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Abstract

Gynostemma pentaphyllum (Thunb.) Makino is an economically valuable medicinal plant belonging

to the Cucurbitaceae family that produces the bioactive compound gypenoside. Despite several

transcriptomes having been generated for G. pentaphyllum, a reference genome is still unavailable,

which has limited the understanding of the gypenoside biosynthesis and regulatory mechanism.

Here, we report a high-quality G. pentaphyllum genome with a total length of 582 Mb comprising

1,232 contigs and a scaffold N50 of 50.78 Mb. The G. pentaphyllum genome comprised 59.14%

repetitive sequences and 25,285 protein-coding genes. Comparative genome analysis revealed that

G. pentaphyllum was related to Siraitia grosvenorii, with an estimated divergence time dating to the

Paleogene (�48 million years ago). By combining transcriptome data from seven tissues, we recon-

structed the gypenoside biosynthetic pathway and potential regulatory network using tissue-specific

gene co-expression network analysis. Four UDP-glucuronosyltransferases (UGTs), belonging to the

UGT85 subfamily and forming a gene cluster, were involved in catalyzing glycosylation in leaf-

specific gypenoside biosynthesis. Furthermore, candidate biosynthetic genes and transcription

factors involved in the gypenoside regulatory network were identified. The genetic information

obtained in this study provides insights into gypenoside biosynthesis and lays the foundation for

further exploration of the gypenoside regulatory mechanism.
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1. Introduction

Gynostemma pentaphyllum (Thunb.) Makino (2n ¼ 2� ¼ 22), a tra-
ditional Chinese medicinal herb of the Cucurbitaceae family, is
widely distributed in Southeast Asia, including China, Korea, and
Japan.1 Gynostemma pentaphyllum was first recorded in Jiuhuang

Bencao (Materia Medica for the Relief of Famine), which was com-
piled by Zhu Su in AD 1406 to prepare for natural disasters and to
extend traditional Chinese medicine (Supplementary Fig. S1).
Gypenosides, a class of triterpenoid saponin compounds with
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dammarane-type structure, are effective chemical ingredients in G.
pentaphyllum.2 At present, more than 170 unique gypenosides have
been isolated, with gypenosides III, IV, VIII, and XII homologous to
ginsenosides Rb1, Rb3, Rd, and F2, and the structures of the remain-
ing gypenosides similar to ginsenosides.3,4 Recent pharmacological
studies reveal that gypenosides exhibit beneficial effects against car-
diovascular disease, lower blood pressure, improve arteriosclerosis,
and enhance anticancer activities.5–7 In plants, triterpenoids are
regarded as defensive compounds against pathogens and phytopha-
gous insects.8 Therefore, elucidating the genes responsible for gype-
noside biosynthesis could provide essential clues for probing the
gypenoside biosynthetic pathway and regulatory network as well as
open up opportunities for improving the triterpenoid saponin con-
tent in medicinal plants using biotechnology.

Gypenoside biosynthesis is a branch of the triterpenoid pathway,
and gypenoside enzyme-encoding genes can be divided into two
groups—early and late. The early biosynthesis genes (EBGs) encode
enzymes necessary for producing 2,3-oxidosqualene, such as farnesyl
pyrophosphate synthase (FPS), squalene synthase (SS), and squalene
epoxidase (SE); these enzymes have been well characterized in plants
such as Panax ginseng from the Araliaceae family.9 The late biosyn-
thesis genes (LBGs) encode enzymes involved in gypenoside produc-
tion, such as 2,3-oxidosqualene cyclases (OSCs), cytochrome P450s
(CYP450s), and UDP-glucuronosyltransferases (UGTs). Cyclization
of 2,3-oxidosqualene catalysed by OSCs is the first committed step in
gypenoside biosynthesis, and all characterized CYP450s involved in
triterpenoid saponin hydroxylation belong to the CYP716 family,
whereas UGT genes belonging to the UGT71, 73, 74, 85, 91, and 94
subfamilies are responsible for catalysing triterpene saponin glycosyl-
ation.8,10,11 However, because of the lack of genomic information,
LBGs involved in gypenoside biosynthesis remain to be identified. In
addition, little is known about the transcriptional regulation of the
gypenoside biosynthetic pathway, which limits the improvement in
gypenoside production using metabolic engineering.

Here, we present a chromosome-level reference genome for dip-
loid G. pentaphyllum using Illumina, PacBio, and Hi-C data. We
identified the repeat sequences and annotated the functions of
protein-coding genes. By combining genomic and transcriptomic
approaches, we systematically screened and identified a series of can-
didate genes responsible for the diversity, hydroxylation, and glyco-
sylation of the gypenoside skeleton. Furthermore, we screened a
series of transcription factors (TFs) involved in gypenoside regula-
tion, thus opening up the possibility of producing and increasing the
yield of gypenosides or their derivatives through metabolic
engineering.

2. Materials and methods

2.1. DNA extraction and genome sequencing

Gynostemma pentaphyllum were grown in an experimental medici-
nal botanical garden at Guangxi University of Chinese Medicine
(Nanning, China). Root, stem, tendril, young leaf, mature leaf,
flower, and fruit of G. pentaphyllum were collected as shown in
Fig. 3B, and immediately frozen in liquid nitrogen and stored at
�80�C until use. Tissues from three plants of G. pentaphyllum were
used as three biological repetitions.

Genomic DNA was extracted from young leaves of G. pentaphyl-
lum and used to construct Illumina DNA libraries whose fragment
size was �350 bp, according to the standard protocols provided by
the Illumina company. The paired-end libraries were sequenced on

an BGISEQ-500 system for error correction and K-mer analysis12

and generated a total of �82 Gb of clean data.
A PacBio library was constructed using a SMRTbell Template

Prep Kit 1.0 (PacBio, Menlo Park, CA, USA) and sequenced on a
PacBio Sequel II system. We obtained one SMRT cells with �256 Gb
of sequencing clean data (coverage of 403�) from the PacBio Sequel
II platform a with an N50 read length of 27.91 kb. We de novo as-
sembled contigs by NextDenovo v2.0-beta.1 (https://github.com/
Nextomics/NextDenovo) with PacBio reads. Then the contigs were
polished with NextPolish v1.0.413 using Illumina paired-end reads.
Purgehaplotigs were further used to reduced redundant sequences.
The detailed pipeline of genome assembly and polish was described
in GitHub (https://github.com/hdh016/Gynostemma-pentaphyllum).

We also constructed Hi-C fragment libraries (insert size of
350 bp) and sequenced them using the BGISEQ-500 platform.
Finally, we obtained a total of �33 Gb of clean reads for Hi-C analy-
ses. Then, 3D-DNA version 18011414 were used to cluster, order,
and orient the contigs with default parameters. The oriented contigs
were used to build the interaction matrices with juicer,15 and were
manually corrected with Juicebox assembly tools v2.1.0. We evalu-
ated the completeness and quality of the final assembled genome
through benchmarking universal single-copy ortholog (BUSCO)
v5.1.216 tests using gene content from the Embryophyta_odb10
database.

2.2. Gene prediction and functional annotation

For repeat elements annotation, a curated TE library was first built
by a combination of homology- and structure-based approaches us-
ing EDTA,17 RepeatMasker (version 4.0.7, rmblast-2.2.28) was then
used to mask the whole genome.

We integrated ab initio gene predictions, homology searches, and
RNA sequencing (RNA-seq) analysis to predict gene models. Ab ini-
tio gene prediction and annotation were performed by Augustus
v3.318 and GlimmerHMM.19 Then published protein sequences of
Cucurbitaceae family (Siraitia grosvenorii, Cucurbita moschata,
Lagenaria siceraria, Citrullus lanatus, Benincasa hispida, Cucumis
sativus, and Cucumis melo) were used to perform homologous
searches by Genomethreader v1.7.1.20 For RNA analysis, we first
obtained transcriptomes by sequencing high-quality RNA from root,
stem, tendril, young leaf, mature leaf, flower, and fruit tissues and se-
quenced them by the BGISEQ-500 platform. We removed adapters
and discarded reads with >10% N bases or reads having more than
20% bases of low quality (below 5) using NGS QC Toolkit21

v.2.3.372 and finally generated 144 Gb of clean data. RNA-seq reads
were mapped to the assembled genome to obtain the mapping rate
through HISAT2 v2.1.0.22 Then we de novo and genome-guided as-
sembled the transcriptomes by Trinity v.2.8.5.23 The assemblies were
further refined by using PASA pipeline. All the predicted gene struc-
tures above were integrated by EVM v1.1.1.24 Finally, we used
PASA v2.3.325 to annotate the UTR and alternative splicing isoforms
using for two rounds and obtain the final gene models.

For functional annotation of protein-coding genes, nucleotide
sequences of high-confidence genes were searched against SwissProt
and TrEMBL databases. We further used Mercator sequence annota-
tion website26 and eggNOG software27 to perform function predic-
tion. All these function predictions were integrated.

2.3. Comparative genomic analysis

An all-vs-all blastp was first performed using corresponding protein
sequences of G. pentaphyllum and other species in Cucurbitaceae
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family (mentioned above). Then the gene family clustering was con-
ducted by OrthoMCL.28 Then single-copy orthologous genes were
retrieved and aligned by Muscle v3.8.1551.29 The maximum likeli-
hood tree was produced with grapefruit as the outgroup using the
substitution model GTRGAMMA of the RAxML v8.2.12 soft-
ware.30 A total of 1,000 rapid bootstrap inferences were performed.
The bootstrap values for each node that were > 60 were labelled in
the tree. The tree was visually validated using iTOL.31 For the esti-
mation of divergence time, calibration times between Vitis vinifera
and Cucurbitaceae family (mentioned above), C. sativus and C. melo
were selected as calibration time32 and the estimated divergence time
was confirmed using r8s v1.8.1.33

2.4. Whole-genome duplication analysis and collinearity

analysis

To examine whole-genome duplication (WGD) in of G. pentaphyl-
lum, we extracted all homologous proteins between within G. penta-
phyllum using an all-to-all search in BLASTP with an e value cut-off
of 1e�6. We then used MCScanX34 with default parameters to iden-
tify collinear blocks, each containing at least five collinear gene pairs.
The Ks between the syntenic homologous gene pairs was calculated
by KaKs_calculator v2.035 using the YN model.

2.5. Transcriptome sequencing and data analysis

Total RNA of all the tissues was extracted by using TRIzol reagent
(Takara). The clean reads were mapped to the reference genome by
HISAT v2.1.0.22 The expression level was evaluated by normaliza-
tion to fragments per kilobase of exon model per million mapped
reads (FPKM) value calculated from the number of aligned reads for
each gene. Differential expression analyses were performed by using
Cufflinks v2.2.1.36 Genes with adjusted P-values < 0.05 and at least
2-fold expression changes were defined as differentially expressed
genes. The correlation between replicates was analysed by using R
package. Gene Ontology (GO) enrichment analysis was performed
by the web-based agriGO37 with the annotation data of assembled
genome as the statistical background. Weighted gene co-expression
network analysis (WGCNA) package38 was used for co-expression
analysis, for which genes expressed (FPKM � 2) at least in one tissue
were used as the input data.

2.6. Promoter cloning and analysis

For the promoter cloning, the promoter sequences of GpFPS1,
GpSS1, GpSE2, GpOSC1, and GpCYP716A4 genes were amplified
and inserted into a pTOPO-Blunt vector (Aidlab, China). Primer in-
formation were presented in Supplementary Table S1. The DNA
binding sites were predicted in about 2,000 bp region upstream of
the start codon of GpFPS1, GpSS1, GpSE2, GpOSC1 and
GpCYP716A4 genes by using PLACE (http://www.dna.affrc.go.jp/
PLACE) and plantCARE (http://bioinformatics.psb.ugent.be/webt
ools/plantcare/html).

3. Results and discussion

3.1. Genome sequencing, assembly, and annotation

To acquire a high-quality reference genome sequence of G. penta-
phyllum, a hierarchical approach was applied for the chromosome-
level genome assembly. Before deep sequencing, �82.36 Gb (�130�
genome coverage) short reads of Illumina sequencing were obtained,
and a genomic survey was performed. The estimated genome size of

G. pentaphyllum was �635 Mb, and the estimated heterozygosity
rate was �0.90% using K-mer analysis (Supplementary Fig. S2). The
genome was de novo assembled based on �256 Gb (�403� genome
coverage) PacBio long-read sequencing data and improved by
Illumina paired-end short reads to finally generate 11 chromosome-
scale scaffolds (pseudochromosomes) using 33.02 Gb of clean Hi-C
data (�52� genome coverage). The total length of the final
chromosome-level genome was 582 Mb, �91.65% of the estimated
genome size, which is similar to that of Sechium edule (i.e.
606 Mb)39 but larger than those of other members of the
Cucurbitaceae family, such as C. sativus,40 C. melo,41 and S. grosve-
norii.42 The genome assembly comprised 1,232 contigs and had a
scaffold N50 of 50.78 Mb. Among the obtained sequences, 97.13%
were anchored to the 11 chromosomes (Fig. 1A), with the pseudo-
chromosome length ranging between 37.28 and 64.79 Mb
(Supplementary Table S2). An overview of the genome assembly is
shown in Fig. 1B and Supplementary Table S3.

To test the high fidelity of the genome, Illumina short reads were
mapped to the reference genome, and 99.38% of the Illumina se-
quencing data can be mapped back to the assembly with 95.25%
overall coverage. In addition, the base error rate of the G. pentaphyl-
lum genome assembly was < 0.001%, indicating its high accuracy.
To assess the completeness of the genome assembly, BUSCO analysis
was performed and indicated 94.90% completeness (Supplementary
Table S4). Besides, the long terminal repeat (LTR) assembly index
score was 14.60, suggesting that the G. pentaphyllum genome
achieved reference level quality. Taken together, these results sup-
ported the high quality of the assembled G. pentaphyllum genome in
both genic and intergenic regions.

To screen the repeat sequences in the assembled G. pentaphyllum
genome, structure prediction and de novo prediction approaches
were adopted. A total of 59.14% of the genome sequence was identi-
fied as transposable elements (TEs). LTR retrotransposons were the
major class, accounting for 39.16% of the whole genome. Among
the LTRs, LTR/Gypsy elements were the most abundant, occupying
19.32% of the whole genome, followed by LTR/Copia (9.12%;
Supplementary Table S5). TEs were unevenly distributed across the
chromosomes and were particularly enriched in the centromeric
regions. In addition, we annotated 25,282 protein-coding genes in
G. pentaphyllum using a comprehensive analysis method based on
ab initio prediction and homology alignment from transcriptome
data of seven tissues (Supplementary Table S6), including root, stem,
tendril, young leaf, mature leaf, flower, and fruit. The number of
protein-coding genes detected in the G. pentaphyllum genome was
similar to that annotated for the C. sativus genome (i.e. 24,317
protein-coding genes)40 but less than that annotated for the C.
moschata genome (i.e. 32,205 protein-coding genes).43 The average
length of transcripts, coding sequences, and exons was 2,110, 1,238,
and 335 bp, respectively (Supplementary Table S7).

3.2. Phylogenetic relationships and WGD analyses

To investigate the evolution of the G. pentaphyllum genome, we per-
formed a comparative analysis with eight representative plant spe-
cies, including monk fruit (S. grosvenorii), pumpkin (C. moschata),
bottle gourd (L. siceraria), watermelon (C. lanatus), wax gourd (B.
hispida), cucumber (C. sativus), melon (C. melo), and grape (V. vinif-
era). We identified 24,925 gene families, of which 2,600 gene fami-
lies were considered single-copy orthologs. A phylogenetic tree was
constructed based on these single-copy orthologs. According to the
phylogenetic tree, G. pentaphyllum is a primitive species in the
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Cucurbitaceae family and diverged from it 48 million years ago
(Fig. 2A). Among all gene families, 805 gene families accounting for
3,370 genes were specific to G. pentaphyllum. Gene ontology enrich-
ment analysis of these specific genes revealed functional categories
associated with biosynthetic processes such as defence response, col-
lagen catabolic process, and multicellular organismal macromolecule
metabolic process, which reflected their particular biological charac-
teristics (Supplementary Table S8).

WGD has been considered a major driving force in plant evolu-
tion. To investigate WGD events of G. pentaphyllum, we first identi-
fied syntenic blocks within the G. pentaphyllum genome and
extracted paralogous gene pairs in these syntenic blocks. The Ks dis-
tribution of orthologs suggested the absence of a recent WGD event
in G. pentaphyllum as in other species of the Cucurbitaceae family
(Fig. 2B), which is consistent with the results of a recent study.44

Ortholog cluster analysis was performed for each species, revealing
that G. pentaphyllum contains 6.67% multiple-copy genes, which is
similar to other cucurbit species, including L. siceraria, C. lanatus, B.
hispida, C. sativus, and C. melo, in which no recent WGD events oc-
curred, but remarkably lower than C. moschata, whose genome
underwent a recent WGD event43 (Fig. 2C). In addition, we per-
formed a genome collinearity analysis between G. pentaphyllum, C.
sativus, C. melo, and L. siceraria, which showed that a large number
of interchromosomal rearrangement events occurred between these
species (Supplementary Fig. S3).

3.3. Gypenoside biosynthetic pathway genes in G.

pentaphyllum

In gypenoside biosynthesis, EBGs comprising FPS, SS, and SE have
been elucidated. However, despite studies on gypenoside biosynthe-
sis using transcriptome data, LBGs comprising OSC, CYP450, and
UGT have remained elusive since completeness and accuracy of
RNA-seq limit their mining and identification. Our high-quality ge-
nome assembly allowed reconstruction of the gypenoside biosyn-
thetic pathway, specifically capturing the implicated enzyme genes in

the late stage. Comparative transcriptome analysis was performed
on seven tissues, and samples for transcriptome sequencing were di-
vided into root, stem, tendril, young leaf, mature leaf, flower, and
fruit (Fig. 3A).

We discovered that eight genes belonging to EBGs functioned in
the gypenoside biosynthetic pathway. According to their expression
levels in the seven tissue types, at least one of each EBG was found to
be highly expressed in young leaf tissue. In detail, EBGs GpFPS1,
GpSS1, GpSE2, and GpSE3 showed young leaf-specific expression
(Fig. 3B; Supplementary Table S9), indicating that gypenosides are
mainly synthesized in the young leaves of G. pentaphyllum, which is
consistent with previous studies.45 By further screening LBGs in the
G. pentaphyllum genome, 10 enzyme-encoding genes functioning as
OSC (Supplementary Fig. S4), 216 enzyme genes with predicted
function as CYP450 (of which nine belonged to the CYP716 family;
Supplementary Fig. S5), and 151 unigenes annotated as UGTs
(Supplementary Fig. S6) were identified. Usually, the structural genes
within the same pathway are co-expressed in a specific tissue. By
screening young leaf-specific expression genes, 23 LBG genes of the
gypenoside biosynthetic pathway, including an OSC gene, 10
CYP450 genes (with 1 CYP450 gene from the CYP716 family), and
12 UGT genes (with 10 UGT genes from UGT71, 73, 74, 85, and 94
subfamilies) were found. These genes were considered candidate
genes responsible for gypenoside biosynthesis (Fig. 3B;
Supplementary Table S9). Interestingly, among the 10 candidate
UGT genes, Gp2g_007730, Gp2g_007750, Gp2g_007760, and
Gp2g_007780, which belonged to the UGT85 subfamily and formed
a gene cluster, were neighbouring each other by an intergenic region
of 107.4 kb on chromosome 2 in the reference G. pentaphyllum ge-
nome. This finding provides a unique perspective on gypenoside bio-
synthesis innovation and diversification.

Subtle differences in the structures of specific metabolites can lead
to changes in their pharmacological and biological activities.
Glycosylation, a critical step determining the structure and pharma-
cological effects of triterpenoid compounds as well as the final step

Figure 1.. Overview of the G. pentaphyllum genome assembly. (A) Genome-wide Hi-C heatmap of G. pentaphyllum. Interaction frequency distribution of Hi-C

links among chromosomes; the change in colour from white to red indicates the frequency of Hi-C links from low to high (0–10). (B) Synteny and distribution of

genomic features. a, Gene density (genes per Mb); b, TE coverage; c, GC content; d, position of the AP2 gene family (green), ERF gene family (red), and RAV gene

family (blue); e, collinearity regions.
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Figure 2.. Genome evolutionary history of G. pentaphyllum. (A) Phylogenetic analysis and divergence time estimation in G. pentaphyllum and eight other species.

The phylogenetic tree was constructed based on 2,600 single-copy orthologs and rooted with V. vinifera as the outgroup. Red represents expanded gene families,

and blue represents contracted gene families. Scale bar, 1 cm. (B) Ks distribution of G. pentaphyllum and other plant species. Lines show Ks distribution within

(continuous) and between (dashed) genomes. (C) Gene copy number distribution in G. pentaphyllum and other sequenced plant genomes of the Cucurbitaceae

family.
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of the triterpenoid biosynthetic pathway, is catalysed by a series of
UGTs. Interestingly, we discovered a gene cluster of four UGTs from
the UGT85 subfamily on chromosome 2, which were regarded as im-
portant candidate genes involved in catalyzing glycosylation in
tissue-specific gypenoside biosynthesis. In Catharanthus roseus,
the ORCA gene cluster consists of five AP2/ERF TFs, which are
known to regulate the biosynthesis of monoterpenoid indole alka-
loids.46,47 Because functional metabolic gene clusters have been
reported in C. roseus, identifying and analysing gene clusters are
promising means to identify candidate genes involved in the bio-
synthesis of specialized metabolites.48 On the one hand, compared
with non-cluster pathways, UGTs forming a gene cluster for po-
tential triterpene scaffold-modifying enzymes is beneficial for
plants to coordinate gene expression and regulation and improve
the efficiency of product synthesis. On the other hand, because tri-
terpenoid saponins were mainly involved in the defence against
pathogens and pests, the formation of a gene cluster may be the
result of natural selection.

3.4. Construction of the gypenoside biosynthesis

regulatory network

Secondary metabolite biosynthesis often shows a tissue-specific ex-
pression pattern, as exemplified by cucurbitacins.49 Therefore, to
construct the regulatory network of the gypenoside biosynthetic
pathway, transcriptome data of seven tissues were selected to first

generate a tissue-specific gene co-expression network using WGCNA
(Fig. 4A). As shown in Fig. 4B, the seven-tissue network incorpo-
rated 11 clusters of co-expression modules, each of which repre-
sented the most notable component genes. Among the 11 distinct
modules, six modules showed an expression pattern closely linked to
a specific tissue (r>0.9), such as MEdarkred for young leaf,
MEmidnightblue for stem, MEyellow for fruit, MElightgreen for
root, MEblack for tendril, and MEbrown for flower, indicating that
these modules dominate various tissue-specific biological processes.
In our study, gypenosides were mainly synthesized in the young
leaves, and the MEdarkred module, which showed significant corre-
lation with the young leaf-specific expression pattern (r>0.9), was
considered a key module closely related with gypenoside biosynthe-
sis. A total of 910 genes, including the key candidate EBGs and
LBGs, were included in the MEdarkred module. In addition, 64
genes (including 9 basic helix-loop-helix (bHLH), 5 MYB, 3 AP2/
ERF, 2 bZIP, and 1 WRKY genes) from the MEdarkred module
were identified as TF-encoding genes using iTAK50 (Supplementary
Table S10).

Overexpression or interference in FPS, SS, SE, OSC, and CYP716
gene expression can increase or decrease triterpenoid saponin bio-
synthesis,51–55 indicating that these genes are essential for regulating
triterpenoid saponin biosynthesis. In this study, GpFPS1, GpSS1,
GpSE2, GpOSC1, and GpCYP716A4 promoters were cloned and
their DNA-binding sites were predicted. Among these promoters,

Figure 3.. Comparative transcriptome analysis of genes involved in the gypenoside biosynthetic pathway. (A) Different plant parts of G. pentaphyllum. (B) A sim-

plified representation of the gypenoside biosynthetic pathway. Gypenoside enzyme-encoding genes are divided into two groups—early and late. Early biosynthe-

sis genes (EBGs) encode enzymes leading to 2,3-oxidosqualene production, whereas late biosynthesis genes (LBGs) encode enzymes leading to gypenoside

production. The expression value of each gene is coloured in log10 (FPKM) in seven tissues: root, stem, tendril, young leaf, mature leaf, flower, and fruit. Low to

high expression is indicated by a change in colour from green to red. Genes showing young leaf-specific expression are indicated in red. Dashed arrows indicate

that the gene function needs to be verified.
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bHLH-recognizing element was the most, followed by MYB-
recognizing element, GCC-box and dehydration-responsive element/
C-repeat (DRE/CRT) motif for AP2/ERF, ABA-responsive element
for bZIP, and W-box for WRKY, indicating that bHLH, MYB, AP2/
ERF, bZIP, and WRKY are candidate TFs for regulating gypenoside
biosynthesis (Fig. 5A). Finally, the candidate genes identified from
EBGs, LBGs, and TFs in the MEdarkred module were selected to
generate a gene co-expression regulatory network involved in the

gypenoside biosynthetic pathway (Fig. 5B). For gypenoside biosyn-
thesis, we predicted that 17 enzyme genes expressed at high levels in
young leaves were directly regulated by 64 potential upstream regu-
lators, most of which were bHLH family members.

Regulating the gene expression of secondary metabolic pathway
enzymes through TFs as well as activating related secondary meta-
bolic biosynthetic pathways is an effective way to achieve efficient
synthesis and targeted accumulation of active ingredients in

Figure 4.. Tissue-specific gene co-expression network in G. pentaphyllum. (A) Dendrogram with colour annotation. (B) Module–tissue association matrix classify-

ing the genes expressed in seven tissues into 11 co-expression modules; each row corresponds to a module and each column corresponds to a specific tissue.

The colour of each cell at the row–column intersection indicates the correlation coefficient between the module and the tissue. A low to high degree of correlation

between a specific module and tissue type is indicated by a change in colour from blue to red.

Figure 5.. Gene co-expression regulatory network for gypenoside biosynthesis. (A) DNA binding site prediction of gypenoside biosynthesis gene promoters.

Promoter sequences 2 kb upstream of the initiation codon were analysed for each gene. DNA binding sites were identified based on a previous study. (B)

Predicted regulatory network and the connections among TFs and structural genes involved in the gypenoside biosynthetic pathway. Structural genes are repre-

sented by octagons and TFs are represented by circles. Lines indicate correlation, and red lines indicate a positive correlation; the darker the colour, the higher

the correlation.
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medicinal plants. In this study, the reconstructed gypenoside biosyn-
thetic pathway unraveled that MYB, bHLH, AP2/ERF, bZIP, and
WRKY TFs collectively regulate gypenoside biosynthesis in the young
leaf tissue. When DNA-binding site predictions were incorporated,
binding sites for bHLH TFs were the most, indicating that bHLH TFs
are at the centre of the gene co-expression regulatory network. We spec-
ulate that these bHLH TF family members, particularly those belonging
to Groups Ia and IIId, are known to be responsible for stress
responses56,57 and play vital roles in gypenoside biosynthesis. Besides, 5
MYBs, 3 AP2/ERFs, 2 bZIPs, and 1 WRKY were identified from the
gene co-expression regulatory network, implying that gypenoside bio-
synthesis regulation is a fine and complex biological process regulated
by multiple TFs of different gene families.

4. Conclusion

In conclusion, the chromosome-level G. pentaphyllum reference ge-
nome presented in this study was obtained through evolutionary and
phylogenetic analyses of plants of the Cucurbitaceae family.
Although it is difficult to reveal the biosynthetic pathways of com-
plex secondary metabolism in non-model plants using only transcrip-
tome data, we have demonstrated that multi-omics data and co-
expression analysis can contribute to reconstructing the metabolic
biosynthetic pathway and regulatory mechanism. We successfully
constructed a gene co-expression regulatory network for gypenoside
biosynthesis and inferred the potential contributions of individual TF
gene family members and structural genes involved in gypenoside
biosynthesis. Our study provides insights for further investigations
exploring the biological activities of triterpenoid saponins for appli-
cations in medicine and agriculture.
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