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Abstract

Trichomes, which are special structures on the surfaces of plants, play an important role in plant defense. Trichomes in
tomatoes are composed of multiple cells that are divided into glandular and non-glandular trichomes. Glandular trichomes
can secrete a diverse array of specialized metabolites and terpenes are the main types. Previous studies have shown that JA
and TOR signaling are associated with trichomes, and there may be an interaction between these, but the mechanism remains
unclear. In this study, JA signaling and its key transcription factor SIMYC1 were shown to regulate the transcript levels
of terpene synthesis precursor-related genes (MEP/MVA pathways). SITOR positively regulated the formation of type VI
trichomes through GC-MS, qRT-PCR, and transient transgenic assays, and the synthesis and accumulation of monoterpenes
and sesquiterpenes were positively regulated through the expression of key genes for terpene synthesis. Subsequently, SITOR
was the direct target of SIMYCI1 by yeast one-hybrid, GUS, and transient expression assays. Collectively, this study revealed
that tomato trichomes were regulated by SITOR, and SIMYC1 mediated the growth and development of trichomes and the
synthesis of terpenes by directly binding the promoter of SITOR to activate its expression. This lays the foundation for the
molecular regulatory mechanism of multicellular trichomes.

Keywords Trichomes - Tomato - SIMYC1 - SITOR - JA

Introduction

Plant trichomes, which are widely dispersed throughout the
aboveground portions of plants, are hair-like extensions that
originate from epidermal cells and possess distinct struc-
tures (Liu et al. 2016; Chang et al. 2018). As a physical
barrier, trichomes, which are divided into glandular and
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non-glandular (Gasparini et al. 2021), can provide a physical
defense against various external abiotic and biotic stresses,
and glands can also secrete a variety of secondary metabo-
lites to provide chemical protection (Kariyat et al. 2017; Gal-
don-Armero et al. 2018; Ashfaq et al. 2019; Tang et al. 2020;
Huebbers et al. 2022). In addition, certain metabolites can
also be used as pharmaceutical and industrial raw materials
with important economic value (Serna et al. 2006). Hence,
the investigation into the molecular mechanisms underlying
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the growth and development of plant trichomes establishes
the basis for the theory of cell differentiation and holds sig-
nificant implications for the protective role of trichomes in
agricultural production.

Tomato trichomes, an important model for studying
the mechanism of multicellular trichomes, are typically
multicellular structures and a rich species with different
shapes (Song et al. 2017). Tomatoes yield a variety of
trichomes, encompassing eight distinct types, classified
as either glandular (type I, type IV, type VI, and type VII)
or non-glandular trichomes (type II, type III, type V, type
VIII) (Glas et al. 2012). Glandular trichomes, which serve
as the primary site for production of various specialized
secondary metabolites, can synthesize, secrete, or store
diverse specialized metabolites (Pichersky and Raguso 2018;
Zhou and Pichersky 2020). Among them, monoterpenes and
sesquiterpenes, which are derived from the VI glandular
trichomes, represent the most varied and plentiful groups of
plant metabolites (Xu et al. 2018). Research has indicated
that the process of terpene synthesis can be divided into three
distinct segments. First, the terpene precursors are obtained
from two distinct pathways, namely the plastidic methyl
erythritol phosphate (MEP) pathway and the mevalonate
(MEV) pathway. Subsequently, the fundamental carbon
framework of the terpene core is established. Ultimately, a
multitude of terpenes are produced as the carbon skeleton
undergoes alterations catalyzed by terpene synthases (TPSs)
(Pichersky and Raguso 2018; Yang et al. 2021). Therefore,
the study of MEP and MVA pathways and TPSs for terpene
synthesis and accumulation is particularly important.

This study shows differences in the regulation of
tomato trichomes from unicellular trichomes (Serna and
Martin 2006). The unicellular trichome represented by
Arabidopsis is primarily governed by transcription factors,
such as R3-MYB, Basic helix-loop-helix (hPHLH), R2R3-
MYB, C2H2 zinc finger protein (C2H2), and WD40 repeat
(WD40) (Hung et al. 2020; Zheng et al. 2021; Wang et al.
2022). Although tomato trichomes are also regulated by a
variety of genes, they mainly include transcription factors
of the HD-Zip IV subfamily, such as C2H2, R2R3-MYB,
bHLH, and other gene family transcription factors (Chalvin
et al. 2020). Downregulation of SIMXI, which belongs
to the R2R3-MYB subfamily, decreases the density of
tomato trichomes, whereas overexpression increases their
density (Ewas et al. 2017). Furthermore, the Woolly (Wo)
transcription factor belonging to the HD-ZIP family can
enhance the initiation of type I trichomes. There is an
elevation in the density of type I trichomes in Wo mutant
plants, while the density of type I trichomes experiences
a substantial reduction in Wo-RNAI1 plants (Chang et al.
2018). The formation of multicellular trichomes can be
regulated by hormones, and different hormones contribute
to the growth of specific types of trichomes (Yu et al.

2018; Chen et al. 2020; Yuan et al. 2021). Jasmonic acid
(JA) plays a crucial role in the regulation of the formation
and growth of type VI glandular trichomes (Yan et al.
2017; Gong et al. 2021).

The application of exogenous JA resulted in a notable
augmentation in the trichome density of Artemisia annua
and Lycopersicum esculentum (Wang et al. 2021). The
interaction between the Jasmonate ZIM domain (JAZ)
proteins and bHLH transcription factors (GL3, EGL3, and
TTS), as well as MYB transcription factors (MYB75 and
GL1), plays a crucial role in the regulation of trichome
initiation and development. Upon degradation by JA, these
proteins release a complex consisting of WD repeat/bHLH/
MYB and subsequently activate downstream factors involved
in trichome formation (Qi et al. 2011; Wang et al. 2021). The
inhibition of H and HL activity in tomatoes is accomplished
by the physical interaction of SIJAZ2, a JA signaling
inhibitor. This interaction then triggers the activation of
THM1, which acts as a suppressor for trichome formation
(Hua et al. 2022). SIMYCI, an essential helix-loop-helix
transcription factor and a modulator of JA signaling, has
a vital function in controlling the development of type VI
glandular trichomes; furthermore, it has unique regulatory
roles in the production of mono- and sesquiterpenes in
the glandular cells. Downregulation of SIMYCI led to
lower densities of type VI glandular trichomes. Strikingly,
the SIMYCI1 protein, which governs the growth of
type VI glandular trichomes, concurrently oversees the
transcriptional activity of numerous terpene synthases
(Xu et al. 2018). In addition, SIMYCI1 plays a role in the
biosynthesis of terpenes mediated by JA. The regulatory
module of Wo/SIMYC1 is hindered by SIJAZ2 through a
mechanism of competitive binding, leading to a precisely
regulated JA response in the trichomes of tomato plants
(Hua et al. 2021a). Although we know the importance of JA
and SIMYC1 for trichomes, certain underlying mechanisms
are still not fully resolved.

Target of rapamycin (TOR), the serine/threonine protein
kinase, is widely conserved among eukaryotes and plays
a crucial role in regulating the growth and development
of plants (Boutouja et al. 2019). Our laboratory study
found that after SITOR was inhibited, tomato trichomes
significantly changed, but the relationship between SITOR
and trichomes was not involved. TOR signaling pathway
significantly interacts with JA signaling (Zheng et al.
2019; Awasthi et al. 2020; Wang et al. 2020). In cotton, JA
biosynthesis and signaling mutants (jarl, coil-2, and myc2-
2) displayed a TOR inhibitor-resistant phenotype, whereas
COllI-overexpressing transgenic lines and jaz/0 exhibited
sensitivity to AZD8055 (Song et al. 2017). However, the
relationship between JA and TOR in the regulation of
trichomes and related molecular mechanisms remains
unclear.
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Currently, there is limited information available regarding
the control of JA and SIMYCI in the growth, development,
and terpene production of tomato trichomes. However,
further research is required to uncover the underlying
mechanisms involved in these processes (Xu et al. 2018;
Hua et al. 2021a).

The study conducted on the model plant tomato identified
the role of JA and SIMYCI1 in the MEP/MEV pathway.
Additionally, it was found that SITOR plays a crucial role
in trichome formation and the synthesis and accumulation
of terpenoids. The study further demonstrated that SIMYC1
regulates the growth and development of trichomes and the
synthesis of terpenes by targeting the SITOR promoter and
activating its expression. These findings provide a basis
for understanding the molecular regulatory mechanism of
multicellular trichomes.

Materials and Methods
Plant Material and Growing Environment

Tomato (Solanum lycopersicum L. cultivars Jinguan No.
5) and tobacco (Nicotiana tabacum L.) plants used in this
study, and they were grown in a glasshouse with 23/18 °C
day/night temperatures and a 16/8 h light/dark photoperiod
cycle with a light intensity of 20,000 Lux.

RNA Isolation and qRT-PCR Analysis

The stems and the fourth leaf were gathered and then
wrapped in aluminum foil before being stored at -80 °C.
Prior to RNA extraction, the samples were rapidly frozen in
liquid nitrogen. The RNA extraction process involved the use
of Trizol reagent (CWBIO, Jiangsu, China) to isolate total
RNA. Subsequently, cDNA synthesis was carried out using
the FastKing cDNA First-Strand Synthesis Kit (TTANGEN,
Beijing, China). The resulting cDNA was then subjected to
gqRT-PCR using the SYBR Green PCR Master Mix kit. The
primer sequences used for qRT-PCR are seen from Table S1.
To determine the expression levels, the transcript level of
Actin was used as a reference for normalization.

Plant Treatments

For in planta experiments, 50 pM MeJA and 5 pM AZD8055
(TOR inhibitor) were applied to 4-week-old tomato seedlings
for 24 h, respectively. Stem pieces and leaflets were collected
for RNA isolation and volatile terpene measurements
24 h later. To prevent any potential cross-contamination
from hormone treatment, the plants that underwent MeJA
treatment were maintained separately from the control

group.
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Analysis of Trichomes Density and Morphology

Scanning electron microscope Regulus 8100 (Hitachi,
Japan) was used to analyze the trichomes morphology,
and stereo microscope SMZ171 (Motic, China) were used
to analyze the trichomes density of tomato stems. 2-week-
old tomato seedings were treated with 50 pM MeJA and
5 uM AZDS8O055 for 15 d, respectively, and treatment once
in 2 d for trichomes density and morphology analyzing. To
measure trichome density and morphology, stem pieces from
the first internodes of 4-week-old plants were used.

Analysis of Volatile Terpenes

To measure volatile terpenes, the 4-week-old tomato was
sprayed with 50 pM MeJA and 5 pM AZD8055 for 24 h,
respectively, stem pieces from the first internodes of plants
were collected and rinsed with dichloromethane, filtered it
into an EP tube with two layers of filter paper, and then
diluted the volume to 20 mL with dichloromethane, with
3 seedlings for each treatment as a repeat. The samples
were concentrated by rotary evaporation with a rotary
evaporation temperature of 39.9 °C and a rotation speed
of 133 rpm. Finally, 1 mL of acetone was used to dissolve
the organic phase extract, and 700 pL of the 0.22 pM
filter was filtered into the liquid phase vial and analyzed
by Gas chromatography-mass spectrometry (GC-MS) that
performed as described in Xu et al. (2018).

Yeast One Hybrid

A yeast one-hybrid system was used to assay the relationship
between the SIMYC1 protein and SITOR promoters. The
SITOR promoter, which had a length of 1856 bp, was
partitioned into three overlapping fragments, and each
fragment had an overlap of approximately 50 bp to prevent
disruption of the binding sites. The baits (pAbAi-Pgrori2/3)
were constructed by inserting the SITOR promoters, which
had a fragment size ranging from 400 to 900 bp, into the
pAbAI vector. The Bpil-cut baits were transformed into
the Y1IHGold and then spread on SD/-Ura and cultured
upside down at 30 °C for 2-4 d. Then, the identified positive
plaques were screened for AbA resistance, that is, the
minimum concentration of AbA without plaque growth, for
subsequent yeast one-hybrid experiments. The prey vector
(AD-SIMYC1) was generated by cloning the open reading
frame of SIMYC1 into the GAL4 AD in the pPGADT7 vector,
serving as the effector construct. Subsequently, the Y1HGold
yeast strain containing the linearized pAbAi vector was
utilized to introduce the prey vector. The screened positive
co-transformed cells were spread on SD/-Leu medium
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supplemented with AbA to observe the growth of plaques to
detect the binding between SIMYC1 and SITOR promoters.
The primer sequences are seen from Table S2.

GUS Staining and Enzyme Activity Assay

The CDS of SIMYCI and the 1856 bp promoter region of
SITOR were cloned. Subsequently, the SIMYC1 was inserted
into the pRI101-GFP vector, while the SITOR promoter was
inserted into the pRI101-GUS vector. The transactivation
of the effectors was verified using the p-glucuronidase
(GUS) gene as a reporter, which was controlled by the
SITOR promoter. The positive and negative controls for this
experiment were the 355::SIMYCI and 35S::GFP effector
constructs, respectively. The vectors were transformed into
A. tumefaciens. A. tumefaciens cultures were grown at 28
°C, 200 rpm shaking until an ODg, between 0.8 and 1.0
was reached. Taking 20 mL of different bacterial solutions
centrifuged at 5000 rpm for 10 min, resuspended and
washed the bacteria in MM Buffer (pH 5.6, 10 mM MES,
10 mM MgCl,-6H,0), centrifuged at 5000 rpm for 10 min,
and discarded the supernatant. Then, bacterial pellets were
resuspended in MMA Buffer (pH 5.6, 10 mM MES, 10 mM
MgCl,-6H,0, and 200 pM acetosyringone, Sigma-Aldrich)
to ODg, = 0.5, 28 °C in the dark for 3 h. Subsequently, the
reporter and effector components were combined in equal
volumes, with a ratio of 1:1, and used for the transformation
of 5-week-old tobacco plants. GUS staining and enzyme
activity assay were performed as described previously
(Zhang et al. 2022). Primer sequence lists are seen from
Table S3.

Data Processing

All the experiments in this study were carried out at least
in triplicate and analyzing the data using Microsoft Excel
2010 and GraphPad Prism 9. The values obtained were
analyzed using one-way ANOVA. The data presented in the
graphs were expressed as mean + SD. The errors represented
the standard deviations observed among three biological
replicates. Student’s ¢ test was used to determine the
significance of differences between means, with *P <0.05
and **P <0.01 indicating statistical significance. Non-
significant differences were denoted as “ns.”

Results

The Critical Role of JA Signaling in the Regulation
of Trichome Formation and Terpene Accumulation
in Tomatoes

As shown in Fig. la, four main types of trichomes,
namely, type I, type III, type VI, and type VII were
observed in cultivated tomatoes. JA signaling plays a
critical role in trichome formation and terpene synthe-
sis (Gong et al. 2021). To explore the role of JA signal-
ing in the growth and development of tomato trichomes,
the changes of trichomes and terpene content of tomato
treated with MeJA were detected. MeJA treatment signifi-
cantly induced the formation of trichomes and the accu-
mulation of terpenes compared with the control (Figs. 1b,
c, 2a, b).

In addition, the synthesis of terpenes was related to
TPSs and the precursor of terpene synthesis. Compared
with the control, MeJA treatment significantly changed
the transcription of TPSs (Fig. S1). Besides, the expression
levels of SICMK, SIIDI1, SIHDS, and SIMDS on the MEP
pathway were significantly upregulated (Fig. 2¢), and
the expression levels of SIHMGR4, SIHMGS?2, SIAACT2,
SIFPPS1, SIAACT3, SIMDC, and SIMK on the MVA
pathway were significantly upregulated (Fig. 2d). These
results showed that JA signaling not only changes the
expression levels of SITPSs, but the related genes of
terpene synthesis precursor MEP/MVA pathway also have
altered to regulate the accumulation of terpenes.

The Key Transcription Factor SIMYC1 in the JA
Signaling Pathway Affects the Expression of Terpene
Synthesis Precursor-Related Genes (MEP/MVA
Pathways)

Compared with the control, the expression level of
SIMYC1 was significantly increased after MeJA treat-
ment (Fig. S2a) and studies have shown that SIMYCI is
essential for type VI glandular trichome development and
modulates the expression of SITPSs to affect terpene bio-
synthesis in tomato (Xu et al. 2018). However, the function
of SIMYCI1 in the MEP/MVA pathway of the precursor
of terpene synthesis is still unclear. To deeply elucidate
the function of SIMYCI in terpene synthesis, transient
silenced lines (SIMYC1-TRV) were constructed, and qRT-
PCR results showed that SIMYC1 expression levels of the
lines (SIMYCI-TRV) had significantly reduced compared
with the control (TRV), which proved that the SIMYCI
gene was successfully silenced in transgenic tomato plants
(Fig. S2b). Additionally, the expression levels of MEP
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Fig. 1 Effects of activated JA signaling on tomato trichomes forma-
tion. a Types of trichomes of tomato observed by scanning electron
microscopy. b Stereoscopic microscopy was used to analyze the
changes in the number of trichomes on stems treated with MeJA

pathway-related genes SICMK, SIIDI1, SIMDS, SIDXR,
SIHDS, and MVA pathway-related genes SIHMGR4, SIH-
MGS2, SIHMGS3, SIAACT2, SIAACT3, SIMDC2, and
SIMK were reduced. By contrast, the expression levels of
MEDP pathway-related gene SIDXS?2 is increased compared
with the control (TRV) (Fig. 3a, b). These results indicate
that SIMYC1 can regulate terpene synthesis through ter-
pene synthesis precursor-related pathways.

TOR Signaling is Involved in Trichome Formation
and the Accumulation of Terpenes

To further explore the function of SITOR in the growth and
development of tomato trichomes, the TOR-specific inhibitor
AZDB8055 was used to treat tomato plants. Compared with
the control, both glandular and non-glandular trichomes sig-
nificantly increased the AZD8055-treated tomato (Fig. 4a).
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Further analyzing found that AZD8055 treatment increased
the number of type I and type III trichomes, while the num-
ber of type VI trichomes was significantly reduced (Fig. 4b).
The findings of this study demonstrated the involvement of
SITOR in the control of tomato trichomes. It was observed
that SITOR played a negative role in the growth of type I and
type III tomato trichomes, while exerting a positive influence
on the growth of type VI trichomes.

In cultivated tomatoes, mono- and sesquiterpenes are
mainly derived from glands at the tips of VI glandular tri-
chomes (Gong et al. 2021). GC-MS analysis of the volatiles
of tomato stems treated with AZD8055. It can be seen from
Fig. 4c and d that four monoterpenes and one sesquiterpene
were detected, namely, (+)-4-carene, a-phellandrene, sabi-
nene, and D-limonene. Among them, the relative contents of
monoterpenes and sesquiterpene significantly reduced, and
the percentage of each monoterpene reduction was higher
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than 20% of the AZD8055-treated tomato compared with the
control, which demonstrated that SITOR positively regulates
the accumulation of terpenes in tomato trichomes.

TOR Signaling Regulation the Expression of SITPSs
and MEP/MVA Pathway-Related Genes

Results of qRT-PCR analysis of the expression levels of
SITPSs showed that SITPS5, SITPS9, SITPS12, SITPS20,
and SITPS39 were significantly decreased after AZD8055
treatment compared with the control (Fig. 5a), which sug-
gests that SITOR might affect the accumulation of terpenes
by regulating the transcript levels of SITPSs. In addition,
the precursors were needed to increase the accumulation
of volatile terpenes. As shown in Fig. 5b and ¢, AZD8055
treatment could significantly inhibit the expression levels
of SICMK, SIIDI1, SIMDS, and SIDXR, but the SIDXS2 was
activated compared with that in the control. However, SIHDS
did not change significantly after treatments with AZD8055.
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bars, 500 pm). b Statistical analysis of the trends of the number of
trichomes. ¢, d Levels of monoterpenes and sesquiterpenes after
AZDS8055 treatment. Control (Con.), AZD8055 treated (AZD8055).
AZDB8055, TOR inhibitor

Additionally, the expression levels of SIHMGR4 and SIH-
MGS?2 in the MVA pathway were significantly decreased,
while SIAACT2, SIAACT3, SIFPPS1, SIMDC2, and SIMK
were significantly increased. These results indicate that
SITOR might affect the biosynthesis of monoterpenes and
sesquiterpenes by regulating expression levels of SITPSs
and synthetic precursor MVA/MEP pathway-related genes
in tomato trichomes.

SIMYC1 Activated SITOR Expression Through Direct
Binding to the SITOR Promoter

Both JA and TOR signaling regulate the growth and devel-
opment of trichomes. To explore their connections, the pro-
moter of SITOR gene was analyzed by Plantcare and found
that there was one MYC-binding site (5'-CACGTT-3") and
four G-Box motifs (5'-CACGTG-3") capable of binding to
MYCI1 (Fig. 6a), indicating that SIMYC1 might regulate the
expression of SITOR.
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To investigate how SIMYCI regulates SITOR, the yeast
one-hybrid assay was carried out to detect the binding of
SIMYCI to the SITOR promoter. Due to the inherent self-
activating nature of the SITOR promoter, it was necessary
to partition the promoter into three distinct fragments that
overlapped with each other, encompassing the MYC1-bind-
ing motifs (Fig. 6a). Next, the pAbAi vector was utilized to
create the bait (pAbAi-Pgror;,3) by inserting fragments
from the SITOR promoter. It was observed that both pAbAi-
Pgror; and pAbAi-Pg e, exhibited self-activation (Fig.
S3). Subsequently, the prey vector was introduced into the
Y 1HGold yeast strain, which contained the linearized pAbAi
vector, and the mixture was spread on SD/-Leu medium.
Results provided evidence that SIMYC1 has ability to
directly bind to the SITOR promoter (Fig. 6b).

Besides, GUS staining experiments were performed to
examine the effect of SIMYCI1 on the transcript activity
of the SITOR promoter. The coding region of SIMYC1 was
cloned into the pRI101-GFP (GFP) vector driven by the
35S promoter to obtain the SIMYCI overexpression vector
(Fig. 6¢). The empty GUS vector was used as a positive con-
trol, and the empty GFP vector served as a negative control.
Results showed that tobacco leaves in the positive control
group and experimental group had obvious blue plaques,
but the negative control group had no blue plaques (Fig. 6d).
The experimental group exhibited a significantly higher level
of GUS enzyme activity compared to the negative control
group (Fig. 6d). Furthermore, the levels of SITOR expression
were notably reduced in SIMYCI-silenced lines, whereas
they were significantly elevated in SIMYC1 overexpression

lines (Fig. 6e). These findings indicate that SIMYC1 plays
a crucial role in positively controlling the transcription of
SITOR.

The findings of this study provide further evidence
that SIMYC1 exerts control over transcription by directly
interacting with the promoter region of SITOR. This
interaction leads to a positive regulatory effect on SITOR
transcription, ultimately influencing the growth and
development of trichomes in tomatoes.

Discussion

This study clarifies the mechanism which SIMYCl1
interact with SITOR in JA signals to regulate tomato
trichomes growth and development and terpene synthesis
and accumulation, which lays a foundation for revealing
the mechanism of multicellular trichomes generation and
development.

JA Signaling Regulates the Expression of Multiple
Genes in TPSs, MEP, and MVA Pathways Through
MYC1 to Affect the Accumulation of Terpenes

JA play a crucial role in governing numerous physiologi-
cal processes during the growth and development of plants
(Hong et al. 2020; Han et al. 2020; Hua et al. 2021b). This
research has validated that the external administration of
MelJA has effectively augmented the abundance of type VI
glandular trichomes in young tomato plants. These findings
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Fig.6 SIMYCI directly bound to the promoter of SITOR and acti-
vated its transcript levels. a Schematic diagram of segments of SITOR
promoter in yeast one hybrid. Pgroris Psirorz» and Pgrops are seg-
ments of the SITOR promoter. The green was the MYC-binding site
(5'-CACGTT-3'), and yellow was the G-box motif (5-CACGTG-3")
of MYC1-binding site. b Yeast one hybrid. AD-SIMYCI as the prey,
PADbAi-Pgor as the bait, and AD and pAbAi-Pg ) as the negative
controls. ¢ Schematic diagram of the reporter gene and effector vec-

align with the outcomes reported by Hua et al. (Hua et al.
2021a). Moreover, it is worth noting that trichomes serve as
the primary locations for the secretion of volatile compo-
nents, type VI trichomes is closely related to the accumu-
lation of terpenes (Xu et al. 2018; Gao et al. 2022). TPSs
mainly modify terpene precursors to generate different
kinds of terpenes, and terpene precursors are primarily syn-
thesized by the MEP and MVA pathways (Pu et al. 2021).
The transcript levels of related genes in the MEP and MVA
pathways are significantly increased, and corresponding
terpene contents are significantly increased in SISCL3 over-
expression lines of tomatoes (Yang et al. 2021). Similarly,
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determined. Tobacco leaves co-transformed with the reporter and the
empty effector vector and transformed with the reporter used as nega-
tive control. e The expression of SITOR in SIMYC1-silenced and over-
expression lines. TRV, only infiltrated with empty vectors. SIMYC1-
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after AtDXS in Arabidopsis is transferred into Lavandula
angustifolia, the content of monoterpene essential oil pro-
duced by Lavandula is significantly increased. JA signaling
activates biosynthetic genes, thereby inducing the biosyn-
thesis of secondary compounds (Wasternack and Strnad
2019). JA plays a specific role in stimulating the activation
of the ‘late’ anthocyanin biosynthetic genes, namely DFR,
LDOX, and UF3GT, resulting in the enhanced production of
anthocyanins in Arabidopsis (Shan et al. 2009). Following
the examination of gene expression through qRT-PCR, it
was observed that the levels of SITPSs transcripts, as well
as several genes involved in the MVA and MEP pathways,
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underwent significant alterations upon treatment with MeJA.
In particular, the transcript levels of SIHMGR4 increased
ten-fold compared to control treated with MeJA. In addition,
MelJA treatment significantly increased terpene accumula-
tion compared to the control group, supporting previous
research and confirming the reliability of our results (Hong
et al. 2012).

SIMYCI1, an essential element in the JA signaling
pathway, also assumes a critical function in governing the
progression of trichome growth and development as well
as the biosynthesis of terpenes (Spyropoulou et al. 2014).
The transcript levels of SITPSs were significantly altered due
to the downregulation of SIMYCI, and the absence of type
VI glandular trichomes was observed upon the knockout of
this gene (Xu et al. 2018). This study showed that SIMYC1
functions as a positive regulator of terpenes biosynthesis.
The downregulation of SIMYCI suppressed the expression
of SITPSs, and the expression of genes related to the MEP/
MEA pathway also significantly changed. However, the
trends in terpene synthesis-related genes were different from
the MeJA treatment, which indicates that although MYC1
is a key transcription factor in the JA signaling pathway,
there were differences in its downstream regulation and
the existence of posttranscriptional regulation or multiple
factors in the JA signaling pathway.

The Regulation of Trichomes Quantity and Terpene
Accumulation by JA Signaling is Related to TOR
Kinase

JA signaling regulates the biosynthesis of terpenes in plant
tissues through transcription factors. It was found that the
number and type of trichomes changed, and terpene content
decreased significantly in tomato with TOR signaling
inhibited. What’s more, JA signaling and TOR signaling
were functionally consistent in regulating trichomes
number, species, and terpene accumulation. JA signaling
activates stem cells and regulates cell development and
tissue regeneration (Zhou et al. 2019). Whole-genome
gene expression profiling of Arabidopsis indicates that
MelJA altered the cellular metabolism and progression
of the cell cycle, while inhibiting the activation of genes
associated with the M-phase, thus, it caused a halt in the
cell cycle at the G2 phase (Pauwels et al. 2008). Besides,
the JA signaling pathway assumes a crucial function in
the biosynthesis of secondary metabolites in plants,
whereby the activation of biosynthetic genes is facilitated
through JA signaling (Wasternack et al. 2019). The
administration of exogenous MeJA induces the activation
of molecular signal transduction, thereby regulating

the expression of genes and ultimately resulting in the
accumulation of secondary metabolites (Ho et al. 2020).
TOR can regulate cell cycle and cell differentiation and
integrate hormone signals to balance energy metabolism
(Rodriguez et al. 2019; Meng et al. 2022). TOR tightly
controls various downstream processes through direct or
indirect TOR effectors, involving in the cell cycle, primary
and secondary metabolism, transcription, translation, or
more (Li et al. 2021a, b). Recent research has brought to
light that TOR effectively integrates intricate nutrient and
hormonal signaling pathways to coordinate a multitude
of subsequent processes (Liu et al. 2022). Here, MYC1
and TOR are functionally consistent, and MYCI1 activates
the transcription of TOR. In summary, MYC1 regulation
of TOR transcription is part of the integration of TOR to
plant hormone signaling.

Conclusion

The present investigation aimed to explore the regulatory
role of the interaction between JA and TOR signaling in
the growth and development of tomato trichomes, as well
as the biosynthesis of terpenes. To achieve this, a compre-
hensive approach involving GC-MS, qRT-PCR, yeast one
hybrid, GUS, and transient transgenic assays was employed.
JA signaling and the essential transcription factor, SIMYCI,
play a vital role in the growth and development of tomato
trichomes and the biosynthesis of terpenes. Here, the tran-
script levels of terpene synthesis-related genes were signifi-
cantly altered in both MeJA-treated and SIMYCI-silenced
tomato plants. What’s more, SITOR positively regulated the
formation of type VI trichomes and positively regulated the
synthesis and accumulation of (+)-4-carene, a-phellandrene,
sabinene, D-limonene of monoterpenes, and d-elemene of
sesquiterpene by regulating the transcript levels of key genes
for terpene synthesis. In addition, we also found that there
were binding motifs of SIMYCI in the SITOR promoter. Fur-
ther confirmation of SIMYC1’s direct interaction with the
SITOR promoter was obtained through additional yeast one-
hybrid investigations. The results of GUS staining, enzyme
activity assays, and qRT-PCR showed that SIMYCI acti-
vated the expression of SITOR. In conclusion, the investiga-
tion found that SIMYC1 is crucial for connecting JA signal-
ing and TOR signaling and regulating trichome growth and
terpene production in tomatoes (Fig. 7).
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Fig.7 Schematic diagram of the regulation pattern of SIMYCI-
SITOR module on trichomes. JA signaling promoted the expression
of SIMYCI, and the activated SIMYC1 directly bounds to the SITOR
promoter and activates its expression, thereby promoting the growth
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