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Abstract

The traditional Chinese medicinal plant Prunella vulgaris contains numerous
triterpene saponin metabolites, notably ursolic and oleanolic acid saponins, which
have significant pharmacological values. Despite their importance, the genes
responsible for synthesizing these triterpene saponins in P. vulgaris remain
unidentified. This study used a comprehensive screening methodology, combining
phylogenetic analysis, gene expression assessment, metabolome-transcriptome
correlation and co-expression analysis, to identify candidate genes involved in
triterpene saponins biosynthesis. Nine candidate genes - two OSCs, three CYP716s and
four UGT73s - were precisely identified from large gene families comprising hundreds
of members. These genes were subjected to heterologous expression and functional
characterization, with enzymatic activity assays confirming their roles in the
biosynthetic pathway, aligning with bioinformatics predictions. Analysis revealed that
these genes originated from a whole-genome duplication (WGD) event in P. vulgaris,
highlighting the potential importance of WGD for plant metabolism. This study
addresses the knowledge gap in the biosynthesis of triterpene saponins in P. vulgaris ,
establishing a theoretical foundation for industrial production via synthetic biology.
Additionally, we present an efficient methodological protocol that integrates
evolutionary principles and bioinformatics techniques in metabolite biosynthesis
research. This approach holds significant value for studies focused on unraveling

various biosynthetic pathways.
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Introduction

Lamiaceae, an angiosperm family encompassing more than 200 genera and over 3,500
species (Group et al., 2016), exhibits a global distribution, and predominantly
comprises herbs and vines, with occasional shrubs and small trees. The hallmark
feature of this family lies in its abundant and diverse volatile oil components, which
after extractions, play a crucial role in various aspects of human daily life. There have
been extensive applications of Lamiaceae plants in medicinal contexts, exemplified by
species such as Scutellaria baicalensis (Zhao et al., 2019), Salvia miltiorrhiza (Ma et al.,
2021) and Schizonepeta tenuifolia (Liu et al., 2023b). Additionally, they serve as
culinary spices, including Ocimum basilicum, Pogostemon cablin, and Perilla frutescens.
Furthermore, the edible chia seeds derived from Salvia hispanica contribute to the
production of various food products such as sticks, cookies, noodles, and bread.
Rosmarinus officinalis plays a vital role in perfume and soap production, while the
industrial significance of peppermint (Mentha plants) is noteworthy.

Given the manifold role of Lamiaceae plants in human life, the genomes of 39
species, including several medicinal plants, have been sequenced to date. These
genomes serve as fundamental sources, offering valuable insights into the biosynthetic
pathways of diverse metabolites. Notable examples include the identification of 4'-
deoxyflavonoid enzyme-encoding genes in S. baicalensis, leading to the decoding of
the Baicalein biosynthetic pathway (Zhao et al., 2019). Analysis of the S. hispanica
genome suggests that the expansion of the FAB2 gene family is responsible for the
high omega-3 content (Wang et al., 2022). Similarly, the genetic study of S. tenuifolia
unveiled the molecular mechanism of pulegone biosynthesis through evolutionary
analysis and experimental validations (Liu et al., 2023a).

Prunella vulgaris L. (Chinese name "B fLE", Figure 1A) is a perennial herb in

Lamiaceae, with a wide distribution in southern regions of the Qinling Mountains in
China and other temperate and subtropical areas worldwide (Wu et al., 1900, Wang et
al., 2019). Harvested in early summer, the mature seeds, dried spikes, or even the
entire plant of P. vulgaris are used in traditional Chinese medicine (Figure 1A). The
triterpenoids, particularly ursolic acid and oleanolic acid, are considered the principal

active constituents, with ursolic acid serving as an indicator of herb quality (China,



2010). The pharmacological effects of P. vulgaris, including the recordation of "cleaning
liver and brightening eyes, clearing knot and detoxification" in the masterpiece on
traditional Chinese medicine Compendium of Materia Medica, and the anti-
inflammatory, blood pressure-lowering, and blood circulation-improving properties
discovered by modern medicine, are attributed to the abundance of ursolic acid (Li et
al.,, 2023b), making P. vulgaris a promising candidate for an anti-tumor agent.
Furthermore, P. vulgaris plays a significant role in the food industry, particularly in
Southern China, where it is used as a primary ingredient in herbal teas, and the annual
market demands in China reach approximately 5,100 tons. Despite the wide
distribution, P. vulgaris growing in Jiangsu is considered of high pharmacological

quality, and recognized as the genuine herbal material (Yang, 2015).
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Figure 1. Morphology of P. vulgaris and its hypothetical pentacyclic saponins biosynthetic
pathway.

(A) Morphology of P. vulgaris. (B) The proposed pentacyclic saponins biosynthetic pathway in
plants. MEP: methylerythritol phosphate pathway, MVA: mevalonate pathway, HMBPP:
dimethylallyl pyrophosphate, G3P: Glyceraldehyde 3-phosphate; IDS: Isoprenyl diphosphate
synthase, IDI: isopentenyl diphosphate isomerase; B-AS: B-amyrin synthase; a-AS: a-amyrin



synthase; GT: glycosyltransferase. Dashed lines represent multiple steps, solid lines represent a
single step.

In the biosynthetic pathway of triterpenoid compounds in plants, the process
initiates with the mevalonic acid (MVA) pathway and, to some extent, the 2-methyl-D-
erythritol-4-phosphate (MEP) pathway, both contributing to the production of the
common precursor, isopentyl diphosphate (IPP) (Krokida et al., 2013). The subsequent
step involves the formation of the triterpene basic skeleton precursor, 2,3-
oxidosqualene, catalyzed by squalene oxide cyclase (OSC). The final steps require the
involvement of oxidase and glycosyltransferase, typically encoded by members of the
cytochrome P450 (CYP450) (Zhou et al., 2019) and uridine diphosphate (UDP)-
glycosyltransferases (UGT) (Erthmann et al., 2018) gene families to produce triterpene
saponins (Figure 1B). However, the precise enzymes catalyzing these last three steps
in P. vulgaris remain poorly understood, given that the genes encoding these enzymes
belong to gene families with multiple members, especially the vast CYP450 and UGT
families, which contain hundreds of members in each angiosperm species.

Although attempts have been made to sequence the genome of P. vulgaris and to
study the biosynthesis of triterpene saponins, only genes encoding OSCs were
identified and characterized, whereas CYP450s or UGTs were only predicted without
functional verification (Bryson et al., 2023, Zhang et al., 2024). To unravel the complete
biosynthetic pathway of ursolic acid and oleanolic acid saponins in P. vulgaris, we
collected samples from Nanjing, Jiangsu, where the cultivated P. vulgaris is considered
of high pharmacological quality and assembled a chromosome-level genome. Through
comprehensive analyses integrating genomic, transcriptomic, and metabolic data,
coupled with functional characterizations through experiments, we aimed to identify
key enzyme-encoding genes involved in the process. This study not only unveils the
complete triterpene saponin biosynthetic pathway in P. vulgaris, but also presents an

efficient methodology for identifying unknown genes.

Results
Genome and metabolome of P. vulgaris
P. vulgaris, a diploid (2n = 2x= 28) species (Hanlin et al., 2022), was estimated to

have a genome size of approximately 690 Mb, based on K-mer distribution (K = 19)



analysis and exhibiting a heterozygosity of 0.79% (Supplementary Figure S1). Our
preliminary assembly based on Nanopore and lllumina reads generated 104 contigs
(contig N50 = 15.3 Mb), totaling a size of 683.87 Mb (Supplementary Table S1).
Subsequent HI-C data anchored all contigs onto 14 scaffolds, representing 14
haplotype pseudochromosomes ranging from 30.1 Mb to 79.9 Mb in length
(Supplementary Figure S2). Gene annotation generated 45,001 protein-coding gene
models, and 98.1% of BUSCO groups (embryophyta_odb10) were completely captured
after annotation, indicating a high quality and completeness of genome
assembly.Targeted metabolomic analysis was employed to characterize the metabolite
profile of terpenoids in P. vulgaris. Samples comprised the roots, stems, leaves, seeds,
and spikes. Through comparison with a reference standard library, we identified 63
terpenoid compounds from all tissues, including 11 diterpenoids, five
sesquiterpenoids, 42 triterpenoids, and five triterpenoid saponins. Based on cluster
analysis of the 63 terpenoid compounds (Supplementary Figure S3), all tissues, apart
from the spikes, exhibit richness in various oleanane and ursane-type triterpenoids,
whereas P. vulgaris spikes accumulate nearly all triterpenoid compounds. We selected
five typical ursane and oleanane-type compounds, namely usolic acid, ursonic acid,
tormentic acid, trihydroxyursan, and moronic acid, as marker compounds to assess
their expression abundance in different tissues. As depicted in the K-means plot
(Supplementary Figure S4), the expression abundance of most markers
(Supplementary Table S2; class1: tormentic acid, class2: trihydroxyursan, class6: ursolic
acid) in spikes exceeded that in other parts, lending objective support to the traditional
Chinese medicine theory of utilizing the spikes of P. vulgaris for medicinal purposes. A
minor subset of markers (class9: ursolic acid, moronic acid) exhibited higher
expression in the roots, indicating potential specific accumulation of certain

triterpenoid compounds in roots.

Identification of candidate genes involved in P. vulgaris triterpenoid saponins
biosynthesis

To identify enzyme-encoding genes associated with the final three biochemical
reactions of triterpenoid saponin biosynthesis in P. vulgaris, a comprehensive

approach was undertaken using the assembled reference genome (Figure 2).



Genome-wide gene family identification

Initially, a genome-wide identification of three gene families (OSC, CYP450 and UGT)
was conducted by homologous blast and HMM model search and verified by Pfam
domain recognition. A total of 11 OSC, 364 CYP450 and 172 UGT genes were identified
(Figures 2A, 2B and 2C). Considering the impracticality of functionally characterizing
all these genes, a streamlined methodology was developed to efficiently screen

unknown enzyme-encoding genes from this vast dataset.

Phylogenetic screening

We initially sought clues based on evolutionary principles. All functionally
characterized enzyme-encoding genes involved in the three steps were compiled from
previous studies (30 OSCs, ten CPY450s and 22 UGTs, Supplementary Table S3), and
served as crucial reference in phylogenetic analysis. Subsequently, we identified and
extracted all genes associated with OSC, CYP450 and UGT families in 18 selected plant
genomes (Supplementary Table S4) using the comprehensive genome-wide
identification approach described in the Methods section. The phylogenies of the
three gene families were constructed by aggregating all identified genes. The OSC gene
phylogeny revealed four distinct monophyletic branches, clearly separating the
functionally differentiated B-amyrin synthase (B-AS), mixed-AS, lupeol synthase (LUS)
and dammarenediol synthase (DS) into four branches (Figure 2D). This alignment
between functional roles and phylogenetic grouping underscores the evolutionary
constraints on the functional divergence of the OSC gene family, offering valuable
insights for our candidate gene screening. For the OSC phylogeny, all characterized
OSCs that generate a- and B-amyrins fall into either the B-AS or the mixed-AS branches,
with P. vulgaris exhibiting six genes distributed into these two branches (three in each
branch, Supplementary Figure S5). Consequently, the six P. vulgaris OSCs were selected
as the candidate enzyme-encoding genes in the screening process. Similarly, for the
CYP450 phylogeny, all ten characterized enzymes of ursolic and oleanolic acids from
different angiosperm lineages clustered in the CYP716 subfamily (Figure 2E), in which
P. vulgaris possesses seven genes (Supplementary Figure S6). Thus, the seven CYP716s

were the screened candidates that potentially function in this step. Finally, our



observation for the UGT phylogeny revealed that the characterized UGTs utilizing
ursolic and oleanolic acid as substrates belonged to the UGT73 subfamily (Figure 2F
and Supplementary Figure S7). Accordingly, 12 P. vulgaris UGT73 genes were

preliminarily identified as candidates for further investigation.

Expression assessment of candidate genes

Following the evolutionary screening, we continued to examine gene expression
profiles to gather additional clues, aiding in the refinement of potential candidate
genes involved in triterpene saponins biosynthesis in P. vulgaris. Transcriptomic data
revealed notable expression levels for three OSCs (Pvul_OSC-1, Pvul_OSC-3 and
Pvul_OSC-9, labeled in red in Figure 2G), three CYP716s (Pvul_CYP-4, Pvul_CYP-6 and
Pvul_CYP-7, Figure 2H) and two UGT73s (Pvul_UGT73-2, Pvul_UGT73-12, Figure 2l) in
leaves, roots or seeds, indicating their heightened activity in these organs. Hence,
these genes are more likely to be the enzyme-encoding genes involved in triterpenoid

saponins biosynthesis in P. vulgaris.

Metabolome-transcriptome correlation and co-expression analyses

Our metabolomic analysis of five organs of P. vulgaris revealed significant
accumulation of ursonic and tormentic acid, trihydroxyursan and moronic acid in
leaves and/or roots (Supplementary Table S2). To identify genes potentially associated
with these compounds, we conducted correlation analyses between their contents
and gene expression patterns across different organs. All genes were classified into 42
modules (Supplementary Table S6), among which the turquoise, saddlebrown,
royalblue, darkolivegreen and yellow modules exhibited significant correlation with
ursonic acid, tormentic acid, trihydroxyursan and moronic acid (Figure 2J). Among the
five modules, we observed a grouping of three OSCs, five CYP716s and two UGT73s
into the turquoise module (Figure 2K and Supplementary Table S5). This module also
included most of the upstream enzyme-encoding genes in the MVA and MEP pathways
(HMGS, ACCT, FPPs, GPPs and IDS), indicating a shared expression pattern. Consistent
expression patterns are typically observed among genes participating in the up- and
downstream steps of the same pathway. Consequently, the three OSCs, five CYP716s

and two UGT73s in this module are likely to play a downstream role to the MVA and



MAP pathways. In contrast, other modules contain few OSCs, CYP716s, UGT73s and
other upstream enzyme-encoding genes (Supplementary Table S5). Notably,
candidates identified through metabolome-transcriptome correlation and co-
expression analyses largely overlapped with those identified through phylogenetic
clues and expression assessment, except for only two UGT73s. This underscores the
utility of metabolome-transcriptome correlation and the co-expression analyses in
providing valuable clues for the identification of unknown genes.

In summary, our screening strategy, integrating phylogenetic analysis, gene
expression assessment, metabolome-transcriptome correlation and co-expression
analyses effectively identified 12 candidates (three OSCs, five CYP716s and four
UGT73s, Figure 2L) from a gene pool comprising hundreds of members as the most
promising candidate genes encoding enzymes involved in triterpene saponins
biosynthesis. Two OSCs and three CYP716s were selected by multiple approaches,
indicating their higher degree of confidence. However, for the UGTs involved in the last
catalyzing step, four candidates were the union of different screening results, because
UGT73_2 and UGT 73_12 with the highest expression levels among all UGT73s were
not screened by the co-expression network, which, instead, suggested two other
genes (UGT73_6 and UGT73_7) with lower expression levels. We speculate that UGTs
have multiple roles participating not only in the triterpene saponins biosynthesis but
also in other pathways. To validate the effectiveness of our screening strategy, two
0OSCs, three CYP716s and four UGT73s candidates were subject to functional validation

for their enzymatic activities.
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Figure 2. Flow chart and results of screening enzyme-encoding genes involved in the biosynthesis
of ursolic and oleanolic acid saponins in P. vulgaris.

The left column indicates five steps of our integrated protocol for screening unknown genes, while
the right part displays the results generated at each screening step. Genome-wide identification of
OSC (A), CYP450 (B) and UGT (C) genes were performed first by blast and HMM search from the
genomes of P. vulgaris and other 18 species. Subsequently, phylogenetic analyses of OSC (D),
CYP450 (E) and UGT (F) genes were performed using the sequences of all identified genes and
characterized enzymes collected from published literatures. Subfamily branches are distinguished
by unique colors and shaded bands. The detailed phylogenies and IDs for the candidate genes are
provided in Supplementary Figures 5-7. The screened candidate genes by phylogenetic analyses
continued to be applied to the assessment of their expression in different organs of P. vulgaris.
Genes were clustered according to their differential expression levels and highly expressed genes
were selected, resulting in three OSCs (G), three CYP716s (H) and two UGT73s (l). Metabolome-



transcriptome correlation analysis was conducted to associate metabolic products with genes
according to the content of metabolites and gene expression patterns (J). Connections between
modules and metabolites indicate a P-value less than 0.1, with the thickness of the lines
representing the degree of correlation. Genes were classified into different modules by distinct co-
expression patterns by WGCNA (Supplementary Figure 8). Among the modules showing significant
correlation with ursolic acid and oleanolic acid, the turquoise module contained three OSCs, five
CYP716s and two UGT73s (Supplementary Table S5), as well as most enzyme-encoding genes in the
upstream process of triterpene saponins biosynthesis (K). Hence, this step produced 10 candidates.
At last, the screening pipeline generated a total of 36 candidate genes potentially participating in
the triterpene saponins biosynthesis in P. vulgaris, and five of them were repeatedly screened by
multiple analyses, thus were considered as the most promising candidates (L).

Functional validation of candidate genes

Two OSCs (Pvul_0OSC-1 and Pvul_0OSC-3) and three CYP716s (Pvul_CYP-4, Pvul_CYP-6
and Pvul_CYP-7) candidates were successfully cloned from cDNA prepared from the
leaves of P. vulgaris, using gene-specific primers (Supplementary Table S7). We then
investigated the function of OSCs/CYP716s by Agrobacterium-mediated transient
expression in the leaves of Nicotiana benthamiana. Gas chromatography-mass
spectrometry (GC-MS) analysis of leaf extracts showed a peak with the same retention
time and mass spectrum as an authentic B-amyrin standard (Figure 3A), confirming
that Pvul_OSC-3 is indeed a B-amyrin synthase (Figure 3B and Supplementary Figure
S9). In addition, Pvul_OSC-1 was proven able to produce both a-amyrin and B-amyrin
(Figure 3A and 3B, Supplementary Figure S10). Consequently, we first identified the
two enzyme-encoding genes responsible for triterpenoids precursor skeleton.

Next, we focused on the candidates involved in the oxidation of a-amyrin and B-
amyrin. The members of the CYP716 family were mostly characterized as triterpene
oxidases that catalyze three-step C-28 oxidation of a-amyrin, B-amyrin and lupeol
(Malhotra and Franke, 2022). Of the five CYP716s selected, three cloned CYPs
(Pvul_CYP716-4, Pvul_CYP716-6, or Pvul_CYP716-7) were shown to play a functional
role as expected. Transient expression of each of the three CYP716s coupled with
Pvul_OSC-1 in N. benthamiana resulted in nearly total conversion of a-amyrin to
ursolic acid, or B-amyrin to oleanolic acid, exhibiting a higher capacity to produce

ursolic acid (Figure 3C).
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Figure 3. Functional characterization of P. vulgaris
biosynthesis.

(A) Biosynthetic route leading to the production of a-amyrin, B-amyrin, ursolic acid, and oleanolic
acid, as well as the putative glucosylation product of oleanolic acid (oleanolic acid 3-O-B-glucoside)
in P. vulgaris. Pvul_0SC-1/-3, oxidosqualene cyclase; Pvul_CYP716-4/-6/-7, cytochrome P450
proteins; Pvul_UGT73-2, UDP-dependent glycosyltransferase. (B) GC-MS extracted ion
chromatograms (EIC) for leaf extracts of N. benthamiana after expression of each OSC or co-
expression of the Pvul_OSC-1 with the different Pvul_CYP716. All intermediates were validated by
comparison to synthetic authentic standards. (C) The extracted ion abundance for the exact ion
mass of products produced in N. benthamiana after expression of each Pvul_OSC or coexpression
of the Pvul_0OSC-1 with the different Pvul_CYP716. Date are means % sd.; n = 3 biological replicates.
(D) In vitro assay of Pvul UGT73-2 protein expressed in E. coli. Shown are HPLC-MS

candidate genes involved in triterpene



chromatograms representing oleanolic acid (5), as well as one mass feather (m/z 617.4636) that
might be as putative product of Pvul_UGT73-2. (E) MS?spectra of the new compound produced by
Pvul_UGT73-2, along with predicated ion fragment structure.

Subsequently, we determined the enzymes responsible for the addition of a sugar
unit at the C-3/C-28 position of the oleanolic acid scaffold. The UGTs are typically
responsible for glycosylation of plant natural products by using UDP—activated sugar
donors to transfer sugar units onto small molecules (Rahimi et al., 2019). Accordingly,
we successfully cloned three UGT73s (Pvul_UGT73-2, Pvul_UGT73-7 and Pvul_UGT73-
12) from P. vulgaris. To determine if the candidate UGTs have catalytic activities
towards oleanolic acid, they were heterologously expressed in E. coli. The
corresponding crude protein extracts were assayed as putative sugar acceptors and
UDP-D-glucose as sugar donor. HPLC-MS results showed that Pvul_UGT73-2 transfers
a glucose moiety from UDP-D-glucose onto the oleanolic acid (Figure 3D). In addition,
tandem mass spectrometry (MS?) analysis supported the glucosylation of oleanolic
acid (Figure 3E). However, further characterization is required to determine whether
Pvul_UGT73-2 catalyzes 3-O-glucosylation of the oleanolic acid.

Following a series of functional experiments, all enzymes for the three missing
steps of triterpene saponins biosynthesis were finally identified and characterized,
thereby successfully unraveling the complete biosynthetic pathway in P. vulgaris. The
screening methodology is also proved to be of high accuracy, and likely of broad

application in exploring unknown genes in metabolic pathways.

Independent WGDs and differential gene retention account for distinct terpenoids
accumulation among Lamiaceae plants

Lamiaceae is famous for a rich diversity of terpenoid compounds, characterized by
diverse structures and high content. However, the composition and abundance of
terpenoids vary significantly among different species within the family. For instance, P.
vulgaris produces rich triterpenoid compounds, while S. baicalensis mainly generates
diterpenoid compounds. This variability can be explained by several factors such as
copy number variation and differences in expression of the genes involved in the
triterpenoid and diterpenoid biosynthetic pathways.

In triterpenoid biosynthesis, P. vulgaris possesses six OSCs and seven CYP716s



serving as potential enzymes, while S. baicalensis has only two OSCs and three
CYP716s (Figure 4A). This notable difference in gene copy numbers may contribute to
the abundance of pentacyclic triterpenes in P. vulgaris. The underlying mechanism
likely involves species-specific gene duplications that led to the expansion of gene
(sub)families. Further examination revealed well preserved collinearity between the
orthologous genes encoding the three enzymes in the P. vulgaris and S. baicalensis
genomes, and showed a primary 2:1 ratio (Figure 4B and Supplementary Figure S11),
suggesting that the P. vulgaris enzymes are derived from a lineage-specific WGD
(Supplementary Figure S12). While S. baicalensis also underwent an independent WGD,
many duplicates of enzyme-encoding genes have been lost over time. In contrast,
retained duplicates in P. vulgaris evolved enzymatic activities for triterpenoids

biosynthesis.
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Figure 4. Comparative analyses of triterpene and diterpene biosynthetic pathways in P. vulgaris
and S. baicalensis.

(A) The gene copy number and expression heatmap of different organs (left column to right column:
flower, leaf, root and stem) involved in the triterpene and diterpene biosynthetic pathways in P
vulgaris and S. baicalensis. TPS: Terpene Synthase. (B) Collinearity of OSCs in P. vulgaris and S.
baicalensis.



Beyond the copy number variation, differential expression levels could also
contribute to variations in terpenoids accumulation among different Lamiaceae plants.
The expression levels of CYP716s are also relatively higher in different organs of P.
vulgaris than in those of S. baicalensis (Figure 4A). In diterpenoid biosynthesis, the key
diterpene skeleton-synthesizing enzyme, TPS, has six copies in S. baicalensis, whereas
P. vulgaris has five copies. However, there is an expressional discrepancy, with all P.
vulgaris TPSs exhibiting extremely low expression level in all organs, while two copies
of S. baicalensis TPSs are highly expressed in stems (Figure 4A), and the two TPSs were
proved to play a functional role in the S. baicalensis diterpenoid biosynthesis (Li et al.,
2023a). Therefore, the low expression of P. vulgaris TPSs is in line with the extremely

low diterpenoids content in this plant.

Discussion

Multi-omics approaches and its potential in studying plant metabolism

The above-ground part of mature P. vulgaris has long been used as traditional Chinese
medicine, as recorded in several ancient works on traditional Chinese medicine,
including ‘Sheng Nong's herbal classic’ (over 2,000 years ago) and ‘Compendium of
Materia Medica’. Nowadays, it is a primary ingredient in herbal teas popular in South
China. This work assembled a high-quality reference genome of P. vulgaris, and
provided rich transcriptomic and metabolic data generated from different organs.
These data will certainly provide valuable information for the cultivation, breeding and
further utilization of this plant.

Compared with a previously published P. vulgaris genome (Zhang et al., 2024), our
genome assembly has a bigger genome size and contig N50 value, indicating enhanced
completeness and consistency of genomic assembly (Supplementary Table S1). The
high-quality assembly, together with a rich transcriptome dataset, allowed high-
guality genome annotation, while the combined metabolomic data provided a reliable
foundation for elucidating the triterpene saponin biosynthetic pathway. The discovery
and characterization of the enzyme-encoding genes in P. vulgaris helps to better
understand the evolution of the triterpene saponins metabolism in Prunella. These
enzymes and the completely deciphered pathway are a valuable genetic source and

could serve as the molecular basis of potential cell engineering and an alternative



choice for large-scale industrial production.

An optimized hierarchical pipeline of studying biosynthetic pathways

To unravel the biosynthetic pathways of the two pentacyclic triterpene saponins in P.
vulgaris, we propose a methodological protocol that leverages multi-omics data and
integrates various approaches (phylogenetic analysis, gene expression assessment,
metabolome-transcriptome correlation, and co-expression analyses) to efficiently
screen for unknown enzyme-encoding genes. Functional characterization experiments
confirmed the high accuracy of the analytical results, amongst which our identified
OSCs align with the results of a previous study (Zhang et al., 2024), validating the
effectiveness of our screening strategy. Importantly, our integrated protocol for gene
screening may extend beyond triterpene saponin biosynthesis or even plant
metabolism, showing potential for broad applications. Our strategy is grounded on the
evolutionary theory that orthologous or closely related genes are likely to have the
same/similar functions. Expression assessment evaluates the transcription level of
genes, typically correlating with phenotypes traits, for instance, gene expression levels
and metabolite abundance in this study. Modern genetics and molecular biology also
suggest that most genes, instead of working alone, function together with other genes
in certain pathways or complex regulatory networks that mediate the organismal
growth, development, reproduction, metabolism, physiology and response to stimuli
(Li et al., 2023c). So different genes must cooperate or interact with others to
accomplish their missions. In fact, WGCNA (Langfelder and Horvath, 2008) was
developed based on gene expressional correlations to build so-called transcriptional
modules, and genes working in the same pathway are often classified into the same
module.

Although the above-mentioned approaches were usually employed individually or
separately in studies for the search for unknown genes, they are not used together as
a combined protocol as in this study. Therefore, we developed this integrated
screening protocol that combines different methods and approaches, and they
together will generate results of high confidence. Admittedly, such screening strategy
does require a larger volume of data and increased costs. However, for studies

involving smaller gene families or studies where the screening objectives are more



clearly defined, certain steps can be reduced or skipped. Conversely, for studies
involving larger gene families or with fewer defined targets, we are convinced the
entire process remains a worthwhile and effective approach, leading to more precise
outcomes, and this protocol should suit the identification of genes that participate in

various pathways.

Evolutionary insights into CYP450 and UGT gene families: implications for triterpene
saponin biosynthesis

Previous research has shown that, although other CYP450 families (CYP51, CYP71,
CYP72, CYP85, CYP87, CYP88, and CYP93) can modify the skeletons of oleanolic and
ursolic acid-type saponins, CYP716 primarily catalyzes the oxidation at the C-28
position (Malhotra and Franke, 2022). This finding provides a clear direction for our
screening efforts within the vast CYP450 superfamily. Such directional specificity is
dictated by evolutionary principles, and the variations in enzyme activity align with the
patterns of molecular evolution. Similarly, the UGT family is also extensive, with the
UGT73 subfamily being selected based on these evolutionary clues. Utilizing
evolutionary principles allows for efficient and rapid screening of target genes and may
elucidate the mechanism underlying biosynthetic pathways (Huang et al., 2024, Li et
al., 2024). This study represents a preliminary validation and investigation of the
UGT73 subfamily, without an in-depth analysis of the glycosylation reactions in
triterpene saponins specifically named Pruvuloside A and B in P wulgaris
(Supplementary Table S2). Based on the constructed gene co-expression networks,
future research is expected to identify additional enzyme-encoding genes and
incorporate potential regulatory transcription factors, thereby constructing a
comprehensive regulatory network for the biosynthesis of triterpene saponins in P.
vulgaris.

The distinct OSC and CYP716 copy numbers and expression levels between P.
vulgaris and S. baicalensis provide insights for the discrepancy in major terpenoid
metabolites between these two species. Although both genomes have experienced a
recent but independent WGD, the subsequent retention patterns differed largely
within their genomes, with genes involved in triterpenoids biosynthesis much better

preserved in P. vulgaris than in S. baicalensis, reflecting a synchronous gene



retention/loss pattern in the same pathway/network (Shi et al., 2020). Therefore, both
gene copy number variation and expressional discrepancy might have led to the
different terpenoids accumulation in the two plants, and possibly have contributed to

the diversity of terpenoid compounds.

Materials and methods

Sample collection, genome sequencing and assembly

Fresh leaves and buds of P. vulgaris cultivated at the Institute of Botany, Jiangsu
Province and the Chinese Academy of Sciences, Nanjing, were collected for genome
sequencing. Short-read libraries with a 350-bp insert size were constructed and
sequenced on the lllumina NovaSeq 6000 platform (lllumina, San Diego, CA, USA),
while long-read libraries were constructed and sequenced on the Oxford Nanopore
platform (Oxford Nanopore Technologies, Oxford, UK). Quality control involved the use
of FastQC (V0.20.1) (Andrews, 2014) and Oxford Nanopore GUPPY (V4.0.2)
(Krishnakumar et al., 2018) to filter low-quality reads. Genome size evaluation
employed GCE (V1.0.2) (Liu et al., 2013) and K-mer frequency depth distribution was
obtained using lellyfish. The preliminary genome assembly was generated by
NextDenovo (V2.4.0) (liang et al., 2023) using 61.5 Gb of Nanopore reads.
Subsequently, Oxford Nanopore long reads and 30.7 Gb of lllumina short reads were
used to correct assembly error with Racon (V1.4.11) (Vaser et al., 2017) and Pilon
(V1.23) (Walker et al., 2014). Purge_Haplotigs (V1.0.4) (Roach et al., 2018) was
employed to de-hybridize the corrected genome, yielding the final assembly (Xue et
al., 2023a, Xue et al., 2023b).

Fastp (V0.21.0) facilitated the filtering of raw data, followed by comparison with
the reference genome and additional filtering. Sorting contigs and orienting scaffolding
were accomplished by ALLHIC (V0.9.12) (Zhang et al., 2019) and JUICER (V1.5) (Durand
et al., 2016) using 70.08 Gb Hi-C data. The completeness of the genome assembly was
assessed using Benchmarking Universal Single-Copy Orthologs (BUSCO) (Manni et al.,
2021) (embryophyta_odb10).

Genome annotation

RepeatModeler (V2.0.2) (Bao and Eddy, 2002) was utilized to construct a de novo



repeat sequence database for the P. vulgaris genome, and then RepeatMasker (V4.1.0)
(Tarailo-Graovac and Chen, 2009) was employed to search for repetitive sequences in
the database. Gene structures were annotated using three methods: (I), de novo
predictions using STAR (V2.7.10a) (Dobin et al., 2012) and Braker (V2.1.6) (Brina et al.,
2021). (1), homologous annotation using protein sequences of Arabidopsis thaliana,
Oryza sativa and Pogostemon cablin as the reference with GenomeThreader (V1.7.1)
(Gremme et al., 2005). (lll), Transcriptome-based annotation employing RNA-
sequencing results with Hisat2 (Kim et al., 2019), StringTie (Pertea et al., 2015) and
TransDecoder (V5.5.0) (Haas et al., 2013). The integration of annotation results was
performed using EvidenceModeler (Haas et al., 2008). The assessment of genome

annotation results employed BUSCO (V5.2.2) (Manni et al., 2021).

Genome-wide identification and phylogenetic analysis of gene families

For the evolutionary analyses of OSC, CYP450, and UGT gene families, functionally
characterized genes were retrieved from the UniProt database
(https://www.uniprot.org/). Genome-wide identification of the members within the
three gene families began with a BLAST (V2.13.0) (Camacho et al., 2009) search using
an e-value threshold of 1e-5 within P. vulgaris and 17 additional angiosperm genomes.
HMMER (V3.3.2) (Eddy, 2011) was subsequently used to validate the presence of
characteristic structural domains within the BLAST-identified members (OSC: PF13243
and PF13249; CYP716: PFO0067; UGT73: PF00201), and those lacking these domains
were excluded. Amino acid sequences of the three families were aligned using
ClustalW with default parameters (Thompson et al., 1994) as integrated in MEGA
(Tamura et al., 2007). Phylogenetic analysis was conducted using the maximum

likelihood program fasttree (V2.1.11) (Price et al., 2010).

Transcriptome analysis and weighted co expression network analysis (WGCNA)

The analysis of transcriptome data began with the utilization of Fastp (V0.23.2) (Chen
et al., 2018) to filter raw data from 15 samples corresponding to five plant organs
(roots, stems, leaves, seeds and spikes). Subsequently, Hisat2 (Kim et al., 2019) was
employed to map all transcriptomic clean data to the reference genome using default

parameters. Samtools (V1.15.1) (Danecek et al., 2021) was used to sort and compress



the sam file to obtain the bam file. Rsubread (V2.8.2) (Liao et al., 2019) facilitated the
guantification of the TMM standardized expression of each sample’s bam files,
consolidating the count files of fifteen samples into a total expression matrix file. The
R package WGCNA was applied for obtaining a weighted co-expression network of the
expression matrix, employing a soft threshold of 9 and Pearson correlation coefficient
algorithm. The identification of the most relevant module to triterpene saponin
biosynthesis involved examining the distribution of identified candidate genes by
phylogenetic analyses along with other enzyme-encoding genes in the same pathway

within the WGCNA modules.

Agrobacterium-mediated transient expression in Nicotiana benthamiana

Total RNA was extracted from the leaves, stems and roots of P. vulgaris using the
RNAprep Pure Plant Kit (Tiangen Biotech, China). Reverse transcription to cDNA was
performed using the PrimeScript™ RT-PCR Kit (Takara Bio, Japan). Candidate
sequences of OSCs, CYP716s and UGT73s were PCR-amplified from cDNA of P. vulgaris
using Phanta Super-Fidelity DNA Polymerase (Vazyme, China), subcloned into the
pClone007 Blunt Simple Vector (Tsingke Biotech, China) and sequenced (Sangon
Biotech, China). Afterwards, PCR amplification with primers containing appropriate
overhangs was applied, followed by gel purification of PCR products, which were then
inserted into digested (Xbal/Kpnl) pCAMBIA1300-GFP plasmid using ClonExpress® Il
One Step Cloning Kit (Vazyme, China). Assembled plasmid reactions were transformed
into Escherichia coli DH5a cells and plated on selective LB agar plates (containing 50
ug ml~t kanamycin) for overnight growth at 37 °C. Colonies were screened using PCR
and the sequences of PCR products were confirmed using Sanger sequencing. Positive
transformants were then used to inoculate 2 ml of liquid LB cultures, which were then
shaken overnight at 37 °C. Plasmids containing genes of interest were transformed into
Agrobacterium tumefaciens GV3101 using the freeze-thaw method, plated onto
selective LB agar plates (50 pg ml™ of kanamycin and 30 pug ml™* of gentamycin) and
grown for 2 days at 30 °C. Positive transformants were verified through colony PCR and
these were then inoculated into 2 ml of liquid LB cultures, which were shaken for 2
days at 30 °C, after which 25% glycerol stocks were prepared and stored at -80 °C for

future use.



Functional characterization of candidate genes through Agrobacterium-mediated
transformation in N. benthamiana was performed as described previously (Sainsbury
et al., 2012). Briefly, Agrobacterium strains harbouring plasmid constructs of interest
were grown at 30 °C at 200 rpm for 16 h in LB medium with kanamycin (50 pg ml?),
rifampicillin (25 pg ml™) and gentamycin (25 pg ml™?). Cells were pelleted through
centrifugation for 5 min at 8000 g and then suspended in Agrobacterium induction
buffer (pH 5.6) containing 10 mM MES (2-[N-morphollino]-ethanesulfonic acid), 10
mM MgCl; and 150 uM acetosyringone and allowed to incubate at room temperature
for 3 h. The concentrations of cell resuspensions were measured by taking their optical
density OD600 and combinations of strains of interest were then combined at a final
0OD600 of 0.4 for each strain. Using a needleless syringe, these strain mixtures were
infiltrated into the abaxial side of N. benthamiana leaves from 4-5-week-old plants,
which were germinated and grown in soil in a growth chamber with a 16-h light and 8-
h dark photo-cycle at 25 °C. Following infiltration, plants were grown for another 4
days under the same condition, after which leaves were excised for subsequent
metabolite extraction. For a typical experiment, three leaves from three different

plants were used for each strain mixture.

GC—MS analysis

Two hundred mg aliquots of lyophilized N. benthamiana leaves were ground to a fine
powder, and extracted three times with 1 ml methanol and 20 min sonication cycles at
room temperature. They were then centrifuged for 10 min at 12,000 x g and 50 L of
supernatant was transferred to 1.5 mL sample vials and dried at 50°C. Samples were
derivatized using 250 pL of Tri-Sil Z reagent (N-methyl N-(trimethylsilyl)
trifluoroacetamide) prior to analysis. GC-MS analysis was performed using an Agilent
8860 fitted with a HP-5MS column (30 cm x 250 umx 0.25 um thickness) coupled to
an Agilent 5977B mass selective detector. Ultra helium was used as the carrier gas at a
flow rate 1.0 ml/min. The GC temperature program was set to 80°C for 1 min, followed
by a gradient to 320°C at the increment of 20°C per minute and held at 320°C for an
additional 17 min. The mass spectrometer was set to scan from 20 to 750 mass units
with an initial 8-minute solvent delay. Data analysis was performed using MassHunter

Qualitative Software (Agilent).



LC—MS analysis

Samples were analyzed on an Agilent 1290 Infinity Il UHPLC paired with a coupled
Agilent 6546 Q-TOF mass spectrometer (6546 LC—MS). All samples were analyzed
using electrospray ionization (ESI) in positive ionization mode. The instrument also had
an in-line diode array detector (DAD) for routine analysis of UV active compounds
(Agilent 1290 Infinity Il DAD for 6546 LC—MS). UV data were typically collected at
wavelengths of 210, 230, 254 and 280 nm (4 nm bandwidth for each) with reference
to 360 nm (100 nm bandwidth). Reversed-phase (C18) analysis was predominantly
performed on the 6546 LC—MS using a Poroshell 120 EC-C18 column (Agilent, 2.7 um,
4.6 x 100 mm) with a flow rate of 0.4 mL min injecting 10 uL per run. The mobile
phase consisted of water + 0.1% formic acid (solvent A) and acetonitrile (solvent B)
and began at 25% [B] for 5 min, followed by a gradient from 25-55% [B] from 5 to 10.0
min, 55-70% [B] from 10 to 15.0 min, 70-90% [B] from 15.0 to 20.0 min, 90-100% [B]
from 2.0 to 30.0 min, 100-75% [B] from 30.0 to 35.0 min, 75-25% [B] from 35.0 to 37.0
min, and held at 25% [B] until 40.0 min. Data dependent MS? analysis was carried out
from 10.0 to 14.0 min to detect the sugar nucleotides such as oleanolic acid sugar

nucleotide.

Heterologous expression of UGT73 candidates in E. coli, protein preparation and in
vitro enzyme assays

The coding sequence of UGT73s (Pvul_UGT73-2, Pvul_UGT73-7 and Pvul_UGT73-12)
was amplified by PCR and annealed into the pET29a-MBP plasmid with hexa His-tag at
the N-terminus. This plasmid construct was transformed into BL21 (DE3) and positive
transformants were selected on LB medium plates containing kanamycin (50 pg ml™)
through growth at 37 °C for 16 hours. Presence of the plasmid constructs was
confirmed by colony PCR. A single, positive colony was picked and grown in 2 ml of
culture of liquid LB medium at 37 °C. Following overnight of growth, 1 ml of the culture
was used to inoculate 100 ml of LB medium and was grown at 37 °C until reaching an
optical density at 600 nm (ODeoo) of 0.6. Then, a final concentration of 1 mM IPTG was
added, and the culture was grown at 16°C for another 16 h. After centrifuging at 8,000

g for 20 min, the harvested cell pellets were resuspended in 20 ml of lysis buffer (50



mM Tris-HCI, pH 8.0). The samples were cooled in ice and the ultrasonication repeated
at 100 W with the disruption period of 10 s pulse /5 s intervals for a duration of 30
min. The supernatant crude enzyme protein was snap frozen in liquid nitrogen and
stored at -80 °C or used immediately.

Enzyme reactions with Pvul_UGT73-2 crude protein were performed in Tris-HCl
buffer (25 mM, containing 1 mM dithiothreitol, 1 mM CaCl,, 5 mM MgCl;, pH 8.6) and
typically contained 700 pg of total protein, 750 uM UDP-p.glucose and 100 uM of
ursolic acid or oleanolic acid substrate (dissolved in DMSO) in a total reaction volume
of 1000 ul. Control reactions were performed by using vector proteins. Following
addition of all components, reactions were incubated at 30 °C for 1 h. The reaction
was added with 500 pl of MeOH to quench the reaction. Quenched reactions were

then filtered and transferred into LC—MS/MS vials, as previously described.

Data availability

The processed Illumina, NanoPore reads, the genome assembly, along with the gene
models have been deposited at China National GeneBank DataBase (CNGBdb,
https://db.cngb.org/) with BioProject ID: PRICA024193.
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Figure 1. Morphology of Prunella vulgaris and its hypothetical pentacyclic saponins
biosynthetic pathway.

(a) Morphology of P. vulgaris.

(b) The proposed pentacyclic saponins biosynthetic pathway in plants. Dashed lines
represent multiple steps, solid lines represent a single step. G3P, glyceraldehyde 3-
phosphate; GT, glycosyltransferase; HMBPP, dimethylallyl pyrophosphate; IDI,
isopentenyl diphosphate isomerase; IDS, isoprenyl diphosphate synthase; MEP,
methylerythritol phosphate pathway; MVA, mevalonate pathway; o-AS, a-amyrin
synthase; B-AS: B-amyrin synthase.
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Figure 2. Flow chart and results of screening enzyme-encoding genes involved in the biosynthesis of
ursolic and oleanolic acid saponins in Prunella vulgaris.

The left column indicates five steps of our integrated protocol for screening target genes, while the right part
displays the results generated at each screening step. Genome-wide identification of OSC (a), CYP450 (b), and UGT
(c) genes was performed first by the blast and HMM searches from the genomes of P. vulgaris and other 18 species.
Subsequently, phylogenetic analyses of OSC (d), CYP450 (e), and UGT (f) genes were performed using the
sequences of all identified genes and characterized enzymes collected from published literatures. Subfamily
branches are distinguished by unique colors and shaded bands. The detailed phylogenies and IDs for the candidate
genes are provided in Figures S5-S7. The screened candidate genes by phylogenetic analyses continued to be
applied to the assessment of their expression in different organs of P. vulgaris.

Genes were clustered according to their differential expression levels and highly expressed genes were selected,
resulting in three OSCs (g), three CYP716s (h), and two UGT73s (i).

Metabolome—transcriptome correlation analysis was conducted to associate metabolic products with genes
according to the content of metabolites and gene expression patterns (j).

Connections between modules and metabolites indicate a P-value less than 0.1, with the thickness of the lines
representing the degree of correlation. Genes were classified into different modules by distinct co-expression
patterns by WGCNA (Figure S8). Among the modules showing a significant correlation with ursolic acid and
oleanolic acid, the turquoise module contained three OSCs, five CYP716s, and two UGT73s (Table S5), as well as
most enzyme-encoding genes in the upstream process of triterpene saponins biosynthesis (k). Hence, this step
produced 10 candidates.

At last, the screening pipeline generated a total of 36 candidate genes potentially participating in the triterpene
saponins biosynthesis in P. vulgaris, and five of them were repeatedly screened by multiple analyses, thus were

considered as the most promising candidates (l).
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Figure 3. Functional characterization of Prunella vulgaris candidate genes involved in
triterpene biosynthesis.

(a) Biosynthetic route leading to the production of a-amyrin, B-amyrin, ursolic acid,
and oleanolic acid, as well as the putative glycosylation product of oleanolic acid
(oleanolic acid 3-O-B-glucoside) in P. vulgaris. Pvul_0SC-1/-3, oxidosqualene
cyclase; Pvul_CYP716-4/-6/-7, cytochrome P450 proteins; Pvul UGT73-2, UDP-
dependent glycosyltransferase.

(b) GC—MS extracted ion chromatograms (EIC) for leaf extracts of Nicotiana
benthamiana after expression of each OSC or co-expression of the Pvul_OSC-1 with
the different Pvul_CYP716. All intermediates were validated by comparison to
synthetic authentic standards.

(c) The extracted ion abundance for the exact ion mass of products produced in N.
benthamiana after expression of each Pvul_OSC or co-expression of the Pvul_OSC-
1 with the different Pvul_CYP716. Date are means + SD; n = 3 biological replicates.

(d) In vitro assay of Pvul_UGT73-2 protein expressed in Escherichia coli. Shown are
HPLC-MS chromatograms representing oleanolic acid (5), as well as one mass feather
(m/z 617.4636) that might be as putative product of Pvul_UGT73-2.

(e) MS?spectra of the new compound produced by Pvul UGT73-2, along with
predicated ion fragment structure.
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Figure 4. Comparative analyses of triterpene and diterpene biosynthetic pathways
in Prunella vulgaris and Scutellaria baicalensis.

(a) The gene copy number and expression heatmap of different organs (left column to
right column: flower, leaf, root, and stem) involved in the triterpene and diterpene
biosynthetic pathways in P. vulgaris and S. baicalensis. TPS, terpene synthase.

(b) Collinearity of OSCs in P. vulgaris and S. baicalensis.
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