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Abstract

Medicinal plants are renowned for their abundant production of secondary metabolites, which exhibit notable pharmacological
activities and great potential for drug development. The biosynthesis of secondary metabolites is highly intricate and influenced
by various intrinsic and extrinsic factors, resulting in substantial species diversity and content variation. Consequently, precise
regulation of secondary metabolite synthesis is of utmost importance. In recent years, genome sequencing has emerged
as a valuable tool for investigating the synthesis and regulation of secondary metabolites in medicinal plants, facilitated by
the widespread use of high-throughput sequencing technologies. This review highlights the latest advancements in genome
sequencing within this field and presents several strategies for studying secondary metabolites. Specifically, the article elucidates
how genome sequencing can unravel the pathways for secondary metabolite synthesis in medicinal plants, offering insights into
the functions and regulatory mechanisms of participating enzymes. Comparative analyses of plant genomes allow identification
of shared pathways of metabolite synthesis among species, thereby providing novel avenues for obtaining cost-effective
biosynthetic intermediates. By examining individual genomic variations, genes or gene clusters associated with the synthesis
of specific compounds can be discovered, indicating potential targets and directions for drug development and the exploration
of alternative compound sources. Moreover, the advent of gene-editing technology has enabled the precise modifications of
medicinal plant genomes. Optimization of specific secondary metabolite synthesis pathways becomes thus feasible, enabling
the precise editing of target genes to regulate secondary metabolite production within cells. These findings serve as valuable
references and lessons for future drug development endeavors, conservation of rare resources, and the exploration of new

resources.
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Introduction

Medicinal plants have played a crucial role in the advance-
ment of human health and medicine throughout history.
They represent a valuable source of natural medicines,
harboring numerous biologically active compounds that
have been included in applications in traditional medicine
as well as modern drug development. Genome sequenc-
ing is a comprehensive technology that enables the anal-
ysis and sequencing of an organism’s entire genome!!l,
This technology can supply a wealth of information
pertaining to an organism’s genomic sequence, including
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the DNA nucleotide sequence and details regarding gene
location, structure, and function®>3!. A considerable num-
ber of plant species have been sequenced over the past
two decades™, providing a comprehensive overview of
research progress in plant genome sequencing. Their
analysis encompasses the completion of genome sequenc-
ing for 788 plant species and publication of 1,031 refer-
ence genomes. Notably, the number of sequenced species
continues to grow, producing an ever-increasing list of
sequenced plant genomes that are made publicly avail-
able. Medicinal plants are important sources of medic-
inal compounds and investigating the pharmacological
activities and synthetic pathways of drug components in
medicinal plants has become a prominent research area.
The rapid development of second-generation sequencing
technology®!, coupled with cost reductions, has facili-
tated the unveiling of an increasing number of genome
sequences of medicinal plants, including Panax ginseng
and Catharanthus roseus'®”’). These sequences represent
valuable resources that contribute to the comprehensive
elucidation of medicinal plant genomes. Sequencing the
complete genomes of medicinal plants yields valuable
information about their genetic makeup, including size,
structure, and gene count. This knowledge forms the
foundation for in-depth investigations of gene function
and metabolic pathways of medicinal plants. Genome
sequencing enables the identification and annotation of
genes associated with secondary metabolism, such as
the tanshinone synthase genes involved in tanshinolate
synthesis!®. Secondary metabolites in medicinal plants
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often exhibit important pharmacological activities and
their synthesis usually occurs through complex metabolic
pathways involving multiple enzyme-catalyzed reactions.
Understanding the specific mechanisms of these metabolic
pathways helps to understand the molecular basis of drug
synthesis in plants and thus targets studies to increase
yield. Genome sequencing also serves as a basis for study-
ing gene function in medicinal plants. By comparing and
annotating genome sequences, various genes related to
enzymes, transporter proteins, and transcription factors
can be predicted and identified®'". Subsequent func-
tional studies, including gene expression analyses and
knockout experiments!'!l, have shed light on the roles of
these genes in plant growth, development, and second-
ary metabolism. The synthesis of secondary metabolites
can be regulated by increasing or decreasing the expres-
sion of specific enzymes through transgenic or gene-ed-
iting techniques. In addition, a deeper understanding of
plant responses to internal and external environments
can lead to the discovery of regulatory networks for
drug synthesis in plants and identification of regulatory
nodes that can be used to efficiently increase the yield of
medicinal plants. Furthermore, genome sequencing plays
a vital role in establishing a germplasm resource data-
base for medicinal plants!'?. Many medicinal plants, such
as Taxus chinensis, face a shortage of resources during
wild collection or cultivation; establishing alternative
plant resources can address this issue. Through research
and screening of other plants, species with similar phar-
macological activities can be identified. These plants can
grow and produce the desired medicinal compounds in
a relatively short period, thus reducing dependence on
the original medicinal plants. In addition, the search for
alternative plant resources can enrich the sources of med-
icines and provide more choices, thereby facilitating the
conservation and sustainable utilization of these valuable
botanical resources. These investigations provide a solid
scientific foundation for unraveling the intricate mecha-
nisms underlying the synthesis of medicinal compounds
in plants, advancing drug development endeavors and
enhancing the quality and yield of medicinal plants.

Genome sequencing illuminates biosynthesis
pathways of secondary metabolites in medicinal
plants

Unraveling secondary metabolic pathways in medicinal
plants

The present gene sequencing technology has undergone
three notable advancements, profoundly enhancing the
investigation of molecular breeding and biosynthesis
of medicinal plants. Ongoing research has primarily
concentrated on the analysis of bioactive constituents
found in medicinal plants, encompassing the study of
biosynthetic pathways!"3l. The development of novel
gene mining techniques has also facilitated the endeav-
ors of biologists engaged in exploring medicinal plants,
enabling the discovery of new genes and subsequent
identification of secondary metabolites. By examining
the genetic homology between T. chinensis and other
species, a distinctive gene associated with the synthe-
sis of paclitaxel was detected. This gene catalyzes the
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conversion of diterpenoid precursors to paclitaxel, indi-
cating a specialized evolutionary pathway for paclitaxel
production. While paclitaxel is predominantly sourced
from T. chinensis, the scarcity of species resources and
subsequent low yield fail to meet market demand.
Whole-genome duplication facilitates the rapid evolu-
tion of angiosperms, whereby the duplication of genetic
material in medicinal plants results in new gene func-
tions, representations, or metabolic pathways!*’l. In
addition to T. chinensis, the sequencing of P. ginseng,
Salvia miltiorrbiza, Ganoderma lucidum, and C. roseus
genomes is nearing completion. Consequently, scien-
tists can acquire genomic information on these plants,
enabling further investigation of their genetic character-
istics, gene functions, and metabolic pathways. As shown
in Figure 1 this endeavor holds significant implications
for uncovering the pharmacological properties of medic-
inal plants, developing novel drugs, and increasing yield.
These studies are anticipated to propel the advancement,
utilization, and conservation of medicinal plants, thereby
satisfying market and medical demands more effectively.

Increasing the yield of important compounds from medicinal
plant secondary metabolites by heterologous expression

Contemporary genomics research has predominantly
focused on microorganisms, animals, and crops,
while investigations concerning medicinal plants have
received comparatively less attention. Consequently,
there remains a dearth of comprehensive research ave-
nues for uncovering high-quality secondary metabo-
lites and corresponding synthesis genes in medicinal
plants. Conversely, heterologous expression systems
offer controlled and reproducible conditions for analyz-
ing the activities of proteins or enzymes!'®. Within life
sciences, heterologous protein expression technologies
have progressively permeated various domains, owing
to advancements in genomic endeavors. Examination
of gene functionalities and their interactions centers on
employing protein expression systems to express the
target gene, adapting the expression profile to specific
requirements. Accordingly, the modification of target
gene expression is facilitated. Escherichia coli serves as
the principal heterologous host for recombinant protein
expression. Nonetheless, variations in E. coli expres-
sion have been documented; thus, the choice of different
E. coli strains can yield divergent expression outcomes
and subsequently distinct biosynthesis profiles!'”. The
discovery of the mechanism of ginsenoside synthesis,
informed by modern bioinformatics analysis and heter-
ologous expression, imparts novel perspectives for the
production of valuable saponins. Furthermore, explora-
tion of the genetic repertoire has enabled the cloning and
expression of two novel diterpene synthases that hold
potential for the synthetic generation of diterpenoids in
Salvia sclarea". Concomitantly, genomic investigations
have led to the identification of a previously undiscov-
ered lectin, BfI-II, in Zingiber officinale, which exhibits
distinct dissimilarities from known lectin gene sequences.
Intriguingly, heterologous expression of this gene intensi-
fied the inhibitory effect of the lectin on cancer cell pro-
liferation, thereby demonstrating noteworthy anticancer
activity™l,
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Genome sequencing to obtain the same intermediate
products and synthesize downstream products

Application of genome sequencing in terpenoid synthesis

Genome sequencing entails a comprehensive analysis of an
organism’s DNA sequence, enabling the determination of
both gene and non-coding DNA sequences?’l. This tech-
nique offers valuable insights into an organism’s genetic
information, encompassing aspects such as gene number,
composition, arrangement, gene—gene interactions, and
gene—phenotype relationships. Terpenoids, a ubiquitous
class of plant biochemicals, play crucial physiological and
ecological roles?'. Genome sequencing is a powerful tool
for identifying key enzymes and genes involved in path-
ways of terpenoid synthesis across different plant species.
The widespread use of genome sequencing technology
allows examination of terpenoid synthesis in diverse plant
species. Genome sequencing, coupled with bioinformatics
analysis, has revealed striking genomic-level similarities in
terpene synthesis pathways among various plants, high-
lighting shared genes and pathways. This observation sug-
gests a high degree of conservation and co-evolution in the
biosynthesis of these compounds. Researchers have har-
nessed genome sequencing techniques to identify and ana-
lyze genes and pathways associated with terpene synthesis
in different plants, while comparing their genomic-level
similarities. Furthermore, the identification of intermedi-
ate compounds in terpene synthesis, such as germacrene
A, a precursor to substances, especially B-elemene, and
artemisinin, has been achieved??. The advancement of
genome sequencing technology offers a refined and com-
prehensive approach to analyzing the synthesis of these
intermediates, thereby unraveling the molecular mech-
anisms underlying terpene synthesis pathways for plant
secondary metabolites.

Obtaining the same intermediates and their downstream
pathways from different plants

Genome sequencing techniques have been employed
to identify and analyze genes and pathways associated
with biosynthesis in medicinal plants, enabling compar-
isons of genomic-level similarities across different spe-
cies. Notably, several common intermediates have been
discovered through whole-genome identification and
expression analysis in plants, including Strobilanthes
cusia, Rauvolfia verticillate, Camptotheca acuminata,
Camellia sinensis, Brassica napus, and Dendrobium
candidum'>-?), Among these intermediates, strictosidine
holds particular significance as a pivotal compound in
the metabolism of terpenoid indole alkaloids. As shown
in Figure 2, strictosidine serves as both a coupling prod-
uct of the iridoid and indole synthesis pathways and as a
precursor compound for monoterpene indole alkaloids;
these include camptothecin, quinine, vindoline, and vin-
blastine, which have important roles, including against
tumors, and in the treatment of malaria, control of blood
sugar, and lowering of blood pressure These findings
underscore the crucial role of strictosidine in the metab-
olism of monoterpene indole alkaloids.

LiB% used single-cell RNA sequencing (scRNA-seq) to
acquire leaf-specific gene expression profiles of C. roseus
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at the cellular level. Through descending and cluster-
ing analyses, distinct cell populations within C. roseus
leaves were grouped and effectively identified. Notably,
this study elucidated the spatial and temporal expres-
sion patterns of genes involved in the indole alkaloid
synthesis pathway, offering unprecedented insights into
C. roseus leaf biology. Moreover, the investigation suc-
cessfully resolved several pathways of vinblastine bio-
synthesis, enhancing our understanding of the intricate
metabolic processes in this plant.

The iridoid synthesis pathway involves a series of
sequential reactions, as illustrated in Figure 3. Initially,
geranyl diphosphate (GPP) undergoes hydrolysis by
geraniol synthase (GES), resulting in the formation
of geraniol. Subsequently, geraniol is oxidized to
8-oxogeranial and undergoes a series of methylation
reactions, leading to the formation of loganin. Finally,
secologanin synthase (SLS) catalyzes the ring-open-
ing of loganin, ultimately yielding secologanin®=37l.
In contrast, indole synthesis involves a distinct set
of enzymatic steps. Initially, anthranilate is synthe-
sized from chorismate through enzymatic catalysis. It
is followed by the multi-step enzymatic synthesis of
indole. Additionally, indole and serine are subjected
to enzymatic catalysis, resulting in the formation of
L-tryptophan, which undergoes decarboxylation to
produce tryptaminel®®. Finally, strictosidine synthase
couples secologanin and tryptamine, to produce stric-
tosidine®*#. The biosynthesis of various terpenoid
indole alkaloids relies on strictosidine as the precursor
molecule. As shown in Figure 3 for camptothecin, stric-
tosidine or strictosidinic acid can undergo enzymatic
or non-enzymatic reactions to yield strictosamide.
Subsequently, strictosamide serves as a substrate and
is recognized by cytochrome monooxygenase P450,
resulting in a cascade of oxidation, ring-opening, and
rearrangement reactions, leading to the formation of
pumiloside, which serves as the foundational skeleton
for camptothecin and its derivatives. Pumiloside is fur-
ther subjected to a multi-step reduction process that
converts the carbonyl group to a double bond. This
intermediate then undergoes glycosylation to generate
a glycosylated camptothecin precursor, which is ulti-
mately hydrolyzed and oxidized by glycosidase to yield
camptothecin!*'-*?l, Regarding amarin, strictosidine
is enzymatically hydrolyzed to produce strictosidine
aglycone. Strictosidine aglycone is an active but unsta-
ble intermediate that spontaneously reacts and under-
goes demethylation under the influence of various
enzymes, leading to the formation of the final product,
amarin®-*1. For vendoline and catharanthine synthe-
sis, strictosidine aglycone is enzymatically reduced to
geissoschizine. Subsequent reactions result in the for-
mation of dihydehydroprecondylocarpine acetate, an
unstable intermediate. Finally, through cycloaddition
reactions catalyzed by either catharanthine synthase
(CS) or tabersonine synthase (TS), this intermediate is
transformed into catharanthine and tabersoninel*-52],
respectively. Tabersonine then undergoes catalysis by
several enzymes to yield vindoline®-*1. In conclusion,
genome sequencing has provided insights into alter-
native plant sources that are cost-effective and readily



187ZIMNZI[DBPpXZOBBAROATOAEIOYIASALLIKIPOOAEIEAHIOI/HADA

UMY TXOMADYOINXZOHISABZIY T +eyNIOITWNOIZTABNHIRSHNAYE Ag Wiye/wod mm| sfeulnol//:dny woly pspeojumoq

¥20¢/S¢/T0 uo

Zhao et al. ® Volume 3 © Number 4 o 2023

www.ahmedjournal.com

SYNTHESIS PATHWAYS OF MEDICINAL PLANTS
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Figure 1. The figure shows six medicinal plants that have been sequenced, namely Ganoderma lucidum, Salvia miltiorrhiza, Taxus chinensis,
Catharanthus roseus, Artemisia annua, and Panax ginseng, and outlines the biosynthetic pathways of their major secondary metabolites. Arrows do
not represent direct synthesis. CPP: copalyl diphosphate; DMAPP: Dimethylallyl diphosphate; FPP: Farnesyl diphosphate; GGPP: Geranylgeranyl
diphosphate; GPP: Geranyl diphosphate; IPP: Isopentenyl diphosphate; OPP: Diphosphate.

available for large-scale production, thereby reducing
extraction costs. The biosynthesis of secondary metab-
olites in plants is typically a complex process involving
multiple enzyme-catalyzed reactions, often requiring
the coordination of various genes. Therefore, applica-
tion of genome-wide approaches based on sequencing
technologies is crucial for in-depth exploration of the
mechanisms of secondary metabolite biosynthesis in
diverse plant species, thereby contributing to future
scientific research and production endeavors.

Discovery of novel compound resources through
genome sequencing

Exploration of compound resources from plant endophytic
fungi cc

Secondary plant metabolites exhibit diverse phar-
macological activities and play crucial biological roles.
However, their natural production levels are often
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insufficient to meet increasing pharmaceutical demand,
necessitating the exploration of novel sources. Endophytic
fungi represent vital components of plant microecosys-
tems. Recent investigations have highlighted four major
categories of endophytic fungal secondary metabolites:
polyketides, nonribosomal peptides, alkaloids, and ter-
penes*®l. By establishing long-standing mutually benefi-
cial symbiotic relationships with plants, endophytic fungi
profoundly influence plant metabolic processes and phys-
iological activities, thus serving as a significant resource
to overcome the scarcity of secondary metabolites®”.
Artemisinin, a highly potent antimalarial drug, is a ses-
quiterpene lactone compound obtained from Artemisia
annua®®, However, the extraction of artemisinin from
natural plant sources suffers from challenges such as low
yield, high cost, and limited efficiency, which restrict its
availability for therapeutic use. Consequently, exploring
alternative approaches to obtain artemisinin in a more
accessible manner becomes pressing. Notably, microbial
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Figure 2. Chemical structure of strictosidine and compound sources in several medicinal plants—Strobilanthes cusia, Rauvolfia verticillata,
Camptotheca acuminata, Camellia sinensis, Catharanthus roseus, Dendrobium candidum, Uncaria rhynchophylla, and Brassica napus. Strictosidine
is the intermediate for the synthesis of several final products. Their pharmacological effects are also illustrated.

synthesis of artemisinin represents a promising strategy
for its production. As shown in Figure 4, artemisinic
acid, which, in A. annua, is present in markedly higher
quantities than artemisinin, serves as a precursor for
artemisinin synthesis. Tian®" isolated the endophytic
fungal strain B4 from wild A. annua and identified it as
Penicillium oxalicum B4 through comparative analysis.
The symbiotic relationship between P. oxalicum B4 and
its host was confirmed through root infestation and colo-
nization experiments in A. annua seedlings. After 23 days
of incubation in an Murashige and Skoog (MS) culture
system, B4-infected tissue culture seedlings exhibited a
remarkable 42.86 % increase in artemisinin content com-
pared with the control group. This finding demonstrates
the efficacy of this method in enhancing artemisinin yield
and supports the widespread exploration of artemisinin
production.
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Exploration of alternative plant sources for novel compound
resources

The vast array of pharmacologically active secondary
metabolites found in plants has diverse applications.
However, the limited availability and complex extraction
processes of active ingredients in certain medicinal plants
pose challenges to their large-scale production, necessi-
tating the exploration of alternative resources.

One such secondary metabolite is paclitaxel, derived
from the bark of T. chinensis. Notably, paclitaxel exhib-
its potent antitumor effects!®” and has been extensively
employed in clinical settings for treating various can-
cers, including breast, ovarian, and lung cancers!®'-%,
In addition, recent studies have highlighted the poten-
tial of paclitaxel in managing chronic inflammatory
diseases!*. Unfortunately, T. chinensis, the main source
of paclitaxel, is in danger of depletion, and China has
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Figure 3. The diagram shows the pathways for the synthesis of strictosidine (yellow rectangle), camptothecin (orange arrows), quinine (green arrows),
ajmaline (blue arrows), and vinblastine and vincamine (red arrows) using strictosidine as the precursor. The pathways for the synthesis of artemisinin
(blue rectangle), p-elemene (blue rectangle), paclitaxel (white rectangle), lycopene (white rectangle), tanshinone (white rectangle) are also included.
Dashed lines indicate multi-step reactions. DMAPP: Dimethylallyl diphosphate; FPP: Farnesyl diphosphate; GGPP: Geranylgeranyl diphosphate;
GPP: Gerany! diphosphate; IPP: Isopentenyl diphosphate; MEP: 2-C-Methyl-D-erythritol 4-phosphate; MVA: Mevalonate; OPP: Diphosphate.

classified it as a national-level-protected wild plant to
protect resources. The goal of scientists in related fields is
to identify alternatives or develop new production strat-
egies to reduce dependence on T. chinensis resources.
Such studies play a crucial role in conserving T. chinensis
resources, meeting the escalating demand for paclitaxel,
and exploring the untapped potential of other plant
resources. To search for alternative resources, the first
step is to conduct genome sequencing of T. chinensis and
Corylus avellana to obtain DNA sequence data. These
will then be compared with the genomic data of known
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species to identify similar DNA sequence segments. The
identified DNA sequence segments will undergo gene
prediction and functional annotation to determine the
genes they represent and their functions. The genomes
of T. chinensis and C. avellana will be compared to iden-
tify shared and unique genes and to understand their
genetic similarities and differences. Functional analyses
will be conducted to understand the biological roles of
shared genes or genes with similar functions. If certain
functions are found to play important roles in both spe-
cies, C. avellana can potentially serve as an alternative
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Figure 4. The figure shows that artemisinin, paclitaxel, xanthone, limonene resources can be obtained from endophytic fungi.

resource for T. chinensis. Paclitaxel was initially detected
in C. agvellana extracts through the application of High
Pressure/Performance Liquid Chromatography-Mass
Spectrometer (HPLC-MS) techniques in 2000 by a
research team led by Professor Angela Hoffman!®!. The
study focused on hazelnut varieties that exhibited resis-
tance to Eastern blight in the United States. Hoffman
and her team proposed that the paclitaxel found in C.
avellana extracts originated from symbiotic endophytic
fungi. Building upon Hoffman’s experimental condi-
tions and the paclitaxel spectra observed in hazelnuts,
as shown in Figure 4, Zhang et al.[®! conducted a study
on Corylus heterophylla in the Anshan area, confirming
the presence of paclitaxel. Compared with Taxus plants,
hazelnuts offer abundant, productive, and fast-growing
characteristics, regarded as a dependable alternative
resource. To ensure its pharmacological activity, first, the
compound must be purified and structurally identified to
confirm that the obtained biological activity is related to
the target compound. Appropriate rat models were used
to simulate human diseases, and the test compound was
administered to the experimental animals to observe its
effects on the disease model, including inflammation lev-
els, lesion sizes, and behavioral changes. To obtain accu-
rate results, appropriate control groups should be used
for comparison and the experiments should be repeated.
Of note, the results of the pharmacological activity val-
idation are only preliminary evaluations, and further
research and validation are crucial to ensuring its medic-
inal potential.
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Genome sequencing and gene editing for precise
intracellular regulation

Regulation of intracellular processes through the activation
or inhibition of key gene expression

The regulation of protein expression in cells operates
at the gene level and activation or inhibition of crucial
genes plays a considerable role in determining the final
product content. Certain secondary metabolites, includ-
ing monoterpenes, sesquiterpenes, and phenolic com-
pounds, possess noteworthy physiological functions,
such as antibacterial, antiviral, antioxidant, analgesic,
and anti-inflammatory properties!¢’-*. The yield of these
metabolites may be influenced by the regulation of key
enzymes. For instance, A. annua, renowned for its abun-
dance of artemisinin, demonstrated an increase in arte-
misinin content through key enzyme induction, leading
to heightened expression of the cytochrome P450 mono-
oxygenase (CYP71AV1) gene—an essential enzyme
involved in artemisinin biosynthesis”’l. Different radia-
tion spectra affect metabolite morphology, gene expres-
sion, quality, and quantity in different ways. Blue light,
in particular, has a positive impact on secondary metab-
olism and morphology in various anatomical aspects,
especially regarding anatomical features related to leaf
petiole area, trichome frequency, epidermal and meso-
phyll differentiation, and thickness. When plants are cul-
tivated under blue light, the expression of the ADS gene
markedly increases, leading to higher artemisinin levels.
Both red and blue light enhance artemisinin content and
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the expression of the ADS and CYP71AV1 genes, which
are key enzymes involved in artemisinin biosynthesis.
The increased expression of these key enzymes leads to
an increase in downstream artemisinin production.

Andrographis paniculata is a medicinal plant tradi-
tionally used as an anti-inflammation and antibacterial
herb. Andrographolide, the major active component of
A. paniculata, exhibits diverse pharmacological activi-
ties, including anti-inflammation, anticancer, antiobesity,
antidiabetes, and other activities!”l.

WRKY transcription factors can specifically bind to
elements in the promoter region of target genes. One
study analyzed the promoter sequences of key enzyme
genes involved in the andrographolide biosynthesis
pathway, and five binding sites were identified, with
WRKY10S having all the promoter sequences of key
enzyme genes. Different genes have different binding
sites in their promoters. The results suggest that WRKYs
directly bind to promoter elements to regulate the expres-
sion of key enzyme genes, thus influencing the biosynthe-
sis of andrographolide!”,

Integration of genome sequencing and gene editing for
precise intracellular regulation

With the advancement of the CRISPR-Cas system,
third-generation gene-editing technology has emerged as
the most extensively employed tool due to its cost-effec-
tiveness and simplicity. Initially discovered in prokaryotes,
the CRISPR-Cas system serves as a prokaryotic adap-
tive immune system wherein RNA molecules containing
spacer sequences assist Cas proteins in recognizing, bind-
ing, and cleaving exogenous nucleic acids. Among the
various types, the type II CRISPR/Cas9 system is most
commonly used”. Single-guide RNAs (sgRNAs), formed
by the fusion of trans-activated Cas9 nucleic acid endo-
nuclease and Cas9 nucleic acid endonuclease complexes,
are the prevalent forms of chimeric RNAs employed. The
CRISPR-Cas9 system plays a pivotal role in gene editing
by enabling the design of specific sgRNAs that direct Cas9
proteins to precise locations within the target genome,
facilitating gene knockdown, insertion, or modification.
The simplicity and efficacy of this technology render it
the preferred choice for a wide array of applications in
biological research, gene therapy, and other fields.

P. ginseng is rich in pentacyclic triterpenoid ginseno-
sides, and CYP716A47 and CYP716A53v2 are the key
enzymes in their biosynthesis. Ginsenoside content can
be selectively increased by the precise regulation of these
two key enzymes. Genome sequencing coupled with gene
editing is involved in the intracellular regulation of the
medicinal plant P. ginseng. P. ginseng (Renshen) roots
contain pharmacologically active ginsenosides, which are
classified as protopanaxadiol (PPD)- or protopanaxatriol
(PPT)-type saponins according to their glycosidic element
structure. Regarding the biosynthetic pathway of ginse-
nosides, as shown in Figure 5, FPP is the direct precursor,
and squalene synthase (ERG9) catalyzes the formation
of squalene from two FPP molecules; squalene epoxidase
(ERG1) catalyzes squalene to produce 2,3-oxidosqualene,
which, in turn, is catalyzed by (-amyrin synthase (3-AS)
and dammarenediol-II synthase (DS) to form the penta-
cyclic triterpene B-amyrin and the tetracyclic triterpene
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dammarenediol-II (DM), respectively. Oleanolic acid is
formed by oleanolic acid synthase (OAS), followed by
formation of oleanolic glycosides by glycosyltransferase;
DM is catalyzed by protopanaxadiol synthase (PPDS)
and protopanaxatriol synthase (PPTS) to form PPD
and PPT in turn. Subsequently, UDP-glycosyltransferase
(UGT) catalyzes the formation of dammarane-type gin-
senosides. PPD ginsenosides include Rbl, Rb2, R¢, Rd,
F2, Rg3, and Rh2, and PPT ginsenosides include Re,
Rgl, Rg2, Rf, and RhI". The initial sequencing of the
P. ginseng genome was followed by a thorough analysis
of the genomic data to identify crucial genes involved
in the biosynthesis of ginsenosides in P. ginseng, specifi-
cally PPD and PPT. This analysis involved comparisons
of databases that contained known pathways for ginse-
noside synthesis. By employing the CRISPR-Cas9 sys-
tem, targeted mutagenesis of the PPT synthase gene in P.
ginseng has been successfully performed. To accomplish
this, Choi et al.”*! developed specific sgRNAs for targeted
mutagenesis. Our findings revealed a marked reduction
in PPT-type ginsenosides in the roots, accompanied by
an increased accumulation of PPD-type ginsenosides. It
suggests the presence of competing pathways for the pro-
duction of PPD- and PPT-type ginsenosides. Notably, a
see-saw effect based on the content of the intermediate
product dammarendiol-II was observed, although, when
the overall impact is considered, the total production of
ginsenosides may not have been markedly altered. The
CRISPR/Cas9 system demonstrated remarkable effi-
ciency in entirely eliminating PPT-type ginsenosides from
P. ginseng through the complete knockout of the target
gene.

Tanshinones, lipophilic diterpenes isolated from the
rhizome of S. miltiorrhiza, have diverse pharmacological
activities against human ailments, including neurological
diseases!”®).

The rosmarinic acid synthase gene, SmRAS, which is
involved in phenolic acid biosynthesis, and the diterpene
synthase gene, SmCPS1, which is involved in tanshinone
biosynthesis, can be precisely and effectively knocked
out in S. miltiorrhiza using CRISPR/Cas9. In this study,
the sgRNA of SmMYB98 was inserted into the modified
pCAMBIA1300 vector to obtain the CRISPR-Cas9-KO
vector. The recombinant vector pPCAMBIA1300-CRISPR/
Cas9-SmMYB98sgRNA was then introduced, using
the pCAMBIA1300 empty vector as a control. HPLC
was used to detect tanshinones in the hairy roots of
SmMYB98-OE and SmMYB98-KO plants. The results
showed that SmMMYB98 positively regulates tanshinone
biosynthesis in the hairy roots of SmMYB98 lines!”..

Summary and outlook

Research on genome sequencing in medicinal plants
has made considerable advancements, yielding crucial
insights into the genomic characteristics, secondary
metabolic pathways, and regulatory mechanisms!73-8%,
Through the analysis of whole-genome expression char-
acteristics, a very important intermediate in plants such as
C. acuminata and C. roseus, known as strictosidine, was
discovered. Strictosidine serves as a precursor compound
for terpenoid indole alkaloids such as camptothecin and
vinblastine. When comparing the genetic homology of
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Figure 5. Ginsenoside R and PPD- and PPT-type ginsenoside synthesis pathways. DMAPP: Dimethylallyl diphosphate; FPP: Farnesyl diphos-
phate; IPP: Isopentenyl diphosphate; MEP: 2-C-Methyl-D-erythritol 4-phosphate; MVA: Mevalonate; PPD: Protopanaxadiol; PPT: Protriol.

T. chinensis with other species, unique genes related to
paclitaxel biosynthesis were found in the former. These
genes catalyze the production of geranylgeranyl diphos-
phate, which specialized during evolution to form the
pathway for paclitaxel synthesis. Professor Angela
Hoffman’s research team first discovered the presence of
paclitaxel in the extract of the hazel plant. By regulating
the cytochrome P450 monooxygenase in A. annua, the
expression of cytochrome P450 monooxygenase genes
and artemisinin content were increased. In the past few

decades, genome sequencing has successfully deciphered
the genome sequences of numerous medicinal plants,
including S. miltiorrhiza, C. roseus, Coptis chinensis,
P. ginseng, and Papaver®-*3. The disclosure and sharing
of these genomic data have provided valuable resources
and tools for comprehensive investigations of medici-
nal plant genomes. However, several challenges persist
in genome sequencing. First, generation of vast amounts
of data necessitates sophisticated data processing and
analysis methods. Issues such as data accuracy, quality
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control, sequence comparison, and variant detection
pose ongoing challenges®l. Moreover, many genomes
contain abundant repetitive sequences such as transpos-
able elements, gene duplications, and tandem repeats/®’l.
These repetitive sequences complicate genome sequenc-
ing and assembly, making it difficult to accurately obtain
or assemble sequences in certain genomic regions!®¢,
Although second-generation sequencing technologies
produce numerous short-read sequences, they are insuf-
ficient for obtaining the long-read fragments required
for accurate genome assembly, variant detection, and
comprehensive annotation of gene structure and func-
tion®”!, Therefore, development of long-read sequencing
technologies remains a priority. In contrast, single-cell
transcriptomics offers the ability to examine the tran-
scriptomes of individual cells, revealing cellular hetero-
geneity!®* and differences in transcript expression among
subpopulations®”l.  Concurrently, single-cell genome
sequencing provides insights into genomic information
at the individual cell level, enabling the exploration of
genetic heterogeneity among cells®’!] of transcriptomic
changes during cell development, and of cellular differ-
ences among individuals®!l. The advancement of sin-
gle-cell genome sequencing represents a current research
frontier and holds promise for personalized medicine,
developmental biology, and disease research. Future
genome sequencing studies will focus on single-cell
sequencing, long-read sequencing, multi-omics data inte-
gration, and genome function annotation, deepening our
understanding of genomes and expanding the prospects
of life science research and applications. The continual
development of genome sequencing will open new ave-
nues for studying and applying medicinal plants, further
advancing the modernization of Chinese medicine and
personalized drug development, making significant con-
tributions to human health and the field of medicine.
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