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Abstract

Panax japonicus C.A.Meyer, also known as Zhujieshen, is a classic Panax herb of the Araliaceae family. It has significant
effects for the treatment of Qi stagnation and blood stasis in traditional Chinese medicine, and is used as an important
substitute for P ginseng and P. notoginseng by minority ethnic groups in China. Accordingly, many studies have been
conducted to explore the pharmacological benefits of P japonicus. However, the exploitation of P japonicus saponins
is hampered by the absence of genomic data and the limited availability of functional genes. Therefore, the recent
advances in omics approaches, such as genomics, transcriptomics, proteomics and metabolomics, have enabled

the characterization of molecular biosynthetic mechanism of P japonicus saponins. This review highlights the emerg-
ing breakthrough in multi-omics in identifying novel bioactive compounds and their biosynthetic genes in P japoni-
cus. In addition, the review also summarizes the biosynthetic pathways of triterpenoid saponins and developmental
mechanisms of P japonicus that can be helpful to realize the intrinsic metabolite differences among Panax species.
Particularly, this review unravels the whole picture of saponin biosynthesis in P japonicus on molecular aspects

and provides a comprehensive understanding of multi-omics for the application value of P japonicus in medicine.
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Introduction

The Panax L. (Araliaceae), as one of the most important
medicinal plants, has been used for medical therapeutics
for thousands of years [1]. Triterpenoid saponins are the
major active components in Panax species and exhibit
a wide range of pharmacological activities, such as anti-
inflammatory, anti-cancer, anti-microbial and anti-viral
activities [2]. These saponins in Panax species are gener-
ally named as ginsenosides, which can be classified into

*Correspondence:

Shaopeng Zhang

shaopeng@whpu.edu.cn

! Center for Se-Rich Agricultural Products Processing, School of Modern
Industry for Selenium Science and Engineering, National R&D, Wuhan
Polytechnic University, Wuhan 430023, China

2 School of Life Science and Technology, Wuhan Polytechnic University,
Wuhan 430023, China

three styles based on the differences of aglycones, includ-
ing dammarane-type, oleanane (OA)-type, and ocotillol
(OCT)-type saponins [3]. Dammarane-type saponins can
be further divided into two groups based on their agly-
cone structures: protopanaxadiol (PPD) and protopanax-
atriol (PPT) [3].

The genus Panax consists of about 20 species mainly
distributed in East Asia and North America [4]. Of these
20 Panax species, seven species (P ginseng, P quinque-
folius, P. notoginseng, P. japonicus, P. stipuleanatus, P.
pseudoginseng and P. trifolius) and one species complex
(P. bipinnatifidus) have been clearly defined according to
their geographic distributions and phylogenetic relation-
ships [5].

As one of the Panax species with a long history of
medicinal use, P. japonicus C.A.Meyer, known as “Zhu-
jieshen” in China due to its bamboo-like rhizomes, grows
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naturally in Japan, Korea and southwest China, which has
been recorded in the Chinese Pharmacopoeia [6] (Fig. 1).
P, japonicus var. major, the main variety of P. japonicus, is
commonly known as “Zhuzishen” in China owing to its
bead-like rhizomes and is also officially listed in the Chi-
nese Pharmacopoeia (Fig. 1). In the common medicinal
practice, P japonicus var. major (Zhuzishen) was often
used interchangeably with P japonicus (Zhujieshen) due
to their similar composition. According to traditional
Chinese medicine (TCM) theory, Zhujieshen and Zhuz-
ishen all had the sweet and bitter taste, and showed the
function of regulating the immune system, relieving pain
and removing blood stasis. But, Zhuzishen was slightly
colder than Zhujieshen in nature, which showed addi-
tional efficacy in nourishing the lung [7].

In the history of traditional medicinal use, the roots
and rhizomes of Panax species were mainly used as
herbal medicine in Asian countries. Many modern stud-
ies have also shown that P. japonicus rhizomes have been
used as the tonic and hemostatic agent for the treat-
ment of physical weakness and traumatic injury [8-10].
P japonicus rhizomes were always considered to have
combined effects of both P ginseng’s “conserving vital-
ity” activities and P notoginseng’s “replenishing blood”
activities [6]. Therefore, P. japonicus rhizome had been
widely used as a substitute for the root of . ginseng and P.
notoginseng in China, and was even named as “the king of
herbs’, especially in the Tujia and Hmong medicine.

As a medically important Panax species, P. japonicus
ginsenosides were the most abundant active constituents
in the rhizome, which was found to be threefold higher
than that of P quinquefolius, and sevenfold higher than
that of P. ginseng [11]. These ginsenosides from P, japoni-
cus mainly contain oleanane-type pentacyclic triterpenes.
Oleanane-type ginsenosides are considered as impor-
tant biological substances with various pharmacological
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activities [12]. Chikusetsusaponin IV, V, and IVa are
found to be three typical oleanane-type ginsenosides in
P, japonicus [13].

All ginsenosides from Panax species are initially gen-
erated from 2, 3-oxidosqualene, which could be synthe-
sized from the cytoplasmic-derived mevalonate (MVA)
pathway and plastidial methylerythritol 4-phosphate
(MEP) pathway (Fig. 2). Generally, the MVA pathway
contributes predominantly to ginsenoside biosynthesis
compared to the MEP pathway [3]. 2,3-oxidosqualene
is the key precursor for the formation of oleanane- and
dammarane-type triterpene skeletons by different oxi-
dosqualene cyclases (OSCs). These OSCs are mainly clas-
sified into dammarenediol synthase (DS) and B-amyrin
synthase (B-AS). In the subsequent biosynthetic steps of
ginsenoside modification, cytochrome P450-dependent
monooxygenases (P450s) and UDP-glucosyltransferases
(UGTs) are major enzymes to catalyze the oxidation
and glycosylation of triterpene scaffolds, respectively.
The functions of these genes in the triterpenoid saponin
biosynthesis pathway are presented in Table 1. A large
number of key genes involved in the biosynthesis of dif-
ferent triterpene skeletons have been identified, espe-
cially in P ginseng, P. notoginseng and P. quinquefolius
[14]. However, the specific genes governing key processes
in P. japonicus, such as P. japonicus saponin biosynthesis,
growth regulation, and stress adaptation, remain largely
unknown [15]

With the development of system biology and multi-
omics technologies (genomics, transcriptomics, metabo-
lomics, and proteomics) over the past two decades, the
herbal research was gradually transformed from tradi-
tional experiment-based approaches to the omics-based
approaches [16]. Using omics technologies, researchers
can not only explore key genes related to core metabo-
lites from multiple perspectives but also advance from
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Fig. 1 The typical morphological characteristics of P japonicus plant and its variety
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Fig. 2 Ginsenoside biosynthetic pathway in Panax species. Genes involved in the ginsenoside biosynthesis pathway are denoted in italics. Blue

(RGB(0, 176, 240), #00b0f0) represents genes from the MEP pathway, purple (RGB(112, 48, 160), #7030a0) indicates genes from the MVA pathway,
and green (RGB(146, 208, 80), #92d050) signifies other genes within the ginsenoside biosynthetic pathway. Genes belonging to the CYP family are
marked in orange (RGB(255, 153, 0), #ff9900), while UGT family genes are highlighted in red (RGB(192, 0, 0), #c00000). Abbreviations are as follows:

G3P: Glyceraldehyde-3-phosphate, DXP: 1-Deoxy-D-xylulose-5-phosphate, MEP: 2-C-Methyl-D-erythritol 4-phosphate, CD-ME: 4-(Cytidine 5"-dip
hospho)—2-C-methyl-D-erythritol, CD-MEP: 4-(Cytidine 5"-diphospho)—2-C-methyl-D-erythritol 2-phosphate, MECP: 2-C-Methyl-D-erythritol
24-cyclodiphosphate, HMBP: (E)—4-Hydroxy-3-methylbut-2-en-1-yl diphosphate, IPP: Isopentenyl diphosphate, DMAPP: Dimethylallyl diphosphate;
HMG-CoA: 3-Hydroxy-3-methylglutaryl-CoA), MVA: Mevalonic acid, MVA-P: Mevalonate-5-phosphate, MVA-PP: Mevalonate-5-diphosphate,

GPP: Geranyl diphosphate, FPP: Farnesyl diphosphate, DXS: 1-deoxy-D-xylulose-5-phosphate synthase, DXR: 1-deoxy-D-xylulose-5-phosphate
reductoisomerase, CMS: 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase, CMK: 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase,
MDS: 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, HDS: 4-hydroxy-3-methylbut-2-enyl-diphosphate synthase, HDR: 4-hydroxy
-3-methylbut-2-enyl-diphosphate reductase, ACAT: Acetyl-CoA acetyltransferase, HMGS: 3-hydroxy-3-methylglutaryl-CoA synthase, HMGR:
3-hydroxy-3-methylglutaryl-CoA reductase, MVK: Mevalonate kinase, PMK: Phosphomevalonate kinase, MVD: Mevalonate-5- pyrophosphate
decarboxylase, IDI: Isopentenyl-diphosphate Delta-isomerase, GGPS: Geranylgeranyl diphosphate synthase, FPS: Farnesyl diphosphate synthase,
SQS: Squalene synthase, SQE: Squalene epoxidase, 8-AS: B-amyrin synthase, DDS: Dammarenediol-Il synthase, OAS: Oleanolic acid synthase, PPDS:
Protopanaxadiol Synthase, PPTS: Protopanaxatriol Synthase, UGT: UDP-glycosyltransferase

trait exploration to variety improvement. Compared with
P. ginseng, P. quinquefolius and P. notoginseng, P. japoni-
cus and P. japonicus var. major have received far less lit-
erature support, particularly for the field of omics-based
research. For P japonicus, a perennial and genetically
complex polyploid, the application of omics technolo-
gies is crucial. The integrative omic approaches enable
research into its genetic, metabolic, and molecular

mechanisms of saponin biosynthesis and support the
conservation of its germplasm resources.

In this review, we concentrated on multi-omics analy-
sis in applications to gain a better understanding of the P
japonicus evolution, the characterization of ginsenoside
biosynthetic genes and their transcriptional regulation in
P japonicus. We believe that this review would provide
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Table 1 Genes Involved in Ginsenoside Biosynthesis in Panax Species
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Gene (Enzyme) Full Name

Metabolic Pathway

Function

DXS

DXR

cms

CMK

MDS

HDS

HDR

ACAT

HMGS

HMGR

MVK

PMK

MVD

DI
GGPS

FPS
s0S

SQE

B-AS

DDS

1-deoxy-D-xylulose-5-phosphate synthase

1-deoxy-D-xylulose-5-phosphate reductoi-
somerase

2-C-methyl-D-erythritol 4-phosphate cytidylyl-
transferase

4-diphosphocytidyl-2-C-methyl-D-erythritol
kinase

2-C-methyl-D-erythritol 2,4-cyclodiphosphate
synthase

4-hydroxy-3-methylbut-2-enyl-diphosphate
synthase

4-hydroxy-3-methylbut-2-enyl-diphosphate
reductase

Acetyl-CoA acetyltransferase

3-hydroxy-3-methylglutaryl-CoA synthase

3-hydroxy-3-methylglutaryl-CoA reductase

Mevalonate kinase

Phosphomevalonate kinase

Mevalonate-5-pyrophosphate decarboxylase

Isopentenyl-diphosphate Delta-isomerase
Geranylgeranyl diphosphate synthase

Farnesyl diphosphate synthase
Squalene synthase

Squalene epoxidase

B-amyrin synthase

Dammarenediol-Il synthase

MEP pathway

MEP pathway

MEP pathway

MEP pathway

MEP pathway

MEP pathway

MEP pathway

MVA pathway

MVA pathway

MVA pathway

MVA pathway

MVA pathway

MVA pathway

Triterpenoid skeleton synthesis
Triterpenoid skeleton synthesis

Triterpenoid skeleton synthesis
Triterpenoid skeleton synthesis

Triterpenoid skeleton synthesis

Triterpenoid skeleton synthesis

Triterpenoid skeleton synthesis

Catalyzes the condensation of pyruvate + Glyc-
eraldehyde-3-phosphate (G3P) to form 1-Deoxy-
D-xylulose-5-phosphate (DXP). It is the first
rate-limiting enzyme of the MEP pathway, deter-
mining the carbon flow rate into this pathway

Catalyzes the reductive isomerization of DXP
to Generate 2-C-methyl-D-erythritol 4-phos-
phate (MEP)

Catalyzes the reaction of MEP with CTP

to form 4-(Cytidine 5-diphospho)—2-C-methyl-
D-erythritol (CD-ME)

Catalyzes the phosphorylation of CD-ME to gen-
erate 4-(Cytidine 5-diphospho)—2-C-methyl-D-
erythritol 2-phosphate (CD-MEP)

Catalyzes the cyclization of CD-MEP

to form 2-C-Methyl-D-erythritol 2,4-cyclodiphos-
phate (MECP)

Catalyzes the conversion of MECP to (E)—4-
Hydroxy-3-methylbut-2-en-1-yl diphosphate
(HMBP)

Catalyzes the reduction of HMBP to gener-

ate Isopenteny!l diphosphate (IPP) and Dimethy-
lallyl diphosphate (DMAPP); this is the final step
of the MEP pathway

Catalyzes the condensation of 2 molecules
of Acetyl-CoA to form Acetoacetyl-CoA

Catalyzes the condensation of Acetoacetyl-CoA
with acetyl-CoA to form 3-Hydroxy-3-methylglu-
taryl-CoA (HMG-CoA)

Catalyzes the reduction of HMG-CoA to gen-
erate Mevalonic acid (MVA). It is the key
rate-limiting enzyme of the MVA pathway,

and this irreversible reaction determines the rate
of cytosolic terpenoid synthesis

Catalyzes the phosphorylation of MVA
to form Mevalonate-5-phosphate (MVA-P);

Catalyzes the further phosphorylation of MVA-P
to generate Mevalonate-5-diphosphate (MVA-
PP)

Catalyzes the decarboxylation of MVA-PP
to form Isopentenyl diphosphate (IPP)

Catalyzes the interconversion of IPP and DMAPP

Catalyzes the condensation of IPP and DMAPP
to form Geranylgeranyl diphosphate (GPP)

Catalyzes the condensation of IPP and DMAPP
to form Farnesyl diphosphate (FPP)

Catalyzes the condensation of 2 molecules
of FPP to form squalene

Catalyzes the oxidation of squalene
to form 2,3-oxidosqualene, which is a key pre-
cursor for triterpenoid synthesis

Catalyzes the cyclization of 2,3-oxidosqualene
to form B-amyrin, which is the skeleton precur-
sor of oleanane-type triterpenoids

Catalyzes the cyclization of 2,3-oxidosqualene
to form dammarenediol-Il, which is the skeleton
precursor of dammarane-type triterpenoids
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Gene (Enzyme) Full Name

Metabolic Pathway

Function

OAS Oleanolic acid synthase
(CYP716A52v2)

PPDS
(CYP716A47)

Protopanaxadiol Synthase

PPTS
(CYP716A53v2)

Protopanaxatriol Synthase

uGT UDP-glycosyltransferase

Formation of sugar donors

Formation of sugar donors

Formation of sugar donors

Modification of saponin skeleton

Catalyzes the oxidation of B-amyrin
to form oleanolic acid, which is the direct pre-
cursor of OA-type ginsenosides

Catalyzes the hydroxylation of dammarenediol-
Il to form protopanaxadiol, which is the direct
precursor of PPD-type ginsenosides

Catalyzes the further hydroxylation of proto-
panaxadiol to form protopanaxatriol, which
is the direct precursor of PPT-type ginsenosides

Catalyzes the transfer of glycosyl groups (e.g.,
glucose) to the hydroxyl groups of triterpenoid
precursors to form the final ginsenosides

new insights for understanding the specificity and com-
plexity of P, japonicus.

The Genome Analysis in P. japonicus
The whole genome analysis can shed light on the evolu-
tionary complexity of Panax species and the biochemical
diversity of secondary metabolites, and provide a holis-
tic view of ginsenoside biosynthesis in Panax plants.
Most members in Panax genus generally have large and
heterozygous genomes. For example, the whole genome
sequences were 3.45 Gb for P. ginseng [17, 18], 2.41 Gb
for P. notogineng [19, 20], 3.6 Gb for P. quinquefolius [21]
and 3.0 Gb for P, vietnamensis [22], respectively (Table 2).
P. japonicus is also an allotetraploid like ginseng, with
the increased genetic background. Due to the short
domestication history of P. japonicus, its genetic back-
ground is usually scrambled, making its genome mining
challenging. The first and currently only de novo assem-
bled genome of P japonicus was published in 2022 by
Wang’s group [21]. These P japonicus samples (4x=48)
were collected from Hokkaido, Japan. This genome
assembly possessed a small genome (2.09 Gb) with a
high level of heterozygosity (heterozygous rate=1.07%)
(Table 2). Although these Panax species varied dramati-
cally in genome size, they actually showed high collin-
earity across orthologous chromosomes [21]. In the P

Table 2 Genome Assembly Statistics of Different Panax Species

japonicus genome, the total length of contigs was 2.09 Gb
with 74,307 protein-coding genes. The overall GC content
of P, japonicus genome is 33.93%. Almost more than 50%
of the P. japonicus genome was comprised of repetitive
sequences, including long-terminal repeats (LTRs) and
retrotransposons (RTs). The expansion of Copia, Gypsy,
and other unknown retrotransposons was observed in
the P, japonicus genome [21]. And, the tandem duplica-
tion was found to increase the copy number of triterpene
saponin synthesis genes, suggesting the crucial roles of
tandem duplication in the evolution of triterpene sapo-
nin biosynthesis [18]. Many important triterpene OSC
(oxidosqualene cyclases) genes, such as lanosterol syn-
thase (LAS) and cycloartenol synthase (CAS) genes, were
also produced by tandem duplication in Panax plants
[4]. These features suggested that broad-scale chromo-
somal rearrangements might result in extensive diver-
sification of genome structure in P. japonicus and many
genes related to the phenylpropanoid and triterpenoid
biosynthesis pathways, such as the cytochrome P450 and
UGT genes, were found to be significantly expanded in
P, japonicus during the polyploidization processes. These
findings indicated that gene duplication had enriched the
biosynthetic genes for important metabolites in P, japoni-
cus. Thus, these studies would considerably improve our

Items P. japonicus P. ginseng P. notogsineng P. quinquefolius P.vietnamensis
Genome size (Gb) 2.09 345 241 3.60 3.00

GC content (%) 3393 3471 3443 3451 3511

N50 contig length (Mb) 1.22 14737 145 0.87 0.57

Number of genes 74,307 77,266 47,870 64,247 79,364

Genome BUSCO (%) 93.00 99.3 95.40 93.93 924

LTR Assembly Index, LAI 16.24 8.71 1244 7.99 -

Reference 21] [18] [19] [21] [22]

GC content is the percentage of guanine (G) and cytosine (C) nucleotides within the DNA sequence
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understanding of the P. japonicus genome and genes cod-
ing for ginsenoside biosynthesis.

The Transcriptome Analysis in P. japonicus

With the development of next-generation sequencing
(NGS), transcriptomic characterization has been progres-
sively conducted in P japonicus, enhancing our under-
standing of triterpenoid pathways and their regulatory
mechanisms [23] (Table 3).

Our prior study employed Illumina RNA sequencing to
generate a transcriptomic map of P. japonicus, establish-
ing the first transcriptome database for this species [24].
The sequencing was conducted on rhizomes of a 6-year-
old P, japonicus cultivar collected from Enshi of China,
resulting in the identification of 553,294 transcripts with
lengths exceeding 200 bp. This dataset included 81 single
genes implicated in triterpene saponin biosynthesis, 29
key genes associated with triterpene saponin backbone

Table 3 Summary Statistics for the P japonicus Transcriptome
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synthesis, and an additional 34 cytochrome P450 genes
and 18 glycosyltransferase genes predicted to partici-
pate in saponin backbone modification. This founda-
tional study paved the way for subsequent research on
the P, japonicus transcriptome. In 2016, a new transcrip-
tome assembly was constructed for five tissues (flower,
leaf, secondary root, young rhizome, and old rhizome)
of P japonicus growing in the medicinal plant garden of
Health sciences university of Hokkaido in Japan, gen-
erating 2.4 Gbps of reads [11]. Among these, 28 genes
related to the MVA pathway of triterpene saponin syn-
thesis and 24 CYP450 and 48 UGTs associated with gin-
senoside synthesis were identified. These homologous
genes exhibited high expression levels, especially in the
rhizomes of P, japonicus, and these genes were also found
to be conserved in the rhizomes of other Panax species,
including P. ginseng, P. notoginseng, and P. quinquefolius.

Sequencing Samples Sequencing Platform Data Assemble Software Assemble References
The rhizome of six-year-old  Illumina 65,100,458,52,912,296  Trinity 553,294 transcripts, [24]
P, japonicus and 77,672,802 203283 unigenes

short reads,
The flowers, leaves, lllumina 2.4 Gbps reads Trinity 206,610 contigs, 135,235 [11]
rhizomes, young rhizomes, unigenes
and mature rhizomes
of seven-year-old P.
Japonicus
The young roots, lateral [llumina, PacBio 62.2 G clean CD-HIT, Quiver 136,063 non-redundant [25]
roots, and mature roots reads (NGS), 256,605 unique full-length tran-
of the rhizome from five- insert reads (SMRT) scripts
year-old Panax japonicus
The internodes and nodes lllumina 424,112,448 reads Trinity 979,833 tran- [26]
of the rhizome from six- scripts, 392564 unigenes
year-old P, japonicus var.
major
The rhizomes, leaves, stems, PacBio NA Trinity 750,245 unigenes [27]
and lateral roots of 1-year-
old, 2-year-old, and 3-year-
old P japonicus
Four-year-old P, japonicus, lllumina NA HISAT?2, StringTie, Ball- NA [28]
main roots, fibrous roots, gohan
stems, leaves, and flowers
The periderm, cortex, [llumina 55Gb Trinity 777,642 contigs, 119,882 [29]
and stele of the rhizome unigenes
from three-year-old P
Jjaponicus
Three distinct germination  lllumina Total 120 M clean reads  Trinity 117,204 unigenes [30]
stages of P japonicus seeds
Three-year-old leaf, fruit, [llumina 229 Gb Trinity 216,108 unigenes [31]
stem and root of P. japoni-
cus var. major
The roots, leaves, flowers, lllumina NA Trinity 211,650 tran- [32]
and fruits of three-year-old scripts, 90,985 unigenes
P japonicus var. major
Five distinct color develop-  lllumina 93.94 Gbp Trinity 462,117 unigenes [33]

mental stages of P japonicus
fruits
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Xu and Yang et al. [25, 29] conducted a comprehensive
transcriptomic analysis of different tissues (young rhi-
zome, old rhizome, secondary root, rhizome periderm,
rhizome cortex and rhizome stele) from 5-year-old P
japonicus in Enshi, China, which was based on NGS and
single-molecule real-time sequencing (SMRT) technolo-
gies. A total of 2,087, 340, and 1,228 uniquely expressed
transcripts were identified in the young rhizome, old
rhizome, and secondary root, respectively. A total of 138
CYP genes were identified (FDR<0.05, FC>2). Among
these, 43 (31.2%), 57 (41.3%), and 38 (27.5%) genes were
predominantly expressed in the young rhizome, old rhi-
zome, and secondary root, respectively. Additionally,
18 UGT genes were identified (FDR<0.05, FC>2), in
which 13 (72.2%), 3 (16.7%) and 2 (11.1%) genes with the
high expression levels were respectively observed in the
young rhizome, old rhizome, and secondary root. As for
the periderm, cortex, and stele of rhizome, 37 (69.8%), 7
(13.2%), and 9 (17.0%) CYP transcripts showed the high-
est expression levels, respectively. Among the UGT tran-
scripts, 21 (60.0%), 8 (22.9%), and 6 (17.1%) exhibited
peak expression in the young rhizome, old rhizome, and
secondary root, respectively.

Their findings gave a concise explanation at the tran-
scriptional level for saponin distribution and accumu-
lation across the different tissues of P japonicus. They
suggested that the young rhizome and its periderm might
be the most important medicinal tissues in the under-
ground parts of P, japonicus.

For P japonicus var. major, its rhizome was special,
forming two different parts (node and internode). The
rhizome node served as the primary site for oleanane-
type ginsenosides in 6-year-old P. japonicus var. major,
in which the content of oleanane-type ginsenosides was
nearly four times that of the internode [26]. In order to
elucidate the molecular mechanism underlying this dif-
ferent saponin accumulation in different tissues, Zhang
et al. [26] investigated the transcriptomic differences
between nodes and internodes of P. japonicus var. major
rhizomes. 392,564 unigenes had been de novo assembled
in this study, with an average length of 612.14 bp and an
N50 length of 875 bp. Interestingly, among 25,112 dif-
ferentially expressed unigenes, a set of 48 enriched uni-
genes associated with isoprenoid biosynthesis, including
most MVA pathway genes, were all highly expressed in
the nodes. This result indicated that the rhizome node
was the main tissue for synthesizing the skeletons of
triterpene saponins compared with the rhizome inter-
node. In 2024, Luo et al. conducted the RNA-Seq analy-
sis on four organs (rhizome, leaf, flower, and fruit) of P
japonicus var. major [32]. Differential expression analy-
sis also indicated that rhizomes exhibited more upregu-
lated genes compared to other organs, and contained the
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highest number of organ-specific genes. Analysis of three
transcription factor families (WRKY, MYB, and bHLH)
revealed that WRKY genes were significantly highly
expressed in the rhizomes P. japonicus var. major, sug-
gesting their potential key role in triterpenoid saponin
biosynthesis.

In recent years, combinatorial transcriptomics tech-
niques have been receiving more attention, which ena-
bles us to better disclose potential genes associated with
ginsenoside biosynthesis in P. japonicus. In 2023, a com-
prehensive analysis of the metabolites and transcriptome
was conducted in four tissues (rhizomes, stems, leaves,
and lateral roots) of 1-3 year-old P. japonicus from Enshi,
Hubei of China, in which a total of 750,245 transcripts
and 3,482 protein groups were identified in Pjaponicus
[27]. In this study, OA-type ginsenosides were found
mainly distributed in rhizomes, PPD-type ginsenosides
were mainly distributed in leaves, and PPT-type ginse-
nosides were mainly distributed in lateral roots. At least
45 candidate genes were found to show significant tis-
sue-specific expression abundance, of which the order of
their expression levels in different tissues was rhizomes,
leaves, lateral roots and stems from high to low. And 29
CYPs and 92 UGTs genes related to ginsenoside biosyn-
thesis were finally found through differential expression
analysis and correlation analysis.

In 2024, the difference in flavonoid biosynthesis among
five tissues (main roots, fibrous roots, stems, leaves and
flowers) of 4-year-old P. japonicus was analyzed by com-
bining broad metabolomics and transcriptomics [28]. In
this study, metabolomic analysis detected 133 flavonoid
metabolites annotated to the flavonoid biosynthesis path-
way. The major flavonoid metabolites significantly accu-
mulated in aboveground parts, particularly in flowers
and leaves, followed by stems, but less in underground
parts. This accumulation pattern of flavonoids in P
japonicus was closely associated with the expression of
multiple structural genes (PjC4H, Pj4CL, PjCHS, PjCHI,
DjE3H, PjF3'H, PjCYP, PjPAL, and PjUGT) as well as
several transcription factors (PjbHLH, PiMYB, PjWRKY,
PjWDA40, PjbZIDB, PibHLH, PjGRAS, and PjAP2).

In addition, P, japonicus seeds were usually difficult to
germinate in natural conditions. The molecular events
occurring in the seed germination were largely unknown.
In 2024, Zhou et al. firstly investigated the molecular
mechanisms underlying seed germination in P japoni-
cus [30]. Fresh P japonicus were harvested from Xin-
tang Township, Enshi, Hubei Province of China. Three
developmental stages of seeds were investigated, includ-
ing stage I (no sand storage), stage II (sand storage for
60 days), and stage III (sand storage for 120 days). This
study compared the seeds in different germination stages
in terms of morphological features, antioxidant enzyme
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activities and transcriptomics. Functional annotation
revealed that the seed germination was primarily regu-
lated by a series of genes related to pathways including
ROS (Reactive Oxygen Species) scavenging metabolism,
plant hormone signal transduction, starch and sucrose
metabolism, energy supply and phenylpropanoid biosyn-
thesis. Many key transcription factors, such as bHLHs,
MYBs, WRKYs, and bZIPs, also played crucial roles in the
seed germination process.

The development of P, japonicus fruits was also special,
in which only the apical capitulum could develop into the
normal fruit with distinctive color trait changes. In 2025,
Huang et al. established the first gene expression resource
for fruit development in P japonicus [33]. P japonicus
fruits were collected from Anshun City, Guizhou Prov-
ince of China. Five different color change periods of the
fruit were investigated, including the green fruit period,
green fruit turning period, red fruit period, black fruit
period and fruit mature period. They revealed the cor-
relation between color trait changes, pigment contents
and secondary metabolite contents of P. japonicus fruits.
The total number of differentially expressed genes gener-
ated by intercomparison of the five periods was 17,895,
of which 9,435 genes were up-regulated and 8,460 genes
were down-regulated. The whole flavonoid biosynthesis
metabolism pathway was found to be critically involved
in the promotion of color trait changes in P japonicus
fruits, in which 81 candidate genes were obtained in this
flavonoid biosynthesis pathway. Similar findings have
also been observed in studies on P. ginseng. Bian et al.
(2025) conducted a study on the mechanism of P. ginseng
fruit ripening using integrated metabolomic and tran-
scriptomic analyses, revealing that genes in the flavonoid
biosynthesis pathway were systematically upregulated
during fruit development [34].

The Metabolome and Proteome Analysis in P.
japonicus

Triterpene saponins have made significant contributions
to the biological activities of Panax genus, also including
P, japonicus, which are mainly responsible for the preven-
tion of liver fibrosis, neuroprotection and cardioprotec-
tive activities [35, 36]. Different from the other ginseng
species, the oleanolic acid-type saponins are the main
saponin components in P japonicus [37]. In addition to
triterpenoid saponins, polysaccharides, amino acids and
microelements are also found to contribute to their mul-
tiple bioactivities in P, japonicus herbs [3].

As a powerful and effective tool, the metabolome could
systematically elucidate the chemical characteristics at
a systems level, which played an important role in the
molecular networks connecting genotype to phenotype
[38]. Commonly used metabolomics techniques included
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nuclear magnetic resonance (NMR), gas chromatogra-
phy-mass spectrometry (GC-MS), and liquid chromatog-
raphy-mass spectrometry (LC-MS). And, data analysis
methods primarily included principal component analy-
sis (PCA) and orthogonal partial least squares discrimi-
nant analysis (OPLS-DA) [39].

By combining DDA (Data Dependent Acquisition) and
HDMSE (High Definition MSE) data acquisition meth-
ods, Zhang et al. comprehensively analyzed and char-
acterized multiple components in P japonicus using
UHPLC/IM-QTOEFE-MS (Ultra-High Performance Liquid
Chromatography/Ion Mobility Spectrometry-Quadru-
pole-Time of Flight Mass Spectrometry) technology. 76
OA-type ginsenosides (42.7% of the total), 15 PPD-type
(8.4%), 33 PPT-type (18.5%) ginsenosides, 11 OCT-
ginsenosides (6.2%) and 12 malonylginsenosides (6.7%)
were characterized in P. japonicus [40]. Among them, 75
saponins might not have been isolated from other Panax
genus.

In 2023, Jiang et al. systematically characterized ginse-
nosides in P. japonicus var. major using UHPLC/QTOEF-
MS and firstly revealed the spatial distribution of these
ginsenosides in rhizome tissues by using DESI-MSI
imaging [37]. A total of 272 ginsenosides were identi-
fied in P, japonicus var. major, including 138 ginsenosides
that were possibly reported for the first time in the Panax
genus. The identified ginsenosides were classified into
seven categories: 75 OA-type ginsenosides (27.57%), 22
PPD-type (8.09%), 52 PPT-type ginsenosides (19.12%),
16 OCT-type ginsenosides (5.88%), 19 malonylated gin-
senosides (6.99%), 35 ginsenosides with different C-17
side chains (12.87%), and 53 other types of ginsenosides
(19.49%). The DESI-MSI experiments further revealed
the predominant distribution of ginsenosides in the cork
layer and phloem of the rhizome, and found that olean-
ane-type ginsenosides were more abundant in the nodes
of P. japonicus var. major, which was consistent with the
results characterized by UHPLC/QTOE-MS.

In 2024, Yasen et al. developed an offline two-dimen-
sional liquid chromatography coupled with quadru-
pole-time-of-flight mass spectrometry (HILICXRP LC/
QTOF-MS) method. They also constructed an internal
database comprising 612 reported saponins and 228 pre-
dicted metabolites [41]. Using this method, 307 saponins
were identified from P, japonicus rhizomes, of which 76
were newly identified in this species. These saponins
primarily belong to the oleanane and dammarane types,
with the dammarane type including PPD, PPT, OCT
types, and various C17 side chain variants. Among them,
150 were oleanane-type ginsenosides and their deriva-
tives, while 156 were dammarane-type ginsenosides
comprising variants with diverse C17 side chains as well
as esterified and acylated derivatives. Additionally, a class



Zhuang et al. Food, Nutrition and Health (2026) 3:6

of ginsenosides was identified as ursonic acid-type, which
are isomers of oleanane-type ginsenosides.

Huang et al. first combined proteomic and metabo-
lomic technologies to analyze the spatiotemporal dis-
tribution of ginsenoside biosynthesis and its associated
genes in P japonicus [27]. The content of ginsenosides
was quantitatively analyzed using the UPLC-MRM-MS
method. A positive correlation was observed between
rhizome ginsenoside content and growth years. This
correlation was largely attributed to the increasing pro-
portion and content of OA-type ginsenosides. OA-type
ginsenosides were predominantly distributed in the rhi-
zomes. In lateral roots, the content of PPT-type ginse-
nosides was the highest, followed by PPD- and OA-type
ginsenosides were the least. And, in leaves, ginsenosides
were mainly composed of PPT- and PPD-type ginseno-
sides. In stems, ginsenoside composition was largely
limited to PPT-type compounds, reflecting a relatively
low chemical diversity. After the proteomic analysis,
3,482 proteins were identified in P japonicus. Among
these proteins, the expression levels of 10 CYP and 16
UGT proteins were strongly correlated with ginsenoside
content (correlation coefficient>0.8). These proteins,
positively correlated with specific ginsenosides, might
function in the biosynthesis of these compounds or their
upstream precursors.

P. japonicus and P. japonicus var. major are two differ-
ent ginseng herbs with similar bioactivities. However,
there are few studies on the qualitative analysis of the
chemical composition of the differences between these
two similar Panax herbs. To comprehensively investigate
the discrimination of these two Panax herbs, Du et al.
(2018) first employed UHPLC-Q-Exactive/HRMS and
HPLC-ESI-MS/MS methods to screen and identify the
chemical compositions of P. japonicus and P. japonicus
var. major. 22 representative ginsenosides (Rgl, Re, Rb1,
Rc, Rb2, Rb3, Rf, Rd, Rg2, Rg3, F3, Rh1, Rh2, Ro, F1, F2,
Notoginsenoside R1, pseudo F11, PPD, PPT, chikuset-
susaponin IV and chikusetsusaponin IVa) were focused
on and identified in this study [42]. Among these major
ginsenosides, ginsenoside Ro, chikusetsusaponin IV and
chikusetsusaponin IVa showed the highest content, espe-
cially in P. japonicus and P. japonicus var. major, which
was about 20-70 times that of other ginsenosides. Sub-
sequent studies have further confirmed this discovery,
collectively demonstrating the abundance of OA-type
compounds (e.g., chikusetsusaponin IV, IVa, and gin-
senoside Ro) in both P japonicus and P. japonicus var.
major [7, 38, 41, 43—45]. Moreover, Du et al. [42] further
found that the major difference between P japonicus
and P, japonicus var. major was in the content of these
compounds (Rd, Rf, F3, Ro, and chikusetsusaponin IV)
(Fig. 3). And, the average content of total ginsenosides
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in P japomnicus was significantly higher than that in P
japonicus var. major, even though the PPD and PPT con-
tent in P, japonicus var. major was more abundant.

Furthermore, the differences in chemical composition
among five Panax species (P ginseng, P. quinquefolius,
P. notoginseng, P. japonicus, and P. japonicus var. major)
were evaluated through an integrated strategy combining
untargeted metabolomics (UPLC-QTOF-MS profiling)
with multivariate analysis (PCA, PLS-DA, and OPLS-DA)
[7]. According to the screening results, there were some
significant differences in chemical composition between
these five Panax species, including saponins, amino
acids, and fatty acids. The primary differences were still
saponins, in which 12 important saponins (Zingibroside
R1, Zingibroside R2, Zingibroside R4, American ginseng
saponin-L11, Zingibroside Fa, Notoginsenoside-E, Majo-
roside R1, Majoroside R2, Ginsenoside Rd/Re, Ginseno-
side Rb1, Chikusetsusaponin IVa, Chikusetsusaponin lb)
showed significant differences among these five Panax
species. Although P, japonicus and P. japonicus var. major
had a similar composition, several saponins were found
to be significantly different between these two species,
including zingibroside R1, majonoside R1, vinaginseno-
side R14, ginsenoside Rd and Rf (Fig. 3). This result was
partially consistent with Du'’s research in 2018 [31].

In addition to triterpene saponins, natural flavonoids,
including flavones, isoflavones, flavanols, flavanones, fla-
vanonols, chalcones, anthocyanidins and flavanols, are
also important metabolites in P. japonicus (Fig. 4). Flavo-
noids play critical roles in diverse pharmacological effects
and in plant adaptation to terrestrial environments. How-
ever, the distribution of flavonoids in different tissues of
P, japonicus and the related genes involved in flavonoid
accumulation have not yet been reported. Therefore, it is
worthwhile to explore the flavonoid biosynthesis of sec-
ondary metabolites in P. japonicus.

In 2024, Chen et al. first investigated the changes in
flavonoid contents in different tissues of four-year-old P
japonicus from Chongqing of China (main roots, fibrous
roots, stems, leaves and flowers) by combining target
metabolomics and transcriptomics. A total of 209 flavo-
noid metabolites in seven categories (flavones, flavonols,
flavanones, flavanonols, flavanols, anthocyanidins and
chalcones) were identified by using the UPLC-ESI-MS/
MS system, in which flavonols and flavones were the
most abundant in P. japonicus, comprising 106 (50.72%)
and 63 (30.14%) metabolites, respectively [28] The fla-
vonoid contents in different tissues revealed significant
differences, in which flavonoids, flavonols, flavanones
and flavanonols predominantly accumulated in the
aerial parts of the plant, particularly in the flowers and
leaves. Moreover, the accumulation of 11 flavonoids in
the ko00941 pathway (C10107, C00389, C09806, C09614,



Zhuang et al. Food, Nutrition and Health (2026) 3:6

0-Gle-D-p -

D ~Gle-(1-2)-p-D -Gle-O HO

“0-G le-D-p-(2—1)-Gle-D-f

Ginsenoside Rd Ginsenoside Rf

0-Gle-D-p

$-D-Gle-(12)-p-D-GleA-O JL-AraD-1—dpp-D-GIcA-O

Ginsenoside Ro Chikusetsusaponin IV

HO <
0-Gle-D-p-2—1)-Gle-D-p

Majonoside R1 Vinaginsenoside R14

0-Gle-D-p

£D -Gle-(1-2)-4-D -GleA-O

CH,OH

“0-Gle-D-p-(2—1)-Xyl(p)-D-p

Page 10 of 14

a-L-Ara(p)-(1-6)-$-D-Gle-0
OH

OH H
R

Dammarane-type

Ginsenoside F3

Zingibroside R1 Oleanane-type

HO'

© or

Ocotillo-type

Fig. 3 Characteristic structure of triterpene saponins for differentiating between P, japonicus and P, japonicus var. major

General structure of flavonoid Flavone
C6-C3-C6
v g e
OH OH
(o]
Flavanonol Flavanol

Fig. 4 Characteristic structure of flavonoids metabolites in P japonicus

C09099, C09789, C16422, C16408, C01604, C06561 and
C16406) was greatest in the flowers, followed by the
leaves and stems, and was lowest in the main roots and
fibrous roots.

Flavonol Flavanone
e
) SUaY,
OH
[¢]
Anthocyanidin Chalcone

Integrative Multi-Omics Analysis in P. japonicus

Integrating multi-omics analyses enable a comprehen-
sive elucidation of key functional genes involved in trit-
erpenoid saponin biosynthesis and their underlying
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molecular mechanisms (Fig. 5). In P japonicus, Huang
et al. (2023) first employed a multi-omics approach to
analyze the spatiotemporal distribution of ginsenoside
biosynthesis and its regulatory genes by integrating tran-
scriptomic, proteomic, and metabolomic data [27]. Two
important conclusions could be drawn from this study.
First, the variation in saponin content in P japonicus
originated from differences in the expression efficiency
of upstream biosynthetic genes. Second, the specific
expression of CYP450 genes regulated the ratio of proto-
panaxadiol (PPD) to protopanaxatriol (PPT). These find-
ings were consistent with results of Tian et al. (2025) in
their multi-omics study on P ginseng, P. quinquefolius,
and P, notoginseng [43]. In P. japonicus var. major, Yang
et al. (2024) first conducted an integrated transcriptomic
and metabolomic analysis of four tissues, including the
root, stem, leaf, and fruit [44]. This study identified a
total of 216,108 unigenes, exceeding the gene numbers
documented in previous research. A total of 507 plant
defense-related nucleotide binding site (NBS) genes

Page 11 of 14

were identified, which showed that P japonicus var.
major had the highest number of NBS genes compared
to other Panax species. Three UGT genes (UGT94Q2,
UGT74AE2, and UGT74M1) showed a strong positive
correlation with nine differentially accumulated sapo-
nins including chikusetsusaponin IVa, ginsenoside Rd,
Ro, Rf, Rg2, Rgl, Rb2, Re, and Rb3. Two CYP450 genes,
CYP716A47 and CYP716A52V2, also showed a signifi-
cant positive correlation with all nine saponins.
Moreover, single-cell omics and spatial omics technolo-
gies have advanced rapidly in recent years, which allows
high-throughput analysis of specific tissues at both sin-
gle-cell and spatial resolution [44—46]. This shift has redi-
rected research focus from merely identifying medicinal
components to precisely determining their spatial distri-
bution and understanding how different cells coordinate
and collaborate within tissues. Wang et al. (2025) have
integrated MALDI-MSI with single-cell RNA-seq (scRNA-
seq) technology to establish a critical link between the spa-
tial distribution of metabolites and cell type-specific gene
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expression patterns in P ginseng [46]. The study revealed
that genes involved in ginsenoside biosynthesis were highly
expressed in guard cells and palisade mesophyll cells, the
MVA pathway was mainly expressed in guard cells, and
downstream genes were predominantly expressed in pali-
sade mesophyll cells and phloem parenchyma cells. Yang
et al. (2025) have performed a joint analysis of scRNA-seq
and MALDI-MSI on the root tips of three Panax species
(P, notoginseng, P. ginseng and P. quinquefolium) [47]. This
study first revealed that the differentiation trajectories
of root tip cells and the cell type-specific biosynthesis of
saponins in three Panax species at single-cell resolution.
However, there are currently no reports on single-cell or
spatial omics research in P japonicus and its varieties.
Future research should focus on these novel omics tech-
nologies to elucidate the regulatory mechanisms of sapo-
nin biosynthesis in P, japonicus.

Conclusion

P japonicus has historically been regarded as the "king
of herbs" in Tujia and Hmong traditional medicines in
China, becaused it possesses both the conserving vitality
activities of P. ginseng and the replenishing blood activi-
ties of P notoginseng simultaneously. Also, it has been
widely used in traditional healing for centuries to relieve
sprains, hematemesis, cough, arthralgia and weakness
after illness. Although numerous promising findings have
been reported for P japonicus, the molecular mecha-
nisms underlying the variation in its active constituents
are still poorly understood. With the rapid advances of
integrative omics platforms including genomics, tran-
scriptomics, metabolomics, and proteomic, the “system-
atic herbal-omics” term has been coined to holistically
integrate the multi-layer omics datasets. These novel
systematic research approaches fuel the identification
of novel bioactive compounds as well as the decoding of
their biosynthetic pathways in P. japonicus.

This review first addressed the latest research find-
ings of P. japonicus in the field of combinatorial omics.
Future omics research on P japonicus should incorpo-
rate single-cell and spatial omics to elucidate the cell
type-specific processes governing saponin biosynthesis
within its rhizomes. Moreover, the multi-omics network
should be constructed by incorporating genomic, tran-
scriptomic, metabolic and proteomic data, enriching our
multidimensional analysis of P. japonicus’s secondary
metabolism.

Overall, this review provided novel perspectives to
further understand the genetic background, morpho-
logical development, and ginsenoside biosynthesis of P.
japonicus, which was helpful to foster the multifaceted
development of P. japonicus industry and explore its full
potential for human health and economic development.
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