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Abstract

Background: Xylem development is a dynamic, continuous process fundamental
to secondary growth in woody plants and to biomass accumulation on earth. While
single-cell RNA sequencing (scRNA-seq) enables reconstruction of early xylem dif-
ferentiation trajectories, its reliance on protoplast isolation excludes late-stage cells
with thickened secondary cell walls, leaving key phases such as secondary cell wall
deposition and programmed cell death poorly characterized.

Results: We perform single-nucleus RNA sequencing (snRNA-seq) of the stem-
developing xylem of Populus and integrate previous scRNA-seq datasets to reconstruct
a comprehensive developmental landscape of xylem formation. Anatomical validation
confirms that scRNA-seq profiles predominantly represent early-stage stem-developing
xylem, while snRNA-seq enriches for deeper, secondary cell wall depositing layers.
Integrated analysis reveals a spatially and transcriptionally defined secondary cell wall
zone, supported by both lignin autofluorescence and its correlation with laser capture
microdissection-derived transcriptomes. Differential expression and gene ontology
analyses uncover enrichment for lignin biosynthesis and programmed cell death
associated genes, suggesting that secondary cell wall formation and programmed cell
death initiation are transcriptionally coordinated. Unsupervised clustering and machine
learning by support vector machine classification further reveal greater transcriptomic
heterogeneity among early-stage xylem cells compared to late-stage cells.

Conclusions: Our findings demonstrate the high compatibility and complementarity
of scRNA-seq and snRNA-seq platforms. This integrated approach not only overcomes
key limitations of individual technologies but also provides a practical and scalable
framework for resolving complex developmental trajectories in plants. It successfully
reconstructs the full continuum of xylem development, from cambial progenitors
through secondary cell wall formation and to programmed cell death.

Keywords: Single-nucleus RNA-seq, Spatial transcriptome, Single-cell RNA-seq,
Xylem development, Secondary cell wall, Programmed cell death, Laser capture
microdissection, Machine learning
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Background

In multicellular organisms, development is fundamentally a continuous and dynamic
process [1]. From the earliest cell fate decisions to terminal differentiation, cells
undergo gradual and coordinated transitions in gene expression, morphology, and
function. Capturing these transitions with high resolution is essential for uncovering the
mechanisms that drive tissue patterning, organogenesis, and environmental adaptation
[2—4]. In recent years, single-cell-level technologies have revolutionized our ability to
reconstruct these developmental trajectories, providing powerful frameworks to infer
lineage relationships and identify intermediate states [5-7]. This principle applies
broadly across biological systems—from animal embryogenesis to plant meristem
differentiation—where understanding the continuity of developmental states is crucial
for constructing accurate models of growth and form.

Xylem is the most abundant tissue on earth in terms of biomass, with the majority
of this biomass generated through secondary growth [8—10]. In the context of xylem
development in plant secondary growth, once vascular cambium cells divide and
commit to a xylem fate, their differentiation proceeds through three major stages: (1)
cell expansion, (2) secondary cell wall (SCW) deposition, and (3) programmed cell
death (PCD) [11, 12]. Recent advances in single-cell transcriptomics have provided
unprecedented insights into the early phases of this process, enabling the reconstruction
of dynamic differentiation trajectories from cambial progenitors to specialized xylem
cell types such as libriform fibers (fibers) and vessel elements (vessels) [13—19]. These
efforts have culminated in a widely accepted working model of xylem development that
is shared across the global plant research community, shedding light on key regulatory
genes and transitional states involved in early xylem formation [20-24]. In such working
model, xylem development is composed of two developmental lineages from axial and
radial system. The axial system arises from the fusiform lineage, beginning with fusiform
organizer cells that give rise to early fusiform precursors, which then differentiate into
intermediate precursors and ultimately mature into either fibers or vessels. The radial
system is derived from the ray lineage, originating from ray organizer cells that give rise
to ray precursors, which subsequently differentiate into ray parenchyma cells [16, 24].
However, this model is largely constructed from single-cell RNA sequencing (scRNA-
seq) data, which inherently exclude cells with extensively thickened SCWs due to the
technical limitations of protoplast-based cell isolation. As a result, our understanding
remains incomplete—particularly for the later stages of xylem differentiation, including
the maturation of SCW architecture and the execution of PCD.

To overcome the limitations of protoplast-based single-cell transcriptomics, single-
nucleus RNA sequencing (snRNA-seq) has emerged as a powerful alternative. Unlike
scRNA-seq, which requires enzymatic digestion of the cell wall to isolate intact
protoplasts, snRNA-seq bypasses this constraint by isolating nuclei directly from frozen,
mechanically disrupted tissues [25, 26]. This enables the capture of transcriptomic
information from cells that are otherwise inaccessible—particularly those with
thickened SCWs, such as mature xylem cells—thereby extending the developmental
window that can be profiled [27]. However, snRNA-seq has several inherent limitations.
Because it captures only nuclear RNA, it tends to yield sparser transcriptomes, with
fewer detected genes and limited representation of cytoplasmic transcripts. This sparsity
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can hinder the identification of subtle cell states and regulatory programs, and the
absence of cytoplasmic RNA may obscure critical continuous and dynamic process.
In contrast, scRNA-seq captures both nuclear and cytoplasmic RNAs, providing more
comprehensive transcriptomic coverage [28-30]. It typically detects more genes per
cell and reveals finer transcriptional dynamics, particularly in early developmental
stages or metabolically active cell types. Given the complementary nature of these two
technologies—scRNA-seq offering high-resolution transcriptomic profiles but restricted
to thin-walled, wall-degradable cells, and snRNA-seq enabling access to a broader range
of cell types, including those with thick SCWs—a combined approach is essential to
reconstruct the full developmental trajectory of xylem formation [30].

In this study, we performed snRNA-seq on the stem-developing xylem (SDX) of
Populus alba x Populus glandulosa and integrated the resulting data with our previously
generated scRNA-seq data. By jointly analyzing the two transcriptomic modalities, we
constructed a more comprehensive and continuous model of xylem development—
spanning from early-stage, thin-walled cells to late-stage, lignified elements—and to
evaluate the extent to which scRNA-seq and snRNA-seq can reinforce each other in
resolving plant cell developmental trajectories.

Results

Complementary sampling properties of protoplast-scRNAseq and SDX-snRNAseq revealed

by anatomical analysis

Building upon our previously reported scRNA-seq (protoplast-scRNAseq) datasets, we
conducted SDX-snRNAseq in this study to enable direct comparative analyses between
the two platforms [31]. To compare the developmental stages captured by single-cell and
single-nucleus transcriptomics in xylem tissue, we first examined the sample preparation
workflows underlying protoplast-scRNAseq and SDX-snRNAseq. We carefully peeled
the bark from stem segments of P. alba x P. glandulosa to expose the SDX and minimize
contamination from phloem and vascular cambium. This debarking procedure ensured
that the surface of debarked stem consisted almost exclusively of SDX. For protoplast-
scRNAseq, fresh debarked stems were immediately subjected to enzymatic digestion to
isolate protoplasts, which were then processed for single-cell transcriptome profiling.
For SDX-snRNAseq, the exposed SDX tissue was scraped and flash-frozen, followed by
mechanical grinding and nuclear purification to obtain nuclei for library preparation.
To precisely evaluate the differences in tissue capture between protoplast-scRNAseq
and SDX-snRNAseq at the sample preparation level, we performed comprehensive
anatomical analyses.

First, we used agarose-embedded stem samples to compare intact and debarked tis-
sues to check whether the debarking process can effectively remove phloem and cam-
bium layers and expose SDX on the surface of the debarked stem. Compared to intact
stems (Fig. 1a), debarked stems exhibited a clear separation (a gap) between the SDX
and cambial region, with nearly all the flattened cambium cells located on the phloem
side, indicating that the debarking procedure effectively removes potential contamina-
tion from both the phloem and cambium tissues (Fig. 1b). Second, the debarked stems
were subjected to three different treatments—protoplasting, flash-freezing, and tis-
sue scraping—each representing key steps in the protoplast-scRNAseq, laser capture
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Fig. 1 Comprehensive anatomical analysis of xylem development and tissue processing. Schematic
diagrams (left) show the cell capture based on the stem cross-sections (right) on different sample processes.
In the right images, the upper panels show TBO-stained stem cross-sections, and lower panels display
autofluorescence of the corresponding stem cross-sections under UV excitation. a Cross-sectional anatomy
of the intact stem. Solid grids in dark purple and blue represent sequential layers of cambium and xylem
cells, respectively. b Post-peeling stem cross-sections show vibratome-sectioned microstructure and
cryosectioned microstructure. Dashed grids indicate regions of parenchyma cell loss. ¢ Protoplast isolation
from enzymatically digested xylem. Blue hollow grids represent protoplast-enriched cell layers collected
after digestion of peeled xylem-facing tissues. d Scraping-based nuclear acquisition from xylem. Red hollow
grids denote cell layers subjected to nuclear scraping. White dashed lines demarcate post-processing regions
(enzymatic digestion/cryotreatment/scraping). Red dashed lines outline LCM target zones. Scale bars: 500 um

microdissection (LCM) and SDX-snRNAseq workflows, respectively. The samples were
subsequently embedded in agarose (protoplasts and scraped samples) and optimal cut-
ting temperature (OCT) compound (flash-frozen samples) for anatomical analysis. In
the anatomical sections, regions appearing as empty spaces indicated areas where cells
were either enzymatically removed during protoplasting, disrupted by flash-freezing, or
physically detached during tissue scraping (Fig. 1b and c). The empty spaces observed
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in both the protoplasted and flash-frozen samples appeared similar, suggesting that
these two treatments predominantly and respectively collect and destroy thin-walled
cells. Following peel-and-freeze treatment, outer parenchyma cells exhibited rupture
(Fig. 1b). Similarly, the snap-freezing step during SDX-snRNAseq sample preparation
may lead to the loss of xylem cells with thin walls. In contrast, tissue scraping techniques
enable targeted isolation of thick-walled cells residing in deeper SDX regions, particu-
larly those undergoing active secondary cell wall biosynthesis, a process biochemically
validated through lignin-specific autofluorescence signatures (Fig. 1d). Compared to
protoplasting, which typically yields approximately 6 to 8 layers of xylem cells, tissue
scraping allowed the recovery of an additional 8 layers, resulting in a total of around 15
xylem cell layers being collected (white double-dashed line in Fig. 1). In other words,
protoplast-scRNAseq primarily captures the transcriptomic profiles of early-stage SDX
development, characterized by thin-walled, actively expanding cells. On the other hand,
SDX-snRNAseq—through the combination of morphological analyses via tissue scrap-
ing and flash-freezing—enables access to later stages of xylem differentiation, including
thick-walled cells undergoing SCW deposition. Given the distinct yet complementary
sampling strategies of the two platforms, we also anticipated a partial overlap in tran-
scriptomic profiles at intermediate, transitioning stages of SDX development.

Integration of protoplast-scRNAseq and SDX-snRNAseq datasets reveals a continuous
xylem developmental trajectory

We conducted SDX-snRNAseq on the SDX from two individual poplar trees. A total of
26,925 (13,496 in Biol and 13,429 in Bio2) nuclei were recovered, with ~26,500 genes
detected (26,511 in Biol and 26,589 in Bio2) (Additional file 1: Fig. S1a). The numbers
of the UMI (Unique molecular identifier) per nucleus obtained in the two replicates
were 13,496 and 13,429, respectively (Additional file 1: Fig. S1b, Additional file 2: Sup-
plementary Dataset S1). To assess the reproducibility of our platform, we calculated the
transcriptomic overlap between the two samples. The extremely high overlap rate (97%)
demonstrated the robustness and reliability of our SDX-snRNAseq workflow (Fig. 2a,
Additional file 1: Fig. S2a). Similarly, MetaNeighbor analysis revealed strong concord-
ance in cell type clustering between the two biological replicates (Additional file 1: Fig.
S2d).

To obtain a more comprehensive collection of xylem cell types, we integrated the SDX-
snRNAseq dataset with our previously generated protoplast-scRNAseq dataset. The
two datasets exhibited distinct global distributions on the integrated UMAP (Fig. 2b).
Cells from protoplast-scRNAseq and SDX-snRNAseq were clearly positioned on oppo-
site sides of the UMAP space, with partial overlap observed only in the intermediate
region. To rule out the possibility that the observed distribution differences between
scRNA-seq and snRNA-seq data resulted from platform-specific biases, we isolated
protoplasts from the SDX and subsequently extracted nuclei for snRNA-seq (referred
to as protoplast-snRNAseq). Integration of the protoplast-scRNAseq, SDX-snRNAseq,
and protoplast-snRNAseq datasets showed that the protoplast-snRNAseq data exhib-
ited a transcriptomic profile highly concordant with protoplast-scRNAseq and clus-
tered predominantly with protoplast-scRNAseq in the UMAP embedding (Fig. 3a, b).
The cell overlap between protoplast-snRNAseq and protoplast-scRNAseq was strikingly
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Fig. 2 Integrated analysis of xylem single-cell and single-nucleus transcriptomes. a Density overlay of

two biological replicates (n=2) in single-nucleus RNA sequencing (SDX-snRNAseq), demonstrating high
reproducibility across xylem cell populations. Densities from 0 to 1 are divided into 500 bins with different
color shading, with proportions of different densities shown in a pie chart in each panel. b Integrated UMAP
visualization of protoplast-scRNAseq (rainbow-colored clusters) and SDX-snRNAseq (gold and black clusters,
representing two biological replicates). Regions where scRNA-seg-derived fiber cells (red), vessels (blue), and
ray parenchyma cells (pink) begin to overlap with SDX-snRNAseq clusters are dash-circled

high, reaching approximately 94% (90.31% and 96.65% for replicate 1 and 2, respectively;
Fig. 3¢). In contrast, the overlap between protoplast-snRNAseq and SDX-snRNAseq was
only 7.5% (4.3% and 10.6% across replicates; Fig. 3c).

The cell distribution in SDX-snRNAseq and protoplast-scRNAseq is consistent with
our anatomical analyses, which showed that protoplast-scRNAseq and SDX-snRNAseq

capture largely non-overlapping developmental zones, except for the transitioning
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Fig. 3 Integration and clustering of protoplast-scRNAseq, SDX-snRNAseq, and protoplast-snRNAseq

data with visualization. a UMAP visualization: integration of three datasets and pairwise comparisons. b
UMAP visualization: integrated analysis of protoplast-scRNAseq, protoplast-snRNAseq replicates (n=2),

and SDX-snRNAseq replicates (n=2). ¢ Density overlay plots demonstrate high reproducibility between
protoplast-scRNAseq and protoplast-snRNAseq, compared with their respective replicates (n =2 for each).
Densities ranging from 0 to 1 are divided into 500 bins, each assigned a distinct color shade, while a pie chart
in each panel shows the proportion of each density

stages of SDX differentiation. This interpretation is further supported by the previously
established cell-type annotations from our protoplast-scRNAseq dataset [24]. In that
analysis, the most developmentally advanced cell clusters identified were vessel element
cell (the blue cell cluster), libriform fiber cells (red), and ray parenchyma cells (pink).
Intriguingly, these three clusters are located near the transitional region in the integrated
UMAP, precisely where the protoplast-scRNAseq and SDX-snRNAseq datasets begin to
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overlap (Fig. 2b). This spatial arrangement suggests that the overlapping zone represents
both the terminal limit of protoplast-scRNAseq detection and the entry point of SDX-
snRNAseq coverage, reinforcing the idea that the two platforms capture complementary,
yet contiguous, segments of the xylem developmental trajectory.

Identification of the SCW deposition zone captured by SDX-snRNAseq

Given that SDX-snRNAseq preferentially captures thick-walled, late-stage xylem cells,
we next sought to investigate how the protoplast-scRNAseq—defined libriform fiber, ves-
sel element, and ray parenchyma cell types further develop at later stages. Specifically,
we asked which downstream cell states these early-identified clusters transition into, as
revealed by the extended coverage of SDX-snRNAseq. We adapted our previous cell-
type-specific transcriptomic data generated from the specific cell types harvested by
LCM, the cell-type LCM RNAseq [24]. Correlation analyses were performed between
the cell-type-specific transcriptomics and single-nucleus transcriptomics. Consistent
with our previous findings, each cell type—specific transcriptome exhibited the high-
est correlation with the corresponding cell cluster previously defined in the protoplast-
scRNAseq dataset (Fig. 4a-d). For example, transcriptomes specific to vessels displayed
a markedly high correlation with the vessel cluster (blue) identified in the protoplast-
scRNAseq data (the blue dashed circle in Fig. 4c). We noticed a region within the SDX-
snRNAseq dataset that exhibited high correlation with both fiber— and vessel—specific
transcriptomes, suggesting that the cells in this region are descendants of both lineages
(the black dashed circle in Fig. 4b and c). This observation suggests that, during the stage
of SCW deposition, the transcriptomes of fiber cells and vessels become increasingly
similar, despite their distinct lineage origins. Interestingly, the region showing high cor-
relation with both fiber cell- and vessel-specific transcriptomes exhibited extremely
low correlation with the ray parenchyma-specific transcriptome (Fig. 4b-d). This is con-
sistent with expectations, as this region represents an area of intense SCW deposition,
whereas ray parenchyma cells are thin-walled and do not engage in SCW biosynthesis.
These results further support the notion that this region in the SDX-snRNAseq dataset
corresponds to a transcriptionally defined SCW deposition zone.

To further validate the spatial localization of the SCW deposition zone, we examined
the anatomical features of the cryosectioned SDX tissue. During the cryosectioning
process, thin-walled cells are highly susceptible to rupture due to freezing-induced
mechanical stress. As a result, the outermost layer that remains intact in frozen
sections likely corresponds to cells with well-developed SCWs—those resistant to
freezing-induced damage. This provides anatomical support for the interpretation that
the preserved surface layer of the cryosection represents the SCW-enriched region.
Supporting this interpretation, we observed intense lignin autofluorescence localized
to the outermost layer of the cryosection (Fig. 1b). To further validate this spatial
assignment, we leveraged our previously generated dataset in which the outermost
regions of SDX cryosections were collected using LCM followed by transcriptomic
analysis, serving as a spatial transcriptomic reference [17, 32]. Excitingly, the region
showing the highest correlation with the outermost cryosection closely matched the
SCW deposition zone identified in the SDX-snRNAseq dataset (Fig. 4e and f, Additional
file 1: Fig. S3). Thus, both anatomical observations and spatial transcriptomic data
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Fig. 4 Correlation analysis between LCM RNAseq cell-type subpopulations and SDX-snRNAseq. a-d
Correlation profiles of LCM-isolated fiber cells, vessels, and ray parenchyma cells with SDX-snRNAseq
subpopulations. Regions outlined in red, blue, and pink denote libriform fiber cell- (b), vessel element- (c), and
ray parenchyma-enriched (d) correlations, respectively. The black dashed circles denote regions exhibiting
higher correlations with libriform fiber and vessel element cells. e-f Correlation map between LCM-captured
outermost cell layers (cryosectioned) and SDX-snRNAseq. The red dashed circles denote regions exhibiting
higher correlations with LCM-derived cell populations. Color intensity (deep red = high correlation) reflects
transcriptional concordance

consistently identified a population of xylem cells captured by SDX-snRNAseq that are
undergoing extensive SCW deposition.

Transcriptomic signature of SCW deposition and onset of programmed cell death

To gain further biological insights into the cells within the SCW deposition region,
we identified the genes that were differentially expressed in this population and sub-
sequently performed Gene Ontology (GO) enrichment analysis. By integrating LCM
RNAseq and SDX-snRNAseq data through correlation analysis, we annotated the sub-
populations in the SDX-snRNAseq dataset and identified two distinct clusters (Clusters
11 and 12). These two subpopulations, together with the ten clusters identified through
protoplast-scRNAseq [24], form a comprehensive set of 12 cell clusters representing dif-
ferent stages of xylem cell development (Fig. 5a). Among the upregulated genes in the
SCW deposition region, enriched GO terms included aromatic amino acid lyase, phe-
nylalanine ammonia-lyase, and phenylpropanoid metabolism—all of which are key
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components of the lignin biosynthetic pathway and serve as hallmark indicators of SCW
deposition (Fig. 5b). Additionally, GO terms related to flavonoid biosynthesis were also
enriched. As flavonoids and monolignols share the same upstream phenylpropanoid
pathway, this further supports the notion that these cells are transcriptionally commit-
ted to lignin production and SCW deposition.

The final stage of xylem development is PCD. While the detailed molecular
mechanisms that trigger PCD during xylem development remain largely unresolved [33],
several genes and pathways—such as aspartase, ethylene response factors (ERFs), and
extensin—have previously been implicated in plant PCD [34-39]. Notably, we found that
these genes were also differentially regulated in the SCW-depositing cell population and
were enriched among the identified GO terms (Additional file 3: Supplementary Dataset
S2), suggesting that the onset of PCD may occur concurrently with SCW deposition.

We further selected the genes that were upregulated in different clusters and performed
RNA in situ hybridization for comparison of their expression patterns with those
obtained by the protoplast-scRNAseq/SDX-snRNAseq analysis (Fig. 5¢, d, Additional
file 1: Fig. S4). For the genes upregulated in Clusters 11 and 12, their in situ hybridization
signals were predominantly observed in inner xylem cells, which are undergoing
cell wall thickening and PCD (Fig. 5c). For instance, ACL5 (ACAULISS), encoded a
S-adenosyl-L-methionine-dependent methyltransferase, was strongly expressed in the
layers 5-15, FLA12 (FASCICLIN-like arabinogalactan protein 12) showed pronounced
expression in layers 1218, and both RLK (Receptor-like protein kinase-related family
protein) and XCP2 (xylem cysteine peptidase 2)—a gene involved in vacuolar collapse
during PCD—were expressed in the mature xylem region. While for the genes selected
from clusters 1-10, their expression patterns were primarily localized to the outmost
cell layers adjacent to the cambium (Fig. 5d). However, it was difficult to distinguish
hybridization signals between fusiform initial precursors and ray initial precursors. For
example, Potri.014G161200 (enriched in fusiform intermediate precursor, Cluster 2)
and Potri T011801 (ray organizer, Cluster 3) were uniformly expressed across both fiber
and ray cells. Similarly, Potri.014G022200 (fusiform intermediate precursor, Cluster 2)
was detected in vessels, and fibers and ray cells. The corresponding UMAP expression
profiles of these genes showed broad distribution across multiple clusters, which was
consistent with the RNA in situ hybridization. The expression of these genes could not
distinguish the cell populations at early stage of xylem development, which is related

(See figure on next page.)

Fig.5 Expression of cell-type-specific genes in clusters associated with identified early and late
developmental stages. a Twelve cell clusters, 1 to 12, were obtained through unsupervised K-means
clustering and visualized by UMAP. 1-V, vessel element. 2-FulP, fusiform intermediate precursor. 3-RO, ray
organizer. 4-FUEP, fusiform early precursor. 5-RP, ray precursor. 6-FuQ, fusiform organizer. 7-F, libriform fiber.
8-R, ray parenchyma cell. 9-10, unknown cell. 11-L1, late stage cell1. 12-L.2, late stage cell2. b GO enrichment
terms in SCW deposition region of SDX-snRNAseq data. ¢ RNA in situ hybridization of six selected genes at
the late stage, including ACL5, FLA12, GH1, Psp, RLK and XCP2 in Cluster 11 and 12.d RNA in situ hybridization
of eight selected genes at the early stage, including RIN4 in Cluster 6, DUF761 in Cluster 4, Potri.014G161200
and Potri.014G022200 in Cluster 2, Potri.T011801 in Cluster 3, UGT73B4 in Cluster5, ATCTL2 in Cluster 7,

WATT in Cluster 1. ¢ and d show the hybridization images using antisense probes, and the corresponding
hybridization images using sense probes are provided in Additional file 1: Fig. S4. Fc: libriform fiber cell, Rc: ray
parenchyma cell, Ve: vessel element cell. Arrow, site of gene expression. The red dashed circles denote gene
expression regions. Scale bars: 100 um
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to the fact that these genes were expressed across the populations. Further functional
studies on these gene candidates by gene-editing or silencing would provide insights on
these cell populations.

Late-stage xylem cells exhibit reduced transcriptomic heterogeneity compared to early
stages

To illustrate the developmental lineage from early stages to the SCW deposition and
PCD stages, we performed unsupervised clustering to identify transcriptionally distinct
cell clusters within the SDX-snRNAseq dataset. To ensure an unbiased assessment, we
applied K-means clustering and systematically explored a range of cluster numbers,
presenting results from K=2 to 20. Cells within the SCW deposition and PCD regions
consistently formed a coherent grouping across different K values. While this clus-
ter occasionally split into two subgroups at higher K values, it remained topologically
stable—never merging with or being absorbed into neighboring clusters (Additional
file 1: Fig. S5). This pattern indicates a well-defined transcriptomic identity with inter-
nally consistent structure and distinct boundaries from other cell populations. We then
identified the cell clusters corresponding to the SCW deposition and PCD regions and
integrated them with our previous scRNA-seq (protoplast-scRNAseq) results to recon-
struct a comprehensive developmental lineage of xylem differentiation (Fig. 6e). This
lineage refines prior scRNA-seq (protoplast-scRNAseq) trajectories through integration
of late-stage molecular profiles, overcoming sampling biases that mask terminal differ-
entiation states [24]. By combining SDX-snRNAseq and protoplast-scRNAseq data, our
multimodal strategy enhances temporal resolution and biological reproducibility. The
framework resolves developmental discontinuities while providing a critical resource for
single-cell analysis of plant vascular ontogeny.

While performing K-means clustering, we observed a notable pattern: transcriptomic
diversity appeared to be higher among early-stage xylem cells than in late-stage cells
(Fig. 6a, Additional file 1: Fig. S5). This was evidenced by the tendency of early-stage regions
to be subdivided into multiple clusters as k increased, whereas late-stage cells within the
SCW deposition and PCD zones remained relatively consolidated. Since early-stage cells
were primarily captured by protoplast-scRNAseq and late-stage cells by SDX-snRNAseq,
one potential concern is that the observed differences in transcriptomic heterogeneity may
simply reflect platform-specific biases. To investigate this possibility, we focused exclusively
on the SDX-snRNAseq dataset. Because SDX-snRNAseq inherently enriches for late-stage
xylem cells and contains relatively fewer early-stage cells, we performed stratified sampling
to equalize the number of early- and late-stage cells, allowing for a balanced comparison
of transcriptomic variability within a single platform (Fig. 6¢). To assess transcriptomic
diversity between early and late stages of xylem development, we applied a linear function
to classify cells into early-stage and late-stage groups. We then compared the number of
clusters formed among early-stage cells versus late-stage cells across a range of K values.
Early-stage cells consistently exhibited a significantly higher number of clusters than
late-stage cells, indicating greater transcriptional heterogeneity during the initial phases
of xylem differentiation (Fig. 6b, Additional file 1: Fig. S6). To objectively validate the
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Fig. 6 Functional enrichment and transitional zone identification during xylem development. a Cell

clusters trends under varying K-means clusters, comparing protoplast-scRNAseq (early-stage enriched) and
SDX-snRNAseq (late-stage inferred). b K-means cluster trends post-sampling normalization for early- and
late-stage cells. ¢ Sampled cell distribution across UMAP transcriptional space. d Transition zone demarcation
between early- and late-stage xylem development. Left, random linear segmentation; right, machine
learning-based stable partitioning. e Slingshot-inferred differentiation trajectory of full xylem ontogeny

separation between early- and late-stage cells, we further employed a machine learning
approach using a SVM classifier (Fig. 6¢ and d). This allowed us to derive an unbiased
linear decision boundary that distinguishes early- and late-stage transcriptomic profiles
based on gene expression features. Excitingly, the results based on the SVM-derived linear
function were highly consistent with our previous clustering-based observations, further
supporting the distinction in transcriptomic diversity between early- and late-stage
xylem cells. Importantly, this also demonstrates the high degree of compatibility between
protoplast-scRNAseq and SDX-snRNAseq platforms when applied to xylem developmental
analysis, reinforcing the validity of integrating both datasets to reconstruct a continuous

developmental trajectory.
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Discussion
In this study, we conducted SDX-snRNAseq using more than 13,000 nuclei from SDX on
each biological replicate. The detected median gene number in our study is comparable
to some published data. For example, a snRNAseq study on Arabidopsis roots [40], their
median genes/cell is 500-1,000. Considering that cellular heterogeneity is substantially
higher in roots than in SDX, a median of 500-1,000 genes per cell is already regarded
as sufficient for root studies, which indicates that the gene detection depth in our SDX
dataset is more than adequate for robust downstream analyses. Compared to recent
studies of snRNA-seq in poplar stems [41, 42], the detected gene number per nucleus in
our study is relatively low (approximately 600—800), and the resulting clustering patterns
differ from those in recent nuclei-based studies. Several factors may contribute to these
discrepancies, including species-specific variation, differences in stem developmental
stages of the sampled stems, and variability in nuclei isolation efficiency and nuclear
RNA integrity. In addition, our nuclei isolation protocol preserved structurally
mature, thick-walled cells, which may preferentially retain transcripts characteristic
of later stages of xylem differentiation while limiting the capture of low-abundance or
transient transcripts associated with early cambial or rapidly transitioning cell states.
Such restricted transcript capture could reduce the resolution for fine-grained sub-
clustering and might bias cell-type proportions toward transcriptionally robust, late-
stage populations. Nevertheless, the core conclusions of this study are supported by the
consistent identification of major xylem lineages, clear differentiation trajectories toward
secondary wall-forming cells, and concordance with anatomical, spatial transcriptomics
and marker-based validation. Integration of SDX-snRNAseq and protoplast-scRNAseq
dataset provides practical insights into the compatibility between scRNAseq and
snRNAseq in plants and underscores the importance of careful sample preparation
and integration strategies. As cell type annotation remains a major challenge in plant
single-cell transcriptomics—due to limited marker availability and the lack of reference
atlases—physical separation of tissues during sample preparation can significantly
reduce ambiguity [22, 24]. For instance, performing snRNAseq on whole stems
eliminates the need for immediate processing or tissue dissection, but substantially
increases the difficulty of downstream cell type annotation due to the presence of
multiple, closely associated tissue types. Furthermore, during the nuclei preparation, a
significant amount of impurities is generated from phloem, which affects the efficiency
of nuclear purification. In contrast, physically enriching for specific regions—such
as debarking to isolate the SDX—can greatly simplify annotation by reducing cellular
heterogeneity [28]. However, this approach requires flash-freezing of the tissue to
prevent artificial perturbations introduced by physical separation, which in turn can
result in the loss of fragile, thin-walled cells during sample collection. Therefore, we
advocate for a combined approach, as demonstrated in this study, where protoplast-
scRNAseq and SDX-snRNAseq are jointly applied to the same anatomically defined
region. This strategy enables comprehensive coverage of the xylem developmental
trajectory while simultaneously reducing the ambiguity of cell identity assignments,
offering a practical and scalable framework for future single-cell studies in plant systems.
Our finding that SCW deposition and PCD are transcriptionally co-regulated is
further supported by known molecular pathways [8, 43] (Fig. 7a and b). In particular,
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VASCULAR-RELATED NAC-DOMAING6 (VND6) transcription factor, which is the
master regulator of xylem differentiation and SCW biosynthesis, has been shown to
directly activate XCP genes—key executors of vacuolar collapse during PCD [44-47].
A hallmark of xylem PCD is vacuolar collapse, which triggers the release of hydrolytic
enzymes—including proteases, DNases, and RNases—into the cytoplasm, initiating
autolytic degradation [10, 46, 48, 49]. For instance, mutations in vacuolar processing
enzymes (VPEs) delay the clearance of cellular contents in fiber cells, concomitant with
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abnormal SCW thickening, while loss of cysteine proteasel (CEP1) disrupts PCD pro-
gression in both fiber cells and vessels [50, 51]. Furthermore, mitochondria play a pivotal
role in initiating plant PCD. Prior to vacuolar rupture, mitochondria release cytochrome
c into the cytosol, a conserved signal amplifying PCD execution [43, 52—54]. In Popu-
lus, mitochondrial ascorbate peroxidase (PtomtAPX), which localizes to mitochondria
under normal conditions, translocates to the cell wall following mitochondrial mem-
brane permeabilization [55]. This spatial redistribution positions PtomtAPX to poten-
tially mediate oxidative crosslinking during SCW lignification, thereby coupling PCD
execution with wall reinforcement.

The dual regulatory roles of these genes strongly support the notion that the
initiation of PCD is tightly coupled to the onset of SCW deposition, rather than
occurring as strictly sequential events [9, 56, 57]. The co-expression of SCW-related
biosynthetic genes and PCD-associated genes within the same transcriptomic space
provides functional evidence that xylem cells undergo wall thickening and cell death
programming in parallel, as part of a coordinated differentiation process [58, 59].

The timing of cell fate determination in fusiform cells—whether it is specified early in
the initial cells or arises later during the differentiation of xylary derivatives—remains
a subject of debate. One proposed model, based on the ubiquitous early expression
of VNS family transcription factors in fusiform cells, suggests that all fusiform cells
are initially primed toward vessel differentiation, but may later be redirected toward
libriform fiber fate in response to external or positional cues [60-64]. For example,
under mechanical stress, tension wood exhibits a dramatic increase in libriform fiber
formation, supporting the idea of fate plasticity in response to environmental stimuli
[65—-67]. In our previous work, we hypothesized that early (the green cell cluster) and
intermediate (brown) fusiform cells may possess the potential to transition into libriform
fibers, based on their spatial proximity and transcriptomic similarities. However, due to
a lack of direct supporting evidence at the time, this hypothesis was removed following
reviewers’ recommendations (see review history). In the present study, the expanded
SDX-snRNAseq dataset provides compelling support for a broader version of this idea.
As shown in the integrated UMAP, cells classified as early (green) and intermediate
(brown) fusiform precursors are spatially adjacent to—and in some regions intermixed
with—the SCW deposition zone. This spatial continuity suggests a developmental
continuum in which multiple fusiform-derived populations may directly contribute
to SCW-forming cells. These findings update our original interpretation: rather than
specifically transitioning into libriform fibers, fusiform precursors may retain plasticity
that allows direct differentiation into SCW-depositing cells. This observation aligns with
a more flexible developmental model in which SCW deposition functions as a terminal
program recruited from diverse upstream fates—including both vessel- and fiber-
associated lineages—depending on positional cues or stress responses. The presence of
shared SCW and PCD markers further supports the idea of a common transcriptional
endpoint.
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Conclusions

In this study, we integrated single-cell and single-nucleus RNA sequencing to construct
a comprehensive developmental lineage of xylem development in Populus stems. By
combining the high resolution of protoplast-scRNAseq for early-stage, thin-walled
cells with the broader developmental coverage of SDX-snRNAseq for late-stage, thick-
walled cells, we were able to capture the full trajectory of xylem differentiation—from
cambial derivatives through SCW deposition and to PCD. This dual-platform strategy
not only extended the developmental window that can be profiled, but also provided a
practical solution to overcome the challenges of cell type annotation in plant single-cell
transcriptomics. Further integration of protoplast-scRNAseq, SDX-snRNAseq and LCM
RNAseq, including phloem tissue or using whole stem, is worth exploring to construct a
complete developmental trajectory from cambium toward both xylem and phloem.

Methods

SnRNA-seq library construction and sequencing

Stem fragments below 15th internode from two 5-month-old P. alba x P. glandulosa cv.
“84 K” trees were used as two biological replicates. After debarking, the tissues on the
xylem side were scraped using a single-edged razor and frozen immediately in liquid
nitrogen. Nuclei were prepared as described in a previous study [26], and further purified
on the CytoFLEX SRT (Beckman, USA). For protoplast-snRNAseq, protoplasts were
prepared from the SDX of two individual trees as we previously described [24]. Libraries
were constructed using the Chromium Single Cell 3'Reagent Kits (V3.1) and sequenced
on the [llumina NovaSeq 6000 platform at Gene Denovo (Guangzhou, China).

SnRNA-seq analysis
Raw reads of SDX-snRNAseq and protoplast-snRNAseq datasets were aligned to
the P trichocarpa reference genome using Cell Ranger (v7.2.0, 10 x Genomics) with
default parameters. The resulting raw count matrix was then imported into R (v4.3.2)
for further analysis using the Seurat (v5.0.1) package. Both datasets were processed
through a standardized analytical pipeline encompassing dimensionality reduction,
unsupervised clustering, and differential gene expression analysis, as previously
described methodologies [24]. Integration of SDX-snRNAseq and protoplast-scRNAseq
datasets was achieved through the identification of anchors using K-nearest neighbors
with K.anchor =5. The integrated UM AP was then used to compare the cell distribution
patterns between SDX-snRNAseq and protoplast-scRNAseq datasets. MetaNeighbor
analysis was performed to assess the reproducibility [68]. To validate cellular
annotations, Pearson’s correlation coefficients were computed between SDX-snRNA-
seq-derived transcriptomes and LCM RNA-seq-generated cell-type reference profiles.
Cell density analysis of distribution overlapping cells between the three datasets
was conducted using the minimal spanning tree (MST) method. Pseudotime lineage
trajectory was implemented via Slingshot (v2.10.0), utilizing UMAP embeddings
generated through Seurat-based data integration, following the computational
framework established by Tung et al. [24]. Through correlation analysis with the
outermost region isolated by LCM RNAseq, we clustered the cell populations in the
SDX-snRNAseq data and identified distinct subpopulations. Differential expression
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analysis (DEGs) was performed using the edgeR package with thresholds of log,-fold
change (log,FC)>1 and a p-value<0.05. GO annotation analysis was performed by
extracting GO terms from the Arabidopsis TAIR database and comparing them with
genes from the P. trichocarpa phytozome database [69, 70].

Histological analyses

Transverse stem Sects. (50 um thick) were prepared from the 15th internode of
3-month-old P. alba x P. glandulosa hybrid plants using a vibratome (Leica VT1200S,
Nussloch, Germany). Four distinct tissue treatments were applied: (1) intact stems,
(2) debarked stems, (3) enzymatically digested stems (protoplast-isolated), and (4)
blade-scraped stems. Similarly, stem samples subjected to the three experimental
treatments were embedded in OCT (Sakura Finetek, USA) compound, flash-frozen
in liquid nitrogen, and cryosectioned at —20 °C using a Leica CM1950 cryostat (Leica
Biosystems, Germany). The sections were stained with 0.05% (w/v) toluidine blue (TBO)
and observed under an Olympus BX53 light microscope (Olympus, Japan).

RNA in situ hybridization

RNA in situ hybridization was performed as previously described [71]. Stem fragments
of the 13th internode were fixed in FAA (50% [v/v] ethanol, 5% [v/v] acetic acid, and
3.7% [v/v]), embedded in paraffin, and sectioned into 10 pm slices using a rotary
microtome (Leica, RM2255). Sense and antisense RNA probes were synthesized by
in vitro transcription using SP6 and T7 RNA polymerases from a transcription kit
(Roche, 11,175,025,910), respectively. Hybridization was carried out with digoxigenin-
labeled sense/antisense RNA probes targeting candidate genes, followed by incubation
with anti-digoxigenin-AP conjugate (Roche, Germany) and chromogenic development
using NBT/BCIP (Thermo, USA). Bright-field images were taken under a microscope
(Olympus BX53, Japan). Primer sequences used for probe amplification are listed in
Additional file 4: Supplementary Dataset S3.
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