
Resource

Cell-type-specific responses to fungal infection in

plants revealed by single-cell transcriptomics
Graphical abstract
Highlights
d Single-cell RNA-seq reveals heterogeneity in plant response

to fungal infection

d AnArabidopsis leaf atlas is generated using 95,040 single-cell

transcriptomes

d Intracellular immune receptor NLRs exhibit cell-type-specific

expression patterns

d Trajectory inference defines spatially dynamic responses to

the invading fungus
Tang et al., 2023, Cell Host & Microbe 31, 1–16
October 11, 2023 ª 2023 The Author(s). Published by Elsevier In
https://doi.org/10.1016/j.chom.2023.08.019
Authors

Bozeng Tang, Li Feng,

Michelle T. Hulin, Pingtao Ding,

Wenbo Ma

Correspondence
wenbo.ma@tsl.ac.uk

In brief

Tang et al. employ single-cell

transcriptomics to investigate

heterogeneous responses to fungal

infection. They reveal vasculature-

enriched expression of specific immune

receptors and define cellular processes

induced by direct contact with the

pathogen. This work provides a valuable

resource and offers insights for studying

intricate dynamics in plant-microbe

interactions.
c.
ll

mailto:wenbo.ma@tsl.ac.�uk
https://doi.org/10.1016/j.chom.2023.08.019


OPEN ACCESS

Please cite this article in press as: Tang et al., Cell-type-specific responses to fungal infection in plants revealed by single-cell transcriptomics, Cell Host
& Microbe (2023), https://doi.org/10.1016/j.chom.2023.08.019
ll
Resource

Cell-type-specific responses to fungal infection
in plants revealed by single-cell transcriptomics
Bozeng Tang,1 Li Feng,1 Michelle T. Hulin,1 Pingtao Ding,2 and Wenbo Ma1,3,*
1The Sainsbury Laboratory, Norwich Research Park, University of East Anglia, NR4 7UH Norwich, UK
2Institute of Biology Leiden, Leiden University, Sylviusweg 72, 2333 BE Leiden, the Netherlands
3Lead contact

*Correspondence: wenbo.ma@tsl.ac.uk
https://doi.org/10.1016/j.chom.2023.08.019
SUMMARY
Pathogen infection is a dynamic process. Here, we employ single-cell transcriptomics to investigate plant
response heterogeneity. By generating an Arabidopsis thaliana leaf atlas encompassing 95,040 cells during
infection by a fungal pathogen, Colletotrichum higginsianum, we unveil cell-type-specific gene expression,
notably an enrichment of intracellular immune receptors in vasculature cells. Trajectory inference identifies
cells that had different interactions with the invading fungus. This analysis divulges transcriptional reprog-
ramming of abscisic acid signaling specifically occurring in guard cells, which is consistent with a stomatal
closure dependent on direct contact with the fungus. Furthermore, we investigate the transcriptional plas-
ticity of genes involved in glucosinolate biosynthesis in cells at the fungal infection sites, emphasizing the
contribution of the epidermis-expressed MYB122 to disease resistance. This work underscores spatially dy-
namic, cell-type-specific plant responses to a fungal pathogen and provides a valuable resource that sup-
ports in-depth investigations of plant-pathogen interactions.
INTRODUCTION

Plant diseases pose major threats to global food security and

sustainability. To devise effective resistance strategies, a

comprehensive understanding of themolecular mechanisms un-

derlying disease development is crucial. However, given the dy-

namic nature of pathogen infection within a host, the precise re-

sponses of different plant cells and tissues to infections remain

elusive.1 For instance, bacteria dwelling in the plant phyllosphere

have been found to aggregate at preferred locations, including

the base of glandular trichomes, cell junctions, and vein areas.2

Frequently, these foliar pathogens gain access to the leaf apo-

plast through stomatal openings.3,4 Once inside the leaf tissue,

the bacteria establish microcolonies close to certain host cells5

and trigger distinct cellular responses, compared with those

not directly targeted by the pathogen.6

The non-uniform interactions between different plant cells and

the invading pathogens become more prominent during the

infection of fungi and oomycetes, in which the pathogens un-

dergo a sophisticated morphological changes.7–11 This hetero-

geneity in host responses is influenced by both the distribution

of the pathogen in the host tissue and its developmental

changes. In a typical hemibiotrophic infection by a fungal path-

ogen, the process begins with spore germination on the surface

of a plant tissue, leading to the formation of an appressorium.

This specialized structure facilitates fungal penetration into

host epidermal cells through the plant cuticle.8 After penetration,

the fungus develops invasive hyphae (IH) and establishes bio-
Cell Host & Microbe 31, 1–16, O
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trophic growth inside the infected cell.7,12,13 During the bio-

trophic infection stage, the fungal hyphae are confined within

the invaded cell, which remains alive and provides nutrients to

the pathogen.13–16 At a later infection stage, the pathogen

switches to a necrotrophic growth and feeds on the dead tissue.

At this time, fungal IH move from the initially infected cells into

adjacent cells, which again support the biotrophic growth of

the fungus.17,18 Finally, the infection cycle concludes with the

production and dissemination of fungal spores. Relative location

with the pathogen, combined with infection stage and pathogen

development, shapes the specific responses as gene expression

changes in individual plant cells. This underlines the importance

of accounting for spatial variability in studies of plant-pathogen

interactions. Furthermore, plant immune responses may also

exhibit cell-type-specific features, adding to the intricacy of

this highly dynamic process.

Plants have developed a sophisticated and, in most cases,

robust immune system. The central components of plant immu-

nity are immune receptors, which sense potential pathogens in

the surrounding environment and activate immune signaling.19,20

Cell-surface-localized receptor-like kinases (RLKs) or receptor-

like proteins (RLPs) recognize extracellular non-self molecular

signatures.21 Their activation initiates downstream molecular

events, including reactive oxygen species (ROS) burst, Ca2+

influx, mitogen-activated protein kinase (MAPK) activation,

and transcriptional reprogramming.19,22,23 Another class of im-

mune receptors are intracellular nucleotide-binding domain

leucine-rich repeat-containing receptors (NLRs), which detect
ctober 11, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
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cytoplasmic effectors delivered by pathogens into plant cells

and activate effector-triggered immunity (ETI).19,24 NLRs in Ara-

bidopsis thaliana (Arabidopsis hereafter) can be further classified

based on their distinctive N-terminal domains as coiled-coil-NLR

(CC-NLR or CNL); Toll/interleukin-1 receptor/resistance protein-

NLR (TIR-NLR or TNL); and RPW8-like helper NLR (RNL), which

contains the CCR domain.25,26 How the expression and function

of RLKs/RLPs and NLRs vary in different cell types during the dy-

namic pathogen infection process has not been explored.

To investigate the transcriptional heterogeneity in plant re-

sponses during pathogen infection, we employed the droplet-

based single-cell RNA sequencing (scRNA-seq), which enables

parallel transcriptome profiling of individual cells from a single re-

action.27 RNA-seq has been extensively applied to understand

plant-microbe interactions,28–30 through which many key molec-

ular events were identified. However, bulk RNA-seq cannot cap-

ture differences between cell populations that have distinct inter-

actions with the invading pathogen. Other methods, such as

laser-microdissection31,32 and fluorescence-activated cell sort-

ing-based enrichment,33 provide spatial information but can be

labor intensive and hence have not been broadly utilized in plant

pathology studies. scRNA-seq offers a unique opportunity to un-

derstand the heterogeneity in gene expression changes among

different cell populations with a high resolution. In the past few

years, a toolkit has been developed that enables comprehensive

analyses of scRNA-seq data, further enhancing the dissection of

how biological processes progress.34

In this study, we determined cell-type-specific responses in

Arabidopsis during infection by a hemibiotrophic pathogen Col-

letotrichum higginsianum. We analyzed the transcriptome of

95,040 Arabidopsis leaf cells at single-cell level to understand

gene expression changes during biotrophic interaction with

this fungal pathogen. Our dataset spanned all major cell types,

enabling the discovery of extensive heterogeneity in the expres-

sion of immune receptor genes across distinct cell types. Subse-

quently, by combining quantitative live-cell imaging with trajec-

tory inference analysis, we elucidated the spatiotemporal

dynamics of plant responses and identified cell-type-specific

processes in plant cells that had direct interactions with the

fungal IH. This work demonstrates how previously unknown mo-

lecular events of plant-pathogen interactions can be uncovered

using single-cell-based analyses. The scRNA-seq dataset

generated from this study will be a valuable resource for explo-

rating gene expression patterns in specific cell population(s)

and for supporting in-depth investigations of the molecular

mechanisms that govern disease development. This knowledge

will be instrumental for the development of resistant crops that

precisely express defense-related genes at the pathogen infec-

tion sites, which may minimize growth penalties of the plants.

RESULTS

Construction of an Arabidopsis leaf cell transcriptome
atlas during C. higginsianum infection
We inoculated 14-day-old Arabidopsis seedlings with conidial

suspensions ofC. higginsianum andmonitored the infection pro-

gression via live-cell imaging. We observed an extensive uneven

distribution of the fungus in the inoculated tissue, and only a sub-

set of plant cells had direct contacts with the fungus at various
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developmental stages (Video S1). Based on the microscopy

analysis, two time points, 24 and 40 h post inoculation (hpi),

were selected for tissue collection as they represented early

and late stages of biotrophic infection, respectively (Figure 1A).

Protoplasts isolated from inoculated or mock-treated leaf tis-

sues, in duplicates, were subjected to single-cell partitioning

and RNA-seq using the 103 Genomics workflow. After applying

quality control measures and minimizing batch effects, our

dataset encompassed 95,040 cells (Figure S1A). Aligning the

sequencing reads to theArabidopsis genome revealed an overall

coverage of 23,809 genes, representing 86.8% of all protein-

coding genes in Arabidopsis (Table S1A). Each cell, on average,

detected 2,583 genes and 5,491 unique molecular identifiers

(UMIs), which are individual tags attached to every molecule of

complementary DNA (cDNA) to track their original source and

avoid PCR duplicates (Figure 1B).

Using the scRNA-seq dataset and a graph-based unsuper-

vised clustering analysis, we then generated a transcriptome

atlas, which contains 25 cell clusters (Figure 1C). The cell

numbers vary from 20,500 (cluster 1) to 31 (cluster 25)

(Table S2B). By comparing cluster-enriched genes (Figure S1B;

Tables S2C and S2D) with previously established marker

genes35–38 (Figure S1C), we assigned a specific cell-type identity

to each cluster with the exception of clusters 6 and 18

(Figures 1C and S1D). 12 clusters, including the top four with

the largest number of cells, were assigned as mesophyll cells,

representing approximately 70% of the total cells. They are fol-

lowed by vasculature (6 clusters, 13% of the total cells),

epidermis (4 clusters, 8% of the total cells), and guard cells (2

clusters, 3% of the total cells).

We further analyzed the proportions of cells from different

treatments in each cluster. Although samples at 24 and 40 h after

mock (water) treatment were collected and analyzed by scRNA-

seq separately, they share highly similar gene expression

patterns, as indicated by a Pearson correlation analysis

(R2 > 0.91). Therefore, these two datasets were merged (named

‘‘mock’’) in all the subsequent analyses. We found that the pro-

portions of cells from different treatments varied drastically

across clusters. For example, clusters 6, 13, 18, 23, and 25 con-

sisted mostly of cells from the 40-hpi sample (Figure 1D),

whereas clusters 14, 21, and 24 were primarily composed of

cells from the mock-treated samples. Intriguingly, clusters 6

and 18 could not be assigned a clear cell-type identity, possibly

reflecting global transcriptome reprogramming due to fungal

infection. Consistent with these results, landscapes of transcrip-

tome atlases made by cell populations from different treatments

exhibited alterations in distinct cell clusters, with the most signif-

icant differences observed at 40 hpi (Figure 1D).

To account for potential skewing of the analysis by the proto-

plasting process during sample preparation, we evaluated gene

expression changes caused by protoplast isolation, using bulk

RNA-seq (Table S1E).We found that protoplasting-induced tran-

scripts were generally below 5% in each cluster, and this propor-

tion was relatively constant across the clusters, suggesting that

these expression changes did not result in a shift of cell popula-

tions (Figure S1E). We also assessed potential cell damage dur-

ing protoplasting by monitoring sequencing reads derived from

mitochondrial and chloroplast genes. In general, only about

1%of total readswere frommitochondrial and chloroplast genes
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Figure 1. Construction of an Arabidopsis leaf cell transcriptome atlas during fungal infection

(A) Micrographs of Arabidopsis seedlings inoculated with conidial suspensions of Colletotrichum higginsianum. A transgenic fungus constitutively expressing

green fluorescence protein (GFP) was used to facilitate visualization. Images were taken at 24 and 40 h post inoculation (hpi). Appressoria (AP) and invasive

hyphae (IH) are indicated with arrowheads. Mock, water treatment. Scale bars, 10 mm.

(B) A summary of processed scRNA-seq data using Arabidopsis leaf tissues at 24 and 40 h after mock treatment or fungal inoculation. Unique molecular identifier

(UMI), transcripts detected per cell.

(C) A transcriptome atlas consisting of 95,040 cells. Each cell is represented by a dot on a plot visualized by uniform manifold approximation and projection

(UMAP). Based on transcriptional signatures, the cells were divided into 25 clusters using graph-based, unsupervised clustering. Each cluster was assigned to a

cell type except for clusters 6 and 18.

(D) Transcriptome changes in response to fungal infection captured by scRNA-seq. Upper panel: separate single-cell atlas generated from mock-treated and

infected tissues. The 25 clusters described in (C) are presented in each atlas. Lower panel: proportions of cells from mock, 24-hpi, or 40-hpi samples in each

cluster. The proportions were normalized against the total number of cells in each sample.
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in each cell. Similar to the protoplasting-induced genes, the rela-

tive abundance of these transcripts was also constant across all

the clusters (Figure S1F). These results indicate that the specific

transcriptome signatures and the clustering of cell populations

were primarily determined by cell type and responses to fungal

infection. Collectively, we generated a single-cell transcriptome

atlas that covered all major cell types in Arabidopsis leaf tissues

and captured dynamic gene expression changes during bio-

trophic infection by a fungal pathogen.

Cell-type-specific expression of genes encoding
immune receptors
Using the transcriptome atlases created from both the mock-

treated and infected samples, we identified 1,937 differentially

expressed genes (DEGs) that showed upregulation or down-

regulation in certain cell type(s) during fungal infection
(Table S2A). Notably, some of these genes were considered as

exhibiting unchanged expression when we reanalyzed the data

from a previous bulk RNA-seq using the same Arabidopsis-

C. higginsianum pathosystem.7 Nonetheless, our study revealed

differential expression of these genes in a cell-type-specific

manner (Figure 2A). We also noticed that some DEGs identified

from the bulk RNA-seq were not detected in our single-cell-

based analysis (Figure S2A). These results suggest the impor-

tance of conducting transcriptomic analysis at both single-cell

and whole-tissue levels.

Given the crucial role of intracellular immune receptors, NLRs,

in plant defense, we investigated their expression patterns

across different cell types. From the genome of Arabidopsis

ecotype Col-0 and using NLRtracker,25 we identified 214 genes

encoding putative NLRs, among which 169 were detectable in

our scRNA-seq dataset (Table S2B). To mitigate potential bias
Cell Host & Microbe 31, 1–16, October 11, 2023 3
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Figure 2. Cell-type-specific expression of intracellular immune receptors in Arabidopsis

(A) Many differentially expressed genes (DEGs) identified in scRNA-seq aremasked in bulk RNA-seq. DEGs identified from scRNA-seq was compared with DEGs

detected from a published bulk RNA-seq dataset (ENA projects accessions: PRJNA148307). ‘‘NS’’: genes that were not considered as DEGs in bulk RNA-seq but

showed differential expression in a cell-type-specific manner based on scRNA-seq. DEGs calling from the scRNA-seq data was done by FindMarker with default

settings in each annotated cell type. DEGs calling from the bulk RNA-seq used cutoffs of log2|FC| > 2 and p adj < 0.05.

(B) Cell-type-specific expression and induction of NLRs by fungal infection. Heatmaps show relative expression of known or predicted NLR-encoding genes from

Arabidopsis Col-0 in each annotated cell type and with or without fungal infection. Gene expression levels are represented by aggregated UMI counts in all the

cells belonging to the same cell type and in the same treatment.

(C) Significant induction of TNLs in vasculature cells after fungal infection. Boxplots show normalized expression of all genes belonging to the same NLR family

from each cell type. Relative expression of an NLR was normalized to 50 randomly selected genes in the same cell. The normalized expression levels of genes

belonging to the same NLR family in the same cell type were then aggerated and compared between mock-treated and fungal infected samples. t test was used

to determine significant differences. *p < 0.05 and **p < 0.01.
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caused by low expression of some of these genes (Figure S2B),

we focused on genes with more than 500 normalized read

counts for further analysis (Table S2C). Employing these criteria,

98 genes were analyzed by determining their relative expression

levels in each cell type in both mock-treated and infected sam-

ples. Interestingly, a significant portion of TNL genes, including

those encoding known TNLs such as RPP1, RPP5, SNC1, and

RPS6, were predominantly expressed in procambium cells (Fig-

ure 2B). Many of these procambium-expressed NLR genes were

further induced after fungal infection. Procambium cells serve as

the source of primary phloem and xylem cells.39,40 Notably,

another subset of TNL genes are highly, and almost exclusively,
4 Cell Host & Microbe 31, 1–16, October 11, 2023
induced in phloem companion cells at 24 hpi but not at 40 hpi

(Figure 2B). These include genes encoding known TNLs such

as RRS1B, CSA1, and CHS1. This pattern of transient induction

may be a consequence of a potential pathogen suppression of

host immunity. A small number of TNLs were induced by fungal

infection in multiple cell types. For example, RPS4 showed

increased expression in epidermal, guard, procambium, and

phloem companion cells.

RNLs play an essential role in immune signaling, especially

immune activation by TNLs. Consistent with the vasculature-

enriched expression of TNLs, we also observed relatively

higher expression levels of some RNL-encoding genes in the
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vasculature-related cells. In addition, members in the same RNL

gene family exhibited different expression levels across different

cell types. For the three ADR1 homologs, these levels were as

follows: ADR1 had a higher expression in procambium cells

and was highly induced in these cells at 40 hpi; ADR1-L1 had

a higher expression in bundle sheath cells and was further

induced at both 24 and 40 hpi, and it was also induced by fungal

infection in procambium and phloem parenchyma cells but to a

lesser extent; and ADR1-L2 had a higher expression in procam-

bium cells and was induced in procambium, phloem paren-

chyma, and phloem companion cells (Figure 2B). For the

NRG1 homologs, NRG1.1 was expressed in epidermal and pro-

cambium cells, whereas NRG1.2 was mainly expressed in pro-

cambium cells. Interestingly, the expression of NRG1.1 was

decreased after fungal infection, especially at 40 hpi; on the con-

trary, NRG1.2 was strongly induced in procambium cells by

fungal infection (Figure 2B). These results suggest potential func-

tional variation in these RNL homologs and imply a fine-tuning in

their deployment. The contrasting expression changes in the two

NRG1 homologs might be indicative of a putative pathogen sup-

pression of plant defense-related genes in certain cell type(s).

In contrast to TNL andRNL, we did not observe a general trend

of vasculature-enriched expression in genes encoding CNLs,

with a few exceptions (Figure 2B). For example, a cluster of

CNL genes, includingCW9 and ZAR1, showed a relatively higher

expression in vasculature cells; RF9 was predominantly ex-

pressed, and further induced by fungal infection, in guard cells;

and the transcripts of SUMM2 was only detected in phloem

companion cells at 24 hpi.

We next determined the broad cell-type-specific patterns in

the changes of NLR gene expression after fungal infection. For

this purpose, we compared the aggregated expression of the

three NLR families at 24 and 40 hpi with mock-treated samples

across each cell type (Figure 2C). Again, a significant overall in-

duction was observed in all four vasculature-related cell types in

TNL-encoding genes after fungal infection. Amoderate induction

was also observed in mesophyll cells for both TNL- and CNL-en-

coding genes, but it was absent in epidermis or guard cells. In

addition, CNLs, collectively, showed an induction in phloem

companion cells at 40 hpi. RNLs also showed a moderate but

statistically significant induction in procambium cells at 40 hpi.

We are particularly interested in the vasculature-enriched

expression of TNLs. In addition to TNLs, the TIR domain is also

present in other proteins. We therefore examined whether the

cell-type-specific expression pattern is a unique feature for

TIR-NLRs. For this purpose, we generated a phylogenetic tree

of TIR domain-containing proteins encoded in the Arabidopsis

Col-0 genome and mapped the scRNA-seq data (basal expres-

sion, without fungal infection) to each gene (Figure 3). The TIR

domain-containing proteins can be divided into several groups,

including one major group that mostly consists of TNLs (as high-

lighted in Figure 3). Another group contains both TNLs and non-

TNL TIR proteins, and a third group contains more divergent

TNLs such as RRS1. Interestingly, the vasculature-enriched

expression is a feature that is only observed in the first group,

which has genes encoding mainly TNLs. Conversely, many

genes in the other groups, especially those encoding non-

TNLs, were undetectable in our scRNA-seq, indicating relatively

low expression levels. More importantly, genes in the other
groups lack a general pattern of vasculature-enriched expres-

sion. Taken together, these results revealed cell-type-specific

expression of NLRs, especially in TNLs and RNLs, as a previ-

ously unknown phenomenon in plant immunity.

We also examined 216 genes putatively encoding cell-sur-

face-embedded RLKs41 and found that 181 of themwere detect-

able in our scRNA-seq dataset (Table S2D). Interestingly, we

observed a positive correlation between the expression patterns

of NLR- and RLK-encoding genes in almost all the cell types in

mock-treated and infected tissues (Figure S3). This observation

suggests a potential coordination among different classes of im-

mune receptors in plant cells.

Spatial heterogeneity of gene expression in correlation
to fungal distribution
In the transcriptome atlas, clusters 6 and 18 were special

because of the following: (1) they constitute cells predominantly

from infected tissues (Figures 1D and S4A); and (2) unlike the

other cell clusters, cells in these 2 clusters could not be catego-

rized into a specific cell type. Therefore, cells belonging to these

2 clusters have unique gene expression signatures, likely due to

significant transcriptome reprogramming in response to fungal

infection. Indeed, using bulk RNA-seq,7 we found that these cells

were enriched with transcripts from genes that were previously

found to be induced by C. higginsianum infection (Figure S4B;

Table S4A). Using all the cells belonging to these 2 clusters

(6,603 in total) as one input, we defined 25 sub-clusters, which

were successfully assigned to epidermis, mesophyll, vascula-

ture, or guard cells (Figure S4C; Table S4B). These cells were

combined with other cells that have already been classified to

each cell type to construct trajectory curves through which the

progression of transcriptomic changes in plant cells during infec-

tion could be elucidated in a cell-type-specific manner.

Fungal infection is a spatiotemporal dynamic process where

only a subset of plant cells comes into direct contact with the

pathogen. We deployed a trajectory analysis by capturing

gradual gene expression changes that occur during the infection

process at single-cell level. For this analysis, the scRNA-seq da-

taset was partitioned into four groups, each representing a

major cell type. These groups were individually subjected to

the Monocle method analysis,42 through which a pseudotime

value was assigned to each cell to indicate their specific state

within a continuous process. A trajectory curve for each cell

type was then generated. Through a comparative analysis of

the trajectory curves of each of the four cell types between

mock treatment and fungal infection, a gradual shift toward the

pseudotime value of ‘‘1’’ was observed in the cell populations

affected by fungal infection (Figure 4A). Specifically, cells from

the 24-hpi tissues exhibited enrichment in the middle region of

the curve, while cells from the 40-hpi tissues predominantly dis-

played pseudotime values ranging between 0.5 and 1. This cell

population shift with the progression of the fungal infection

was also evident when comparing trajectory curves generated

by cells from 24-hpi, and 40-hpi samples with the mock-treated

samples (Figure 4A).

Considering the observed trend in cell population shifts from

mock-treated to infected samples, we hypothesized that pseu-

dotime values represented the spatiotemporal dynamics of plant

responses during fungal infection. In line with this hypothesis, we
Cell Host & Microbe 31, 1–16, October 11, 2023 5



Figure 3. Vasculature-enriched expression is specific to TNLs, not other TIR domain proteins

Gene expression data from non-inoculated samples in four major cell types (E, epidermis; G, guard cells; M, mesophyll; V, vasculature) are mapped onto a

phylogenetic tree of TIR domain proteins encoded in theArabidopsisCol-0 genome. Themaximum-likelihood phylogenywas built using a 356 aa alignment of the

TIR domain. In the case wheremultiple TIR domains were identified from one protein, the gene name is suffixed with ‘‘-1’’ and ‘‘-2.’’ The scale shows substitutions

per site. The heatmap shows relative expression levels normalized for each gene. Undetectable levels are shown as blank. Bootstrap supports below 100% are

colors for each node. Each protein is also colored-coded for sub-classes as TNL (red); TX (blue) that includes TIR-only (T), TIR-TIR (TT), other-TIR (OT), and TIR-

other (TO); or TN (black) that includes two divergent TIR-PLOOP proteins. The major clade highlighted in orange consists of mostly TNLs that generally showed

higher expression in vasculature.
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found a clear pattern of gradual increase in the FRK1 gene

expression in cells with pseudotime values increasing from 0.5

toward 1 (Figure 4B). Particularly, cells expressing higher levels

of FRK1 were enriched in the 40-hpi sample. Moreover, cells

belonging to clusters 6 and 18 showed a significant enrichment

of pseudotime values between 0.5 and 1 and exhibited relatively

high FRK1 expression (Figure 4B). These results confirmed a

strong association of clusters 6 and 18 with fungal infection.

FRK1 is a well-established early immune response marker43–46

andwas reported tobehighly inducedat the infection sitesofpow-

derymildew, usinga laser-microdissectionmethod.32 Toestablish

a relationshipbetweenpseudotimevaluesofArabidopsiscells and

their relativeposition to the invading fungalhyphae,weexperimen-

tally examined theexpressionpatternofFRK1byusing live-cell im-

aging. In this experiment, leaves of Arabidopsis transgenic plants

expressing pFRK1::3xVenus-NLS43 were inoculated with conidial

suspensions ofC. higginsianum, and FRK1 expression wasmoni-

tored by quantifying the intensity of yellow fluorescence at 48 hpi.

We used a C. higginsianum strain constitutively expressing green
6 Cell Host & Microbe 31, 1–16, October 11, 2023
fluorescence,47 which allowed for simultaneous detection of the

location of the fungus. We found that the yellow fluorescence

was specifically accumulated in cells and either had direct contact

with or were in close proximity to the fungal hyphae. The strongest

yellow fluorescence signals were observed in cells directly colo-

nized by the fungus, and the fluorescence level gradually

decreased in the neighboring cells (Figure 4C). This observation

suggests that the pseudotime value of a cell reflects its relative

position to the invading fungus. Further comparisons with the

most significantly induced genes (44 genes with log2|FC| > 20) at

the microdissected infection site of powdery mildew32 revealed a

strong correlation with the transcriptomic changes observed in

cells with pseudotime values close to 1 in our analysis (Figure 4D;

Table S4C). These results support that the dynamic cellular

response represented in the trajectory curve mainly reflects a

spatial heterogeneity determined by the uneven distribution of

the fungal pathogen in the infected tissue.

We next examined the transcriptional signatures in cells in

the epidermal trajectory curve and revealed 767 genes
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Figure 4. Spatiotemporal heterogeneity of cellular response to fungal distribution

(A) A shift of pseudotime toward ‘‘1’’ in the plant cell populations after fungal infection. Each cell was assigned a pseudotime value based on transcriptional

signatures that exhibit gradual changes. The density plots show fractions of cells with different pseudotime values frommock, 24-hpi, or 40-hpi samples in each

of the four major cell types.

(B) FRK1 expression exhibited a gradual increase in epidermal cells with pseudotime values from 0 toward 1. Each dot represents a cell. Blue dots represent cells

from clusters 6 and 18 in Figure 1D, which mainly consist of cells from the 40-hpi sample. These cells also had relatively higher levels of FRK1 expression.

(C) FRK1was highly induced in cells that had direct contact with the invading fungus. TransgenicArabidopsis expressing 3xVenus-NLS under the FRK1 promoter

were inoculated withC. higginsianum and imaged at 48 hpi. Themicrograph shows yellow fluorescence signals of Venus, which indicates the promoter activity of

FRK1, and green fluorescence, whichwas expressed in the fungal hyphae. The boxed areawas further analyzed by quantifying the Venus signal intensity, which is

shown in the plot from a horizontal angle. The mini micrograph shows the same distribution of the Venus signals but from a vertical angle. Scale bars, 15 mm.

(D) The cell population shift in response to fungal infection corelates with the expression dynamics of genes induced at the infection sites of powderymildew. Left

panel: trajectory curves of epidermal cells from mock, 24-hpi, and 40-hpi samples, with each dot representing a single cell. The color of a dot indicates its

pseudotime value. Right panel: aggregated expression level of a set of 44 genes that were identified to be induced at the infection site of powdery mildew32

mapped to the trajectory curves. The color intensity indicates the relative value of module score in the cell.

(E) Different cellular processes are enriched in cell populations that have different pseudotime values. The heatmap shows relative expression levels of pseu-

dotime-dependent genes in the trajectory of epidermal cells, which were grouped into three populations based on hierarchical clustering. Representative KEGG

metabolic pathways and gene ontology (GO) terms enriched in each population are highlighted.
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that exhibited pseudotime-dependent changes (Figure 4E;

Table S4D). Of these, 296 genes were highly expressed in the

cells at the beginning of the curve (with pseudotime values close

to ‘‘0’’). None of these genes have known functions related to

plant defense. These cells were thus likely distal to the fungal

IH, and their transcriptomes were not significantly affected by

the infection. Another 329 genes were induced in cells in themid-

dle of the trajectory curve, possibly surrounding the infection

sites without direct contact with the fungal hyphae. Some of

these genes, such as KTI1,GSTU10, andWRKY75, encode pos-

itive regulators of plant defense, suggesting activation of im-

mune response in these cells. Finally, 142 genes were specif-

ically induced in cells at the end of the curve (with pseudotime

values close to ‘‘1’’), which likely had direct interactions with

the IH. Among these genes are well-studied immune responsive

genes such as FRK1 and PEP2. Enrichment analysis demon-

strates that distinctive cellular processes were activated in

the different cell populations along the trajectory curve. For

example, genes in secretion-related pathways were specifically

induced in cells at the infection sites (Figure 4E), consistent with

direct involvement of these pathways in antimicrobial activities.

These analyses revealed specific cellular processes that were

upregulated in response to fungal infection in different plant

cell populations based on their relative location with the

pathogen.

A guard cell-specific response leads to stomatal closure
at the infection sites
Similar to the epidermal cells, the trajectory of guard cells also

demonstrated a transcriptome switch in cells with pseudotime

values toward 1 after fungal infection, which is corelated with

the induced expression of infection site-related genes (Fig-

ure 5A). By investigating pseudotime-dependent genes, we

discovered pathways associated with propionate metabolism,

nitrogen metabolism, and sulfur metabolism, which were spe-

cifically induced in guard cells at the infection sites (Figure 5B;

Tables S5A and S5B). Sulfur metabolism is well known to be

responsive to abscisic acid (ABA), which modulates stomatal

closure.48 This prompted us to investigate the expression

changes of ABA-related genes in the guard cells. A total of

106 ABA-related genes in the Arabidopsis genome were

analyzed for expression patterns, including 51 positive regula-

tors and 55 negative regulators (Tables S5C and S5D). We

observed a strong correlation between the gene expression

levels of the positive regulators in guard cells and their pseudo-

time values. Key genes, such as PED1, CAR8, and CPK11, ex-

hibited a progressive increase in expression in guard cells with

pseudotime values trending toward 1, signifying a gradual in-

duction in cells at the infection sites (Figure 5C). Interestingly,

an opposite pattern, i.e., gradual decrease, was observed in

the expression of genes encoding negative regulators of ABA

signaling, such as ABR1, ABI1, FER1, and GCR1 (Figure 5C).

These expression patterns were specific to guard cells, as their

expression in the other three cell types remained unchanged

(Figure S5). Therefore, ABA signaling seemed to be activated

in response to fungal infection in a spatially dynamic and cell-

type-specific manner.

ABA is a major regulator of stomatal closure, which is induced

to prevent bacterial entry into the leaf apoplast.4,49,50 It has also
8 Cell Host & Microbe 31, 1–16, October 11, 2023
been observed that open stomata could be exploited by fungi

and oomycetes as an alternative entry mechanism and at the

later infection stage for sporulation.9,51–53 We examined whether

the specific activation of ABA signaling led to changes in the sto-

matal aperture during C. higginsianum infection. For this pur-

pose, confocal microscopy was conducted on Arabidopsis

leaves inoculated with C. higginsianum to capture images of

guard cells at 40 hpi. The width/length ratio was measured for

each stomata by using amachine learning-based imaging acqui-

sition workflow to quantify the aperture.54 We measured the sto-

matal aperture in guard cells at the infection sites, in the more

distal but still the neighboring regions of the IH, and in mock-

treated tissues. A comparison between these different guard

cell populations revealed a decrease in the stomatal opening

when the guard cells were in the proximity of the invading path-

ogen and complete closure when the cells were in direct contact

with the fungus (Figure 5D). These results demonstrate a guard

cell-specific potentiation of ABA signaling, mediated by the co-

ordinated expression changes of positive and negative regula-

tors, which may result in the closure of stomata.

Activation of GSL biosynthesis at the infection sites
employs cell-type-specific gene expression
When comparing the cells at the infection sites to thewhole atlas,

we found that only 16 genes were induced in all 4 cell types. In

contrast, 541, 351, 2, and 20 genes were specifically induced

in epidermal, guard, mesophyll, and vasculature cells, respec-

tively (Figure 6A; Table S6A). This result demonstrates strong

cell-type-specific changes in gene expression, particularly in

epidermal and guard cells. Enrichment analysis of these genes

suggests that indole-related biological processes were induced

at the infection sites (Figure S6A). Glucosinolate (GSL)-related

metabolism plays an important role in pathogen resistance.55–57

We found that five out of eight genes in the core GSL pathway,

eight out of 14 genes in the indole GSL (IG)-specific pathway,

and one out of 15 genes in the aliphatic GSL (AG)-specific

pathway were induced at the infection site in at least one cell

type (Figure S6B). In addition, tryptophan metabolism and

methionine metabolism, which are upstream of IG and AG

biosynthesis, respectively,58–60 were also induced (Table S6B).

Interestingly, many of the GSL-related genes exhibited cell-

type-specific expression. For instance, the IG-specific genes

encoding ASA1 (which converts chorismite into indole) and

TSB1 (which converts indole into tryptophan) were induced in

epidermis, vasculature, and guard cells but not in meophyll cells

(Figures 6B and 6C). Transcripts of SUR1 and SOT16, encoding

components in the core GSL biosynthesis, were enriched in

guard cells and vasculature cells at the infection sites but not

in epidermal or mesophyll cells (Figure 6C). Furthermore, 9 out

of 19 camalexin biosynthetic genes were highly induced at the

infection sites, and many of them also showed cell-type-specific

induction (Figure S6B). For example, CYP71A12 and CYP71A13

both convert indole-3 acetaldoxime (IAOx) into indole-3 acetoni-

trile; however, CYP71A12 was induced mainly in the epidermis,

whereas CYP71A13 was almost exclusively induced in the

vasculature cells (Figure S6B). The cell-type-specific expression

of GSL metabolism-related genes suggests distinct induction of

these antimicrobial compounds among different cell types in re-

sponses to fungal infection.
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Figure 5. A guard cell-specific response leads to stomatal closure at the fungal infection site

(A) Gradual increase of FRK1 expression levels in guard cells with pseudotime values from 0 to 1. (B) Different cellular processes are enriched in guard cell

populations with different pseudotime values. The heatmap shows relative expression levels of pseudotime-dependent genes along the trajectory curve of all

guard cells. Representative GO terms enriched in each cell population are highlighted.

(C) ABA signaling is activated in guard cells with pseudotime values toward ‘‘1.’’ The line plots show linear regression of relative expression levels of genes

encoding positive (upper panel) or negative (lower panel) regulators of ABA signaling in guard cells, with the pseudotime values of these cells. The heatmaps show

the expression profiles of genes that exhibited the most significant changes.

(D) Stomata closure was observed at the fungal infection sites. Representative micrographs from live-cell imaging show the status of stomatal aperture from the

leaves treated with water (mock) or inoculated by C. higginsianum at 40 hpi. Fungal appressoria are labeled as ‘‘AP.’’ The ‘‘distal’’ cells were defined as being

separated from the fungus by at least one and up to five epidermal cells. The ‘‘proximal’’ cells were defined as being immediately adjacent to fungal appressoria.

Scale bars, 10 mm. Stomatal aperture was measured using the micro-images of guard cells. One-way ANOVA was used to determine the significant differences,

which are labeled with different letters. The imaging acquisition was performed at least 3 times for each experiment in two independent experiments.
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Figure 6. MYB122 was specifically induced in epidermal cells at the fungal infection sites and contributed to resistance

(A) Cell-type-specific gene induction in cells that had direct contact with the invading fungus. The Venn diagram shows the number of induced genes from each of

the four major cell types (E, epidermis; G, guard cells, M, mesophyll; V, vasculature) at the infection sites ofC. higginsianum. The cutoff was set as log2|FC| > 0.25,

pct.1 > 0.2, diff.pct > 0.1, p-adj < 0.05.

(B) Genes encoding enzymes in the glucosinolate (GSL) pathway were induced in cells at the fungal infection site. Arabidopsis genes with proposed functions in

the GSL pathway55 were analyzed for cell-type-specific activation. Expression profiles of GSL-related genes at the infection sites are plotted in four major cell

types. The size of the dots indicates the proportion of cells in which the gene was induced, and the colors indicate relative expression levels.

(C) Cell-type-specific induction of genes involved in indolic glucosinolate (IG) biosynthesis.

(D) Hypersusceptibility of MYB122 mutants to C. higginsianum. Two T-DNA insertion mutants of MYB122 were analyzed for susceptibility, compared with wild-

type Arabidopsis (Col-0). Leaves of 4-week-old Arabidopsis plants (wild-type Col-0 and two independent MYB122 mutants) were inoculated by conidial sus-

pensions of C. higginsianum. Disease symptoms were monitored at 5 days post inoculation, and the lesion sizes on each inoculated leaf were quantified as the

ratio of discolored area vs. total leaf area. Each experiment was repeated at least 3 times. One-way ANOVA was used to determine the significant differences,

which are labeled with different letters (p < 0.05).

(legend continued on next page)
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Three transcription factors were proposed to regulate

GSL biosynthesis by regulating the expression of several key en-

zymes in the pathway55,61,62; however, onlyMYB51 andMYB122

exhibited induction at infection sites. Intriguingly, their expres-

sion displayed strong cell-type specificity: MYB122 was only

induced in the epidermis while MYB51 was only induced in the

vasculature cells (Figures 6B, 6C, and S6B). In particular,

MYB122 had not been reported to contribute to plant defense.

We determined the significance of MYB122 induction using

two independent transfer DNA (T-DNA) insertion Arabidopsis

mutants (Figure S6C). Both mutants exhibited enhanced sus-

ceptibility to C. higginsianum as indicated by the larger lesion

sizes on inoculated leaves of adult plants and more severe dis-

ease symptoms at 5 days post inoculation (dpi) (Figure 6D).

We then performed live-cell imaging to monitor fungal invasive

growth in the epidermal cells of Arabidopsis leaves inoculated

with conidial suspensions of C. higginsianum during a time

course at 24, 36, and 42 hpi (Figure 6D). We observed that the

fungal infection was accelerated in the myb122 mutant plants

compared with wild-type plants (Figure 6E). In particular, the

fungal IH tend to develop secondary IH with more branches in

the myb122 mutant plants. Quantification of branched IH in

epidermal cells showed significant differences between the

myb122mutant plants andwild-type plants at 36 and 42 hpi (Fig-

ure 6F), suggesting a potential role of MYB122 in restricting the

biotrophic growth ofC. higginsianum. These results demonstrate

a significant contribution of MYB122 to plant defense, presum-

ably through elevating the production of GSL-related antimicro-

bial metabolites in epidermal cells at the infection sites. These

findings emphasize the recruitment of different sets of genes

involved in the induced GSL biosynthesis in different cell types.

DISCUSSION

Single-cell-based omics are powerful tools for constructing the

progression of a biological process and understanding the het-

erogeneity among different cell populations. In recent years,

this technology has been applied to plant science, especially in

research studying developmental processes,37,38,63,64 and

more recently, plant-microbe interactions.65–67 Here, we gener-

ated a single-cell transcriptome atlas with �95,000 cells during

infection by a fungal pathogen that colonizes the leaf tissue of

the model plant Arabidopsis. This atlas encompasses all major

cell types in leaves, allowing for the identification of cell-type-

specific cellular responses during fungal invasion. We further as-

signed infection site-associated cells using trajectory inference

and live-cell imaging, which enabled the dissection of the spatio-

temporal dynamics of plant response to fungal colonization.

Pathogens utilize diverse mechanisms to enter plant tissue

and colonize different organs. Many pathogens can establish

infection in the plant vascular system.68 We observed that

many genes encoding intracellular immune receptors (NLRs)

were highly expressed in vasculature-related cells, and in
(E) Accelerated progression of fungal infection in the myb122 mutants. Represe

wild-type (Col-0) or myb122-1 plants at 24, 36, and 42 hpi. Scale bars, 10 mm.

(F) Quantitative analysis showing the accelerated fungal infection inmyb122muta

the number of branches) were counted in leaf tissues at 24, 36, and 42 hpi usin

determine statistical significance, using data from two biological replicates. ns, n
many cases, they were further induced by fungal infection in

these specific cell types. As key components of plant immunity,

NLRs recognize pathogen effectors delivered into plant cells and

activate defense response. The specific expression of TNLs in

procambium cells may indicate a role in defending pathogens

that colonize xylem and phloem, such as the bacterial pathogens

Xylella fastidiosa,68 Xanthomonas spp.,69 phytoplasmas,70 Ral-

stonia solanacearum,71 and Candidatus Liberibacter spp.,72 as

well as the fungal pathogens such as Fusarium oxysporum73

and Verticillium spp.,74 and the oomycete pathogen Pythium ul-

timum.75 Most of these pathogens rely on effector proteins to

suppress host immune systems. Interestingly, a rapid and local-

ized vascular browning reminiscent of hypersensitive response

was found in crucifer plants when they were inoculated with

incompatible Xanthomonas campestris strains,76 indicating po-

tential effector recognition in the vasculature. Indeed, specific

effector-NLR recognition in vasculature has been reported. For

example, tomato CNL I-2 recognizes the F. oxysporum effector

Avr2 in the xylem sap.77 However, how NLR receptors, and

indeed immune signaling, work in the vasculature tissues in gen-

eral is poorly understood.78 The fact that NLR-mediated resis-

tance against the phloem-colonizing bacterial pathogens, such

as Liberibacter and phytoplasmas, has not been reported indi-

cates that classic ETImay not be deployed inmature vasculature

tissues, although these pathogens do secrete effectors.70,79

Future research is warranted to experimentally confirm the

cell-type-specific expression of NLRs, especially the specific

expression of TNLs and RNLs in the vasculature-related cells.

Through cis-element analysis, potential transcription factor(s)

that may be involved in this regulation can be identified and

further functionally characterized to examine the biological sig-

nificance of this expression pattern in plant immunity.

While NLRs are activated at protein level by forming resisto-

some complexes, some NLRs, particularly many of the TNLs,

could be induced at transcription level after the activation of

pattern-triggered immunity (PTI)21,80 and ETI.81 Consistently,

we found a family of TNLs to be highly induced in phloem com-

panion cells during the early infection stage of C. higginsianum,

which is not known to colonize vasculature. Therefore, the

enhanced expression of TNLsmay represent a general response

to protect the vasculature organs, which are not only vital for

plant growth and survival but could also be hijacked by patho-

gens for systematic infection. In contrast to TNLs, we did not

observe a general cell-type-specific expression pattern for

CNLs, which may reflect a functional divergence between these

two major classes of NLRs. For example, activated TNLs func-

tion as NAD+-hydrolyzing enzymes and produce signaling mole-

cules to activate immune response.82–84 It will be interesting to

investigate whether the NAD+ hydrolysis products could be

mobile through the vasculature and potentially involved in cell

non-autonomous immunity.

Amajor challenge in the studies of plant-pathogen interactions

is the uneven distribution of pathogen invasion/colonization and,
ntative micrographs showing C. higginsianum invasive growth in the leaves of

nt plants. Numbers of primary and secondary invasive hyphae (represented by

g live-cell images. n = number of images analyzed. T test was performed to

ot significant, *p < 0.05.
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in the case of filamentous pathogens, the dynamic pathogen

development in the host tissue.10,85,86 We determined the

spatiotemporal heterogeneity in plant responses at single-cell

resolution. Our analyses revealed a robust correlation between

cellular response and the proximity of the cell to the invading

fungal hyphae. A similar coupling of spatial and temporal re-

sponses was also observed during bacterial infection.6 More

importantly, we uncovered a cell-type-specific response that

showed spatial dynamics. In this case, coordinated expression

changes in positive and negative regulators of ABA signaling

occurred specifically in guard cells that had direct contact with

the fungus. This activation of ABA signaling gradually decreased

in surrounding cells and diminished in more distal cells. Consis-

tent with this transcription signature, a gradual decrease in sto-

matal aperture toward the fungal infection sites was also

observed. Stomata formed by guard cells serve as natural entry

points for bacterial pathogens.3,4 It has been well established

that stomatal closure is a defense response induced upon bac-

terial perception to prevent their entry into the apoplast.4,87

Although filamentous pathogens can force their entry through

mechanical pressures generated at appressoria (AP)8,88 or

slicing through the epidermal cells,89,90 open stomata could

also be exploited as an alternative entry mechanism or at the

later infection stage for sporulation by oomycete pathogens.9,51

Therefore, the observed stomata closure may be a potential

defense response in anticipation of pathogen penetration and/

or dissemination. Furthermore, manipulation of stomata has

recently been shown to be important for the formation of a nutri-

tious and humid apoplastic environment, which is essential for

bacterial proliferation.91–93 Therefore, stomatal closure is not

only important for pathogen entry but also for disease develop-

ment. Further functional characterization is required to deter-

mine whether and how stomatal closure may regulate fungal

infection.

Our work also highlighted the importance of cell-type-specific

gene activation in processes important to disease resistance.

GSLs are nitrogen- and sulfur-rich phytoanticipins that are crit-

ical to plant defense.56,94,95 The GSL pathway is activated during

immune signaling and has been implicated in resistance against

a variety of fungal and oomycete pathogens.56,96 Consistent with

these previous findings, we observed an overall induction of

genes involved in GSL biosynthesis in cells that had direct con-

tact withC. higginsianum. Importantly, different genes were spe-

cifically induced in different cell types. In particular, MYB122,

MYB34, and MYB51 were proposed to function redundantly in

GSL biosynthesis,55 yet we found their specific induction at the

infection sites, i.e., in epidermis for MYB122 and vasculature

for MYB51. Furthermore, our functional characterization of

MYB122 demonstrated its contribution to restricting fungal bio-

trophic growth, possibly through specifically regulating the

GSL pathways in epidermal cells. These findings exemplify the

power of single-cell-based analysis in dissecting gene regulation

networks.

In this study, we present a comprehensive single-cell tran-

scriptome atlas in Arabidopsis during infection by a hemibiotro-

phic fungal pathogen, showcasing remarkable gene expression

heterogeneity in plant cells. These profiles epitomize the dy-

namic and complex cellular response to fungal infection, which

is influenced not only by cell-type specificity but also by the rela-
12 Cell Host & Microbe 31, 1–16, October 11, 2023
tive proximity to fungal invasive growth. This high-resolution

transcriptome dataset serves as a valuable resource, primed to

catalyze further research aimed at elucidating themolecular intri-

cacies underpinning plant immunity and pathogenesis. We

anticipate that investigations on cell-type-specific gene expres-

sion and identification of cis-elements that regulate these genes

will be instrumental in designing constructs for targeted expres-

sion of defense-related components in the most relevant plant

cells. Facing the urgent need of enhancing disease resistance

in crops, these constructs may minimize growth penalty often

associated with enhanced immunity, paving the way for the

development of more sustainable and resilient agricultural

systems.
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Bezrutczyk, M., Miras, M., Zöllner, N., Hartwig, T., and Wudick, M.M.

(2021). Distinct identities of leaf phloem cells revealed by single cell tran-

scriptomics. Plant Cell 33, 511–530.

39. Jouannet, V., Brackmann, K., and Greb, T. (2015). (Pro)cambium forma-

tion and proliferation: two sides of the same coin? Curr. Opin. Plant Biol.

23, 54–60.

40. De Rybel, B., M€ahönen, A.P., Helariutta, Y., and Weijers, D. (2016). Plant

vascular development: from early specification to differentiation. Nat.

Rev. Mol. Cell Biol. 17, 30–40.

41. Osuna-Cruz, C.M., Paytuvi-Gallart, A., Di Donato, A., Sundesha, V.,

Andolfo, G., Aiese Cigliano, R., Sanseverino, W., and Ercolano, M.R.

(2018). PRGdb 3.0: a comprehensive platform for prediction and analysis

of plant disease resistance genes. Nucleic Acids Res. 46, D1197–D1201.

42. Cao, J., Spielmann, M., Qiu, X., Huang, X., Ibrahim, D.M., Hill, A.J.,

Zhang, F., Mundlos, S., Christiansen, L., and Steemers, F.J. (2019).

The single-cell transcriptional landscape of mammalian organogenesis.

Nature 566, 496–502.

43. Zhou, F., Emonet, A., Tendon, V.D., Marhavy, P., Wu, D., Lahaye, T., and

Geldner, N. (2020). Co-incidence of damage and microbial patterns con-

trols localized immune responses in roots. Cell 180, 440–453.e18.

44. Asai, T., Tena, G., Plotnikova, J., Willmann, M.R., Chiu, W.-L., Gomez-

Gomez, L., Boller, T., Ausubel, F.M., and Sheen, J. (2002). MAP kinase

signalling cascade in Arabidopsis innate immunity. Nature 415, 977–983.

45. He, P., Shan, L., Lin, N.-C., Martin, G.B., Kemmerling, B., N€urnberger, T.,

and Sheen, J. (2006). Specific bacterial suppressors of MAMP signaling

upstream ofMAPKKK in Arabidopsis innate immunity. Cell 125, 563–575.

46. Lewis, L.A., Polanski, K., de Torres-Zabala, M., Jayaraman, S., Bowden,

L., Moore, J., Penfold, C.A., Jenkins, D.J., Hill, C., and Baxter, L. (2015).

Transcriptional dynamics driving MAMP-triggered immunity and path-

ogen effector-mediated immunosuppression in Arabidopsis leaves

following infection with Pseudomonas syringae pv tomato DC3000.

Plant Cell 27, 3038–3064.

47. Birker, D., Heidrich, K., Takahara, H., Narusaka, M., Deslandes, L.,

Narusaka, Y., Reymond, M., Parker, J.E., and O’Connell, R. (2009). A lo-

cus conferring resistance to Colletotrichum higginsianum is shared by

four geographically distinct Arabidopsis accessions. Plant J. 60,

602–613.

48. Batool, S., Uslu, V.V., Rajab, H., Ahmad, N., Waadt, R., Geiger, D.,

Malagoli, M., Xiang, C.-B., Hedrich, R., and Rennenberg, H. (2018).

Sulfate is incorporated into cysteine to trigger ABA production and sto-

matal closure. Plant Cell 30, 2973–2987.

49. Underwood, W., Melotto, M., and He, S.Y. (2007). Role of plant stomata

in bacterial invasion. Cell. Microbiol. 9, 1621–1629.

50. Zeng, W., Melotto, M., and He, S.Y. (2010). Plant stomata: a checkpoint

of host immunity and pathogen virulence. Curr. Opin. Biotechnol. 21,

599–603.

51. Wang, Y., Bouwmeester, K., Van de Mortel, J.E., Shan, W., and Govers,

F. (2013). A novel A rabidopsis–oomycete pathosystem: differential inter-

actions with P hytophthora capsici reveal a role for camalexin, indole glu-

cosinolates and salicylic acid in defence. Plant Cell Environ. 36,

1192–1203.

52. Fantozzi, E., Kilaru, S., Gurr, S.J., and Steinberg, G. (2021).

Asynchronous development of Zymoseptoria tritici infection in wheat.

Fungal Genet. Biol. 146, 103504.

53. Ye, W., Munemasa, S., Shinya, T., Wu, W., Ma, T., Lu, J., Kinoshita, T.,

Kaku, H., Shibuya, N., and Murata, Y. (2020). Stomatal immunity against
14 Cell Host & Microbe 31, 1–16, October 11, 2023
fungal invasion comprises not only chitin-induced stomatal closure but

also chitosan-induced guard cell death. Proc. Natl. Acad. Sci. USA

117, 20932–20942.

54. Sai, N., Bockman, J.P., Chen, H., Watson-Haigh, N., Xu, B., Feng, X.,

Piechatzek, A., Shen, C., and Gilliham, M. (2023). StomaAI: an efficient

and user-friendly tool for measurement of stomatal pores and density us-

ing deep computer vision. New Phytol. 238, 904–915.

55. Frerigmann, H., and Gigolashvili, T. (2014). MYB34, MYB51, and

MYB122 distinctly regulate indolic glucosinolate biosynthesis in

Arabidopsis thaliana. Mol. Plant 7, 814–828.

56. Xu, J., Meng, J., Meng, X., Zhao, Y., Liu, J., Sun, T., Liu, Y., Wang, Q., and

Zhang, S. (2016). Pathogen-responsive MPK3 and MPK6 reprogram the

biosynthesis of indole glucosinolates and their derivatives in Arabidopsis

immunity. Plant Cell 28, 1144–1162.

57. Widemann, E., Bruinsma, K., Walshe-Roussel, B., Rioja, C., Arbona, V.,

Saha, R.K., Letwin, D., Zhurov, V., Gómez-Cadenas, A., and Bernards,
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Cellulase R-10 Yakult N/A

Macerozyme R-10 Yakult N/A

Mannitol Sigma M1902

Phosphate buffed saline (PBA) Sigma P5493-1L

Critical commercial assays

HiScript� II 1st Strand cDNA Synthesis Kit Vazyme Cat# R211-01/02

30 mm cell strainers Miltenyi Biotec Cat# 130-098-458

RNeasy Plant Mini Kit QIAGEN Cat# 74904

Deposited data

scRNA-seq and bulk RNA-seq datasets This study PRJEB61052

Published dataset O’Connell et al.7 PRJNA148307

Experimental models: Organisms/strains

Arabidopsis thaliana: Col-0 ABRC (Arabidopsis Biological

Resource Center)

CS70000

Arabidopsis: pFRK1::NLS-3xmVenus Zhou et al.43 CS2110219

Arabidopsis: AT3G25800 T-DNA line: myb122-1 ABRC Salk_027525

Arabidopsis: AT3G25800 CRISPR line: myb122-2 ABRC Salk_027085

Colletotrichum higginsianum O’Connell et al.97 IMI 349061

Colletotrichum higginsianum

(constitutively expressing GFP )

O’Connell et al.97 IMI 349061

Oligonucleotides

MYB122_qRT_F:

ACCTCTTCGAATCTCCCCATC

This study N/A

MYB122_qRT_R:

AACTTCATTGATCGGCGTCAC

This study N/A

SALK_027525_LP:

GAAGACCAAAAGCTTATCGCC

This study N/A

SALK_027525_RP:

TCCAAACAAGACTCAACGGAC

This study N/A

SALK_027085_LP:

AGCAGAAGGGTTGAAGAAAGG

This study N/A

SALK_027085_RP:

GGGGAGATTCGAAGAGGTATG

This study N/A

Software and algorithms

Seurat Hao et al.98 https://satijalab.org/seurat/

monocle Trapnell et al.99 http://cole-trapnell-lab.github.io/monocle-release/

Monocle3 Cao et al.42 http://cole-trapnell-lab.github.io/monocle-

release/monocle3/

Harmony Korsunsky et al.100 https://github.com/immunogenomics/harmony

DoubletFinder McGinnis et al.101 https://github.com/chris-mcginnis-ucsf/DoubletFinder

Trimmomatic Bolger and Giorgi102 https://github.com/usadellab/Trimmomatic

Cellranger 10x Genomics https://github.com/10XGenomics/cellranger

Clusterprofiler Yu et al.103 https://guangchuangyu.github.io/software/

clusterProfiler/

SAI Sai et al.54 https://github.com/xdynames/sai-app

kallisto Bray et al.104 https://pachterlab.github.io/kallisto/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

DESeq2 Love et al.105 https://bioconductor.org/packages/release/bioc/

vignettes/DESeq2/inst/doc/DESeq2.html

sva Leek et al.106 https://bioconductor.org/packages/devel/bioc/

vignettes/sva/inst/doc/sva.pdf

NLRtracker Kourelis et al.25 https://github.com/slt666666/NLRtracker

https://github.com/TeamMacLean/nlrsnake

Original code This study https://doi.org/10.5281/zenodo.8282688
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, WenboMa

(wenbo.ma@tsl.ac.uk).

Materials availability
Seeds of Arabidopsis thaliana plants used in this study were acquired from Arabidopsis Biological research center (ABRC, stock

number: see key resources tables). This study did not generate new unique reagents. C. higginsianum strains can be available

upon request by contacting the lead contact, Wenbo Ma (wenbo.ma@tsl.ac.uk).

Data and code availability
d The raw data of scRNA-seq and bulk RNA-seq experiments have been deposited in ENA with project ID PRJEB61052 and are

publicly available as of the date of publication.

d All the original code is available at Zenodo (https://doi.org/10.5281/zenodo.8282688).

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant material and growth conditions
Arabidopsis thaliana ecotype Col-0 (wild-type) seeds were sterilized and grown on Murashige-Skoog medium plates supplemented

with 1% sucrose and 0.8% Phytagel in a growth chamber under 16/8-hour light/dark condition at 22 �C. After 14 days, the seedlings

were inoculated with conidial suspensions ofC. higginsianum and used for scRNA-seq. For pathogenicity assays, Arabidopsis plants

were grown in a growth room at 22 �C with 16/18-hour light/dark regime.

Growth of C. higginsianum
Growth ofC. higginsianumwas performed as previously described.97C. higginsianum strain IMI 349061was sub-cultured from -80�C
stock and grown on PDA plates at 25�C with a 12-hour light-dark cycle. After 5 days, conidia of C. higginsianum were harvested by

washing with water. The suspension was then used to make a conidial suspension containing 0.2% gelatin at a concentration of 1 x

105 conidia per mL for inoculation.

METHOD DETAILS

Inoculation of C. higginsianum
For the scRNA-seq and protoplast isolation, 14-day-old Arabidopsis seedlings were spray-inoculated with either the conidial sus-

pension or 0.2% gelatin as the mock control. The inoculated plants were kept in a growth chamber at 25�C with a 12-hour light-

dark cycle. Arabidopsis mutant lines of myb122 were ordered from SALK (Salk_027525 and Salk_27085) and verified by PCR and

qRT-PCR. The primers used to genotype and test gene expression of these mutants are listed in the key resources table. To perform

the pathogenicity assay, four-week-old Arabidopsis plants were inoculated with the conidial suspension, and 20 mL conidial suspen-

sion was applied to the abaxial side of each adult rosette leaf. The plants were kept at high humidity in a growth chamber under a

12-hour light-dark cycle for five days. Inoculated leaves were collected and immediately scanned. The discolored area (DA) and total

area (TA) of each leaf were determined by the Image-Adjust-Color Threshold functions of the ImageJ-fuji software. The lesion size is

represented by DA/TA.

Microscope for live-cell imaging and stomatal aperture quantification
The inoculated leaves were collected from seedling tissues after infection unless otherwise specified. The fluorescence signal was

observed under a Leica TCL SP8 confocal microscope. A laser of 488-nm wavelength was used for excitation, and an emission
e2 Cell Host & Microbe 31, 1–16.e1–e5, October 11, 2023
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wavelength of 500-nm to 530-nm was used to observe the GFP signal constitutively expressed in C. higginsianum. To acquire the

Venus signal, a 514-nm laser was used for excitation, and the emission detection wavelength was between 515-nm and 545-nm.

To measure stomatal aperture, leaves from 14-day-old seedlings were treated with either water containing 0.1% gelatin for the

mock samples or a suspension of fungal conidia for the infected samples. The samples were left in a controlled environment under

16/8-hour light/dark condition at 22�C. At 40 hpi, the samples were collected for imaging acquisition. The image files capturing the

stomatal aperture of uninfected, distant, or proximity guard cells were fed into a machine learning-based analysis pipeline.54 The

width and length of each guard cell were measured and collected for comparison.

Arabidopsis protoplast preparation for scRNA-seq
Before sample collection, live-cell imaging was performed to monitor the robustness of the infection. Protoplast isolation from plant

leaveswasmainly performedasdescribed107withminormodification.Briefly, themockand infected leaveswerecut into0.5mmstrips

and immediately transferred into protoplast enzyme solution (4% cellulase R10, 1.5%macerozyme R10, 0.4 Mmannitol, 10 mM KCl,

10mMCaCl2, 0.2M4-morpholineethanesulfonic acid, and0.1%BSA). At least 20 leaves of each samplewere collected andbulked for

further experiments. To shorten the digestion time, the leaf strips were wrapped in foil to avoid light and gently vacuum infiltrated for

20min,which enabled cell release fromseedlings faster than usual. After 1-hour of digestion at room temperature, the leaveswere fully

digested. The protoplast was filtered via 30 mmcell strainers (Miltenyi Biotec, key resources table) andwashed 2 timeswith pre-cooled

10%PBSbuffer (Sigma, key resources table) at 4�C ina50mLsterile tube.Thesampleswerecentrifugedat 150xg for 2minat 4�Cand

then transferred onto ice. The suspension was kept on ice for at least 10min to allow the protoplasts to fall to the bottom of the tube so

that the upper supernatant could be discarded without disturbing the protoplasts. The viability of protoplasts and presence of cell

debris was determined by trypan blue staining. The samples with > 90 % viability was adjusted to � 2000 cells / mL using a hemocy-

tometer. At least four technical replicates for eachbiological replicatewere prepared, and the best twowere selected for further single-

cell partition.

Single-cell partition and RNA-library construction
The protoplast suspensions were diluted to 1500 cell per mL and immediately loaded into a Chromium Single Cell Instrument (10x

Genomics, Pleasanton, CA) to produce single-cell GEMs (Gel Bead-In Emulsions). scRNA-seq libraries were generated using the

Chromium Single Cell 3’ Gel Bead and Library Kit V3.1 (10x Genomics, Pleasanton, CA). The experiment was performed according

to the user’s guide provided by the vendor. Eleven cycles of PCR were used to perform cDNA amplification and a further eleven cy-

cles for the final library construction. The libraries were sequenced by Illumina NovaSeq (Novo Gene, Cambridge, UK) to produce

paired-end 150 bp reads after quality control by Agilent 2100 Bioanalyzer.

Alignment of raw scRNA-seq data
Reference files for the Arabidopsis genome (TAIR) were downloaded from the Ensembl database.108 The ‘‘cellranger mkref’’ function

(part of Cellranger (V6.0.1), 10x Genomics, Pleasanton, CA) was used to build references. Raw reads were aligned against the

genome using Cellranger with default settings. The percentage of aligned reads ranged from 70% to 95% across the samples.

Quality control, doublet detection, cell-cycle regression, and batch effects removal of scRNA-seq data
The downstream analysis was conducted by deploying scripts modified from Seurat (v4.0).98 Read10x was used to load raw matrix

files, and the function ‘‘CreateSeuratObject’’ was used to build individual Seurat datasets after the Cellranger alignment. To filter out

low-quality data, cells with less than 200 genes were discarded, and the genes present in less than three cells were not considered.

The dataset was then normalised by ‘‘SCTransform’’ function and fed into Douletfinder workflow to identify doublets during the sin-

gle-cell partition experiment.101 Briefly, the function ‘‘DoubletFinder_v3’’ was used to determine homotypic doublets with parameters

of nExp = round (0.05*nrow(x)) (the number of expected real doublets), pN = 0.25 (the number of artificial doublets), and pK = 0.09 (the

neighborhood size). The proportion of artificial neighbors for each cell was calculated and thereby used to define doublet predictions.

The resultant cells annotated as ‘‘Singlets’’ in each library were kept for further analysis. The proportion of read counts aligned to

chloroplast, mitochondrial, and protoplast-induced genes in each library were investigated before further analysis. Cells with less

than 1%of transcripts aligning tomitochondrial and chloroplast genes were taken to further analysis. Further quality control was sub-

sequently performed as low-quality cells were defined as expressing less than 500 genes or more than 50,000 genes. The libraries

were then merged using Seurat. To mitigate the effects of cell cycle heterogenicity on cell clustering, genes related to G1-S, and

G2-M were identified from a public database109 and fed into the function ‘‘CellCycleScoring’’. For normalization, the SCTransform

was applied with ‘‘var.to.regress’’ for cell cycle genes regression. The resultant dataset was fed into ‘‘RunHarmony’’ function using

seurat dataset assay as ‘‘SCT’’ to correct batch effects between the replicates and samples which generated an integrated Seurat

dataset.100

Clustering and cell type annotation and gene expression analysis in scRNA-seq
Clustering analysis was performed using RunPCA with npc = 30, following RunUMAP and RunTSNE. After this, the cell clusters were

identified using functions ‘‘FindNeighbors’’ with parameters k.param = 10, dims = 1:30, and ‘‘FindClusters’’ with a resolution of 0.4.

To define genes enriched in each cluster, the ‘‘FindAllMarkers’’ function was used with parameters logfc.threshold = 0.4, min.pct =

0.1, min.diff.pct = 0.1. The Wilcoxon Rank Sum test method was used to define differentially expressed genes between each cluster
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and all other cells. The resultant genes were then merged with published single-cell marker genes database35,36 and supplementary

data from previous studies using Arabidopsis leaf tissue.37,38 The resultant genes were used for cell type annotation of each cluster.

To visualise and profilemarker gene expression, the ‘‘Featureplot’’ function was applied. For further sub-clustering analysis of cluster

6 and 18, the cells were extracted and processed by RunUMAP with a resolution of 0.8 to yield a higher number of clusters. The sub-

cluster enriched genes and cell type annotations were performed as described above. To define relative expression of putative and

known NLR-encoding genes in Arabidopsis, NLR genes were identified using NLRtracker.25 Only genes with 500 or more normalized

UMI counts across the atlas were kept for further investigations. To determine cell type-specific expression, the UMI count matrix

generated from Seurat was pulled out. The relative expression of each gene in each cell type was calculated by creating a matrix

with aggregated expression values for predefined cell groups using ‘‘aggregate_gene_expression’’ in monocle3.42 The expression

values were normalized via dividing them by cell size factors. To investigate the expression pattern of CNL, TNL, and RNL gene fam-

ily, the NLR-encoding genes for each sub-family were pooled together as input for the ‘‘AddModuleScore’’ function in Seurat.98 This

method defined relative contribution of the targeted gene families to each cell transcriptome. Here, we deployed scripts with default

setting ‘‘ctrl = 50’’ as 50 randomly picked genes for benchmarking.

Phylogenetic analysis of genes encoding TIR-containing proteins
To identify genes encoding TIR-containing proteins, NLRtracker25 was ran with default settings against the Arabidopsis proteome

(TAIR10). Proteins labelled as TIR were extracted and the longest possible protein sequence with multiple splice variants was ob-

tained using bash scripting. Interproscan v.5.45110 was then used to predict TIR domain locations for 140 proteins. Bash scripting

was utilized to extract the longest hit to TIR domain in each protein sequence, and where necessary determine if there were multiple

non-overlapping hits per protein and separate these. This meant the total number of TIRs was 147. All 147 Arabidopsis TIR domains

were then aligned usingClustalW v.2.1111 to create a 356 aa alignment. IQTREE v.2.0.4,112 withmodel selection viaModelFinder, was

used to create a Maximum-Likelihood phylogeny with the model JTT+F+G4 and 1000 bootstrap replicates. The tree was plotted us-

ing ggtree113 with accession information from NLRTracker annotated. Expression data in non-inoculated samples (normalised per

gene) across the four cell types was displayed as a heatmap.

Trajectory inference and pseudotime analysis
To construct a trajectory, cells annotated with the same cell type were pooled together and fed into a monocle pipeline.99 First, the

UMI countmatrix for the four major cell types as ‘‘single.cell.experiment’’ was used to construct the dataset by the ‘‘newCellDataSet’’

function, respectively. The resultant dataset was processed to identify genes that were differentially expressed while eliminating

batch effects from replicates. The top 2,000 significantly altered genes (according to the q-values) from this dataset were selected

for further analysis. To minimize the impact of cell type developmental effects on infection-related trajectory construction, uninfected

cells were isolated from each dataset, and wild-type pseudotime was inferred to identify the top 100 significantly altered genes that

are potentially crucial for cell type development and determinant. The first set of genes, excluding those identified in the cell type

pseudotime analysis, was selected to construct the infection-responsive trajectory, which is vital to build the trajectory elucidating

the dynamics of cellular responses to infection. To build the trajectory, the ‘‘setOrderingFilter’’ function was applied and the

‘‘DDRTree’’ method was used to order the cells according to the expression pattern of selected genes. The resultant pseudotime

values for four cell types (epidermis, guard cells, mesophyll, and vasculature) were then defined. To assemble a list of genes asso-

ciated with ABA signaling, genes associated with GO terms ‘‘positive regulation of abscisic acid-activated signalling pathway’’

(GO:0009789) or ‘‘negative regulation of abscisic acid-activated signalling pathway’’ (GO:0009788) were extracted from the TAIR

database.109 The resultant gene lists were input into ‘‘AddModuleScore’’, and the relative expression of ABA-related genes in

each cell was extracted. To define genes enriched at infection sites, the cells with the top 20%pseudotime defined from the trajectory

of each cell type was pulled out and defined as infection sites. After that the ‘‘FindAllMarkers’’ function in Seurat was applied to define

genes enriched in the cells at infection sites by settings with log2|FC| > 0.25, pct.1 >= 0.2, pct.2 < 0.1, min.diff.pct > 0.2, using The

Wilcoxon Rank Sum test method. The differentially expression genes were determined by the ‘‘FindallMarker’’ function by using the

same cut-off as above. All the enrichment analysis was performed using clusterProfiler package103 with cut-offs of q-value < 0.2 for

KEGG metabolic pathways and q-value < 0.05 for GO terms.

Bulk RNA-seq data analysis
To determine transcriptome changes in Arabidopsis during the infection by C. higginsianum, we downloaded raw RNA-seq datasets

PRJNA148307 from a previous study.7 The raw reads were processed for quality checking and adaptor removal by Trimmomatic.102

Trimmed reads were aligned against the Arabidopsis genome using Kallisto104 followed by tximport114 to generate a count matrix.

Batch effects removal was performed by the sva package.106 Sample size factors, normalization, and differentially expressed genes

were analyzed by DESeq2.105 To identify Arabidopsis genes specifically induced during fungal infection, genes showing log2|FC| > 2,

p-adj < 0.05, and averaged TPM < 100 in the mock sample were considered as appressorium stage induced genes as an early

response, and the ones at 42 hpi were considered as biotrophic stage-specific. To identify protoplasting-induced genes, we per-

formed RNA-seq using bulked samples. Arabidopsis leaves of 14-day-old seedlings were cut into 0.5 mm strips and digested in pro-

toplast enzyme solution following the exact protocol used in single cell analysis. The protoplasts were collected and processed for

total RNA isolation by RNeasy plant kit (Qiagen, key resources table) according to instructions provided by the manufacturer. Leaves

directly collected from the seedlings without treatment were used as a mock control. Total RNA was quality checked by Bioanalyzer
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and sent for sequencing. Raw reads of all the bulk RNA-seq data were fed for quality checking and adaptor removal by Trimmo-

matic.102 Trimmed reads were aligned against the Arabidopsis genome using Kallisto104 followed by tximport114 to generate a count

matrix. Batch effects removal was performed by the sva package.106 Sample size factors, normalization, and differentially expressed

genes were analyzed by DESeq2.105 The protoplasting-induced genes were defined by a cut-off of log2|FC| > 1, padj < 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in R. One-way ANOVA Duncan test was used for multiple groups of observations. Student’s

t-test was used to determine the significance for two groups of observations. Details of the statistical analysis can be found in the

figure legends.
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