Preprints are preliminary reports that have not undergone peer review.

6 Research Square They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information,

Unraveling Developmental Dynamics and Triterpene
Saponin Biosynthesis in Panax notoginseng Stem
Apices by Single-Cell Transcriptomics

Mei Liu

Kunming University of Science and Technology
Lifang Yang

Kunming University of Science and Technology

Junda Guo
Kunming University of Science and Technology

Hanye Wang
Kunming University of Science and Technology

Saiying Yu
Kunming University of Science and Technology

Panpan Wang
Kunming University of Science and Technology

Ye Yang

Kunming University of Science and Technology
Luqi Huang

China Academy of Chinese Medical Sciences
Xiuming Cui

China Academy of Chinese Medical Sciences
Yuan Liu

liuyuanD13C@kust , edu, cn

Kunming University of Science and Technology
Research Article
Keywords: Panax notoginseng, stem apices, single cell atlas, developmental trajectory, saponin synthesis

Posted Date: May 24th, 2024

DOI: https://doi.org/10.21203/rs.3.rs-4421877/v1

Page 1/31


https://doi.org/10.21203/rs.3.rs-4421877/v1
https://doi.org/10.21203/rs.3.rs-4421877/v1
https://doi.org/10.21203/rs.3.rs-4421877/v1

License: €© ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.

Page 2/31


https://creativecommons.org/licenses/by/4.0/

Abstract
Background

Panax notoginseng is often regarded as the foremost blood-nourishing herb due to its rich content of
triterpene saponins, which possess various pharmacological activities. The transcriptional regulatory
mechanisms governing stem apex development and the expression of its major component, triterpene
saponins, remain poorly understood.

Results

In this study, we constructed a single-cell transcriptome atlas of stem apices, and the cells were divided
into seven major cell types, comprising a total of 14 subclusters. Subsequently, we analyzed the
developmental trajectory patterns and gene expression features of stem apices and inferred relevant
transcription factors associated with stem apex development. We discovered potential key transcription
factors, PTI5and /DD12, involved in the early development of stem apices. Additionally, we investigated
the expression and regulation of the triterpene saponin synthesis pathway in stem apices.

Conclusions

Therefore, the aim of this study is to elucidate the developmental trajectory of P notoginseng stem
apices and identify key transcription factors, opening a new avenue for future research of Panax genus.

Background

Panax notoginseng (Burk.) F. H. Chen (PN) is a perennial herbaceous plant that belongs to the Panax
genus and is widely used in traditional Chinese medicine (TCM) [1]. PN contains numerous compounds,
such as saponins, flavonoids, polysaccharides, and amino acids, among which triterpenoid saponins are
particularly valuable in the medical field [2]. PN is highly valued in TCM as a major raw material for
various patent medicines, including Xuesaitong Capsules and Sanqi Tongshu Capsules, owing to its
remarkable blood-activating effect. PN's triterpenoid saponins exhibit diverse therapeutic effects,
including anti-inflammatory, antioxidant, hepatoprotective, and anticancer properties. Recent research
highlights their potential in treating cardiovascular diseases, liver disorders, and cancers [3-5]. By 2020,
the annual total output value of industries related to P. notoginseng had reached $15 billion in China [6].
Based on statistical data from China Customs, the export volume of PN ranked second among TCM
herbs in Yunnan Province in 2022. Despite primarily utilizing the root for medicinal purposes [7], previous
studies have revealed that the stems, leaves, flowers and fruits of PN also possess pharmacological
effects [8, 9].
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Stem apices play a pivotal role in plant growth and development, particularly in the above-ground parts.
Almost all aerial components are derived from the stem apical meristem (SAM) tissue [10]. SAM tissue
sustains the presence of stem cells and drives the generation of differentiated cells, with alterations in
its cellular state primarily regulating the overall growth dynamics of the tissue [11, 12]. Therefore, a
remarkable feature of the SAM tissue is its capacity to continuously generate new organs, thereby
providing support throughout the plant's entire lifespan. SAM tissue exhibits a hierarchical structure
consisting of three well-defined cell layers. The outermost layer governs the epidermal development of
plant stems, leaves, and flowers, ensuring the establishment of protective and structural tissues. The
middle layer actively promotes the formation of leaf mesophyll tissue and facilitates germ cell
development. The innermost layer orchestrates vascular tissues and pith development, facilitating the
transport of water, nutrients, and providing structural support throughout the plant [13-15].Within the
SAM, pivotal and distinctive zones exist, encompassing the central zone as a paramount entity for
sustaining the stem cell population, the organizing center is the regulatory hub governing the
establishment and maintenance of the stem cell ecological niche, and the peripheral zone coordinates
the initiation and advancement of lateral organs [16—19]. The coordinated interplay among these zones
within the SAM ensures the growth and development of lateral organs and the maintenance of the stem
cell reservoir. Modifications to the cellular organization hierarchy and cellular state at stem apices are
critical for regulating the growth dynamics of plants.

In recent years, significant breakthroughs have been achieved in the field of plant research using single-
cell transcriptomic (scRNA-seq) technology, which is a powerful tool to study the processes underlying
plant growth and development, with A. thaliana emerging as a pivotal subject of investigation, with
analyses focusing on various tissue types such as roots, stems, and leaves [13, 20—-25]. Additionally,
attention has been directed to other plants including the cabbage [26, 27], maize [28—-31], rice [32-34].
Notably, the roots of Lotus japonicus and the stems of Populus L. have also garnered research interest
[35-37]. Among cash crops, peanut leaves, tea leaves, tobacco corollas, strawberry leaves, cotton ovules
and leaves, and Bombax ceiba have attracted extensive interest [38—44]. Furthermore, the medicinal
plant has placed particular emphasis on the leaves of Nepeta tenuifolia, the foliage of Catharanthus
roseus, and the stems and leaves of Taxus mairei[45—-48]. These pioneering studies have provided new
avenues for the depth exploration of fundamental processes in plant biology, such as organ development
and cellular differentiation. However, several factors have hindered the progress of scRNA-seq studies in
plants, including species diversity within plants, limitations in protoplast preparation techniques, and
scarcity of cell-type marker genes in non-model organisms. To date, research on Panax has primarily
focused on genomics, transcriptomics, metabolomics, and proteomics. However, no reports of
significance scRNA-seq regarding Panax have been uncovered, which hinders the progress in expanding
our knowledge of Panax genus. Therefore, a more comprehensive exploration of PN using scRNA-seq
holds promise and presents opportunities.

The objective of this study was to construct a single-cell atlas for PN stem apices, and to explore the
growth, development, and transcriptional regulatory of stem apices. Notably, we emphasize the
significant role of transcription factors (TFs) in the developmental process of PN stem apices.
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Additionally, we investigated the triterpene saponins regulatory mechanisms of biosynthesis and
distribution across distinct cell types. These findings offer valuable references and guidance for
prospective genetic enhancements and medicinal utilization of PN, establishing a foundation for further
exploration and harnessing of the medicinal value of the Panax genus.

Results

Construction of the comprehensive single-cell atlas for the
stem apices of PN

PN seeds harvested in November 2021, despite being morphologically mature but not physiologically
mature, germinated successfully after about 40 days using a moist sand bed at room temperature to
induce physiological maturation. Stem apices were sectioned for observation of their structure and
morphology (Fig. 1A, 2A), followed by the collection of a large number of stem apices for protoplast
preparation to increase the proportion of cells in the samples. The 10xGenomics Chromium single-cell
platform was used for droplet-based scRNA-seq (Fig. 1A).

The Cell-Ranger software (10xGenomics, v4.0.0) was used for raw sequencing data analysis and PN
genome alignment. We obtained a high-quality gene expression matrix comprising 7,987 cells and
29,611 genes (Additional file 1: Table S1). To validate the reliability of the scRNA-seq data, we conducted
correlation analysis between the scRNA-seq and bulk RNA sequencing (bulk RNA-seq) datasets, which
revealed a robust correlation between the two datasets (Additional file 1: Fig. STA). After quality control,
the top 2,000 variable genes (dims = 30) were selected based on their expression levels. A
dimensionality reduction was achieved using uniform manifold approximation and projection (UMAP),
coupled with t-distributed stochastic neighbor embedding (t-SNE), thereby facilitating the
implementation of cellular clustering analysis (Fig. 1B,). This analysis revealed 14 distinctive cell
clusters, with each possessing a unique identity and functional relevance (Fig. 1B). Notably, cluster 0
presented the highest cell count at 1,887 cells (20.87% of the total cell population), whereas cluster 13
encompassed only 26 cells (0.33% of the total cell population) (Additional file 1: Fig. S1B). To reveal the
identified intracellular cell types, Seurat's FindAlIMarkers function was used to conduct differential gene
expression analysis and identify differentially expressed genes (DEGs) within each cluster (Additional file
1: Table S2). Because of the limited exploration of cell-type marker genes at the single-cell level in PN, a
set of marker genes for distinct cell types was compiled based on existing single-cell research findings
from relevant plant species, such as Arabidopsis, poplar, and Chinese cabbage (Additional file 1: Table
S3). To gain a deeper understanding of the biological processes associated with the distinct cell types,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of the
DEGs in each cell type were performed. We successfully classified the 14 cell clusters into seven distinct
cell types: mesophyll cells (MC), epidermal cells (EC), shoot meristematic cells (SMC), proliferating cells
(PC), vascular cells (VC), xylem cells (XC), and xylem parenchyma cells (XPC) (Fig. 1B, Additional file 1:
Fig.S1G).
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ECs were predominant within the cell population and accounted for 32.29% of the total cells (Table S4).
This specific cell population was found in clusters 1, 4, 8, 11, and 12 (Fig. 1B and C). ECs express an
array of distinct genes, including FIDDLEHEAD (FDH), DEFECTIVE IN CUTICULAR RIDGES (DCR), LTP1,
and GLABRA 2 (GL2), all of which assumed pivotal functions within the EC differentiation process

(Fig. 1C-D). Furthermore, in cluster 2, we observed specific high expression levels of marker genes
associated with SMC, such as LIGHT SENSITIVE HYPOCOTYLS 3 (LSH3), KNOTTED 1-LIKE HOMEOBOX
(KNT), and KNAT6. Notably, MC (cluster 7) exhibited high expression levels of genes linked to
photosynthesis, such as Photosystem Il subunit R (PSBR), Photosystem | subunit D (PSAD),
Photosystem | subunit F (PSAF), and Photosystem Il reaction center W (PSBW) (Fig. 1C-D). Genes highly
expressed in cluster 9 included Walls Are Thin 1 (WATT), which stimulates growth hormone signaling
within microtubules, Wuschel-related homeobox 4 (W0X4), which promotes the proliferation and
differentiation of vascular tissue cells, and Octopus (OPS), which actively participates in microtubule
differentiation (Fig. 1C). In cluster 3, we discovered highly expressed genes associated with lignin
synthesis and ABA signaling, such as Cinnamyl alcohol dehydrogenase 7 (CAD?7) and Aba repressor1
(ABRYT), therefore, this cluster is classified as XPCs (Fig. 1, C and D). Furthermore, we observed the
expression of XC marker genes, including xylem-specific papain-like cysteine peptidase 1 (XCPT7),
Cellulose synthase 8 (CESAS8), and Laccase 11 (LACT7), predominantly in cluster 13. PCs (clusters 5, 6,
and 10) expressed marker genes linked to cell cycle regulation, including KN, High mobility group A
(HMGA), High-mobility group box 6(HMGB6), and Cyclin-dependent kinase B2 (CDKB2-2) (Fig. 1C-D). The
majority of cells are in the G1 and S phases of the cell cycle (Additional file 1: Fig. S1 C-F). Stem apex
cells exhibit increased metabolic activity, resulting in the rapid synthesis of RNA and proteins, leading to
a significant increase in cell volume. Furthermore, we observed that cells in the G1 phase display strong
division activity and constitute a specific proportion of the total cell population. We examined the cell
cycle genes across different cell types, and our findings validate the distribution of our cell cycle genes.
However, it is noteworthy that the PC cell type exhibits the highest count in the S phase (Additional file 1:
Fig. STF). To validate the identified cell types, we visualized the screened marker genes, compared the
enriched marker genes in each cell cluster (Additional file 1: Fig. STH), and performed RNA in situ
hybridization to confirm the marker genes in MC, XC, and XPC (Fig. 2B). However, cluster 0 could not be
classified based on a known cell type because its identity remained elusive according to known marker
genes.

After GO and KEGG analyses, each cell type exhibited pronounced functional specificity. ECs are related
to cell membranes and walls, amino and nucleotide sugar metabolism. MCs are closely associated with
functions predominantly centered on photosynthesis and chloroplasts. VCs were linked to the
cytoskeleton and cell motility, including cytoskeleton construction and the MAPK signaling pathway
(Additional file 1: Fig. S2, S3, Table S5).

Differentiation trajectory of PN stem apices

We re-clustered the PC cells, which were classified into six distinct subcellular clusters (Fig. 3A). We
identified specific EC marker genes, namely protodermal factor1 (PDF7), LTP1, and DCR, within
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subcellular clusters 2, 3, and 5 (Fig. 3B-C). In subcellular cluster 4, we observed predominant expression
of photosynthesis-related genes, such as PSBC, PSBR, and PSBA (Fig. 3B), which are necessary to
sustain normal photosynthesis and facilitate light energy conversion. Conversely, genes such as
Arabidopsis homeobox 8 (ATHB-8), an early marker of development associated with VC, and WAT7
exhibited relatively low expression within the PC subpopulation.

To explore the intricate path of differentiation in PN stem apex cells, we performed cell mimetic timing
analyses to visualize the distribution of mimetic timing across all cell clusters (Fig. 3D- F, Additional file
1: Fig. S4A). The results showed the existence of two pivotal branching points and five distinct stages of
stem apex cell differentiation (Fig. 3D). EC populations were constant, indicating their importance in the
development of stem apices. Using a cell-mimetic time series, we identified high expression levels of
microtubule organization-associated genes specific to VC, XC, and XPC in stage 4 compared to other
stages. Furthermore, our analyses showed a predominance of UN in stages 1 and 3 (Fig. 3E, Additional
file 1: Fig. S4A), indicating a potential role in stem apex development. We selected the top 20 DEGs in
each cell type and categorized them into three distinct modules (Fig. 3G). In the early stages of the
proposed cellular chronology, these genes predominantly participated in photosynthesis and protein
complexes and facilitated vital biological processes, such as cell division, tissue growth, cell signaling,
and metabolism. The intermediate module likely contributes to cell membrane formation during plant
growth and development, and signaling events and lipid metabolism regulated by phytohormones. The
final module centered on metabolic processes highlights the finely orchestrated regulation of gene
expression at this stage, thus ensuring precise and appropriate growth and developmental processes.
Additionally, by examining the expression of marker genes in each cell type along the cell differentiation
trajectory (Additional file 1: Fig. S4B), we validated the identity and functional roles of these cell types.

Our results revealed the sequential developmental trajectory of PN stem apex cells, which are
characterized by the successive differentiation of epidermal, chloroplastic, and vascular cell populations.
We performed RNA velocity calculations for distinct cell types using Velocyto and incorporated RNA
velocities into UMAP analysis (Fig. 3H). The results revealed increased RNA velocities in the EC, MC,
SMC, PC, and VC populations, which is indicative of the rapid and dynamic differentiation processes
occurring within these cells (Additional file 1: Fig. S4C-D).

Transcription factor co-expression networks

We analyzed the expression patterns of identified transcription factors across various cell types by
heatmap, highlighting the specific expression of these TFs in different cell types (Fig. 4A). Subsequently,
we identified a significant set of TF families, including MYB, AP2, FAR1, bHLH, C2H2, NAC, HB, C2C2,
C3H, and GRAS (Fig. 4B). Further investigations revealed the gene expression of these TF families, such
as MYB, AP2, FAR1, bHLH, and C2H2. It is worth noting that these differences were particularly
pronounced in cell types associated with microtubules, such as VC, XPC, and XC (Fig. 4C, Additional file
1: Fig. S5A). Subsequently, we conducted a KEGG analysis of DEGs and discovered a significant pathway
that encompasses the ribosome, lipid biosynthesis proteins, and glycosyltransferases (Additional file 1:
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Fig. S5B). We identified several key TF families, such as the ERF, C2H2, ARF, DOF, and the YABBY families
(Fig. 4D).

Based on the analysis of the TF-DEG network, we found a close association between PT/5in the ERF
transcription factor lineage and the indeterminate-domain 12 (/DD172) in the C2H2 transcription factor
family, with the regulation of pivotal genes throughout the growth and developmental stages of PN stem
apices. Furthermore, we observed that during seed germination under conditions of moisture and
darkness, both PT/5and its closely linked counterpart FADZ, recognized for their role in enhancing plant
cold hardiness, were induced in the emerging EC (Fig. 4E, Additional file 1: Fig. S5C). Pseudo-timing
analysis revealed that there is a consistent developmental trajectory between PT/5and EC, while /IDD72
aligns with MC (Additional file 1: Fig. S5C). We used RNA in situ hybridization to determine the
expression patterns of PT/5, IDD172, and FADZ, and the results showed predominant expression signals
of PTI5and FAD2 within EC (Fig. 2C, Additional file 1: Fig. S5C), whereas /DD 12 exhibited primary
expression signals within MC (Fig. 2C, Additional file 1: Fig. S5C).

Cytotype-specific gene expression in PN and A. thaliana

We investigated the analogies and discrepancies in the developmental processes of stem apices in two
dicotyledonous plants, PN and A. thaliana. Initially, we obtained single-cell transcriptome information
from A. thaliana stem apices. Our analysis validated the accuracy of our approach by confirming a cell
type distribution consistent with previous studies (Fig. 5A and Fig. S6 A-C). We merged the
transcriptome data of PN and A. thaliana for visualization using UMAP plots (Fig. 5B) and computed
correlations between cell types (Fig. 5C). We observed significant correlations among the various cell
types in the stem apices of both species. Notably, the MC (0.82), PC (0.86), and VC (0.73) clusters
exhibited similar spatial distributions in the UMAP plot (Fig. 5B-C). We employed a Sankey diagram to
illustrate the transitions between the shared cell types in PN and A. thaliana (Fig. 5D). The diagrams
suggested highly aligned transcriptomic profiles. We observed a noteworthy correlation between the
SMC of PN and the VC of A. thaliana, the Knotted1-like homeobox (KNOX) proteins play a central role in
orchestrating the maintenance of the pluripotent cell population at the shoot apical meristem in the
realm of plants. We also observed that KNOX homologues (KNAT6) were expressed in both cell types
(Fig. 1D).

Cell communication analysis of PN

In the analysis, we identified a total of 1640 ligand-receptor combinations, including 264 pairs of
autocrine and 1403 pairs of paracrine ligand-receptor pairs. We constructed a cell-cell communication
network between different cell types (Fig. 5E). The results revealed 58 significant ligand-receptor pairs
within the entire cell communication network, with VC—-VC pairs being prominent. Importantly, VC-XPC,
VC-SMC, and VC-MC were identified as the major cell types expressing ligands (Fig. 5E-F). The top10
ligand-receptor pairs showed that in most cell pairs, there were ligand-receptor pairs like MPK3 -
AT5G24010,UBQ11 - AT5G24010, and UBQ3 - AT5G24010. However, in SMC - XC and VC-XC cell-cell
pairs, we observed the ligand-receptor pair EXL2 - XCP1 (Additional file 1: Fig. S6D). This suggests that
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there may be differences in the regulation of ligand-receptor pairs among different cell-cell pairs. In
conclusion, VC plays a significant role in intercellular interactions, which is important for our
understanding of cell communication and signal transduction in PN stem apices.

Transcriptional regulation of saponin biosynthesis

We aimed to determine the cellular specificity of triterpene saponin biosynthesis in the apices to better
understand this metabolic pathway. Our study identified 19 crucial gene families involved in the
upstream processes of the triterpene saponin synthesis pathway, which comprised genes in the
mevalonate (MVA) pathway, such as ACAT, HMGS, HMGR, MVK, PMK, and MVD2; elements of the
plastidial methylerythritol 4-phosphate (MEP) pathway, including DXS, DXR, CMS, CMK, MCS, HDS, and
HDR; and participants in the 2,3-oxidosqualene biosynthetic pathway, such as IDI, GGPS, GGR, FPS, SS,
and SQE (Additional file 1: Table S6). We observed their widespread expression across all cellular
compartments within the stem apices and evaluated the expression levels of the genes associated with
saponin biosynthesis in major cellular compartments within the stem apices (EC, MC, VC, and PC)

(Fig. 6A). Notably, the relative expression of these genes was elevated in EC and MC. Thus, within the
stem apex regions, the pivotal genes driving saponin biosynthesis primarily exerted their influence on
epidermal and mesophyll cells. Furthermore, we observed the overall distribution of genes involved in the
triterpene saponin biosynthetic pathway and the developmental trajectory of these genes in a pseudo-
temporal manner (Additional file 1: Fig. S7). Therefore, while stem apices may not serve as the central
hub for triterpene saponin synthesis, they nevertheless participate in certain aspects of this critical
metabolic pathway, thereby providing a fundamental synthetic capacity for PN stem apices. Moreover,
we constructed a co-expression network for triterpene saponins in the stem apices. Our results showed
that the transcription factor families closely associated with the triterpene saponin biosynthesis pathway
included the NAC, bHLH, MYB, ERF transcription factors (Fig. 6B).

Discussion

Generating the developmental cell atlas of stem apices in Panax genus

PN is a medicinal plant used in TCM that has received attention because of its therapeutic potential.
However, current research on PN primarily focuses on its roots, stems, and leaves. Nonetheless, the
developmental dynamics and gene regulation of apical meristematic tissue and aboveground tissue
maturation in PN remain unknown. scRNA-seq technology, which encompasses high-resolution gene
expression analysis and reveals cellular heterogeneity, is better than bulk RNA sequencing methods [49,
50]. In this study, we used scRNA-seq technology to curate a single-cell transcriptome atlas
encompassing the early stages of PN stem development. We identified seven cell types pivotal to early
stem growth and morphogenesis, and found their expression patterns. Interestingly, these expression
patterns resembled those observed in analogous cell types within model plants such as Arabidopsis [13],
Brassical27], and Populus [36]. Encompassing SMC, MC, EC, PC, VC, and other cell types, this suggests a
general similarity in cell type composition across aerial plant parts. Further investigation revealed
similarities in structure and expression patterns of SMC, MC, EC, PC, VC, and other cell types between
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PN and Arabidopsis at the single-cell transcriptome level, exhibiting a neighboring distribution in the cell
spectrum. The expression of KNOX homologs in SMC and VC cell types is noteworthy, and previous
studies have reported the expression of KNOX genes in these cell types in model plants such as poplar
[51]. This observation is consistent with our findings, which revealed the expression of KNAT6 in SMC
and VC cell types. The conservation of KNOX protein expression patterns across different plant species
suggests a fundamental role in meristematic activities and tissue differentiation during plant
development. This finding underscores the significance of KNOX proteins as conserved regulators of
plant growth and development, with potential implications for understanding the molecular mechanisms
underlying meristem function and secondary growth regulation. This similarity suggests the
conservation of functions and regulatory mechanisms across different plant species. Also, we validated
the results through RNA in situ hybridization experiments, thus providing a valuable reference for
annotating the cells of Panax genus medicinal plants. Remarkably, most of the enriched GO and KEGG
results were aligned with the expected physiological functions of the respective cell types, indicating that
these cells execute specific and crucial functional roles in the dynamic orchestration of plant growth and
development. Our results underscore the divergent levels of single-cell transcriptional regulation among
different cell clusters, confirming that PN stem apices exhibit cell heterogeneity.

We elucidated the intricate developmental trajectories of pivotal cell types intimately associated with the
growth and maturation of the PN stems. This indicates the importance of these cell types in the overall
development of PN stems. Moreover, we observed a substantial increase in the expression of MC- and
EC-related genes during the initial phases of stem apex development. In contrast, VC-related and growth
hormone-associated genes manifested progressively in later stages, consistent with previous research
findings [39], supporting the pivotal role of these genes during the initial developmental stages of PN
stem apices. Using cell-mimetic time series we identified high expression levels of microtubule
organization-associated genes specific to VC, XC, and XPC in stage 4 compared to other stages
(Additional file 1: Fig. S4A). This observation suggests gradual and incremental formation of vascular
tissues through the development of these cell types during the maturation of stem apices.

Considering the limitations of this study, stem apices from 40-day-old germinated plants were selected
for sampling due to the current sequencing technology's limitation to this specific period. While samples
from this period can provide valuable information, there are still limitations. Therefore, future research
could consider advancing sequencing technologies and utilizing samples from more time points to gain
a more comprehensive understanding.

Unveiling the regulatory network of PN stem apices by analyzing the
co-expression network of TF-DEGs

Transcription factors play an important role in fundamental biological processes [52]. Our study
successfully elucidated the crucial functions of transcription factor families in plant growth and
development. We constructed a network that interconnected transcription factors and DEGs (Fig. 4D).
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Among these families are the ERF family, intricately associated with ethylene signaling [53]; the C2H2
family, actively involved in developmental processes and secondary metabolism[54]; the IAA and ARF
families, responsible for the response to growth hormones [55]; the DOF family, engaged in plant growth,
metabolism, and hormone signaling [56]; and the YABBY family, which actively participates in
morphogenesis, development, and phytohormone regulation [57]. In the TF-DEG network, it was observed
that the YABBY, HD, C2H2, and ARF families collectively regulated 20 differentially expressed genes
(DEGS), while the DOF, IAA, MYB-related, bZIP, and G2-like families collectively regulated 8 DEGs.
Specifically, major regulatory transcription factors such as PTI5, IDD12, AFR, and YAB4 played critical
roles in the network. Among them, PTI5 and IDD2 respectively regulated 19 DEGs (Fig. 4D). These results
highlight the importance of transcription factor families in regulating plant growth and development,
providing a foundation for further research. The TF-DEG co-expression network construction revealed a
significant regulatory impact of these TF families on PN seed stratification and germination, displaying
close associations with phytohormone interactions, particularly the role of the ethylene response factor
PTI5in primary regulation, in the ethylene signaling pathway [58, 59]. This suggests a pivotal role for this
pathway in cell differentiation, environmental adaptation, and overall developmental processes. Previous
studies have revealed the significant role of PT/5, a TF that intricately controls several defense-related
genes through its response to salicylic acid regulation and ethylene signaling pathways. As a
transcriptional activator, it controls the expression of genes associated with ripening through the
ethylene signaling pathway [58]. These findings provide valuable insights into the function of PTI5 in the
growth and development of PN stem apices.

Furthermore, we found that PT/5and FADZ2 exhibit co-expression patterns during PN seed stratification
and germination. we found notable expression variations in these genes that are closely linked to the
regulation of seed development. Specifically, we observed an increase in FAD2 expression during the
mid-seed maturation stage, indicating its involvement in developmental regulation. FADZ increases the
dienophilic fatty acid content, which is responsible for cold tolerance during the propagation stage [60,
61]. This indicates that FAD2 may be linked to mechanisms involved in fatty acid synthesis and
environmental adaptation during stem apex development. We observed that during seed germination
under conditions of moisture and darkness, both PT/5and its closely linked counterpart FAD2 were
induced within the emerging EC, and their expression distributions during the late stage of seed
germination were also similar (Fig. 4E, Additional file 1: Fig. S5C). This suggests that PT/5 may
participate in regulating the processes of seed germination, subsequent growth, and development of PN
by modulating the expression of the FAD2 gene within EC. These results support further investigations
aimed at understanding the role of PT/5and FADZ in the growth and development of PN stem apices.

Additionally, we determined the IDD TF subfamily is important for the control of phytohormones during
plant development, influencing the spatial accumulation of growth hormones, morphogenesis of plant
organs, and gravitropic response [62]. IDD12 was demonstrated an additive effect on rice MDPK
activation while simultaneously promoting sheath blight (ShB) resistance, thereby highlighting the
significance of IDD12 in primary regulation [63]. Furthermore, our findings demonstrate that the
ribosomal protein (RP) gene family associated with the IDD12 transcription factor subfamily is
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predominantly located in MC (Additional file 1: Fig. S5C). Through pseudo-timing analysis, we
consistently observed a developmental trajectory in PT/5and EC, whereas /DD72 aligned with MC

(Fig. 4C, Additional file 1: Fig. S5C). This suggests that PT/5and /DD72 may have cell-specific regulatory
functions in the growth and development of PN stem apices. RNA in situ hybridization was conducted to
examine the expression patterns of PT/5, IDD12, and FADZ2. The results shed light on the potential roles
of PTI5and /IDD12 as transcriptional regulators during the early stages of seed germination in PN growth
and development. These discoveries not only enhance our understanding of the functions of PT/5and
IDD12 but also deepen our insights into the early growth dynamics and developmental aspects of PN
stem apices.

Expression of genes related to secondary metabolite biosynthesis at the single-cell level during the
developmental process

Our research explored the saponin biosynthesis process in PN's stem apices. The results revealed
enhanced saponin-related gene activity in the stem apex cells, mostly in MC and EC types, implying the
crucial role of triterpene saponins in early plant development. Additionally, we discovered transcription
factors regulating triterpenoid saponin biosynthesis, corroborating prior findings [64]. These findings
serve as the foundation for a comprehensive analysis of the pathway governing the synthesis of newly
formed saponins in PN. Although stem apices are the site of plant growth, the extent of research
dedicated to the stem apices of medicinal plant remains relatively limited. Nonetheless, triterpene
saponins, the primary active component in PN, are abundant throughout various growth stages and
tissue locations [65].

We discovered that TF families closely associated with the triterpene saponin biosynthesis pathway
included the extensively studied NAC TFs (which are involved in governing secondary metabolism in
plants) [66]. Simultaneously, the bHLH transcription factor family is a pivotal regulatory position in
medicinal plant biosynthesis [67], while the MYB transcription factor family is instrumental in
orchestrating gene expression regulations within secondary metabolic pathways of plants [68].
Furthermore, it is plausible that ERF family transcription factors also hold substantial functional
significance regarding triterpenoid saponin synthesis in PN [69]. Triterpene saponins perform crucial
regulatory functions throughout plant secondary metabolic processes, and are involved in overseeing
diverse biological processes or mediating signaling pathways. Interconnection analysis between
transcription factors and triterpene saponin biosynthesis pathways specifically present within PN stem
apices revealed a network of stem apices-derived triterpene saponins. This result gives us insights for a
deeper understanding of the intricate mechanisms underlying PN triterpene saponin synthesis. Future
research will require that the functionalities and regulatory mechanisms surrounding triterpene saponins
optimize the triterpene saponin content within PN plants using molecular design breeding, enhancing the
medicinal value of PN.

Conclusions
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In this study, we used scRNA-seq technology to analyze the stem apices of the medicinal plant PN. This
allowed us to construct a comprehensive single-cell atlas of PN stem apices and develop cellular
developmental trajectories. Importantly, our findings demonstrate the critical roles of the transcription
factors PTI5 and IDD12 in the development of PN stem apices. Additionally, we identified the families of
transcription factors involved in triterpene saponin biosynthesis and regulation. These findings provide
valuable insights for future investigations into the biosynthesis pathways of saponins in PN stem apices
and deepen our understanding of plant growth and secondary metabolism mechanisms. Overall, our
research contributes to the elucidation of biological processes in plants and offers useful references for
genetic enhancement and exploration of the medicinal value of PN. Further research can expand on the
functionalities and applications of these findings, propelling further development and applications in the
field of botany.

Methods
PN shoot tip growth conditions and protoplast isolation

PN seeds were harvested in Wenshan, Yunnan Province, People’s Republic of China (latitude
N23°23'20.26", longitude E104°13'49.49", elevation: 1258.89 m). Subsequently, the crimson pericarp
enveloping the seeds was removed, and then the seeds were placed in a bed of moist sand to facilitate
the stratified process of germination. Upon germination, nascent stems situated between the cotyledons
and embryonic roots were collected carefully. Initially, we performed paraffin sectioning of the stem
apices and toluidine blue staining to facilitate a more accurate analysis of the characteristics and tissue
structure. Subsequently, the tender stems were placed carefully in test tubes containing an enzymatic
solution consisting of 2% cellulase R10, 1% macerozyme R10, 0.4 M mannitol, 20 mM KCI, 20 mM MES,
10 mM CaCl, 5 mM-Mercaptoethanol, and 0.1% BSA. Enzymatic digestion proceeded under dark
conditions for 4 h. Following digestion, the enzyme solution was diluted with W5 solution (containing
154 mM NacCl, 125 mM CaCl,, 5 mM KCI, and 2 mM MES) to facilitate filtration-based elimination of
protoplasts. After removing the supernatant, the protoplasts were rinsed three times and resuspended.
The protoplast concentration and viability were subsequently evaluated using trypan blue staining to
ensure the selection of superior-quality protoplasts for the construction of the single-cell RNA-seq library.

Bulk and scRNA-seq of PN stem apices

This study employed the 10x Chromium Single Cell 3' platform (10x Genomics, Pleasanton, CA, USA) to
construct scRNA-seq libraries according to the manufacturer’s protocol. Specifically, protoplasts isolated
from stem apices were loaded onto Chromium microfluidic chips using 3'v2 chemistry and barcoded
using a 10x Chromium Controller to generate concentrated single-cell GEMs, which were enclosed within
latex beads. These barcoded cells were reverse transcribed and scRNA-seq libraries were generated
using the Chromium Single Cell 3' Reagent Kit v2 (10x Genomics). Subsequently, Illumina sequencing
was conducted using a HiSeq 2000 platform (San Diego, CA 92121, USA) in strict accordance with the
manufacturer’s instructions.
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For bulk RNA-seq, a substantial number of stem apices located between the cotyledons and embryonic
roots were collected using the previously described procedure (Fig. 1A). Total RNA was extracted from
these samples, the NEBNext Ultra RNA Library Prep Kit for lllumina (NEB, USA) was used to construct
sequencing libraries, and sequencing was performed using the HiSeq 2000 platform (San Diego, CA
92121, USA). The sequencing data were quality-controlled and cleaned using Fastp software (v0.23.2)
[70] to ensure high-quality reads. Subsequently, STAR software (2.1.0) [71] was used to align the
sequencing reads to the PN genome [64], thus enabling the generation of precise expression matrices.

Finally, R (http://www.r-project.org/) software was employed to calculate Spearman’s correlation
coefficients to evaluate the correlations between the RNA-seq data from the stem apex samples and the
scRNA-seq datasets.

RNA In situ hybridization

The same scRNA-seq samples were collected and fixed in a formaldehyde-acetic acid-ethanol fixative
(formalin, glacial acetic acid, and 50% ethanol) as previously described. Following this, we designed
probe sequences that included all genes outlined in Additional file 1: Table S7. The samples were then
embedded, sectioned, and digested with proteinase K at 37°C. The samples were rinsed with pure water
and washed with PBS, and hybridization solution containing the probes was added. After treatment with
blocking solution, anti-DIG-AP was added, incubated, and washed several times with TBS. We added the
BCIP/NBT color development solution to visually observe the positive expression under a microscope
(NIKON ECLIPSE ClI, Japan). Once the color developed, we rinsed the samples with pure water again
before encapsulating them in glycerol gelatin. We then observed these samples under the microscope
and captured images for further analysis and interpretation.

scRNA-seq data pre-processing

Single-cell RNA sequencing reads were demultiplexed using Cell Ranger
(v4.0.0,https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-
cell-ranger) and aligned to the PN genome[64]. Gene expression quantification and expression matrices
were generated using the "cellranger mkref" and "cellranger count" commands, respectively.
Subsequently, the scRNA-seq data were preprocessed using the Seurat package (v4.3.0,
https://satijalab.org/seurat/) as described previously. DoubletFinder (v2.0.3) [72] was employed to
identify potential doublets. The default artificial doublet rate (pN) was set at 0.25, and the optimal
neighborhood size (pK) was determined using the "paramSweep_v3" function with "PC = 1:30" following
the guidelines provided by the authors. Among the tested parameters, we selected the largest pK value
because it yielded the most favorable results. To account for potential doublet rates, we adjusted the
nExp value based on the proportion of homozygous doublets and observed doublet rate. Following the
determination of nExp, pN, and pK, we applied the "doubletFinder_V3" function to the preprocessed
Seurat data to predict and remove doublets from further analysis. To assess the reliability of the
remaining single cells, we computed the artificial neighbor ratio (pANN) for each cell. The pANN
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threshold was determined based on the expected number of doublets (nExp), thereby ensuring that only
bona fide single cells were retained for subsequent analyses.

Cell clustering and identification of cluster-enriched genes

Based on our previous data processing steps, we employed a series of filtering criteria to remove low-
quality cells and genes, ultimately selecting only those genes expressed in at least three cells, and
limiting the number of expressed genes per cell to within the 200—9500 range. Additionally, we
eliminated cells with UMI counts < 500 and mitochondrial read percentages < 5%. To standardize gene
expression measurements, we used the "NormalizeData" function to scale the total expression of each
gene in the corresponding cell by a factor of 10000. We then utilized the "FindVariableFeatures" function
to identify 2000 variable features through the "vst" method and subsequently reduced data
dimensionality via principal component analysis (PCA), where the top 30 principal components were
determined using the "ElbowPplot" function. Following the clustering of cells using the "FindNeighbors"
and "FindClusters" functions, we used non-linear dimensionality reduction algorithms ("RunTSNE" and
"RunUMAP") to visualize the data. We used the plotly package (v. 4.10.2) to create a 3D UMAP
embedding. By using the "RunUMAP" function with the parameter (n.components = 3L), we generated a
3D UMAP scatter plot with three UMAP dimensions: 'UMAP_1', 'UMAP_2', and 'UMAP_3'". Utilizing the
"FindAlIMarkers" function in the Seurat R package, we calculated the spatial distribution of DEGs and
filtered out significantly enriched marker genes in each cluster (PCT.1 = 0.25, PCT.2 < 0.1). Finally, we
conducted GO and KEGG pathway enrichment analyses of the DEGs using R based on hypergeometric
distribution.

Pseudo-time analysis

We conducted a comprehensive analysis of the cellular developmental trajectories using the Monocle
package (v2.28.0) [73] to explore cellular maturation and progression. Initially, we transformed the
original integrated Seurat object into a CellDataSet object, which ensured the seamless integration of the
data with Monocle's analytical framework. Subsequently, we employed the DDRTree method, a robust
dimensionality-reduction technique, to capture the underlying structure of the dataset. The "orderCells"
function was then used to accurately deduce the developmental trajectories of individual cells and reveal
the sequential progression and lineage relationships. To visually represent these trajectories, we
employed the "plot_cell_trajectory” function, which yielded visually insightful plots. Additionally, we
conducted a GO enrichment analysis to elucidate the functional implications of specific genes within the
identified trajectories, thereby revealing the biological processes and pathways that drive cellular
differentiation and maturation.

RNA velocity analysis

RNA velocity analysis was performed using the Velocyto tool (v 0.6) to process BAM files acquired from

CellRanger [74]. This advanced software facilitated the quantification of spliced and un-spliced RNA read
matrices for each gene in individual cells and provided the data required to calculate RNA velocity values
using default parameters. Additionally, we projected the RNA velocity vectors onto UMAP space, thereby

Page 15/31



enabling the visualization and interpretation of the data. The application of RNA velocity analysis
provided important insights into the intricate dynamics and directionality of gene expression changes
and valuable information regarding the developmental trajectories and regulatory mechanisms within the
investigated cells.

Integrated analysis of scRNA-seq data from PN and A. thaliana stem apices

Single-cell transcriptome data of A. thaliana downloaded from A. thaliana stem apices databases [13]
and subjected to assembly quantification using CellRanger were compared with those of PN stem apices
from our experiment. To combine both datasets, we used the FindIntegrationAnchors function, a tool
that defines anchors between the A. thaliana and PN datasets. Subsequently, the IntegrateData function
was applied to these anchor points with additional default parameters to merge the datasets. We then
preprocessed and downscaled the integrated data using ScaleData and RunPCA (dim = 1:20) operations.
To gain insights into the cell types of A. thaliana and PN stem apices, we implemented the UMAP
downscaling technique along with Shared Nearest Neighbor (SNN) plot construction, utilizing UMAP
outcomes and default PCA approximation. Cluster analysis was performed on our integrated assay at a
clustering resolution of 0.7, which helped to classify the cells into distinct clusters. Finally, to assess cell
type similarities between PN and A. thaliana, we used the MetaNeighbor-predicted area under the curve
scores as an indicator, with higher scores signifying greater similarity [75].

Cell Communication Analysis

Utilizing the A. thaliana data in PlantPhoneDB ( https://jasonxu.shinyapps.io/PlantPhoneDB/)[76], we
constructed ligand-receptor pairs for P notoginseng to explore how PN stem apices identify signaling
molecules at single-cell resolution. Cell-cell interactions were deduced based on the expression of
ligand-receptor pairs in different cell types, and we selected ligand-receptor pairs with significant cell
communication (p-values < 0.05) through significance calculations.

scRNA-seq co-expression analysis

To discern TFs within scRNA-seq data, we conducted a comparative analysis using the iTAK database,
an invaluable resource for TF identification and classification [77]. Within the R environment, we
computed the Pearson correlation coefficients between each gene and TF using the "cor.test" function,
which identified genes exhibiting similar expression patterns. Subsequently, we imported TFs and DEGs
into Cytoscape (v3.9.0)[78] and constructed a TF-DEG co-expression network via scRNA-seq co-
expression analysis. This intricate network provides important insights into the potential regulatory
relationships between TFs and DEGs within the context of cellular development. Moreover, we extended
our analysis to include a network of genes and TFs associated with important enzymes in the saponin
biosynthesis pathway, thereby facilitating a comprehensive understanding of the regulatory network
governing saponin biosynthesis. This integrated approach enabled us to reveal the potential TF-mediated
regulatory mechanisms underlying saponin biosynthesis in PN.
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