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Abstract

Background: The basic helix-loop-helix (bHLH) transcription factors (TFs), as one of the largest families of TFs, are
essential regulators of plant terpenoid biosynthesis and response to stresses. Lavender has more than 75 volatile
terpenoids, yet few TFs have been identified to be involved in the terpenoid biosynthesis.

Results: Based on RNA-Seq, reverse transcription-quantitative polymerase chain reaction, and transgenic technology,
this study characterized the stress-responsive transcription factor LaMYC4 regulates terpenoid biosynthesis. Methy!
jasmonate (MeJA) treatment increased volatile terpenoid emission, and the differentially expressed gene LaMYC4 was
isolated. LaMY(C4 expression level was higher in leaf than in other tissues. The expression of LaMY(C4 decreased during
flower development. The promoter of LaMY(C4 contained hormone and stress-responsive regulatory elements and
was responsive to various treatments, including UV, MeJA treatment, drought, low temperature, Pseudomonas syringae
infection, and NaCl treatment. LaMY(C4 overexpression increased the levels of sesquiterpenoids, including caryophyl-

role of LaMYC4 in terpenoid biosynthesis.

biosynthesis

lenes, in Arabidopsis and tobacco plants. Furthermore, the expression of crucial node genes involved in terpenoid
biosynthesis and glandular trichome number and size increased in transgenic tobacco.

Conclusions: We have shown that the stress-responsive MYC TF LaMYC4 from “Jingxun 2'lavender regulates vola-
tile terpenoid synthesis. This study is the first to describe the cloning of LaMY(4, and the results help understand the
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Background

Volatile terpenoids are the most abundant class of vola-
tile metabolites in plants and are involved in defense
responses. Plants are exposed to environmental stresses,
including abiotic (such as salt and drought) and biotic
(such as pathogens and herbivores) stresses [1, 2], and
adopt multiple defense mechanisms against stresses
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for growth and survival [3]. Volatile terpenoids protect
plants against herbivores [4, 5] and thermal and oxida-
tive stress [6] and mediate chemical communication [7,
8]. Moreover, plants synthesize monoterpenoids and
sesquiterpenoids [9-13]. Among them, (—)-thujopsene
and B-caryophyllene promote lateral root formation
and induce plant resistance to microbes [9, 14, 15]. The
sesquiterpenoid B-caryophyllene binds to the transcrip-
tional co-repressor TOPLESS complex and modulates
jasmonic acid (JA)-mediated signalling [16]. And caryo-
phyllene induces defense responses via JA signalling [17].

Terpenoid biosynthesis begins with the formation
of isopentenyl diphosphate (IPP) and its allylic isomer,
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dimethylallyl diphosphate (DM APP), through the meva-
lonate pathway in the cytosol and the 2-C-methyl-D-
erythritol 4-phosphate (MEP) pathway in plastids [18].
The enzymes 3-hydroxy-3-methyl glutaryl coenzyme A
reductase (HMGR), 1-deoxyxylulose- 5-phosphate syn-
thase (DXS), and deoxyxylulose 5-phosphate reductoi-
somerase (DXR) control terpenoid synthesis [19, 20].
Most of the monoterpenes are derived from geranyl
diphosphate (GPP; C10) or neryl pyrophosphate (NPP),
which is synthesized in a head-to-tail condensation reac-
tion of isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DM APP) by GPP synthases (GPPS) or NPP
synthases (NPPS). Then, farnesyl pyrophosphonate syn-
thase (FPPS) adds two IPP molecules to DMAPP to form
the C15 diphosphate precursor of sesquiterpenes [21].

Terpenoid biosynthesis is regulated by structural
genes and transcription factors (TFs). TFs modulate
gene expression by changing transcription rates [22, 23].
Basic helix-loop-helix (bHLH) TFs play a pivotal role in
plant growth and development, stress response, and the
biosynthesis of secondary metabolites [24]. MYC fam-
ily members are bHLH TFs [25]. Some MYC TFs con-
trol terpenoid biosynthesis in plants [26]. For instance,
CpMYC2 and AtMYC2 regulate caryophyllene synthesis
in Arabidopsis thaliana [27, 28], and SIMYC1 controls
terpenoid emission in tomato (Solanum lycopersicum)
[29]. MYC TFs have been characterized in A. thaliana
[27, 30], S. lycopersicum [29], Artemisia annua [31], and
other plants [28, 32, 33], but not in lavender.

Lavender is a model for studying the regulation of ter-
penoid synthesis [34]. More than 75 volatile terpenoids
were identified in Lavandula angustifolia [35, 36]. One
hundred terpene synthases (TPSs) have been identified in
lavender, of which 11 were characterized, and some are
induced by methyl jasmonate (MeJA) [13, 37]. Recently,
a reference genome for the ‘Jingxun 2’ lavender cultivar
was created [37].

This study isolated the MYC TF LaMYC4, which regu-
lates terpenoid biosynthesis. The expression of LaMYC4
was upregulated by UV, low temperature, drought, MeJA,
and Pseudomonas syringae infection. Moreover, LaMYC4
overexpression increased the levels of terpenoids (espe-
cially caryophyllene) and the number and size of glan-
dular trichomes (GTs) in transgenic plants. These results
demonstrate that LaMYC4 can be a candidate gene for L.
angustifolia molecular breeding.

Results

MelJA affects volatile terpenoid biosynthesis

Lavender plants were treated with or without 8 mM
of MeJA, and volatile terpenoids were analyzed by
solid-phase microextraction gas chromatography/mass
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spectrometry (SPME-GC-MS). The results revealed that
MeJA induced various volatile terpenoid emission, and
production was significantly higher in leaf (Fig. 1 and
Additional file 10: Table S1). Furthermore, MeJA pro-
moted the emission of f-myrcene, B-cis-ocimene, and
caryophyllene in lavender sepal and leaf (JAS and JAL)
(Additional file 1: Fig. S1).

Isolation and bioinformatics analysis of LaMYC4
Twenty-six MYCs were previously identified (unpub-
lished) in L. angustifolia based on genome data
(PRJNA642976), and the MYC gene LaMYC4 was differ-
entially expressed by MeJA treatment (Fig. 2a). The level
of LaMYC4 expression was significantly higher in leaf
than in other tissues and decreased during flower devel-
opment (Fig. 2b, c). The 1422-bp open reading frame of
LaMYC4 encoded 473 amino acids (Additional file 2: Fig.
S2). Bioinformatics analysis indicated that the LaMYC4
protein contained a bHLH-MYC sequence between
amino acids 38 and 211, corresponding to the N-ter-
minal region of MYB and MYC TFs, and DNA-binding
domains between amino acids 299 and 373 (Fig. 2e).
Physicochemical characterization using ExPASy showed
that LaMYC4 had a molecular mass of 52.24kDa and
an isoelectric point of 5.75. LaMYC4 protein was clus-
tered into subfamily 2 or subgroup-III(d+e) accord-
ing to the classification and nomenclature of AtbHLH
proteins (Additional file 3: Fig. S3). A phylogenetic tree
was constructed with LaMYC4 and 22 MYCs from dif-
ferent plants (Additional file 11: Table S2) and showed
that LaMYC4 was most closely related to NaMYC4 and
BpMYC4 (Fig. 2d).

Analysis of the LaMYC4 promoter sequence and response
to stresses

The 2000-bp promoter upstream of the 5-untranslated
region (5" UTR) was analyzed using PlantCARE soft-
ware (Additional file 12: Table S3). Four abscisic acid
response elements were found at + 1432, — 1469, — 1467,
and+1687bp, three light or abscisic acid response
elements (G-box) were located at —1431, + 1469,
and — 1686 bp, four low-temperature response elements
were situated at — 104, — 1478, + 614, and — 1809 bp, one
TC-rich repeat element involved in defense and stress
response was located at —1617bp, and one gibberellin
response element (TATC-box) was located at —1953bp
(Fig. 3a and Additional file 12: Table S3).

Gene expression studies have shown that MYC tran-
scription increased in response to biotic and abiotic
stresses. LaMYC4 expression levels were quantified by
reverse transcription-quantitative polymerase chain
reaction (RT-qPCR). The results showed that LaMYC4
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Fig. 1 Emission of volatile terpenoids in lavender with 8 mM MeJA treatment. (a, ¢) GC-MS/MS chromatograms from the lavender sepal. (b,

d) GC-MS/MS chromatograms from the lavender leaf. (e, f, g) Terpenoid contents from the lavender sepal (control, CKS, treatment, JAS). (h, i,

j) Terpenoid contents from lavender leaf (control, CKL, treatment, JAL). The number on the peak represents the peak area. Values shown are

mean £ SD at least three replicates, and standard errors are indicated as vertical lines on the top of each bar, *p <0.05; **p <0.01; ***p <0.001; t-test

expression was significantly upregulated in lavender
leaf by UV (~ 4-fold), cold (~ 3-fold), drought (~ 6-fold),
MeJA (~5-fold), and Pseudomonas syringae pv. tomato
(Pst) DC3000 (~6-fold) and downregulated 3-fold by

NaCl (Fig. 3b).

Subcellular localization and transactivation activity

of LaMYC4

The subcellular localization of the LaMYC4 protein was
assessed using a transient expression assay in tobacco
(Nicotiana benthamiana) leaf. The results showed that



Dong et al. BMC Plant Biology

(2022) 22:289

Page 4 of 15

(a)

(b)

©

200

150 @

OsMYC4

FPKM

AaMY(C4
AtAMS
OsMYCS
AfTTS

‘m 1 m
CKS JAS CKL

60

JAL

o

40

FPKM

AtEGL3

AMYCI
OsMYC6
OsMYC7
OsMYC3

20

10 + I
o L mm

LAR LAS LAL LAF LAGT

200
150 -

100 -

FPKM

FBO FBI1

FB2 F3 F4

AUAMS

—___ 0sMYCI
AUAMI

{AUAMZ
LaMYC4

I —
BpMYC4

0sMYC2

ADMYCS
{ANYCZ
VIMYC4

AMYC4
AMYC3

Larmyca o A B B A R R e i R R S A i k5 A MDO DL X, a4
©sMYC2  MWVILLSPLLTTKNPFHPIPIPTFPLLLFSSSLVGVLFCIKSNLEEEEIEIKSMNL e 126

Acmycz “MTOYRLCPTMNLWITODNAS 74

o R i N AL el A A A e e W AP MN.GTTSSINF se

Acmyca D o g PR 69

AcHMYCS - . .MINTDDNLL -ANLSLETT... a0

BrMyYCa EELIISPSSSSS \LVSLPCETEE 31

venmyca : °

Consensus

LaMyc4a ILOTCPOWH. N lﬁ}vscsn\: e 1ss

OsMYC2  XXEGSRET] FAACPTWIA 24¢

ATMYC2  LIEGTHEG] ATGNAVHVS 196

ATMYC3  LIESAGEN 2 ESEINSRVINLS 179

AcMyC4 SNSDTIWLS 194

Atives  VEnGTMED B EacynrvIv:  1e

BpMYC4  VVCSCPOW] STNSLVWLT 154

veMYCa A Q;zusspv v 2s

Consensus S e <

LaM¥C4a n\' ATTN BACALHEADK. « ccoveeene e TISFADT e evennennns AGFCETGKKCD 249

osmMyc2 . . TGHSS: R WEADHCD . Mnnx:sstAnxsvsxpp PPPPHOICHTERE STHTIREN 370

RemMyC2 s & 322

Acmycs fEhac NP ek EINTGTESEA . 293

Acmyc4 & -LWISEPNG. VDSGLVAAP . 30s

ATMYCS  GSDLIYGSHE APNSNSELFP 257

BpMYCa GHELCY ¥ <81 VEKS Pupsscpuc!x.mz .NISFADIG. 2ss

vvMYCa T & SDPTSNVEIKDSUNT x 156

Consensus < za

EBHPEE G e o e e VS R AL SRR R TNTAVLGK. . . TR H G s atn |l T i S o I R e 2 A1 e 273
osMyYC2 PFRREINFSCF... PFFKPETERT PPAATASLTTAPGSLESCHTPTLT. 504
AcMYC2 PTESPVHSGTON. PKENNTFSRELNFST TL cen ....SGNPCPS. 389
AcMyYCs SSVENCNRCSSCLV!KDLT CGGLLKSNE 357
AcMyca SSVENPNPK . VLKSCEMVNEXKNGIENGGE 3se
ATMYCS NFSTSSSTLARAPCGDVLSEGENVKCS 309
BpMYC4 z 282
vvMyca HSLKPESGEILNEGDSKRSS ..o voveneanannn 24¢
Consensus

LaMyC4 o vs:xﬁncrqsck:r 367
oarmycz = LTAUSTORETLGSO ¢3e
Acmycz = 3 1XNQ s14
AcMYC3 = Lo 477
Acmyca = L B 478
AemyYCs o AENVELERHATEIQ 405
BpMYC4 o 3 . .RDS 373
vvryca = zCsAE ®E 378
Consensus <

LaMYC4 ~ NKVKTECAD..NGCSTTITTT. oY LTRLDR . 473
©aMXC2Z  MESLKKERTCARPPAPSGGG . o XTRIAED 750
ATMYC2  LEEVKLELAGRKASASGGE. = ISKIG. . 623
AcMYCs L =v. MTRVGEN se2
ATMYC4  IDVMNKEAGNAK...SSVKCRK = TERKVGEC seo
ATMYCS ~ FNELKEIAGCRNAIPSVCK. .. = MSKIS. . s11
BpMYC4  KKVKLELADTMONCSTTITS... = LRRLEG. ae3
venMyca v SSKFADSR. .. ase
Consensus 1 2

Fig. 2 Characterization of LaMYC4. (a) Transcriptional changes in response to MeJA. (b) The expression levels of LaMY(C4 in different tissues of L.
angustifolia (LAR, root; LAS, stem; LAL, leaf; LAF, flower; LAGT, glandular trichome). (c) The expression levels of LaMYC4 during flower development.
(d) Phylogenic tree analysis of LaMYC4 and MYC TFs from Arabidopsis thaliana, Artemisia annua, Oryza sativa, etc. The phylogenic tree was
constructed on MEGA7.0 by using the neighbor-joining method, and the bootstrap values were obtained for 1000 replications. (e) Multiple
alignments of LaMYC4 with related MYC proteins from other plant species. Values shown are mean & SD of three replicates, and standard errors are
indicated as vertical lines on the top of each bar
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Fig. 3 Analysis of LaMYC4 promoter sequence and transcriptional abundance of LaMY(C4 under different stress conditions in lavender leaf. (a)
Putative cis-acting regulatory elements were identified in the promoter sequence of LaMYC4 using the PlantCARE database. (b) Treatments
included UV, cold, NaCl, drought, MeJA and Pst DC3000. The relative expression of LaMY(C4 was quantified by gRT-PCR. Values shown are the means
=+ SD at least three replicates, and standard errors are indicated as vertical lines on the top of each bar. *p <0.05; **p <0.01; **p < 0.001; t-test

35S::GFP was found in the cytoplasm and nucleus of
plant cells, whereas LaMYC4 fusion proteins were
only present in the nucleus (Fig. 4a), suggesting that
LaMYC4 localizes to the nucleus.

The yeast strain AH109 and the pGBKT7 vector con-
taining the DNA-binding domain of GAL4 were used
to measure the transactivation activity of LaMYC4.
Yeast cells transformed with any vector were cultivated
in SD/—Trp medium. Yeast cells transformed with the
fusion plasmid (pGBKT7-LaMYC4) or positive control
plasmid (pGBKT7-p53) and cultivated in SD/—Trp/X-
a-Gal medium appeared blue, whereas yeast cells trans-
formed with the negative control plasmid pGBKT7 did
not turn blue (Fig. 4b), indicating that LaMYC4 has
transactivation activity in yeast.

LaMYC4 overexpression increases sesquiterpenoid
biosynthesis in A. thaliana

Under the control of the CaMV 35S promoter, LaMYC4
was overexpressed in transgenic A. thaliana by Agrobac-
terium tumefaciens-mediated transformation. Terpenoid
levels were measured in transgenic plants from the T3
generation. The results indicated that the expression of
LaMYC4 was significantly changed in transgenic lines,
while the contents of total terpenoids and monoterpe-
noids did not change significantly (Fig. 5a, b, e). In con-
trast, sesquiterpenoid levels increased 0.5-1.0-fold in
transgenic lines overexpressing LaMYC4 (#2, #7) com-
pared with the empty vector group (Fig. 5¢). In addition,
caryophyllene was the most abundant sesquiterpenoid
in A. thaliana, and its emission was more than 2-fold
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Fig. 4 Subcellular localization of LaMYC4 in N. benthamiana and transcriptional activity of LaMYC4 in a yeast assay system. (a) Tobacco leaves were
transformed with constructs including control (GFP) or fusion plasmids (LaMYC4:GFP) and 10 ug / mL DAPI was then used to stain the tobacco leaf
before visualization. (b) Yeast cells (strain AH109) transformed with the positive control vector (top panel), the fusion vector-containing LaMYC4

(middle panels) and the negative control vector (bottom panels)

higher in transgenic A. thaliana than the control groups
(wild-type and empty vector plants) (Fig. 5d and Addi-
tional file 4: Fig. S4). The expression of caryophyllene
synthase (At5¢23960) in transgenic A. thaliana (#7) was
also significantly increased (Fig. 5f).

Overexpression of LaMYC4 increases volatile terpenoid
biosynthesis in tobacco

Under the CaMV 35S promoter, LaMYC4 was over-
expressed in tobacco by Agrobacterium tumefaciens-
mediated transformation. Terpenoid concentrations
were quantified in transgenic plants from the T2
generation using SPME-GC-MS. The results indi-
cated that total volatiles and sesquiterpenoid contents
increased 1-2-fold and 2-3-fold in transgenic tobacco,

respectively, compared with the control (Fig. 6a, c),
whereas monoterpenoid contents increased signifi-
cantly only in transgenic line #5 (Fig. 6b). The contents
of phytohormones Zr, IAA, JAs decreased in transgenic
tobacco compared with the control, while the contents
GA3 and ABA increased, and all changes were signifi-
cant in transgenic line #5 (Additional file 6: Fig. S6).
Caryophyllene contents were higher in lines #3 and #5
than in control plants (Fig. 6 d). Caryophyllene levels
were ~ 5-fold higher in transgenic lines overexpress-
ing LaMYC4 (#3 and #5) than in empty vector plants
(Additional file 5: Fig. S5). Furthermore, transgenic
tobacco plants (35S:: LaMYC4) showed reduced flower
color and increased plant height (Additional file 7:
Fig. S7) compared with control plants.
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LaMYC4 overexpression upregulates genes related

to terpenoid synthesis in tobacco

To assess the effect of LaMYC4 on the expression of genes
related to terpene synthesis, we investigated HMGR,
FPPS, DXS, DXR, and GPPS (the sequences are shown
in Additional file 13: Table S4), which are key enzymes
in the MVA and MEP pathways. The expression of genes
HMGR, FPPS, DXS, DXR, and GPPS increased 1.3-to
3.8-fold (Fig. 7b) in LaMYC4-overexpressing transgenic
tobacco flower. In addition, DXR expression was strongly
associated with the expression of LaMYC4. These results
indicate that LaMYC4 was involved in the regulation of
terpenoids and affects the expression of several key genes
(HMGR, FPPS, DXS, DXR, and GPPS) in terpenoid syn-
thesis pathway. In addition, we found that the expression

of diterpenoid-related synthase (NtCPS2 and NtABS) in
transgenic tobacco (#5) was significantly decreased, while
the expression of NtCBTS was significantly increased in
transgenic tobacco (#3 and #5) (Additional file 8: Fig. S8).

LaMYC4 overexpression increases the number and size

of GTs

GTs are a physical defense to insect herbivores in
response to mechanical stimulation. Moreover, evidence
indicates that glandular secretory trichomes (GSTs) syn-
thesize and store terpenoids. Since LaMYC4 regulates
terpenoid biosynthesis in transgenic lines, we exam-
ined GT morphology by scanning electron microscopy.
GTs on the stems of the fourth fully grown internode of
35S:LaMYC4 tobacco plants had longer stalks and larger
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Fig. 8 Morphology and number of glandular trichomes on tobacco stems. (a-c) Glandular trichomes of wild-type (WT), empty vector
pCAMBIA2300 (2300) and overexpression of LaMY(C4 transgenic plants (355:LaMYC4) on stem surfaces. (d) Number of glandular trichomes on

the stem surfaces of wild-type (WT), empty vector pPCAMBIA2300 (2300) and overexpression of LaMYC4 transgenic plants (355:LaMYC4). The

type of trichome was glandular trichomes. A total of five plants were selected, and three completely randomized fields of view were chosen for
examination. Red arrows indicate glandular trichomes. The bars represent the mean values (£ SD), calculated from three to four scanning-electron
micrographs of stems from different plants. Standard errors are indicated as vertical lines on the top of each bar, and bars annotated with different
letters were significantly different according to Fisher's LSD test (P <0.05) after ANOVA

Number of glandular
trichomes (no.mm-2)

glandular heads than control plants (Fig. 8). Moreover,
the number of GTs was 0.4-fold higher in 35S:LaMYC4
tobacco plants than in control plants (Fig. 8d).

Discussion

Plants utilize various physiological and biochemi-
cal processes to survive and respond to stresses [38,
39]. Plant bHLH proteins play a pivotal role in stress
responses. For instance, OsbHLH148 and OsbHLH006
(RERJ1) respond to drought stress through the JA sig-
nalling pathway [40, 41]. Vitis vinifera bHLH1 responds
to drought and salinity via the accumulation of flavo-
noids and is the regulation of abscisic acid (ABA) syn-
thesis [42]. RsICE1 interacts with CBF/DREBI in rice
plants to improve cold tolerance [43]. We identified the
promoter region of LaMYC4 by genomic analysis [37].
This region contains stress-related cis-elements that
allow LaMYC4-encoded TFs to adapt to the environ-
ment. As shown in Table S5 (Additional file 14), most
of the proteins of subfamilies 1, 2, 4, 10, 13, 14 and 18

responded to different biotic and abiotic stresses, such
as drought, cold and salt [44]. In additional, the results
of UV, MeJA treatment, drought, low temperature,
Pseudomonas syringae infection, and NaCl treatment
indicated that LaMYC4 responded to multiple stresses.

Plant bHLH TFs play vital roles in terpenoid biosynthe-
sis. For instance, AtMYC2 binds to the promoter of the
caryophyllene biosynthetic pathway genes TPS21 and
TPS11 and stimulates gene expression [27], and CrBIS2
plays an essential role in the generation of monoter-
penoid indole alkaloids [45]. LaMYC4 overexpression
enhanced terpenoid synthesis, especially sesquiterpe-
noid caryophyllene (Additional files 4, 5: Fig. S4 and 5).
TFs can simultaneously participate in the expression
regulation of multiple key genes in terpenoid synthesis
[46]. The transcript levels of the structural genes HMGR,
FPPS, DXR, DXS, GPPS from the terpenoid biosynthesis
pathway were significantly increased in LaMYC4-overex-
pressing lines (Fig. 7). However, the increase of monoter-
penoids was not as significant as that of sesquiterpenoids.
Previous studies have shown that the expression of
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monoterpene synthase AtIg61680 and sesquiterpene
synthases At5¢23960 and At5¢44630 was increased in
CpMYC2-overexpressing Arabidopsis, while the expres-
sion of monoterpene synthase At3g25810 was decreased
[28]. LaMYC4 overexpression enhanced the flux of terpe-
noid biosynthetic pathways, and the decrease in antho-
cyanin accumulation in transgenic plants produced
light-colored flowers (Additional file 7: Fig. S7). Anthocy-
anin production is metabolically expensive, and the over-
expression of VvmybA1I resulted in the accumulation of
anthocyanins in leaf, whereas the concentration of most
volatile compounds decreased in the leaf of transgenic
plants [47]. The overexpression of CppbHLHI13 increased
the concentration of volatile terpenoids and decreased
anthocyanin accumulation [28]. These results indicated
that LaMYC4 modulated volatile terpenoid biosynthesis,
especially sesquiterpenoid caryophyllene, and influenced
carbon flow in the terpenoid pathway.

MYC3 and MYC4 activate JA-regulated responses and
act synergistically with MYC2 to control different sub-
sets of JA-dependent transcriptional activity [48]. Dif-
ferent volatile compounds are involved in JA-associated
stress response [49-52]. MeJA treatment confirmed the
result in our study. And this study found that LaMYC4
overexpression in tobacco increased ABA and GA3
contents and decreased JA and IAA levels (Additional
file 6: Fig. S6). Abe et al. [30] have shown that AtMYC2
acts as a transcriptional activator in ABA signalling in
Arabidopsis. Moreover, GA is involved in cell elongation
[53]. Plant height increased in LaMYC4-overexpressing
tobacco (Additional file 7: Fig. S7a, b). The morphology of
stem epidermal cells was examined by scanning electron
microscopy. The length of these cells was 0.3-fold higher
in transgenic plants than in control plants (Additional
file 7: Fig. S7). These results indicate that LaMYC4 pro-
motes the elongation of epidermal cells by upregulating
GA, increasing plant height.

Trichomes serve as physical barriers to insect herbi-
vores [29]. Evidence indicates that GSTs produce and
accumulate terpenoids [54]. In tomato, SIMYC1 regulates
GT formation and terpenoid biosynthesis [29]. LaMYC4-
overexpression in tobacco confirmed the results that
MYC plays a pivotal role in plant GT formation and
terpenoid biosynthesis. In addition, the increase in ter-
penoid levels was significantly higher in LaMYC4-over-
expressing tobacco than in LaMYC4-overexpressing A.
thaliana, which may be because there is a lack of GTs in
A. thaliana. In conclusion, we have shown that the stress-
responsive MYC TF LaMYC4 from ‘Jingxun 2’ lavender
regulates terpenoid synthesis. LaMYC4-overexpressing
plants accumulated more terpenoids, especially sesquit-
erpenoid caryophyllene. In addition, LaMYC4 may be
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involved in regulating GT formation, increasing terpe-
noid biosynthesis and accumulation.

Conclusions

This study provides, to our knowledge, the first to
describe the cloning of LaMYC4. We successfully pro-
filed the tissue-specific expression patterns based on
RNA-Seq. Different stress treatments and analysis of
the LaMYC4 promoter sequence shown that LaMYC4
responds to multiple stress to adapt to the environment.
Furthermore, LaMYC4-overexpression increased the lev-
els of terpenoids (especially caryophyllene) and the num-
ber and size of GTs in transgenic plants. These results
demonstrate that LaMYC4 can be a candidate gene for L.
angustifolia molecular breeding. And our study served as
a basis for future studies on the regulation of terpenoid
synthesis and stress responses by MYCs.

Methods

Plant materials and treatments

The L. angustifolia cultivar used in this study was ‘Jin-
gxun 2’ from the Institute of Botany, Chinese Academy
of Sciences. The voucher specimen of ‘Jingxun 2’ was
kept at the Chinese national herbarium, Institute of
Botany, Chinese academy of sciences (voucher speci-
men: 02308796). All wild-type Arabidopsis and tobacco
seeds used were obtained from Key Laboratory of Plant
Resources. And all plant material was used in accord-
ance with relevant guidelines and regulations. Transcrip-
tome data were obtained from a previous study [13, 37].
For Pst DC3000, UV, MeJA, salinity (NaCl), cold, and
drought treatments, 12 one-year-old potted plants of
the same cultivar (for each treatment) were grown in a
greenhouse. Pst DC3000 inoculation was performed for
6h as described previously [55]. UV treatment lasted
10minutes a day for 3 days. MeJA treatment was with
8mM for 12h. NaCl treatment with 300mM was once
every 3 days, twice in total, sampling on the seventh day,
and watering thoroughly each time. Cold (16°C) and or
drought treatments were for 7 days. Sepal, leaf and flower
were removed from potted plants for further analysis. L.
angustifolia, A. thaliana (Col-0), and tobacco (Nicotiana
benthamiana and N. tabacum) were grown under a 16h
photoperiod at 22+ 2°C. Abbreviations corresponding to
samples are as follows: sepal (S), leaf (L), root (R), stem
(S), opening flower (F), glandular trichomes (GTs), flower
bud (FB). FBO, FB1, FB2, F3, F4, and F5 correspond to dif-
ferent stages of flower development, as described previ-
ously [13].

RNA extraction and qPCR analysis
Total RNA was extracted from frozen samples using the
HiPure Plant RNA Mini Kit (Magen, China) according
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to the manufacturer’s instructions. RNA quality and
concentration were analyzed by gel electrophoresis and
spectrophotometry. RNA was stored at —80°C until
use. cDNA was synthesized according to the manu-
facturer’s instructions (Vazyme, China). Gene expres-
sion was measured by RT-qPCR on an Mx3000P system
(Agilent Stratagene). Primers were designed using
primer-BLAST (https://www.ncbi.nlm.nih.gov/ tools/
primer-blast) (Additional file 15: Table S6). PCR and data
analyses were performed as described previously [56].

LaMYC4 cloning and sequence analysis

Primers were designed based on the LaMYC4 sequence
obtained from the lavender genome (PRJNA642976) [37]
(Additional file 15: Table S6), and the gene was amplified
by PCR. The PCR product was cloned into the pBM16K
vector and sequenced by TsingKe (Tianjin, China).
Amino acid sequences homologous to LaMYC4 were
retrieved from the NCBI database. Phylogenetic analy-
sis was performed in MEGA software version 7.0 using
the neighbor-joining method. Full length amino acid
sequences of Arabidopsis bHLH proteins (AtbHLHs)
were downloaded from the TAIR database (http:// www.
arabidopsis.org). The reliability of the neighbor-joining
tree was estimated by bootstrap analysis using 1000 boot-
strap replications. The properties of the deduced amino
acid sequence were predicted using ExPASy (http://web.
expasy.org/compute_pi/).

Subcellular localization and the transactivating activity

of LaMYC4

The full-length c¢cDNA of LaMYC4 was cloned
using primers (Additional file 15: Table S6) con-
taining Kpnl restriction sites and was ligated into
the expression vector pCAMBIA2300 to produce a
fusion protein (35S:LaMYC4-GFP). The empty vec-
tor (pCAMBIA2300) and the recombinant vector
(35S::LaMYC4-GFP) were transformed into Agrobac-
terium tumefaciens GV3101 by heat shock. Four-week-
old N. benthamiana plants were transformed with
the 35S::LaMYC4-GFP vector or 35S::GFP vector, as
described previously [57]. After 3days of transforma-
tion, leaves were removed and analyzed on a confocal
laser scanning microscope equipped with a standard
filter set (Leica TCS SP5).

For the transactivation assay, the full-length cDNA of
LaMYC4 was cloned into the pGBKT7 vector contain-
ing EcoRI and BamHI restriction sites. The negative
control (pGBKT?7), positive control (pGBKT7-p53),
and recombinant vector were expressed in the
yeast strain AH109 following the manufacturer’s
instructions.
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Plant transformation and identification of transgenic lines
Bacterial colonies containing the 35S:LaMYC4-GFP vec-
tor were selected and transformed into the Arabidopsis
Col-0 cultivar using a floral dip method [58] or tobacco
plants using the leaf disk method [59]. Plants containing
the empty vector served as a control. Explants were incu-
bated in a growth chamber at 23°C under a 16 h light/8h
dark photoperiod. Primary transformants were selected
on half-strength Murashige and Skoog medium con-
taining 50 pygmL ™' kanamycin, and the presence of the
transgene was confirmed by PCR.

Measurement of volatile terpenoid concentrations

The volatile compounds released from lavender, tobacco,
and Arabidopsis plants were collected by SPME [28, 37].
Fresh sepals (10mg), fresh leaves (100mg) from laven-
der, and fresh flowers (2 g) from tobacco were placed into
headspace vials and kept at 40°C (lavender sepals and
leaves) or 60°C (tobacco flowers) for 40 min and expo-
sure to a DVB/CAR/PDMS fiber for 20 min, followed by
analyte desorption at 250°C for 3min. A total of 0.25 pg
of 3-octanol was added to these samples as an internal
standard. To measure the release of volatiles by Arabidop-
sis plants, the plants were placed in a 25cm x 38 cm plas-
tic bag (EasyOven) and incubated at 23 +2°C via DVB/
CAR/PDMS fiber for 3h, followed by analyte desorption
at 250°C for 3min. The relative concentration of the tar-
get compounds was determined using standard curves,
which were generated by three repeats: y=10-7x+0.0024
and R?>=0.92 (Additional file 9: Fig. S9).

GC-MS analysis was performed via splitless injec-
tion using an Agilent 7890B GC system and an Agi-
lent Technologies 7000C Inert XL Mass Selective
Detector equipped with an HP-5MS UI column
(30m x 0.25mm x 0.25um; Agilent Technologies), as
described previously [37].

Products were identified based on retention times
and electron ionization mass spectra obtained from
the National Institute of Standards Technology
(NIST) Mass Spectral Library (NIST-14.0) and litera-
ture data [35, 60, 61].

Trichome morphology and number

Samples were examined on a field-emission scanning
electron microscope (Hitachi S-4800), and the number
and size of stem trichomes from the fourth fully grown
internode of each plant were determined.

Measurement of the level of anthocyanins

and endogenous hormones

Twelve plants from each line were selected for measuring
plant growth and total anthocyanin concentration. Total
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anthocyanins in tobacco flowers (500 mg) were measured
as described previously [28]. GA, ABA, IAA, ZR, and JA
in tobacco leaf were measured by enzyme-linked immu-
nosorbent assay (ELISA). Hormones were extracted and
purified according to He [62] and quantified by ELISA
based on Yang et al. [63].

Statistical analysis

Statistical analysis was performed by one-way analysis of
variance followed by independent-samples ¢-test or Fish-
er’s least-significant difference test using SPSS software
version 17.0. Data were expressed as the mean 4 stand-
ard deviation of at least three independent experiments.
P-values smaller than 0.05 were considered statistically
significant.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-022-03660-3.

Additional file 1: Figure S1. Contents of volatiles from the lavender with
8mM MelJA. (a) the contents of 3-myrcene, B-cis-ocimene and caryophyl-
lene in lavender sepal. (b) the contents of 3-myrcene, B-cis-ocimene and
caryophyllene in lavender leaf. Values shown are mean = SD of three rep-
licates. All data are given as the means & SD (n=3), *p <0.05; **p <0.01;
**¥p<0.001; Student’s t test.

Additional file 2: Figure S2. Multiple alignment of nucleotide and amino
acid. (a) nucleotide sequence. (b) amino acid sequence.

Additional file 3: Figure S3. Evolutionary tree analysis (circle tree) and
subfamily classifications of bHLHs proteins in LaMYC4 and Arabidopsis
thaliana. The evolutionary tree was constructed using the Neighbour-
Joining method with 1000 bootstrap replication.

Additional file 4: Figure S4. Contents of caryophyllene from the Arabi-
dopsis plants. Wild type (WT), transformed by the empty vector pCAM-
BIA2300S (2300) and overexpressed LaMYC4 gene (35S:LaMYC4) plants
(#2, #7). The products were identified by comparison with compounds in
the library NIST14 and reference standards. Values shown are mean +SD
of three replicates. Standard errors are indicated as vertical lines on the
top of each bar and bars annotated with different letters were significantly
different according to Fisher’s LSD test (P < 0.05) after ANOVA.

Additional file 5: Figure S5. Contents of caryophyllene from the tobacco
floral. Wild type (WT), transformed by the empty vector pCAMBIA2300S
(2300) and overexpressed LaMYC4 gene (355:LaMYC4) plants (#3, #5). The
products were identified by comparison with compounds in the library
NIST14 and reference standards. Values shown are mean £ SD of three
replicates. Standard errors are indicated as vertical lines on the top of each
bar and bars annotated with different letters were significantly different
according to Fisher's LSD test (P <0.05) after ANOVA.

Additional file 6: Figure S6. Hormone contents from the tobacco leaves.
Hormone contents were measures by Enzyme-linked immunosorbent
assay (ELISA). WT, wild type; 2300, transformed by the empty vector
pCAMBIA2300S; #3 and #5, LaMYC4 transgenic lines. Values shown are
mean =+ SD of three replicates. Standard errors are indicated as vertical
lines on the top of each bar and bars annotated with different letters were
significantly different according to Fisher's LSD test (P <0.05) after ANOVA.

Additional file 7: Figure S7. Phenotypic analysis of LaMY(4 trans-

genic tobacco. (a) Phenotypes of plant and flower in wild type (WT),
transformed by the empty vector pPCAMBIA2300S (2300) and LaMYC4
transgenic lines (#3, #5). (b) Results of plant height. (c) Total anthocyanin
content in tobacco flower. (d, e, f) Surfaces cell of wild-type (WT), empty
vector pCAMBIA2300 (2300) and overexpression of LaMY(4 transgenic
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plants on stem (35S:LaMYC4). (g) Results of surfaces cell length on stem.
Values shown are mean £ SD of replicates. The plant height was twelve
replicates, the total anthocyanin contents was three replicates and the
cell length were one hundred replicates. Standard errors are indicated
as vertical lines on the top of each bar and bars annotated with different
letters were significantly different according to Fisher’s LSD test (P<0.05)
after ANOVA.

Additional file 8: Figure S8. Transcript analysis of genes related to diter-
penes synthesis in the tobacco floral. The values shown are mean £ SD at
least three replicates. Standard errors are indicated as vertical lines on the
top of each bar, and bars annotated with different letters were signifi-
cantly different according to Fisher's LSD test (P < 0.05) after ANOVA.

Additional file 9: Figure S9. Standard curves and mass spectrum. (a)
standard curves. (b) Mass spectrum of the product. (€) Mass spectrum of
caryophyllene.

Additional file 10: Table S1. Volatile compounds from control or treated
with methyl jasmonate (MeJA) of lavender.

Additional file 11: Table S2. Sequences of LaMYC4 and 22 MYCs from
different plants.

Additional file 12: Table S3. Promoter sequence of LaMYC4 and Predic-
tion element.

Additional file 13: Table S4. Sequences of HMGR, FPPS, DXS, DXR, GPPS
and TPS21.

Additional file 14: Table S5. Predicted functions of the LaMYC4 with
the function of their homologs verified in Arabidopsis by phylogenetic
analysis.

Additional file 15: Table S6. Primers used in this study.
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