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Abstract

Terpene trilactones (TTLs) have important medicinal value, but their low content in Ginkgo biloba leaves makes their exploitation
extremely costly, thereby limiting the development of TTL-related industries. It was found that exogenous methyl jasmonate (MeJA)
treatment increased the accumulation of TTLs, but the molecular mechanism is still unclear. Here, we identified two bHLH transcription
factors in G. biloba, with the protein subcellular localizations in the nucleus. Expression of GbMYC2s was strongly induced by MeJA
treatment, and the interactions between GbJAZs and GbMYC2s were demonstrated by yeast two-hybrid and bimolecular fluorescence
complementation experiments. Overexpression of GbMYC2_4 and GbMYC2_5 enhanced Arabidopsis root sensitivity and significantly
increased TTL content. In addition, GbGGPPS was found to be a common target of GbMYC2_4 and GbMYC2_5 by yeast one-hybrid,
electrophoretic mobility shift, and dual-luciferase reporter assays and DAP-seq, and they achieved regulation of GbGGPPS by binding
to the G-box. Further findings revealed that GbMYC2_4 and GbMYC2_5 bind the G-box not universally but selectively. Our study
revealed that jasmonic acid signaling mediates TTL biosynthesis through the GbJAZ–GbMYC2–GbGGPPS module, which enriches the
terpenoid biosynthesis regulatory networks and provides a research basis and target genes for enhancing TTL content through genetic
engineering.

Introduction
Terpene trilactones (TTLs) are natural products that are unique
to Ginkgo biloba, and include ginkgolide and bilobalide [1–3]. TTLs
are platelet-activating factor receptor antagonists with anti-
inflammatory and neuroprotective effects that have important
medicinal value and application prospects in clinical practice
[4–7], and have therefore received increasing research interest.
To date, G. biloba leaves are the main source of TTLs, which
cannot yet be synthesized industrially. However, the content of
TTLs in ginkgo is ∼6% (3.1% ginkgolide and 2.9% bilobalide)
of leaf extract [8]. This does not adequately meet clinical and
production needs, thereby seriously restricting the application
and industrial development of TTLs. Therefore, understanding
the regulation of TTL biosynthesis is needed to provide new
strategies for the efficient production of TTLs and to support
the development of the TTL industry.

Due to the high medicinal value of TTLs, many studies have
focused on elucidating the synthetic pathways of TTLs. The syn-
thesis of TTLs in ginkgo is catalyzed by specific enzymes, and
these enzymes are encoded by genes that have been identified
[2, 9]. The precursors of TTL biosynthesis are isopentyl diphos-
phate (IPP) and dimethylallyl diphosphate (DMAPP), which are
synthesized via the mevalonate (MVA) pathway in the cytoplasm

and the methyl-d-erythritol phosphate (MEP) pathway in the
plastid [10]. Subsequently, ginkgolide and bilobalide were synthe-
sized in G. biloba with the catalysis of farnesyl pyrophosphate
synthase (FPPS), geranylgeranyl diphosphate synthase (GGPPS),
levopimaradiene synthase (LPS), and cytochrome P450 monooxy-
genase (CYP) [11, 12]. Geranylgeranyl diphosphate synthase works
at the branching point of isoprenoid synthesis and catalyzes IPP
and DMAPP to generate C-20 geranylgeranyl diphosphate, which
is the rate-limiting step of TTL synthesis [11, 12]. Studies in
other plants have also shown that the overexpression of GGPPS
enhances terpene synthesis [13, 14]. Given the important role of
GGPPS in TTL biosynthesis, it could be a candidate target gene.

Jasmonic acid (JA) has a positive regulatory role in the syn-
thesis of plant secondary metabolites, and JA signaling is often
accomplished through MYC2. JA signaling is commonly defined
as COI1/JAZs/MYC2 [15, 16]. MYC2 is involved in plant secondary
metabolic processes as an essential regulator in JA signaling. The
bHLH family is a large family of transcription factors (TFs) with
85 members in G. biloba, and is divided into 17 subfamilies [17].
GbMYC2 belongs to III(d + e) and can bind to the G-box (CACGTG)
motif [18, 19], and its regulatory role in the synthesis of plant
secondary metabolites has been widely reported. In Arabidopsis
thaliana, AtMYC2 directly binds to promoters to activate TPS21 and
TPS11 expression and enhance the synthesis of sesquiterpenes
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Supplementary Data Fig. S5E). Reporter and effector structures
were transformed by electroporation into Agrobacterium GV3101
(pSoup) for penetration into 4-week-old tobacco leaves. After
mixing with SK:Luc = 10:1, the tobacco leaves were injected with
a needle-free syringe. Nicotiana benthamiana plants were grown
under conditions of 24◦C during the day/20◦C at night with a
photoperiod of light/dark 16/8 h. After 48 h, firefly luciferase
(LUC) and Renilla (REN) luciferase activities were measured in a
microplate reader (Sense 425–301, Hidex) using a Dual Luciferase
Reporter Assay Kit (Vazyme). The assays were performed with
four biological replicates.

Statistical analysis
The figures were generated using OriginPro 9.0 software (Origin-
Lab, USA). Error bars in the figures indicate the standard deviation
of biological replicates. Statistical analyses were completed utiliz-
ing SPSS 22.0 (SPSS, IBM, USA) and GraphPad Prism 8.0. Analysis
of variance was performed using Fisher’s LSD test and the t-test.
Two-factor ANOVA was used to handle significant comparisons
between multiple groups.

Accession numbers
NtMYC2: NP_001313001.1, N. tabacum; AaMYC2, AKO62850.1, A.
annua; AtMYC2, AT1G32640.1, A. thaliana; ZmMYC2: ON643092, Z.
mays; AtMYC3, AT5G46760.1, A. thaliana; AtMYC4: AT4G17880.1, A.
thaliana; TmMYC2, AHL44338.1, T. mairei; TcMYC2a: ATY38591.1,
T. chinensis; AtMYC1: AT4G00480.1; AtMYC-2: AT1G63650.1;
AtMYC6: AT5G41315.1.
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