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ABSTRACT

DetachedArabidopsis thaliana leavescan regenerateadventitious roots,providingaplatform forstudyingde
novo root regeneration (DNRR). However, the comprehensive transcriptional framework of DNRR remains
elusive. Here, we provide a high-resolution landscape of transcriptome reprogramming from wound
response to root organogenesis in DNRR and show key factors involved in DNRR. Time-lapse RNA
sequencing (RNA-seq) of theentire leafwithin 12hof leaf detachment revealed rapid activationof jasmonate,
ethylene, and reactiveoxygenspecies (ROS)pathways in response towounding.Geneticanalysesconfirmed
that ethylene andROSmayserve aswoundsignals to promoteDNRR.Next, time-lapseRNA-seqwithin 5 dof
leaf detachment revealed the activation of genes involved in organogenesis, wound-induced regeneration,
and resource allocation in the wounded region of detached leaves during adventitious rooting. Genetic
studies showed that BLADE-ON-PETIOLE1/2, which control aboveground organs, PLETHORA3/5/7, which
control rootorganogenesis, andETHYLENERESPONSEFACTOR115,whichcontrolswound-induced regen-
eration, are involved in DNRR. Furthermore, single-cell RNA-seq data revealed gene expression patterns in
thewounded regionof detached leavesduringadventitious rooting.Overall, our studynot only provides tran-
scriptome tools but also reveals key factors involved in DNRR from detached Arabidopsis leaves.
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INTRODUCTION

After wounding, many plant organs are able to regenerate adven-
titious roots in a process known as de novo root regeneration
(DNRR), which is widely used in many agricultural techniques
such as cutting propagation (De Klerk et al., 1999; Bellini et al.,
2014; Liu et al., 2018; Perez-Garcia and Moreno-Risueno, 2018;
Sang et al., 2018; Xu, 2018; Druege et al., 2019; Ikeuchi et al.,
2019; Mironova and Xu, 2019).

We have developed a simplemethod for studying DNRR from de-
tached leaves (leaf explants) of Arabidopsis thaliana on hormone-
free medium (Chen et al., 2014; Liu et al., 2014). Based on this
method, the DNRR framework has been proposed at the
physiological, genetic, and molecular levels (Xu, 2018). Upon
detachment, leaf explants sense many early signals, including
wound signals, stress signals, environmental signals, and the
developmental status of the leaf. Guided by these early signals,
auxin is produced and transported into regeneration-competent
cells (such as those in the vascular procambium and some
vascular parenchyma cells) within the wounded region to initiate
cell fate transition and root organogenesis.

Jasmonate (JA) has been identified as one of the wound signals
that promote DNRR from leaf explants (Zhang et al., 2019b). JA
accumulates rapidly after leaf detachment. The JA-mediated
wound-signaling pathway directly activates the expression of
the AP2/EREBP (APETALA2/ethylene-responsive element bind-
ing protein) transcription factor family gene ETHYLENE
RESPONSE FACTOR109 (ERF109) at about 10 min after leaf
detachment, and ERF109 then promotes DNRR by upregulating
genes involved in auxin biosynthesis (Sun et al., 2009; Cai
et al., 2014; Zhang et al., 2019b). In addition, another AP2/
EREBP family gene, ABSCISIC ACID REPRESSOR1 (ABR1),
participates in the wound-signaling pathway to promote DNRR
and, together with ERF109, functions in the microRNA165-
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL)-
mediated leaf age pathway (Ye et al., 2020). However, our
understanding of the early signals in DNRR is still limited. It is
largely unclear whether and how other wound-induced hormones
and chemicals, such as ethylene and reactive oxygen species
(ROS), together with stress and environmental signals, function
in DNRR from detached leaves.

Auxin is the pivotal cell-fate-controlling hormone that links early
signals to cell fate transition during DNRR (Thimann and Went,
1934; Zimmerman and Wilcoxon, 1935; Hitchcock and
Zimmerman, 1936; Ahkami et al., 2013; Della Rovere et al.,
2013; Liu et al., 2014; Pacurar et al., 2014; Chen et al., 2016a;
Sun et al., 2016; Bustillo-Avendaño et al., 2018; Xu, 2018;
Druege et al., 2019; Pan et al., 2019). When auxin is polarly
transported into regeneration-competent cells, the auxin
signaling pathway directly activates the expression of the tran-
scription factor gene WUSCHEL-RELATED HOMEOBOX11
(WOX11) for fate transition from regeneration-competent cells
to root founder cells (Liu et al., 2014). WOX11 then directly
activates expression of the transcription factor genes LATERAL
ORGAN BOUNDARIES DOMAIN16 (LBD16) and WOX5 for the
cell fate transition from root founder cells to root primordium
with cell division (Hu and Xu, 2016; Sheng et al., 2017). The
AP2/EREBP family genes PLETHORA1 and 2 (PLT1/2) and

PLT3/5/7 (Aida et al., 2004; Prasad et al., 2011) and the cell
cycle genes CYCB1;1/1;2 (Nowack et al., 2012; Scofield et al.,
2014) are also required for DNRR from leaf explants (Bustillo-
Avendaño et al., 2018; Shanmukhan et al., 2021). The
transcription factor genes NAC1 (petunia NAM and Arabidopsis
ATAF1, ATAF2, and CUC2) and NAC1-RELATED1 (NAR1) pro-
mote cell wall metabolism at the wounded site of leaf explants
to facilitate root primordium emergence via upregulation
of KDEL-TAILED CYS ENDOPEPTIDASE1/2 (CEP1/2) to
degrade EXTENSIN (EXT) (Chen et al., 2016b). However, the
transcriptome framework for cell fate transition in DNRR
remains largely unclear.

Recently, single-cell RNA sequencing (RNA-seq) technology was
used to analyze the Arabidopsis root apical meristem (RAM)
(Zhang et al., 2019a; Denyer et al., 2019; Jean-Baptiste et al.,
2019; Ryu et al., 2019; Shulse et al., 2019), and it has since
been widely used for many plant tissues and organs (Seyfferth
et al., 2021). In this study, single-cell RNA-seq and time-lapse
RNA-seq analyses reveal the high-resolution transcriptome
framework of DNRR from leaf explants.

RESULTS

Strategy for RNA-seq analyses of DNRR

We conducted time-lapse and single-cell RNA-seq experiments
to characterize the high-resolution transcriptome framework in
DNRR using our previously established system for adventitious
rooting from detached Arabidopsis leaves (Chen et al., 2014)
(Figure 1A–1D). The first pair of rosette leaves was cut, and the
detached leaves were cultured on B5 medium without added
hormones. Usually, one to three adventitious roots regenerated
from the wounded region per leaf explant, and the root tip
became visible after 6 d on B5 medium (Figure 1A). Each time-
lapse RNA-seq experiment comprised two biological replicates
and was quality controlled (Supplemental Figure 1A).

First, to study transcriptional regulation by early signals, we per-
formed time-lapse RNA-seq analysis using whole leaf explants at
time 0 (t0), 10 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 12 h after detach-
ment (Figure 1B). Usually, early signals such as wound and stress
signals function in many cells, including leaf margin cells,
mesophyll cells, some vascular cells, and cells at the wound
site (Chen et al., 2016a; Zhang et al., 2019b). Wild-type
Columbia-0 (Col-0) and the JA receptor mutant coronatine insen-
sitive 1-2 (coi1-2) (Xu et al., 2002) were used to analyze JA-
mediated and non-JA-mediated signaling pathways. The over-
view of gene expression patterns (Supplemental Table 1), the
gene ontology (GO) enrichment of up- and downregulated
genes (Figure 1E; Supplemental Table 1), and the hub genes in
the co-expression network (Zhang and Horvath, 2005)
(Supplemental Figure 1B; Supplemental Table 1) indicated
transcriptome reprogramming in response to early signals. To
focus on regeneration, genes with undetectable or very low
transcript levels (TPM < 2) at t0 but significantly increased
transcript levels (log2[fold change] > 2 and false discovery rate
[FDR] <0.05) at any time point after leaf detachment compared
with that at t0 were selected as candidate genes for further
analysis (Figures 2 and 3; Supplemental Figures 2 and 3;
Supplemental Tables 2 and 3). We considered that these
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candidate genes might be early wound-signaling response
genes that were minimally involved in normal leaf development
before detachment and were activated for regeneration after
detachment.

Second, to study transcriptome reprogramming in adventitious
root organogenesis, we performed time-lapse RNA-seq analysis
of the wounded region of leaf explants at t0, 6 h, 12 h, 1 d, 2 d, 3 d,
4 d, and 5 d after detachment (Figure 1C). Regeneration-
competent cells are located in the vasculature of the wounded re-
gion, and they usually undergo a fate transition to form the root
primordium within 5 d of detachment (Liu et al., 2014; Hu and
Xu, 2016; Sheng et al., 2017; Xu, 2018; Bustillo-Avendaño
et al., 2018). Besides regeneration-competent cells, many other
cells in the wounded region may also be important for providing
the cellular environment for root organogenesis. In this experi-
ment, leaf explants were cultured on B5 medium (mock) or B5
medium containing the auxin polar transport inhibitor naph-
thylphthalamic acid (NPA) to reveal auxin-mediated and non-
auxin-mediated gene expression profiles. Treatment with NPA
can block auxin accumulation in regeneration-competent cells,
resulting in a loss of root organogenesis (Liu et al., 2014). The
overview of gene expression patterns (Supplemental Table 1),
the GO enrichment of up- and downregulated genes (Figure 1F;
Supplemental Table 1), and the hub genes in the co-expression
network (Zhang and Horvath, 2005) (Supplemental Figure 1C
and 1D; Supplemental Table 1) showed transcriptome
reprogramming during adventitious root organogenesis. To
focus on regeneration, candidate genes with undetectable or
very low transcript levels (TPM < 2) at t0 and increased
transcript levels after leaf detachment (log2[fold change] > 2
and FDR < 0.05) at any time point after t0 (Figures 4, 5, and 6;
Supplemental Figures 4 and 5; Supplemental Tables 4 and 5)
were selected for further analysis. These genes might be
minimally involved in normal leaf development before
detachment and activated in the wounded region of leaf
explants in DNRR.

Third, we performed single-cell RNA-seq to study the transcrip-
tome profile in the wounded region of leaf explants during adven-
titious root organogenesis at the single-cell level (Figure 1D). The
wounded regions of leaf explants at 4 d after detachment were
collected for single-cell extraction and RNA-seq analysis
(Figure 7; Supplemental Figure 6; Supplemental Table 6). A

mixture of cells in the wounded region, including those that
underwent cell fate transition at different stages, could be
observed at this time point. This is because rooting efficiency
and speed were not precisely synchronized among different
leaf explants, and leaf explants therefore harbored cells at
different stages of fate transition. In addition, because each leaf
explant could successively produce one to three adventitious
roots, it could contain cells at different stages of fate transition.
An estimated 7225 cells were obtained, with mean values of
57 768 reads per cell and 2321 genes per cell.

The RNA-seq data obtained in these analyses can be accessed
using the online tool (http://xulinlab.cemps.ac.cn/), and gene
IDs can be used to search for gene expression patterns.

Time-lapse RNA-seq analysis of transcriptional
response to early signals

The candidate genes activated by early signals in whole detached
leaves of Col-0 from t0 to 12 h (Figure 1B) could be grouped into
six gene clusters based on their expression patterns (gene
clusters 1 to 6; Figure 2A–2F; Supplemental Table 2). Gene
clusters 1 (Figure 2A) and 2 (Figure 2B) were activated from
10 min to 1 h of detachment and were downregulated
afterward. Gene clusters 3 and 4 were gradually activated and
showed peak expression at 1 h after detachment, followed
by sharp downregulation (gene cluster 3; Figure 2C) or
gradual downregulation (gene cluster 4; Figure 2D). Gene
cluster 5 was gradually activated after leaf detachment,
showed peak expression at 2–8 h, and was downregulated
afterward (Figure 2E). Gene cluster 6 was continuously
upregulated after 1 h with various patterns (Figure 2F). ERF109
and ABR1, which are involved in the wound response in DNRR
(Zhang et al., 2019b; Ye et al., 2020), were in gene clusters 1
and 3, respectively, suggesting that these two ERF family
genes function at different times to promote DNRR (Figure 2A
and 2C). We validated selected gene expression patterns in
gene clusters 1–6 by quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) (Supplemental Figure 2).

GO analyses were conducted to analyze the genes in gene clus-
ters 1 to 6 (Figure 2G; Supplemental Table 2). Genes in the JA,
ethylene, and ROS pathways were immediately activated after
leaf detachment, indicating that, in addition to JA, ethylene and

Figure 1. Overview of RNA-seq experiments in this study.
(A) Adventitious rooting from Arabidopsis leaf explant.

(B) Time-lapse RNA-seq analysis of whole leaf explants (boxed region) of Col-0 and coi1-2 at t0, 10 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 12 h after

detachment. Two biological replicates were analyzed.

(C) Time-lapse RNA-seq analysis of wounded region of Col-0 leaf explant (boxed region) cultured on B5mediumwithout (mock) or with 5 mMNPA from t0,

6 h, 12 h, 1 d, 2 d, 3 d, 4 d, and 5 d after detachment. Because NPA was dissolved in dimethyl sulfoxide (DMSO), the mock control was treated with the

same amount of DMSO in B5 medium. Two biological replicates were analyzed.

(D) Single-cell RNA-seq analysis of the wounded region of Col-0 leaf explant (boxed region) at 4 d after detachment. The data were from one biological

replicate.

(E and F)Gene set enrichment analysis (GSEA) of GO terms enriched in up- or downregulated genes at each time point compared with t0. The time-lapse

RNA-seq data for Col-0 (E, the entire detached leaf) or mock (F, the wounded region of detached leaves) were used for GSEA. Each dot represents the

gene set of a GO term. Red dots represent gene sets enriched in upregulated genes (NES > 1), and green dots represent gene sets enriched in

downregulated genes (NES <!1). GO terms with high gene overlap are connected by lines (enrichment of GO term pairwise comparison >5 and count of

overlapped genes >20). GO terms related to JA, SA, ethylene, ABA, and wounding are listed in (E) as examples. GO terms related to transport are listed in

(F) as examples. See Supplemental Table 1 for the full list of GO terms.

Scale bar, 1 mm in (A–D).
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Figure 2. Time-lapse RNA-seq analysis of candidate genes activated in response to early signals.
(A–F)Candidate genes activated in Col-0 leaf explants within 12 h after detachment, as determined from RNA-seq data (TPM< 2 at t0; log2[fold change] >

2 and FDR < 0.05 at any time point comparedwith that at t0). On the basis of expression patterns, candidate genes were grouped into six gene clusters (1–

6). Lines indicate average values.

(G) GO analysis of gene clusters 1 to 6. GO terms mentioned in the results are labeled in red.
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Figure 3. Analysis of JA, ethylene, and ROS as wound signals in DNRR.
(A)Upregulated genes in the JA biosynthesis pathway, as identified from RNA-seq data of Col-0 and coi1-2 leaf explants from t0 to 12 h after detachment.

Numbers in each box are TPM values. P values were calculated by performing a paired t-test between TPM values of Col-0 and coi1-2. One replicate was

regarded as one sample.

(B) Distribution of genes with scaled relative expression at each time point from RNA-seq data of Col-0 and coi1-2. Vertical lines indicate gene count

density; horizontal lines indicate transcript levels at each time point. We independently scaled the expression levels at each time point for Col-0 and

coi1-2. Arrow shows a group of genes highly upregulated in Col-0 but not in coi1-2 at 1 h after leaf detachment.

(legend continued on next page)
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ROS may also serve as wound signals in the rapid response to
leaf detachment during DNRR (see below for genetic validation
analyses of ethylene and ROS) (Druege et al., 2016, 2019; Xu,
2018). Leaves experience multiple stress conditions after
detachment, and genes that are responsive to such stress
conditions (e.g., hypoxia, water deprivation, and oxidative
stress) and are involved in the abscisic acid (ABA) and salicylic
acid (SA) pathways may be rapidly activated and affect the
efficiency of adventitious rooting (Mandadi et al., 2009; Guénin
et al., 2011; Kotula et al., 2015; Chen et al., 2016b; Dawood
et al., 2016). In addition, many membrane-related and cell-wall-
related pathways were activated, indicating that adjustment of
membrane and cell wall status is probably required in response
to wounding, stress, and environmental changes (Guénin et al.,
2011; Chen et al., 2016b). Gene cluster 6 included genes in
some metabolic pathways, including anthocyanin biosynthesis
(Figure 2G). For example, the upregulation of anthocyanin
biosynthetic genes may explain why the leaf explants turned
purple during DNRR on B5 medium (Figure 1A).

Taken together, our data indicate that genes involved in wound-
signaling pathways, stress response, subcellular regulation, and
metabolism pathways may be upregulated during DNRR.

Role of JA-mediated wound-signaling pathway in DNRR

We compared transcriptomes between whole leaf explants of
Col-0 and coi1-2 from t0 to 12 h to analyze the role of JA in the
wound response (Figure 1B).

We first examined genes in the JA biosynthesis pathway. A group
of JA biosynthesis genes were quickly upregulated within 10–
30 min of detachment, and their expression levels were lower in
coi1-2 than in Col-0 (Figure 3A), indicating that positive
feedback is involved in the regulation of JA biosynthesis and
signaling pathways. qRT-PCR analysis confirmed that upregula-
tion of JASMONATE RESISTANT 1 (JAR1) and ALLENE OXIDE
CYCLASE 1 (AOC1) after wounding was dependent on COI1
(Supplemental Figure 3).

We next analyzed all six gene clusters at different time points after
leaf detachment. We found a peak at 1 h showing enrichment of
activated genes in Col-0 but not in coi1-2 (Figure 3B, arrow),
suggesting that these genes were upregulated through the JA

signaling pathway. GO analysis of these genes showed that,
in addition to the JA pathway, many stress- and wounding-
response pathways were also affected by JA signaling at 1 h after
detachment (Figure 3C; Supplemental Table 3). Analysis of
promoter cis elements (Supplemental Table 3) indicated that
AP2/ERF family transcription factors may be involved in the JA-
mediated activation of these genes (Figure 3D).

Therefore, JA may act as a key wound-response hormone in the
regulation of many pathways in addition to the promotion of auxin
production during DNRR (Fattorini et al., 2009, 2018; Lischweski
et al., 2015; Zhang et al., 2019b; Lakehal et al., 2019; Park et al.,
2019).

Ethylene and ROS act as wound signals to promote
DNRR

To verify the role of ethylene in the regulation of DNRR, we carried
out phenotype analysis. Compared with leaf explants in themock
control, leaf explants treated with ethylene for a short period (6 h
or 24 h) after detachment exhibited enhanced rooting ability
(Figure 3E and 3F). This is consistent with many previous
observations that a wound-induced early ethylene pulse pro-
motes adventitious root formation in cuttings of diverse plant
species, probably via crosstalk with auxin (Riov and Yang,
1989; Clark et al., 1999; De Klerk and Hanecakova, 2008; da
Costa et al., 2013; Veloccia et al., 2016).

Next, we tested the role of ROS in DNRR. Previous studies have
indicated that ROS can be produced quickly upon wounding
(Orozco-Cardenas and Ryan, 1999; Prasad et al., 2017, 2020).
Treatment with the ROS inhibitor salicylhydroxamic acid
(SHAM) or glutathione (GSH) reduced the rooting ability of leaf
explants (Figure 3E and 3G). These results support a role for
ROS in the regulation of adventitious root formation in cuttings
(Falasca et al., 2004; Liao et al., 2009; Li and Xue, 2010; Bai
et al., 2012; Lin et al., 2014; Taká!c et al., 2016; Huang et al., 2019).

To further analyze the role of ROS in DNRR from leaf explants, we
performed ethyl methane sulfonate (EMS) mutagenesis-based
genetic screening to identify suppressor mutants that can rescue
the rooting defect caused by SHAM treatment. Map-based clon-
ing of one of the candidate suppressor mutants revealed a muta-
tion in the SUPERROOT 1 (SUR1) gene (Figure 3H), leading to

(C)GO analysis of genes highly upregulated in Col-0 but not in coi1-2 at 1 h after leaf detachment. Upregulation of these genes may be dependent on the

COI1-mediated JA signaling pathway. See Supplemental Table 3 for the full list of GO terms.

(D) Analysis of promoter cis elements that may be targeted by the JA pathway. Genes listed in Supplemental Table 3 were used for cis element analysis.

See Supplemental Table 3 for the full list of cis element analysis.

(E–G) Phenotype (E) and statistical (F and G) analysis of DNRR after ethylene or ROS inhibitor treatment. For ethylene treatment, Col-0 leaf explants were

cultured on B5 medium with 4 mM of the ethylene biosynthesis precursor 1-aminocyclopropane-1-carboxylic acid (ACC) for 6 or 24 h after detachment,

then moved to ACC-free B5 medium for further culture. For the ROS inhibitor treatment, Col-0 leaf explants were cultured on B5 medium with 100 mM

SHAM, 200 mM SHAM, or 1 mM GSH. Note that treatment with 200 mM SHAM could completely block rooting from leaf explants. Mock served as the

control without chemical treatment. The rooting ratio (percentage of rooting leaves among all leaves tested at each time point) was tested (F and G). Error
bars show the SEM of three biological replicates (n = 30 leaf explants per replicate), and individual values are indicated by dots (F and G).
(H) Map-based cloning showing mutations in the SUR1 gene. The mutation occurred in the first nucleotide of the fifth intron (G to A), resulting in a stop

codon. Capital letters indicate exon nucleotides, and lowercase letters indicate intron nucleotides.

(I)Phenotype analysis of DNRR inwild-type Col-0 and sur1-21 after treatment with 200 mMSHAM.We testedmore than 30 leaf explants of sur1-21, and all

of them formed adventitious roots at 15 d after leaf detachment.

(J) Treatment with 0.1 mM of the synthetic auxin 1-naphtalene acetic acid (NAA) could partially rescue the rooting defect caused by 200 mM SHAM

treatment at 15 d. Note that 82 out of 90 leaf explants formed adventitious roots upon co-treatment with SHAM and NAA.

Scale bars, 1 mm in (E, I, and J).
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Figure 4. Time-lapse RNA-seq analysis of candidate genes in adventitious root organogenesis.
(A–F) Candidate genes activated in the wounded region of Col-0 leaf explants (the mock without NPA treatment) cultured on B5 medium within 5 d after

detachment, as determined fromRNA-seq data (TPM< 2 at t0; log2[fold change] > 2 and FDR < 0.05 at any time point compared with that at t0). Candidate

genes were grouped into six gene clusters (7–12) on the basis of changes in transcription patterns. Lines indicate average values.

(legend continued on next page)
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over-accumulation of auxin in the mutant (Boerjan et al.,
1995; Mikkelsen et al., 2004). The suppressor sur1-21 mutant
exhibited rescued rooting ability under SHAM treatment
(Figure 3I). This was confirmed by the addition of auxin to the
medium, which partially rescued the rooting defect in Col-0 leaf
explants caused by SHAM treatment (Figure 3J). Therefore,
ROS may be involved in DNRR via crosstalk with auxin.

Together, these data suggest that ethylene and ROS may act
as wound signals, in addition to JA, to promote DNRR after
wounding.

Time-lapse RNA-seq analysis of transcriptome
reprogramming during adventitious root organogenesis

The candidate genes activated in the wounded region of leaf ex-
plants of the mock control (Col-0 without NPA treatment) from t0
to 5 d (Figure 1C) could be grouped into six gene clusters (gene
clusters 7 to 12; Figure 4A–4F; Supplemental Table 4) based on
their expression patterns. Gene clusters 7 (Figure 4A) and 8
(Figure 4B) were activated with peak transcript levels from 6 to
12 h and then downregulated afterward. Gene clusters 9
(Figure 4C) and 10 (Figure 4D) were gradually activated and
showed peak transcript levels from 1 to 3 d. Gene cluster 11
(Figure 4E) showed low transcript levels before 3 d and was
upregulated after 3 d. Gene cluster 12 (Figure 4F) was
continuously upregulated throughout these time-lapse analyses.
GO analysis of gene clusters 7 to 12 showed that multiple
pathways were activated, including those related to transcription,
hormones, the cell wall, stress response, development, and
transport (Figure 4G; Supplemental Table 4). We validated the
expression patterns of some candidate genes in gene clusters
7–12 by qRT-PCR (Supplemental Figure 4A–4G). We further
analyzed selected candidate genes from the six gene clusters
(Figure 4A–4F; Supplemental Figure 4H; Supplemental Table 4)
based on their published biological functions in organogenesis,
wound-induced regeneration, and resource allocation in cuttings
(Figure 4H), as DNRR in this study was a process of wound-
induced root organogenesis from leaf cuttings.

Many genes involved in organogenesis were identified, including
those involved in root primordium formation, stress and ROS
response, and cell regulation (Figure 4H). WOX11 is directly
activated by the auxin signaling pathway in adventitious root
founder cells to promote DNRR, but it is not expressed in
lateral root founder cells (Liu et al., 2014; Sheng et al., 2017).
GATA23 is a lateral root founder cell marker (De Rybel et al.,
2010). LBDs (Okushima et al., 2007; Sheng et al., 2017; Liu
et al., 2018), WOX5 (Sarkar et al., 2007; Hu and Xu, 2016), and
PLTs are involved in the formation of both lateral and
adventitious root primordia (Hofhuis et al., 2013; Du and
Scheres, 2017; Bustillo-Avendaño et al., 2018; Shimotohno
et al., 2018; Shanmukhan et al., 2021), and WOX5 can directly
interact with PLTs (Burkart et al., 2021; Zhai and Xu, 2021).
The SHORT INTERNODES/STYLISH (SHI/STY) family gene

LATERAL ROOT PRIMORDIUM1 (LRP1) is directly activated by
the auxin signaling pathway and is expressed at all stages of
root primordium initiation during both lateral and adventitious
rooting. It promotes root organogenesis via the regulation of
auxin biosynthesis and interaction with its family member STY1
(Smith and Fedoroff, 1995; Kuusk et al., 2006; Singh et al.,
2020). The peptide gene TARGET OF LBD SIXTEEN 2 (TOLS2)
and the AP2/EREBP gene PUCHI are involved in positioning
and patterning of the lateral root primordium (Hirota et al.,
2007; Kang et al., 2013; Toyokura et al., 2019; Trinh et al.,
2019). Auxin-induced XAANTAL1 (XAL1) may be involved in
lateral root meristem cell proliferation (Tapia-López et al., 2008).
PYRABACTIN RESISTANCE1-LIKEs (PYLs), which encode re-
ceptors for the stress hormone ABA, are involved in both lateral
rooting (Zhao et al., 2014; Xing et al., 2016; Belda-Palazon
et al., 2018; Li et al., 2020a) and adventitious rooting (Zeng
et al., 2021). The ERF-VII gene HYPOXIA RESPONSIVE1
(HRE1) mediates hypoxic responses in the lateral root primor-
dium via the repression of LBDs and PUCHI (Abbas et al., 2015;
Shukla et al., 2019). PEROXIDASE7 (PER7) and PER57 are
involved in lateral root primordium development to maintain
ROS homeostasis (Manzano et al., 2014). The RESPIRATORY
BURST OXIDASE HOMOLOG (RBOH) gene RBOHE functions
in the ROS production pathway and may facilitate cell wall
remodeling of overlying tissues to allow outgrowth of the lateral
root primordium (Orman-Ligeza et al., 2016). The cell cycle
genes CYCB1;1 and CYCB2;1 have been shown by genetic
analyses to participate in DNRR from leaf explants (Bustillo-
Avendaño et al., 2018). NAC1, NAR1, CEP1/2, and EXT1/3 are
involved in a pathway that promotes DNRR from leaf explants
via the regulation of cell wall metabolism (Chen et al., 2016b),
and NAC1 is also involved in lateral rooting (Xie et al., 2000).
Furthermore, activation of the BTB/POZ domain gene BLADE-
ON-PETIOLE1 (BOP1) (Ha et al., 2003, 2004; Hepworth et al.,
2005) indicated that pathways controlling aboveground organs
may be recruited to facilitate DNRR (see genetic validation of
BOP1 and PLT3/7 in DNRR, below).

Genes involved in wound-induced regeneration were identified
(Figure 4H). We observed activation of the AP2/EREBP genes
WIND3 and ERF115 during DNRR. Both genes are upregulated
by wounding and are involved in wound-induced tissue repair
and regeneration of plant organs (Iwase et al., 2011; Heyman
et al., 2013, 2016; Ikeuchi et al., 2015; Bustillo-Avendaño et al.,
2018; Rymen et al., 2019; Zhou et al., 2019; Lakehal et al., 2020).
In addition, ERF115 was shown to be involved in adventitious
rooting from hypocotyls (Lakehal et al., 2020). Therefore, wound-
induced tissue repair programsmay be involved in DNRR (see ge-
netic validation of ERF115 in DNRR, below).

Studies in cuttings provided the idea that there is strict nutri-
tional and metabolic control of resource allocation during adven-
titious root regeneration (Druege et al., 2019), involving the
establishment of a carbohydrate sink at the stem base of
cuttings (Ahkami et al., 2009, 2013; Klopotek et al., 2016),

(G) GO analysis of gene clusters 7 to 12. See Supplemental Table 4 for the full list of GO terms.

(H) Selected candidate genes identified in gene clusters 7 to 12. Genetic and molecular regulations are shown based on published data and this study.
LValidated in lateral rooting by previous studies; Avalidated in adventitious rooting from hypocotyls and/or DNRR by previous studies; A?predicted or

indicated in adventitious rooting in cuttings by previous studies; ?involved in regeneration but not yet validated in DNRR; Vvalidated in DNRR in this study.

Rhombus indicates protein interactions.

Plant Communications 3, 100306, July 11 2022 ª 2022 The Author(s). 9

Transcriptome framework of root regeneration Plant Communications



Figure 5. Auxin control of gene activation.
(A) Transcript profiles of selected candidate genes in gene clusters 7 to 12 as determined from RNA-seq data from the wounded region of Col-0 leaf

explants cultured on B5 medium (mock) or B5 medium with 5 mM NPA. Numbers in each box are TPM values. P values were calculated by performing a

paired t-test between TPMvalues of Col-0 and coi1-2. One replicate was regarded as one sample. Note thatHRE1 showed a higher expression level in the

NPA treatment than in themock control. Although the expression levels ofWOX5 andPLT2were relatively low in the RNA-seq data, the regulation of these

two genes by auxin in DNRR was shown in previous studies (Hu and Xu, 2016; Bustillo-Avendaño et al., 2018).

(B)Distribution of genes with scaled relative expression at each time point from time-lapse RNA-seq data from thewounded regions of Col-0 leaf explants

cultured on B5 medium (mock) or B5 medium with 5 mM NPA. Vertical lines indicate gene count density, and horizontal lines indicate transcript levels at

(legend continued on next page)
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mobilization and translocation of N within cuttings (Svenson and
Davies, 1995; Dong et al., 2004; Zerche et al., 2016), and iron
accumulation at the stem base of cuttings (Svenson and
Davies, 1995; Hilo et al., 2017). In the time-lapse RNA-seq data,
we identified many genes involved in resource allocation
(Figure 4H), including the sucrose transport genes SWEET13
and 14 (Chen et al., 2012; Kanno et al., 2016; Julius et al., 2017;
Zhang and Turgeon, 2018), the nitrate transport genes NRT1.8
and NRT2.1/2.5/2.6 (Cerezo et al., 2001; Filleur et al., 2001; Li
et al., 2010; Camañes et al., 2012; Dechorgnat et al., 2012;
Kiba et al., 2012; Kechid et al., 2013; Lezhneva et al., 2014;
Zhang et al., 2014; Wang et al., 2018), and the MULTIDRUG
AND TOXIN EFFLUX (MATE) family gene FERRIC REDUCTASE
DEFECTIVE 3 (FRD3) for iron homeostasis (Delhaize, 1996;
Rogers and Guerinot, 2002). This result was also supported by
the overview of the GO analysis, which showed that many
genes involved in resource transport were upregulated during
DNRR (Figure 1F).

Taken together, our results show that multiple genes involved in
organogenesis, wound-induced regeneration, and resource allo-
cation in cuttings were activated in the wounded region of leaf ex-
plants during DNRR. Our observations also suggest that,
although adventitious rooting involves many unique mechanisms
(especially early signal response and root founder cell establish-
ment) that do not function in lateral rooting (Bellini et al., 2014;
Verstraeten et al., 2014; Sheng et al., 2017), the two types of
rooting still share many common molecular pathways for root
organogenesis (e.g., GATA23, LBDs, PLTs, LRP1, TOLS2,
PUCHI, HRE1, PERs, RBHOE, and NAC1).

Auxin control of gene expression in DNRR

To analyze auxin regulation in DNRR, we compared gene tran-
script levels in the wounded region of leaf explants between the
mock control and the NPA treatment from t0 to 5 d (Figure 1C).

The activation ofmany of the selected candidate genes (Figure 4H)
was completely blocked or partially impaired by NPA treatment
(Figure 5A), indicating that auxin may be a master regulator of
DNRR. However, auxin barely affected the activation of some
genes, such as TOSL2, PYLs, PERs, SWEETs, NRTs, and NACs
(Figure 5A), indicating that they may be activated by non-auxin
pathways. qRT-PCR analysis confirmed that upregulation of
PLT3, WOX11, LBD16, and ERF115 was dependent on auxin,
whereas upregulation of SWEET13 and PYL5 was not affected
by NPA treatment (Supplemental Figure 5A–5F). b-glucuronidase
(GUS) marker lines confirmed that upregulation of TOLS2 and
PYL5 after leaf detachment was independent of auxin
(Supplemental Figure 5G–5L). Therefore, non-auxin pathways
may also be required to assist in the DNRR process.

We next analyzed gene clusters 7 to 12 at different time points af-
ter leaf detachment and found marked differences in gene tran-
script levels at 4 and 5 d after detachment between the mock

and NPA treatments (Figure 5B, arrows), suggesting that auxin-
mediated gene activation occurred mainly during this time
period. GO analyses confirmed that, in addition to auxin-related
pathways, auxin also regulated developmental, cell wall-related,
and ROS-related pathways (Figure 5C; Supplemental Table 5).
Promoter cis element analysis (Supplemental Table 5) indicated
that bHLH, WRKY, and AP2/ERF family transcription factors
may be involved in auxin-mediated activation of these genes
(Figure 5D and 5E).

BOPs, ERF115, and PLTs are involved in DNRR

BOP1 and BOP2 are two redundant homologous genes that con-
trol leaf and floral patterning and restrict organogenesis in Arabi-
dopsis (Ha et al., 2003, 2004, 2007; Hepworth et al., 2005; McKim
et al., 2008; Xu et al., 2010; Khan et al., 2012; Ding et al., 2015).
However, the roles of BOP genes in root development and
regeneration are poorly understood. BOP1pro:GUS leaf explants
showed that BOP1 expression was upregulated after leaf
detachment (Figure 6A and 6B). The loss-of-function bop1-3
bop2-1 double mutant (Ha et al., 2004; Hepworth et al., 2005;
Norberg et al., 2005) showed an accelerated rooting rate from
leaf explants and produced more adventitious roots per leaf
explant compared with the wild-type Col-0 (Figure 6C–6F). The
gain-of-function bop1-6D mutant (Norberg et al., 2005) showed
defective adventitious rooting from detached leaves
(Figure 6G). In addition, promotion of rooting in the bop1-3
bop2-1 double-mutant background was dependent on auxin,
as NPA treatment led to a loss of root regeneration from
detached bop1-3 bop2-1 leaf explants (Figure 6H). Taken
together, these results show that BOP genes function as
negative regulators to restrict adventitious root organogenesis.

ERF115 is critically involved in root tip repair in response to
wounding (Heyman et al., 2013, 2016; Zhou et al., 2019).
ERF115pro:GUS leaf explants showed that ERF115 expression
was not detected at t0, was quickly upregulated in the
vasculature within 2 h of leaf detachment, and was highly
expressed during adventitious root primordium formation at 4 d
(Figure 6I–6K). Detached leaves could barely produce
adventitious roots in the line overexpressing ERF115 fused with
the repression domain SRDX (35Spro:ERF115-SRDX) (Hiratsu
et al., 2003; Heyman et al., 2013), and the leaves were severely
stressed (Figure 6L and 6M).

PLT3, PLT5, and PLT7 are redundant genes that function in lateral
root organogenesis and phyllotaxis (Prasad et al., 2011; Du and
Scheres, 2017). A recent study indicated that PLT3/5/7 are also
required for DNRR from leaf explants (Shanmukhan et al., 2021).
PLT3pro:GUS leaf explants showed that PLT3 expression was
not detected at t0 and was upregulated during adventitious root
primordium formation at 4 d after leaf detachment (Figure 6N
and 6O). We confirmed that adventitious roots did not
develop normally in the plt3-1 plt5-2 plt7-1 triple mutant during
DNRR (Figure 6P–6R). Some primordium-like structures were

each time point. We independently scaled the expression levels at each time point for mock and NPA treatment. Arrows show groups of genes that were

highly upregulated in mock but not in NPA treatment at 4 and 5 d after leaf detachment.

(C)GOanalysis of genes activated inmock but not in NPA treatment at 4 and 5 d after leaf detachment. Upregulation of these genesmay be dependent on

the auxin signaling pathway. See Supplemental Table 5 for the full list of GO terms.

(D and E) Analysis of promoter cis elements that may be targeted by the auxin pathway at 4 d (D) and 5 d (E) after leaf detachment. See Supplemental

Table 5 for the full list of cis element analyses.
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Figure 6. BOPs, ERF115, and PLTs in DNRR.
(A and B) GUS staining of BOP1pro:GUS leaf explants at t0 (A) and 4 d (B) cultured on B5 medium.

(C–F)Phenotype (C andD) and statistical (E and F) analysis of DNRR fromwild-type Col-0 and bop1-3 bop2-1 leaf explants. Note that rooting rate (E) and
root numbers per leaf explant at 15 d (C, D, and F) are higher in bop1-3 bop2-1 than in Col-0. Error bars show the SEMof three biological replicates (n = 30

in each replicate), and individual values are indicated by dots (E and F). **P < 0.01 in two-sided Student’s t-test compared with Col-0 control (F).

(legend continued on next page)
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observed at the wounding site of plt3-1 plt5-2 plt7-1 leaf explants,
but these structures failed to form normal adventitious root tips
(Figure 6Q). qRT-PCR analysis confirmed that the expression
levels of WOX5, PLT1, and PLT2, which are known to participate
in cell fate transition during DNRR (Hu and Xu, 2016; Bustillo-
Avendaño et al., 2018), were downregulated in the wounded
region of leaf explants from plt3-1 plt5-2 plt7-1 compared with
Col-0 (Figure 6S–6U) (Kareem et al., 2015; Du and Scheres,
2017; Shimotohno et al., 2018; Shanmukhan et al., 2021). Dual-
luciferase assays showed that PLT3 and PLT7 could activate the
expression of WOX5 and PLT1 in Arabidopsis protoplasts
(Figure 6V and 6W), and a chromatin immunoprecipitation (ChIP)
assay indicated that PLT3 could bind directly to the PLT1
promoter (Figure 6X and 6Y). Therefore, PLT3/5/7 may directly
promote the expression of WOX5 and PLT1/2 during the cell fate
transition in adventitious root organogenesis.

Taken together, our results confirmed thatBOP1/2, which control
aboveground organs, ERF115, which controls wound-induced
regeneration, and PLT3/5/7, which control root organogenesis,
are upregulated and participate in adventitious root organogen-
esis during DNRR from leaf explants.

Single-cell RNA-seq analysis of the wounded region of
leaf explants

Based on single-cell data from the wounded region of Col-0
leaves at 4 d after detachment (Figure 1D), we identified 19 cell
clusters using the uniform manifold approximation and
projection (UMAP) algorithm (Becht et al., 2019) (Figure 7A;
Supplemental Table 6).

We annotated the cell clusters based on published marker genes
and our promoter-fusion GUS reporter lines (Figure 7A–7J;
Supplemental Table 6). Cell cluster 12 was closely related to
xylem cells, validated by At5g05960pro:GUS and the marker

genes AMINO ACID PERMEASE 6 (AAP6) (Okumoto et al.,
2002) and XYLEM NAC DOMAIN 1 (XND1) (Zhao et al., 2005)
(Figure 7B; Supplemental Table 6). Cell cluster 6 represented
bundle sheath cells, validated by At4g03060pro:GUS and the
marker gene LAZY1 (Taniguchi et al., 2017) (Figure 7C;
Supplemental Table 6). Cell clusters 11, 18, 1, and 9 were
related to phloem cells, validated by At5g38770pro:GUS, the
phloem companion cell and sieve element marker ALTERED
PHLOEM DEVELOPMENT (APL) (Bonke et al., 2003),
the phloem companion cell marker SUCROSE-PROTON
SYMPORTER 2 (SUC2) (Truernit and Sauer, 1995; Chen et al.,
2012), and the phloem parenchyma markers SWEET11 and 12
(Chen et al., 2012) (Figure 7D and 7E; Supplemental Table 6).
Cell clusters 16 and 17 may represent dividing cells because
we observed many histone genes and CYCLIN genes enriched
in these two clusters (Figure 7F; Supplemental Table 6). Cell
cluster 15 appears to exhibit wounding-related gene expression
(Figure 7G; Supplemental Table 6). Cell cluster 10 represents
stomata, as shown by At1g33811pro:GUS (Figure 7H;
Supplemental Table 6). Cell clusters 3, 5, 7, 13, and 14 may
represent mesophyll cells, as these cells expressed many
genes involved in photosynthesis, such as PNSL4 (Figure 7I;
Supplemental Table 6). Cell clusters 0 and 8 may be related to
epidermal cells, as shown by A. thaliana MERISTEM L1 LAYER
(AtML1) (Lu et al., 1996; Sessions et al., 1999) (Figure 7J;
Supplemental Table 6). Overall, the cell cluster analysis
reflected the original tissues present in the detached leaves.

Single-cell RNA-seq analysis of adventitious root
organogenesis

We have previously shown that the adventitious root is initiated
from regeneration-competent cells in the vasculature, and
WOX11 and LBD16 are marker genes of the adventitious root
founder cells and the root primordium, respectively (Liu et al.,
2014; Hu et al., 2017; Sheng et al., 2017). Analysis of WOX11

(G) Phenotype analysis of bop1-6D. We tested 51 leaf explants from bop1-6D heterozygous or homozygous plants, and only two of them produced

adventitious roots at 15 d.

(H) Phenotype analysis of bop1-3 bop2-1 leaf explants cultured on B5 medium with 5 mM NPA treatment. We tested 90 leaf explants, and none of them

produced adventitious roots at 15 d.

(I–K) GUS staining of ERF115pro:GUS leaf explants at t0 (I), 2 h (J), and 4 d (K) cultured on B5 medium.

(L) Phenotype analysis of DNRR from 35Spro:ERF115-SRDX leaf explants. See (C) for Col-0 control.

(M) Percentages of Col-0 and 35Spro:ERF115-SRDX leaf explants that regenerated roots by 12 d on B5 medium. Error bars show the SEM of three

biological replicates (n = 30 in each replicate), and individual values are indicated by dots. **P < 0.01 in two-sided Student’s t-test compared with Col-0

control.

(N and O) GUS staining of PLT3pro:GUS leaf explants at t0 (N) and 4 d (O) cultured on B5 medium.

(P) Phenotype analysis of DNRR from plt3-1 plt5-2 plt7-1 leaf explants. See (C) for Col-0 control.

(Q) DIC observation of the wounded region of plt3-1 plt5-2 plt7-1 leaf explants. Arrow indicates the primordium-like structure. We observed 60 leaf

explants from plt3-1 plt5-2 plt7-1, and all of them showed the primordium-like structure.

(R) Percentages of Col-0 and plt3-1 plt5-2 plt7-1 leaf explants that regenerated roots by 12 d on B5 medium. Error bars show the SEM of three biological

replicates (n = 30 in each replicate), and individual values are indicated by dots. **P < 0.01 in two-sided Student’s t-test compared with Col-0 control.

(S–U) qRT-PCR analysis ofWOX5 (S), PLT1 (T), and PLT2 (U) in the wounded region of leaf explants from Col-0 and plt3-1 plt5-2 plt7-1 at 4 and 6 d after

leaf detachment. Error bars show the SEM of three biological replicates, and each biological replicate was analyzed with three technical replicates. *P <

0.05 and **P < 0.01 in two-sided Student’s t-test compared with Col-0 control.

(V andW)Relative ratio of firefly LUC to Renilla luciferase (REN) activity in Arabidopsis protoplasts co-transformed with PLT1pro:LUC (V) orWOX5pro:LUC

(W) with 35Spro:PLT3-33FLAG or 35Spro:PLT7-33FLAG. UBQ10pro:33FLAG-eGFP served as the control. Error bars show the SEM of three biological

replicates, and each biological replicate was analyzed with three technical replicates. **P < 0.01 in two-sided Student’s t-test compared with control.

(X) Schematic of PLT1 gene structure. Red horizontal lines show positions of PCR fragments in ChIP analysis in (Y).
(Y) ChIP analysis showing relative enrichment of PLT3-YPF in the promoter of PLT1. eIF4a served as a negative control. Error bars show the SEM of two

biological replicates, and each biological replicate was analyzed with three technical replicates. **P < 0.01 in two-sided Student’s t-test compared with

control.

Scale bars, 100 mm (A, B, I–K, N, O, and Q), 1 mm (C, D, L, G, H, and P).
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Figure 7. Single-cell atlas in the wounded region of detached leaves.
(A)UMAP plot of 7225 cells within the wounded region of detached Col-0 leaves at 4 d. Cells were grouped into cell clusters 0 to 18. CC, companion cells;

SE, sieve elements.

(legend continued on next page)
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and LBD16 expression patterns in the vasculature and dividing
cells showed that the two marker genes were highly enriched in
cell clusters 1, 12, 16, and 17 (Supplemental Figure 6A).
Therefore, these four cell clusters were further analyzed, and 10
cell subclusters were identified (Figure 7K; Supplemental
Figure 6B; Supplemental Table 6).

Cell subcluster 2 was related to the procambium in the original
leaf explants and expressed procambium marker genes, e.g.,
the AP2-like transcription factor gene AINTEGUMENTA (ANT)
(Elliott et al., 1996; Klucher et al., 1996; Randall et al., 2015;
Smetana et al., 2019) and the receptor-like kinase gene PHLOEM
INTERCALATED WITH XYLEM (PXY) (Fisher and Turner, 2007;
Hirakawa et al., 2008; Etchells and Turner, 2010; Smetana
et al., 2019) (Figure 7K; Supplemental Figure 6C–6E;
Supplemental Table 6). Cell subcluster 0 could be related to
xylem cells in the original leaf explants and was enriched in the
xylem cell marker genes At5g05960 (Figure 7B), AAP6
(Okumoto et al., 2002), and XND1 (Zhao et al., 2005) (Figure 7K;
Supplemental Figure 6G; Supplemental Table 6). The class III
homeodomain-leucine zipper (HD-Zip III) family gene ATHB8,
which was expressed in xylem parenchyma cells and procam-
bium xylem-side daughter cells (Smetana et al., 2019) in the
wounded region of leaf explants at 4 d after detachment, was
primarily enriched in cell subclusters 0 and 8 (Figure 7K;
Supplemental Figure 6F and 6H; Supplemental Table 6). Cell
subcluster 3 could be related to phloem parenchyma cells in
the original leaf explants, and it expressed the marker gene
SWEET11 (Chen et al., 2012) (Figure 7K; Supplemental
Figure 6G; Supplemental Table 6). Cell subclusters 7, 8, and 9
could be related to dividing cells because many histone and
CYCLIN genes were enriched in these subclusters (Figure 7K;
Supplemental Figure 6G; Supplemental Table 6).

The root founder cell markerWOX11was expressed in some cells
of cell subclusters 0, 2, 6, and 8 (Figure 7L). The expression of
WOX11 in cell subcluster 2 is consistent with the finding of a
previous study that root founder cells could be formed from the
procambium (Liu et al., 2014). Cells expressing the root
primordium marker LBD16 were located primarily in a region
within cell subclusters 4, 5, and 6 (Figure 7L). ERF115 was
highly enriched in cell subcluster 6 (Supplemental Table 6).

Taken together, results from the cell subcluster analysis provided
information on gene expression patterns in tissues from the
wounded region of the original leaf explants as well as cells
involved in adventitious root organogenesis. Further studies will
be needed to explore and identifymore cell-type-specificmarkers
to improve the accuracy of data interpretation in the future.

DISCUSSION

Based on time-lapse and single-cell RNA-seq data, we con-
structed a high-resolution transcriptome framework for DNRR
from leaf explants of Arabidopsis (summarized in Figure 7M).
After leaf detachment, JA, ethylene, and ROS may act as
wound signals to promote DNRR, and it is possible that the
promotion of auxin production may be one of the events that
occur downstream of these wound signals. Stress response
pathways, subcellular regulation pathways, and metabolic
pathways are also upregulated in response to early signals.
Although the ABA pathway is known to participate in
adventitious rooting (Mandadi et al., 2009; Dawood et al., 2016;
Druege et al., 2016, 2019; Xu, 2018), the roles of many of these
early signaling pathways in DNRR are largely unclear. When
auxin is transported and accumulated in the vasculature near
the wounded region of leaf explants, many genes are activated
in the wounded region. In addition to genes that control
organogenesis, genes involved in wound-induced regeneration
and resource allocation may also be important for ensuring
adventitious rooting and sink establishment in the wounded re-
gion of leaf explants.

Interestingly, some pathways, such as the ethylene, ROS, ABA,
and hypoxia pathways, were found to act in both the response
to early signals and in adventitious root organogenesis. Although
an early ethylene pulse acts as a wound signal to promote adven-
titious rooting in cuttings, ethylene may have an inhibitory role in
adventitious root development in the later stages of adventitious
rooting (De Klerk and Hanecakova, 2008; Druege et al., 2014). A
recent study showed that constant ethylene treatment could
inhibit DNRR from leaf explants (Li et al., 2020b). The ROS and
ABA pathways were both identified in response to wound
signals and stress signals, and genes involved in ROS and
ABA pathways were also activated during adventitious root
organogenesis. It has been reported that ROS have multiple
roles in stem cell control in roots and shoots (Tsukagoshi et al.,
2010; Zeng et al., 2017; Yang et al., 2018), indicating that they
probably also act as a stem-cell-controlling factor during the
cell fate transition in DNRR. Therefore, we can speculate that
ethylene, ROS, ABA, hypoxia, and probably many other path-
ways may serve dual roles in the regulation of DNRR, both in
response to early signals and in adventitious root organogenesis.
This is similar to the finding that JA plays dual roles in adventitious
rooting (Pan et al., 2021; Zhang et al., 2021).

The genes and pathways described here are selected examples
that may be involved in DNRR, but many other genes and path-
ways have not been shown. In addition, it is possible that the

(B–J) Identification of each cell cluster based on promoter-fused GUS marker lines and published marker genes. Violin plots indicate the expression

patterns of marker genes, and each dot indicates a single cell. In cell cluster 15 (G), the marker genes (pct.2 < 0.25) were analyzed in time-lapse RNA-seq

data, and most showed upregulation after wounding.

(K) UMAP plot showing cell subcluster analysis of cell clusters 1, 12, 16, and 17 in (A). Cells were grouped into cell subclusters 0–9.

(L) UMAP plot showing WOX11 and LBD16 expression patterns. Blue triangles indicate cells expressing WOX11, blue dots indicate cells expressing

LBD16, and red asterisks indicate cells co-expressing WOX11 and LBD16.

(M) Framework of wound-induced root organogenesis during DNRR from detached leaves. After leaf detachment, many genes are activated progres-

sively in response to early signals in the entire leaf and during root organogenesis in the wounded region. Auxin may be the key hormone that links early

signals to the fate transition of regeneration-competent cells in the wounded region. Roles of ethylene, ROS, PLT3/5/7, BOP1/2, and ERF115 were

validated in this study. Plus sign (+) indicates involvement in the promotion of DNRR; minus sign (!) indicates involvement in the inhibition of DNRR.

Scale bars, 20 mm (B–D and H), 100 mm (G).
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auxin pathway and non-auxin pathways act together to regulate
adventitious root organogenesis (Figure 7M). Furthermore, it is
important to note that gene expression changes do not happen
only in regeneration-competent cells. Many other cells in the
wounded region may also undergo transcriptional changes to
make the cellular environment conducive to root organogenesis.
We believe that transcriptome reprogramming during DNRR from
leaf explants is far more complex than the preliminary framework
shown here. We anticipate that further exploration of the data-
base will reveal many previously unknown or ambiguous factors
and pathways and will provide a better understanding of how
adventitious roots are regenerated upon wounding.

METHODS

Plant materials and culture conditions

Arabidopsis Col-0 was the wild type in this study. Arabidopsis seeds were

germinated and grown on 1/2 Murashige and Skoog (MS) basal medium

with 1% (w/v) sucrose at 22"C under a 16-h light/8-h dark photoperiod

for 12 d. The first pair of rosette leaves from 12-d-old seedlings was de-

tached and cultured on sucrose-free B5 medium at 22"C under 24-h light

conditions. The bop1-3 bop2-1 double mutant, the bop1-6D mutant,

the plt3-1 plt5-2 plt7-1 triple mutant, the 35Spro:ERF115-SRDX line, the

ERF115pro:GUS marker line, the PLT3pro:GUS marker line, and the

PLT3pro:PLT3-YFP marker line have been described previously (Ha

et al., 2004; Hepworth et al., 2005; Norberg et al., 2005; Prasad et al.,

2011; Heyman et al., 2013; Du and Scheres, 2017). For the construction

of other GUS marker lines, the promoters were PCR amplified and

inserted into pBI101. The constructs were then introduced into Col-0 via

Agrobacterium tumefaciens-mediated transformation. Two independent

transgenic lines were tested at the T2 generation and showed similar

results.

Dual-luciferase assay, qRT-PCR, ChIP, and GUS staining

For the dual-luciferase assay, cDNAs encoding PLT3-33FLAG and PLT7-

33FLAGwere cloned into the pMD19T vector under the control of the 35S

promoter to generate 35Spro:PLT3-33FLAG and 35Spro:PLT7-33FLAG,

respectively. Construction of UBQ10pro:33FLAG-eGFP was described

previously (Zhai and Xu, 2021). The 4.5-kb and 5.7-kb promoters of

WOX5 and PLT1 were cloned into the pAB287 vector to generate

WOX5pro:LUC and PLT1pro:LUC, respectively. The dual-luciferase assay

was carried out in Arabidopsis protoplasts (Wu et al., 2009; Zhai and Xu,

2021) using the Dual-Luciferase Reporter Assay System (Promega).

UBQ10pro:Rluc was used as the normalization control.

qRT-PCR, ChIP, and GUS staining were performed as previously

described (He et al., 2012; Liu et al., 2014; Hu and Xu, 2016). Relative

expression levels of genes were normalized against that of ACTIN in

qRT-PCR. For the ChIP assay, detached leaves cultured on B5 medium

with 0.9 mM indole-3-acetic acid (IAA) for 4 d under dark conditions

from PLT3pro:PLT3-YFP and Col-0 (negative control) were used. Relative

enrichment levels were normalized to that of ACTIN in ChIP. Primers used

in molecular cloning, ChIP, and qRT-PCR are listed in Supplemental

Table 7.

EMS mutagenesis and map-based cloning

To generate suppressor mutants that could rescue the rooting defect

caused by 200 mM SHAM treatment, >4000 Col-0 seeds were mutagen-

ized with EMS (0.2% w/v). Suppressors in the M2 generation were identi-

fied as those that formed roots under 200 mMSHAM treatment. One of the

suppressors, designated squid1, was selected for further analysis. The

squid1 locus wasmapped by analyzing the F2 population from a cross be-

tween squid1 and Landsberg erecta (Ler) plants. The mutation was map-

ped to the SUR1 locus, and we renamed the squid1 mutant sur1-21. Mu-

tation of SUR1 in sur1-21 was confirmed by testing the published sur1-1

allele (Sugawara et al., 2009), which showed the same DNRR

phenotype as sur1-21.

Analysis of time-lapse RNA-seq data

For time-lapse RNA-seq, entire tissues from #30 leaf explants or the

wounded regions from#40 leaf explants were collected and pooled as sin-

gle samples for RNA extraction. Library construction and deep sequencing

were performed using the Illumina HiSeq 3000 platform (Genergy Biotech-

nology, Shanghai, China). The paired-end RNA-seq reads were mapped to

theA. thalianagenome (TAIR10) usingSTARv2.7.2b (Dobin et al., 2013) (see

Supplemental Table 7 for mapping efficiency). Gene transcript abundance

was determined using RSEM v1.3.2 (Li and Dewey, 2011). Fold change

and FDR were calculated using EBSeq (Leng et al., 2013). For an

overview of the time-lapse RNA-seq data (Figure 1E and 1F;

Supplemental Table 1), differentially expressed genes at each time point

compared with t0 were identified using the following combined criteria:

log2[fold change] > !1 and FDR < 0.05 for upregulated genes, and

log2[fold change] < !1 and FDR < 0.05 for downregulated genes.

Activation of candidate genes (Figures 2 and 4; Supplemental Figures 2

and 4; Supplemental Tables 2 and 4) was identified based on the

following combined criteria: TPM < 2 at t0, log2[fold change] > !2 and

FDR < 0.05. One of the biological replicates of Col-0 leaf explants from

t0 to 12 h for early signals was from a previously published study

(GEO: GSE120418; samples GSM3400572, GSM3400574, GSM3400576,

GSM3400578, GSM3400580, GSM3400582, GSM3400584, and

GSM3400586) (Zhang et al., 2019b), which was performed under the

same growth and culture conditions described in this study. The mock

and NPA treatments used the same t0 control.

For cluster analysis (Figures 2 and 4), the activated candidate genes were

subjected to unsupervised clustering by the fuzzy c-means algorithm as

implemented in the Mfuzz package (Kumar and Futschik, 2007).

GSEA, GO term analysis, and motif enrichment

For gene set enrichment analysis (GSEA) (Figure 1E and 1F; Supplemental

Table 1), up- and downregulated genes at each time point were ordered

by log2[fold change] as a ranked list of genes. Biological process GO

terms were used for enrichment analysis by GSEAPreranked of GSEA

v4.1.0 (Subramanian et al., 2005). GO terms with normalized P value

<0.05 were considered to be significantly enriched in upregulated (NES

> 1) or downregulated (NES < !1) genes. The significantly enriched GO

terms were visualized using Gephi v0.9.2 (Bastian et al., 2009).

The GO term (Figures 2G, 3C, 4G, and 5C; Supplemental Tables 2, 3, 4,

and 5) and motif enrichment (Figures 3D, 5D, and 5E; Supplemental

Tables 3 and 5) analyses were performed using the online platform Plant

Regulomics (Ran et al., 2020). A modified Fisher’s exact test defined as

an Expression Analysis Systematic Explorer (EASE) score (Huang et al.,

2007) was used to test whether the input gene list significantly

overlapped with the gene sets curated in the database.

Construction of the co-expression network

We constructed two co-expression networks using the R package

WGCNA v1.69 (Zhang and Horvath, 2005). The first co-expression

network was built using the time-lapse RNA-seq data from whole leaf ex-

plants of Col-0 and coi1-2 from t0 to 12 h (Supplemental Table 1), and the

second co-expression network was built using the time-lapse RNA-seq

data from the wounded region of leaf explants of mock and NPA treat-

ments from t0 to 5 d (Supplemental Table 1). The two biological

replicates of each set of RNA-seq data were treated as two samples.

Genes with TPM >1 in at least six samples were used for the gene

expression matrix to build the co-expression networks. The signedKME

function was used to calculate the correlation (membership) between

the expression patterns of each gene and the module eigengene. The

top 20% of genes ranked by membership from high to low were defined

as the hub genes in a module.
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JA-, auxin-, and root-development-related co-expression sub-networks

(Supplemental Figure 1B–1D) were built using JA-, auxin-, and root-

development-related genes identified from associated GO terms and

published data (Supplemental Table 7). Gene pairs with toplogical

overlap matrix (TOM) similarity value >0.2 were considered to be co-

expressed genes and were output for visualization. The JA-related co-

expression sub-network was built using the time-lapse RNA-seq data of

Col-0 and coi1-2, and the auxin- and root-development-related co-

expression sub-networks were built using the time-lapse RNA-seq data

from the mock and NPA treatments. The classes of co-expression sub-

networks were determined by the function modularity of Gephi, and the

co-expression sub-networks were visualized with Gephi (Blondel et al.,

2008).

Single-cell RNA-seq data analysis

Tissue dissociation and preparation of single-cell suspensions were per-

formed as described previously (Zhang et al., 2019a; Denyer et al.,

2019). In brief, the detached Arabidopsis leaf base regions (0.3–0.5 cm

in length from petiole) were collected and digested for 2 h at room

temperature in digestion buffer (1.5% cellulase R10, 1.2% macerozyme

R10, 0.4 M mannitol, 3 mM b-mercaptoethanol, 10 mM CaCl2, and

0.3% BSA). The protoplast solution was strained through a 40-mm

filter and then through a 30-mm filter. The filtered protoplast solution

was centrifuged at 500 g for 3 min, washed twice with wash buffer (8%

mannitol), and resuspended in 50 ml of 8% mannitol and 0.04% BSA.

Cell viability (about 94%) was confirmed by trypan blue staining.

Single-cell suspensions (around 500 cells/ml) were loaded onto 103Chro-

mium to capture approximately 8000 single cells following the manufac-

turer’s instructions for the 103 Genomics Chromium Single-Cell 30 kit

(V3). cDNA amplification, library construction, and sequencing on the Illu-

mina NovaSeq 6000 platform (paired-end multiplexing run, 150 bp) were

performed by LC-Bio Technology (HangZhou, China).

The single-cell RNA-seq raw data were mapped to the A. thaliana genome

(TAIR10) using Cell Ranger v3.1.0 (https://support.10xgenomics.com/

single-cell-gene-expression/software/pipelines/3.1/what-is-cell-ranger).

The gene expression matrix from Cell Ranger was used as input for the R

package Seurat v3.0.2 (Butler et al., 2018) for cell clustering and

dimensionality reduction analysis. Genes expressed in fewer than three

cells and cells expressing more than 6500 genes and less than 650

genes were removed from analyses. The gene transcript level was log-

transformed using the Seurat function NormalizeData. Highly variable

genes were identified by FindVariableFeatures with the parameter ‘‘selec-

tion.method = mvp’’. The mvp method was used to calculate the average

expression and standard deviation of each gene, and genes were divided

into 20 bins based on their average expression. Z scores were calculated

for the standard deviation of genes within each bin. Genes with Z score >1

were identified as highly variable genes. After scaling the gene-cell

expression matrix of highly variable genes, the first 20 PCs were used

as input to identify cell clusters with a graph-based approach. We used

UMAP (Becht et al., 2019) to visualize dimensionality-reduced cells. Cells

with normalized expression of a gene >0.5 were considered to be a subset

of cells expressing that gene. The Seurat function FindAllMarkers was

used to identify the enriched genes in the cell clusters, and genes with

pct.2 >0.25 were removed (Supplemental Table 6).
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Inzé, D. (1995). Superroot, a recessive mutation in Arabidopsis,

confers auxin overproduction. Plant Cell 7:1405–1419.

Bonke, M., Thitamadee, S., M€ah€onen, A.P., Hauser, M.-T., and
Helariutta, Y. (2003). APL regulates vascular tissue identity in

Arabidopsis. Nature 426:181–186.

Burkart, R.C., Strotmann, V.I., Kirschner, G.K., et al. (2021).

PLETHORA-WOX5 interaction and subnuclear localisation control

Arabidopsis root stem cell maintenance.. Preprint at bioRxiv. https://

doi.org/10.1101/818187.
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Prasad, A., Sedlá!rová, M., Balukova, A., Rác, M., and Pospı́!sil, P.
(2020). Reactive oxygen species as a response to wounding: in vivo

imaging in Arabidopsis thaliana. Front. Plant Sci. 10:1660.

Ran, X., Zhao, F.,Wang, Y., Liu, J., Zhuang, Y., Ye, L., Qi, M., Cheng, J.,
and Zhang, Y. (2020). Plant Regulomics: a data-driven interface for

retrieving upstream regulators from plant multi-omics data. Plant J.

101:237–248.

Randall, R.S., Miyashima, S., Blomster, T., Zhang, J., Elo, A., Karlberg,
A., Immanen, J., Nieminen, K., Lee, J.-Y., Kakimoto, T., et al. (2015).
AINTEGUMENTA and the D-type cyclin CYCD3;1 regulate root

secondary growth and respond to cytokinins. Biol. Open 4:1229–1236.

Riov, J., and Yang, S.F. (1989). Ethylene and auxin-ethylene interaction in

adventitious root formation in mung bean (Vigna radiata) cuttings. J.

Plant Growth Regul. 8:131–141.

Rogers, E.E., and Guerinot, M. Lou (2002). FRD3, a member of the

multidrug and toxin efflux family, controls iron deficiency responses

in Arabidopsis. Plant Cell 14:1787–1799.

Rymen, B., Kawamura, A., Lambolez, A., Inagaki, S., Takebayashi, A.,
Iwase, A., Sakamoto, Y., Sako, K., Favero, D.S., Ikeuchi, M., et al.
(2019). Histone acetylation orchestrates wound-induced transcriptional

activation and cellular reprogramming in Arabidopsis. Commun. Biol.

2:404.

Ryu, K.H., Huang, L., Kang, H.M., and Schiefelbein, J. (2019). Single-
cell RNA sequencing resolves molecular relationships among

individual plant cells. Plant Physiol. 179:1444–1456.

Sang, Y.L., Cheng, Z.J., and Zhang, X.S. (2018). Plant stem cells and de

novo organogenesis. New Phytol. 218:1334–1339.

Sarkar, A.K., Luijten, M., Miyashima, S., Lenhard, M., Hashimoto, T.,
Nakajima, K., Scheres, B., Heidstra, R., and Laux, T. (2007).

Conserved factors regulate signalling in Arabidopsis thaliana shoot

and root stem cell organizers. Nature 446:811–814.

Scofield, S., Jones, A., and Murray, J.A.H. (2014). The plant cell cycle in

context. J. Exp. Bot. 65:2557–2562.

Sessions, A., Weigel, D., and Yanofsky, M.F. (1999). The Arabidopsis

thaliana MERISTEM LAYER 1 promoter specifies epidermal

expression in meristems and young primordia. Plant J. 20:259–263.

Seyfferth, C., Renema, J., Wendrich, J.R., Eekhout, T., Seurinck, R.,
Vandamme, N., Blob, B., Saeys, Y., Helariutta, Y., Birnbaum,
K.D., et al. (2021). Advances and opportunities in single-cell

transcriptomics for plant research. Annu. Rev. Plant Biol. 72:847–866.

Shanmukhan, A.P., Mathew, M.M., Aiyaz, M., Varaparambathu, V.,
Kareem, A., Radhakrishnan, D., and Prasad, K. (2021). Regulation
of touch-stimulated de novo root regeneration from Arabidopsis

leaves. Plant Physiol. 187:52–58.

Sheng, L., Hu, X., Du, Y., Zhang, G., Huang, H., Scheres, B., and Xu, L.
(2017). Non-canonical WOX11-mediated root branching contributes to

plasticity in Arabidopsis root system architecture. Development

144:3126–3133.

Shimotohno, A., Heidstra, R., Blilou, I., and Scheres, B. (2018). Root
stem cell niche organizer specification by molecular convergence of

PLETHORA and SCARECROW transcription factor modules. Genes

Dev. 32:1085–1100.

Shukla, V., Lombardi, L., Iacopino, S., Pencik, A., Novak, O., Perata,
P., Giuntoli, B., and Licausi, F. (2019). Endogenous hypoxia in

lateral root primordia controls root architecture by antagonizing auxin

signaling in arabidopsis. Mol. Plant 12:538–551.

Shulse, C.N., Cole, B.J., Ciobanu, D., Lin, J., Yoshinaga, Y., Gouran,
M., Turco, G.M., Zhu, Y., O’Malley, R.C., Brady, S.M., et al. (2019).
High-throughput single-cell transcriptome profiling of plant cell types.

Cell Rep. 27:2241–2247.e4.

Singh, S., Yadav, S., Singh, A., Mahima, M., Singh, A., Gautam, V., and
Sarkar, A.K. (2020). Auxin signaling modulates LATERAL ROOT

PRIMORDIUM 1 (LRP1) expression during lateral root development

in Arabidopsis. Plant J. 101:87–100.

Smetana, O., M€akil€a, R., Lyu, M., Amiryousefi, A., Sánchez Rodrı́guez,
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