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Main text
We appreciate the correspondence from Chen et al. [1] regarding four recent studies on 
single-cell RNA-seq in poplar xylem [2–5]. Over the past 2 years, six research groups 
have investigated the cell types and differentiation trajectories in poplar woody tissues 
using single-cell and/or spatial transcriptome techniques [2–7], which provided valu-
able insights for future research on cambium development and secondary growth in tree 
species. However, as Chen et al. pointed out, there are discrepancies in the conclusions 
across these studies, particularly in terms of cell type identification and inferred pseudo-
time trajectories. To reach a consensus, it is essential to collect and organize all datasets 
from multiple sources along with other supporting evidence, such as in situ hybridiza-
tion, transgenic or reporter lines in poplar, as well as in situ cellular transcriptome and 
anatomical information as suggested by Chen et al. [1]. In this response, we have gath-
ered raw scRNA-seq data from five studies, excluding the study by Du et al. [7] due to 
the lack of slices containing spatial information in their data. Since different poplar spe-
cies and reference genomes were employed in these studies, we integrated their expres-
sion matrices based on 1:1 orthologous relationship. This resulted in a final dataset 
comprising 62,256 cells, with a median of 1730 expressed orthologous genes, which can 
be divided into 21 cell clusters (Fig. 1A). Subsequently, we conducted a comprehensive 
analysis of the integrated dataset to try to elucidate the observed discrepancies.

First, we collated markers from these studies [8], and the integrated analysis indicates 
that plasticity in marker genes expression between samples may partially account for 
these discrepancies. For example, in two studies [2, 6], two genes related to normal pro-
grammed cell death, XCP1 and XCP2a/b, were used as markers to identify vessel cells 
(Fig.  1B). After data integration, we found that these genes are specifically expressed 
in cell cluster 13 and showed high consistency across all samples. Similarly, the genes 
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LAC17 and CESA4, which were used for identifying xylem cells (including fibers &ves-
sels) in another study [3], were specifically expressed in clusters 0 and 13 in all samples 
(Fig.  1B). These findings demonstrated the reliability and broad applicability of these 
markers in the identification of xylem cells. However, according to the AspWood data-
base (plantgenie.org), XCPs may also be expressed in fiber cells, so there is still a lack of 
more marker genes to distinguish fiber and vessel cells. In comparison, the xylem paren-
chyma cell marker gene ABR1, identified by in situ hybridization in the study of Chen 
et al. [3], was mainly expressed in clusters 4 and 17 in all samples, except for one study 
where the gene was generally expressed in most cell types [5] (Fig. 1B). In particularly, 
the marker WPP2 used for fiber identification in study of Xie et al. [4], and the candidate 
marker gene Expansin A6 for vessels in study of Tung et al. [5], did not show any cell 
type-specific expression patterns in almost all samples (Fig. 1B). These results indicate a 
wide diversity in the expression patterns of marker genes among different studies, which 
may be affected by factors such as seedling growth status, experimental procedures and 
differences between species, or more importantly, these genes may not be reliable as 
molecular markers for cell type identification. Nevertheless, it is undeniable that com-
paring multiple species and samples will be advantageous in identifying more conserved 
marker genes for achieving greater accuracy in cell identification in future research.

Second, integrative study confirms a significant level of cell heterogeneity in the cam-
bium region. In line with the findings in the study of Li et al. [6], our results indicated 
that the previously recognized markers of cambium, PXY and WOX4, are extensively 
expressed in diverse cell clusters (Fig. 1B). We also found that the other markers used in 
these studies to identify cambium cells were not specifically expressed in any particular 
cell cluster (Fig. 1B). This suggests that the cells composing cambium may have strong 
cellular heterogeneity, or that these markers are also expressed in adjacent cells of cam-
bium. Therefore, we recommend that these cells be referred to as “cambium region” or 
“cambium zone” until more definitive markers for cambium cells are established. Fur-
thermore, we found that in the scRNA-seq data of debarked stems, the expression of 
cambium region marker genes such as ANT [9, 10] was observed (Fig. 1B). This suggests 
the possibility that cambium cells may be left on the wood side during bark peeling. 
Notably, the thickness of cell walls in tree stem tissue cells varies significantly, which can 
alter their proportions during protoplast preparation and lead to an inaccurate represen-
tation of the actual cellular composition of stem tissue in scRNA-seq data. In compari-
son, single-nuclei RNA-seq would cover a more comprehensive range of cell types and 
provide a more precise evaluation of cellular composition.

Third, correlation analysis shows that LCM (laser capture microdissection) com-
bined with RNA-seq can provide another dimension of reference for cell classifica-
tion, but the resolution is limited. In the study of Tung et al. [5], LCM-RNA-seq data 

(See figure on next page.)
Fig. 1  Single-cell atlas integrated based on 1:1 orthologous relationship. A UMAP visualization of different 
samples. Note that the data source is labeled to the left of the UMAP. Chen et al. [3] collected xylem and 
phloem cells separately, and Li et al. [6] collected primary growth stems and secondary growth stems 
separately, so we displayed these results separately. B The proportion of each cluster and the expression 
pattern of marker genes in different samples. C The correlation between each cluster and LCM-RNA-seq in 
different samples
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Fig. 1  (See legend on previous page.)
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for fiber, vessel, and ray cells were generated. We therefore conducted a correlation 
analysis between the expression levels of LCM-RNA-seq and the cell clusters identi-
fied here. The results showed that LCM-RNA-seq of fibers was closely related to the 
gene expression in cell clusters 0 and 13, which is generally consistent with the above 
results of cell annotation by xylem marker genes (Fig. 1C). Furthermore, LCM-RNA-
seq of vessels revealed a similar correlation level with various cell types, including 
clusters 2, 5, 10, and 12 (Fig. 1C). However, there was not enough evidence to support 
the specific expression of genes related to secondary cell wall biosynthesis in these 
clusters. These results suggest that LCM-collected vessels may be a mixture of this 
cell type in multiple transcriptional states and that these clusters may represent ves-
sels at early stages of development. Finally, in cell cluster 6, which had a slight correla-
tion with the LCM-RNA-seq of ray cells (Fig. 1C), we did not find strong expression 
of the ray markers LHCB5 and ATAF1a, which were validated by RNA in situ hybrid-
ization in two studies [2, 6]. This may be due to the significant heterogeneity of 
gene expression within anatomically defined cell types, and potential biases can be 
introduced when these cells are artificially combined and analyzed using RNA-seq, 
which requires further evaluation in the future. Therefore, this result also indicates 
that whether LCM can accurately distinguish various cell types in xylem remains 
questionable.

Taken together, our results demonstrate that there are still limitations in using existing 
techniques for xylem cell classification and subsequent analysis. In particular, identifica-
tion of cell types based on a few marker genes may cause many conflicts. Therefore, it 
is still necessary to utilize more xylem single-cell data from different species and devel-
opmental stages to mine more reliable and conserved marker genes. In addition, the 
combination of single-cell, single-nuclei RNA-seq, spatial data, and more refined LCM 
analysis will also bring us more discoveries. It is believed that with the advancement 
of technology and the accumulation of relevant evidence, our understanding of woody 
plants will be significantly improved in the future.
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