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a b s t r a c t

Plant morphogenesis relies on precise gene expression programs at the proper time and positionwhich is
orchestrated by transcription factors (TFs) in intricate regulatory networks in a cell-type specific manner.
Here we introduced a comprehensive single-cell transcriptomic atlas of Arabidopsis seedlings. This atlas
is the result of meticulous integration of 63 previously published scRNA-seq datasets, addressing batch
effects and conserving biological variance. This integration spans a broad spectrum of tissues, including
both below- and above-ground parts. Utilizing a rigorous approach for cell type annotation, we identified
47 distinct cell types or states, largely expanding our current view of plant cell compositions. We sys-
tematically constructed cell-type specific gene regulatory networks and uncovered key regulators that
act in a coordinated manner to control cell-type specific gene expression. Taken together, our study not
only offers extensive plant cell atlas exploration that serves as a valuable resource, but also provides
molecular insights into gene-regulatory programs that varies from different cell types.

Copyright © 2024 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Plant organ development involves continuing cell expansion
and dynamics cell differentiation, leading to the acquisition of new
functions (De Rybel et al., 2016; Guiziou et al., 2021; Ramirez-Parra
et al., 2005). This intricate process relies on precise gene expression
programs at the proper time and position. A plant organ is
comprised of multiple cell types with distinct features, which are
orchestrated by transcription factors (TFs) in intricate regulatory
networks in a cell-type specific manner (Kaufmann and Airoldi,
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nse (http://creativecommons.org/li
2018). Triggered by internal and external signals, TFs bind to cis-
elements of downstream genes to regulate gene expression to
further fulfil cell identity establishment and maintenance. Gene
regulatory networks (GRNs) containing TFs and their target genes
shed light on how genes co-ordinately orchestrate cell fate speci-
fication. Therefore, network-based approaches can help elucidate
the mechanisms that link genes, cells, tissues and organs in a sys-
temic manner (Wu et al., 2022).

GRN analyses that integrate multiple data types at increased
resolution have significantly improved our understanding of the
complex molecular mechanisms controlling the development of
flowers (Chen et al., 2018; Yan et al., 2016), roots (Brady et al., 2011;
Moreno-Risueno et al., 2015; Reynoso et al., 2022), seeds (Santos-
Mendoza et al., 2008), and secondary cell walls (Taylor-Teeples
et al., 2015). The rapid development of single cell sequencing
techniques which have been fully embraced by the plant commu-
nity (Seyfferth et al., 2021), has greatly promoted in-depth
knowledge for plant organ morphogenesis at single-cell resolu-
tion. In fact, GRNs constructed at single-cell level revealed novel
mechanisms in the root morphogenesis process in Arabidopsis
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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(Denyer et al., 2019; Roszak et al., 2021; Yang et al., 2021). This
suggests that single-cell GRN (scGRN) analysis can recapitulate the
complex and heterogeneous biological processes in the plant (Qian
and Huang, 2020; Tripathi and Wilkins, 2021). Although progress
has been made on constructing cell transcriptomic atlases in plants
(Seyfferth et al., 2021), our current view of cellular taxonomy is
restricted to specific organs or tissues, hampering our holistic un-
derstanding of plant cell fate specification. In fact, efforts from
human studies have demonstrated that integrationmultiple single-
cell transcriptomic datasets can boost the statistical power for
discovery of rare cell phenotypes and potentially novel markers
(Butler et al., 2018; Liu et al., 2021; Ryu et al., 2023; Stuart et al.,
2019), highlighting the potential value of large-scale single-cell
data integration.

In the current study, we presented for the first time a reference
single-cell transcriptomic atlas of the whole Arabidopsis seedling by
integration of 63 single cell transcriptomic datasets from repre-
sentative tissues. In total, 47 distinct cell types have been identified
from 382,724 cells, and several potential new cell types have been
annotated. Additionally, we have established a cell marker gallery
featuring numerous potentially new markers. Those markers can
precisely reflect to the unique characteristics of their respective cell
types since all the analysis is contacted in a holistic context.
Furthermore, we systematically constructed cell-type specific GRNs
and uncovered key regulators that act in a coordinated manner to
control cell-type specific gene expression. Therefore, our integra-
tive analysis will not only be a valuable resource for future plant
single cell atlas construction, but also provides new insights for
developmental regulatory mechanisms for specific cell types.
2. Materials and methods

2.1. scRNA-seq data collection

scRNA-seq datasets (n ¼ 45; Table S1) generated in Arabidopsis
juvenile seedlings by 10X Genomics or Drop-seq technologies were
collected from previous studies (Denyer et al., 2019; Farmer et al.,
2021; Jean-Baptiste et al., 2019; Liu et al., 2020; Long et al., 2021;
Lopez-Anido et al., 2021; Ryu et al., 2019; Shulse et al., 2019;
Wendrich et al., 2020; Zhang et al., 2019). We reanalysed these
scRNA-seq data using the raw sequencing data in the fastq format,
which were downloaded from the Sequence Read Archive (SRA)
database (https://www.ncbi.nlm.nih.gov/sra/).
2.2. Pre-processing of raw sequencing data

The raw 10X Genomics and Drop-seq fastq files were aligned,
filtered and counted using the Cell Ranger pipeline v.3.1.0 (10X
Genomics) and the Drop-seq tool v.1.13 (https://github.com/
broadinstitute/Drop-seq) respectively. The Arabidopsis reference
genome (v.TAIR10) and the corresponding GTF annotation file
(v.Araport11) were downloaded from the Arabidopsis Information
Resource (TAIR) database (https://www.arabidopsis.org/), followed
by genome index built and filtered reads alignment using STAR
(v.2.7.3a), which used as an aligner in Cell Ranger and Drop-seq
tools. Specifically, for the alignment of reads generated from sin-
gle nucleus, in order to accommodate the expression of precursor
RNAs that contain introns, the intron regions of each read were
removed and realigned to the reference genome. After barcodes
and UMIs counting, the feature-barcode matrixes generated from
Cell Ranger and the digital expression matrixes returned by Drop-
seq tools, all of which with each unique molecular identifiers
(UMIs) for every detected gene as a row and per valid cell barcode
as a column, were used for subsequent analyses.
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2.3. Integration of single cell data

Feature-barcode count matrices for each samplewere processed
with Seurat package (v.4.0.0) (Hao et al., 2021). Three types of cells
were removed from the analysis: the ones expressed less than 200
genes, the ones detected as potential doublets by R package scater
(v.1.20.1), or the ones have more than 10% of mitochondrial gene
expression in UMI counts. “vst” in “FindVariableFeatures” function
was utilized to determine the Top 3000 most variably expressed
genes, “mt.percent” in “ScaleData” was further used with regres-
sion on the proportion of mitochondrial UMIs. “Two-stepwise
strategy” was applied for scRNA-seq data integration. Firstly,
scRNA-seq datasets from a specific study were aligned with ca-
nonical correlation analysis (CCA), then Reciprocal Principal
Component Analysis (RPCA) method in Seurat was used for inte-
gration of scRNA-seq data from different studies (Büttner et al.,
2019; Luecken et al., 2022). The datasets were normalized indi-
vidually with SCTransform prior to integration (Hafemeister and
Satija, 2019). We evaluated the performance of seven integration
methods on the collected 63 scRNA-seq datasets using a bench-
marking pipeline (https://github.com/theislab/scib-pipeline). We
employed ten evaluation metrics, categorized into two groups: (1)
batch effect removal and (2) preservation of biological variance. The
first category includes principal component regression (batch),
ASW (batch), graph connectivity, graph iLISI, and kBET. The second
category comprises NMI, ARI, ASW (cell-type), graph cLISI, isolated
label F1, and isolated label silhouette. The metrics were aggregated
to generate an overall score and rank the methods. Seurat RPCA
achieved the highest overall score, indicating its effectiveness in
eliminating batch effects while preserving biological variation.
2.4. Cell clustering and annotation

“RunPCA” function was used to compute the top 30 principal
components (PCs) using top variably expressed genes on visuali-
zation purposes. Clustering was performed with integrated
expression values based on shared-nearest-neighbor (SNN) graph
clustering (Louvain community detection-based method) using
“FindClusters”with a resolution of 0.8. Cell clusters were visualized
using UMAP (Uniform Manifold Approximation and Projection).

The gene expression in the integrated RNA assay have been
normalized, differential expressed genes (DEGs) in each cluster
were identified using “FindAllMarkers” with non-parametric Wil-
coxon rank sum test method. For cell annotation, we firstly con-
structed a cell type-specific marker genes database via collected
annotated marker genes from previous published dataset,
including single-cell studies as well as abundant gene expression
studies (Table S3). Then, the defined cell types of our detected
conserved cluster-specific marker genes were retrieved from the
cell type-specific marker genes database. Finally, we performed
function confirmation by reviewing literature and verified the
expression pattern of each cell-specific marker gene. The expres-
sion pattern of cell known and expected cell type-specific marker
genes across clusters were visualized to further confirm the cell
type of each cluster.
2.5. Cell type deconvolution

We first generated a cell-type expression matrix of top 100
marker genes from scRNA-seq data. Using this gene expression
matrix, we then applied CIBERSORTx (Newman et al., 2019) with
default parameters to deconvolute cell-type abundance from 96
bulk mRNA-seq datasets collected from the Plant Public RNA-seq
Database (PPRD) database (Yu et al., 2022) (Table S5).

https://www.ncbi.nlm.nih.gov/sra/
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2.6. Gene regulatory network inference and regulons discovery

TF DNA binding motifs of Arabidopsis were downloaded from
the JASPAR (Fornes et al., 2020) and CIS-BP (Weirauch et al., 2014)
databases and subjected to redundancy filtering. The cisTarget
database was constructed according to the SCENIC (Aibar et al.,
2017) protocol (https://github.com/aertslab/create_cisTarget_
databases). We used pySCENIC 0.11.2 (https://github.com/
aertslab/pySCENIC) to infer gene regulatory network (Aibar et al.,
2017). Briefly, SCENIC contains three steps: (1) identify co-
expression modules between TF and the potential target genes;
(2) for each co-expression module, infer direct target genes based
on motif enrichment of the corresponding TF. Each regulon is then
defined as a TF and its direct target genes; (3) calculate the Regulon
Activity Score (RAS) in each single cell via the area under the re-
covery curve. The cell-type specificity of a regulon was quantified
using an entropy-based approach, building upon the previously
reported methodology centered on RAS (Suo et al., 2018).

2.7. Regulon-regulon co-association analysis

We used Paired Motif Enrichment Tool (PMET; https://github.
com/kate-wa/PMET-software) (Rich-Griffin et al., 2020) to detect
the co-localization of pairs of TF binding motifs within the pro-
moters (gene upstream 1 kb) of cell type-specific differentially
expressed genes. Briefly, PMET contains two major steps: (1) For
each motif in the provided motif set, PMET uses FIMO (Grant et al.,
2011) to assess motif matches within all of the promoters; (2)
Identify co-localized motif pairs using binomial test. Then the gene
lists provided by the user are tested for enrichment of motif pairs
using pairwise hypergeometric test.

We provided 1368motifs corresponding to 708 TFs of Arabidopsis
thaliana, collected from databases of CIS-BP (http://cisbp.ccbr.
utoronto.ca), JASPAR (http://jaspar.genereg.net) and PlantTFDB
(http://planttfdb.gao-lab.org/), as input of PMET program. Top 70
differentially expressed genes with the highest expression fold
change of each cluster were provided as input of the second step of
PMET program. DNA sequences of 1000 bp upstream of the tran-
scription start site (TSS) were taken as promoters when running
PMET program.

To reduce false positive rate and improve signal-to-noise ratio in
the predicted result, experimentally verified protein-protein
interaction (PPI) information of Arabidopsis from the databases of
BIND (http://bind.ca), BIOGRID (https://thebiogrid.org/), IntAct
(https://www.ebi.ac.uk/intact/home) and MINT (https://mint.bio.
uniroma2.it/) were collected and utilized to filter the predicted TF
pairs. What's more, only key TF regulators in regulonwere retained
in the predicted TF pairs.

2.8. Gene set enrichment analysis

Gene ontology (GO) enrichment analysis for a specific gene set
was performed using the clusterProfiler (Wu et al., 2021) package.

2.9. Topic modeling of cell-type specific gene expression programs

In order to identify cell-type specific gene expression programs
(GEPs) with biological meanings, we used the CellFunTopic frame-
work (https://github.com/compbioNJU/CellFunTopic) to infer
enriched biological pathways of DEGs among different cell types.
Specifically, CellFunTopic scores the activity of each functional gene
set defined by GO vocabularies using the gene set-scoring method
of Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005).
The resulting enrichment scores in terms of clusters-by-gene-set
scoring matrix is subjected to topic modeling. CellFunTopic applies
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latent Dirichlet allocation (LDA) (Blei et al., 2003) with variational
expectation maximization (VEM) (Nasios and Bors, 2006) to fac-
torize the scoring matrix into a clusters-by-topics matrix q (the
probability of a cluster belonging to a topic) and a topics-by-gene-
set matrix 4 (the contribution of a topic within a cell cluster). The
results are highly interpretable: the top topics under each cell
cluster directly reveal the specificity of biological programs
belonging to a particular cell type, which is analogous cell-type
GEPs.

2.10. Integration of scRNA-seq and scATAC-seq data

The published scATAC-seq dataset generated in root of Arabi-
dopsis thaliana (Dorrity et al., 2021) was downloaded from GEO
under accession number GSE173834. The R package ArchR (Granja
et al., 2021) v.1.0.1 was used to process the scATAC-seq dataset and
perform the integration of the scATAC-seq data with scRNA-seq
data, and to transfer cell type labels from the scRNA data to the
scATAC data. Only cells derived from root and from clusters with
root cells accounting for more than 65% in our integrated scRNA-
seq data were used for integration with the scATAC-seq dataset.

ArchR was used to infer TF motif enrichments from the scATAC-
seq data, which indicate the activity of regulatory factors in
different cell types and are defined as motif deviations in the out-
puts of ArchR. To validate the regulon activity in scRNA-seq data
inferred by SCENIC, motif deviations in scATAC-seq data and reg-
ulon activity in scRNA-seq data of representative TFs are shown in
heatmaps.

2.11. Statistical analysis

If not specified, all statistical analyses and data visualization
were done in R (v.4.0.0). R packages such as ggplot2, igraph and
ComplexHeatmap (Gu, 2022) were used for graphics.

3. Results

3.1. Comprehensive integration of single-cell transcriptomic data in
Arabidopsis juvenile seedlings

To generate a comprehensive reference single-cell tran-
scriptomic atlas of the whole Arabidopsis seedling and thus to
reconstruct the cellular taxonomy across the plant body, we per-
formed comprehensive integration analysis of single-cell RNA
sequencing (scRNA-seq) data generated from representative tissues
in Arabidopsis juvenile seedlings (Fig. 1A-B; seeMethods). A total of
63 scRNA-seq datasets were collected from 16 different studies
(Denyer et al., 2019; Farmer et al., 2021; Gala et al., 2021; Jean-
Baptiste et al., 2019; Kim et al., 2021; Liu et al., 2020; Long et al.,
2021; Lopez-Anido et al., 2021; Procko et al., 2022; Ryu et al.,
2019; Serrano-Ron et al., 2021; Shahan et al., 2022; Shulse et al.,
2019; Wendrich et al., 2020; Zhang et al., 2019, 2021) (Table S1).
These data were generated from root tips, whole root, true leaves,
aerial tissues and cotyledons of Arabidopsis seedling plants at 5e17
days after germination (DAG), representing both under- and above-
ground part of the whole plant (Fig. 1A). After stringent quality
control and eliminating low-quality cells and potential doublets, a
total of 382,724 high-quality cells were retained for further anal-
ysis. Among these cells, 56.5% (216,193) were from the root, and
43.5% (166,531) were from the shoot (Table S2).

In complex integration tasks, such as the one in our study, there
exists a tradeoff between batch effect removal and conservation of
biological variance (Luecken et al., 2022). We employed a two-step
process for integrating single-cell RNA data, utilizing both Seurat
CCA and RPCA methods (Fig. 1B). In the first step, we employed the

https://github.com/aertslab/create_cisTarget_databases
https://github.com/aertslab/create_cisTarget_databases
https://github.com/aertslab/pySCENIC
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Fig. 1. Mapping a reference single-cell transcriptomic atlas of Arabidopsis seedlings at the whole-organism level. (A) Single cell transcriptomic data used for constructing the
reference single-cell transcriptomic atlas. In total, 63 scRNA-seq datasets were collected from ten different studies (in different color codes). The datasets were either generated in
shoot or root tissues, as annotated according to the original studies. (B) Bioinformatic analysis pipeline for integrative analysis of single cell datasets. All scRNA-seq datasets were
subjected to uniform processing, quality control and integration. The Uniform Manifold Approximation and Projection (UMAP) plot shows the integrated cell map where cells are
colored by the tissues of origin. (C) UMAP plot displaying the effective of data integration from root and shoot. (D) UMAP plot displaying the integrated cell map, which consists of
83 distinct cell clusters. (E) Bar plots displaying the distribution of cells in each cluster based on the tissue of origin (left) or the original study (middle; color codes as in A), and the
number of cells (right; color codes as in D). Cell clusters are assigned to three different categories based on the composition of cells from shoot or root tissues. (F) Heatmap showing
the highly expressed genes in the three different categories of cell clusters. Representative genes are highlighted on the right. (G) Word cloud graphs indicate enriched gene
ontology (GO) biological progresses for genes in the three categories in (F).
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Seurat CCA method to integrate datasets within the same study.
This involved selecting highly variable genes and scaling the data
based on log-transformation (Hafemeister and Satija, 2019). The
choice of Seurat CCAwas motivated by its proven effectiveness and
consistent superior performance for small-scale data integration
(Büttner et al., 2019; Luecken et al., 2022). Correcting batch effects
between studies is particularly challenging, especially when there
375
are biological variations in cell types across different studies. In the
second step, we applied Seurat RPCA to merge the integrated data
from the previous step, which gained the highest overall score after
comparing the strength of integrationwith the other six integration
methods (Fig. S1A). This approach can preserve distinct cell iden-
tities and better handle the challenges associated with between-
study batch correction (Luecken et al., 2022). Therefore, by
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incorporating both Seurat CCA and RPCA methods, we aimed to
strike a balance between batch effect removal and the conservation
of biological variance in our integrated analysis.

Following dimensionality reduction using the UniformManifold
Approximation and Projection (UMAP) algorithm, unsupervised
clustering based on the Leiden algorithm reveals that shoot and
root tissues have common and unique cell populations (Fig. 1C).
Overall, 83 distinct cell clusters were identified in the integrated
cell map (Fig. 1D). The number of cells in each cluster ranges from
115 (C82) to 15,162 (C0). It turns out that all the identified cell
clusters are supported by different datasets from at least five
different studies (Fig. 1E and Fig. S1B-C), suggesting a decent part of
the batch effects have been removed. To be noted, although there
are only two snRNA-seq studies with 7861 cells (2.053% of the total
cells) integrated into thewhole datasets, they can still be effectively
integrated through our strategy (Fig. S1D-E).

We further categorized these 83 clusters into three groups based
on the proportion of cell origin (shoot or root), resulting in three
distinct groups: root-specific, shoot-specific, and root-shoot shared
cell clusters (Fig. 1E). Conducting gene ontology (GO) enrichment
analysis on the cluster-specific expressed genes in each group
(Fig. 1F), we found significant (P < 0.05) enrichments in pathways
associated with photosynthesis, salicylic acid signaling, and jas-
monic acid signaling in the shoot-specific cell clusters; In contrast,
root-specific clusters exhibited substantial enrichment in pathways
related to nutrient absorption and transport (Fig. 1G). On the other
hand, the shoot-root shared clusters demonstrated enrichment in
fundamental cellular processes such as RNA modification and ATP
biosynthesis (Fig. 1G). The consistency between the functional
characteristics of cell clusters and their tissue origins underscores
the robustness and reliability of our single-cell data integration
strategy in capturing the inherent biological variations and char-
acteristics of these cells.

3.2. Systemic annotation of Arabidopsis cell types from integrated
datasets

In order to enhance the interpretation of the integrated single-
cell transcriptomic atlas, we employed a rigorous approach to
ascertain the cell type of each cluster. To confirm the identity of the
clusters, we utilized two layers of information. Firstly, we compiled
a comprehensive list of 1587 known markers from various sour-
ces(He et al., 2023). This compilation included markers that have
been validated through techniques such as in situ hybridization or
confocal images (Table S3). Additionally, we incorporated predicted
marker genes derived from previous single-cell studies (DEGs;
Table S3). By leveraging this wealth of marker information, we
aimed to accurately assign cell types to each cluster within the
integrated atlas (Fig. 2A-B). In total, 47 distinct cell types were
identified and they can be grouped into ten different major types
(cortex, endodermis, epidermis, defence-related cells, initiation
cells, photosynthetic cells, root cap, stele cells, lateral root cells and
stomata cells) according to their functions or spatial locations on
the UMAP (Fig. 2C). To the best of our knowledge, our analysis here
provides the most comprehensive cell type annotation so far at
single cell resolution, largely expanding our current view of cell
compositions in Arabidopsis (Farmer et al., 2021; Long et al., 2021;
Ryu et al., 2019; Shahan et al., 2022; Zhang et al., 2019). In addition,
we identified an extensive list of potential novel marker genes that
are at least top 50 differentially expressed genes with high cell-type
specificity (Shannon index > 0.4) and functional related to the
corresponding cell clusters based on the integrated cell atlas
(Table S4), which could enlarge the marker gene gallery of
A. thaliana and contribute to build a benchmarking plant marker
gene database.
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Notably, several putative novel cell types were identified in our
integrative analysis, including suberin lamellae (Clusters 11 and
78), myrosin cells (C81) and defense-related cells (C30, C31, C51,
C53, C57, C67 and C73) (Fig. 2A). In Arabidopsis roots, suberin
lamellae and casparin strips are both located in the endodermis and
function as transmembrane barriers to limit the movement of
apoplastic solutes into the endodermal cells (Franke and Schreiber,
2007). However, there are currently no available markers to
distinguish these two cell types. We observed that specific
expression of MYB39 (AT4G17785) and two GDSL family genes
(AT2G23540 and AT5G37690) in clusters C11 and C78, which are
known to be involved in suberin monomer biosynthesis
(Vishwanath et al., 2015; Yadav et al., 2014) and degradation
(Ursache et al., 2021) (Fig. 2B). Meanwhile, clusters C26 and C37
showed specific expression of MYB36 and CASP1-2 (Fig. 2D), which
are two genes essential for casparian strip formation (Hosmani
et al., 2013; Kamiya et al., 2015; Roppolo et al., 2011). Conse-
quently, clusters C11 and C78 were annotated as putative suberin
lamellae cells, while clusters C26 and C37 were identified as cas-
parian strip cells. We also identified seven clusters enrich with
genes annotated with responses to external stimuli (C30, C31, C51,
C53, C57, C67 and C73), we annotated them as defence-related cell
although the formation of a cohesive tissue remains to be ascer-
tained. Those clusters originate from multiple data resources, but
most of cells stem from shoot, especially the epidermal tissues
(77.24%). Interestingly, we found two distinct groups within these
clusters: one exhibiting an abundance of heat shock proteins
(HSPs), while the other group is primarily comprised of cells
studied in the context of stomatal cells with a good proportion of
genes response to hypoxia, salicylic acid and bacterial origin mol-
ecules. The HSP-enriched cells mainly come from seedlings that
had been subjecting to heat stress treatment (Jean-Baptiste et al.,
2019). Therefore, it is possible that those are a collection of cells
that have been influenced by heat stress during the scRNA-Seq
experiment.

To assess the reliability of our functional annotation, we
employed our in-house tool, CellFunTopic, to identify functional
topics within each cell cluster (details in Methods; Fig. S2A-B). The
results demonstrate a strong correlation between the enrichment
of biological processes in each cluster, based on their DEGs, and
their corresponding annotations. For instance, photosynthesis
process and response to light stimulus were highly enriched in the
photosynthetic-related cell clusters (including C4, C5, C14, C16,
C29, C79 and C82). The topic functional roles of casparian strips and
suberin lamellae are associated with lignin deposition and phe-
nylpropanoid pathway, respectively, aligning with the composition
of these two transmembrane barriers (Beisson et al., 2012; Doblas
et al., 2017; Franke et al., 2005; Holbein et al., 2021) (Fig. S2B).
This suggests that our manual annotation is robust. To further
validate the confidence of cell type annotation, we used CIBER-
SORTx (Newman et al., 2019) to deconvolve cell-type specific gene
expression from published bulk RNA-seq data that were generated
from various tissues, organs or cell types in Arabidopsis seedlings
(Table S5). Generally, the estimated cell-type specific gene
expression patterns from bulk data are consistent with the samples
of origin (Fig. S3). For instance, photosynthetic cells and the cor-
responding marker genes were overrepresented in aboveground
samples. Samples enriched for quiescent center and stem cell niche
showed dominant abundance of initiation cell clusters. The above
analyses further confirm the reliability of cell-type annotation
based on marker genes.

Furthermore, we evaluated the transcriptome similarity of
different cell clusters using two calculation method: Jaccard index
of DEGs and Pearson correlation coefficient of the overall expres-
sion in each cluster (Fig. S4A). In general, clusters in the samemajor



Fig. 2. Comprehensive annotation of cell types. (A) The annotation of the 83 cell clusters. (B) Dot plots showing the expression patterns of top marker genes (row) in each cell
cluster (column). Cell types or states were annotated based on these marker genes and can be roughly assigned to ten different major cell classes according to their structure and/or
function. (C) The ten major cell types (color codes as in the x-axis) distribution on the UMAP plot. (D) UMAP plots demonstrating the expression patterns of examples of marker
genes. (E) UMAP plots displaying the number of DEGs among different cell clusters.
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types showed significantly (P < 0.05) higher similarity than clusters
from different major types (Fig. S4B), suggesting that cells from
same major types harbour similar active gene expression pattern.
We observed that 11 initiation cell clusters (C33, C19, C17, C35, C48,
C71, C56, C18, C43, C38 and C74) are significantly distinct from
377
other clusters in terms of transcriptome similarity (Fig. S4A).
Accordingly, these clusters have the greatest number of DEGs
(Fig. 2E) and six of them were root-shoot shared cell clusters
(Fig. 1E). Genes with roles in regulating cell fate, such as BBM
(Burkart et al., 2022), GLV7 (RGF3) (Ou et al., 2022), PLT1 (Xiong
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et al., 2020) and DI21, were highly expressed in these cell clusters
(Fig. 2B and D), aligning with the characteristics of meristem cells
(Stahl and Simon, 2010). These findings strengthen the credibility
of our cell annotation and the classification of major cell types.

3.3. The cell type specificity of regulons

Since our integrated cell atlas enables the comparison of gene
expression across the entire plant at cell-type level, we aim to
construct the regulatory relationships in a cell-type specific
manner. SCENIC (Aibar et al., 2017) was used to predict active
regulons based on co-expression analysis and TF motif enrichment.
A regulon consists of a key TF regulator and its co-expressed target
genes(Aibar et al., 2017). In total, we identified 638 regulons across
all types of cells, the average target genes in each regulon are 691.
All the key regulatory and their target genes knit together to form a
network with 441019 interactions (Table S6). As expected, the
regulon activity and the expression intensity of the key regulator in
the corresponding regulon are highly correlated, confirming the
reliability of regulon identification (Fig. 3A). The identified regulons
are generally specific to cell types (Fig. 3A), and several TFs within
these regulons have been previously demonstrated to play signifi-
cant roles in their respective cell types, indicating the sensitivity
and robustness of our analysis. For instance, we found that the
regulon mediated by ANAC046 is notably active in the root cap
(Fig. 3B). This observation aligns with recent finding that highlight
ANAC046 as a crucial regulator of cell death and suberin biosyn-
thesis in the Arabidopsis root cap (Huysmans et al., 2018; Mahmood
et al., 2019). Similarly, the regulon containing JKD is highly active in
the mature cortex in our analysis, consistent with its known role in
cortex regulation. JKD has been reported to interact with cell fate
determinants SCR and SHR (Ogasawara et al., 2011) and to restrict
CYCIND6 expression in the cortex. Mutations in JKD lead to peri-
clinal division in the cortex (Welch et al., 2007). Additionally, the
DOF5.6-containing regulon demonstrated explicit roles in the
phloem cells, in line with the established biological function of
DOF5.6 in vascular tissue development (Guo et al., 2009; Haga et al.,
2011). Besides, we also noticed that a number of regulons were
shared among different cell types that are functionally correlated,
as exemplified regulons mediated by CRF10 and MYB40 (Fig. 3A).
These two regulons showed high activity in the initiation cells and
stele cells, respectively, indicating their potential role in the
development of specific cell types or in the transition between cell
states.

To evaluate the specificity of regulons thoroughly, we performed
correlation analysis between the activity of regulon (both TF and its
regulated targets) and the expression level of its corresponding key
TF regulator in either above- or under-ground tissues for each cell
type (Fig. 3C and Fig. S5A). As expected, the activity of regulons
identified in the cell types in aboveground tissue, such as meso-
phyll cell, stomate cell and myrosin cells, showed positive corre-
lations with the proportion of the corresponding key TF regulators
expressed in above-ground cell types, suggesting the shoot speci-
ficity of those regulons. In contrast, the activity of regulons from
typical under-ground tissue like lateral root and trichoblast is
negatively correlated with the expression ratio of their key regu-
lators in the above-ground cell types, indicating that they are root
specific regulons. As a proof of concept, we visualized the top ten
active regulons in each cell type in a network view, where the
relative expression of key TF regulator in regulon in root and shoot
tissues were shown in pie charts (Fig. 3D). In general, the TFs of
identified regulons mainly expressed at the anatomy position of the
plant (underground or aboveground) that correspond to the cell
types they were assigned to. For instance, PLT1 and GLV7 mediated
regulons were highly activated in root meristem (RAM) cells
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(Cluster 33); while in QC and stem cell niche cells (Cluster 38), BBM
mediated regulons was one of the predominant regulators (Fig. 3D
and Fig. S5B). All these three TFs can induce embryonic activity in
plant cells (Kareem et al., 2015; Liu et al., 2014; Lowe et al., 2016).
Specially, we have compared the cell-type specific GRNs between
casparin strips and suberin lamellae. We found that ANAC038,
MYB67 and MYB107 emerged as key regulators within suberin
lamellae (Cluster 11 and 78) (Fig. 3D). Notably, the target genes
under the influence of these three key transcription factors were
significantly enriched in pathways associated with ion transport,
the phenylpropanoid synthesis pathway, and suberin biosynthesis
processes (Fig. S6A). On the other hand, ERF15, GRF6, and HB23
were identified as key regulators within Casparian strips (Fig. 3D),
and the target genes regulated by these three key regulators
showed enrichments in proton transport, water transmembrane
transporter functions, and carbohydrate transmembrane trans-
porter functions (Fig. S6B).

As a regulon inferred by SCENIC is based on the motif location
and the gene expression pattern, to further validated the regulatory
relations between key regulator and its targets in a certain cell type
specific regulon, we used a published scATAC-seq dataset gener-
ated in root (Dorrity et al., 2021) to identify the TF motif of the key
regulators in the corresponding regulons among different cell
types. The motif deviations of the key regulators were highly
positively correlated with the activity of their involved regulons,
indicated a high accuracy of the regulons identified in root cells
(Fig. S7).

3.4. Dynamics of regulon-regulon associations

Since the dynamics of gene expression usually depend on
cooperative binding of multiple TFs to the promoter regions (Jolma
et al., 2015), we explored potential co-associations of regulons in
different cell types. We adapted the Paired Motif Enrichment Tool
(PMET) to detect pairs of TF binding motifs within the promoter
regions of cell-type specific marker genes (Rich-Griffin et al., 2020).
Only key TF regulators in regulons were used in the PMET analysis.
The enriched TF pairs were subject to filtering using experimentally
verified protein-protein interacted TFs. This filtering process does
not exhibit any bias in terms of cell type specificity. However,
However, it resulted in significantly closer motif location distances
between interacting TFs (Fig. S8A-B). In total, 1296 reliable TF-TF
pairs were obtained (Fig. 4A and Table S7). Taken the TF-TF pairs
in photosynthetic cells as an example, TCP2, HY5, PTF1 and MEE35
(TCP4) were found to pair with a variety of other TFs to co-
ordinately regulate photosynthesis related genes (Toledo-Ortiz
et al., 2014; Zheng et al., 2022) (Fig. 4B).

Consistent with the high cell-type specificity of the regulons
mediated by these TFs (Fig. 3A), a substantial portion of the pre-
dicted co-associated TF-TF pairs is also cell-type specific (45.2%, 586
out of 1296), indicating differences in the co-regulation patterns of
transcription factors among cell types. The representative modules
of TF-TF pairs showed clear cell-type-specific patterns (Fig. 4C-D
and Table S7). For instance, TF-TF pairs in WRKY family were spe-
cifically enriched in stomatal cells, epidermis, root cap cells and
defense-related cells (Fig. 4D), in agreement with the biotic and
abiotic stress related function of this TF family (Bakshi and
Oelmüller, 2014). GATA-associated TF-TF pairs displayed a high
degree of enrichment in initiation cells, and GATA factors have been
reported to play critical roles in differentiation and control of cell
proliferation (Fig. S9A). The TCPs-containing pairs have the largest
number and presented in almost all cell types (Fig. S9B), in linewith
the hub function of the TCP family members in various regulatory
networks (Bemer et al., 2017). We conducted a detailed examina-
tion of intricate TCP pairing patterns for gene regulation across
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Fig. 3. Inference of cell-type specific regulons by SCENIC. (A) Heatmaps showing the activity of 628 regulons per cell type (left), and the expression specificity of the corresponding
key TF regulator in regulon (right). Top representative regulons in each cell types are highlighted. (B) UMAP plots depicting the activity and expression specificity of selected
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different cell types. Notably, some TCPs, such as TCP19 and TCP22,
exhibited simple co-associations with TFs in only two cell types. In
contrast, TCP10, TCP14, TCP15, TCP23, and MEE35 (TCP4) tended to
form multiple partnerships with TFs in various cell types (Fig. S9C-
D), suggesting diverse roles of the TCP family members.
3.5. Construction of cell type-specific GRNs

To examine how the cell-type specific TF regulators control
dynamics of gene expression in different tissues, we constructed
GRNs based on cell-type specific regulons consisting of both the key
TF regulators and their target genes with tissue-specific gene
expression (Table S6). In the GRNs of photosynthetic cells, we found
that six TF regulators, namely AGL3, ERF59, ESE3, GLK1, MEE35, and
MYBS1, all of which have RSS specificity scores ranking in the top
1%, collectively regulate target genes associated with photosyn-
thesis and tetrapyrrole metabolic processes (Fig. S10A-B). However,
these six TF regulators appear to have distinct roles in photosyn-
thetic cells. Specifically, AGL3 uniquely regulates genes involved in
the flavonoid biosynthetic process and vitamin metabolism, while
ERF59, ESE3, GLK1, MEE35, and MYBS1 uniquely regulate genes
associated with S-glycoside biosynthesis, responses to light in-
tensity, cellular responses to salicylic acid stimulation, leaf
morphogenesis, and heme biosynthesis processes, respectively
(Fig. S10C). To highlight the key information of the entire network,
we only visualized the key regulators in representative regulons in
each cell types (Fig. 3D) and their top five target genes with high
specificity are displayed in the view of networks. The key regulators
were coloured according to their enriched major cell types and the
target genes were shown in pie charts based on their relative
expression levels in above- and underground tissues (Fig. 5A). The
result suggests that cell-type specific TFs tend to cluster together
and their target genes are exclusively expressed in the corre-
sponding tissue. For instance, the root cap regulators, represented
by grey circles, exhibit a strong preference for targeting genes
expressed in underground tissues. On the other hand, the photo-
synthesis regulators (indicated by purple circles) specifically target
genes that are exclusively expressed in shoots. This observation
suggests that the identified GRNs accurately reflect the regulatory
relationships occurring in different parts of the plant body.
Furthermore, a closer examination of specific TFs further confirms
the robustness of our GRNs. For example, GLK1 (Fujii et al., 2022)
and AGL20 (SOC1), which are known for their roles in chloroplast
development and biogenesis, respectively, were identified as key
regulators of photosynthetic cells in our analysis. Notably, they both
target the gene CURT1A (Armbruster et al., 2013), which is highly
enriched at the grana margin and involved in modifying thylakoid
architecture. DEL1, identified as a regulator of meristem cells and
specifically targeting histone proteins, is an important inhibitor of
endocycles in plants (Vlieghe et al., 2005). In cases where TFs
belong to multiple cell types, such as NLP4, which has important
role in root morphological responses to rhizobia (Hern�andez-Reyes
et al., 2022), is a key regulator in both root cap and defense-related
cells. These findings, which reproduce the biology role of well-
studied TFs and target genes in their respective cell types,
together suggest the effectiveness and reliability of our GRNs which
is constructed at the single-cell resolution. A detailed depiction of
regulons. (C) Correlation of regulon activity and TF expression in shoot for each cell types.
network view of top ten representative regulons in each cell type, revealing specific and
expression of key regulatory TFs in regulon in shoot (blue-green) and root (red), the ratio of
ground tissues divided by their total expression in both above- and below-ground tissues,
Large nodes indicate cell types which are colored according to the major cell classes.
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the GRNs of defense related cells is shown in Fig. 5B. Several TFs and
genes participate in this process. Notably, ERF022, a TF previously
associated with leaf senescence (Hinckley et al., 2019), is found to
target NDR1 and CAF1A, both of which are genes involved in plant
defense responses process (Samaradivakara et al., 2022; Walley
et al., 2010). This suggests a novel role for ERF022 in the context
of defence-related cellular processes. Some of the regulators
identified in defence-related cells are also shared with photosyn-
thesis cells and stomatal cells, implying the multifunctionality of
these TFs and a potential interplay between stomatal and defence-
related cellular functions. A-PTF-1 (TCP13), a regulator shared by
defence and stomatal cells, plays a vital role during dehydration
stress (Urano et al., 2022). It targets GPT2 and ARCK1, which have
been reported to be induced by abiotic stress (Dyson et al., 2015;
Tanaka et al., 2012). Another target gene, AT5G43260, remains
functionally unknown but is upregulated during abiotic stress
(Song et al., 2013). The regulatory relationship and functions of
these defense-related regulator and target genes further verified
the existence of this cell type.

Lastly, to demonstrate the concept of functional specificity
within GRNs, we performed GO enrichment analysis using all
target genes for regulons identified in each cell type. The enriched
GO terms in different cell types were clustered according to the
similarity of their enrichment scores. This co-enrichment analysis
helps to uncover similarities and differences in biological pro-
cesses across different cell types. The resulting co-enrichment was
shown in a network which synoptically revealed several densely
connected communities of biological processes with meaningful
similarities (Fig. 5C). Unsurprisingly, chlorophyll biosynthetic
process, light harvesting, light reaction and photosynthetic elec-
tron transport chain were specifically enriched in photosynthetic
cells. Environmental stimulus related biological pathways such as
response to bacterium, water and oxygen levels were specially
enriched in defense-related cells, cortex, root cap and stomate
cells, reflecting a complex and well-developed defence system of
plants in response to environmental change and supporting a
hypothesis that defense-related cells might be a previously
uncharacterized cell type in response to stimulation of external
environment. Similarly, biological processes related to cell cycle
process, mRNA metabolic process, ribosomal biogenesis and nu-
clear division were highly enriched in initiation cells, consistent
with their biological roles in cell fate reprogramming. Notably,
some cell types shared a common set of GO terms with biologi-
cally meaningful similarities. For instance, nutrient level response
related process was enriched in cortex, endodermis, epidermis and
stele cells, consistent with the knowledge that absorption and
transportation of nutrients are through concentric layers of those
tissues (Barberon, 2017).
4. Discussion

Recently, empowered by the burst of single-cell sequencing
techniques, references of single cell atlas across tissues or of the
whole organisms have largely been generated in various model
species especially in mammalian species (Han et al., 2018, 2020;
Jones et al., 2022; Qu et al., 2022). To this end, the Human Cell Atlas
(HCA) project aims to provide comprehensive reference maps of all
Positive correlations indicate cell types enriched in shoot and otherwise in root. (D) A
shared regulons across cell classes. Small nodes in pie charts represent the relative
TF expression in above-ground tissues is calculated as the expression of TFs in above-

the same approach is used to calculate the relative expression in underground tissues.



Fig. 4. Combinational regulon-regulon pairs specifying cell type gene regulatory networks. (A) Workflow for identification of cell-type specific motif pairs. The diagram illustrates
the paired-motif enrichment analysis in cell type identity genes, i.e., identifying pairs of TF binding motifs within the promoters of cell-type specific marker genes. (B) Heatmap
showing the top enriched co-localized TF pairs in photosynthetic cells. The row and column both represent the key TF regulators in the regulons. (C) Heatmap showing the
enrichment of representative regulon pairs (rows) whose enrichment scores are cell-type specific (columns). (D) Network view of representative regulon-regulon interactions for
each major cell classes.
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human cells (Regev et al., 2017; Rozenblatt-Rosen et al., 2017). In
the plant field, similar attempts such as the Plant Cell Atlas (PCA)
framework has been proposed (Jha et al., 2021; Rhee et al., 2019). In
fact, dozens of studies in plant sciences have fully embraced the
single cell sequencing techniques, leading to generation of signifi-
cant amounts of single-cell transcriptome datasets in specific tis-
sues or organs over the past years (Seyfferth et al., 2021; Shaw et al.,
381
2021). These advances have not only expanded our knowledge
about plant cell compositions, but also laid the groundwork for PCA
construction. One of the major challenges for PCA is to generate a
reference cell map that includes all the cell types (or as much as
possible) in various tissues (Cuperus, 2022). However, current plant
cell atlases are usually constructed in specific tissues and a refer-
ence cell map of the entire plant is still missing. Therefore,



bZIP52

LBD4

AHL12
CRF10

MYBD

BBM

TCP19

AHL6

AT2G25520
ARR8

MEE31

AT4G02540

AT1G35220

AT1G14630

ATEXP4

IAA8

AHL10

SKU5

JMJ12

AT5G25590

bZIP16

KRP7

AT3G07400

AT1G27400

RPL12C

RACK1BAT3G21480

AT4G10450

CYP81F4

AT5G14690

AT1G11670

AT3G51750

AT3G29300

AT5G67200

AT3G42800

NUC−L1

AT−P5C1

AT2G30320ARID3

AT2G20515

AT1G53380

AT1G34315 AT5G02550

PSI1

IDD3

AT2G20110
AT3G04850

AT3G10113

IDD11

ERF036

GATA24

TCX2

IDD8

ACR3

XTH21

GATA16

AT1G44110

AT5G37010

EHD2

CHR24

AT5G62550

ATCAP−C

BUB3.1

ATK5

PYL13

ATSBT3.18

AT4G36260

EMB2744

AT5G14350

LAMP1

AT5G09760

ATAMPD

PYL2

TPX2

AT1G31335

CSLD5

ENODL14

AT3G51230

AT2G20390

CB5−A

ZR3

ECR1

emb1644

ORTH2GIG1

AT4G14310

AT3G22760

AT1G01250

bHLH013

SPL8

ANAC004

BRN2

ERF59

NF−YB4

PAP3

ZFP5

AT1G12630

AtNIGT1

MYB52

AT1G18960

WOX14

ERF019

AGL9

HB23

SPL11

LEC2

ERF12

ANAC010

WRKY71

TCP24

ATHB9

KAN2

ANAC011

ANAC012

AT−GTL1

ERF022

MYB93

RAP2.1

AT1G47655
ATE2F2

MYBS1

HHO6

WIP5

ATHB−15

FTM6

ANAC020

IDD7

BPE

MYB103

DOF1.8

anac028

ABO3
ARR11

MYB62

WRKY57

MYB105

CDF5

ATHB13

HB18

FUF1

SOL1

TCP22

EIL3

MYB31

ANAC031

AT1G76870

AT1G77200

MYB63

ARR14

IDD15

MYB88

WRKY3

EFM

AGL3

bZIP48

WRKY1

GRF6

ANAC037

HB24

GATA20

GLK1

AT2G22750

MYB70

ANAC038

WRKY60

YAB5

ANAC040

AT2G28810

TCP10

bHLH010

ERF15

ABS7

AT2G33710

SPL3

ERF38

ATE2FA

HB22

AT2G38300

AT2G40260

WRKY55

AT−HSFB3

AT2G41835 SPL9

ANAC042

WRKY12

ATHB−4

AFO

LBD19

AGL20

WRKY43

WRKY23

A−PTF−1

MYB107

anac045

RGL2

WOX11

MYR2

MYB108

MYB1

AT3G10580

BZIP28

MYB67

AT3G12730

MYB10
AT3G12910

MEE35

ANAC054

SPL5

ANAC056

anac058

HAT3.1

PLT1

ERF95

ERF98

AtERF#092

PHL2

ABI3
AT−TCP20

HB34

ATBZIP42

GATA14

ZAT7

TRP2

MYB94

DEL1

AT3G49930

IDD2

STY1

GATA6

AT3G52440

MYB27

AP3

SMZ

AT3G57600

SPL15

AT3G60580

HD−GL2−1

MYB17

PIF8

AtSTKL2

AHDP

ANAC069

WRKY47

WRKY42
DEAR5

ARR2

ERF39

GATA26

anac071

WRKY28

AT4G18450

MYB98

AG

WRKY29

ANAC073

DROP2

WRKY11

REM1

SEP1

GATA3

GATA19

GBF1

HB40

DOF4.7

AT5G04390

AT5G05090

ENAP2

RAB

MYB33

bZIP65

OBF5

ERF115

TCP17

TCP21

MYBS2

ATMYB64

MYB40

AGL2

bZIP3

KAN

HSF3

RVE1

MYB56

AT5G18090

MYR1

SPL7

RAP2.11

PI

WRKY38

STOP2

TCP7

ESE3

GATA12

PHL1

BIM3

ANAC092

anac094

MYB23

WRKY24

AT5G45580

WRKY8

GATA27

ATERF−5

AGL80

MYB111

HDG7

MYB49

AT5G56840

TZF9

DIV1

PIF7

ANAC100

MYB99

ANAC101

DOF5.6

LOB

anac103

ATDOF5.8

AZF1

CER6

GRP−3

AT4G38770

AT1G66100AT5G55620

MYB41 AT3G24360

AT4G04790

ARO4

AT1G44890

MYB106
AT5G27220

ZIP7
ABCG15

AT1G25460

ZW9

ASN1

BGAL6

SMR4
AT2G39130

PATL4

BRN1

AZI5

CYP705A8

AT3G44510

AT5G61160

SIB2

LCR77

AthCYSTM8

AT2G01050

AT3G05770

AT5G15360

LBD33

AT1G17830

AT3G60650

OEP16−1

AT4G19950

AT5G43240

RCI2A
AT1G52050

AT3G25597

AT5G54370

AT3G03500

PDLP7

anac097

CLE5
AT1G47317

HKT1

AT4G12520

ATVHA−C2

AT1G15400

GATL1

ABIL1

RBL2
LMCO4

LBD18

RTM1
ATL22

AT2G27140

AT1G68230

AT5G52270

GRP9
VTL5

BAT1

AT1G48750

LCR70

CML37

RDUF2

AthCYSTM5

DIP2

MT3

AT5G48510

SWEET11

UMAMIT17

PAL3

AT4G35100

FLA9

ACT2

ACT8

COR413−PM1

GCN2

AT2G04190

ADO3

AT5G27510

SBT4.13

PRP2

HIC

AT3G62820NF−YB7

AT2G04570

ZIF1

MSL10

TRM19

CYP706A3

AT3G28600

scpl48

AT2G27930

PPa4
AT1G35780

AT2G34790

CYP716A1

AT4G32580

AT1G61255

AT3G03700

STP10

ZFP8

DPA4

TCP5

TCP3

HB−8

PATL6

IFL

UMAMIT5

MBD4

SBT4.12

ATPMEPCRD

NPF8.4

AT2G03250

AT5G50610

anac096

TPPF

SPL6

AT4G04985
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CYP76C6 CAF1a

NDR1AT4G27657
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IAA20

CLEL7

AT2G22122

AT2G04800

AT1G72230

SAH7

AT1G67865

AT4G00780

RL6

AT1G01390

IPT3

DOF2.4

AT1G08160

AT1G14730

NR2

VTC5

AT2G02060

AT3G14060

GRP3S

SNRK2−3

AT5G33390

AT3G22090

ALC

AT1G73210

IRX15−L
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Initiation
Photosynthetic
Stomate
Defense−related
Endodermis
Epidermis
Cortex
Root cap
Stele
Lateral root

Root
Shoot

Relative expression
of target genes

Representative target genes 
of regulon TFs

A B

floral organ development

meristem development

positive regulation of transcription, DNA−templated
positive regulation of RNA biosynthetic process

positive regulation of nucleic acid−templated transcription

regulation of flower development

cell fate commitment

anatomical structure formation involved in morphogenesis

meristem maintenance

shoot system morphogenesis

pattern specification process

floral whorl development

cell fate specification

leaf development

cell−cell signaling involved in cell fate commitment
axis specification

floral organ abscission
response to gibberellin

anatomical structure arrangement

regulation of post−embryonic development

stem cell population maintenance

maintenance of cell number

regulation of multicellular organismal development

regionalization

plant organ morphogenesis

regulation of multicellular organismal process

regulation of shoot system development

post−embryonic plant morphogenesis
leaf morphogenesis

S−glycoside biosynthetic processglycosinolate biosynthetic process
glucosinolate biosynthetic process

S−glycoside metabolic process

glycosinolate metabolic process
glucosinolate metabolic process

glycosyl compound biosynthetic process

secondary metabolite biosynthetic process

secondary metabolic process

glycosyl compound metabolic process
sulfur compound biosynthetic process

sulfur compound metabolic process

inorganic anion transport

stomatal complex development

regulation of anion transmembrane transport

export across plasma membrane

response to water

response to organic cyclic compound

response to acid chemical

response to water deprivation

indole−containing compound metabolic process

response to oxidative stress
immune response immune system process

response to wounding

response to salt stress

response to salicylic acid

aging

response to fungus

leaf senescence
defense response to bacterium

plant organ senescence

defense response to fungus

induced systemic resistance

regulation of defense response

response to fatty acid

fluid transport

cellular carbohydrate metabolic process

cell wall organization

plant−type cell wall organization
external encapsulating structure organization

triterpenoid metabolic process

cellular response to hypoxia

cellular response to decreased oxygen levels

cellular response to oxygen levels

response to hypoxia

response to decreased oxygen levels

response to oxygen levels

response to chitin

response to nitrogen compound

response to organonitrogen compound

ethylene−activated signaling pathway

response to ethylene

cellular response to starvation

cellular response to nutrient levels
response to nutrient levels

response to starvation

cell growth
polysaccharide metabolic process

cell wall biogenesis

tracheary element differentiation

xylem vessel member cell differentiation

xylem development

regulation of secondary cell wall biogenesis

regulation of cell wall organization or biogenesis
plant−type secondary cell wall biogenesis

plant−type cell wall biogenesis

response to cytokinin

pectin biosynthetic process

cell wall modification inorganic ion transmembrane transport

cation transport

zinc ion transport

sterol transport

zinc ion transmembrane transport

indole−containing compound catabolic process

inorganic cation transmembrane transport

cation transmembrane transport

brassinosteroid homeostasis

phytosteroid metabolic process

brassinosteroid metabolic process

indole glucosinolate metabolic process

root hair cell development

monocarboxylic acid biosynthetic process

wax biosynthetic process

wax metabolic process

protein folding

heat acclimation

response to virus

protein refolding
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Fig. 5. Expression and function specificity of cell type-related regulatory networks. (A) A network overview of representative target genes of cell-type specific regulons, revealing
specific and common targets across regulons. Nodes with black circles represent TFs, colored according to the highly activated cell type; while nodes in pie charts indicate target
genes. Note that only the top five target genes are shown for visualization purpose. (B) A detailed view of a subset of the network in (A). (C) A network analysis of GO terms (n ¼ 174;
nodes) based on similarity of enrichment scores across cell types (edges), laid out using the spring-based algorithm by Kamada and Kawaial(Kamada and Kawai, 1989). GO terms are
colored by the contributing cell types (pie chart by the fraction of enrichment scores in terms of -log10P).
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collecting cells generated in representative tissues from different
labs and development of data integration analysis pipelines would
be the most effective way to achieve an “universal” annotation of
cell types in plants. Consequently, here we have piloted an inte-
gration analysis of scRNA-seq data in Arabidopsis seedlings which
represents a reference atlas at the early plant development stage.
We attempt to provide valuable resources and experiences for PCA
exploration, and also try to provide a guideline for re-evaluation of
publicly plant single cell datasets.

The innate differences of snRNA-seq and scRNA-seqmight result
in protocol-related bias in integrative analysis, here we presented a
nice fusion of snRNA-seq to the result of datasets, proved the
effectiveness of the integrative strategy. However, it's worth noting
that a cluster of putative suberin lamella cells (Cluster 78) is pri-
marily originating from single-nucleus transcriptome data (Fig. 1E
and Fig. S1E). This prevalence is likely due to suberin and cutin
accumulation, which lead to the reduced digestibility of their cell
wall, rather than being a result of methodological or study-related
biases in clustering. This observation is consistent with similar
findings reported by Farmer and its collaborators (Farmer et al.,
2021) who noted a similar phenomenon when integrating root
cells from isolated nuclei and protoplasts. This result indicates that
snRNA-seq should be applied to hard-to-dissociate tissues to
compensate for the limitations of scRNA-seq in order to provide a
more comprehensive understanding.

We believe that successful data integration can yield new in-
sights previously overlooked in the original studies. In our study,
we identified a group of defense-related cells that response to
external stimulus (Fig. 2A-B). Although experimental validations
based on RNA-fluorescence in situ hybridization (FISH) and marker
genes fused with reporters need to be conducted to further confirm
the existence of those potentially novel cell types, we still believe
that those cells have specific roles in plant defense system. The
DEGs, key regulators and their target genes of those cell type are
involved in plant defense responses process (Figs. 3D and 5A). In
fact, two unknown clusters that enriched with genes “response to
stress”were reported by Zhang et al. (2019), similar to the feature of
our defense-related cell clusters. We hypothesise that transcrip-
tional features of these cell types may have been diluted in bulk
RNA-seq analysis. We were able to distinguish them in our large-
scale data integration, perhaps because a sufficient number of
rare cells from multiple studies are enriched into a specific popu-
lation for cell type detection (Fig. S11). Furthermore, the putative
novel cell type, suberin lamellae cells (cluster 11 and 78), displayed
distinct regulon architectures compared to casparian strip cells
(cluster 36 and 37) and the rest endodermis cells (Fig. 3A and D and
Fig. S6). This suggests that these two cell types are governed by
entirely different key regulators. These putative novel cell types
demonstrate the significant potential of our high-resolution single
cell atlas.

The development of plant organs and tissues relies on the
accurate regulation of cellular differentiation. Cell fate specifica-
tion is a progress of differential gene expression typically medi-
ated by multiple TFs in a coordinated way (Drapek et al., 2017;
Reiter et al., 2017). By presenting a comprehensive cell map of
Arabidopsis, we delineate the architecture of GRNs in cell-type
specific manner and explore the combination of key regulators
(Figs. 4D and 5). That information could be useful to the ones
who wish to explore the regulatory relationship of genes in a
certain cell type.

Big dreams start small. Although references of plant cell atlases
are far from complete, our integrative cell atlas provides a first
reference cell map at the level of the entire plant. The generated
cell-type specific GRNs in Arabidopsis will provides valuable re-
sources and experiences to the public.
383
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