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Abstract
Background Clinopodium chinense is an important medicinal plant belonging to the Lamiaceae. The
desiccated roots of C. chinense exhibit a variety of pharmacological properties and are utilized in
traditional Chinese medicine.

Results We present the first chromosome-level genome assembly of C. chinense, comprising 20
pseudochromosomes with an aggregate size of 0.61 Gb and 45,466 protein-coding genes. The analysis
of genome evolution indicated that two recent bursts of long terminal repeats (LTRs) significantly
increased the size of the C. chinensegenome. Additionally, numerous large-scale chromosomal
rearrangements have been identified between the genomes of C. chinense and Thymus quinquecostatu
genomes. Through comparative genomics studies, it was found that a recent whole-genome duplication
event unique to Labiatae plants has resulted in a notable expansion of gene families related to the
biosynthesis of triterpenoids and flavonoids in C. chinense. Subsequently, we identified several putative
key genes responsible for triterpenoid biosynthesis. The results of our study offer new perspectives on
the biosynthesis of triterpenoids and flavonoids, potentially advancing future investigations into the
genetic and medicinal properties of C. chinense.

Conclusions Our research outcomes offer new perspectives on the biosynthesis of triterpenoids and
flavonoids, and may aid subsequent studies on the genetic properties and medicinal uses of C.
chinense.

Background
Clinopodium chinense (Benth.) O. Kuntze, also known by its Chinese name “Feng Lun Cai”, is classified
within the genus Clinopodium of the Lamiaceae family. This perennial herb is prevalent across the
eastern, northeastern, and southwestern regions of China [1]. In China, the aerial parts of C. chinense-
commonly known as “duanxueliu”-have long been used in traditional folk medicine, and they are
employed to treat various ailments, including hematuria, influenza, and allergic dermatitis [2]. Due to the
long growth cycle, polyploid nature of the genome, and ambiguity of the phenotype, the breeding of C.
chinense is still in its early stages. There is also a phenomenon of unstable germplasm resources in
agricultural applications.

The reference genome offers insights into functional genes, evolutionary processes, and breeding
practices. However, at present, only a small number of medicinal plants have been sequenced
assembled into high-quality genomes [3–5]. The innovation of sequencing technology makes it possible
to assemble higher quality medicinal plant genomes [6, 7]. However, due to the polyploidy of many
medicinal plants, current genomic research is more difficult compared to conventional crops and
horticultural plants. In earlier research, fluorescence in situ hybridization (FISH) analyses on ginseng
have indicated that it is an allotetraploid [4, 8]. This type of polyploid is typically formed through the
hybridization of two or more distinct diploid species followed by chromosome doubling. While genome
doubling events contribute positively to boosting species diversity and environmental adaptability, this
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conclusion holds particularly in the initial phases of allopolyploid formation. To coordinate and coexist
with the genomes of various evolved diploid ancestral species within a single nucleus, polyploid
genomes may undergo gene loss, differentiation, or even chromosome reduction, thereby acquiring a
more diploid-like condition.

Previous studies have indicated that allopolyploids exhibit a subgenome advantage, wherein one
subgenome typically has more genes, higher gene expression, and lower differentiation [9–11]. For
example, allelic recombination occurring in the subgenome of polyploid cotton (Gossypium hirsutum)
plays a role in its ecological adaptation and the evolution of fibers [12]. Rapid genomic changes and
homologous inhibition leading to diploidization have also been observed in the subgenome of wheat
(Triticum aestivum) [13]. In addition, the differences between the subgenomes of ginseng (Panax
ginseng) may lead to the functional divergency and evolution of ginsenoside biosynthetic genes [4].
Therefore, elucidating the differences between the subgenomes of C. chinense will also contribute to
functional and evolutionary research.

Like other herbs, C. chinense also has complex metabolites that are considered effective compounds,
among which triterpenoid saponins are recognized as the most important type. Previous studies have
found that C. chinense contain abundant flavonoids, diterpenes, and triterpenes with have anti-
inflammatory, antibacterial, and procoagulant activities [14–16]. It is generally believed that the presence
of secondary metabolites triterpenoid saponins in C. chinense gives them significant pharmacological
effects, including hemostatic, anti-tumor, and hypoglycemic activities [17]. However, it is difficult to
directly extract sufficient amounts of triterpenoid saponins directly from C. chinense. Nevertheless, the
biosynthesis pathway of triterpenoid saponins has not been well characterized in various medicinal
plants. Thus, conducting genome sequencing research on species like C. chinense could greatly
enhance our comprehension of these pathways.

Triterpenoid saponins constitute a category of specialized metabolites with diverse structures, found in
plants [18] as well as marine invertebrates such as sea cucumbers [19] and sponges [20]. Their
biosynthetic processes involve the isoprenoid pathway, where isopentenyl pyrophosphate (IPP) serves
as the precursor for all isoprenoids [21]. IPP can be produced through either the mevalonate (MVA)
pathway or the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway [10]. The biosynthesis of triterpenoid
saponins consists of three primary stages. Initially, isopentenyl pyrophosphate (IPP) is transformed into
farnesyl pyrophosphate (FPP) through the action of geranyl-diphosphate synthase (GPPS) and farnesyl-
diphosphate synthase (FPPS) [22]. In the second stage, 2,3-oxidosqualene undergoes cyclization
catalyzed by 2,3-oxidosqualene cyclases—such as beta-amyrin synthase (β-AS) and lupeol synthase (LS)
—resulting in the formation of various compounds like beta-amyrin and lupeol [23]. The modification
stage involves a series of modifications such as oxidation, displacement, and glycosylation of terpenoid
skeletons, which are carried out by specific cytochrome P450 monooxygenase (CYPs) and UDP-
glycosyltransferases (UGTs) to generate triterpenoid saponins [24].
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With the continuous development of genome sequencing technology, advancements in long-read
sequencing techniques (e.g., HiFi sequencing) and high-throughput/resolution chromosome
conformation capture (Hi-C) methods have made it possible to generate chromosome-sized genome
sets in various plants. In present work, we assembled a chromosomal-level genome of C. chinense for
traditional Chinese medicine, where two haplotypes fully represent it. We conducted a deeper
investigation into the differences in triterpenoid saponin synthesis genes across subgenomes and
identified gene clusters linked to triterpenoid saponin synthesis. In addition, several high-quality genome
sequences of Labiatae plants published in recent years have further enhanced our understanding of the
evolution and biology of Labiatae plants. The genomic resources and analyses presented in this article
establish a crucial foundation for comprehending the evolutionary dynamics of Labiatae plants, while
also advancing genetic research and breeding efforts for C. chinense.

Results

Genome sequencing, assembly, and annotation
In this study, C. chinense is a diploid (2n = 2x = 38; Fig. 1A, 1B, 1C; Table 1), with an estimated genome
size of 0.61 Gb. K-mer analysis generated a total of 47,441,502,660 k-mers with a length of 19 and a
peak depth of 77.96. The genome size of C. chinense is 608.5 Mb, with a heterozygosity of 0.89% and a
duplication ratio of 54.64% (Table S1; Fig. S1). After pruning and quality control, we obtained 22.73 Gb of
HiFi reads and 113.3 Gb of Hi-C paired reads (Table S2; Fig. S2). The assembled genome comprised 24
contigs with a contig N50 of 37.15 Mb and a GC content of 38.61%. The size of the assembled genome
aligns closely with the projected genome size derived from k-mer analysis and flow cytometry (Table
S3). The quality of C. chinense genome assembly in this study (N50 = 37.15 Mb) was significantly higher
than that of recently published genome assemblies of other herbal plants, such as Camptotheca
acuminata (N50 = 1.47 Mb) [25], Morinda officinalis (N50 = 4.21 Mb) [26], and Senna tora (N50 = 4.03
Mb) [25]. In addition, we further utilized Hi-C assembly information and found that these overlapping
groups were further anchored to 20 pseudo-chromosomes with only one gap, covering approximately
99.12% of the assembly sequence. Genes are not evenly distributed across chromosomes; instead, a
greater concentration is found at the chromosomal ends (Fig. 1D, 1E; Table S4). The length range of
pseudo chromosomes is 7.21 to 44.32 Mb, with an average length of 30.16 Mb (Table S4). Furthermore,
we used BUSCO software (version 5.2.2, parameter: -evalue 1e−05) [27] to evaluate of the C. chinense
genome annotation. The results showed that approximately 96.8% of complete embryonic plant genes
were identified in the assembled genome (Table 1). The BUSCO evaluation typically exceeds 90%,
signifying robust genome annotation and underscoring the superior quality of the assembled genome.
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Table 1
Statistics of C. chinense genome assembly and

annotation.
Feature Statistic

Assembled genome size (Gb) 0.61

GC content (%) 38.61

Contig number 128

Contig N50 (Mb) 34.33

Scaffold number 124

N50 (Mb) 37.15

N90 (Mb) 20.13

Minimum len (Mb) 0.02

Maximum len (Mb) 44.32

Chromosome numbers 20

Average coding sequence length (bp) 1250.95

Average exons per gene 5.51

Average exon length (bp) 337.69

Repeats in genome (%) 63.85

BUSCO (complete) (%) 96.84

The transcription element (TE) annotation of the reference genome indicated that C. chinense contained
61.45% repetitive sequences (Table S5), which was significantly lower than the repeat sequences found
in other medicinal plant genomes. The ginseng genome comprises 83.17% repeat sequences [4], while
the genome of Dendrobium huoshanense genome exhibits a repeat sequence value of 74.92% [5]. We
further analyzed and found that long terminal repeat (LTR) sequences are the most abundant in repeat
sequences, accounting for 42.42% of the C. chinense genome. Among them, LTR/Gypsy and LTR/Copia
accounted for 19.23% and 18.86% of the genome, respectively (Table S5).

To predict protein-coding genes, we integrated ab initio, homology-based, and transcriptome-based
prediction approaches (Fig. S3). Across the C. chinense genome, a total of 45,466 protein-coding genes
were identified, with each gene having an average length of 4097.38 bp and containing 5.51 exons on
average (Fig. S4; Table S6). In addiotion, we have conducted in-depth research and discovered a group of
non-coding RNAs (Table S7).

Phylogenomic and evolution of the C. chinense
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We performed a comparative genomic analysis of C. chinense with 15 other plant genomes to
investigate its evolutionary history. We conducted a thorough analysis of the statistical results related to
gene family identification. This analysis revealed that a total of 68,482 orthologous gene families were
identified across all species, comprising 517,286 genes. The total count of single-copy gene families
was 48, while the gene families common to all species amounted to 7,132, comprising 226,662 genes.
The distinctive gene family of this research species comprises 3451 members, encompassing 5212
genes (Table S8; Fig. S5). To elucidate the origin of C. chinense, we conducted a phylogenetic tree
analysis involving 15 species. Phylogenetic analysis of 48 single-copy gene families indicates that C.
chinense is most closely linked to the Thymus quinquecostatus within the Labiatae family, with a
divergence time of approximately 14.0 million years ago (Fig. 2A).

Whole genome duplication (WGD), or ancient polyploidization, refers to the process of genomic
duplication and subsequent doubling. To investigate the WGD events that occurred during the evolution
of the C. chinense, we studied the distribution of Ks among the selected species (Fig. 2B). The Ks value
for C. chinense-T. quinquecostatu (CcTq) was 1.60. Our research indicated that members of the Labiatae
family, including C. chinense and S. baicalensis, exhibit notable ancient peaks around Ks = 1.0.
Furthermore, when incorporating J. sambac into the study, we observed that this peak emerged before
the divergence peak between C. chinense and J. sambac, indicating that C. chinense underwent the
same gamma WGD event as J. sambac and S. baicalensis.

Furthermore, evolutionary analysis of gene families showed that 6,353 gene families have expanded,
accounting for 35.51% of all gene families, while 619 gene families have contracted (accounting for
3.51%). Notably, 21,736 amplified gene families and 697 contracted gene families showed statistical
significance (P < 0.05) in C. chinense (Table S9). To improve our understanding of the evolutionary
history of C. chinense, we conducted genomic collinearity research involving C. chinense, T.
quinquecostatus, and S. baicalensis (Fig. 2C). Further analysis of different types of duplicated genes
revealed that the recent WGD event specifically occurring in Labiatae contributed significantly to the
expansion of these gene families.

Gene family enrichment analysis
To understand their biological functions, we conducted KEGG and GO analyses (Fig. 3). GO analysis
emphasizes that significantly expanded gene families are enriched in multiple processes, such as UDP-
glycosyitranslerase activity, regulation of terpenoid biosynthetic process, structural constituent of
cytoskeleton, regulation of coumarin biosynthetic process, and response to high light intensity (Fig. 3A;
Table S10). KEGG analysis revealed that the majority of expanded genes were concentrated in pathways
such as monoterpenoid biosynthesis, ubiquitin-mediated proteolysis, the biosynthesis of diverse plant
secondary metabolites, ABC transporters, and plant hormone signal transduction (Fig. 3B; Table S11).
However, further research has revealed that the contracted gene families were associated with GO terms
linked to polysaccharide binding, oligopeptide transmembrane transporter activity, lignin catabolic
process, response to auxin, lipid transport, etc. (Fig. 3C; Table S12). Furthermore, our KEGG pathway
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analysis of contraction genes indicated their involvement in photosynthesis, oxidative phosphorylation,
protein processing in the endoplasmic reticulum, and glutathione metabolism (Fig. 3D; Table S13).
Consequently, based on the aforementioned gene family enrichment analysis, we put forward that the
expansion and contraction of these genes may strengthen the adaptability of C. chinense in complex
environments, enhance its stress tolerance and growth regulation capabilities, and ultimately ensure its
survival under abiotic stress.

Co-analysis of transcriptomics and metabolomics
The use of single-omics data analysis to study complex biological processes and biological network
regulation has certain limitations. The integration of multi-omics joint analysis is capable of offsetting
data-related issues in single-omics data analysis, such as those arising from data loss and noise.
Therefore, a combined analysis of the transcriptome and metabolome was conducted to study the
biological functions of differentially expressed genes and metabolites in three different tissues of C.
chinense: roots, stems, and leaves.. In this study, a combined analysis of transcriptome and metabolome
was conducted to investigate the differential substances between different tissues of C. chinense. It is
hoped that through this method, more comprehensive and accurate research results can be obtained,
providing strong support for the development of related fields.

The joint analysis results indicated that there were 1271, 2834, and 2013 differentially expressed
chemicals annotated in 136, 141, and 138 KEGG pathways, respectively, among the three comparison
groups of RvsS, RvsL, and SvsL in various tissues of C. chinense (Fig. 4). Among them, RvsL had the
most differentially expressed substances, indicating more significant differences between root and leaf
tissues. The analysis of the top 20 pathways with the lowest P-values in the KEGG enrichment results
showed that the category with the highest number of annotated pathways was metabolic, indicating that
differentially expressed genes and metabolites in the C. chinense had a significant impact on plant
metabolism. There were 13, 9, and 13 metabolic pathways in the three control groups, respectively. In the
RvsS group, differential substances were most significantly enriched in the ribosome pathway; The
differential substances in the RvsL and SvsL groups were most significantly enriched in the biosynthesis
of secondary metabolites pathway, indicating that the differential substances between different tissues
involved in the regulation of plant secondary metabolic pathways are mainly involved in the C. chinense.

Moreover, the differentially expressed genes across the three groups showed enrichment in two
terpenoid biosynthesis-related pathways, specifically those involved in terpenoid skeleton biosynthesis,
sesquiterpene biosynthesis, and triterpenoid biosynthesis. This suggests that the differentially
expressed genes across various tissues of C. chinense exert a regulatory influence on terpenoid
production in C. chinense. Considering that triterpenoid components are important active constituents in
C. chinense, we will do extensive research on the metabolic pathways and genes related to terpenoid
synthesis below.

Identification of key genes for triterpenoid saponins biosynthesis in C. chinense
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Earlier research on the chemical components of C. chinense has shown that its rich triterpenoid
saponins, which have been verified in clinical settings, are the primary bioactive substances [28].
Combining transcriptomic and metabolomic analysis of three different tissues undergoing C. chinense,
we inferred and proposed the biosynthetic pathways of triterpenoid saponins and their derivatives in C.
chinense. Terpenes are mainly synthesized through two pathways: the MVA pathway and the MEP
pathway. Multiple key enzymes are involved in this process and play an important regulatory role in
terpenoid synthesis (Fig. 5).

Drawing on the KEGG enrichment outcomes, our analysis centered on differentially expressed genes
(DEGs) within two terpenoid biosynthesis-related pathways: Terpenoid backbone biosynthesis and
Sesquiterpenoid and triterpenoid biosynthesis. We also conducted in-depth exploration and analysis of
enzyme genes involved in terpenoid biosynthesis in three different tissues with C. chinense. In the RvsS
group, there are 13 differentially expressed genes (DEGs) annotated to the Terpenoid backbone
biosynthetic pathway, while 7 DEGs are annotated to the Sesquiterpenoid and triterpenoid biosynthesis
pathway. Among these DEGs, we identified key enzyme genes involved in terpenoid synthesis pathways,
including 3 SEQ, 2 GPPS, 2 HMGS, 2 HMGR, 1 MVD, 1 DXS, 1 IDI, and 1 SS gene. In addition, there are a
total of 45 DEGs annotated to the Terpenoid backbone biosynthetic pathway and 19 DEGs annotated to
the RvsL group Sesquiterpenoid and triterpenoid biosynthesis pathway. Among these DEGs, we identified
key enzyme genes involved in terpenoid synthesis pathways, including 7 SEQ, 6 GPPS, 5 β-AS, 4 HMGR, 4
PMK, 3 MVD, 3 DXS, 3 SS, 2 HMGS, 2 AACT, 2 HDR, 2 MVK, 2 IDI, 1 CMK, 1 DXR, 1 MCS, and 1 FPPS gene.
A total of 35 differentially expressed genes (DEGs) are annotated to the terpenoid backbone biosynthetic
pathway, while 14 DEGs are assigned to the sesquiterpenoid and triterpenoid biosynthesis pathway
belonging to the SvsL group. Among these DEGs, we identified key enzyme genes involved in terpenoid
synthesis pathways, including 6 SEQ, 5 HMGR, 4 GPPS, 3 MVD, 3 SS, 3 β-AS, 2 MVK, 2 AACT, 2 HMGS, 2
DXR, 2 IDI, 1 FPPS, 1 PMK, 1 CMK, 1 DXS, and 1 HDR gene (Table. 2).
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Table 2
Statistics on the number of genes for key enzymes of the terpenoid synthesis pathway.

Gene name abbreviation groups

RvsS RvsL SvsL

acetyl-CoA C-acetyltransferase AACT 0 2 2

Hydroxymethylglutaryl-CoA synthase HMGS 2 2 2

Hydroxymethylglutaryl-CoA reductase HMGR 2 4 5

Mevalonate Kinase MVK 0 2 2

Phosphomevalonate Kinase PMK 0 4 1

Mevalonate pyrophosphate decarboxylase MVD 1 3 3

1-deoxy-D-xylulose 5-phosphate synthase DXS 1 3 1

1-deoxy-D-xylulose 5-phosphate reductoisomerase DXR 0 1 2

4-diphosphocytidyl−2-C-methyl-D-erythritol kinase CMK 0 1 1

2-C-methyl-d-erythritol 2,4-cyclodiphosphate synthase MCS 0 1  

4-Hydroxy−3-methylbut−2-en−1-yl diphosphate reductase HDR 0 2 1

Isopentenyl diphosphate isomerase IDI 1 2 2

Farnesyl diphosphate synthase FPPS 0 1 1

Squalene synthase SS 1 3 3

Squalene monooxygenase SQE 3 7 6

β-Amyrin synthase β-AS 0 5 3

Geranylgeranyl pyrophosphate synthase GPPS 2 6 4

The biosynthesis of triterpenoid saponin involves over 20 catalytic steps, featuring essential enzymes
such as squalene synthase (SS) for scaffold formation and 2,3-oxidosqualene cyclase (OSC), alongside
modifying enzymes including cytochrome P450s (CYP450) and glycosyltransferases (UGT) [29].
Furthermore, the functional enrichment analysis revealed that these DEGs were mainly enriched in
"cytochrome P450" and "transporters", which may be involved in the synthesis, transport, and storage of
active ingredients and stress responses in C. chinense. To elucidate which members of the CYP and UGT
gene families may be involved in the synthesis of triterpenoid saponins in C. chinense. We identified 105
CYP and 21 UGT genes in the C. chinense genome. By prior functional predictions, we evaluated 14 CYP
members and 10 UGT members potentially implicated in triterpenoid saponin biosynthesis. We
additionally performed an evolutionary study on them alongside CYP and UGT members with established
roles. Based on the identification of 36 CYP enzymes implicated in triterpenoid biosynthesis, we
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developed a phylogenetic tree utilizing CcCYP derived from a blood cut source alongside these enzymes.
We additionally used CYP101A1 from C. chinense as an outgroup, which is strongly associated with
CYPs in plants. CYP101A1 from prokaryotes serves as an outgroup that efficiently anchors the base of
the phylogenetic tree, facilitating a more precise examination of the branching direction and evolutionary
distance among various CYP subfamilies. The phylogenetic tree indicated that CcCYP, which was related
to triterpenoid biosynthesis, primarily clusters within the CYP85 and CYP71 subfamilies (Fig. 6A).
Specifically, CcCYP707A1-7, belonging to the CYP85 family is on the same branch as GuCYP88D6, which
has C-11 oxidase function. We speculated that it may be responsible for catalyzing the oxidative
modification of the 11th carbon atom of triterpenoid molecules, which is an essential step in the
formation of triterpenoid structures. The clustering of CcCYP26A1 with C-16 α oxidase MlCYP87D16
suggests that its function may be related to catalyzing the oxidation reaction of the 16th α configuration
carbon atom (such as introducing oxygen-containing groups such as hydroxyl and carbonyl groups).
Meanwhile, the C-23 oxidase AtCYP71A16 is adjacent to CcCYP26A1, while CcCYP75B1A1-2 and
CcCYP84 are similar to LjCYP71D353 responsible for C-20 and C-28 oxidation. CcCYP93B1-2 is also
speculated to function as a C-24 oxidase potentially.

Based on the discovery of 36 glycosyltransferases involved in triterpenoid biosynthesis, we have
constructed a phylogenetic tree of CcUGT with these enzymes, which are involved in C. chinense. As
shown in the Fig. 6B, except for CcUGT72E1-2, the functions of CcUGT73C1-3 may be similar to those of
oleanolic acid 3-O-glucuronosyltransferase.

Discussion
In traditional Chinese medicine, C. chinense is regarded as a significant medicinal plant, boasting a
wealth of acknowledged bioactive components such as flavonoids, triterpenoids, polysaccharides, and
amino acids [15, 30]. The analysis of whole genome sequences provides a foundation for studying the
gene functions, phylogenetics, and gene evolution of C. chinense and many other medicinal plants. The
genome of C. chinense has the characteristics of high heterozygosity (0.89%) and a large number of
repetitive sequences (61.45%), making its assembly challenging. Moreover, medicinal plants have a
relatively short domestication history, which often leads to disrupted genetic backgrounds and
complicates genome mining efforts. To address this, we integrated Illumina and PacBio sequencing with
high-throughput Hi-C technology to produce a high-quality C. chinense genome, featuring a scaffold N50
of 37.15 Mb and a contig N50 of 34.33 Mb (Table 1). Additionally, we constructed a 0.61 Gb telomere-to-
telomere reference genome with a BUSCO completeness of 96.84% (Table 1). EGMA analysis further
confirmed that the assembled genome fully covered 99.97% of the core eukaryotic genes. These results
emphasize that compared to medicinal plant genomes sequenced recently, the integrity and quality of
the C. chinense genome are higher. This reference genome aids in clarifying genetic variations within the
saponin biosynthesis pathway throughout the evolutionary process of the C. chinense genome, offering
guidance for the further domestication of ginseng to enhance its medicinal effectiveness.



Page 12/25

Through phylogenomic analysis, we put forward a framework for the evolutionary process of C.
chinense. Ks analyses showed that C. chinense has not experienced an WGD event after differentiation.
The proliferation of different LTR-RT lineages is an important and and essential factor that causes
differences in plant genome size. For example, the Tat family is a key driver behind genome amplification
in Camellia sinensis [31], while the Ogre family plays a major role in Pisum sativum [32]. Additionally, due
to insertions, translocations, and deletions of LTR-RTs occurring during this process, incomplete
autonomous LTRs now make up a substantial part of the genome. Despite the significant role LTR-RTs
play in shaping genome size diversity, many aspects of them—including their origin, expression patterns,
insertion specificity, evolutionary trajectories, and potential impacts on genetic and epigenetic regulation
of genes—remain largely uninvestigated [33, 34].

Triterpenoids and flavonoids stand as the two primary bioactive components in C. chinense. Among
them, triterpenoids exhibit a range of beneficial properties, including anti-inflammatory, hypotensive, and
anti-aging effects, while also providing positive impacts on myocardial ischemia injury and chronic
kidney disease [35]. We have tentatively verified the substantial expansion of gene families associated
with the production of flavonoids and triterpenoids in AMM via comparative genomic analysis. In this
study, based on the combined analysis of transcriptome and metabolomics, we identified 53 and 72
candidate genes in the biosynthesis pathways of triterpenoids and flavonoids, respectively, through
homology search and functional annotation in C. chinense. Further analysis revealed that tandem
replication may play a key role in gene amplification in the synthesis pathways of flavonoids and
triterpenoid saponins, such as CYP450 and UGT genes, which are critical nodes controlling metabolic
flow [36]. We hypothesized that an elevation in the copy numbers of these genes could facilitate the
accumulation of active substances in C. chinense.

Triterpenoids are a group of natural compounds with diverse structures. They are formed when
triterpenoid saponins condense with one or more sugars and other chemical groups, with tetracyclic
triterpenoids and pentacyclic triterpenoids being the most common types [37]. As a result, across
various tissues of C. chinense, differentially expressed genes (DEGs) associated with terpenoid
biosynthesis were most abundant in the RvsL group, followed by the SvsL group, and least prevalent in
the RvsS group, highlighting notable disparities in gene expression between root and leaf tissues and
DEGs. DEGs predominantly localize within the terpenoid backbone biosynthesis pathway, indicating their
significant regulatory function in terpenoid synthesis in C. chinense, thereby establishing a basis for the
investigation of terpenoid synthesis in this species.

Conclusion
In summary, we have constructed a chromosome-level genome of C. chinense, establishing a basis for
further research on C. chinense and serving as a significant resource for the detailed study of several
other medicinal plants. This study identifies potential genes associated with flavonoid and triterpene
production in C. chinense, establishing a basis for future genetic enhancement, while genomic
evolutionary analysis offers novel insights into the evolutionary history of orchid species. The
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investigation of the C. chinense genome is anticipated to elucidate its lineage selection and enhance the
breeding of therapeutic plants for future generations.

Materials and Methods

Plant materials
The C. chinense samples were collected in August 2021 from an orchard of Taipingfan Township,
Huoshan County, Lu'an, Anhui Province, China, for the purpose of sequencing analysis. High-quality DNA
extracted from young roots was used to construct multiple genomic sequencing libraries. For Illumina
sequencing, short-insert fragments are utilized, while long fragments are employed in SMRT sequencing.

Genome sequencing
In this study, genome sequencing was conducted via Nanopore ultra-long read, PacBio HiFi, and Hi-C
sequencing technologies [38], with the work carried out by Wuhan Benegen Technology Co., Ltd.
Specifically, ultra-long sequencing was performed using the Nanopore PromethION platform, and raw
data were filtered to exclude failed reads with an average quality score below 7. Using Filtlong software
(v0.2.4) (https://github.com/rrwick/Filtlong), and use Poreecho v0.2.4 to cut the joint sequence
(https://github.com/rrwick/Porechop) [39]. Subsequently, we carried out final filtering on the acquired
readings (length < 30 kb, average reading quality score ≤ 90%) and used them for genome assembly. For
the HiFi raw data generated by the Pacbio Revio sequencing platform, filtering was implemented using
CCS v6.0.0 (https://github.com/PacificBiosciences/ccs). The CCS readings obtained are ready for
subsequent analysis [40]. Assisted assembly and annotation are performed using Hi-C. Trim the Hi-C raw
data using fastp v0.21.0 and then align it with the reference genome using HICUP v0.8.0
(http://www.bioinformatics.babraham.ac.uk/projects/hicup). We used Fastp v0.21.0 to filter the raw
readings obtained from sequencing, ultimately removing low-quality, short-length, high N-based content,
and adapter-contaminated readings. The repetitive sequences generated by PCR amplification were also
eliminated.

Genome assembly
The de novo assembly of PacBio long reads was performed by Falconv0.3.0
(github/PacicBiosciences/falcon) is performed. Firstly, all overlaps in the original reading were identified
and error correction was performed on the reading using the overlap information. Overlap detection
between generated correction reads for continuous components. Subsequently, the continuous
sequences are polished using Quiver (a component of the SMRT analysis kit) to generate the primary
assemblies. For the Bionano raw data, de novo assembly is performed in IrysView v. to produce
consensus physical maps. The initial version of the reference genome assembly, referred to as hybrid
scaffolds, is constructed by integrating the de novo primary assembly with Bionano genome imaging
data via Bionano Solve V. As for the Hi-C sequencing data, it is mapped to the assembled scaffolds using
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BWA v (available at github.com/lh3/bwa) [41] to obtain information regarding the order and orientation
of the scaffolds. The scaffolds were anchored to pseudochromosomes by LACHESIS v
(github.com/shendurelab/LACHESIS) [42].

Phylogenetic analyses
To identify paralogs and orthologs, as well as infer the species tree involving 15 plant species,
OrthoFinder 2.5.5 was employed [43]. For example, Camptotheca acuminata, Salvia miltiorrhiza, and
Thymus quinquecostatus et al. Construct a phylogenetic tree using identified single-copy genes.
Functional annotation was performed on common and specific gene families by searching KEGG and GO
databases [44]. We performed multiple sequence alignment on the single-copy gene family using Muscle
v3.8.31 [45]. Next, the sequences were trimmed and aligned using Trimal v1.2rev59 with the parameter -
gt set to 0.2. The processed data were then merged and fed into RAxML v8.2.10 for the construction of a
maximum likelihood (ML) tree [46]. Lastly, CAFE v3.1 was employed to assess the expansion and
contraction of gene families across each evolutionary branch. Gene families with significant expansion
or contraction were identified based on a threshold of p ≤ 0.05 [47].

Syntenic analyses
Homologous genes were identified both within and between species via BLASTP, and based on these
findings, homologous blocks were defined using MCscanX [44]. Subsequently, WGDI was performed to
calculate the Ks density of homologous and homologous gene pairs [48], and additionally, WGDI was
used to generate syntenic point maps. Finally, SyRI was used to detect structural variations between
subgenomes [49].

Gene duplication identification
To categorize the duplicated genes under conditions of severed blood flow, we employed DupGen Finder
[50] v1.12, which enabled us to classify them into five distinct groups: WGD, TD, PD, TRD, and DSD.
Subsequently, further GO and KEGG analyses were performed on the genes in these duplicate categories
using the R package clusterProfiler [44] v4.0. KaKs_Calculator [51] is used to calculate the values of Ka
(non-synonymous permutation for each non-synonymous site) and Ks (synonymous permutation for
each synonymous site).

Abbreviations
IPP Isopentenyl pyrophosphate

MVA Mevalonate

MEP 2-C-methyl-D-erythritol-4-phosphate

FPP Farnesyl pyrophosphate

GPPS Geranyl-diphosphate synthase
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β-AS Beta-amyrin synthase (β-AS)

LS Lupeol synthase

CYP450 CytochromeP450 monooxygenase

UGT UDP-glycosyltransferases

SS Squalene synthase
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Figures

Figure 1

The habitat, phenotypes, karyotypes, and genomic features of C. chinense.

A:Cultivation and growth of C. chinense in the field. B: Morphology of the leaf and stem of C. chinense. C:
Fluorescence staining of C. chinense chromosome with DAPI (2n=2x=38). D: Hi-C map of C. chinense of
the draft genome assembly. E: Genomic features of the genome assembly. (I) The 20 assembled C.
chinense chromosomes. (II) The gene count along the genome. (III) The repetiti ve sequence density
along the genome. (IV) The GC content along the genome. (IV) Syntenic relationships among different
chr omosomes of C. chinense.
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Figure 2

Comparative genomic and evolutionary analysis of C. chinense.

A:Phylogenetic tree of 15 plant species and the expansion/contraction of gene families. The numbers on
the nodes indicate estimated divergence times (million years ago [Mya]), and the blue bars show the
error range. The numbers in green and red indicate the expanded and contracted gene families in the
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lineage, respectively. The divergence time of speciation events are superimposed on the tree below. The
background color represents the tribe to which the species belongs. All the nodes have 100% bootstrap
support. MRCA, most recent common ancestor; WGD, whole genome duplication. B: Ks distribution
between C. chinense, T. quinquecostatus, and S. baicalensis. Astragalus membranaceus var.
mongholicus is abbreviated as A. mongholicus. The peak location is denoted by dotted lines. Ks,
synonymous substitution. C:Synteny between C. chinense (20 chromosomes), T. quinquecostatus (13
chromosomes), and S. baicalensis (9 chromosomes).

Figure 3

Gene family GO and KEGG enrichment analysis.

A: Gene ontology (GO) enrichment analysis conducted on the genes with significant expansion.
B: KEGG enrichment analysis performed on the genes that are significantly expanded. C: GO enrichment
analysis of the significantly expanded genes. D: KEGG enrichment analysis of the contracted genes.
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Figure 4

Co-analysis of transcriptional metabolism of KEGG enrichment maps.

A: KEGG enrichment map of RvsS. B: KEGG enrichment map of RvsL. C: KEGG enrichment map of SvsL.
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Figure 5

Terpenoid biosynthetic pathways.

Figure 6
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Phylogeny of CYP and UGT gene family families identified in the C. chinense genome.
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