool
(45.35%). Many transcripts related to flowering time and volatile terpenoid metabolism expressed differently during the
flower development. Similar metabolic and transcriptomic profiles were observed when florets from the two axes were
maintained at the same maturity grade. Besides both compounds and differentially expressed genes were rich in FB0,
most volatile compounds were significantly correlated with FB0-specific gene module. Most key regulators related to
flowering and terpenoid metabolism were interconnected in the subnetwork of FB0-specific module, suggesting the
cross-talk between the two biological processes to some degree.

Conclusions: Characteristic compounds and gene expression profile of FB0 exhibit ecological value in pest control.
The precise control of each-axis flowering and regular emissions at transcriptional and metabolic level are important to
pollinators attraction for lavender. Our study sheds new light on lavender maximizes its fitness from “gene-volatile
terpenoid-insect” three layers.
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Background
The family Labiatae is distributed worldwide and in-
cludes over 250 genera and approximately 7000 species
[1]. This family is known for its fine ornamental or cu-
linary herbs such as basil, lavender, mint, oregano, rose-
mary, sage and thyme, and is an abundance source of
essential oils (EOs). Plants of the Lavandula genus, es-
pecially L. angustifolia, L. latifolia and their natural ster-
ile hybrid L. × intermedia, are now cultivated worldwide
for their EOs, which are widely used in perfumes, cos-
metics, pharmaceuticals and, more recently, in aroma-
therapy products [2]. L. angustifolia subsp. angustifolia,
distributed in southern France and extending into the
Italian Alps to the east and to Calabria in southern Italy,
occurs naturally in very arid habitats from (250-) 500 to
1800 (− 2000) m on calcareous soils [3]. Inflorescence
architecture is among the most important characteristics
of adaption and provides the very basic structural foun-
dation that determines the maximum number of sites
available for seed production and even the genetic diver-
sity of the progenies [4]. L. angustifolia is a cincinnus
(containing 3~9 florets) with bisymmetric cymes divari-
cating 2~3 times, resulting in spiral or scorpoid forms.
This inflorescence architecture is an efficient way to
pack more flowers into a dense spike and, more import-
antly, can produce new flowers continuously over a
period of at least several weeks. Although many florets
of various developmental stages (from immature to fade)
are scattered on one rachis, the blooming order of these
florets is finely tuned: the two symmetric terminal florets
open first from the base to the top whorl, followed by
the four florets on the second axis that developed from
each first axis (Additional file 19: Video S1). This bloom-
ing sequence helps to maximize out-crossing by increas-
ing the potential number of different male parents,
filling up for the less outputs of four one-seeded nutlets
in each flower and the resulting heterogeneous patterns
enhance the capacity to adapt to changes in the environ-
ment. Previous studies paid attention to the individual
floret at a random position of the inflorescences or to
whole inflorescences with different bloom ratios during
the flowering period, but chemical and molecular ana-
lyses of different-axis florets at the same whorl were
neglected [5, 6], as was the ecological significance be-
hind this blooming sequence.
The chemical components of lavender and lavandin EOs

are characterized by the presence of monoterpenoids (e.g.
linalool and linalyl acetate) and sesquiterpenoids (e.g. caryo-
phyllene and bergamotene) and other irregular types. The
lineage-specific terpenoids, which have arisen throughout
the evolution of green plants, have generally been postu-
lated to play an important role in mediating ecological in-
teractions between plants with a diverse array of visitors,
including pollinators, herbivores, natural enemies and

pathogens, ensuring the plants’ reproductive and evolution-
ary success [7, 8]. Extensive evidence has indicated that the
spatiotemporal expression of terpene synthase (TPS) is cor-
related with the biosynthesis and emission of volatile terpe-
noids, such as the linalool synthase (LINS) and limonene
synthase (LIMS) reported in lavender, indicating that this
regulation may occur, at least in part, at the transcriptional
level [5, 6].
Lavender inflorescence is a typical model for studying the

regulation of terpenoid synthesis at the molecular, cellular
and ecological levels [9]; however, there is still almost no
comprehensive understanding of terpenoid metabolism via
network-focused rather than individual gene/protein-fo-
cused strategies in lavender. A nucleotide search of Gen-
Bank revealed only 15 lavender-derived sequences related
to terpenoid biosynthesis (Additional file 12: Table S1),
which is quite insufficient compared to the pace of identifi-
cation of volatile compounds in lavender. Moreover, previ-
ous studies have described the expression patterns of only a
few TPSs with flower development [5]. Furthermore, the
orchestrated formation of various terpenoids is not only a
function of biosynthetic enzymes, but also requires the in-
volvement of the poorly understood terpenoid modification
enzymes [e.g., cytochrome P450 monooxidase (CYP450s)],
transcription factors (TFs) and terpenoid transporters.
As a powerful modern genetic research tool, next-

generation sequencing techniques have been widely used
to analyse many non-model organisms due to their low
cost and high output. Many computational methodolo-
gies, such as weighted gene co-expression network ana-
lysis (WGCNA), are designed to provide insight at the
system level and have been applied to high-throughput
RNA-Seq datasets to detect molecular communication
[10]. The clustering of genes in a co-expressed group in-
dicate close regulatory associations between them, thus
enabling inference of the biological function of unknown
genes by ‘guilt by association’ with well-characterized
ones. It is particularly noteworthy that co-expressed
gene groups can be combined with metabolite datasets,
and this strategy can detect genes (including both tran-
scription factor and enzyme genes) that are highly corre-
lated with specific chemicals [8]. A number of studies
have successfully applied WGCNA to microarray and
metabolite data to develop metabolite-specific gene at-
lases, for plants such as Thesium chinense [11], Vitis vi-
nifera [12] and Anthurium amnicola [13].
L. angustifolia occupies a top-tier position in the aro-

matic plant list from both economic and ecological per-
spectives and is regarded as a genomic model for studying
terpenoid metabolism. However, to our knowledge, there
are no global transcriptomic and metabolic analyses related
to its flower development. A main objective of the present
work was to examine the ecological implications of sequen-
tial and successive blossoms of lavender inflorescences and
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explore how lavenders orchestrate flowering time and the
emissions of diverse terpenoids. Our results pave the way
for a detailed understanding of the regulation of mono- and
sesquiterpenoid synthesis in lavender and shed new light
on the ecological and genetic flexibility of lavender
inflorescences.

Results
Volatile terpenoid profiles of individual florets at different
developmental stages
We selected the remote-whorl florets of the first and
second axes at five developmental stages and the initial
flower buds (a total of 11 types of flower samples, see
Methods) for EO extraction (Fig. 1). A total of 34 mono-
terpenoids and 22 sesquiterpenoids were detected in at
least one of the 11 lavender samples by GC-MS analysis.
The content of each terpenoid was presented as a per-
centage of the total volatiles, and the 56 compounds
added up to 99.99% of the total volatiles (Add-
itional file 13: Table S2). The results showed that florets
at different developmental stages had distinct volatile
profiles, especially the EO composition of FB0 compared
to the flowers of the five developmental stages of the
first and second axes (FFDSFSA) (Fig. 2a; Additional file
1: Figure S1). A higher proportion of (+)-(R)-limonene
(17.00%), β-trans-ocimene (20.57%), o-cymene (3.72%)
and 3-carene (3.83%) and a lower proportion of linalool
(2.18%), linalyl acetate (0.73%) and α-terpineol (0.62%)
were characteristic of volatile extracted from FB0. With

the expansion of the initial bud into five-whorl purple
flowers, the main components of the florets became lin-
alool (17.06~43.72%, indicated by blue blocks), linalyl
acetate (19.35~32.24%, indicated by magenta blocks) and
lavandulyl acetate (11.60~24.46%, indicated by purple
blocks) with fluctuations at FFDSFSA (Fig. 2a, Add-
itional file 13: Table S2). We also normalized the con-
tents of volatiles using the z-score, and 56 compounds
detected during different stages of flower development
were clustered into four groups (Additional file 2: Figure
S2). In groups I and II, 31 compounds exhibited the
highest accumulation at FB0. Meanwhile, the average
contents of 10 compounds in group II showed a peak at
anthesis. The 14 compounds in group III accumulated in
both FB0 and unopened florets and decreased with the
flower maturity, while the 11 compounds in group IV in-
creased with maturity, showing the lowest accumulation
in FB0 (Fig. 2b).
When principal component analysis (PCA) applied in the

56 compounds, we found that (+)-(R)-limonene and β-
trans-ocimene, which are the two highest compounds of
FB0’ EOs, and linalool, linalyl acetate and lavandulyl acet-
ate, which are the main components of FFDSFSAs’ EOs,
were distinct from the rest compounds (Fig. 2c). Moreover,
the volatile composition of individual floret from the first
or second axis was significantly influenced by morpho-
logical maturity. Obviously, the contents of linalyl acetate
and lavandulyl acetate elevated, but the content of linalool
decreased when the florets were blooming regardless of

Fig. 1 The morphology of flower at various developmental stages in lavender. a-d Schematic representations of L. angustifolia ‘JX-2’ inflorescence.
Inflorescence with five-whorl flower was selected (a). b a pair of multi-flowered cyme. Red ovals represent first-axis florets, which were indicated
‘F_1’ in (b-d), and green ovals represent second-axis florets attached to first axis, which were indicated ‘F_2’ in (b-d). e-l initial bud (e) as well as
first- and second-axis flowers at remote whorl (circled by magenta) of five maturity stages were used for analysis. The florets of first- or second-
axis at fourth and fifth developmental stage were indicated by red or green lines, respectively (k, l)
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whether they were on the first or second axis (F3_1 and
F4_2). During the flower fading stages (F4_1, F5_1 and F5_
2), the content of linalool increased. As confirmed by PCA
of the profiling data for these 56 volatiles from the 11
flower samples, the unopened flower buds, blooming
flowers and fading flowers of the two axes were well clus-
tered and the area of distribution of FB0 differed more sig-
nificantly from FFDSFSA (Fig. 2d). In summary, oscillations
in volatile accumulation were closely linked to the develop-
mental stage of the individual floret.

Observation of floral visitors and olfaction bioassays
Our preliminary field investigation found that few polli-
nators showed up before blossoming, while lavender was
often attacked heavily by aphids (herbivore) at FB0 dur-
ing spring in Beijing (Fig. 3a, w). Then the number of
aphids is diminishing with flower development and bare
of them was left when lavender blooms (Fig. 3w). Some
other herbivores, like Tetranychus cinnbarinus (Fig. 3v),
stinkbugs (Fig. 3j-m) were also observed in lavender.
Simultaneously, we observed eggs, larva and imago of
some predatory species, including ladybirds, lacewings,
spiders and hoverflys on the inflorescences of lavender
(Fig. 3b-i, t, u). When the first pair of florets bloomed,

bees (including Apis mellifera and A. cerana) began to
visit the lavender plants repeatedly (Fig. 3n). As the per-
centage of bloom increased, a growing bee population
was observed (Fig. 3w). In addition, the blooming
flowers attracted many other pollinators, such as Macro-
glossum pynhostictum, Pieris rapae, Sarcophaga spp. and
Calliphora vicina (Fig. 3o-s).
In the Y-tube olfactometer bioassay, 71.26% aphids

kept away from the FB0’ EOs and chose the orientation
without ordour (Fig. 3x). When aphids were given the
choice between no odour and the odours of the two
compounds, they significantly preferred no odour over
the single β-trans-ocimene (diluted to 20.57%) or
(+)-(R)-limonene (diluted to 17.00%), which was diluted
to the same proportion as in FB0, suggesting the phobo-
taxis of these compounds to aphids (Fig. 3x). For assays
of bees, the lavender oil extracted from blooming
flowers (F3_1) attracted significantly more bees (87.50%)
than a single standard substance (linalyl acetate, 72.73%;
lavandulyl acetate, 72.09%; linalool, 45.35%). Linalyl acet-
ate or lavandulyl acetate alone attracted more bees than
linalool (Fig. 3y). The increased contents of linalyl acet-
ate and lavandulyl acetate at the blooming stage and the
greater attraction of bees implied that the linalyl acetate

Fig. 2 Volatile terpenoids of flower at various developmental stages in lavender. a The relative percentage of 56 terpenoid compounds at 11
samples. The morphology of samples was placed in the below. b The mean contents of compounds with development in each group. c PCA of
56 compounds in 11 samples. d PCA of 11 samples based on 56 compounds
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and lavandulyl acetate may contribute more to the at-
traction of pollinators, than linalool in lavender.

RNA sequencing and different expression genes (DEGs)
analysis
RNA sequencing was performed to obtain the global
transcriptomic dynamics in FFDSFSA and FB0. Total
159,337 unigenes (≥200 bp) could be detected with an
N50 length of 1130 bp and 78,464 unigenes were suc-
cessfully annotated to at least one database (Add-
itional files 3, 4, 14, 15: Figures S3, S4; Tables S3, S4).
Comparing FFDSFSA with FB0 resulted in 15,212 (FB1_
1 vs FB0), 19,887 (FB2_1 vs FB0), 24,424 (F3_1 vs FB0),
25,305 (F4_1 vs FB0), 23,929 (F5_1 vs FB0), 15,150
(FB1_2 vs FB0), 17,914 (FB2_2 vs FB0), 22,408 (F3_2 vs
FB0), 28,289 (F4_2 vs FB0), 22,405 (F5_2 vs FB0) differ-
ent expression genes (DEGs), respectively (Add-
itional file 5: Figure S5). These data suggested that a
dramatic alteration of gene expression would result in
significant changes in the contents of volatile terpenoids.
We identified 7100 and 6302 DEGs shared by FFDSFSA

and FB0, respectively (Additional file 6: Figure S6). Fi-
nally, in-depth analysis was further carried out on 9246
DEGs, including 4156 genes expressed differentially in
the two axes, with 2944 and 2164 DEGs specifically in
the first and second axes, respectively (Fig. 4a). Enrich-
ment analysis showed 113 genes involved in “metabolism
of terpenoids and polyketides” pathway (Fig. 4b).

The temporal expression patterns of flowering- and
terpenoid metabolism-related genes during individual
flower development
Given the ecological importance of flower opening time
and floral scent emissions, the orthologous genes related
to those two coordinated traits were manually selected.
Differentially expressed transcripts encoding proteins with
presumed (homology-based) functions in the biosynthesis,
modification and transport of terpenoids as well as flower-
ing were identified, including 46 genes in the terpenoid
synthesis pathway (P), 35 terpenoid transporters (T), 112
cytochrome P450 hydroxylases (C) and 64 flowering-
associated genes (F) (Fig. 4c; Additional files 8, 16, 17:

Fig. 3 The field observation and laboratory experiment of herbivores, pollinators or predators. a-v Various insects and spiders visit lavender
inflorescence of different developmental stages, including aphid (a), ladybird (b-f), lacewing (h, i), stinkbug (j-m), Apis mellifera (n), syrphid (g, p),
Macroglossum pynhostictum (s), Pieris rapae (o), Sarcophaga spp. (q), Calliphora vicina (r) and spiders (t-v). w The field statistics of insects of
different developmental inflorescences. x, y The preferring selection to volatiles of aphids or bees in Y-tube containing standards diluted specific
proportion by white oil and white oil (control). Asterisks indicate significant differences of these dual choice detected by χ2 test (ns, non-
significant difference P > 0.05, * P < 0.05, ** P < 0.01 *** P < 0.001)
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Figure S8, Table S5, 6). These four types of genes (P, T, C
and F) can be classified into four groups with obvious
stage-specific expression trends by k-means. Similar ex-
pression trends were observed at the same developmental
stage between the first- and second-axis flowers. The ex-
pression of genes in group 1 (49 genes) and group 4 (74
genes) peaked at flowering time and flower budding, re-
spectively. Twenty-four genes clustered in group 3 showed
the strongest expression at FB0, while 110 genes in group
2 showed the highest expression level when the flower
started to wither (Fig. 4d). We also found that the genes of
four types can be detected in each group, suggesting that
these genes may participate in the same biological pro-
cesses. We also identified a total of 807 (approximately
8.7% to 9246 DEGs) TFs belonging to 69 families among
9246 DEGs (Additional file 7: Figure S7), and these TFs
were classified into four co-expression groups (Fig. 4e).

The TFs in groups 1–3 were decreased with maturity,
while TFs in group 4 exhibited an escalating trend. The
terpenoid- (MYB, bHLH, WRKY, C2H2, C2C2-YABBY,
AP2-EREBP) and flowering-related (MADS) TFs in each
group were specially counted (Fig. 4e).
Plant terpenes are synthesized in the plastids through

the mevalonic acid (MEP) and in the cytosol through
the methylerythritol phosphate (MVA) pathway,
followed by condensation reaction catalyzed by geranyl
diphosphate synthase (GPPS) or farnesyl diphosphate
synthase (FPPS) to form basic precursors of monoterpe-
noids (C10) and sesquiterpenoids (C15), respectively.
And various TPSs catalyze a key biosynthetic step, lead-
ing to the production of tens of thousands of terpenoid
compounds (Fig. 5a). In all, 46 unigenes related to 23
enzymes for monoterpenoids and sesquiterpenoids bio-
synthesis were obtained in this transcriptome database.

Fig. 4 DEGs analysis. a The overlapping of common genes from the two axes (F_1 and F_2). Total 9246 genes expressed differentially in flower
development of first- or second-axis. b KEGG pathway classification map of 9246 DEGs. c The DEGs counts related to four types genes (P, C, T
and F). d The clustering of co-expressed four types genes. The number of four types genes was shown on the right. e The clustering of TFs. The
number of terpenoid and flowering-related TFs was shown on the right
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Fig. 5 Heatmap and schematic diagram for genes related to terpenoid biosynthesis (a) and flowering time (b). atoB, acetyl-CoA acetyltransferase;
HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; ispD, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase; CINS, 1,8-cineole
synthase; MNR1, (+)-neomenthol dehydrogenase; PINS, pinene synthase; PVS, premnaspirodiene oxygenase. ATX1, copper transport protein; CDF2,
cyclic dof factor 2; COP1, E3 ubiquitin-protein ligase; CRY1, cryptochrome-1; ELF3, early flowering 3; FLC, flowering locus C; FRI, frigida; GAI, DELLA
protein; GI, gigantea; GID1, gibberellin receptor; RGL, DELLA protein; REF6, lysine-specific demethylase; HUA2, glutathione peroxidase; TEM1, RAV-
like factor; VRN3, B3 domain-containing transcription factor
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Most of the P type genes were highly expressed in the
flower bud, especially in the initial bud, such as 1-deoxy-
D-xylulose-5-phosphate synthase (DXS), mevalonate di-
phosphate decarboxylase (MVD), isopentenyl-diphos-
phate delta isomerase (IDI), while (E)-4-hydroxy-3-
methylbut-2-enyl-diphosphate synthase (HDS) and 4-hy-
droxy-3-methylbut-2-en-1-yl diphosphate reductase
(HDR) were upregulated at the early stage of bloom (Fig.
5a). The transcript levels of LIMS, ocimene synthase
(BOS), germacrene D synthase (GRED) and putative sabi-
nene synthase (SabS1) were highest at FB0 and then
downregulated, corresponding with the contents of the
products they catalyse. In contrast, the expression level
of putative α-terpineol synthase (TEPS) was significantly
downregulated at FB0, and the content of α-terpineol
was lowest at this stage. Additionally, since lavandulol
served as the preferred substrate for alcohol acetyltrans-
ferase (AAT) to synthesize lavandulyl acetate in vitro, we
found that the expression of AAT2 was upregulated be-
fore blossom, which coincided with the change in lavan-
dulyl acetate content (Fig. 5a). Five genes, including
flowering locus T (FLT), suppressor of overexpression of
constans 1 (SOC1), apetala1 (AP1), leafy (LFY) and con-
stans (CO), are main floral integrator of five pathways
(circadian clock, photoperiod, gibberellins, vernalization
and autonomous pathways) (Fig. 5b). Most of the floral
integrator genes were expressed at high levels before
flowering. Candidate genes in the five pathways showed
variable expression patterns, suggesting an intricate
regulatory network of these genes governing floral open-
ing in lavender (Fig. 5b).

Co-expression network analysis
To capture comprehensive transcriptome changes during
the development of individual floret located on both axes,
we built weighted gene co-expression networks to classify
9246 DEGs. Highly interconnected genes were clustered
in the same module and we ultimately obtained 21 distinct
modules (M1-M21, excluding module grey) shown in the
dendrogram (Fig. 6a). Obviously, the gene expression pro-
files of first- and second-axis flowers had analogous
rhythms and showed strong temporal expression patterns
across ontogenesis (from immature to fade). Moreover,
M16 contained a large number of genes (4709) with the
strongest expression level at FB0 (Fig. 6b). The module
eigengenes (MEs) can be considered to be representative
of the gene expression profile in a given module [14]. All
21 modules were clustered into six categories based on
MEs (Additional file 9: Figure S9). Correspondingly, the
relationship between modules and sample types was also
recognized. The MEs of the 21 distinct modules were each
correlated with distinct sample types due to their stage-
specific expression profiles. Modules assembled in one
group had similar sample traits. In addition, 16 out of 21

co-expression modules were significantly correlated with a
single sample type (P < 0.05). The co-expression network
approach successfully incorporated developmental stage
information to describe ‘modules’ based on their expres-
sion patterns, providing a more integrated view of the
stage-specific transcriptome.
The module-volatile terpenoids relationship revealed

that each terpenoid was significantly relevant to at least
one module (Fig. 6c). Remarkably, a large portion of terpe-
noids (40 out of 56 compounds), most of which showed
peak accumulation at FB0 [such as (+)-(R)-limonene, β-
trans-ocimene, o-cymene and 3-carene], exhibited
strongly positive correlation with M16 (which was posi-
tively correlated with FB0). Nine compounds, most of
which showed low accumulation at FB0 (such as linalool,
linalyl acetate, terpinen-4-ol and α-terpineol), were nega-
tively correlated with M16. Moreover, 24 and 11 com-
pounds showed significant correlation with M2 and M12
(which were negatively correlated with FB0), respectively.
Interestingly, the compounds that were negatively corre-
lated with M2 and M12 were positively correlated with
M16 and vice versa. Eleven compounds were correlated
with one or more fading stage-related modules (M19-
M21). In M1 and M2, the gene expression level appeared
to be elevated at anthesis of both the first and second
axes. Cineole and (−)-camphor showed negative correl-
ation with M1, while geranyl acetate, linalyl acetate and α-
terpineol showed positive correlation with M2. Then, we
focused on the relationship between the modules and the
levels of three main compounds: M16, M13 and M19
were highly correlated with linalool; M16 and M2 were
negatively correlated with linalyl acetate; and M13 was
positively correlated with lavandulyl acetate.

Identification of candidate genes related to terpenoid
metabolism during flower development
To validate the biological relevance of every module, we
analysed the top 20 enriched pathways of each module
by alignment of genes in the KEGG database. Half of all
modules, including M1, M6–8, M11–13, M15, M16,
M18 and M19 covered pathways associated with ‘terpen-
oid backbone biosynthesis’, ‘monoterpenoid biosynthesis’,
sesquiterpenoid and triterpenoid biosynthesis’ and ‘ABC
transporter’ (Additional file 20: Data S1), implying the
importance of terpenoid regulation during flower devel-
opment. As shown in Fig. 7a, we manually selected some
candidate genes, including P, C, T, F, MADS and several
terpenoid metabolism-related TFs, in each co-expression
module. We noted that genes associated with ‘monoter-
penoid biosynthesis’ were significantly enriched in M16
(Fig. 7b). Complex interaction was found among 25 and
13 genes for terpenoid biosynthesis and transport, 34
genes belonging to the CYP450s, 9 TFs and 29 genes re-
lated to flowering (Fig. 7c, Additional file 10: Figure
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S10). Thereinto, 23 terpenoid biosynthesis genes were
predicted with ORF. Based on the phylogeny and func-
tions of known TPSs, four subfamilies of TPSs of M16
are recognized, including 2 proteins for TPS-a, 11 for
TPS-b, 7 for TPS-d and 3 for TPS-e/f (Fig. 8a). 34
CYP450 proteins of M16 were classified into four clans.
Notably, there are 20 and 4 proteins dispersed into clans
associated with terpenoid catalysis [15]——71 clan and
85 clan, respectively (Fig. 8b).

Verification of gene expression
To confirm the reliability of our transcriptome data, the
expression levels of eight candidate transcripts involved in

subnetwork of M16 were determined via quantitative real-
time PCR (qRT-PCR). In our analysis, the expression pat-
terns of total eight genes related to terpenoid biosynthesis
(atoB, GPPS/FPPS and LIMS), modification (CYP71D13),
transportation (ABCB1) and flowering (bHLH, LFY and
CO) were generally in good agreement with the transcrip-
tome data (Fig. 9; Additional file 11: Figure S11).

Discussion
Ecological implications of lavender inflorescences and
emissions
The cross-pollination behaviour of lavender species fun-
damentally determines its dispersal by means of external

Fig. 6 WGCNA of 9246 DEGs at different developmental stages of lavender flower. a Hierarchical cluster tree showing 22 modules of co-
expressed genes. Each of the 9246 DEGs is represented by a leaf of the tree and major tree branches constitute 22 modules, labeled with
different colors at the lower panel. Note that module ‘Grey’ is for unassigned genes. b Expression heatmap of genes clustered in 21 modules
(exclude module ‘Grey’). c The correlations between 56 volatile terpenoids and modules. Each row represents a module and each column
represents a terpenoid. The color of each block at the row–column intersection indicates the correlation coefficient: red for high positive
correlation and blue for high negative correlation, with a scale shown on the right of the panel. The number of DEGs involved in each module is
presented in parentheses in the left panel. Asterisks indicate significant correlations (*P < 0.05, **P < 0.01)
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forces, and insect pollinators play an important role in
lavender reproduction [4]. The ringent two-lipped cor-
olla, glandular trichome-rich calyx, protandry and multi-
flower cincinnus of lavender elevated the ratio of intra-
specific gene flow, giving rise to genetic diversity to en-
able adaption to hostile environments [3, 4]. Our results
showed that inflorescences with sequential and succes-
sive blossoms leads to long flowering-life and lasting at-
traction to bees. The fine-tuning of the blossoming
sequence of lavender may be ecologically significant for
the repeated and persistent visitation of pollinators.
Concurrently, numerous and diverse volatiles emitted by
flowers act as long-distance signals and important cues
for attracting pollinators to spread pollen, which is be-
lieved to be an evolutionary advantage that helps plants
preserve offspring in unfavourable conditions [7, 16]. In

this study, we identified a total of 56 mono- and sesqui-
terpenes in the EOs of L. angustifolia flower for the first
time, and these terpenoids can be classified into four
groups according to the maturity of individual florets
(Fig. 2). Regardless of the sites of florets on the first or
second axis, the changes in qualitative and quantitative
terpenoids were closely related to flower development,
indicating that the maturity levels determine the changes
in compounds rather than the sites of florets.
Simultaneously, phytochemical diversity drives plant–in-

sect community diversity [17, 18]. Lavender-visiting insects,
including herbivores, natural enemies and pollinators, were
investigated for the first time along with the maturity of lav-
ender inflorescence. Mounting evidence has highlighted the
role of volatile terpenoids in communication between
plants and insects [16, 17, 19]. The flower buds of lavender

Fig. 7 Candidate genes involved in flowering and terpenoid metabolism of 21 co-expression modules as well as the functional enrichment and
subnetwork of M16. a Number of flowering-related genes (F and MADS) and terpenoid metabolism-related genes (P, C, T, MYB, bHLH, WRKY,
C2H2-YABBY and AP2-EREBP) in each co-expression module. b Top 20 KEGG pathway enriched in M16. c Subnetwork visualization of M16. Nodes
of different color represent groups of different type genes. The edges between nodes represent correlation of them
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emerge in early April at north of China, when the weather
is dry and rainless and aphids multiply quickly. Besides lav-
ender, many other plants, such as mint (Mentha × piperita),
peach tree (Amygdalus persica), pepper (Zanthoxylum bun-
geanum) and Hemistepta lyrata, were attacked heavily dur-
ing this period of time. Our study showed that (+)-R-
limonene and β-trans-ocimene are the two highest com-
pounds in the EOs of FB0, and can get rid of aphids in Y-
tube bioassay. Previous studies have reported that monoter-
penes such as limonene, linalool or ocimene, are usually re-
leased within 24 h after attack and plants overexpressed
genes encoding linalool, limonene, cymene and ocimene-
related synthetases exhibit higher activity in inhibiting in-
festation of aphids [20–24]. Transcriptomic dynamics over
various developmental stages revealed that LIMS and BOS
expressed strongly in tender and succulent FB0 sample,
which is one of prospective host of aphids. Therefore, we
supposed that the original bud of FB0 could release some
specific volatiles (limonene, β-ocimene and α-pinene etc.)
to defend aphids, resulting that the lavender can prevent
further damage caused by herbivores and get through this
key developmental stage. In addition to the direct defence
by plants themselves, predatory insects attracted by laven-
der such as ladybirds, lacewings, spiders, and hoverflies
may contribute to eliminating the aphids. Many reports
have demonstrated that an array of volatiles, referred to as
herbivore-induced plant volatiles, are produced when
plants encounter aggressive insects, resulting in the

attraction of natural enemies [22, 23]. Taken together, the
development of lavender inflorescences and associated vol-
atiles may play an important role in structuring plant-
associated insect communities to accommodate survival
and the evolutionary ‘arms race’.
The most easily and frequently observed events were

the initial visits by honeybees and other pollinators when
the first floret opened. Three typical compounds, linal-
ool, linalyl acetate and lavandulyl acetate, accounted be-
tween 69.17 to 81.49% of the total lavender EOs except
in FB0 (19.44%), implying their crucial roles in responses
to biotic and abiotic stress or mediating interactions be-
tween plants and visitors. Interestingly, the contents of
linalool/linalyl acetate and linalool/lavandulyl acetate
showed opposite trends with flower development; for ex-
ample, decreased linalool and elevated linalyl acetate and
lavandulyl acetate were found at anthesis (Fig. 2a). It has
been reported that lavandulol could be converted into
lavandulyl acetate by the acetyltransferase enzyme
(AAT3 and AAT4) in vitro, and an unknown acetyltrans-
ferase enzyme may be involved in the conversion of lin-
alool and linalyl acetate [24]. Hence, more efforts need
to focus on deciphering the synthesis of terpenoids and
their derivatives at the genetic level and further resolving
the relationship between these compounds. Additionally,
a laboratory experiment found that linalyl acetate and
lavandulyl acetate enhanced attractiveness to bees more
effectively than linalool, possibly due to the pleasant

Fig. 8 Phylogenetic analysis of TPS and CYP450 families of M16 based on deduced amino acid sequence. The phylogenetic tree was constructed
using RAXMLHPC2_TGB tool with the maximum likelihood method and displayed using FigTree v1.4.3. a TPS proteins are clustered into seven
subfamilies. b Proteins of CYP450 family are grouped into seven clans. Putative proteins of ‘JX-2’ are highlighted with corresponding subfamily or
clan color
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Fig. 9 Expression patterns of eight genes as verified by qRT-PCR. Purple bars represent the relative expression levels of FB0 and first-axis flowers
of five developmental stages, normalized to that of actin and 18S rRNA transcripts. Grey bars indicate FPKM values from RNA-Seq. Values shown
are mean ± SE of three replicates
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aroma of monoterpene esters [2]. In contrast to a previ-
ous study that documented linalool as an attractant for
pollinators [25], the linalool content decreased at anthe-
sis but increased during the fading stage in our study,
suggesting that linalool may act as a repellent to protect
lavender seeds against damage from insects.

Network analysis reflects the correlation between
flowering time and terpenoid metabolism at the
molecular level
The flow of emissions of indeterminate thyrse inflores-
cence in lavender ensured the continual visitation of pol-
linators and plant survival through history. Blooming,
accompanied by changes in volatiles, is one of the major
factors affecting the interaction between lavender and
insects. However, the relationship between the floral
scent and flowering time is rarely examined at molecular
level. A distinct terpenoid profile was detected in FB0
compared to other periods in our study, suggesting that
this stage may initiate a process of readjustment along
with the activation of key regulators in the development
of first- and second-axis flowers [26]. Likewise, micro-
array data on FFDSFSA compared to FB0 revealed a daz-
zling diversity of gene expression. We identified
abundant DEGs related to flowering time and terpenoid
metabolism, providing rich information on the regula-
tors of volatiles.
Our network analysis confirmed the superiority of

WGCNA in analysing highly multivariate and complex
data. A detailed and clear insight into the spatiotemporal
dynamics associated with the maturity of lavender flower
has been obtained via WGCNA. The temporal regula-
tion of gene expression plays an important role in plant
growth and development. Detailed information about
gene expression is crucial for understanding the molecu-
lar mechanisms underlying any developmental process.
Recently, integrated analysis of gene co-expression and
terpenoid accumulation has provided new insights into
the regulatory processes of terpenoid metabolism [8].
CYP450s, which typically catalyse irreversible reactions
and consequentially represent ideal points of control for
metabolic bifurcation, are the major source of the chem-
ical diversification of terpenoids, especially members of
the CYP71 clan. In our work, many CYP450s, such as
CYP71D13, CYP71A1, and CYP76AH1, were co-
expressed with genes related to terpenoid biosynthesis.
Increasing evidence indicates that many TPS/CYP450
gene pairs are found together in multiple sequenced
plant genomes [15]. Gene–metabolite co-expression
analysis has successfully identified novel CYP450 genes
involved in terpenoid indole alkaloid biosynthesis and
regulation in periwinkle (Catharanthus roseus) [27] and
two CYP450 genes involved in triterpene saponin glycyr-
rhizin biosynthesis in Glycyrrhiza plants [28]. In

Arabidopsis, CYP71B31 and CYP76C3, together with
TPS10 [form (2)-(R)-linalool] and TPS14 [form (+)-(S)-
linalool], are co-expressed in flowers at anthesis and
catalyse the oxidation of the two enantiomers of linalool
to produce a sets of hydroxylated or epoxidized products
[29]. CYP76C1, which was co-expressed with TPS10 and
TPS14, was also identified as a major linalool metaboliz-
ing oxygenase in Arabidopsis [25]. These subsequent
oxidative steps are catalysed by members of the CYP450
superfamily, indicating the coordination of TPS and
CYP450s in producing impressively diverse terpenoids
that play important roles in the ecological interaction of
plants with biotic and abiotic stress.
Numerous reports have illustrated that delayed flowering

can increase the accumulation of primary metabolism
products in plants [30], while few effects of alteration in the
flowering time on secondary metabolism are known. Lv et
al. (2018) demonstrated that inhibition of AaFT2 may delay
the flowering time and increase the accumulation of arte-
misinin in transgenic A. annua, but it is not clear that how
flowering time impacted the contents of terpenoids [31]. In
Petunia hybrida and N. attenuate, reducing the expression
of the clock gene, LATE ELONGATED HYPOCOTYL
(LHY), advanced the phase of scent emission as well
as expression of genes in the floral volatile benzen-
oid/phenylpropanoid pathway [32, 33]. The oscillation
of monoterpenoid and sesquiterpenoid emission is a
consequence of the regulation of the gene encoding
key enzymes in MEP and MVA pathway, which is
also possibly controlled by the circadian clock. How-
ever, the interaction mechanism between flowering
time-related genes and terpenoid metabolism-related
genes in aromatic plants remained elusive. Our find-
ings suggest a regulatory network involved in both in
flowering time and volatile terpenoid and the poten-
tial link between them. As our current understanding
of the transcriptional regulation of the flowering time
and MEP/MVA pathway is still incomplete, a further
investigation into the explicit and specific relationship
is pending.
The members of the WRKY, MYB and bHLH families

and the well-known MADS, which showed co-
expression with terpenoid metabolism-related genes,
have been reported to orchestrate flower development in
many plant species [34]. Evidence from Arabidopsis has
demonstrated that WRKY75 positively regulates flower-
ing in an FLT-dependent manner, but RGL1 and GAI
can repress the activation ability of WRKY75, thereby
partially rescuing the early flowering phenotype of
WRKY75-overexpressing plants [35]. Several TFs ap-
peared to be extensively correlated with most terpenoid
metabolism-related genes in the subnetwork, implying
that they may regulate an upstream step in plant sec-
ondary metabolism. It has already been proven that
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MsMYB is a negative regulator of monoterpene biosyn-
thesis in spearmint [36]; MsYABBY5 RNAi lines exhibit
a 20%~ 77% increase in monoterpene production [37];
SlWRKY73 can transactivate the SlTPS5 promoter in to-
mato [38]; and AaWRKY1 regulates the amorpha-4,11-
diene synthase gene, which catalyses a committed step
of artemisinin biosynthesis [39]. In conclusion, the
above candidates opened the door for trailblazing dis-
coveries of the molecular underpinnings of terpenoid
regulation. The expression or modulation of those
functional homologs in lavender might thus be con-
sidered for applications in improving EO quality and
biological control.

Conclusions
This study provides, to our knowledge, the first compre-
hensive view of changes in gene expression and volatiles
during the flower developmental reprogramming of lav-
ender. We successfully profiled the transcriptome and
volatiles of lavender flowers and detected detailed
changes at both the transcriptomic and metabolic levels
via an omics plus bioinformatics approach. Characteris-
tic compounds and gene expression profile of FB0 ex-
hibit ecological value in pest control. The precise
control of each-axis flowering and regular emissions at
transcriptional and metabolic level are important to pol-
linators attraction for lavender. Our study sheds new
light on the ecological and genetic stability and flexibility
of lavender inflorescences from “gene-volatile terpenoid-
insect” three layers.

Methods
Plant material collection
The experiment was carried out at the experimental
farm, Aromatic Plants Resources Development and En-
gineering Laboratory of Xinjiang production and Con-
struction Corps, Yili, Xinjiang (43°50′9.66″N, 81°10′
21.73″E), during spring-summer (from 10th, May to
29th, June) season of 2016. Samples were collected from
2-year-old L. angustifolia ‘JX-2’ bred by our laboratory,
which is planted in row width of 1 m apart, with 50 cm
between plants. The voucher specimen of L. angustifolia
‘JX-2’ was kept at the Chinese national herbarium, Insti-
tute of Botany, Chinese academy of sciences (voucher
specimen: 02308796). To maintain the uniformity of
plant material, the first and second axes of florets from
the remote whorl of L. angustifolia ‘JX-2’, which clusters
five discontinuous whorl florets in a spike, were selected
for in-depth study. The two symmetric adaxial florets
(indicated by ‘1’ in Fig. 1) opened first from the base to
the terminal of one rachis, followed by the second-axis
florets (indicated by ‘2’ in Fig. 1) developed from each
first axis. To distinguish the two-axis florets better, we

named the florets “stage_axis”: here, “stage” referred to
the flower developmental stages defined in Guitton et al.
[5], where “F” means flower, “FB” means flower bud and
“1–5” five degrees of maturity, and the stages of the
second-axis flowers were named in the same pattern as
the first-axis flowers.
In total, we collected 33 flower samples, including an

original bud as well as the two-axis florets of five matur-
ity stages in a remote whorl, each with three replicates.
Harvested flowers were divided into two portions: the
first was immediately frozen in liquid nitrogen and
stored at − 80 °C for RNA extraction, and the other was
placed in the shade to dry for chemical component
identification.

Essential oil extraction and GC-MS analysis
A total of 20 g of dry lavender florets at different develop-
mental stages were collected, and the essential oil of the
lavender was extracted by water distillation followed by
soaking in distilled water for 1 h. All of the isolated essen-
tial oil samples were dried over anhydrous sodium
sulphate and stored at 4 °C prior to analysis by GC-MS.
GC-MS analysis was performed on an Agilent 7890A GC
system and an Agilent Technologies 5975C Inert XL Mass
Selective Detector, equipped with an HP-5MS UI column
(30m × 0.25mm× 0.25 μm; Agilent Technologies).
The conditions were as follows: samples were diluted

in hexane at a ratio of 1:100, and 0.8 μl of sample was
injected in split mode (1:20). The injector temperature
was 250 °C, and the oven program was as follows: 40 °C
for 2 min, linear ramp at a rate of 4 °C·min− 1 to 260 °C,
second ramp to 310 °C at 60 °C·min− 1, hold at 310 °C for
15 min. The transfer line temperature was 280 °C. He-
lium was used as the carrier gas at a flow rate of 1.0
mL·min− 1 through the column. The MS conditions were
as follows: ionization energy, 70 eV; electronic impact
ion source temperature, 200 °C; quadrupole temperature,
150 °C; and mass range, 40–600 u.
Agilent MassHunter 5.0 was used to analyse the chro-

matograms and mass spectra. The constituents of the es-
sential oils were identified by comparing the retention
times of individual peaks with the retention times of the
reference and by identifying the mass spectra using the
mass spectra databases NIST 2014 and literature data [2].

RNA isolation, library construction and sequencing
Total RNA was extracted from 33 finely ground flower
samples using a HiPure Plant RNA Mini Kit (Magen) ac-
cording to the manufacturer’s instructions. The DNA
was digested by DNaseI (Magen). RNA purity, concen-
tration and integrity were determined using Nanodrop
1000 spectrophotometer, Qubit Flurometer and Agilent
Bioanalyzer. Only the RNA samples with 260/280 ratio
between 1.8 to 2.1, 260/230 ratio between 2.0 to 2.5 and
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RIN (RNA integrity number) more than 8.0, were used
for sequencing. Qualified RNA was enriched with oligo
(dT)-rich magnetic beads and then broken into short
fragments in Fragmentation Buffer. 1st strand cDNA
synthesis was performed using random hexamers primer
and M-MuLV Reverse Transcriptase (RNase H). 2nd
strand cDNA was synthesized by adding reaction buffer,
dNTPs, RNase H and DNA polymerase I. Next, the
resulting cDNAs were subjected to end-repair, insert ‘A’
base and subsequently ligate with Illumina paired end
solexa adaptor. Adaptor-ligated fragments were purified
by AMPure XP beads to select a size range of templates
for downstream enrichment. Finally, PCR was performed
to enrich and amplify the cDNA template. In total of 33
libraries including three biological replicates for each
sample were constructed and then sequenced on Illu-
mina HiSeq™ 2000 platform at Novogene Biotechnology
Corporation (Beijing, China). We obtained a total of
1737,289,686 (1737 million) clean reads and at least 6.25
Gb clean data per library was generated after filtering
and removing the adapter sequences from the raw data
(Additional file 14: Table S3). The value of Q20, Q30
and GC content was higher than 96.06, 91.54 and
46.86%, respectively. When we mapped the reads back
to the assembled unigenes, the mapping rate ranged
from 77.40 to 80.03% of each library (Additional file 14:
Table S3). RNA sequencing raw sequence data of 33 lav-
ender flower samples generated from the present study
can be found in the National Center for Biotechnology
Information (NCBI) Short Read Archive database with
accession number SRP139393.

De novo transcriptome assembly and unigene annotation
De novo assembly of the processed reads was carried
out using the Trinity program (r20140413p1) with min_
kmer_cov set to 2 by default and all other parameters
set to default. For functional annotation, unigenes were
used as query sequences to search seven annotation da-
tabases. Using NCBI blast (v2.2.28+), the unigenes were
annotated to NR, NT, Swiss-Pro (e-value = 1e-5), KOG/
COG (e-value = 1e-3) databases. For KEGG, Pfam and
GO annotation, KAAS (r140224), hmmscan (HMMER
3) and blast2go (b2g4pipe_v2.5) were used with thresh-
olds of 1e-10, 0.01 and 1e-6, respectively. Moreover, GO
enrichment analysis was implemented by using the
topGO R packages based on the Kolmogorov–Smirnov
test (P < 0.05). We used KOBAS software (v2.0.12) to
test the statistical enrichment of genes (P < 0.05) in the
KEGG pathways.

DEG analysis
The expression abundance of corresponding unigenes was
represented by fragments per kilobase of transcript se-
quence per millions of base pairs sequenced (FPKM). The

DEGs between various samples were identified and fil-
tered with the R package DESeq. We used FDR < 0.01 and
the absolute value of log2(ratio) ≥ 2 as thresholds to define
differential gene expression. The FPKM between the bio-
logical replications was analysed using Pearson’s correl-
ation coefficient (r) and the closer the r2 value to 1, the
stronger was the correlation between samples. The highest
r value among three biological replicates samples of each
developmental stage indicated the stability and reproduci-
bility of the data (Additional file 4: Figure S4).

Gene co-expression network construction and visualization
A co-expression gene network was constructed using
the WGCNA software package (v1.51) in R using all
DEGs. Modules with default settings, except that the
power is 8, minModuleSize is 20, and minimum height
for merging modules is 0.33805. Genes with the highest
degree of connectivity within a module are referred to as
intramodular hub genes [14]. The networks about hub-
genes were visualized using Cytoscape (v.3.0.0).

Insect survey in the field and olfaction bioassays in the
laboratory
Flower visits of insects were observed from 10:00 to 11:00
am in the field from bud appearing to blossom ending.
The number of visitors was recorded during different
flower developmental stages. For laboratory experiments,
the behavioural responses to specific mono- or sesquiter-
penoids of A. mellifera (at uniform growth and activity)
and Rhopalosiphum padi were conducted in a Y-tube ol-
factometer at 22 ± 2 °C (room temperature). Two glass
vessels containing an odour source (2 μl of white oil or a
standard substance diluted to a specific percentage:
20.57% (v/v) of β-trans-ocimene, 17.0% (v/v) of (+)-(R)-
limonene, which is similar to the concentration ratio of
FB0; 32.2% of linalyl acetate, 16.3% of lavandulyl acetate,
30.8% of linalool (which is similar to the concentration ra-
tio of F3_1) were connected to the arms of the Y-tube ol-
factometer using Teflon tubes. A fluorescent light at an
intensity of 30–35 μmol photons m− 2 s− 1 was used to illu-
minate the middle of the crotch of the Y-tube. The experi-
ment started with the release of bees or aphids at the base
of the Y-tube with ventilation. Each insect was observed
for a maximum of 5min, and a choice was recorded when
the bee reached the middle of either arm and remained in
that arm for at least 10 s. When the insect did not make a
choice within 5min, a ‘no choice’ behavioral response was
recorded. Each experiment was repeated 3 times (i.e., 3 ×
30 starved insects) for a particular concentration of odor
source on 3 different experimental days with new groups
of insects and new odor source per day. Experiments with
other concentrations of odor sources were conducted in
the same manner.
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qRT-PCR
The same RNA samples of microarray experiments were
used for qRT-PCR. First-strand cDNA was synthesized
with oligo (dT)18 and M-MLV reverse transcriptase (Pro-
mega). qRT-PCR analysis was carried out using the
SYBR Fast Universal qPCR Kit (TSINGKE) on an
Mx3000P system (Agilent Stratagene), according to the
manufacturer’s instructions. The following standard
thermal profile was used for all PCRs: predenaturation
at 95 °C for 3 min and 40 cycles of denaturation at 95 °C
for 15 s, annealing at 60 °C for 15 s, and elongation at
72 °C for 20 s. Quantification was performed using the
2−ΔΔCT method, and data were normalized to those of
the 18S rRNA and actin transcript. Sequences of primers
used are listed in Additional file 18: Table S7.

Additional files

Additional file 1: Figure S1. GC–MS total ion chromatograms of
volatiles collected from EOs of lavender flowers at different
developmental stages. (JPG 191 kb)

Additional file 2: Figure S2. Heatmap of 56 compounds contents in
11 samples after normalized by z-scores. (JPG 358 kb)

Additional file 3: Figure S3 Length distribution and annotation of
Illumina assembled unigenes in lavender. (JPG 351 kb)

Additional file 4: Figure S4 Density profile and box plot of FPKM of
flower at different developmental stages and the correlation of
expression level among 33 flower sample. (JPG 564 kb)

Additional file 5: Figure S5. Volcano Plots of DEGs between FFDSFSA
and FB0. (JPG 194 kb)

Additional file 6: Figure S6. Venn diagrams of DEGs. (JPG 207 kb)

Additional file 7: Figure S7. Counts of differentially expressed TFs.
(JPG 98 kb)

Additional file 8: Figure S8. Heatmap of genes involved in CYP450
family and terpenoid transport. (JPG 152 kb)

Additional file 9: Figure S9. Module-module and module-sample cor-
relations. (JPG 159 kb)

Additional file 10: Figure S10. Details of subnetwork of M16. (JPG 392 kb)

Additional file 11: Figure S11. Expression patterns of eight genes
during different developmental stages of second-axis flower as verified
by qRT-PCR. (JPG 259 kb)

Additional file 12: Table S1. Previously cloned genes for biosynthesis
of mono- and sesquiterpenoids in lavenders. (DOCX 13 kb)

Additional file 13: Table S2. Contents of major mono- and
sesquiterpenoids identified in EOs of lavender. (DOCX 86 kb)

Additional file 14: Table S3. Information of Illumina reads from 33
libraries. (DOCX 16 kb)

Additional file 15: Table S4. Annotation of all unigenes based on
seven databases. (DOCX 13 kb)

Additional file 16: Table S5. Summary of putative genes of CYP450s
family in lavender. (DOCX 15 kb)

Additional file 17: Table S6. Summary of putative terpenoid
transporters in lavender. (DOCX 12 kb)

Additional file 18: Table S7. Gene-specific primer pairs used for qRT-
PCR. (DOCX 13 kb)

Additional file 19: Video S1. Animation schematically illustrates the
sequence of blossom in lavender. (PPTX 5149 kb)

Additional file 20: Data S1. Summary of top 20 KEGG enrichment
pathways of 21 modules produced by WGCNA. (XLSX 30 kb)

Abbreviations
AAT: Acetyltransferase enzyme; AP1: Apetala 1; C: Cytochrome P450
hydroxylases; CO: Constans; CYP450s: Cytochrome P450 monooxidase;
DEGs: Differentially expressed genes; DXS: Deoxy-D-xylulose-5-phosphate
synthase; EO: Essential oil; FDR: False discovery rate; FFDSFSA: Flowers of five
developmental stages at first- and second-axis; FLT: Flowering locus T;
FPKM: Fragments per kilobase of transcript sequence per millions base pairs
sequenced; GRED: (−)-germacrene D synthase; HDR: 4-hydroxy-3-methylbut-
2-en-1-yl diphosphate reductase; HDS: (E)-4-hydroxy-3-methylbut-2-enyl-
diphosphate synthase; IDI: Isopentenyl-diphosphate delta isomerase;
LFY: Leafy; LIMS: Limonene synthase; LINS: Linalool synthase; ME: Module
eigengene; MVD: Mevalonate diphosphate decarboxylase; P: Terpenoid
synthesis pathway; SabS1: Sabinene synthase; SOC1: Suppressor of
overexpression of constans 1; T: Terpenoid transporters; TEPS: α-terpineol
synthase; TFs: Transcription factors; TPS: Terpene synthase;
WGCNA: Weighted gene co-expression network analysis

Acknowledgements
We would like to thank associate professor Prof. Xiaohua Jin from Institute of
Botany, the Chinese Academy of Sciences for his useful suggestions and
language editing, which have greatly improved the manuscript. We thank
associate Prof. Su Wang and Dr. Shu Li, who come from Beijing Academy of
Agriculture and Forestry Sciences, for the technical guidance about rearing
the insects and insect behavior research. We thank Dr. Yan Zhu from
Institute of Botany, the Chinese Academy of Sciences for her support in mass
spectrum analysis.

Authors’ contributions
LS, HC and HW conceived and designed the experiments, revised the
manuscript and contributed to interpretation of data; HL and JL performed
the experiments, analyzed all the data and wrote and revised the
manuscript; YD, HH, ZL and HB performed some experiments, analysed data
and contributed to preparation of plant material. All of the authors read and
approved the final manuscript.

Funding
This work was supported by the Strategic Priority Research Program of the
Chinese Academy of Sciences (Grant No. XDA23080603) and National Natural
Science Foundation of China (Grant No. 31701956 and No. 31370361). The
funder has no role in the design of the study and collection, analysis, and
interpretation of data, or preparation of the manuscript.

Availability of data and materials
All data generated or analysed during this study are included in this
published article and its supplementary information files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Key Laboratory of Plant Resources and Beijing Botanical Garden, Institute of
Botany, Chinese Academy of Sciences, Xiangshan, Beijing 100093, China.
2University of Chinese Academy of Sciences, Beijing 100049, China. 3College
of Biological Sciences and Biotechnology, National Engineering Laboratory
for Tree Breeding, Beijing Forestry University, Beijing 100083, China.

Li et al. BMC Plant Biology          (2019) 19:313 Page 16 of 17

https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6
https://doi.org/10.1186/s12870-019-1908-6


Received: 5 March 2019 Accepted: 27 June 2019

References
1. Li B, Cantino PD, Olmstead RG, Bramley GL, Xiang CL, Ma ZH, et al. A large-

scale chloroplast phylogeny of the Lamiaceae sheds new light on its
subfamilial classification. Sci Rep. 2016;6:34343.

2. Woronuk G, Demissie Z, Rheault M, Mahmoud S. Biosynthesis and
therapeutic properties of Lavandula essential oil constituents. Planta Med.
2011;77:7–15.

3. Upson T, Andrews S. The genus Lavandula. In: SciTech book news, vol. 28.
Portland. Royal Botanic Gardens K: Book News Inc.; 2004.

4. Lis-Balchin M. Lavender: the genus Lavandula. London: CRC Press; 2002.
5. Guitton Y, Nicolè F, Moja S, Valot N, Legrand S, Jullien F, Legendre L.

Differential accumulation of volatile terpene and terpene synthase mRNAs
during lavender (Lavandula angustifolia and L. x intermedia) inflorescence
development. Physiol Plant. 2010;138:150–63.

6. Lane A, Boecklemann A, Woronuk GN, Sarker L, Mahmoud SS. A genomics
resource for investigating regulation of essential oil production in Lavandula
angustifolia. Planta. 2010;231:835–45.

7. Loreto F, Dicke M, Schnitzler J, Turlings TCJ. Plant volatiles and the
environment. Plant Cell Environ. 2014;37:1905–8.

8. Higashi Y, Saito K. Network analysis for gene discovery in plant-specialized
metabolism. Plant Cell Environ. 2013;36:1597–606.

9. Adal AM, Sarker LS, Malli RPN, Liang P, Mahmoud SS. RNA-Seq in the
discovery of a sparsely expressed scent-determining monoterpene synthase
in lavender (Lavandula). Planta. 2019;249:271–90.

10. Weston DJ, Gunter LE, Rogers A, Wullschleger SD. Connecting genes,
coexpression modules, and molecular signatures to environmental stress
phenotypes in plants. BMC Syst Biol. 2008;2:16.

11. Ichihashi Y, Kusano M, Kobayashi M, Suetsugu K, Yoshida S, Wakatake T, et al.
Transcriptomic and metabolomic reprogramming from roots to haustoria in
the parasitic plant, Thesium Chinense. Plant Cell Physiol. 2018;59:729–38.

12. Savoi S, Wong DCJ, Arapitsas P, Miculan M, Bucchetti B, et al. Transcriptome
and metabolite profiling reveals that prolonged drought modulates the
phenylpropanoid and terpenoid pathway in white grapes (Vitis vinifera L.).
BMC Plant Biol. 2016;16:67.

13. Suzuki JY, Amore TD, Calla B, Palmer NA, Scully ED, Sattler SE, et al. Organ-
specific transcriptome profiling of metabolic and pigment biosynthesis
pathways in the floral ornamental progenitor species Anthurium amnicola
Dressler. Sci Rep. 2016;7:1596.

14. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinformatics. 2008;9:559.

15. Boutanaev AM, Moses T, Zi J, Nelson DR, Mugford ST, Peters RJ, Osbourn A.
Investigation of terpene diversification across multiple sequenced plant
genomes. Proc Natl Acad Sci U S A. 2015;112:E81.

16. Cheng AX, Lou YG, Mao YB, Lu S, Wang LJ, Chen XY. Plant terpenoids:
biosynthesis and ecological functions. J Integr Plant Biol. 2007;49:179–86.

17. Dicke M. Induced plant volatiles: plant body odours structuring ecological
networks. New Phytol. 2016;210:10–2.

18. Richards LA, Dyer LA, Forister ML, Smilanich AM, Dodson CD, Leonard MD,
Jeffrey CS. Phytochemical diversity drives plant–insect community diversity.
Proc Natl Acad Sci U S A. 2015;112:10973–8.

19. Abbas F, Ke Y, Yu R, Yue Y, Amanullah S, Jahangir MM, Fan Y. Volatile
terpenoids: multiple functions, biosynthesis, modulation and manipulation
by genetic engineering. Planta. 2017;246:1–14.

20. Cascone P, Iodice L, Maffei ME, Bossi S, Arimura GI, Guerrieri E. Tobacco
overexpressing β-ocimene induces direct and indirect responses against
aphids in receiver tomato plants. J Plant Physiol. 2015;173:28–32.

21. Jürgens A, El-Sayed AM, Suckling DM. Do carnivorous plants use volatiles for
attracting prey insects? Funct Ecol. 2010;23:875–87.

22. War AR, Sharma HC, Paulraj MG, War MY, Ignacimuthu S. Herbivore induced
plant volatiles: their role in plant defense for pest management. Plant Signal
Behav. 2011;6:1973–8.

23. Aljbory Z, Chen MS. Indirect plant defense against insect herbivores: a
review. Insect Science. 2018;25:2–23.

24. Sarker LS, Mahmoud SS. Cloning and functional characterization of two
monoterpene acetyltransferases from glandular trichomes of L. x intermedia.
Planta. 2015;242:709–19.

25. Boachon B, Junker RR, Miesch L, Bassard JE, Höfer R, Caillieaudeaux R, et al.
CYP76C1 (cytochrome p450)-mediated linalool metabolism and the

formation of volatile and soluble linalool oxides in Arabidopsis flowers: a
strategy for defense against floral antagonists. Plant Cell. 2015;27:2972–90.

26. Reuben S, Rai A, Pillai BV, Rodrigues A, Swarup S. A bacterial quercetin
oxidoreductase QuoA-mediated perturbation in the phenylpropanoid
metabolic network increases lignification with a concomitant decrease in
phenolamides in Arabidopsis. J Exp Bot. 2013;64:5183–94.

27. Dutta A, Sen J, Deswal R. Downregulation of terpenoid indole alkaloid
biosynthetic pathway by low temperature and cloning of a AP2 type c-repeat
binding factor (CBF) from catharanthus roseus (l). G. Don. Plant Cell Rep. 2007;26:
1869–78.

28. Seki H, Sawai S, Ohyama K, Mizutani M, Ohnishi T, Sudo H, et al. Triterpene
functional genomics in licorice for identification of CYP72A154 involved in the
biosynthesis of glycyrrhizin. Plant Cell. 2011;23:4112–23.

29. Ginglinger JF, Boachon B, Hofer R, Paetz C, Kollner TG, Miesch L, et al. Gene
coexpression analysis reveals complex metabolism of the monoterpene
alcohol linalool in Arabidopsis flowers. Plant Cell. 2013;25:4640–57.

30. Salehi H, Ransom CB, Oraby HF, Seddighi Z, Sticklen MB. Delay in flowering
and increase in biomass of transgenic tobacco expressing the Arabidopsis
floral repressor gene FLOWERING LOCUS C. J Plant Physiol. 2005;162:711–7.

31. Lv Z, Zhang L, Chen L, Zhang F, Tang K. The Artemisia annua FLOWERING
LOCUS T homolog 2, AaFT2, is a key regulator of flowering time. Plant
Physiol Biochem. 2018;126:197.

32. Fenske MP, Hewett Hazelton KD, Hempton AK, Shim JS, Yamamoto BM,
Riffell JA, et al. Circadian clock gene LATE ELONGATED HYPOCOTYL directly
regulates the timing of floral scent emission in Petunia. Proc Natl Acad Sci
U S A. 2015;112:9775–80.

33. Yon F, Joo Y, Cortes Llorca L, Rothe E, Baldwin IT, Kim SG. Silencing
Nicotiana attenuata LHY and ZTL alters circadian rhythms in flowers. New
Phytol. 2015;209:1058–66.

34. Singh VK, Garg R, Jain M. A global view of transcriptome dynamics during
flower development in chickpea by deep sequencing. Plant Biotechnol J.
2013;11:691–701.

35. Zhang L, Chen L, Yu D. Transcription factor WRKY75 interacts with DELLA
proteins to affect flowering. Plant Physiol. 2018;176:790–803.

36. Reddy VA, Wang Q, Dhar N, Kumar N, Venkatesh PN, Rajan C, et al. Spearmint
R2R3-MYB transcription factor MsMYB negatively regulates monoterpene
production and suppresses the expression of geranyl diphosphate synthase
large subunit (MsDPPS.LSU). Plant Biotechnol J. 2017;15:15.

37. Wang Q, Reddy VA, Panicker D, Mao H, Kumar N, Rajan C, et al. Metabolic
engineering of terpene biosynthesis in plants using a trichome-specific
transcription factor MsYABBY5 from spearmint (Mentha spicata). Plant
Biotechnol J. 2016;14:1619–32.

38. Spyropoulou EA, Haring MA, Schuurink RC. RNA sequencing on Solanum
lycopersicum trichomes identifies transcription factors that activate terpene
synthase promoters. BMC Genomics. 2014;15:402.

39. Ma D, Pu G, Lei C, Ma L, Wang H, Guo Y, et al. Isolation and characterization
of AaWRKY1, an Artemisia annua transcription factor that regulates the
amorpha-4,11-diene synthase gene, a key gene of artemisinin biosynthesis.
Plant Cell Physiol. 2009;50:2146–61.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Li et al. BMC Plant Biology          (2019) 19:313 Page 17 of 17


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Volatile terpenoid profiles of individual florets at different developmental stages
	Observation of floral visitors and olfaction bioassays
	RNA sequencing and different expression genes (DEGs) analysis
	The temporal expression patterns of flowering- and terpenoid metabolism-related genes during individual flower development
	Co-expression network analysis
	Identification of candidate genes related to terpenoid metabolism during flower development
	Verification of gene expression

	Discussion
	Ecological implications of lavender inflorescences and emissions
	Network analysis reflects the correlation between flowering time and terpenoid metabolism at the molecular level

	Conclusions
	Methods
	Plant material collection
	Essential oil extraction and GC-MS analysis
	RNA isolation, library construction and sequencing
	De novo transcriptome assembly and unigene annotation
	DEG analysis
	Gene co-expression network construction and visualization
	Insect survey in the field and olfaction bioassays in the laboratory
	qRT-PCR

	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

