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Advances in the study of key genes and transcription factors regulating the mevalonate
synthesis pathway in Edible and medicinal plants
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Abstract
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Terpenoids are one of the secondary metabolites of plants and are the most widely distributed in nature with a diverse skeleton
and significant biological activity, among which sesquiterpenoids are the most abundant. Sesquiterpenoids and triterpenoids
are mainly synthesized by the mevalonate pathway, and the processes involve a variety of key enzymes and are regulated by
transcription factors. They play important roles in plant growth and development, environmental adaptation, and resistance to
pests and diseases. It is important to understand the gene functions of key enzymes to increase the production of sesquiterpenoids
and triterpenoids to meet the market demand and to study the mevalonate biosynthesis pathway in depth. In this paper, the
progress of gene cloning and transcription factor regulation of sesquiterpenes, triterpenoids and key enzymes of mevalonate

synthesis pathway will be briefly reviewed.

Keywords: sesquiterpenoids and triterpenoids; mevalonate pathway; critical gene cloning; transcription factors.

Practical Application: Grasping the gene function of key enzymes is of great significance for increasing the production of
sesquiterpenoids and triterpenoids, meeting the market demand and deeply studying the biosynthetic pathway of mevalonate.

1 Introduction

Sesquiterpenoids and triterpenoids are mainly synthesized
by the mevalonate pathway (MVA) (Niu et al., 2021) and are
used in various industries such as clinical, cosmetic, and food
applications. However, the content of natural plant terpenoids
is relatively low, industrial production is uneconomical, the cost
is high, and the utilization rate is low, so it is difficult to meet
the market demand. Various compounds with novel structures
have been found and shown a variety of biological activities
(Socorro et al., 2021). With the wide application of various
biotechnological methods and synthetic biology strategies, the
key enzymes for the synthesis of sesquiterpenes and triterpenoids
have become a new research hotspot, attracting the attention of
more and more scholars. Thus, a variety of key genes of MVA
biosynthesis pathway have been successfully cloned and expressed,
providing new ideas for metabolic pathways of sesquiterpenoids
and triterpenoids for application in plant engineering. Plant
metabolites are not only regulated by environmental factors,
but some endogenous factors such as transcription factors are
also influencing the levels of secondary metabolites (Thakur
& Vasudev, 2022). The MVA synthesis pathway is regulated by
a variety of key enzymes and transcription factors. They play
a crucial role in the interaction between plants (Huang et al.,
2019) and the interaction with the ecological environment
(Campbell et al., 2019; Warsi et al., 2023). This paper reviews the
research on key enzymes and transcription factors involved in

regulating plant MVA synthesis pathway. The brief description
is as follows.

2 Sesquiterpenoids and triterpenoids

The sesquiterpenoids are the largest secondary metabolite
group of plants and are the most abundant class of terpenoids.
They are polymerized from three isoprene structural units, and
their general structural formula is (C,H,),. The sesquiterpenoids
have a large number of species and complex structures, widely
distributed in plants and microorganisms, with more than
200 structural skeletons (Chen et al., 2020). According to its
structural carbon ring number, it can be divided into acyclic,
monocyclic, bicyclic, tricyclic and tetracyclic sesquiterpenes.
According to the number of carbon atoms constituting the ring,
it can be divided into five-membered rings, six-membered rings,
seven-membered rings, up to twelve-membered rings. It can also
be divided into sesquiterpene alcohols, sesquiterpene aldehydes,
sesquiterpene ketones, and sesquiterpene lactones according to the
oxygen-containing functional groups. The sesquiterpenoids are
also important constituents of plant volatile oils with a variety of
pharmacological activities such as anti-cancer (Abu-Izneid et al.,
2020), anti-oxidation (Zhang et al., 2021), anti-inflammatory
(Tungcharoen etal., 2018; Lima et al., 2021), and anti-microbial
(Perveen et al., 2020).
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The glycosides of triterpenoids act as a surfactant due to
their lipophilic nature and are also known as triterpene saponins.
Triterpenoid saponins are composed of triterpene sapogenin and
sugars. The majority of triterpenes are tetracyclic triterpenes
and pentacyclic triterpenes. Triterpenoids and their glycosides
are widely found in nature and have various pharmacological
activities such as regulation of lipid metabolism (Dembitsky,
2021), anti-cancer (Ren & Kinghorn, 2019), and protecting liver.
Triterpenoids have become one of the most important natural
products of liver protecting agents (Xu et al., 2018).

3 MVA biosynthetic pathway

The mevalonate pathway (MVA) synthesis pathway is
mainly found in the cytoplasm, endoplasmic reticulum and
peroxisomes (Jin et al., 2020). The MVA pathway begins with
the condensation of two molecules of acetyl coenzyme A by
acetyl-CoA C-acetyl transferase (AACT) to form acetyl acetyl
coenzyme A, followed by hydroxymethylglutaryl coenzyme A
synthase (HMG-CoA synthase, HMGS) catalyzing the aldol
condensation reaction of acetyl acetyl coenzyme A combined
with a third molecule by three molecules of acetyl coenzyme A
to produce 3-hydroxy-3-methylglutaryl monoacyl coenzyme
A (HMG-CoA). 3-Hydroxy-3-methyl glutaryl coenzyme A
reductase (HMGR) is the first rate limiting enzyme in the
mevalonate pathway, which catalyzes the irreversible production
of mevalonate acid (MVA) from HMG CoA, and participates in
the first rate limiting step in the mevalonate pathway. Mevalonate
kinase (MVK) is one of the key rate-limiting enzymes of the MVA
pathway. As the first ATP-dependent enzyme in the enzymatic
reaction of the MVA pathway, it is responsible for transferring
the phosphate group from triphosphate adenosine to the fifth
hydroxyl group of MVA to form mevalonate-5-phosphate and
release ADP. After three steps of enzymatic reaction, it finally
generates isopentenyl pyrophosphate (IPP) (Li et al., 2017;
Tholl, 2015). Phosphomevalonate kinase (PMK) belongs to the
GHMP kinase superfamily. It is the second of three consecutive
ATP-dependent rate-limiting reactions in the MVA pathway,
whose role is to transfer the y-phosphate group from ATP to
mevalonate-5-phosphate (MVAP) to generate mevalonate-5-
diphosphate (MVAPP). IPP is the basic skeleton of isoprenoid
biosynthesis, from which all sesquiterpenes, sterols and other
compounds have evolved (Bergman et al., 2019). IPP is produced
by Diphosphomevalonate decarboxylase (MVD) catalyzing the
decarbonylation of 6-carbon mevalonate pyrophosphate. In MVA
pathway, only IPP is formed, while the MEP pathway produces
IPP and dimethylallyl pyrophosphate (DMAPP) (Rohdich et al.,
2003) in a ratio of 6:1, and they are isomers of each other (Wang
& Oldfield, 2014). To maintain the equilibrium of both IPP and
DMAPP, isopentenyl-diphosphate isomerase (Isopentenyl-
diphosphate A3-A2-isomerase, IDI) partially converts IPP to
DMAPP (Phillips et al., 2008). IPP and DMAPP are both used
as synthetic intermediates. Due to the different subcellular
localization of short chain isopentenyl pyrophosphate transferase,
the formation of isopentenyl pyrophosphate intermediates has
interval specificity. In the cytoplasm, farnesyl diphosphate
synthase (FPPS) catalyzes the synthesis of the sesquiterpene
precursor farnesyl diphosphate (FPP) from two molecules of
IPP and one molecule of DMAPP. In plastids, one molecule

of DMAPP and one or three molecules of IPP are catalyzed
by geranyl diphosphate synthase (GPPS) and geranylgeranyl
diphosphate synthase (GGPPS) to form geranyl pyrophosphate
(GPP) and geranylgeranyl diphosphate (GGPP) (Abbas et al.,
2017). Then squalene synthase (SQS) catalyzes the internal
cyclization of two molecules of FPP to produce one molecule
of squalene (SQ). Therefore, SQS is considered to be the key
enzyme in the biosynthesis of the carbon ring skeleton in the
middle of triterpene saponins. The synthesis pathway is shown
in the Figure 1.

4 Gene cloning of MVA key enzymes
4.1 AACT clone

Sesquiterpene is an important component of volatile oil
in Santalum album L.. Niu et al successfully cloned an AACT
gene from Indian sandalwood for the first time by cDNA end
amplification (RACE) technique (Niu et al., 2021). Its cDNA was
1538 bp in full length and contained a 1248 bp open reading
frame (ORF) encoding 415 putative amino acid residues, and the
differential expression levels of SaAACT gene in different tissues
after MeJA treatment were detected by RT-PCR. The results
showed that SaAAACT was expressed at higher levels in the
roots, followed by mature leaves > heartwood > young leaves.
Overexpression of the AACT gene increased sesquiterpene
content, which was positively correlated with its expression.
It indicates that MeJA may be an effective method to induce
high yield of sesquiterpenoids.

The WRKY transcription factor family is one of the largest
groups of transcription factors in plants and plays an important
role in plant growth and development as well as in biotic and
abiotic stress responses (Zhao et al., 2019). It has been found
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Figure 1. MVA synthesis pathway. Solid boxes indicate key enzymes
and red indicates transcription factors. AACT: acetyl-CoA C-acetyl
transferase; HMGS:3-hydroxy-3-methy-Iglutatryl-CoA synathase;
HMGR:3-hydroxy-3-methy-Iglutaryl coenzyme A reductase; FPPS:
farnesyl diphosphate synthase; GPPS: geranyl diphosphate synthase;
SQS: squalene synthase.
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that WRKY positively regulates ginsenoside biosynthesis by
binding to the W-box element of the gene promoter (Di et al.,
2021). Su et al identified W-box elements from the PtAACT
gene promoter of Psammosilene tunicoides W.C.Wu & C.Y.Wu
by full-length transcriptome data. Interestingly, PtWRKY70 was
up-regulated with PtAACT after SA treatment and also, increased
the biosynthesis of triterpenoid saponins in Psammosilene
tunicoides W.C.Wu & C.Y.Wu (Su et al., 2021). In summary, it is
suggested that there may be an interaction between the WRKY
transcription factor family and the AACT key enzymes in the
biosynthetic pathway of triterpenoid saponins.

4.2 HMGS clone

Ginkgolide is an important active ingredient in Ginkgo biloba
L., consisting of sesquiterpene lactones and diterpene lactones.
Meng et al obtained the inferred HMGS gene from Ginkgo biloba
for the first time by PCR and RACE methods. the full-length
cDNA sequence of GBHMGS is 1945 bp, contains a 1422 bp ORE,
and encodes a 474 amino acid protein (Meng et al., 2017). It is
highly homologous with Taxus chinensis (Pilg.) Rehder, Pinus
sylvestris L. and Camptotheca acuminata Decne.. A comparative
model of the 3D structure of GbBHMGS was generated using
SWISS-MODEL. The polypeptide chain of GbHMGS contains
three structural domains, namely the N-terminal, the catalytic
region and the C-terminal. The N-terminus contains a conserved
signal peptide sequence and the C-terminus contains an important
catalytic cysteine residue. The predicted 3D model of GbHMGS
consists of two structural regions, called the lower and upper
regions. In addition, the interface between the upper and lower
regions defines the acetylacetyl coenzyme a binding site, and all
conserved motifs and active sites are located in the five-layer core
structure of the upper region. It is important for the elucidation
of sesquiterpene lactones biosynthesis.

Characterization of key enzymes and transcription factors
regulating triterpene saponin biosynthesis in Camellia sinensis
(L.) Kuntze revealed that HMGS genes were highly expressed
in flowers and seeds of tea tree, producing more saponins.
Various transcription factors such as bHLH, bZIP, AP2, MYB,
and WRKY are highly co-expressed with CsSHMGS, and these
transcription factors may regulate triterpene saponin biosynthesis
through transcriptional regulation of genes such as CSHMGS
(Chen et al., 2022).

4.3 HMGR clone

Panax ginseng C.A.Mey. is a common herbal medicine
containing triterpenes and their glycosides, and HMGR is the first
rate-limiting enzyme of the MVA pathway. Luo et al cloned the
open reading frame of PgHMGR from Panax ginseng C.A.Mey..
cDNA sequence was 1770 bp in length and encoded 589 amino
acids (Luo etal., 2013). Bioinformatics analysis showed that the
protein encoded by PgHMGR2 contains two transmembrane
regions and an HMG-CoA-reductase structural domain without
a signal peptide. Based on real-time fluorescence quantitative
PCR analysis, the expression level of PeHMGR was highest in
flowers, followed by leaves and roots, and the lowest was in
stems. Some studies have also shown the presence of the ABRE
factor of the TACGTG sequence in the PQqHMGR promoter,
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which regulates ginsenoside levels by responding to abscisic
acid (ABA) (Kochan et al., 2019). Yu et al. were the first to clone
the PeHMGR gene, which has a conserved structural domain
of HMG-CoA_ reductase_ classI (HMG-CoA reductase),
from the roots of Platycodon grandiflorus (Jacq.) A.DC., and
successfully induced a recombinant protein. The medicinal value
of Platycodon grandiflorus (Jacq.) A.DC. is derived from the
triterpenoid saponins of Platycodon grandiflorus (Jacq.) A.DC..
Laying the foundation for further research on the triterpene
biosynthesis pathway of Platycodon grandiflorus (Jacq.) A.DC.
(Yu et al., 2022). In summary, we suggest that HMGR may be
involved in the biosynthesis of sesquiterpenes and triterpenes.

The transcription factors TSAR1 and TSAR2 of the basic
helix-loop-helix family were found to mediate the biosynthesis of
triterpene saponins in Medicago truncatula Gaertn.. TSAR1 and
TSAR?2 are mediated through direct binding of TSARs to the
HMGRI promoter N-box, which synergistically regulates and
activates them in trans with genes encoding HMGR1 and
E3 ubiquitin ligases that control HMGRI levels, respectively.
Importantly, overexpression of TSARI or TSAR2 in Medicago
truncatula Gaertn. hairy roots resulted in elevated transcript
levels of known triterpene saponin biosynthesis genes and
strongly increased the accumulation of triterpene saponins.
The above proves that transcription factors have an important
role in Medicago truncatula Gaertn. clover triterpene metabolism
(Mertens et al., 2016).

5 Cloning of other enzymes
5.1 FPPS clone

Farnesyl pyrophosphate synthase (FPPS) plays an important
role in the MVA synthesis pathway in plants. Artemisinin
synthesized from Artemisia annua L. is a potent antimalarial
sesquiterpene lactone and is a potent drug for the treatment
of cerebral malaria and anti-chloroquine falciparum malaria
(Zhang et al.,, 2019; Oliveira et al., 2022). FPPS is a key enzyme
in the artemisinin biosynthesis pathway. To increase the
production, Elfahmi et al enhanced its production by semi-
synthetic production in Saccharomyces cerevisiae using pPBEVY
vector transformed into Saccharomyces cerevisiae and by PCR,
restriction and sequencing analysis, it can be concluded that FPPS
gene was successfully constructed, transformed and expressed
in Saccharomyces cerevisiae (Elfahmi et al., 2021). The direct
cloning method using yeast is simpler, more cost effective and
less time consuming.

Patchouli oil, the main medicinal ingredient of Pogostermon
cablin (Blanco) Benth., is an important natural spice. To clarify the
function and molecular regulation mechanism of FPPS gene in
Pogostemon cablin (Blanco) Benth., the full-length cDNA of PcFPPS
was cloned and characterized. The results showed that PcFPPS
had the highest expression in flowers, subcellular localization
analysis indicated a role in the cytoplasm, and overexpression
increased terpene biosynthesis. Yeast hybridization experiments
showed that the transcription factor PcCWRKY44 can bind to the
promoter of PcFPPS and promote the biosynthesis of patchouli
alcohol in Pogostemon cablin (Blanco) Benth.. All these results
suggest that PcFPPS plays an important role in Pogostemon
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cablin (Blanco) Benth. terpene biosynthesis and is regulated by
PcWRKY44 (Wang et al., 2022).

Some researchers have found that transcription factors in the
bHLH family can regulate the biosynthesis of different secondary
metabolites in various plant species and have been shown to
play a regulatory role in the biosynthesis of plant triterpenoids
(Zhou & Memelink, 2016). Yin et al functionally characterized
BpMYB21 and BpMYB61 in response to MeJA and SA in the
synthesis of Betula pendula Roth triterpenoids (Yin et al., 2020).
The results showed that the transcription factors BpMYB21 and
BpMYB61 belonged to R2R3 IFs and both had active promoters,
but showed positive and negative regulation in response to
methyl jasmonate (MeJA) and salicylic acid (SA) in MeJA and
SA responses, respectively. The key triterpenoid synthesis gene
FPPS was up-regulated in BpMYB21 and BpMYB61 transgenic
birch. Therefore, it is possible that the transcription factors
promote the production of Betula pendula Roth triterpenoids.

5.2 GPPS clone

The main biologically active substances in Tripterygium
wilfordii Hook f. are sesquiterpene alkaloids and triterpenoids
(Guo et al,, 2019). Tu et al designed specific primers based on
their suspension cell transcriptome data and cloned the full-length
cDNA of the TwWGPPSI and TwGPPS2 genes of Tripterygium
wilfordii Hook f. using rapid amplification of cDNA ends, and
obtained for the first time the complete open reading frame
length of TWGPPS] nucleotide of 1278 bp, encoding a 425 amino
acid protein with a predicted protein isoelectric point of 6.68.
The molecular mass was 47.189 kDa (Tu et al.,, 2017). They further
constructed the prokaryotic recombinant expression vectors
pET-32a-TwGPPSI and pET-32a-TwGPPS2 and successfully
induced the recombinant proteins, which laid the foundation
for in-depth study on the function of this key enzyme gene
and the biosynthetic pathway of Tripterygium wilfordii Hook f..

R2R3-MYB represents one of the largest plant TF families
and can act as a transcriptional activator or repressor of genes.
The finding that R2R3-MYB represses the expression of MsGPPS
genes in Mentha L. extends the knowledge of RZR3-MYB-mediated
regulation of plant secondary metabolism (Reddy et al., 2017).

5.38QS clone

Crataegus pinnatifida Bunge contains chemical components
such as triterpenes and sesquiterpenes, which have the ability
to promote apoptosis in cancer cells (Dong et al., 2021).
To understand the structural characteristics of triterpenoid
squalene synthase genes in Crataegus pinnatifida Bunge, Shan
etal cloned two squalene synthase genes, CpSQS1 and CpSQS2,
from Crataegus pinnatifida Bunge fruits for the first time by
RT-PCR (Shan et al., 2020). The ORF lengths of CpSQS1 and
CpSQS2 are 1239 bp and 1233 bp, respectively. Online tools
predict that CpSQS1 and CpSQS2 are stable acidic proteins.
The secondary structure is mainly composed of a-helix structure.
Structure-function domain analysis showed that amino acids
35-367 of CpSQS1 and CpSQS2 cDNAs contain a conserved
trans-isoprene pyrophosphate synthase structural domain.
Transmembrane structural domain analysis predicted that two

transmembrane structural domains were found in CpSQS1 and
CpSQS2. It laid the foundation for further study of the Crataegus
pinnatifida Bunge triterpene metabolic pathway.

Celastrol is the most representative triterpene of Tripterygium
wilfordii Hook f.. Liu used the information from the Raijin
transcriptome database and designed primers using Primer
5.0 to clone a squalene synthase TwSQS with an ORF of 1242 bp,
encoding 413 amino acids (Liu, 2018). The TwSQS-encoded
protein has a transmembrane helix and signal peptide analysis
showed no signal peptide, presumably all are non-secretory
proteins. This study also proposes to silence key genes of the
triterpene synthesis pathway by RNA interference (RNAi)
technology using reverse genetics to interfere with genes such
as SQS, a key enzyme in the triterpene synthesis pathway of
Ragweed. FPP is a common precursor for sesquiterpenes and
triterpenes, resulting in more precursors for the sesquiterpene
synthesis pathway FPP, thus increasing the accumulation of
sesquiterpene alkaloids. Regulation of SQS genes can regulate
the accumulation of secondary metabolites in plants.

Camellia oil, the main product of Camellia oleifera C.Abel,
is a high-quality vegetable cooking oil. And studies have shown
a significant positive correlation between the CoSQS gene and
squalene content of oil tea seed kernels (Zhou et al., 2013).
To investigate the biological function of the Camellia oleifera
C.Abel squalene synthase promoter pCoSQS and the relationship
with the transcription factor COWRKY, a yeast monohybrid
approach was used for validation. The results indicate that
pCoSQS can exercise promoter functions and provide preliminary
evidence for a possible reciprocal relationship between the
CoWRKY]1 transcription factor and pCoSQS (Yang, 2021).

6 Summary

With the rapid development of the economy and the
improvement of human health concept, many plants that
combine edible, medicinal and ornamental uses have attracted
much attention and the development fever continues to rise.
Itis reported that many plants with the same origin of medicine
and food have biological activities. According to the literature
and the latest version of the 2020 Directory of Medicinal and
Food Sources, medicinal and food plants include Mentha L.,
Camellia oleifera C.Abel, Panax ginseng C.A.Mey. and Santalum
album L. mentioned in this article, and health foods include
Ginkgo biloba L. and Medicago truncatula Gaertn.. Mentha L.
is not only used as a cosmetic additive to whiten and remove
blemishes, but it can also be used for food stagnation disorders.
Camellia oleifera C.Abel can be used for both weight loss people
and for activating blood circulation and eliminating food. Panax
ginseng C.A.Mey. contains dietary fiber and trace elements
to improve the structure of intestinal flora(Mu et al., 2022).
The heartwood of Santalum album L. is the medicinal part in
the 2020 edition of the Chinese Pharmacopoeia, and the leaves
and bark are recorded as edible parts in the Compendium of
Materia Medica(Jia et al., 2021).

Through corresponding technical means, more and more key
enzymes of biosynthetic processes as well as transcription factor
functions have been characterized, providing new importance
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to elucidate the regulatory role of transcription factors on key
enzymes. The targeted synthesis of terpenoids is achieved by
genetic engineering to improve plant cells, tissues, plants, etc.
for mass production of secondary metabolites, or by constructing
promoters for specific expression of key enzymes for efficient
production of target products. Taken together, most of the genes
on the MVA synthesis pathway are associated with the active
ingredients of sesquiterpenes and triterpenoids.

The clarification of the functions of each gene can help to
provide a reference for plant evolutionary classification, and the
analysis of the upstream promoter structure can help to select
the relevant trait-related breeding (Braga & Pavan, 2021), which
is conducive to fully exploit the huge resource of medicinal food
homologs and enhance its exploitation. It provides insights
and strategies for the application of key enzymes of the MVA
synthesis pathway to metabolic processes.
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