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A single-cell transcriptome atlas reveals the s
transcriptionally earliest state in rice callus
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Abstract

Background The cell fate transition of pluripotent callus from somatic cells plays an important role in plant
development studies and crop genetic improvement. Embryonic callus is a group of totipotent cells derived from
the founder cells responsible for the initiation of callus. However, our understanding of the initial cellular states and
regulatory factors of cell fate transition during callus development remains quite limited.

Results Single-cell RNA sequencing was employed to generate a single-cell transcriptome atlas of the rice (Oryza
sativa L.) embryonic and differentiated callus. We found that the callus founder cell represented the transcriptionally
earliest state of embryonic callus, which could transit into the root meristem niche, a process associated with starch
degradation, lipid transport, energy production and transfer, plant hormones and flavonoid metabolism. The shoot
meristematic cell represented the transcriptionally earliest state of differentiated callus, and these shoot meristematic
cells differentiated into mesophyll precursor cells via vascular parenchyma cells, a process associated with chromatin-
related epigenetic regulation, enzymatic reactions, signal transduction, metabolic activity and photosynthesis. The
expression patterns of the genes involved in plant hormones, and WUSCHEL RELATED HOMEOBOX (WOX) family gene
DWARF TILLERT (OsDWTT) across distinct cell populations suggested that gibberellin (GA) signaling and OsDWT1 were
associated with the callus founder cell fate transition.

Conclusions Our results revealed that the callus founder cell and shoot meristematic cell represent the
transcriptionally earliest states of embryonic callus and differentiated callus in rice, respectively. This study provides
preliminary resources for understanding the development of callus cells and offers clues for improving plant genetic
transformation efficiency in recalcitrant rice varieties by regulating cell fate transition.
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Introduction

Somatic embryogenesis is a morphogenetic process in
which somatic cells are reprogrammed to develop into
embryos capable of regenerating into whole plants. This
phenomenon involves three key phases: the induction of
embryonic callus, the maturation of somatic embryos,
and their subsequent regeneration into complete plants.
During this process, somatic cells regain totipotency
through dedifferentiation and redifferentiation, with the
formation of viable somatic embryos and their progres-
sion through developmental stages being critical for suc-
cessful plant regeneration [1]. Under in vitro conditions,
specific parenchyma cells within the callus differenti-
ate into tubular cells, which may organize into vascular
structures and ultimately contribute to organ formation.
Consequently, the emergence of tubular cells during cul-
ture is recognized as an indicator of tissue differentiation
[2].

The differentiation of plant cells is a critical stage in
which totipotency enables cells to regenerate into com-
plete plants. This process involves dynamic morphologi-
cal changes and intricate molecular regulation. Recent
advancements in single-cell RNA sequencing (scRNA-
seq) have significantly advanced research in this field. In
the dicot model plant Arabidopsis thaliana, studies on
hypocotyl-derived callus revealed that the middle-layer
cells exhibit transcriptome profiles highly similar to those
of the root tip quiescent center (QC) [3]. WUSCHEL
RELATED HOMEOBOX 5/7 (WOX5/7) maintains stem
cell properties in these cells and, through the WOX5/7-
PLETHORA (PLT) protein complex, activates the auxin
biosynthesis gene TRYPTOPHAN AMINOTRANSFER-
ASE OF ARABIDOPSIS1 (TAAI), promoting root dif-
ferentiation [4]. Meanwhile, the shoot apical meristem
(SAM) regulator WUSCHEL (WUS) is expressed in spe-
cific callus cells, facilitating shoot regeneration [5]. Addi-
tionally, ectopic activation of WUS and DORNROSCHEN
(DRN) transcription factors enhances protoplast regen-
eration. These findings elucidate the molecular networks
governing callus development in dicots [6].

In contrast, the in vitro induction process in monocots
is more complex. Research on monocot models like rice
has focused on genetic factors, culture medium compo-
sition, and callus browning mechanisms. For instance,
japonica rice demonstrates superior callus induction and
proliferation compared to indica rice [7], which makes it
the most widely used variety in rice genetic transforma-
tion systems. Adjustments to sugar and nitrogen levels
in culture media influence biomass accumulation in rice
callus via the salicylic acid pathway [8], while increasing
gene expression of BROWNING OF CALLUSI1 (BOCI)
reduces oxidative stress-induced senescence to mitigate
browning in rice callus induction [9]. Overexpression of
maize morphogenic regulatory genes Baby boom (Bbm)
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and Wuschel2 (Wus2) increases the transformation effi-
ciency of maize and rice callus [10]. Recently, a plant
elicitor peptide (REGENERATION FACTOR1, REF1)
found in tomato has been shown to boost the regenera-
tion and transformation efficiency of multiple difficult-
to-transform crops including both dicots and monocots
[11]. While these studies optimize genetic transformation
systems across rice varieties, they have not addressed
the cellular attributes of callus. Current transformation
systems rely on the use of seed embryo explants that
undergo dedifferentiation and redifferentiation, yet the
cellular heterogeneity and transcriptional dynamics dur-
ing these stages remain poorly characterized. Elucidating
these features is essential for improving transformation
efficiency and advancing functional genomics.

The rapidly advancing field of plant single-cell omics
and trajectory inference methods has laid a technologi-
cal foundation for exploring cell fate transition. Cuperus
et al. employed Monocle and RNA Velocity to infer the
developmental trajectory of root hair cells in Arabidopsis
[12]. This study serves as an example how to accurately
understand the expression patterns of individual cells
and uncover cell fate transitions. A recent study based
on a cross-organ single-cell multi-omics atlas of rice
revealed that mesophyll cells in young leaves can differ-
entiate into those in flag leaves, and that the initiation of
differentiation is associated with transport- and environ-
ment-responsive factors by trajectory inference analysis
[13].

To address the cellular heterogeneity and transcrip-
tional features of rice seed embryo-derived callus at
embryonic and differentiated stages, we used scRNA-seq
to profile gene expression across these developmental
states. We selected the japonica rice cultivar Nipponbare
as the experimental system based on its dual advantages:
a well-established efficiency in callus induction and dif-
ferentiation, and the availability of extensive, high-qual-
ity multi-omics resources, which collectively provide an
optimal foundation for robust single-cell transcriptomic
profiling and subsequent in-depth analysis. The experi-
mental design focused on dissecting cell fate transitions
during in vitro culture to reveal the initial cellular states
in rice callus. This approach provides critical insights into
the molecular basis of totipotency expression in monocot
cells.

Methods

Plant growth conditions

Mature seeds of Oryza sativa L. cv. Nipponbare were sur-
face-sterilized sequentially with 70% ethanol (2 min) and
2% NaClO (20 min), followed by three rinses with ster-
ile distilled water. Embryos were aseptically excised and
cultured on induction medium for two weeks to induce
callus formation. Embryonic callus was subsequently
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sub-cultured on fresh induction medium (Murashige and
Skoog medium [14] supplemented with 3% w/v sucrose,
0.25% w/v phytagel, 0.05% w/v casein hydrolysate, 2 uM
6-Benzylamino purine and 10 uM 2,4-dichlorophen-
oxyacetic acid, pH 5.8) at a growth chamber under 16-h
dark, 28 °C/8-h dark, 24 °C cycle [15] for 7 days to estab-
lish embryonic callus with loose structure and a pale and
translucent color. And the embryonic callus was trans-
ferred to differentiation medium (MS medium supple-
mented with 3% w/v sucrose, 3% w/v sorbitol, 0.25% w/v
phytagel, 0.05% w/v casein hydrolysate, 10 pM 6-Ben-
zylaminopurine and 1 pM zeatin, 2 pM kinetin, 1 pM
1-Naphthaleneacetic acid, 4 pM glutamine, 4 pM pro-
line, pH 5.8) containing at a growth chamber under 16-h
light, 28 °C/8-h dark, 24 °C cycle for 7 days to establish
differentiated callus with compact structure and distinct
green spots. The embryonic callus and differentiated cal-
lus were prior to downstream analyses. For bulk RNA-
seq, three biological replicates from each callus were
performed.

Histological morphology analysis

Small callus fragments were embedded in Optimal Cut-
ting Temperature compound (OCT), and their orien-
tation was adjusted before placement in the freezing
chamber of a Leica CM1950 cryostat. The chamber tem-
perature was set to —24 °C, and the sample head tempera-
ture to -20 °C. After complete freezing, the embedded
blocks were mounted onto the sample head. The stage tilt
angle and section thickness were adjusted for trimming.
When nearing the sample, the section thickness was set
to 10 pm for formal sectioning. Sections were then trans-
ferred to slides, ensuring sample integrity and flatness
throughout the rapid process.

Slides were dried at 37 °C, followed by incubation in
pre-chilled methanol for 30 min. After removal, 500 pL
of isopropanol was added, and slides were incubated at
room temperature for 1 min. The solution was discarded,
and 1 mL of 0.05% (w/v) toluidine blue staining solution
was applied to fully cover the tissue [16]. After 1-min
staining at room temperature, excess dye was removed,
and slides were rinsed in sterile water to eliminate resid-
ual stain. Finally, slides were dried at 37 °C and imaged
under bright-field microscopy using an Olympus MVX10
fluorescence microscope.

Protoplast isolation and single-Cell RNA sequencing

Callus tissues were dissected into small fragments and
enzymatically digested in a solution containing 1.5%
(m/v) cellulase R10, 0.75% (m/v) macerozyme R10, 0.8 M
mannitol, 10 mM MES (pH5.7), 10 mM CaCl,, 0.1%
(m/v) BSA, and 0.04% 2-mercaptoethanol at 37 °C for
30 min. The digested suspension was filtered through a
70 um cell strainer twice, followed by centrifugation at
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130x g for 5 min to pellet cells. The supernatant was dis-
carded, and the pellet was resuspended in 8% mannitol
solution. This washing step was repeated three times.
The final cell pellet was resuspended in 8% mannitol to
achieve optimal concentration. Cell viability and concen-
tration were assessed by staining 1-2 pL of the suspen-
sion with trypan blue and analyzing under an Olympus
MVX10 fluorescence microscope.

A 20 pL aliquot of protoplast suspension (700 cells/
pL, viability>90%) was loaded into a 10X Genomics
microfluidic chip. Protoplasts, gel beads with barcodes,
and reaction reagents were encapsulated into oil drop-
lets. Following lysis within droplets, RNA was reverse-
transcribed into ¢cDNA and tagged with barcodes. Oil
droplets were disrupted, and cDNA was PCR-amplified.
Amplified products underwent quality control (QC),
and qualified samples were fragmented into 200-300 bp
segments. Fragments were end-repaired, A-tailed, and
ligated with P7 adapters. Index sequences were added
via PCR, followed by fragment size selection and final
QC. The library was sequenced on an Illumina HiSeq
platform using paired-end (PE100) mode. Raw sequenc-
ing data comprised Readl (26 bp: 16 bp barcode + 10 bp
UMI), Read?2, and the i7 index.

Processing of scRNA-seq data

The raw scRNA-seq dataset was first analyzed by Cell
Ranger 7.1.0 (10X Genomics) with the rice genome (htt
ps://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/release-5
6/gft3/oryza_sativa/). These pipelines include processing
of raw scRNA-seq data to align reads and generate gene-
cell matrices. Run ‘cellranger mkref’ with “—genome,
—fasta and —genes” arguments to build reference. Run
‘cellranger count’ with “—id, —transcriptome, —fastqgs, —
sample and —force-cells=10,000" arguments to generate
single-cell gene counts. 97.5% reads of embryonic cal-
lus and 97.7% reads of differentiated callus were aligned
to the rice reference genome. Mean reads per cell were
84,228 and 84,142. Median genes per cell were 3,457 and
4,385. The gene-cell matrices ‘filtered_gene_bc_matrices’
which was named by 10X Genomics generated by Cell
Ranger 7.1.0 served as raw data for downstream analyses.

Cell clustering

The gene-cell matrices of 10,000 cells were load into
the Seurat 4.3.0.1, which was implemented in R 4.2.3.
To remove dead cells and doublets, we filtered genes
expressed in less than three cells, and cells with more than
10,000 genes expressed, less than 500 genes expressed,
have more than 50,000 UMI counts and have less than
500 UMI counts, less than 15% mitochondrial genes
expressed and less than 3% chloroplast genes expressed
were kept. After filtering, 9,888 cells and 9,936 cells were
used for downstream analysis. The scaled data were first
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normalized by LogNormalize. The highly variable genes
were calculated by “FindVariableFeatures” with default
parameters. A total of 2,000 highly variable genes were
used for clustering analysis. Clusters were identified by
“FindClusters” with “FindNeighbors_dim=15, resolu-
tion=0.5, tsne_dim =10, umap_dim = 10" The differential
expression genes of cell types were identified with “logfc_
threshold =0.25, min_pct=0.1, test_use="wilcox", only.
pos=TRUE. Criteria were used: filter.p_val_adj=0.05, fil-
ter.avg_log2FC =0.25, filter.pctl = 0.1, filter.pct2 = 0.5.

Trajectory analysis

We used PAGA of the Python package Scanpy to gen-
erate nodes representing cell clusters and edge weights
representing the confidence in the existence of connec-
tions between cell clusters for trajectory inference [17].
First, the single-cell expression matrix was normalized
and dimensionality reduction was performed to con-
struct a neighborhood graph among cells. Then abstract
the cell-level graph into a cluster-level graph and com-
pute the connectivity strength between clusters to infer
cell developmental trajectories and branch points based
on the abstracted graph with default parameters. RNA
velocity enables the recovery of directed dynamic infor-
mation by leveraging splicing kinetics [18]. With velo-
cyto, the BAM format output files from Cell Ranger were
converted into the loom format, which is then input into
scVelo for calculating RNA velocity under default param-
eters. The number of detected RNA splicing events per
cell was quantified to predict the gene-splicing rate in
each cell to construct velocity graph and perform visual-
ization in two-dimensional UMAP space. The Monocle
2 package was used to deeply analyze the process of cell
fate transition [19]. The subset of raw data was extracted
with cluster information to explore cell fate transition of
related clusters. First, the variance in each gene’s expres-
sion across cells was calculated by running “dispersionT-
able” Based on average expression level, variable genes
were chosen to define a developmental progress with
default parameters. Then, the data’s dimensionality was
reduced to two components. The transition of cells from
one state to another was described in a lower dimen-
sional space, and the cells were ordered in pseudo-time
by calling “orderCells” For specifying a priori “beginning”
of the trajectory of the tree, run ‘orderCells’ again set-
ting the “root_state” argument. The genes that were sig-
nificantly enriched were visualized by heatmap. The data
used for plotting heatmap were also used for GO bio-
logical process analyses using GO annotation database
from TBtools V1.120. All annotated genes were used as
background.
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Hormone genes expression analysis

The gene expression pattern of hormone genes in rice
across callus cell types were scored by UCell [20] which
depends only on the relative gene expression in indi-
vidual cells and are therefore not affected by dataset
composition.

Results

Assembly of single cell transcriptome atlas in rice callus
The embryonic and differentiated callus were distin-
guished by histological analysis. Callus displayed a loose,
light-colored, and translucent morphology (Fig. 1A), sug-
gesting the callus corresponds to the embryonic state.
This observation confirmed through frozen sections
stained with toluidine blue for cellular characterization.
The embryonic callus comprised uniformly shaped cells
with even, darker staining (Fig. 1B). The differentiated
callus exhibited a compact, darker structure with distinct
green spots (Fig. 1C), and displayed irregular cell mor-
phologies, uneven staining, and lighter coloration. Nota-
bly, tightly arranged tubular cells with smaller sizes and
intense staining were observed in differentiated callus
(Fig. 1D).

Embryonic and differentiated callus samples from mul-
tiple biological individuals were pooled, respectively,
to represent the average state prior to protoplast isola-
tion for scRNA-seq. An initial quality assessment of the
single-cell transcriptome data was performed using the
10X Genomics Cell Ranger pipeline, targeting an initial
set of 10,000 cells. Barcode rank plots were used to dis-
tinguish real cells from background or empty droplets.
The number of genes detected in both tissues dropped
sharply beyond approximately 10,000 cells (Table 1,
Supplemental Fig. S1A, B), indicating a significant differ-
ence between intact cells and the background. Data qual-
ity metrics, such as the mean reads per cell, the median
number of genes per cell, and the median UMI count
per cell, were similar to those of rice root tip cells [21].
To further assess data quality, we performed bulk RNA-
seq on both embryonic and differentiated callus samples
and treated the scRNA-seq as pseudo bulk RNA-seq. The
correlation coefficients between the two datasets were
all greater than 0.6, indicating that our scRNA-seq data
overall recapitulated the expression profiles of the two
samples with high reliability (Supplemental Fig. S1C, D).
After filtering (see methods), 9,888 cells from embryonic
callus and 9,936 cells from differentiated callus were used
for subsequent cell clustering, yielding six clusters for
embryonic callus and six clusters for differentiated callus.

Cell-type annotation

Two types of callus cells were clustered into distinct pop-
ulations based on their single-cell transcriptome profiles
to explore the cellular properties of rice callus tissues.



(2026) 26:799

Lyu et al. BMC Plant Biology

Page 5 of 15

3 5
5 . . . 1
- _1 1 Putative root cap junction 1 Mesophyll precursor cell
a 2 Callus founder cell 2 Vascular parenchyma cell
3 Shoot meristem niche 3 Shoot meristematic cell
2 4 Root meristem niche 2 4 Vascular bunder cell & Epidemic cell
5 Root epidermis cell 5 Procambium cell & Vascular cell
®6 Procambium cell 6 Proliferating cell
2 2 4
= =
=} =}
UMAP 1 UMAP 1
G Procambium cell ° e o 0 H Proliferating cell ° . ® o o o O
Root ePidelmiS'CC” . . e - Procambium cell & Vascular cell ° o
Root meristem niche { @« [} ° o o Vascular bunder cell & Epidemic cell .
Shoot meristem niche oo Shoot meristematic cell ° -
) Callus fougder gell o N Vascular parenchyma cell L
Putative root cap junction . . Mesophyll precursor cell | *
D ONXYADDOLIHIOD N NAEJIAHKNDONDOAN
STLITESESSESE 84 FESIOSSETLSsE
SRILIETFTLETISFLL D Uy0QREPFITEL 8
TS EFT TFSITI VT &S § §F9LTO
BSOS NEGEORY &K Q F O S S
NN N fod & F S
§9 S
% N
/
N
Average Expression I l Percent Expressed ¢ 25 @ 50 @ 75 @ 100 Average Expression I, ] ‘.Z Percent Expressed » 25 @ 50 @ 75 @ 100

10 1 2

Fig. 1 Profiling single-cell transcriptome atlas in rice callus. Overview of experimental samples (A-D). Tissue morphology of rice embryonic callus. The
embryonic callus stained by toluidine blue (A, B). Tissue morphology of rice differentiated callus (C, D). The arrow points to green shots. And the differenti-
ated callus stained by toluidine blue, the arrow points to tuber cells. A, C Bar=500 um; B, D Bar= 100 pm. Two-dimensional embedding of transcriptome

similarity among cell with uniform manifold approximation and projection

(UMAP) (E, F), cells are colored by cluster identity. UMAP embedding of cell

colored by cluster identity of rice embryonic callus (E). UMAP embedding of cell colored by cluster identity of rice differentiated callus (F). The expression
pattern of marker genes in each cluster by dot-plot (G, H), the point indicates marker genes of cell clusters in rice callus and the shades of color denote
the expression level of marker genes in cell clusters. The expression pattern of marker genes in rice embryonic callus (G). The expression pattern of marker

genes in rice differentiated callus (H)

Table 1 The statistics on the data of scRNA-seq in rice callus

Tissue Number Mean Median Total Median
ofcells reads/cell genes/cell genes UMI/
cell
@ 9,888 84,228 3,457 29,591 11,724
Cg 9,936 84,142 4,385 31,077 15,284

C-embryonic callus, Cg-differentiated callus

Due to the absence of known marker genes for rice callus
cell types, the cell populations in both callus types were
annotated by compiling and analyzing published cell
type-specific marker genes and in situ hybridization data
from other rice tissues (Fig. 1E, F).

In embryonic callus, the putative root cap junction
marker gene THIONIN29 (OsTHI29) [22] was specifically
expressed in cell cluster 1 (Fig. 1G, Supplemental Fig.
S2A), therefore, cell cluster 1 was annotated as putative
root cap junction cells. The specific expression of several
genes in cluster 2 led to its annotation as callus founder

cells. These included: OsLTPL36, whose homolog in Ara-
bidopsis is specifically expressed in early-stage callus ini-
tiation cell [2]; OsWOX11, a homolog of callus founder
cell marker gene WOXI1 in Arabidopsis [23]; and the
a-amylase gene ALPHA-AMYLASE3D/E (RAmy3D/E),
which expresses in scutella epithelium cells of callus-
forming rice embryos by in situ hybridization [24]. In cell
cluster 3, the meristem niche-expressed gene OsSUII, a
rice translation initiation factor SUI gene [25] and the
gene FON2 SPAREI (FOSI) [26], which maintains shoot
apical meristem activity, were specifically expressed,
resulting in its classification as the shoot meristem
niche. Root meristem activity maintenance-related genes
SCARECROWI (OsSCRI), OsWOXS5, and DNA BIND-
ING WITH ONE FINGERI1S (OsDof15) were specifically
expressed in cell cluster 4 [27-30], leading to its annota-
tion as the root meristem niche. The gene PURPLE ACID
PHOSPHATASE10C (OsPAP10c), encoding a purple acid
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Table 2 The marker genes of cell clusters in rice embryonic
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Table 3 The marker genes of cell clusters in rice differentiated

callus callus
Cell Cluster  Annotation of Cell Type Marker Genes & Cell Cluster Annotation of Cell Type Marker Genes &
Reference Reference
Cluster1 Putative root cap junction OsTHI29 [22] Cluster1 Mesophyll precursor cell CALT [35]
Cluster2 Callus founder cell/Primordial ~ OsLTPL36, OsWOXT1, Cluster2 Vascular parenchyma cell OsMST4* [36]
cell RAmy3D/E* (2, 23, 24] Cluster3 Shoot meristematic cell ONI1, OsRPA32 [37, 38]
Cluster3 Shoot meristem niche UNP1, FOS1 [25, 26] Clusterd Vascular bunder cell & Epi- UDP-GT[36]
Cluster4 Root meristem niche OsSCR1, OsWOX5, demic cell
OsDof15 [27-30] Cluster5 Procambium cell & Vascular 050390845000,
Cluster5 Root epidermis cell OsPAP10c, NRT2.3, YSL15 cell Oshox1 [35, 39]
[31-33] Cluster6 Proliferating cell CENH3, OsDDM1a/b,
Cluster6 Procambium cell/Formative OsPLT2, Mt-gene-cob, STD1, KN [36, 40, 41]

cell Mt-gene-rps12-2[27,34]

An asterisk (*) indicates evidence based on in situ hybridization; all other
markers are supported by literature evidence

phosphatase associated with root surface secretion [31],
was specifically expressed in cell cluster 5. Furthermore,
epidermal marker genes HIGH-AFFINITY NITRATE
TRANSPORTER2.3 (NRT2.3) and YELLOW STRIPE
LIKE15 (YSL15) were also specifically expressed in cell
cluster 5 [32, 33] (Fig. 1G). OsNRT2.3 encodes a compo-
nent of the high-affinity nitrate transport system (HATS)
in rice, influencing nitrogen uptake in root cells [33],
while OsYSLI5 is strongly induced by iron deficiency and
is active in all tissues except epidermal cells under low
iron conditions [32]. Therefore, cell cluster 5 was defined
as root epidermis cells. Finally, the stem cell marker
gene PLETHORA 2 (OsPLT2), promoting cell prolifera-
tion during root primordia development was specifically
expressed in cell cluster 6 [27, 34], leading to the annota-
tion of cell cluster 6 as procambium cells (Table 2).

In differentiated callus, the mesophyll precursor cell
marker gene CADMIUM ACCUMULATION IN LEAFI
(CALI) was specifically expressed in cell cluster 1 [35]
(Fig. 1H, Supplemental Fig. S2 B). Therefore, cell cluster 1
was defined as mesophyll precursor cells. In situ hybrid-
ization experiments showed that the gene MONOSAC-
CHARIDE TRANSPORTER4 (OsMST4) accumulates
in vascular parenchyma cells. This gene was specifically
expressed in cell clusters 2 [36], leading to the annota-
tion of cell cluster 2 as vascular parenchyma cells. In cell
cluster 3, shoot apical meristem marker gene ONIONI
(ONI1) [37] and the meristem cell marker gene REPLI-
CATION PROTEIN A32 (OsRPA32) were specifically
expressed [38], leading to its classification as shoot meri-
stematic cells. The vascular bundle and epidermic cell
marker gene UDP-GLUCOSYLTRANSFERASE (UDP-
GT) [36] was specifically expressed in cell cluster 4.
Therefore, cell cluster 4 was annotated as vascular bunder
cells and epidemic cells. In cell cluster 5, the vascular
cell marker gene Os03g0845000, and the procambium
marker gene HOMEOBOX1 (Oshox1) were specifically
expressed [35, 39]. Thus, cell cluster 5 as procambium

An asterisk (*) indicates evidence based on in situ hybridization; all other
markers are supported by literature evidence

cells and vascular cells. In cell cluster 6, proliferating
cell marker genes STEMLESS DWARFI1 (STDI) and
KNOLLE (KN) were specifically expressed [36, 40, 41].
Rice STD1I is homologous to Arabidopsis PAKRP2 and
is primarily expressed in actively dividing tissues. stdl
mutants exhibit severe dwarfism, abnormal cell shapes,
and reduced cell division rates [41]. Therefore, cell cluster
6 was defined as proliferating cells (Table 3).

Thus, we have constructed a single-cell transcriptome
atlas that reveals cell heterogeneity, which will help to
facilitate the findings of rice callus initial cellular states,
cell fate transition and exploration of the regulators of
functional cell types.

The developmental trajectory of the callus founder cell
population
Previous studies have shown that in rice tissue culture,
scutellum-derived callus originates from scutella epider-
mal cells [42, 43], with evidence suggesting the co-option
of embryonic developmental pathways during initiation
[44, 45]. To investigate embryonic callus formation, we
reconstructed developmental trajectories based on RNA
velocity (see methods), revealing that embryonic callus
potentially develops from callus founder cells to pro-
cambium cells (Fig. 2A). Pseudo-temporal ordering of
the two cell types demonstrated that callus founder cells
occupied the early pseudo-time (Fig. 2B), implying its
transcriptionally earliest state for embryonic callus.
Meanwhile, gene expression dynamics along the tra-
jectory showed that the family member genes of the cal-
lus founder cell marker gene (RAmy3D/E) enriched in
early pseudo-time, while the family member genes of
the specific expressed marker genes of procambium cell
(Mt-gene-rpsi2-2) (Fig. 1G) peaked in later pseudo-time
(Fig. 2C). We also found that embryogenesis-related
genes LATE EMBRYOGENESIS ABUNDANT PROTEIN
GENES (OsLEAs) [46] and lipid transfer protein genes
LIPID TRANSFER PROTEIN GENES (OsLTPs) [45] were
enriched in early pseudo-time (Fig. 2C, Supplemental
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Table S1), which is corroborated by known high OsLTPI
expression in scutellum-derived callus [44], suggest-
ing the potential function of the callus founder cell was
associated with starch catabolism, lipid transport, and
embryogenesis.

To elucidate the cell fate transition between cal-
lus founder cells and procambium cells, subpopulation
analysis was performed on both cell groups. The results
revealed that procambium cells consisted of Subclusters
1 and 4, while callus founder cells comprised Subclusters
2, 3, and 5 (Fig. 3A). Cell lineage analysis of these sub-
populations exhibited two potentially distinct fate transi-
tion paths: one toward Subclusters 1 and 4, and the other
toward Subclusters 3 and 2. Additionally, Subclusters 1
and 3 showed bidirectional connectivity in their differ-
entiation paths, potentially. Pseudo-temporal analysis
showed that Subcluster 5 was in the early pseudo-time
(Fig. 3B, C), suggesting that Subcluster 5 was in tran-
scriptionally earliest state. These results indicated that
callus founder cells were originated from Subcluster 5.

Prior studies contextualize the findings that
APETALA2/ETHYLENE RESPONSIVE FACTOR (ERF)
transcription factors are essential for Arabidopsis callus
formation, WOXS5/7 mutations impair regeneration, and
OsLTPs show high expression in rice scutellum-derived
callus [47]. Analysis of these genes’ expression pattern
across subclusters (Fig. 3D) and along Subcluster5-
derived trajectories (Fig. 3E) identified that OsWOX11
specifically was expressed in Subcluster5, RAmy3A/
B/C was enriched in Subcluster4, and OsLTPI.15 and
OsDWT1 were elevated in Subcluster2. OsWOX11 peaks
at early pseudo-time, suggesting it maintains embryonic
competence. RAmy3A/B/C shows sustained high expres-
sion with maxima at early and upper branches of Branch
Points1/2, indicating energy provision for the callus

founder cell. OsDWT1 exhibits baseline-low expression
but sharp peaks near Branch Pointl. OsLTP1.15 main-
tains uniform expression across pseudo-time, matching
the expression in transitional Subclusters 1/3, implicating
a role in lipid transport during cell fate transition.

Establishment of cellular identity of the root meristem
niche in rice embryonic callus

Building on evidence that Arabidopsis leaf-derived cal-
lus resembles the root apical meristem [48] and that
lateral root primordium-initiating (LRPI)-like cells and
quiescent center (QC)-like cells are responsible for ini-
tiating early callus formation. LRPI-like cells are derived
from xylem pole pericycle cells and are similar to lat-
eral root primordia, genes encoding the lipid transport-
ers LTP1 and LTP2 were highly enriched in LRPI-like
cells [3]. Based on our prior annotation confirming the
presence of root meristem niche cells in rice embryonic
callus, we subsequently explored their cell fate deter-
mination by ordering callus founder cells, procambium
cells, and root meristem niche cells along pseudo-time.
Trajectory analysis revealed a bifurcation at the branch
point with callus founder cells and the sparse popula-
tion of procambium cells localized to early pseudo-time,
while root meristem niche cells and a minimal number
of procambium cells were located along one branch,
and procambium cells with sparse callus founder cells
occupied the other branch (Fig. 4A). Density visualiza-
tion confirmed a sequential stratification: callus founder
cells dominated the early pseudo-time, procambium cells
the mid-pseudo-time and root meristem niche cells the
late pseudo-time (Fig. 4B), indicating that root meristem
niche cells are formed from callus founder cells via pro-
cambium cells.
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Next, we analyzed gene expression patterns along the
reconstructed developmental trajectories, identifying
six gene expression clusters (Fig. 4C). During the early
pseudo-time along the trajectory from callus founder
cells to root meristem niche cells, the Gene Ontol-
ogy (GO) terms enriched for the genes from cluster 1,
2, 3 were related to the carbohydrate metabolism, lipid
transport, auxin and GA responsiveness. The repre-
sentative genes included SMALL AUXIN-UP RNA2
(OsSAUR2), GA-ENHANCED GENEI1 (OsGAEI) [49,
50], OsLTP1.18/1.15 [44, 51], RAmy3D/E [25, 45]. The
enriched GO terms for genes in cluster 1, 2 were con-
sistently related to the functions of marker genes of cal-
lus founder cells. These results indicated that the plant

hormones, auxin and GA potentially involved in the cell
fate transition of the callus founder cell population.

The development of shoot meristematic cells in
differentiated callus

To explore the cell developmental trajectories in differ-
entiated callus, we performed trajectory analysis which
revealed that shoot meristematic cells were at the puta-
tive root of the trajectory with trilineage: one branch
led toward proliferating cells, another toward meso-
phyll precursor and vascular cells, and the third toward
bundle sheath and epidermic cells (Fig. 5A). The results
suggested that shoot meristematic cells were the puta-
tive root of the trajectory in differentiated callus. Given
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the multipotency of mesophyll precursor cells in devel-
oping photosynthetic tissues [52], we ordered shoot
meristematic cells, vascular parenchyma cells, mesophyll
precursor cells, procambium cells & vascular cells along
pseudo-temporal trajectory (Fig. 5B). The result exhibited
a bifurcation at branch point 3, and shoot meristematic
cells, vascular parenchyma cells, and a sparse popula-
tion of mesophyll precursor cells distributed at early
pseudo-time. Density visualization confirmed that shoot
meristematic cells dominated early pseudo-time, vascular
parenchyma cells the mid-pseudo-time, and mesophyll
precursor cells & procambium cell the late pseudo-time,
with a sparse population of procambium cells persisting
in the early phases (Fig. 5C).

Gene expression patterns along the reconstructed
developmental trajectories revealed that the genes of
cluster 1 and 2, such as DWARF AND LOW-TILLER-
ING (DLT), LONELY GUY1(LOGI), DWTI, KN, STDI,

CENTROMERIC HISTONE3 (CENH3), DECREASE
IN DNA METHYLATIONIA (OsDDMla) [25, 42—46]
(Fig. 5D), were enriched in the early pseudo-time. The
GO terms of these genes were related to the regulation of
chromatin binding and cell cycle. In the late pseudo-time
of the trajectory where shoot meristematic cells transit-
ing to mesophyll precursor cells, genes in cluster 5 and 6
were associated with many GO terms related to precursor
metabolism and photosynthesis including Pt-gene-rpl20,
HYBRID PROLINE-ORGLYCINE-RICH PROTEIN21
(OsHyPRP21), RICE SQUAMOSA PROMOTER-BIND-
ING-LIKE7 (SPL?) [36, 53, 54]. These results implicated
chromatin-mediated epigenetics is associated with the
early stage of shoot meristematic cell fate transition, and
that the photosynthesis and metabolism pathways are the
potential regulatory factors in mesophyll precursor cells
specification.
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OsDWT1 was associated with callus founder cell fate
transition

Plant hormones—including auxin, ethylene, GA, abscisic
acid (ABA), and brassinosteroids (BR)—orchestrate cal-
lus differentiation [55, 56]. To identify key regulators of
rice callus cell differentiation, we analyzed the expression
patterns of phytohormone biosynthesis and responsive
genes of rice (Supplemental Table S2) across both cal-
lus cell types by UCell [20]. In embryonic callus, BR and

GA responsive genes showed specific expression in callus
founder cells (Fig. 6A). In differentiated callus, auxin syn-
thesis and ethylene responsive genes displayed specific
expression in shoot meristematic cells (Fig. 6B), implying
cell-type-specific phytohormone dynamics.

The broad developmental functions of WOX tran-
scription factors, which are implicated in embryogen-
esis, vegetative growth, reproductive development, and
seed production, are closely linked to phytohormone
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pathways in rice [30, 57-60]. As we have found that the
callus founder cell represented transcriptionally earli-
est state of embryonic callus, with OsDWTI potentially
regulating fate bifurcation—either toward procambium
differentiation or developmental arrest—we also note
that dwtl mutants exhibit reduced expression of the GA
synthase gene ENT-COPALYL DIPHOSPHATE SYN-
THASEI (OsCPSI) and elevated expression of the GA
deactivator GIBBERELLIN 2-OXIDASEI (OsGA20S1),
revealing OsDWT1's role in modulating rice stem elonga-
tion through GA signaling [60]. This observation raised
our suspicion that OsDWT1 may be associated with the
cell fate transition of callus founder cells. We therefore
analyzed the expression pattern of OsDWT1 in embry-
onic callus, and the result showed that OsDWTI was
specifically expressed in callus founder cells (Fig. 6C),
suggesting a functional role of OsDWT1I in these initial
cellular state cells of embryonic callus. Pseudo-tempo-
ral analysis further showed declining OsDWT1I expres-
sion during the transition of callus founder cells into
root meristem niche cells (Fig. 6D), which was synchro-
nized with decreased expression of GA-responsive genes
(Fig. 6E). Consistently, our bulk RNA-seq data indicate
that the gene expression of OsDWT1 was trended to be
suppressed in differentiated callus (Supplemental Table
S3). Considering that OsDWT1 is directly or indirectly
required for GA signaling to promote cell elongation in

rice [50], these results implied that OsDWT1 is associ-
ated with the callus founder cell fate transition.

In conclusion, we constructed a single-cell transcrip-
tome atlas of embryonic callus and differentiated callus,
and we identified the callus founder cell as the transcrip-
tionally earliest state that can transit to different cell types
in the rice callus. The regulators outlined herein consti-
tute a valuable resource for subsequent investigations.

Discussion

In this research, we generated a sing-cell transcriptome
atlas of embryonic callus and differentiated callus and
found that the callus founder cell represents the tran-
scriptionally earliest state of embryonic callus. Further-
more, regulatory factors analysis suggested that OsDWT1
was associated with the callus founder cell fate transition.
Histology is an effective tool for determining the cellular
composition and regenerative potential of different cal-
lus types derived from rice seed embryos [42, 61]. In this
study, we optimized a cryo-section method for poten-
tial spatial transcriptomic analysis and characterized
embryogenic and differentiated callus at the cellular level
to confirm their observed morphological features. Com-
pared with paraffin section, the cryo-section method
allows for faster and more convenient preservation of
the original morphological characteristics of callus cells.
Thus, the cryo-section approach developed in this study
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could be applied to analyze the cytological morphology
of callus in rice or other species, to illustrate the process
of callus differentiation and transformation, and it is not
limited to the two culture time points of callus examined
in this work.

Studies in the model plant Arabidopsis by the Mey-
erowitz lab have shown that callus resembles the root
apical meristem and that ectopic activation of the lateral
root developmental program is a common mechanism
underlying callus formation from various organs [48].
Research by Zhai et al. categorized Arabidopsis callus
into three layers—outer, middle, and inner—with the
middle layer exhibiting transcriptional features similar to
the quiescent center of the root tip and possessing organ
regeneration capacity [4]. In this study, cell type annota-
tion of rice callus based on previously reported marker
genes revealed that embryonic callus comprised puta-
tive root cap junction cells, callus founder cells, shoot
meristem niche cells, root meristem niche cells, root
epidermis cells, procambium cells. Differentiated cal-
lus exhibited mesophyll precursor cells, vascular paren-
chyma cells, shoot meristematic cells, vascular bunder
cells and epidemic cells, procambium and vascular cells,
proliferating cells. These differences may be related to the
distinct mechanisms of callus formation in Arabidopsis
(a dicot) and rice (a monocot). Additionally, it should be
noted that single-cell transcriptome sequencing enables
the identification of low-abundance yet critical marker
genes. In this study, trajectory analysis was employed to
investigate cell fate transitions, thereby providing sup-
portive evidence for the static classification of callus cell
types in a dynamic context. However, this annotation
approach for unknown cell types, which relies on known
marker genes, still carries inherent potential limitations.
Future studies employing techniques such as in situ
hybridization, microscopic imaging, flow sorting, and
spatial transcriptomics could further resolve callus cell
types, providing more substantial validation for the find-
ings of this study.

In rice tissue culture, scutellum-derived callus origi-
nates from the epidermal cells of the scutellum, a process
that may recruit embryonic developmental mechanisms
[15, 43]. In this study, the callus founder cell was induced
from rice seed embryos, which continuously divided to
form embryonic callus, during which OsWOX11 was spe-
cifically expressed in these cells. It has been reported that
WOX11 is also a callus found cell marker in Arabidopsis,
which regulates the cell fate transition [23] and is asso-
ciated with diverse roles in embryogenesis [62]. These
observations suggest suggested that the formation of cal-
lus founder cell observed in this study also involves the
recruitment of embryogenic processes, which is consis-
tent with previous findings [12, 13, 32, 51]. Although our
subpopulation analysis of callus founder cells suggests
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that Subcluster 5 may represent the progenitor subpopu-
lation giving rise to these cells (Fig. 3A-C), we cannot yet
definitively determine the cell type identity of Subcluster
5. Whether Subcluster 5 is entirely derived from scutel-
lum-originated cells or represents a novel, previously
unknown cell type in rice requires further investigation.
Rice seed germination begins with water imbibi-
tion and ends with the emergence of the plumule and
radicle. This process requires water, oxygen, a suitable
temperature, GA signaling, and the hydrolysis of starch
in the endosperm [63]. a-Amylase is a metal hydrolase
that requires calcium ions and cleaves a-maltose and
a-glucose at random sites along the starch chain [45].
During seed germination, a-amylase is resynthesized in
the presence of endogenous GA from the embryo and
is positively regulated by GA in the endosperm [25, 45].
RAmylIA is expressed in the aleurone layer and endo-
sperm, RAmy3A in the endosperm, and RAmy3E in the
aleurone layer [45, 64]. LTP regulates seed germination
by modulating lipid metabolism and transport [51, 65].
RAmy3D/E was the marker gene of callus founder cells
(Fig. 1E) and studies on the fate transition of these cells
into procambium cells indicate that the a-amylase genes
RAmy3A/B/C may provide energy for the maintenance of
callus founder cell cluster by mediating starch hydrolysis,
while the lipid transfer protein gene OsLTP1.15 may reg-
ulate lipid transport between transitional cells (Fig. 3D).
These findings suggest that the energy source for fate
transition in the rice embryonic callus founder cell is
analogous to that in the seed germination process.
Studies have shown that the ability of WOX genes to
broadly regulate growth and developmental processes
across different stages and organs in plants is closely
associated with the presence of phytohormone-respon-
sive elements in their genomic regions [57, 66]. During
rice stem internode development, OsDWTI regulates
its elongation via the GA pathway [60]. The results of
this study indicate that the core regulatory factors of the
callus founder cell include key genes such as the GA-
induced gene OsGAEI, a-amylase genes RAmy, and lipid
transfer protein gene LTP. These genes were enriched
during the early development of the callus founder cell
into root meristem niche. The expression of OsDWTI
was synchronized with that of GA-responsive genes dur-
ing the transition from callus founder cell into root meri-
stem niche (Fig. 6D), suggesting OsDWT1 regulated the
callus founder cell transition through GA pathway in rice.
Furthermore, the callus founder cell may possess abun-
dant lipid transport activities that regulate the growth of
newborn cells and may help regulate cell fate transitions
during callus initiation as LRPI-like cells in Arabidopsis
[3]. In maize, it was reported that GA signal transduction
mediated the embryonic callus formation [8]. Consider-
ing the expression of OsDWT1 was synchronized with
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that of GA-responsive genes during the callus founder
cell transited into root meristem niche (Fig. 6D), it is sus-
pected that OsDWT1 regulated the callus founder cell
transition through GA pathway in rice.

Lineage tracing is the only way to strictly define an cel-
lular origins. How new cells are produced from initial
cellular states has been demonstrated by elegant cell-
tracking experiments in the shoot and root meristem
[67-69], and recently, lineage tracing via DNA barcod-
ing and multiplexed fluorescence—successful in Arabi-
dopsis callus regeneration [70]. However, few reporter
lines are available for crops. In our study, we defined
the transcriptionally earliest states of embryonic callus
and differentiated callus based on the single cell tran-
scriptomic features, which provided prior knowledge of
cell-type—specific promoters and genetic manipulation
to generate reporter lines in order to verify whether rice
callus-derived tissues originate from a single stem cell
(the callus founder cell for embryonic callus; the shoot
meristematic cell for differentiated callus). Future studies
should perturb callus founder cell lineage-specific genes
(e.g., OsWOX11, OsDWTI, RAmy3A/B/C, RAmy3D/E)
to validate single-cell origins and differentiation trajecto-
ries. Given that WOX genes' broad developmental regu-
lation via phytohormone-responsive elements [57, 66],
our finding that OsDWT1 modulates callus-initiating cell
development through GA pathways provides insight for
future WOX regulatory studies.

Conclusions

Our results reveal that the callus founder cell represents
the transcriptionally earliest state of embryonic callus,
which could transit into root meristem niche. This pro-
cess is associated with starch degradation, lipid transport,
energy production and transfer, plant hormones, and
flavonoid metabolism, delineated by the single-cell tran-
scriptome atlas of rice embryonic callus. And the analy-
sis of plant hormones and WOX family gene OsDWT1I
across distinct cell populations suggested that GA signal-
ing and OsDWT1I are associated with the callus founder
cell fate transition.

Although not yet fully confirmed by sufficient genetic
evidences, the identification of the earliest cell state of
rice embryonic callus presented in this study is poten-
tially useful for improving rice genetic transformation
and gene editing efficiency of recalcitrant rice varieties
through the regulation of cell fate transition.
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bulk RNA-seq (scRNA-seq) of embryonic callus (C) and differentiated callus
(D). The line denotes the trend line.
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