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SUMMARY

Taxol, which is a widely used important chemotherapeutic agent, was originally isolated from Taxus stem
barks. However, little is known about the precise distribution of taxoids and the transcriptional regulation
of taxoid biosynthesis across Taxus stems. Here, we used MALDI-IMS analysis to visualize the taxoid distri-
bution across Taxus mairei stems and single-cell RNA sequencing to generate expression profiles. A single-
cell T. mairei stem atlas was created, providing a spatial distribution pattern of Taxus stem cells. Cells were
reordered using a main developmental pseudotime trajectory which provided temporal distribution patterns
in Taxus stem cells. Most known taxol biosynthesis-related genes were primarily expressed in epidermal,
endodermal, and xylem parenchyma cells, which caused an uneven taxoid distribution across T. mairei
stems. We developed a single-cell strategy to screen novel transcription factors (TFs) involved in taxol bio-
synthesis regulation. Several TF genes, such as endodermal cell-specific MYB47 and xylem parenchyma cell-
specific NAC2 and bHLH68, were implicated as potential regulators of taxol biosynthesis. Furthermore, an
ATP-binding cassette family transporter gene, ABCG2, was proposed as a potential taxoid transporter candi-
date. In summary, we generated a single-cell Taxus stem metabolic atlas and identified molecular mecha-
nisms underpinning the cell-specific transcriptional regulation of the taxol biosynthesis pathway.

Keywords: scRNA-seq, Matrix-assisted laser desorption/ionization imaging mass spectrometry analysis,
taxol biosynthesis, Taxus stem, transcription regulation, transporter.

INTRODUCTION more characterization. Dozens of enzymes with key roles in

Taxus wallichiana var. mairei (T. mairei) is a well-known
gymnosperm widely distributed across South China with
distinctive medicinal qualities (Hu et al., 2022). Several bio-
active ingredients, including taxoids, have been extracted
and isolated from the T. mairei stem bark (Chen
et al., 2020). Taxol is a highly effective anticancer drug and
is a complex and structural taxoid derived from Taxus trees
(Hao et al., 2017). In recent decades, as market demands for
taxol have increased, forest destruction has seriously
impacted wild Taxus resources (Feng et al., 2023; Sanchez-
Munoz et al., 2018).

While the taxol biosynthesis pathway and its regulatory
mechanisms have been extensively studied, they require

taxol biosynthesis have been identified, including taxadiene
synthase (TS), taxadien-5a-0l O-acetyltransferase (TAT), tax-
ane 2a-O-benzoyl-transferase (TBT), 10-deacetylbaccatin llI
10-O-acetyltransferase  (DBAT), and 3'-N-debenzoyl-2'-
deoxytaxol-N-benzoyltransferase (DBTNBT) (Yu et al., 2021).
Also, several cytochrome P450 (CYP) family members,
including 2a-, 5a-, 78-, 90, 10B-, 13-, and 14B-hydroxylases,
have been shown to chemically modify the taxane skeleton
(Kaspera & Croteau, 2006). Moreover, several transcription
factors (TFs) are reportedly involved in the regulation of taxol
biosynthesis (Kuang et al., 2019). In Taxus media, the
MYB39-bHLH13 TF complex has key roles in the sexual
dimorphic accumulation of taxol (Yu et al., 2022). In Taxus
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chinensis, MYB29a is an activator of abscisic acid (ABA)-
mediated taxol biosynthesis and WRKY33 is a repressor of
salicylic acid (SA)-mediated taxol biosynthesis (Cao
et al., 2022; Chen, Zhang, et al., 2021). While progress has
been made in the TF-mediated regulation of taxol biosynthe-
sis, the regulatory networks underpinning taxol biosynthesis
require more investigation.

Taxol was first isolated from the stem bark of the
Pacific yew (Taxus brevifolia) and subsequently detected in
all Taxus species (Hu et al., 2022). In plants, the stem is the
major accumulation site of medicinal compounds, e.g.,
several unique active constituents, such as vijyayosin, pter-
osupin, marsupsin, and pterostilbene, accumulate in the
stem bark and heartwood of Pterocarpus marsupium
(Ahmad et al., 2022). Ellagitannins and triterpenoids, which
are used in traditional medicine, significantly accumulate
in the stem bark of Anogeissus leiocarpus DC (Akande
et al., 2022). The inner stem bark decoction preparation
from Cariniana rubra Gardner ex Miers is used to treat
inflammatory diseases in folk medicine (Silva et al., 2021).
Several novel amide alkaloids and carbazole alkaloids,
such as claulansines A-J, were detected and isolated from
Clausena lansium stems (Sun et al., 2021).

Although stems are the main taxol extraction sites, tax-
oids are unequally distributed across stem tissues (Fett Neto
& DiCosmo, 1992). In 1-year-old twigs from the European
yew (Taxus baccata), baccatin IV and taxine B primarily accu-
mulate in the cortex, taxinine M is mainly distributed in the
pith and cortex, and taxuspine W mainly accumulates in vas-
cular tissue (Arendowski & Ruman, 2017). In T. media, taxol
is primarily localized to outer stem layers, including the
phloem and dead bark (Soliman & Raizada, 2020). We previ-
ously showed that 10-deacetylbaccatin Il (10-DAB) was
highly accumulated in the phloem, baccatin Ill (BAC) in the
pith, and 10-deacetylpaclitaxel (10-DAP) in the cortex and
phloem (Yu et al., 2020). Taxol concentrations and associated
intermediates are believed to be correlated with the expres-
sion levels of associated biosynthesis genes (Bamneshin
et al., 2022). However, little is known about the taxoid distri-
bution and the expression patterns of taxol biosynthesis
genes across distinct stem tissues.

The identification of chemicals in plant samples using
matrix-assisted laser desorption/ionization-mass spectrom-
etry (MALDI-IMS) is a newly developed MS-based metabo-
lomics approach (Xiang et al., 2022). Single-cell RNA
sequencing (scRNA-seq) is a high-resolution technology
used to investigate cell heterogeneity and identify different
cell types (Bawa et al., 2022) that has been used to elucidate
several biological phenomena in plants. Time-series
scRNA-seq approaches have provided insights into circa-
dian clock mechanisms in Arabidopsis (Torii et al., 2022).
Leaf cell-specific scRNA-seq identified essential palisade
layer functions in UV-B protection mechanisms (Procko
et al., 2022). The technology was instrumental in identifying

several organ development-related regulators, including
epidermis development regulators, TFs regulating meso-
phyll cell development, regulators involved in the develop-
mental trajectories of floret and inflorescence meristems,
regulators of wood formation processes in poplar, and
novel regulators required for the early development of vein
patterns in cotyledons (Chen, Tong, et al., 2021; Liu, Guo,
et al., 2022; Liu, Wang, et al., 2022; Tao et al., 2022; Zong
et al., 2022). Similarly, single-cell transcriptome atlases
have been used to identify novel catechin ester metabolic
pathways in tea trees and provided novel scRNA-seq appli-
cations to study plant secondary metabolism (Wang et al.,
2022).

To clarify taxol biosynthesis cell types, mass spectros-
copy (MS) imaging integrated with scRNA-seq was used to
generate metabolic profiles of T. mairei stems at the singe-
cell level. Screening cell-specific TFs involved in taxol bio-
synthesis and potential secondary metabolite transporters
will provide a better understanding of the regulatory net-
works underlying taxol biosynthesis and transport. Our
study provides insights into the regulation of secondary
metabolism in medicinal plants.

RESULTS
Overview of MS imaging data

To detect different primary and secondary metabolites in T.
mairei stems, MALDI-IMS analysis was conducted
(Figure 1a). To understand patterns in stems, segmentation
analysis was performed, which generated differentially col-
ored maps with an average of 6476 data points (three repeti-
tions, Table S1). Maps clearly showed that most metabolites
accumulated in tissue-specific patterns (Figure 1b).

Principal component analysis (PCA) separated all the
detected metabolites into six principal components (PCs),
referring to different tissues of the stem, including compan-
ion cell & phloem (PC1), pith (PC2), endodermis (PC3),
xylem (PC4), epidermis (PC5), and cork (PC6) (Figure 1c).
PCA loading data are shown in a heatmap (Figure 1d). To
identify PC-specific metabolites, clustering analyses
grouped all MS features into six clusters; Cluster | contained
2444 features which accumulated at very low levels in all
PCs; Cluster VI contained 1345 features which accumulated
at high levels in all PCs; Cluster Il contained 985 features;
PC5 contained specifically accumulated features; and Clus-
ter Il contained 1093 features, which highly accumulated in
PC2 and PC5 (Figure 1e).

Visualization of taxoid accumulation in T. mairei stems

Taxoids are major bioactive components in T. mairei stems
(Yu et al., 2020). Nine taxoids were detected by MALDI-IMS
analysis, including four taxol biosynthesis-related taxoids
and five taxol analogs. For taxol pathway-related metabo-
lites, 10-deacetyl paclitaxel was evenly distributed across
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Figure 1. Overview of the MS imaging data. (a) Sampling and sectioning strategy for MS imaging. (b) Three independent segmentation analyses were per-
formed, outputting differentially colored maps with on average 6476 data points. (c) PCA of all the detected metabolites in T. mairei stems. Six PCs indicated dif-
ferent accumulation patterns of the detected metabolites. (d) Heatmap showing the relative accumulation levels of each detected metabolite in different PCs.

The heatmap scale ranges from —2 to +2 on a log, scale. (e) Clustering analysis grouped all the detected MS features into six clusters.

the whole stem, 10-DAB and BAC were mainly distributed
in the endodermis and phloem, and taxol specifically accu-
mulated in the epidermis. For other taxanes, 2'-desacetoxy
austrospicatine highly accumulated in the pith and xylem,
7-xylotaxol B and cephalomannine accumulated in the epi-
dermis, and 10,13-deacetyl-abeo-baccatin IV and 10-
deacetyltaxol C accumulated in the endodermis and
phloem (Figure 2a). Quantitative analyses indicated taxol
pathway metabolite and taxol analog proportions in differ-
ent PCs, confirming their tissue-specific accumulation in T.
mairei stems (Figure 2b,c). To identify the genetic

mechanisms underlying this uneven distribution in T.
mairei stems, single-cell transcriptomic analyses were
performed.

scRNA-seq of T. mairei stems

Approximately 1.09 x 107 protoplasts mL~" were isolated
from independent stem samples. The basic protoplast iso-
lation process, from stems to single cells, is shown in
Figure 3a. Purified protoplasts were loaded onto a com-
mercial 10x Genomics platform for scRNA-seq (Figure 3b).
For single-cell sequencing, cells were marked with
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Figure 2. Visualization of taxoid accumulation in the T. mairei stems. (a) The tissue-specific distribution of nine taxoids, including four taxol biosynthesis-
related taxoids and five taxol analogs, detected by MALDI-IMS analysis. The color scale ranges from 0 to 100%. (b) The proportions of taxol pathway metabolites
in different PCs. (c) The proportions of taxol analogs in different PCs.
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barcodes and transcripts were marked with unique molec-
ular identifiers (UMls), and cells were quantified using bar-
codes and UMI counts (Figure 3c). scRNA-seq produced a
pool of 21 233 cells (7660 cells in Taxus-1, 8411 cells in
Taxus-2, and 5162 cells in Taxus-3), with a median of 2996
genes per cell (Figure 3d). Over three biological repeats,
sequencing saturation varied between 52.3 and 63.6%
(Table S2). The tdistributed stochastic neighbor embed-
ding (SNE) projection of cells, colored by different biolog-
ical repeats, is shown in Figure 3e and the -SNE projection
of cells colored with UMI counts is shown in Figure 3f.
Raw t-SNE data imported into Seurat loupe software are
listed in Table S3.

Gene expression and cell clustering

In total, 14 788 genes with high expression levels were
used for stem cell clustering (Table S4). The transcriptomic
profiles of cells were projected in an unsupervised manner
and classified into 18 clusters containing distinct cell num-
bers (Figure S1a). The two largest clusters were Cluster 0
(2120 cells) and Cluster 1 (1968 cells), and the smallest two
were Cluster 16 (108 cells) and Cluster 17 (99 cells)
(Figure S1b). We then reduced the large dataset using lin-
ear dimensional reduction analysis and identified 1530
cluster-enriched genes (Table S5). Among genes, three
representative cluster-enriched genes for each cluster are
shown in Figure 3g and Table S6.

Cell type marker genes and cluster annotation of stem
cells

Several cell type marker genes in plant stems have been
reported (Apelt et al., 2022; Chen, Tong, et al., 2021). Using
sequence alignments, orthologous Arabidopsis cell type
marker genes were identified in T. maireij, including 17 pho-
tosynthetic cell-, 10 cambium region-, 10 phloem paren-
chyma cell-, 40 xylem cell-, three xylem mother cell-, one
phloem mother cell, two endodermal cell-, nine xylem
parenchyma cell, four cork cell-, two epidermal cell-, two
companion cell-, two cortex/endodermal cell-, five cortex/
endodermis initial cell-, and seven sieve element-expressed
genes (Table S7). Specific cell type-expressed T. mairei
genes were compared with cluster-enriched genes to anno-
tate cell clusters.

In our study, 13 cell type marker genes were used. ABA
REPRESSORT1 (ABR1, ctg510_gene.6) is a xylem parenchyma
cell-specific gene and was enriched in Clusters 1 and 7 (Chen,
Tong, et al., 2021). APOPLASTIC AMINE OXIDASE 1 (AO1,
ctg2853_gene.1) was highly expressed in xylem tissue and
enriched in Cluster 2 (Ghuge et al., 2015). GLABRA 2 (GL2,
ctg8332_gene.2) is required for cell differentiation in the epi-
dermis and was enriched in Clusters 4 and 17 (Lin &
Aoyama, 2012). PHOTOSYSTEM Il REACTION CENTER W
(PsbW, ctg141_gene.24) is a photosystem Il component-
encoding gene and was enriched in Clusters 5 and 16 (Garcia-

Single-cell transcriptome atlas of Taxus stem 5

Cerdan et al., 2011). HB8 (ctg2829_gene.2) is an auxin-
associated initiator of vascular cell differentiation and was
enriched in Clusters 8 and 9 (Ohashi-lto et al., 2013). IRREGU-
LAR XYLEM 1 (IRX3, ctg3909_gene.31) is a key regulator-
encoding gene and was enriched in Cluster 9 (Schultz & Cole-
man, 2021). Another HB8 gene (ctg38_gene.16) was enriched
in Cluster 10. BREVIS RADIX (BRX, ctg19407_gene.1) is a
molecular rheostat adjuster of auxin flux that promotes root
phloem differentiation and was enriched in Cluster 11 (Mar-
hava et al, 2018). DAT-RELATED PROTEIN 2 (DAR2,
ctg579_gene.1) is a marker gene of companion cells and was
enriched in Cluster 11 (Zhang et al., 2019). NRT1/PTR FAMILY
3.1 (NPF3.1, ctg2761_gene.7) is a gibberellic acid transporter-
encoding gene expressed in the endodermis and was enriched
in Cluster 12 (Tal et al., 2016). CALLOSE SYNTHASE 7 (CalS7,
ctg1793_gene.8) is a phloem-specific gene involved in callose
deposition in developing sieve elements during phloem for-
mation and was enriched in Cluster 15 (Xie et al., 2011). SCAR-
FACE (SFC, ctg564_gene.13) is a cambium-specific gene and
was also enriched in Cluster 15. ALIPHATIC SUBERIN FERU-
LOYL TRANSFERASE (ASFT, ctg10348 gene.6) is a cork
marker gene and was enriched in Cluster 16 (Chen, Tong,
et al., 2021) (Figure 3h). Thus, a high degree of cell heterogene-
ity existed in T. mairei stems.

Most clusters were annotated according to T. mairei
marker genes. No known cell type markers represented
Clusters 0, 3, 6, and 14. Clusters 1 and 7 mainly contained
xylem parenchyma cells. Cluster 2 represented xylem cells.
Epidermal cells were enriched in Clusters 4 and 17. Photo-
synthetic (cork) cells were enriched in Clusters 5 and 16.
Clusters 8 and 9 mainly contained vascular cells. Clusters
10 and 13 represented xylem mother cells. Cluster 11 con-
tained companion and phloem cells. Cluster 12 mainly con-
tained endodermal cells, while cambium region and sieve
element cells were enriched in Cluster 15 (Figure 3i). The
approximate distribution of cell populations in T. mairei
stems is shown in Figure 3j.

Metabolic trajectories in T. mairei stems

To perform T. mairei metabolic profiling at the single-cell
level, Kyoto Encyclopedia of Genes and Genomes (KEGG)
analyses were performed to identify primary and secondary
metabolism-related genes (Figure S2a). In primary metabo-
lism analyses, four saccharide-related KEGG terms consist-
ing of 791 genes, 17 amino acid-related KEGG terms
consisting of 1651 genes, and five fatty acid-related KEGG
terms consisting of 495 genes were identified. In secondary
metabolism analyses, 438 phenylpropanoid-, 192 flavonoid-,
573 alkaloid-, 223 terpenoid-, 593 lipid-, 125 steroid-, 150
quinone-, and 84 oxidation-related genes were identified
(Table S8).

In pseudotime trajectory analyses, certain cell types
were set as the initial point, such as cambium region and
phloem cells (Figure S2b). The pseudotime trajectory had six
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Figure 3. scRNA-seq and cell clustering of the T. mairei stem. (a) The basic process of protoplast isolation from stems to single cells. (b) Workflow of the
scRNA-seq of T. mairei stems. Protoplasts isolated from the stems were loaded into a 10x Genomics Chromium Controller. (c) The number of effective cells
was quantified by barcodes and UMI counts. (d) The numbers of cells and genes detected in each sample repeat (Taxus_1, Taxus_2, and Taxus_3). (e) t-SNE pro-
jection of cells colored by different biological repeats. (f) -SNE projection of cells colored by UMI counts. (g) The expression pattern of three representative
cluster-enriched genes for each cluster. Dot diameter indicates the proportion of cluster cells expressing a given gene. Color bar indicates the average expres-
sion level of each gene in different clusters. (h) The expression pattern of 13 tissue-specific expressed marker genes in 18 different clusters. (i) Visualization of
18 cell clusters using the t-SNE method. Dots indicate individual cells and colors indicate different cell clusters. (j) Schematic diagram of the stem segment tis-
sue locations.
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branch points, which divided cells into 13 states (Figure S2c).
Xylem parenchyma cells predominantly occupied branches 1
and 5. Xylem, xylem mother, and vascular cells were evenly
distributed across all branches. Photosynthetic (cork) cells
were mainly distributed in branch 4, and companion, phloem,
and cambium cells mainly occupied branch 3 (Figure S2d).
The expression patterns of 22 flavonoid pathway- (Table S9),
36 lipid metabolism- (Table S10), 43 phenylpropanoid
metabolism- (Table S11), 24 terpenoid metabolism-
(Table S12), 11 steroid biosynthesis- (Table S13), and 35 glu-
cosinolate metabolism-related genes (Table S14) during cell
differentiation processes were analyzed (Figure S2e).

Cell type-based taxol biosynthesis in T. mairei

Our scRNA-seq analyses identified several genes encoding
eight key enzymes involved in the taxol biosynthesis path-
way, including TS, T50H, T130H, TAT, T100H, DBAT,
DBTNBT, and T140H (Figure 4a). Some enzymes had more
than one encoding gene, with differential cell coverage.
For the three TS genes, ctg6088_gene.1 expression had the
largest cell coverage (1.24%). For the five T50H genes,
ctg2768_gene.2, ctg7747_gene.2, and ctg5306_gene.3 were
expressed in >1% of total cells. For the five T130H genes,
ctg4364_gene.1 expression had the largest cell coverage
(0.53%). For the six TAT genes, ctg195_gene.25 expression
had the largest cell coverage (0.57%). For the four TT00H
genes, ctg2120_gene.5 and ctg_gene.32 were expressed in
>2% of total cells. For the two DBAT genes,
ctg5026_gene.32 expression had the largest cell coverage
(0.58%). For the two DBTNBT genes, ctg887_gene.19
expression had the largest cell coverage (0.90%). The
T140H gene (ctg8816_gene.2) was expressed in approxi-
mately 1.46% of total cells (Figure 4b). Cell-specific expres-
sion analyses showed that most taxol-related genes were
expressed in Clusters 1, 7, 12, and 17. According to cell
type annotations, TS, T50H, and T740H genes were
expressed in endodermal cells, TT00H and DBTNBT genes
in xylem parenchyma, and DBAT in epidermal cells
(Figure 4c). The UMAP visualization of the expression pat-
terns of 11 major taxol-related genes is shown in
Figure 4d.

The results of our successive differentiation trajectory
analysis during bark development, from phloem to epidermis,
are shown in Figure 4e. During bark development, T100H
(ctg2120_gene.10) and T50H (ctg7747_gene.2) were highly
expressed at early stages, while T730H (ctg4364_gene.1) and
DBAT (ctg5026_gene.32) were highly expressed at middle
stages and DBTNBT (ctg887_gene.19) was highly expressed
at later stages (Figure 4f). Successive differentiation trajectory
analysis during xylem development, from xylem mother
cells to xylem, is shown in Figure 4g. During xylem develop-
ment, TT00H (ctg2120_gene.5), T130H (ctg4364_gene.1),
T50H (ctg5306_gene.3 and ctg7747_gene.2), and T7140H
(ctg8816_gene.2) were highly expressed at initial stages, while
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TAT (ctg195_gene.25) and TS (ctg6088_gene.1) were highly
expressed at later stages (Figure 4h).

CYP superfamily expression patterns

Many taxol biosynthesis-related hydroxylases are key CYP
superfamily members (Kaspera & Croteau, 2006). Many
CYP family members (487 genes) were identified in a previ-
ous genomic analysis (Xiong et al., 2021) (Table S15). Tra-
ditional transcriptomic analyses investigated CYP family
expression patterns at different tissue levels and identified
42 genes in bark, 114 in strobilus, 130 in leaf, and 90 in
root (Figure 5a,b). scRNA-seq identified CYP gene expres-
sion patterns at the single-cell level. Interestingly, CYP725
subfamily members were enriched in Clusters 1 and 12
(Figure 5¢), e.g., ctg17930_gene.1 and ctg2120_gene.6 were
significantly expressed in Cluster 1, while ctg7747_gene.2
and ctg8379_gene.13 were highly expressed in Cluster 12
(Figure 5d).

Pseudotime trajectory analysis of cells in Cluster 1 identi-
fied three branch points dividing xylem parenchyma cells into
six states (Figure 5e). Heatmaps show Cluster 1 CYP725 gene
expression patterns during xylem parenchyma cell differentia-
tion (Figure 5f). Pseudotime trajectory analysis of Cluster 12
showed three branch points dividing endodermal cells into
six states (Figure 5g). Heatmaps show Cluster 12 CYP725 gene
expression patterns during endodermal cell differentiation
(Figure 5f). The expression of CYP725 family genes upon
methyl jasmonate (MeJA) treatment was analyzed
(Figure S3). Interestingly, the expression of several CYP725
family genes, such as ctg593_gene.12, ctg2768_gene.2,
ctgb93_gene.6, ctg7168_gene.10, ctg2120_gene.6, and
ctg13383_gene.3, was more than 5-fold increased upon MeJA
treatment.

The identification of cell-specific TFs in taxol biosynthesis

Currently, our understanding of the transcriptional regula-
tion of taxol biosynthesis at the single-cell level is limited.
scRNA-seq showed that most taxol biosynthesis-related
genes in cells belonged to Clusters 1, 7, 12, and 17. Of
cluster-enriched TFs, we identified 20 Cluster 1-enriched
TFs, five Cluster 7-enriched TFs, five Cluster 12-enriched
TFs, and six Cluster 17-enriched TFs (Figure 6a and
Table S16).

To investigate potential TFs implicated in taxol bio-
synthesis, the promoter sequences of eight taxol
biosynthesis-related genes, identified by scRNA-seq, were
scanned for known TF-binding elements; two MBEs, one
GT element, and one GCC-box were identified in the TS
promoter, two MBEs and one GT element were identified
in the T50H promoter, three MBEs and one GCC-box were
identified in the T130H promoter, two MBEs and two GCC-
boxes were identified in the T740H promoter, two W-
boxes, two ABREs, two MBEs, and one AuxRE were identi-
fied in the TAT promoter, two MBEs, three ABREs, and one
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Figure 4. Cell type specificity of taxol biosynthesis in T. mairei. (a) Overview of the paclitaxel biosynthesis pathway, including enzymes and intermediates. (b)
The cell coverage of taxol biosynthesis-related genes. Each key enzyme was encoded by at least one gene. Red stars indicate the encoding gene with the largest
cell coverage. (c) Cell-specific expression analysis of taxol biosynthesis-related genes. Clusters 1 and 7 refer to xylem parenchyma cells, Cluster 12 refers to
endodermal cells, and Cluster 17 refers to epidermal cells. (d) UMAP visualization of expression patterns of the 11 major taxol-related genes. (e) The successive
differentiation trajectory during the bark development from phloem to epidermis. (f) Heatmap showing the expression levels of taxol-related genes during bark
development. (g) The successive differentiation trajectory during xylem development from xylem mother cell to xylem. (h) Heatmap showing the expression
levels of taxol-related genes during xylem development. The heatmap scale ranges from —3 to +3 on a log, scale.

GT element were identified in the T100H promoter, two
MBEs and two ABREs were identified in the DBTNBT pro-
moter, and finally, three ACA elements, one ABRE, one
GCC-box, and two MBEs were identified in the DBAT pro-
moter (Figure 6b).

Co-localization analyses identified regulatory relation-
ships between taxol biosynthesis-related genes and

upstream TFs. For Clusters 1 and 7, for TAT, T100H, and
DBTNBT genes, several TFs, such as MYB11/32/40/64,
NAC1/2/22, bHLH68, WRKY31/51, and GT_2B, were identi-
fied as potential regulators. For Cluster 12 and TS, T50H,
T130H, and T140H genes, four TFs, including ERF16/115,
GT_2, and MYB47, were identified as potential regulators.
For Cluster 17 and the DBAT gene, five TFs, including
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Figure 5. Expression patterns of CYP superfamily. (a) Expression patterns of CYP family members at the tissue level as determined by bulk RNA-seq. (b) MeV
clustering analysis identified organ-specific CYP genes. (c) Cell-specific expression analysis of CYP family members at the single-cell level by scRNA-seq. Blue
boxes indicate that the CYP725 subfamily members were enriched in the cells belonging to Clusters 1 and 12. (d) UMAP visualization of expression patterns of
four selected CYP725 family members in Clusters 1 and 12. (e) Pseudotime trajectory analysis of the cells in Cluster 1. (f) Heatmaps showing the expression pat-
terns of specific Cluster 1-expressed CYP725 genes during the differentiation of xylem parenchyma cells. (g) Pseudotime trajectory analysis of the cells in Cluster
12. (h) Heatmaps showing the expression patterns of specific Cluster 12-expressed CYP725 genes during the differentiation of endodermal cells. The heatmap

scale ranges from -3 to +3 on a log, scale.

MYBL, MYB69, TEM1, RAV1, and NAC3, were identified as
potential regulators (Figure 6¢).

Verifying cell-specific TF binding to targets

Four TFs, including NAC2 (ctg541_gene.6), WRKY31
(ctg8684_gene.5), MYB47 (ctg293_gene.5), and bHLH68
(ctg4b8_gene.1), were selected to verify cell-specific TF

binding to targets. NAC2, WRKY31, MYB47, and bHLH68
full-length sequences were successfully cloned by PCR
(Figure S4a), followed by prokaryotic expression and affin-
ity purification of GST-tagged TF proteins (Figure S4b-e).
Electrophoretic mobility shift assay (EMSA) data showed
that MYB47 directly bound to MBE sites in TS and T50H
promoters, while bHLH68 directly bound to ABRE sites in
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Figure 6. Identification of cell-specific TFs involved in taxol biosynthesis. (a) Cell-specific expression analysis of TFs at the single-cell level by scRNA-seq. Green
boxes indicate the cell cluster-specific TFs. (b) Screening of TF-binding elements in the promoter regions of TS, T50H, T130H, T140H, TAT, T100H, DBTNBT,
and DBAT genes. Triangles indicate different TF-binding elements, including MBEs (green), GT-elements (pink), GCC-boxes (yellow), W-boxes (dark green),
ABREs (red), AuxREs (purple), and ACA elements (light blue). (c) Prediction of transcriptional regulation networks according to the cell type-specific expression
pattern. (d) EMSA for the binding of cell-specific TFs to their targets. GST only or the TF-GST fusion protein was incubated with the probes containing the bind-
ing elements derived from the promoters. - and + represent absence and presence, respectively, and 20x and 200x show increasing amounts of probes for
competition. (e) The dual-luciferase assays in tobacco leaves showed that co-transformation of TFs activates the promoters of taxol biosynthesis-related genes.
(f) Effects of MYB47, bHLH68, and NAC2 on the luciferase activities of the TS/T50H, TAT/T100H and DBTNBT/DBAT reporters, respectively. Relative LUC activity
represents the activity ratio of firefly luciferase to Renilla luciferase. Each value is the mean + standard deviation of three biological repeats. *P < 0.05.

TAT and T100H promoters and NAC2 directly bound to Multiple sequence alignment analyses showed that
ABRE sites in DBTNBT and DBAT promoters (Figure 6d). MYB47 contained a classic R2R3 domain, bHLH68 con-
No binding was identified between WRKY31 and the TAT tained a classic basic helix-loop-helix domain, and NAC2
promoter. contained five common motifs (A-E) (Figure Sb). To
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determine MYB47, bHLH68, and NAC2 transcription activi-
ties in vivo, dual-luciferase reporter assays were per-
formed, showing that MYB47 significantly activated T50H
expression. However, MYB47 overexpression did not affect
TS expression. BHLH68 significantly activated TAT and
T100H expression. NAC2 significantly repressed DBTNBT
and DBAT expression (Figure 6e,f). Thus, MYB47 and
bHLH68 were potential transcriptional activators and NAC2
was a potential transcriptional inhibitor in the taxol biosyn-
thesis pathway.

Predicting a secondary metabolite transporter

Many ABC family proteins function as secondary metabo-
lite transporters in different plants (Theodoulou &
Kerr, 2015). In our study, 235 ABC superfamily members
were identified, including seven ABCA, 66 ABCB, 25 ABCC,
three ABCD, one ABCE, 10 ABCF, 73 ABCG, and three ABCI
subfamily members, as well as 30 ABC-like proteins and 17
MDR-like ABC members (Table S17).

In the human ABC superfamily, ABCG2 is reportedly
responsible for toxic xenobiotic and metabolite efflux (Moi-
nul et al.,, 2022). Evolutionary analyses showed that T.
mairei ABCG2 (ctg5370_gene.6) was homologous to
human ABCG2 isoforms 1/2/3 (Figure 7a). No cell-specific
T. mairei ABCG2 expression patterns were observed using
feature plot analysis, suggesting extensive functions in dif-
ferent cell types (Figure 7b,c). Seven transmembrane
domains were identified at the TcABCG2 C-terminus
(Figure 7d). To confirm the subcellular localization of
TcABCG2, a GFP-fused TcABCG2 protein was transiently
expressed in Nicotiana tabacum epidermal cells, showing
TcABCG2 localized to the cell membrane and was a poten-
tial secondary metabolite transporter (Figure 7e).

DISCUSSION

Hundreds of taxoids are reportedly enriched in Taxus
stems, particularly the stem bark (Uniyal, 2013). It has been
hypothesized that native Taxus plants transport taxol to
avoid significant taxol cytotoxicity (Soliman et al., 2015;
Soliman & Raizada, 2020). In T. media, BAC is highly accu-
mulated in wood and taxol is primarily localized to outer
tissues such as phloem and bark (Soliman & Rai-
zada, 2020). Previous phytochemical analyses confirmed
that taxol and 10-DAB mainly accumulated in the phloem
and BAC primarily accumulated in the pith (Yu et al., 2020).
However, the spatial distribution of taxol and other sec-
ondary metabolites in Taxus stems remains largely
uncharacterized.

High-resolution MALDI-2-MS imaging can be used to
explore and visualize metabolic heterogeneity in a specific
organ (Bien et al., 2022). In our study, MS features were
separated into six distinct clusters and provided six differ-
ent visual accumulation patterns. PC3/5/6 indicated outer
stem accumulation patterns, while PC1 indicated middle
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stem accumulation patterns and PC2/4 indicated inner
stem accumulation patterns. Our data provided detailed
and precise localization information for different bioactive
components in Taxus stems and may promote the compre-
hensive utilization of Taxus trees.

The taxol biosynthesis pathway involves several inter-
mediates with different chemical structures and molecular
weights (Yu et al., 2021). Some compounds, such as 10-
DAB and BAC, are important raw materials for the semi-
synthesis of taxol in the pharmaceutical industry (Wang,
Zhang, et al., 2021). Interestingly, three key taxol biosyn-
thesis intermediates, 10-DAP, 10-DAB, and BAC, were
detected by our MALDI-2-MS imaging strategy, and dis-
played an even 10-DAP distribution across the whole stem,
relative 10-DAB and BAC enrichment in outer stem tissues,
and distinct taxol concentrations in epidermis cells. Dis-
tinctive accumulation patterns indicated different synthesis
sites and potential taxoid transport mechanisms across T.
mairei stems.

In addition to taxol, several taxol analogs, such as
10,13-deacetyl-abeo-baccatin IV, from the same Taxus tree
sites, are expected to possess pharmacological properties
(Yadava et al., 2011). Special taxol analogs, taxol B (cepha-
lomannine) and taxol C, not directly involved in the taxol
pathway, can be converted to taxol via chemical conver-
sion procedures (Xue et al., 2020). Thus, considering its
economic availability, taxol analogs have attracted much
attention from chemists and pharmacists. Our MALDI-2-
MS imaging showed that the accumulation patterns of
three taxol analogs, 7-xylotaxol B, 10,13-deacetyl-abeo-
baccatin 1V, and 10-deacetyltaxol C, were similar to the 10-
DAB and BAC patterns, suggesting a possible in situ
conversion step between taxol intermediates and taxol
analogs. In T. mairei, both taxol and cephalomannine accu-
mulated in the epidermis. It is no coincidence that cephalo-
mannine is a major unwanted, ineluctable by-product of
the taxol extraction process from plant cell cultures
(McPartland et al., 2012).

scRNA-seq is used to identify cell types and investi-
gate cell heterogeneity at high resolution (Islam
et al., 2014). However, a lack of complete genome informa-
tion and efficient protoplast preparation methods has lim-
ited scRNA-seq applications for woody plants, particularly
in highly lignified tissues (Chen, Tong, et al., 2021). Recent
T. mairei genome information and optimized protoplast
isolation protocols have facilitated the generation of a
comprehensive single-cell transcriptional Taxus stem land-
scape (Xiong et al., 2021). Our scRNA-seq analysis pro-
duced a pool of 21 233 cells (average 7078 cells in each
repeat), which was larger than that of poplar scRNA-seq
(3626 and 3170 cells from bark and wood tissue, respec-
tively) and similar to that of tea tree scRNA-seq (9458 and
7519 cells from first and third leaves, respectively), but
lower than that of rice (Oryza sativa) (237 431 cells from
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Figure 7. Prediction of a secondary metabolite transporter. (a) Evolutionary analysis identified the homologous protein of ABCG2 in T. mairei with its homolo-
gous genes in human. (b) UMAP visualization of expression patterns of the ABCG2 gene. (c) The expression level of ABCG2 in different cell clusters. (d) Predic-
tion of the transmembrane domains of ABCG2. Purple lines indicate transmembrane domains, blue lines indicate intracellular domains, and yellow lines
indicate extracellular domains. (e) Transient expression of the T. mairei ABCG2 protein in Nicotiana tabacum epidermal cells. Control, 35S:GFP vector; RFP, red
fluorescent protein (RFP::0sMAC1); CSF, chloroplast spontaneous fluorescence; DIC, digital image correlation.

leaves and roots) and Arabidopsis (36 643 cells from the
vegetative shoot apex) (Chen, Tong, et al., 2021; Wang
et al., 2022; Wang, Huan, et al., 2021; Zhang et al., 2021).
Sufficient cells ensured that our genome-scale expression
profiling covered all stem cell types.

Several bulk RNA-seq studies have reported gene-
metabolite coordination at different tissue levels in Taxus
(He et al., 2018; Mubeen et al., 2018); however, correlations
between gene expression profiles and metabolite accumu-
lation in Taxus cell types have been rarely investigated.
Cell annotations are required to define cell types in non-
model plants. Some marker genes in model plants, e.g.,
Arabidopsis, express homologous genes which show simi-
lar expression patterns when compared with woody trees
(Chen, Tong, et al., 2021; Wang et al., 2022). In our study,
13 cluster-specific markers were used to annotate cell
types in T. mairei stems. Nevertheless, the lack of efficient
genetic transformation systems and stable in situ hybridi-
zation methods has limited the precise identification of
Taxus cell type markers (Shao et al., 2021).

scRNA-seq technology has been used to generate sev-
eral plant cell development atlases. For example, a single-
cell atlas defined the fate determination of fiber cell initia-
tion in cotton (Gossypium hirsutum), leaf development in
tea, early reproductive development in rice, vegetative
shoot apex and root development in Arabidopsis, and

stem-differentiating xylem in poplar (Qin et al., 2022; Shao
et al., 2021; Wang et al., 2022; Zhang et al., 2021; Zong
et al., 2022). However, plant cell metabolic atlases have not
yet been reported.

Based on tissue-specific markers, we created the first
single-cell Taxus stem atlas which showed spatial distribu-
tion patterns in cells. Pseudotime trajectory analyses reor-
dered cells along one main developmental trajectory,
generating temporal distribution patterns in cells (Zheng
et al., 2021). Cells from different clusters, representing dif-
ferent cell types, were separately distributed in the pseudo-
time trajectory. As Taxus is a well-known medicinal plant,
we focused on the dynamic expression patterns of six rep-
resentative secondary metabolic pathway-related genes
during stem development. For example, geranylgeranyl
diphosphate synthase (GGPPS), which is a key diterpene
biosynthesis pathway enzyme and therefore a non-specific
taxane enzyme, is encoded by five genes in T. mairei. Criti-
cally, one GGPPS-encoding gene (ctg4334_gene.2) was
expressed in early stages and four genes (ctg14140_gene.5,
ctg1897_gene.3, ctg3914_gene.4, and ctg12725_gene.16)
were expressed in later stem developmental stages. There-
fore, developmental stages are important factors regulat-
ing plant secondary metabolism.

Metabolic engineering relies on the selection of key
rate-limiting enzymes; thus, multiple encoding genes can
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provide several outcomes. TS is the rate-limiting enzyme
in the taxol biosynthesis pathway and was encoded by
three genes (Escrich et al., 2022). Among these genes,
ctg5306_gene.4 and ctg7747_gene.1 showed extremely low
cell coverage (<0.1%), suggesting silenced expression in
most stem cells. DBTNBT was encoded by two genes in T.
mairei and is a key flux-limiting enzyme of the taxane bio-
synthesis pathway (Kashani et al., 2018). Unlike active
DBTNBT (ctg887_gene.19), ctg4088_gene.8 was completely
suppressed in most stem cells. Interestingly, the artificial
induction of these silenced genes could increase taxol
levels in different cell lines.

Cell expression analysis showed that most known
taxol biosynthesis pathway genes were expressed in epi-
dermal, endodermal, and xylem parenchyma cells. Endo-
dermal cells specifically expressed TS, T50H, and T140H,
suggesting their downstream products probably accumu-
lated in endodermal cells. Xylem parenchyma cells specifi-
cally expressed TT00H, suggesting these cells were likely
the main biosynthesis sites of 108,14p-dihydroxytaxa-4(20)
and 11(12)-dien-5a-yl acetate. Furthermore, our single-cell
atlas helped us analyze the spatiotemporal expression pat-
terns of taxol biosynthesis pathway genes during bark and
xylem development. The DBTNBT gene (ctg887_gene.19)
was mainly expressed in later bark development stages,
suggesting that senescent bark is an important taxol bio-
synthesis tissue. Most genes, such as T100H (ctg2120_gene.5),
T130H (ctg4364_gene.1), and TS (ctg8816_gene.2), were
expressed in early xylem developmental stages, suggesting
that mature xylem is not the main taxol biosynthesis site. The
cell-specific expression of taxol biosynthesis-related genes
may cause uneven taxoid distribution across T. mairei stems.
The phytohormone MeJA has been found to significantly elicit
the production of paclitaxel in cultured T. media, Taxus cana-
densis, and Taxus cuspidata cells (Sun et al., 2013). In T. chi-
nensis, the expression pattern of CYP genes during the long-
time subculture and MeJA elicitation were analyzed, resulting
in the identification of six novel CYP725 genes as candi-
dates for taxol biosynthesis (Liao et al., 2017). Interestingly,
several MeJA-induced CYP725 family genes showed
tissue-specific expression in the T. mairei stem, suggesting
a potential role in MeJA-induced taxol accumulation.

The taxol biosynthesis pathway is controlled by sev-
eral environmental and genetic factors (Feng et al., 2023;
Yu et al., 2020; Yu et al., 2022; Zhan et al., 2022). Recent
studies on taxol biosynthesis regulators mainly focused on
stimulus-responsive TFs (Cao et al., 2022; Chen, Zhang,
et al., 2021; Zhang et al., 2015). We provided a single-cell
perspective on novel TF screening, which was consistent
with cell-specific expression patterns of taxol biosynthesis
pathway genes. cis-Elements in promoter regions and cell
type-specific expression patterns are important criteria for
TF screening. Accordingly, several novel TFs, such as NAC,
WRKY, bHLH, and ERF family TFs, were putatively involved
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in the transcriptional regulation of the taxol biosynthesis
pathway. The in vitro binding and in vivo regulation activi-
ties of several TFs were verified using EMSA and dual-
luciferase reporter assays, respectively.

Previously, the roles of T. media MYB39/MYB3 and T.
chinensis MYB29a in regulating taxol biosynthesis were
identified (Cao et al., 2022; Yu et al., 2022). Our down-
stream target screening showed several different TF-target
pairs, such as TmMYB3-TS, TmMYB3-TBT, TmMYB39-
GGPPS, TmMYB39-T700H, and TcMYB29a-T50H. Also, a
new MYB TF gene, T. mairei MYB47, and another TF-target
pair, MYB47-T50H, were identified. In woody trees, NAC
family TFs are reportedly involved in secondary cell wall
formation (Chen et al., 2022). NAC154 overexpression
modulated phenolic glycoside levels in poplar stem wood
(Jervis et al., 2015). In T. mairei, DBTNBT and DBAT were
identified as potential targets of NAC2, suggesting an
important role for NAC2 in xylem parenchyma cell-specific
taxoid metabolism. Also, epidermal cells specifically
expressed TEM1 and RAV1, endodermal cells specifically
expressed GT_2 and ERF16/115, and xylem parenchyma
cells specifically expressed JAZ, ABR11, and WRKY31/51,
all of which encode potential TFs involved in the cell-
specific transcriptional regulation of taxol biosynthesis.

While many intermediate metabolites were predicted
as being synthetized in xylem parenchyma and endoder-
mal cells, the end-product taxol is enriched in epidermal
cells (Soliman & Raizada, 2020). Precursor availability
affects each step of the taxol pathway (Yu et al., 2018).
Taxol accumulation sites are not completely coincident
with precursor and intermediate sites, suggesting taxoid
movement across stems (Soliman & Raizada, 2020). We
hypothesized that intermediate and/or end-product trans-
port is required for taxol redistribution in stems. In
humans, several ABC family members were reported as
having taxol binding activities, e.g., human ABCG2 has
indispensable multidrug resistance roles in cancer cells
(Moinul et al., 2022). But, the taxoid transporter in Taxus
trees is unknown. In our study, an ABCG2 family
transporter-encoding gene was cloned and was suggested
as a potential taxol transporter candidate.

Although taxol synthesis is dispersed across different
type cells, the taxol end-product is finally transported to
and accumulates in the outer epidermis of T. mairei. A pre-
vious study reported that taxol localization to hydrophobic
bodies had evolved to protect cells from the cytotoxic
effects of taxol (Soliman & Raizada, 2020). Taxoid transpor-
tation and redistribution may be effective strategies for
protecting young tissue against taxol cytotoxicity. Also,
taxol accumulation in outer tissue protects against front-
line pathogen invasion, at the epidermis in most cases
(Schafer & Wink, 2009).

In conclusion, MS imaging technology was used to
characterize T. mairei stems. MALDI-2 MS imaging analysis
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identified four taxol biosynthesis-related taxoids and five
taxol analogs, thereby confirming tissue-specific taxoid
accumulation in T. mairei stems. To identify the genetic
mechanisms underpinning taxoid distribution in specific
tissues, single-cell transcriptomic analysis was performed.
We identified 18 cell clusters with several cell type marker
genes, suggesting a high degree of cell heterogeneity in T.
mairei stems. We created a single-cell Taxus stem metabolic
atlas and identified spatial and temporal expression patterns
of several taxol biosynthesis pathway genes. Furthermore,
novel and cell-specific TFs in taxol biosynthesis were identi-
fied, including MYB47, bHLH, and NAC2. An ABCG2 family
transporter-encoding gene was cloned, and was suggested
as a putative taxol transporter candidate. We established a
comprehensive, transcriptional, single-cell resolution land-
scape of the major cell types in T. mairei stems and gener-
ated a valuable resource outlining the specific cell type
regulation of taxol biosynthesis (Figure S6).

METHODS
Plant materials

Three-year-old T. mairei trees were planted in an experi-
mental field at the ‘Canggian’ campus of Hangzhou Normal
University, Hangzhou, China. Three independent young
stems were collected and prepared for cryosection and
spatial metabolomic analysis. Three independent stems
were used for protoplasting and single-cell transcriptomic
analysis.

Sampling and sectioning for spatial metabolomics

The young stem samples were cryosectioned using a Leica
CM1950 freezing microtome. The slice thickness was set to
20 um. The stem samples were transferred to a pre-cooled
microtome for cooling for 1 h. After fixing and adjusting to
a suitable angle, the stems were sliced according to the
operating instructions. The resulting sections were trans-
ferred to a MALDI-2 special pre-cooled conductive glass
slide. Then, the slides were transferred to a vacuum dryer
for vacuum sealing for 30 min.

Matrix spraying and mass spectrometry imaging

The MALDI-2 special matrix was purchased from Bruker
company. The matrix solution was evenly sprayed on the
special conductive slide containing stem sections by a TM-
Sprayer instrument (Soltwisch et al., 2015). The conductive
slide coated with the substrate was placed on the target
disk of a timsTOF fleX MALDI-2 (Bruker Daltonics GmbH,
Bremen, Germany). The slice detection area was ticked out
using Bruker Data Imaging software and divided into sev-
eral 2D points according to the slice size. Under laser irra-
diation, the stem sections were scanned, and the chemical
molecules released by ionization at the target sites were
detected by MS to produce raw MS imaging files.

Analysis procedures of MS imaging data

The raw imaging files were imported into SCiLS™Lab 2021
software for data processing, including baseline subtrac-
tion, peak alignment, and data smoothing and normaliza-
tion. Using the non-supervised spatial clustering
application, the imaging pixels of the target area were clus-
tered, and the areas with similar metabolite accumulation
patterns were marked with the same color.

Feature extraction and qualitative analysis were car-
ried out using a Bruker Metaboscape™ workstation. The
results were compared with the theoretical mass (molecu-
lar mass error within 10 ppm) in Bruker MetaboBASE
Library metabobase 3.0 to identify the metabolites. PCA
was conducted to analyze the distribution of the metabo-
lites on the slices, and several PCs obtained could repre-
sent different imaging modes. Each principal component
was a linear combination of all features.

Preparation of the Taxus stem protoplasts and single-cell
suspensions

A total of 15-20 young stems of T. mairei were cut into
dishes with enzymolysis solution containing cellulase R-10,
isolation enzyme P, mannitol, KCl, and MES. The stems
were cut into 0.1-0.2-mm fragments using a sharp scalpel
and quickly transferred to the enzymolysis solution of the
triangular flask. Then, the samples were treated with a vac-
uum pump for 30 min to completely immerse the blade fil-
aments for enzymolysis. The samples were shaken at 28°C
in the dark for 1 h. After the enzymatic hydrolysis, the
supernatant was pipetted, and 10 mL of W5 solution (0.9 g
NaCl, 1.84 g CaCl,, 0.0375 g KCI, and 0.0425g MES,
pH =5.7) was added to gently resuspend the cells. The
supernatant was discarded and the protoplasts were gently
resuspended with 8% mannitol solution. The resulting cell
suspension was filtered by passing through a 30-70-um
stacked cell strainer and centrifuged at 300 x g for 5 min
at 4°C. The suspension was resuspended in 100 uL Dead
Cell Removal MicroBeads and dead cells were removed
using the Miltenyi® Dead Cell Removal Kit (MACS 130-090-
101). The overall cell viability was confirmed by trypan
blue exclusion, which needed to be above 85%. Single
cells in the single-cell suspension were counted and the
cell count was adjusted to 700-1200 cells pL~".

scRNA-seq library construction and sequencing

Single-cell  suspensions were loaded onto a
10x Chromium platform to capture 5000 single cells
according to the manufacturer's instructions of the
10x Genomics Chromium Single-Cell 3 kit (V3). Libraries
were sequenced on an Illlumina NovaSeq 6000 sequencing
system (paired-end multiplexing run, 150 bp) by LC-Bio
Technology Co., Ltd. (Hangzhou, China) at a minimum
depth of 20 000 reads per cell.
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Raw data processing and visualization

Sequencing results were demultiplexed and converted to
FASTQ format using lllumina bcl2fastq software (version
2.20). Sample demultiplexing, barcode processing, and
single-cell 3’ gene counting were performed using the Cell
Ranger pipeline (version 6.1.1) and scRNA-seq data were
aligned to the T. mairei reference genome. A total of
21 233 single cells captured from three independent stems
of T. mairei were processed using 10x Genomics Chro-
mium Single Cell 3 Solution. All cells were checked by
quality control with the following thresholds: all genes
expressed in less than three cells were removed,
500 < number of genes expressed per cell <5000, UMI
counts < 500, and the percentage of mitochondrial DNA-
derived genes < 25%. The Cell Ranger output was loaded
into Seurat (version 3.1.1) for dimensional reduction, clus-
tering, and analysis of scRNA-seq data. To visualize the
data, the dimensionality of all cells was reduced into 2D
space using the -SNE method.

The ‘Normalization’ function of Seurat software was
used to calculate the expression values of genes. PCA was
performed using the normalized expression value. The top
10 PCs were used to perform clustering and tSNE
analysis.

Marker gene and cell type identification

To find clusters, the weighted shared nearest neighbor
graph-based clustering method was applied. Marker genes
for each cluster were identified with the Wilcoxon rank-
sum test (default parameter is ‘bimod”: Likelihood-ratio
test) with default parameters via the FindAllMarkers func-
tion in Seurat. This selected marker genes which are
expressed in more than 10% of the cells in a cluster and
with average log(fold change) > 0.25.

To identify cell types, orthologous gene alignments
of the known marker genes in the model plant Arabidop-
sis were performed. The Arabidopsis markers for differ-
ent stem cell types were selected from the Plant Cell
Marker Database (PCMDB, http://www.tobaccodb.org/
pcmdb/) and their protein sequences were downloaded
from the TAIR database (Jin et al., 2022). Using the Ara-
bidopsis marker proteins as the query sequences, the
homologous sequences of the T. mairei stem were
searched by a local BLASP program. The proteins with
top hit scores were selected and annotated as corre-
sponding cell type markers of the T. mairei stem. Next,
we isolated four different tissue types from T. mairei
stems, namely, epidermal cells, endodermal cells, xylem
cells, and pith cells. The expression levels of several T.
mairei marker genes in four stem tissues were quantified
by quantitative real-time reverse transcription PCR (qRT-
PCR). gRT-PCR was performed according to our previous
paper (Yu et al., 2017).
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Pseudotime trajectory analysis

Single-cell trajectories were analyzed using Monocle soft-
ware (version 2.0). The expression matrix of all cells was
used to perform pseudotime analysis. Expression levels of
key genes related to various primary and secondary meta-
bolic processes were normalized by Monocle 2. Based on
the pseudotime analysis, branched expression analysis
modeling was applied to identify the genes at branch points.

Promoter isolation and cis-element scanning

Genomic DNA was isolated from the T. mairei stem using
the classical cetyl trimethyl ammonium bromide method.
The 2000-bp promoter sequences of the TS, T50H, T100H,
T130H, T140H, TAT, DBAT, and DBTNBT genes were
extracted from the T. mairei genomic sequence (Xiong
et al., 2021). The promoter sequences were scanned using
the PlantCARE program (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html/). Several classic binding ele-
ments, including ERF binding sites (GCCGCC and CCGAC),
GT_2 binding sites (GGTAAT and GGTAAAT), bHLH bind-
ing sites (CANNTG, CACG(A/C)G, and CACGTG), TEM1
binding sites (CAACAC and ACACAG), and MYB binding
sites (CAACTG and CAACCA), were screened.

Prokaryotic expression and electrophoretic mobility shift
assay

The full-length coding sequences (CDSs) of target TF genes
were inserted into pET30a vector and expressed in Escheri-
chia coli cells to produce recombinant His-TF proteins. The
expression of recombinant proteins was induced by 1 mm
isopropyl p-b-1-thiogalactopyranoside and proteins were
purified using Clontech His60 Ni Superflow Resin accord-
ing to the manufacturer's procedures. EMSA was per-
formed using the Light Shift Chemiluminescent EMSA Kit
(GS009, Beyotime, China) according to our previous works
(Yu et al., 2020; Yu et al., 2022). All primers and probe
sequences are listed in Table S18.

Dual-luciferase reporter assay

The pGreenll0800-LUC and pGreenll62-SK vectors were
used to produce target constructs. The full-length CDSs of
bHLH68, MYB47, and NAC2 were cloned and inserted into
the pGreenll62-SK vector as effectors. The promoters of
TAT, TS, T50H, DBTNBT, and DBAT were cloned and
inserted into the pGreenll0800-LUC vector as reporters.
The GAL4BD and VP16 were used as positive and negative
controls, respectively. All completed constructs were co-
transformed into tobacco (Nicotiana tabacum) leaves by
Agrobacterium tumefaciens GV3101-mediated transient
expression. The firefly luciferase (LUC) and Renilla lucifer-
ase (REN) activities were determined using a dual-
luciferase assay kit (Promega, Madison, USA). The primer
sequences are shown in Table S18.
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Subcellular localization

The full-length CDS of the T. mairei ABCG2
(ctg5370_gene.6) gene was cloned into the pBWA(V)HS
vector with GFP. OsMCA1-mKATE was used as cell mem-
brance marker. The primer sequences are shown in
Table S18. All constructs were transformed into Nicotiana
tabacum epidermal cells using a GV3101-mediated tran-
sient expression system.

Bioinformatics and statistical analysis

Unrooted phylogenetic trees were built using MEGA 7.1
software and the CLUSTALW program employing the
neighbor-joining method. The physical and chemical prop-
erties of the transporter were analyzed online using
ExPASy ProtParam (https://web.expasy.org/protparamy/).
The transmembrane domain of the transporter was ana-
lyzed using the TMHMM online tool (https://services.
healthtech.dtu.dk/service.php? TMHMM-2.0).

Statistical analysis was performed using SPSS soft-
ware ver.19.0 (SPSS Inc., Chicago, IL). Significance was
determined at P < 0.05 by analysis of variance followed by
Duncan’s least significant difference test. For hierarchical
clustering and visualization, all data were Z-score-
normalized using MeV software by Euclidean distance.
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