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Single-cell multiome reveals root hair-specific responses to
salt stress
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¢ Soil salinization, exacerbated by environmental deterioration and improper cultivation, is a
major challenge for sustainable agriculture. The root is the primary organ in plants to perceive
and respond to salt stress.

o Utilizing single-cell sequencing, we have created the first single-cell transcriptional and
chromatin accessibility landscape for normal and salt-stressed root tips in non-heading Chi-
nese cabbage (NHCC). Our study reveals that salt stress disrupts the normal differentiation of
root hairs, leaving many in an undifferentiated state and preventing stress response gene
expression. Inter-species analyses show that both salt and osmotic stresses inhibit root hair dif-
ferentiation and elongation similarly, resulting in fewer, malfunctioning root hairs.

¢ We found that high salinity affects root hair iron transport. Salt stress-responsive genes, cell
type-specific transcriptional regulatory networks, and trajectory curves are linked to iron
transport. Specifically, the expression of BcIRT2, a metal transporter gene, is influenced by salt
stress. Silencing BcIRT2 causes chlorotic leaves and increases salt sensitivity, reducing iron
content in NHCC roots.

¢ Our findings offer significant insights into plant salt stress responses and provide valuable
information for breeding salt-tolerant NHCC and other crops.
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the main edible organs (Li ez 4/, 2020). However, NHCC culdi-

Introduction vation and production often face risks from high salinity. Gener-

Immobile plants are naturally exposed to diverse biotic and abio-
tic stresses that often exert deleterious influences on their growth
(Zhu, 2016; Zhang er al, 2022). Climate changes, along
with environmental pollution and irrational fertilization, have
increased saline-alkalization and reduced global cultivatable
lands. Saline-alkali soil impedes plant root growth and hinders
leaf photosynthesis, leading to severe wilting, yellowing, or even
mortality (Zhao ez al., 2020). Salt stress has emerged as one of
the most devastating abiotic factors and prominent constraints
that affect crop yield and quality in agriculture and horticulture
worldwide (Yang & Guo, 2018).

Non-heading Chinese cabbage (NHCC, Brassica campestris
(syn. Brassica rapa) ssp. chinensis) is an important leafy vegetable
widely grown in many countries and regions around the world.
NHCC produces sweet, juicy, and nutrient-rich leaves as
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ally, salt stress can cause delayed and uneven seed germination
(Ren ez al., 2020). High salinity can also lead to high osmosis in
the soil, which limits the absorption capacity and normal growth
of the root system, resulting in leaf yellowing, plant wilting, and
massive yield reduction (Wang ez al., 2022). However, few stu-
dies have examined the molecular mechanisms underlying salt
stress in NHCC.

Traditional high-throughput sequencing often fails to detect
the differences in gene expression among various cell types, disre-
garding the distinctive attributes of individual cells (Denyer
et al., 2019; Farmer et al,, 2021; Marand ez al., 2021; Zhang
et al., 2021; Mo & Jiao, 2022; Qu et al., 2022; Li et al., 2024).
Moreover, numerous pivotal genes that govern the development
of diverse cell types remain unidentified, and our understanding
of the transcriptional regulatory network (TRN) response to salt
stress in different cell types remains limited. Therefore, revealing
dynamic, cell type-specific TRNs in NHCC under salt stress not
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only offers insights into how NHCC responds to salt stress at the
single-cell level but also may contribute to developing new breed-
ing strategies to enhance salt tolerance in NHCC and other crops
(Shaw er al, 2021; Sun et al, 2022; Ding et al, 2023; Ma
et al., 2023; Zhang ez al., 2023).

Root systems play a crucial role in absorbing water and mineral
(Libault
et al., 2010). They are the primary frontiers for perceiving soil
salinity (Wong ez al., 2018; Wang ez al., 2020). In this study, we
produced the single-nucleus multi-omics profiles for NHCC root
tip cells under salt stress. We annotated the root cell types by
employing Stereo-seq and RNA 77 sizu hybridizations and charac-

nutrients for plant development and growth

terized the NHCC single-cell landscapes of gene transcription
and chromatin status. The single-cell gene regulatory networks
(GRNs) enabled us to identify multiple stress-related cell type-
specific regulators in NHCC roots. Moreover, cross-species
single-cell transcriptome analyses revealed some conserved func-
tions of root hair in responding to salt and osmotic stress.

Materials and Methods

Plant materials and growth conditions

For snRNA-seq and snATAC-seq, Non-heading Chinese cabbage
(NHCC, Brassica campestris (syn. Brassica rapa) ssp. chinensis)
plants were grown on %2 Murashige & Skoog (¥2MS) medium
for 6 d (16 h : 8h, 23°C, light : dark, 250 pmol m *s ' con-
trol group), and a subset of plants was transferred to 2MS med-
ium containing 150 mM NaCl for 12 h (stress group) (Wang
et al., 2022). Subsequently, 5-mm root tips of the control and
stress groups were collected for extraction of root cell nuclei.

Nucleus isolation

The nuclear isolation procedure was partially modified accord-
ing to the product information sheet of the CelLyticTM PN
Isolation/Extraction Kit (Sigma). The root tips were chopped
and added to precooled 1x NIBTA buffer (1x NIB, 1 mM
dithiothreitol, 1x ProtectRNA™ RNase inhibitor, 1x
cOmplete™, EDTA-free Protease Inhibitor Cocktail, and
0.3% Triton X-100). The mixture was shaken gently on ice
for 5 min, followed by passing the mixture through a 40-um
filter and collecting the flow into a new 15-ml tube. The fil-
trate was centrifuged at 1260 g for 10 min, the supernatant
was discarded, and the nuclei were resuspended in 4 ml 1x
NIBTA buffer. The nuclei resuspension was added to a new
15-ml tube containing 75% Percoll solution. After centrifuga-
tion at 650 g for 30 min, the nuclei were located in the 1x
NIBTA buffer and Percoll interface bands. Nuclei were gently
collected into new 15-ml tubes, 10 ml of 1x NIBTA buffer
was added, and centrifuged at 1260 g for 5 min. Finally,
nuclei were washed twice in 1x NIBTA buffer and resus-
pended in PBS containing 0.04% BSA to a final concentra-
tion of 2000 nuclei pl™' (for snRNA-seq), or in PBS
containing 1% BSA to a final concentration of 6000 nuclei

ul™! (for snATAC-seq).
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Single-nucleus RNA library construction

The snRNA-seq libraries were prepared as previously described
(Liu er al, 2019) with DNBelab C Series High-throughput
Single-Cell RNA Library Preparation Kit (940-000047-00;
MGI, Qingdao, China). Individual nuclei were co-encapsulated
with barcoded beads into droplets. These barcodes specifically
labeled the poly-A-tailed RNA released from the nuclei, provid-
ing a crucial basis for the subsequent precise identification of
individual nuclei. Subsequently, the droplets were subjected to
emulsion breaking to release their contents, followed by the col-
lection of the barcoded beads. Next, reverse transcription was
performed to convert the poly-A-tailed RNA into cDNA, which
was then amplified to generate a sufficient quantity of barcoded
libraries for sequencing analysis. The resulting libraries were
sequenced using MGI 2000 and DNBSEQ T7. The read length
was as follows: Read 1 was 30 bp, including 10 bp cell barcode
1, 10 bp cell barcode 2, and 10 bp unique molecular identifiers
(UMI); Read 2 was 100 bp for transcript and 10 bp for sample
index.

Single-nucleus ATAC library construction

The snATAC-seq libraries were prepared as previously described
(Lei et al, 2022) with DNBelab C Series Single-Cell ATAC
Library Prep Set (1000021878; MGI). First, the nuclei were
transposed using the Tn5 transposase. After transposition, dro-
plet encapsulation was performed to isolate individual nuclei
along with barcoded beads. Pre-amplification was then carried
out to enrich the DNA fragments from the open chromatin
regions that had been tagged by transposition. This was followed
by emulsion breaking to release the beads, and the captured beads
were collected. Finally, DNA amplification and purification were
performed to generate the single-nucleus ATAC library, which
was ready for sequencing. The resulting libraries were sequenced
using MGI 2000 and DNBSEQ T7. The read length was as fol-
lows: Read 1 was 70 bp, including 10 bp for cell barcode 1,
10 bp for cell barcode 2, and 50 bp for open chromatin; Read 2
was 50 bp for open chromatin and 10 bp for sample indexing.

Spatial transcriptomics library construction

Stereo-seq uses standard DNA nanoball sequencing chips, with
spots ¢. 220 nm in diameter and a center-to-center distance of
500 nm (Martin & Wang, 2011; Bawa ez al., 2024). Stereo-seq
data of NHCC root tips allows us to explore cell subtypes and
their specific gene profiles in detail. Stereo-seq (Chen
et al., 2022) was used to construct spatial transcriptomics
libraries. The root tip (control group) was embedded in OCT
and sectioned into 10-pum slices. These slices were then adhered
to Stereo-seq chips. The chips containing tissue sections were
incubated at 37°C for 3 min. Methanol fixation, permeabiliza-
tion, reverse transcription, tissue removal, cDNA release, and
library preparation were next performed using previously
described methods (Xia et 4/, 2022). Finally, DIPSEQ T10 was
used for sequencing.
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Histochemical staining

The 6-d-old root tips (5 mm) of NHCC culturing in normal
conditions were excised and fixed in a solution containing 3.7%
formaldehyde, 5% acetic acid, and 50% ethanol. The fixed tissue
was then dehydrated using an ethanol series. Subsequently, the
samples were embedded in paraffin, sectioned into slices with a
thickness of 8 mm, and mounted onto microscope slides (Fisher
Scientific, Waltham, MA, USA). After deparaffinization and
hydration to distilled water, the sections were immersed in the
spirit blue solution (with 0.01% spirit blue) for 60 s before being
rinsed with distilled water. After coloration, rapid dehydration
through an ethanol series was performed. Finally, the samples
were observed under a light microscope (Leica DM6 B, Wetzlar,
Hesse (Hessen), Germany).

Perls staining was performed as reported previously to measure
the iron content in NHCC root hairs and leaves (Roschzttardtz
et al., 2009; Vargas & Roschzttardtz, 2023). For the leaves, we
first performed Prussian blue staining; after this step, DAB
(Diaminobenzidine) intensification was used to visualize easily.

RNA in situ hybridization

The specific regions of marker genes were cloned into the
pGEM-TEasy (Promega) vector, followed by iz vitro transcrip-
tion and labeling using the Digoxigenin RNA labeling kit
(Roche). The hybridization and immunological detection proce-
dures were conducted as previously described (Zhao ez al., 2009;
Liang et al., 2015), while microscopy was performed in bright-
field mode utilizing Leica DM6 B. The primers used in these
analyses are detailed in Supporting Information Table S1.

Virus-induced gene silencing

BcIRT?2 was silenced via virus-induced gene silencing (VIGS) in
NHCC plants as previously described (Yu ez 4/, 2018).

The 40-bp interfering fragment (5'-CTGATCCACAAC
TTCTACGGTACCGTGTCATTGCTATGGTACCATAGC
AATGACACGGTACCGTAGAAGTTGTGGATCAG-3") and
its antisense sequence of BeLRT2 was cloned into the pTY vector to
produce pTY/BcLRT2. pTY/BCLRT2 plasmid DNA was bom-
barded onto young leaves of NHCC Xiangqingcai’ seedlings using
a Biolistic PDS-1000/He (Bio-Rad). The empty pTY vector was
used as a control. At 10 d post bombardment, new leaves and roots
were collected, and Bc/RT2 expression was examined using
RT-qPCR (real-time quantitative polymerase chain reaction).

Real-time quantitative PCR

Seedlings transformed by gene gun culturing in normal condi-
tions were collected for total RNA extraction. Total RNA was
extracted by using an RNeasy Plant Mini Kit (Qiagen). Then,
these samples were analyzed by RT-qPCR using SYBR Green
Supermix (TOYOBO) on an Applied Biosystems 7500 Fast
Real-Time PCR system. The primers used in these analyses are

detailed in Table S2.
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snRNA-seq data preprocessing

C4 DNBelab_C_Series. HT_scRNA-analysis-software  (v.2.0)
(Liu et al., 2019) was utilized for the processing of raw files. This
encompassed various tasks such as decomposing Fastq files,
extracting barcodes, counting UMIs, filtering, and aligning reads
to both the Brassica reference genome (CAAS_Brap_v.3.01;
Zhang et al., 2018) and its mitochondrial genome. The result
was the creation of a matrix sample that encompassed normalized
gene counts and nucleus numbers. Following this, the obtained
matrix sample underwent quality control and downstream analy-
sis in the R package SEURAT (v.4.3) (Hao ez al, 2021). Default
parameters were applied unless stated otherwise. Notably, cell fil-
tering in this study was based on the criterion of gene counts sur-
passing the mean £ 2 times the SD. This led to the exclusion of
unpaired doublets, apoptotic nuclei, other unpaired or
low-quality nuclei, and potential multiple captures. In the phase
of filtering low-quality single cells, those with a gene count
<200 or UMI < 5500 were excluded. Ultimately, the down-
stream analysis comprised 30 771 nuclei, with a minimum gene
count of 1192.

SsnATAC-seq data preprocessing

The raw reads underwent processing using Pisa (v.0.7) (Shi
et al., 2022) and were subsequently aligned to the genome refer-
ence (CAAS_Brap_v.3.01; Zhang er al, 2018) using Bwa
(v.0.7.17-r1188) (Li & Durbin, 2010) to generate BAM files.
Subsequently, bap2 was employed to generate fragment files for
each snATAC-seq library (Lareau et al., 2019). Only the sequen-
cing reads aligned to the nuclear genome were retained for
further analysis. We used p2c (v.1.3.8) to assign sequencing bar-
codes for cell barcoding. Based on the alignment results for each
nucleus, peak calling was performed using Macs2 (v.2.2.7.1) with
the parameters -B -q 0.001 —nomodel’ (Zhang ez al., 2008). Sub-
sequent analysis utilized the ARCHR (v.1.0.1) package (Granja
et al., 2021). Only nuclei meeting the following criteria were
retained for further analysis: transcription start site enrichment
score of at least 1.2, unique nuclear fragment counts between
2000 and 50 000, and a fraction of reads in peaks (FRiP) > 0.2.

Cell clustering and annotation for snRNA-seq data

The downstream analysis of snRNA-seq data predominantly
relied on the SEURAT software package, as mentioned earlier
(v.4.2) (Hao ez al., 2021). Initially, to address batch effects, cano-
nical correlation analysis (CCA) was employed to evaluate the
correlation among single-cell data from diverse samples (Zhang
et al., 2019). This involved three functions from the Seurat pack-
age (SelectIntegrationFeatures, FindIntegrationAnchors, and
IntegrateData), with default parameters facilitating the integra-
tion of datasets from distinct samples. Subsequently, the ‘Nor-
malizeData’ function was applied, utilizing the LogNormalize
method with a scaling factor of 10 000, and the loglp function
for standardizing the quality-controlled data. Following the iden-
tification of variable genes via the ‘FindVariableGenes™ function

© 2025 The Author(s).
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(using the vst method and selecting the top 2000 features), the
data underwent scaling using the ScaleData function. Principal
component analysis (PCA) was executed using the ‘RunPCA’
function in Seurat, selecting 30 principal components, while
graph-based clustering utilized the ‘FindClusters’ function,
employing the Leiden algorithm (Traag ez al., 2019) with a reso-
lution of 0.4. Finally, the data were visualized through the appli-
cation of the nonlinear dimensionality reduction algorithm
(RunUMAP function). Additionally, we manually annotated the
18 clusters obtained using known cell type-specific marker genes
and differentially expressed genes (DEGs).

Quiality control of Stereo-seq data

The expression data of NHCC root tip was extracted from the
complete Stereo-seq (Chen ez 4/, 2022) dataset and was trans-
formed into bin 30 Stereo-seq data (corresponding to cell-sized
pseudo-spots measuring 15 pum square). The quality control pro-
cess was conducted using the Scanpy-1.9.1 package within
PYTHON (v.3.9.15) software (Wolf et al., 2018). To eliminate cells
of low quality, we analyzed the distribution of expression levels
and gene counts in each bin. We found that the distribution of
total UMI count and total gene count per cell of Stereo-seq data
showed a unimodal distribution, and therefore, we did not filter
out the cells in bin 30. Moreover, cells containing a high propor-
tion (> 5%) of mitochondrial genes were also removed due to
their low quality. After filtering, the remaining 786 single cells
with 16 028 genes were included in downstream analyses.

Clustering and DEG analysis of Stereo-seq data

Clustering analysis and the identification of DEGs were con-
ducted on the NHCC root tip Stereo-seq dataset using the
Scanpy package in Python. Initially, we normalized the total
count in the data matrix to 10 000 reads per cell, making counts
comparable across cells. Afterward, the dimensionality of the data
was reduced through PCA, revealing the main sources of varia-
tion and improving data denoising. Subsequently, we generated
the neighborhood graph of cells using the top 30 principal com-
ponents and embedded it in two dimensions using uniform
manifold approximation and projection (UMAP). The Leiden
graph-clustering effectively grouped cells based on their neigh-
borhood relationships within the graph (Traag er al, 2019).
Furthermore, a ranking of DEGs within each cluster was com-
puted using the #test. The default parameters were employed for
the #test, and the default parameters were used (2 < 0.05).

Correlation analysis between snRNA-seq and snATAC-seq

The integration of snRNA-Seq and snATAC-Seq data was con-
ducted using the SEURAT package (v.4.3). In this step, snRNA-
Seq data served as the reference dataset, and a classifier was
trained to automatically assign cell types to each snATAC-Seq
cell. Initially, to pinpoint anchors between snRNA-Seq and
snATAC-Seq experimental data, the ‘GeneActivity’ function in
the ARCHR package was employed (Granja er al, 2021). This

© 2025 The Author(s).
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function quantifies ATAC-seq counts in the 2 kb upstream
region and within the gene body, generating a transcriptional
activity score for each gene. The gene activity scores from
snATAC-seq data, along with quantified gene expression from
snRNA-seq, were employed as inputs for correlation analysis.
This facilitated the quantification of all genes identified as highly
variable in the snRNA-seq dataset. Following the identification
of anchor points, annotation from the snRNA-seq dataset was
transferred to snATAC-seq cells using the ‘TransferData’ func-
tion and ‘AddMetaData’ function. The annotations were stored
in seurat_annotations and served as input for the refdata para-
meter. This process yielded predictions and confidence scores for
each ATAC-seq cell. Additionally, the uncertainty associated with
predicted annotations was quantified using ‘prediction.score.-
max’. Cells correctly annotated typically exhibited a high predic-
tion score (> 90%), while cells with incorrect annotations had
lower prediction scores.

To evaluate the correspondence between snRNA-seq and
snATAC-seq annotations, we calculated the Jaccard index for
each pair of cell types identified in both datasets. First, cell types
were annotated based on clustering results from the RNA-seq
data and transferred to the ATAC-seq data using label transfer
algorithms. For each pair of RNA-seq and ATAC-seq cell types,
we defined the Jaccard index as the size of the intersection divided
by the size of the union of the annotated cells. This index quanti-
fies the overlap between the two datasets, where an index of 1
indicates perfect correspondence and an index of 0 indicates no
overlap.

Identification of DEGs

We utilized the ‘FindAllMarkers’ function in Seurat, implement-
ing the Wilcoxon rank-sum test and employing Bonferroni cor-
rection to adjust P-values for multiple testing. This function was
instrumental in computing cluster-enriched genes by comparing
each cluster to the union of all other clusters. A threshold was set
for differences between the two cell groups, ensuring a minimum
fold change of 1.3 (log, (fold change threshold) = 0.25), and sta-
tistical significance was established at an adjusted P-value < 0.05.
This approach allowed us to discern genes that were specifically
enriched within individual clusters, shedding light on distinctive
molecular characteristics associated with each cell group.

For stress-related differentially expressed genes identification,
we use the method in Seurat followed by a Wilcoxon rank-sum
test. The criteria for identifying differentially expressed genes
were |log, fold change| > 0.25 and adjusted P-value < 0.05.

Enrichment analysis

We performed comprehensive Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses
on the differentially expressed genes to uncover their potential
functional enrichments and biological signal transductions. The
GO analysis spanned biological process, cellular component, and
molecular function categories, while the KEGG pathway analysis
covered metabolism, environmental information processing,
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organismal systems, genetic information processing, and cellular
processes. These analyses were executed using the ‘clusterProfiler’
package in R. Terms with adjusted P-value below 0.05 were
recognized as significantly enriched, providing valuable insights
into the biological processes and pathways associated with the
identified genes.

Pseudo-time analysis

The Arabidopsis root hair single-cell data used in this study were
generated from our previous work (Liu er al, 2024). We con-
ducted an analysis of the differentiation trajectory in root cells
using the R package MoNoOCLE2 (v.2.0) (Qiu et al, 2017). Initi-
ally, the raw counts were converted into the CellDataSet format
through the importCDS function (object, import_all = FALSE).
Following this, the ‘estimateSizeFactors’” and estimateDispersions
functions were applied to pre-calculate critical parameters asso-
ciated with the data. The ‘differenceGeneTest’ function was sub-
sequently employed to identify potential ordering genes
(qval < le-4), supplying essential information for arranging cells
along the pseudo-time trajectory. Differentially expressed genes
specifically marked for ordering were then pinpointed using the
‘setOrderingFilter’ function. A dimensionality reduction cluster-
ing analysis was carried out using the ‘reduceDimension’ func-
tion (max_components = 2, reduction_method = ‘DDRTree’),
and trajectory inference was conducted with default parameters
utilizing the ‘orderCells’ function. This comprehensive approach
allowed for a detailed exploration of the differentiation dynamics
within the root cell population. The R package CLUSTERGVIS was
used for visualization of these genes’ expression.

TRN analysis

The pySCENIC tool (v.0.11.2) played a pivotal role in our tran-
scription factor (TF) analysis (Kumar ez af, 2021). This sophisti-
cated software was harnessed to infer TFs within single-cell
transcriptomic data, delineate their target genes, and construct
comprehensive regulatory networks. This not only allowed for an
intuitive exploration of gene expression regulatory relationships
but also facilitated the identification of distinct cellular states. The
initial step involved the conversion of the fully processed Seurat
object, complete with cell type annotations, into a loom file. Sub-
sequently, this loom file served as the input for the SCENIC work-
flow (Aibar er al, 2017). Through the application of Gene
Regulatory Network Boosting (GRNBoost) analysis, we discerned
potential target genes for each TF, culminating in the formation of
a co-expression network. Following this, ReisTarget was employed
to conduct cisregulatory motif analysis for each co-expression
module. This meticulous process enabled the retention of direct
targets with accurately enriched upstream regulators. In the subse-
quent phase, AUCell was enlisted to score the target genes of regu-
latory factors, effectively calculating the activity of regulatory
elements. This scoring system, in turn, facilitated the classification
of cells based on their regulatory activity, providing a nuanced
understanding of cellular dynamics. The R package SCPLANT was
used for visualization of TF-related gene expression.
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Results

Combined snRNA-seq, snATAC-seq, and Stereo-seq
generate a single-cell transcriptome atlas of the NHCC root

We conducted both snRNA-seq and snATAC-seq on nuclei iso-
lated from 5-mm root tips under 150 mM NaCl salt stress for
12 h (salt stress) and normal growth conditions (control)
(Fig. 1a), respectively; two biological replicates (seedings cultured
in two independent experiments) were performed for each sam-
ple. Following quality control filtering, 30 771 nuclei were iden-
tified, with an average of 3163 genes detected per nucleus for
snRNA-seq (Table S3). In addition, a total of 24 671 nuclei were
retained for snATAC-seq, yielding an average of 9431 fragments
per nucleus. We performed UMAP on snRNA-seq data and
identified eight distinct cell types (Fig. 1b—d). Our single-cell
transcriptome data showed high concordance between biological
and technical replicates (Fig. S1a,b). While root cell type marker
genes of Brassica are largely unknown, NHCC exhibits high
homology with Arabidopsis thaliana within the cruciferous
family. Consequently, we utilized well-studied marker genes
from A. thaliana to annotate NHCC data in our initial analysis
(Sun er al., 2022) (Figs le, S2; Table S4). We found that more
than 20 orthologs of known marker genes for diverse Arabidopsis
cell types showed cell type-specific expression patterns in NHCC.
These cell types, including root hair, endodermis, epidermis,
dividing cells, stele, and root cap, were annotated using ortholo-
gous markers. On the other hand, the development of some cell
types in root tips differed between Arabidopsis and NHCC. For
instance, 3—4 layers of cortex cells were developed in NHCC
(Fig. S3), whereas only one layer formed in Arabidopsis (Zhang
et al., 2019; Shahan ez al., 2022). We found that the orthologs of
known marker genes for the cortex of Arabidopsis did not possess
cell type-specific expression in NHCC (Wendrich ez al., 20205
Farmer ez al., 2021; Shahan ez al., 2022) (Fig. S4). Consequently,
cell types such as the cortex and initial in the NHCC root tips,
could not be annotated using Arabidopsis orthologous genes.

To address this and verify the accuracy of homologous gene
annotation, we used Stereo-seq to capture the spatial expression
of genes in NHCC root tips grown under normal conditions
(Fig. S5). We classified the Stereo-seq data into five clusters based
on their spatial information and histological features, including
epidermis, cortex, stele, and inidal (Fig. 1f), and identified
potential marker genes. For example, we uncovered that
LOC103858637 was specifically expressed in the cortex and a
small number of initial cells, LOC103858639 was specifically
expressed in cortex cells, while LOC103249170 and
LOC103860386 were specific to stele cells (Fig. 1g). We then
mapped the cell-specific marker genes identified in the Stereo-seq
onto the single-cell data and clustered genes in association with
the cell-specific marker genes (Fig. 1h). In addition, we per-
formed RNA in situ hybridization to validate the expression of
cluster-specific marker genes in root tips (Fig. S6). We defined
novel cell type-specific marker genes, constructed an anatomical
diagram illustrating the annotated cell clusters and their respec-
tive spatial distributions within the root, and successfully

© 2025 The Author(s).
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generated the first single-cell transcriptome atlas encompassing
all major cell types in NHCC root tips (Fig. 1i).

Cell type-specific responses to salt stress in NHCC

Using the transcriptome atlases created from normal vs salt-
stressed NHCC root tips, we analyzed DEGs across eight cell
types (Fig. 2a,b). We observed variations in the number of DEGs
among different cell types; for example, compared to other cell
types, the cortex, root hair, stele, and endodermis contained more
cell-specific DEGs in both the up-regulated and downregulated
DEGs (Fig. 2a,b). Notably, most of the DEGs were cell-specific,
indicating that different cell types had unique responses to salt
stress. These results suggested the importance of conducting tran-
scriptomic analysis at single-cell levels. To provide insights into
the molecular functions in each cell type, we performed GO
enrichment analysis of the stress up-regulated genes in each clus-
ter (Fig. 2¢; Table S5). We observed that genes associated with
response to toxic substances and wounding were enriched in the
endodermis, epidermis, and root cap, suggesting that these cell
types could respond and adapt to salt stress more rapidly. Addi-
tionally, we observed significant enrichments of ‘ribosome-
related’ terms in the cortex, root hair, and stele. Ribosomes are
the cellular machinery for protein synthesis, and the upregulation
of ribosome-related genes suggested that the general protein
translation capacity was enhanced in these cells under salt stress
(Fig. 2¢). Under salt stress, the expression of genes related to root
development was inhibited in initial cells, genes associated with
responses to abiotic and environmental stimuli were reduced in
root hair, and genes related to catabolic process were downregu-
lated in cortex, stele, and endodermis cells (Fig. 2d).

To explore the value of our snRNA-seq data in uncovering
specific salt stress response mechanisms, we analyzed the cell
type-specific expression changes for genes known to be asso-
ciated with salt stress. Abscisic acid (ABA) functions as a vital
stress-responsive hormone, playing an indispensable role in salt
stress defense (Yu er al, 2020). To address these, we generated
expression plots for ABA biosynthetic and transport genes
(Fig. 2e; Table S6). Stele played a central role in plant hormone
signaling (Ramachandran ez af, 2021; Waadt er al, 2022).
Consistent with this, we discovered that ZEP, AA03, ABCG25,
NCED5, NCED3, ABI3, and ABA3 were especially expressed in
the stele (Fig. 2¢), and most of these genes were induced by salt
stress. Similar to ABA, salt stress can induce ethylene accumula-
tion in plants (Zhang ez al, 2016; Yu et al., 2020). Accordingly,
ethylene biosynthesis genes were specifically expressed in the
cortex, root cap, stele, and endodermis. For instance, salt stress
activated the expression of ACS6, ACS2, ACO4, and ACOS5 in
the stele. However, their expression in the root cap, cortex, and
endodermis was inhibited by salt stress. Salicylic acid (SA) pro-
motes photosynthesis in plants under salt stress and also plays
an important role in plant salt tolerance (Ahanger er al, 2019;
Filgueiras er al, 2019). There was no significant cell type-
specific expression of genes involved in SA biosynthesis, and
these genes had different expression patterns before and after
salt stress (Fig. 2¢). These results indicated that phytohormones,
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such as ABA, had spatiotemporal specificity in regulating plant
responses to salt stress.

Given that the different cell types under salt stress had differ-
ent response patterns (Dinneny et al, 2008; Geng et al., 2013)
(Fig. 2¢,d), we collected homologs of salt stress-related genes that
have been well-studied in Arabidopsis and investigated their
expression patterns across different cell types (Fig. 2f; Table S7).
There had been several genome duplication and loss events dur-
ing the evolution of Brassica rapa (Cai et al., 2021), so we exam-
ined the expression of more than one homolog. Notably, these
genes were cell type specifically induced in the stress group. Sev-
eral of these genes, including WRKY46, MAPKKK18, OSCAI.3,
and ABI2, were predominantly induced in the root cap after salt
stress. Previous studies showed that high expression of HARDY
improves salt stress tolerance in rice and Arabidopsis (Karaba
et al., 2007). In our study, the expression levels of the two homo-
logs of HARDY were induced in different NHCC cell types.
HARDY-1 was highly induced in initial cells after salt stress;
HARDY-2 had a higher expression in root cap and stele cells and
was further induced in root cap but suppressed in stele. Plants
used calcium-dependent protein kinases of the salt overly
sensitive (SOS) pathway to mediate salt stress signaling and
sodium tolerance (Zhu, 2016). Our single-cell data indicated that
SOS1 was specifically expressed in the cortex, with no significant
change in expression level before and after stress (Fig. 2f). AFP4/
TMAC2, an important negative regulator of ABA and salt stress
response (Huang & Wu, 2007), was expressed in dividing cells,
as well as in cortex, root hair, and stele cells of NHCC; its expres-
sion was repressed under salt stress.

Salt stress shifted the physiological state of root hair

Salt stress could induce widespread responses in gene expression,
metabolism, and physiological traits in plants. Indeed, we
observed that salt stress exerted a significant impact on the pro-
portion of various cell types in the root tip, and the number of
root hair cells dramatically decreased under salt stress (Figs 3a,
S7a; Table S8). In the root tip, both the length and the density of
root hairs were significantly inhibited by salt stress (Figs 3b,
S7b—c), consistent with the decrement of root hair cells in single-
nucleus transcriptomic sequencing data (Figs 3a, S7a). Moreover,
root hair density and length were reduced in the maturation zone
under salt stress, while root hair density and length were
increased in the meristem under salt stress (Fig. S7d,e). Root
hairs are specialized structures that develop from the outermost
epidermal layer, and salt treatment can alter the spatial distribu-
tion of hairless cells (N cells) and hairy cells (H cells) in Arabidop-
sis (Wang ez al., 2008). In the root tips of NHCC, the outermost
epidermal layer consisted of two hairless cells (adjacent to one
cortex; red arrow) and one hairy cell (adjacent to two cortex;
black arrow) arranged alternately, similar to Arabidopsis. After
12 h of treatment with 150 mM NaCl, the spatial arrangement
of hairless and hairy cells did not change significantly (Fig. S71),
which differed from Arabidopsis (Wang et al., 2008). Addition-
ally, most hairy cells did not develop significant bulges in the
stress group (Fig. S71).
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Fig. 3 Salt stress shifts the physiological state of non-heading Chinese cabbage (NHCC) root hair. (a) Cell type proportion in control and salt stress groups.
(b) The numbers of root hair cells in 5 mm root tip of control (left) and stress (right) groups respectively. Error bars, mean =+ SD, n = 30. (c—e) Pseudo-
time trajectory analysis of epidermis and root hair. Cells were colored by cell types (c), pseudo-time (d), and culture conditions (e). (f) Proportional
distribution of NHCC control and stress samples in Branch 1 and Branch 2 pseudo-time trajectory, respectively. The proportions were normalized against
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The branch point in the middle indicates the beginning of the pseudo-time. The five gene clusters determined by expression patterns were shown on the
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Given that salt stress had a significant effect on root hair phe-
notypes and response-related genes were significantly reduced in
root hair (Fig. 2¢,d), we speculated that the physiological states
of root hair cells were rewired, from a normal developmental state
to a stress-induced state under salt stress. To examine such specu-
lation, we tried to reconstruct the developmental trajectory of
root hair cells under normal and salt-stressed conditions. We also
performed pseudo-time analysis in each of the identified cell
types and found a similar pseudo-time trajectory among cells
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from both the control and stress groups (Fig. S8). Thus, we high-
light the root hair cell state rewiring under salt stress and perform
a more detailed analysis. Considering root hair develops from
specialized epidermis cells, we included epidermis cells in the
pseudo-time analysis to reconstruct root hair development
(Figs 3c—e, S9). According to the pseudo-time trajectory, the epi-
dermis was located at the beginning of the trajectory and devel-
oped and differentiated into initial root hair along the trajectory.
After the bifurcation point, the trajectory gradually diverted into
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two branches: Branch 1 and Branch 2, representing two different
physiological states of root hairs, respectively (Fig. 3c—¢).

The stress group contained a higher number of epidermal cells
and fewer initial root hairs in the pre-branch (Fig. 3¢), leading us
to hypothesize that salt stress may have inhibited the transition
from epidermis to root hair, which led to the reduction of root
hair. To verify our hypothesis, we reconstructed the developmen-
tal trajectory of the epidermis (Fig. S10a,b) and analyzed the cell
proportions of the control and stress groups at various stages
along the pseudo-time trajectory. The proportion of epidermis in
the stress group gradually decreased along the pseudo-time devel-
opmental trajectory (Fig. S10c). The root hair development pro-
cess is known to involve four stages: cell fate determination,
initiation, elongation, and maturation (Gilroy & Jones, 2000).
Since the fate determination and initiation of root hairs were
related to the development of the epidermis, we examined the
expression of key genes regulating epidermis—root hair develop-
ment at the single-cell level and found that genes associated with
fate determination such as GL2 (Masucci et al., 1996), EGL3
(Bernhardt ez al., 2003) and MYB66/ WEREWOLF (Gilroy &
Jones, 2000) were highly expressed in the early and middle stages
of the trajectory (Fig. S10d), with no significant changes before
and after salt stress(Fig. S10e—g). However, root hair initiation
genes including RHDG (Jin er al, 2023) and RSLI (Feng
et al., 2017) were specifically expressed in the late stage of the tra-
jectory (Fig. $10d) and inhibited by salt stress (Fig. S10h,i).
Thus, salt stress affected the process of root hair initiation, lead-
ing to a reduction in root hair numbers in NHCC.

In addition, cells from the control and salt stress groups were
unequally distributed along the two branches. We divided
Branch 1 and Branch 2 into four stages along pseudo-time order
and calculated the proportion of control and stress root hairs in
each stage. In Branch 1, the proportion of root hairs under stress
conditions was ¢. 25% in the early stage and gradually decreased
in the late stages; in Branch 2, this ratio gradually increased and
reached 25% in the later stage, suggesting dramatic but heteroge-
neous rewiring of the root hair transcriptome under salt stress
(Figs 3f, S11).

To uncover key genes and pathways that might mediate the
state transition of root hair cells, we identified 7607 DEGs
across the pseudo-time order. These genes fell into five clusters
with distinct gene expression patterns, representing a transcrip-
tional rewiring program during root hair development (Fig. 3g;
Table S§9). Genes in Cluster 3 were preferentially expressed in
the pre-branch, which consists of epidermal cells. These genes
were enriched in GO terms related to cytoplasmic translation.
Subsequently, genes in Cluster 4 were highly expressed in
Branch 1 and the end of Branch 2, accompanied by the enrich-
ment of genes associated with root hair differentiation (e.g.
RHS11, COBLY) (Li et al, 2022) (Figs 3g, S12; Table S9).
These results indicated that cells at the end of Branch 2 were in
the stage of root hair differentation, while cells at the end of
Branch 1 were mature cells at the terminal of differentiation.
At the end of Branch 1, which contained fewer root hairs in
the stress group, genes related to cellular oxidant detoxification,
response to wounding, and nitrate transport (e.g. MPK3,
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AZF3, CEKI; Table S9) were induced (Cluster 1 and Cluster
2). Pseudo-time trajectory reconstruction revealed that there
were two physiological states of root hairs with distinct gene
expression profiles related to mature (Branch 1) and differen-
tiating (Branch 2) root hairs (Fig. 3g). Taken together, these
results suggested that the normal cellular differentiation pro-
gram was altered under salt stress, with a substantial fraction of
root hair cells stacked in an undifferentiated state, preventing
the expression of stress-responsive genes.

Evolutionarily conserved root hair gene expression
reprogramming in root hair under abiotic stress

To further dissect gene expression changes in root hair under salt
stress, we identified primary root hair using pseudo-time results
of epidermis and root hair cells and defined the primary root hair
as the initiation point of the starting position in the pseudo-time
trajectory (Fig. S13a). Pseudo-time trajectory reconstruction
showed that root hair cells from the stress group were mainly dis-
tributed in the beginning and middle segments of the trajectory,
while root hair in the control group was distributed evenly across
the whole trajectory (Fig. 4a—c). Subsequently, we divided the
developmental trajectory into four stages along pseudo-time
order and calculated the proportion of each group in each stage.
The proportion of root hairs in the stress group was very high in
the early stages of development, ¢. 50%, and gradually decreased
in the middle and late stages (Fig. 4d). The phenotypic results
showed that the stress group had fewer and shorter root hairs.
The epidermis pseudo-time trajectory indicated that salt stress
inhibited the initiation of root hairs. Subsequently, we focused
on the impact of salt stress on root hair elongation, the post-
initiation stage of root hair development. We examined the
expression of important bHLH TFs (Yi ez al, 2010; Datta
et al., 2015) involved in root hair elongation along the root hair
pseudo-time trajectory. Interestingly, these genes were expressed
in the middle segment of the trajectory (Fig. S14a) and sup-
pressed by salt stress (Fig. S14b—e). These results confirmed that
salt stress locked the root hair cells in an immature state by inhi-
biting their elongation in NHCC.

Our findings that salt stress could shape the physiological states
of root hair prompted us to investigate the conservation of such a
phenomenon under abiotic stress. To investigate the dynamic
expression of conserved genes in root hair under different stres-
sors across species, we compared our NHCC data to snRNA-seq
datasets from Arabidopsis root tips cultured under normal and
osmotic stress conditions (Liu et 4/, 2024). To ensure the relia-
bility of our cross-species analysis, we used the same parameter
set in pseudo-time analysis in Arabidopsis and NHCC data. We
delineated the developmental trajectory of root hairs in Arabidop-
sis, and the epidermis was defined as the initiation point of the
starting position in the pseudo-time trajectory (Fig. S13b). Near
the initiation point, the osmotic stress and control groups
diverged along the same trajectory, forming two branches at
bifurcation point 1: Branch 1 and Branch 2 (Fig. 4e—g). Osmotic
stress did not affect Branch 1 cells but inhibited the development
of Branch 2 cells (Fig. S15). The proportional distribution of
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expression patterns were shown on the two sides, and the common Gene Ontology terms of the two species in each gene cluster were shown in the
middle. The color bar indicates the relative expression level. The arrow at the top indicates the direction of the pseudo-time. The annotated orthologs of
representative cluster-dependent genes were shown on the two sides of the branch heatmaps.

control and osmotic stress groups at each pseudo-time point was
similar to NHCC results (Fig. 4d,h).

To further determine the evolutionary conservation of root
hair gene expression changes under abiotic stress, we investigated
cross-species co-expressed orthologous genes that exhibited
pseudo-time-dependent changes and performed functional

New Phytologist (2025) 246: 2634-2651
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enrichment analysis for each expression pattern (Fig. 4i;
Table S10). Enrichment analysis of these genes suggested that cell
growth, glycoprotein metabolic processes, and carbohydrate bio-
synthetic processes were highly expressed in both Arabidopsis and
NHCC cells at the beginning of the curve and were mainly
enriched in primary root hair cells. Cluster 2 genes were induced

© 2025 The Author(s).
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in cells in the middle of the trajectory curve and were involved in
cell maturation and trichoblast maturation. Interestingly, the
proportion of stress-related cells gradually decreased in the mid-
dle stage (Fig. 4d,h), suggesting that the converged impact of dif-
ferent stressors on crucifer root hairs was to inhibit the transition
of root hairs from differentiating to mature states.

Cells located at the end of the curves were mature root hairs,
genes related to response to jasmonic acid, and response to
wounding (Cluster 3, such as PP2CG1, SAP9, MYBRI, DEARI,
MPK3, MYC2, and WRKY33) were specifically induced in these
cells and implied the environment-responsive role of mature root
hair (Fig. 4i). The proportion of mature root hair decreased
under various abiotic stresses (Fig. 4d,h), which affected the
environmental response function of root hair in both Arabidopsis
and NHCC. Additionally, ion absorption is one of the important
physiological functions of root hair. Genes related to iron trans-
port and iron homeostasis such as /R72 (Vert ez al., 2001; Vert
et al., 2009) and JREG3 (Schaaf et al., 2006) were also highly
expressed in cluster 3, with diminished expression specifically in
stressed root hairs in both species (Fig. 4i).

Salt stress inhibits iron uptake by suppressing the
development of root hairs

Plants have evolved interrelated regulation networks that enable
them to rapidly adapt to environmental changes, and single-cell
sequencing allowed us to discover the variances in regulatory net-
works among distinct cell types. To explore cell type-specific reg-
ulatory networks, we associated gene transcription with dynamic
accessible chromatin regions (ACRs) at a genome-wide scale.
First, we mapped open chromatin regions at the single-cell level
in the NHCC root by snATAC-seq. We clustered the cells based
on the openness of chromatin identified by snATAC-seq and cor-
related them with snRNA-seq (Fig. S16). In total, seven clusters
were well annotated and correlated. Comparison analysis between
snRNA and snATAC results revealed a high correlation for most
cell types (Fig. S16g). A lower correlation between transcript
levels and ATAC was observed in initial and epidermis cells, sug-
gesting that other factors, such as posttranscriptional regulation,
may contribute to the modulation of gene expression.

To systematically reveal cell type-specific regulatory networks,
we identified TF-centered regulons by SCENIC, based on co-
expression and motif enrichment. In total, we identified 169 TF
regulons across eight cell types; the top10 representative TFs for
each cell cluster were shown in Fig. 5(a). Heatmapping showed a
high correlation between regulon activity and expression of TFs
for each cluster (Figs 5b, S17). Given that salt stress had a signifi-
cant effect on root hair development, we investigated the top 10
representative root hair-specific TF networks (Fig. 5¢). Among
these, TF BcRAP2.11 (LOC103845724) had a strong correlation
with downstream target genes. UMAP visualization revealed that
BcRAP2.11 and its regulon were specifically expressed in root hair
and were suppressed under salt stress (Fig. 5d—f). We analyzed
BcRAP2.11 downstream target gene expression under control
and stress conditions and found that the expression of three target
genes was significantly inhibited, whereas others had no obvious

© 2025 The Author(s).
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changes (Fig. 5g). Among them, LOC103861180 (BcIRT2), the
Arabidopsis IRT2 orthologous gene, was specifically expressed in
root hairs (Fig. 5h). We also discovered that the accessible peak
number of LOC103861180 was higher in control root hair than
in stressed root hair (Fig. 5i). Interestingly, our pseudo-time ana-
lysis also detected that JRT2 was induced at the mature stage of
root hair in both Arabidopsisand NHCC (Fig. 4i).

Both the pseudo-time analysis (Fig. 4i) and the cell type-
specific regulatory network (Fig. 5¢) showed that salt stress inhib-
ited the expression of iron transport-related genes in root hair.
The expression of Bc/RT2 was significantly inhibited by salt stress
in both Arabidopsis and NHCC (Fig. 4i) and regulated by hair-
specific TF RAP 2.11. To further explore the contribution of
iron deficiency on salt-induced leaf curl and yellowing, we used a
turnip yellow mosaic virus-based VIGS system (pTY) and
silenced Bc/RT2 in NHCC plants (Yu ez al., 2018). At 10 d after
treatment with pTY and pTY/BcIRT2, Be/RI2 expression was
examined by RT-qPCR; we could hardly detect Bc/RT2 expres-
sion in leaves, and the RT-qPCR result of the root indicated that
the transcript level of Be/RT2 was significantly reduced in plants
treated with pTY/BcIRT2 (Fig. S18a). Bc/RT2-VIGSed
plants (#1, #2, and #3) grown under normal conditions showed
leaves chlorotic phenotypes similar to those of the pTY under
stress (Figs 6a, S18b). To further investigate the role of Bc/RT2
in NHCC, we stained the root tips of normally cultured pTY
and Be/RT2-VIGSed plants with Perls staining (Roschzttardtz
er al, 2009; Vargas & Roschzttardtz, 2023). Perls staining
showed that iron content was lower in Bc/[RT2-VIGSed than in
pTY-treated plant root tips under normal conditions (Figs 6b,
S18¢). In addition, iron content was also evaluated in leaves by
Perls/DAB staining. We used the DAB intensification method of
the Perls staining to augment the sensitivity and precision in
detecting iron (Fe) within leaves (Roschzttardtz er al., 2009; Var-
gas & Roschzttardtz, 2023). Leaf iron content was found to be
lower in Be/[RT2-VIGSed than in pTY plants (Fig. 6¢). Our
results indicated that Be/RT2 played an important role in iron
ion uptake in NHCC root hairs (Fig. 6a—c). Moreover,
BeIRT2-VIGSed plants (#4, #5, and #6) showed more curled
and yellowed leaves than the pTY under salt stress conditions
(Fig. 6a), and the silencing of Bc/RT2 in NHCC led to increased
salt sensitivity. Iron content in leaves and root hair was reduced
in both pTY and Bc/RT2-VIGSed plants after salt stress (Fig. 6b,
¢), and the iron content and root hair length between pTY and
BcIRT2-VIGSed plants had no significant difference under stress
conditions (Figs 6¢, S18d).

Then, we focused on the salt stress-related genes in the pTY and
BeIRT2-VIGSed plants. The following genes, ABA INSENSITIVE
5(ABI5), ABA INSENSITIVE 2(ABI2), MITOGEN-ACTIVATED
PROTEIN KINASE KINASE KINASE 18(MAPKKKI8), SnRK2.7,
ABA-INSENSITIVE PROTEIN KINASE 1(MKKK20), and ABA
REPRESSORI(ABRI), which were reported to be key regulators in
the salt-responsive pathway, were selected for analysis in pTY and
BeIRT2-VIGSed plants (Fig. 6d). The expression levels of these
genes in the BcJRT2-VIGSed root were significantly higher after
stress than those in the pTY root, suggesting that silenced Bc/R72
in NHCC resulted in VIGSed plants being more sensitive to salt
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Fig. 5 Cell type-specific regulators and key regulatory networks for non-heading Chinese cabbage (NHCC) root hair. (a) Top 10 representative transcription factor
(TF) regulons for each cluster, as identified by SCENIC. (b) Heatmap showing high correlation between regulon activity and expression of TFs for each cluster. (c)
Top 10 representative TF regulatory networks of root hairs. (d) Uniform manifold approximation and projection (UMAP) visualization of regulon activity of
LOC10385724. (€) UMAP visualization of expression of LOC70385724. (f) Violin plot of LOC70385724 expression in different conditions. Error bars, means +
SD; *P < 0.05 (Student's t-test). (g) Volcano plot showing the expression changes of LOC70385724 target genes after stress. (h) Violin plot of LOC703867780
expression in different conditions. (i) Box plot of peak accessibility under different conditions in root hair cells. Center lines show the medians; box limits indicate the
25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles. ***, P < 0.001 (Student's ¢-test).
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BcIRT2-VIGSed plants in control and stress conditions. Photographs of leaves alone showed all true leaves of the corresponding plants in the picture below.
Bars, 3 cm. (b) Representative micrographs showing the iron content of root hair from the pTY and Bc/RT2-VIGSed line treated with Perls staining. Arrows
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stress, consistent with our phenotypic results. The expression of
BcMAPKKKI8 was not significantly different after stress in the
BcIRT2-VIGSed leaf; however, its expression was repressed in
the pTY leaf under stress. There were two ABRI homologous genes
in NHCC; the expression of BeABRI-1/-2was induced under stress
in the BeIRT2-VIGSed leaf, root, and pTY root, while its expression
was almost undetectable in pTY leaves. The above results suggested
that the signal response mechanism in different tissues under salt
stress was discrepant.

Taken together, our results illustrated that salt stress could
inhibit root hair development to suppress Bc/RT2 expression
(Fig. 4i), leading to the reduction of iron absorption capacity in
roots and to abnormal physiological responses such as leaf yellow-
ing in overground plant organs (Fig. 6).

Discussion

A comprehensive understanding of the stress response in plants is
essential for precision breeding (Zhu, 2016). Single-cell/nucleus
technologies have allowed us to explore transcriptomic and
chromatin accessibility changes in a cell type-specific manner,
revealing molecular and cellular mechanisms of stress responses
(Rich-Griffin et al., 2020). Here, we profiled single-cell transcrip-
tomes of 30 771 nuclei and generated chromatin accessibility
landscapes of 24 671 nuclei of NHCC root tips under normal
and salt stress conditions. We integrated spatial transcriptomics
data and 77 situ hybridization experiments to annotate cell types,
identifying novel cell type-specific marker genes and addressing
the gap in the lack of marker genes for most cell types of
NHCC, contributing to the functional study of NHCC root
development.

As the primary tissue responsible for nutrient and water
absorption, the root tip interacts with biotic and abiotic microen-
vironments to regulate overall plant physiology, largely through
root hair cells (Gilroy & Jones, 2000). The single-cell transcrip-
tomic atlas allowed us to systematically describe the changes in
root tip cells at both cellular and genetic levels during salt stress,
providing a more comprehensive understanding of the salt stress
response. We observed that salt stress affected the expression of
iron uptake-related genes in NHCC using a root hair-specific
regulatory network and pseudo-time analysis (Figs 4i, 5c—i).
Given the essential role of iron as a micronutrient, acting as a
cofactor in a wide variety of pivotal metabolic processes such as
the electron transport chain of respiration, photosynthesis, and
redox reactions in plants (Spielmann et 4/, 2023), we further
explored the effects of salt stress on iron uptake in NHCC roots.
The VIGS assays and Perls staining further demonstrated that salt
stress inhibited the development of mature root hairs, signifi-
cantly affecting their physiological function, especially iron
absorption. Bc/RT2-VIGSed plants had significantly reduced
iron content and heightened sensitivity to salt stress (Fig. 6a—c),
consistent with our single-cell analysis results. These findings
reveal important regulatory relationships between salt stress and
iron homeostasis in plants, providing novel perspectives for
breeding salt-tolerant NHCC.
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Abiotic stresses affect many aspects of plant physiology and
cause extensive changes in developmental processes. Some of
these changes are nonadaptive responses, reflecting damage
caused by stressors, such as detrimental changes in membrane
fluidity and protein structure due to heat stress (Zhang
et al., 2022). This study’s results support that root hair develop-
ment under salt stress represents a nonadaptive response, losing
important physiological functions, such as ion uptake and the
ability to respond to environmental factors. This finding was rela-
tively common, as we also observed similar results in the analysis
of root hair development under osmotic stress in Arabidopsis
(Fig. 4i). Our results not only lay a foundation for further studies
on NHCC root development but also suggest that future abiotic
stress breeding programs should consider the plasticity of root
hair morphology.

As the first single-cell multi-omic analysis of the NHCC root
tip, this research has limitations. First, the root tip was highly
complex, and we observed strong heterogeneity even within cell
types, such as root hair cells. Despite the overall decrease in root
hair density and length under salt stress, we illustrated an increase
in root hair length and density in the meristem (Fig. S7). The
limited number of cells in root hair restricted in-depth analysis of
this heterogeneity. A study in Brassica napus found that 100 mM
NaCl imposed for 55 d after germination leads to an increased
density and number of root hairs in first-order and second-order
lateral roots (Arif ez al., 2019), indicating that the response pat-
tern of mature plant roots to salt stress was different from the
seedling stage. Future research, including a larger number of cells
with spatial and developmental information, will more compre-
hensively elucidate this heterogeneity. Second, the regulatory ana-
lysis in this study was performed on material from the same
genetic background, and future population-level gene regulatory
analysis in genetically diverse materials will generate insights into
genetic variants that regulate key gene expression in NHCC.
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