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ABSTRACT11

Wounding caused by various stresses is the initial event of plant regeneration.12
However, the mechanisms underlying the early wounding responses to promote plant13
regeneration remain largely unknown. Here, we report that the receptor kinase14
FERONIA (FER) interacts with Topless/Topless-related proteins (TPL/TPRs) to15
regulate the expression of regeneration-related genes to modulate root tip regeneration.16
One ligand of FER, rapid alkalinization factor 33 (RALF33), is stimulated by17
wounding and functions together with FER to promote regeneration. Single-cell18
sequencing data showed that the low-differentiation cell types in the stele may19
account for the enhanced regeneration ability in the fer mutant, especially in the20
columella and quiescent center (QC). Further interaction assays and analysis of the21
gene expression patterns in low-differentiation cell types confirmed that FER interacts22
with TPL/TPRs to regulate the expression of downstream regeneration-related genes.23
One of their downstream targets, an essential transcription factor (TF) in root24
regeneration, ERF115, acts downstream of FER-TPL/TPRs to control regeneration.25
Our results suggested a signaling pathway between the early wounding response and26
regeneration processes in roots.27

28
One-sentence summary: RALF33-FER serves as an early signaling module between29
wounding and regeneration by functioning with TPL/TPRs in roots.30

31
Running title: RALF33-FER regulates wounding-induced root tip regeneration.32

33
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INTRODUCTION35

The bodies of both plants and animals are capable of repairing wounded tissues or36

organs, and this ability relies on a process termed regeneration. In plants, most organs37

have pluripotent cells that allow them to regenerate after wounding (1). After38

wounding, plants produce a series of second messengers (e.g., reactive oxygen species39

(ROS) and calcium) and elevate their levels of wound-related hormones (such as40

jasmonic acid (JA) and ethylene) (2, 3). Then, transcriptomic remodeling in cells41

around the wounding site is triggered, followed by the dedifferentiation and42

redifferentiation of these cells (4). A key transcription factor (TF) in the JA signaling43

pathway, MYC2, was reported to be an essential TF during wounding-induced44

regeneration, acting by binding directly to the promoter of two AP2/ERF TFs, namely,45

ERF109 and ERF115 (5). ERF109 also upregulates ANTHRANILATE SYNTHASE α146

(ASA1), a tryptophan biosynthesis gene in the auxin biosynthesis pathway, which47

may be a hormonal basis of regeneration (6-8). In addition, factors participating in48

regeneration processes, such as WINDs, PLTs, WOXs, and BOP1, have been49

identified (9-12). However, compared to the comprehensive identification of early50

wounding responses/signals (JA, ROS, etc.) and elements that control regeneration51

(ERF115, ASA, PLTs, etc.), the molecular basis or details of the signaling pathways52

that function between the early wounding responses/signals and regeneration53

processes remain largely unknown.54

Receptor-like kinases (RLKs) are well known for their ability to transduce signals55

across membranes (13, 14). FERONIA (FER), a well-studied RLK, is known to56

respond to numerous stresses, including salt (15), temperature fluctuations (7),57

mechanical stress (16), and pathogens (17-19), reflecting its versatility in response to58

environmental cues. Importantly, FER is known to sense cell wall integrity during salt59

stress. The extracellular malectin-like domain of FER interacts directly with pectin in60

the cell wall. Salt stress-induced degradation of pectin was shown to be sensed by61

FER to trigger cell wall repair processes (15). Moreover, FER is functional in the62
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development of several organs, such as leaves, cotyledons and seeds (20, 21). FER63

regulates seed size by inhibiting cell division during embryonic development (21).64

These observations suggest a potential role of FER in modulating cell differentiation65

after sensing wounding.66

Herein, we report the participation of FER as a negative regulator in the early67

wounding signaling cascade to suppress root tip regeneration. One ligand of FER,68

rapid alkalinization factor 33 (RALF33), was found to accumulate in response to69

wounding and subsequently promote root regeneration. FER exhibited physiological70

interactions with Topless/Topless-related proteins (TPL/TPRs) to regulate the71

expression of ERF115. Based on our results, we present a model of the signaling72

cascade that occurs between early wounding signaling and root tip regeneration.73

RESULTS74

FER represses root tip regeneration75

To determine whether FER is functional during wounding-induced regeneration, we76

performed root tip resection (22) and evaluated the regeneration rates of fer-4, a77

loss-of-function mutant of FER (23). Root tip resection allowed the removal of the78

root stem cell niche and meristem (Fig. 1A). The remaining stumps could regenerate79

the same organization based on the competence of the stump cells. After resection,80

fer-4 presented a greatly enhanced capacity for root tip regeneration, especially type81

III resection, involving the removal of approximately 3/4 of the meristem (Fig. 1A-C).82

When the meristem was completely removed during type IV resection, the wild type83

(WT, Col-0) lost its regeneration capacity completely. Meanwhile, fer-4 exhibited a84

considerable frequency of regeneration (Fig. 1 B-C). These data indicate that the fer-485

roots had higher regeneration rates, which is surprising considering the weak features86

of the aboveground tissues of fer-4 (e.g., small rosettes). The same trend was87

exhibited by srn, another mutant line of FER (C24 background) (23, 24). These88

results indicate that FER negatively regulates root tip regeneration.89

We observed that fer-4 and srn had enlarged meristems and increased columella cell90
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layers (Fig. S1A-C). In parallel, EDU (5-ethynyl-2’-deoxyuridine) staining also91

revealed stronger division activity in the root tip of fer-4 (Fig. S1D). Cell division also92

occurred widely in the elongation zone of fer-4 (Fig. S1D). These findings led us to93

ask whether the stronger regeneration ability of fer-4 resulted from the lower94

differentiation state. Correspondingly, fer-4 exhibited many more lateral roots than the95

WT (Fig. S1E-F). It is likely that the lateral root-initiating cells of fer-4 had stronger96

stemness or pluripotency, and the enhanced regeneration ability of fer-4 may have97

been due to its lower differentiation state. However, overexpression of FER also led to98

increased meristematic size, yet the regeneration ability was slightly weaker than that99

of the WT (Fig. 1E-F). Therefore, the lower differentiation state of fer-4 could not100

fully explain the elevation in regeneration competence. Otherwise, the enlarged101

meristem size in FER-OE should have increased the regeneration frequency. Overall,102

FER suppressed regeneration in roots after wounding.103

RALF33 responds to wounding to regulate root regeneration104

A previous study indicated that injury caused by laser ablation did not affect the105

expression pattern of FER (3). Our data also showed that neither the expression106

pattern nor the protein abundance of FER was affected by resection (Fig S2A-B). On107

the other hand, the ligands of FER (i.e., RALFs) were reported to respond actively to108

environmental stimuli, and then to active or suppress FER (25). Interestingly, the root109

tip regeneration capacity of llg1-2 (the loss-of-function mutant defective in a110

coreceptor of FER, Lorelei (lre)-like glycosylphosphatidylinositol (GPI)-anchored111

proteins (LLGs) (26) was clearly increased (Fig. S2C-D). These results imply that the112

molecular combination of RALFs and FER is required for root tip regeneration. To113

further determine whether a RALF (and if so, which RALF) is responsive to114

wounding and can regulate regeneration, we screened the RALFs that were expressed115

in the root meristem in the TAIR database. Accordingly, we obtained RALF22,116

RALF23, RALF27, RALF31 and RALF33 for further investigation. We also validated117

the expression pattern of the abovementioned RALFs by constructing GFP-tagged118

RALFs driven by their native promoters (Fig. S2E). Among them, RALF33 showed119
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high expression in most cell types in the root meristem, including the stem cell niche,120

lateral root cap, epidermis, cortex, endodermis, pericycle and steles (Fig. S2E). We121

then analyzed the root tip regeneration rates of the RALF overexpression lines122

(RALF-OEs). The RALF22 overexpression line (RALF22-OE) exhibited slightly123

enhanced regeneration ability compared to the WT (Fig. 2A). In contrast to the subtle124

phenotype of RALF22-OE, RALF33-OE indeed showed a significant increase in its125

regeneration capacity (Fig. 2A-B). Since RALF33 was proven to be the ligand of FER126

(27), we hypothesized that the peptide RALF33 functions together with its receptor127

FER to regulate root tip regeneration. To verify this hypothesis, we exogenously128

applied 200 nM RALF33 to the stumps of the WT and fer-4 after resection. The129

seedlings treated with RALF33 showed an increased regeneration rate compared to130

that of the control seedlings, yet RALF33 failed to promote the regeneration of fer-4131

(Fig. S3A-B). According to the expression profiles of WOX5, a marker of the132

quiescent center (QC), the mock seedlings exhibited a relatively broad expression133

pattern, indicating that the QC was not well formed (Fig. S3A). Meanwhile, in roots134

treated with RALF33, the narrow expression profile of WOX5 was very similar to the135

pattern observed in intact roots, which showed 2 to 3 cells with pronounced WOX5136

expression. Correspondingly, WOX5 in fer-4 showed a narrow expression profile137

regardless of RALF33 treatment (Fig. S3A). The expression pattern of WOX5138

indicated that RALF33 accelerated QC regeneration. Interestingly, we observed many139

granular structures in the renewed columella cells of Col-0 (treated with 200 nM140

RALF33) and fer-4 (with or without RALF33), with fewer structures observed in the141

Col-0 mock seedlings (Fig. S3A, indicated by red arrow). The granular structures142

observed were actually the starch granules in the columella, which are responsible for143

gravitropism. To confirm whether the enrichment of the granular structures observed144

reflected the improved renewal of the root caps, we performed a gravitropic response145

test 1 day after type III resection (22). Correspondingly, almost all the fer-4 roots146

showed clear gravitropic bending 4 h after seedling rotation (Fig. S3C). Only ~16.2%147

of Col-0 seedlings showed a clear gravitropic response, but RALF33 treatment148

significantly increased this frequency to 41.3% (Fig. S3C). Therefore, the149
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regeneration of columella cells in fer-4 was significantly faster than that in Col-0, and150

RALF33 also promoted this process. In conclusion, RALF33 binds to its receptor151

FER to promote root tip regeneration, especially the QC and columella cells. Notably,152

treatment with RALF33 had a transient promoting effect on regeneration processes153

that was independent of the developmental stage.154

We subsequently traced the dynamics of RALF abundance after wounding to155

determine whether RALF33 was responsive to wounding. Using the RALF-GFP156

marker lines, we found that RALF33 was more responsive to wounding than other157

RALFs (Fig. S4A-B). The RALF33 protein level increased rapidly (1 h) after158

resection and peaked at approximately 6 h (Fig. 2C-D). Importantly, we also observed159

RALF33 accumulation near the cutting site (Fig. 2D-E). The specificity of160

accumulation suggested an important role of RALF33 in the response to wounding.161

Lags caused by de novo synthesis and GFP maturation have prevented the use of this162

marker line to study rapid dynamics that occur within a few minutes. To determine163

whether the upregulation of RALF33 was initiated quickly after resection, we164

quantified the expression levels of RALF33 at different time points via quantitative165

real-time PCR (qRT‒PCR) (Fig. 2F). The increase in RALF33 expression was166

detectable as early as 15 min postresection and continued to increase in the167

subsequent 2 h. However, we did not detect changes within the first 5 min, when the168

early wounding signals (such as ROS) were active. The timing of RALF33 dynamics169

suggested that RALF33 may be located close to and relay the stereotypical signals of170

early wounding.171

Collectively, we found that wounding induced rapid elevation in RALF33 levels in172

cells abutting the wounding site in the root tip, and RALF33 bound to FER to173

promote root tip regeneration. Notably, although only RALF33 was found to be174

responsive to wounding, we cannot rule out the possibility that other RALFs might be175

wound responsive.176

FER may regulate QC and columella regeneration by shaping the transcriptome177
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of low-differentiation cells in the stele178

We observed strong expression of a RALF (i.e., RALF33) in the stele (Fig. S2E).179

Interestingly, FER was also highly expressed in the stele (Fig S2A). These results led180

us to speculate about the important roles of RALF33 and FER in the stele. Importantly,181

we proved in a previous section that RALF33-FER could regulate the regeneration of182

QC and columella cells (Fig. S3). The regenerated columella cells originate from the183

stele (4); therefore, the physiology of stele cells is very likely shaped by RALF33 and184

FER. To verify this hypothesis, we performed single-cell sequencing of the roots of185

the WT and fer-4 (we will publish the detailed data from single-cell sequencing of186

fer-4 in a separate work). The stele cells were classified into 4 clusters: pericycle,187

xylem, phenom and the low-differentiation type (which actually include the cambium,188

protoxylem and protophloem). Using the Spearman correlation coefficient of the189

transcriptome as an indicator, we discovered that the transcriptomes of cells with low190

differentiation in fer-4 were greatly different from those in the WT-the correlation191

coefficient of the low-differentiation cell type in the above two genotypes was only192

0.45 (Fig. 3A) and was at the same level as those between different cell types (e.g.,193

the xylem and phloem in the WT). Consistent with the results revealed by correlation194

analysis, the number of differentially expressed genes (DEGs) in low-differentiation195

cells (normalized to the total number of detected genes) were approximately 4 times196

greater than those in xylem and phloem (Fig. 3B). We applied GO enrichment of the197

DEGs in low-differentiation cells from fer-4 and WT. Seven of the GO terms among198

the top 20 terms were related to either wounding or regeneration (Fig. 3C). Therefore,199

transcriptomic variation in low-differentiation cells very likely contributed to the200

different regeneration rates of Col-0 and fer-4, especially that in the columella and201

QC.202

RALF33-FER regulates root tip regeneration through ERF115203

A previous review that summarized information on the genes currently known to be204

involved in root regeneration (28). We also examined the expression of these genes in205

the low-differentiation cells from Col-0 and fer-4. In total, 19 regeneration-related206
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genes were differentially expressed (Fig. S5A). Among them, ERF115 and its207

downstream peptide PSK5 were upregulated (Fig. S5A). In addition, among the208

regeneration-related genes in our RNA-seq data for roots of the WT and fer-4,209

ERF115 and PSK5 were markedly enriched in fer-4 (Fig. 3D). We confirmed this210

result using the pERF115::GUS reporter line in the Col-0 and fer-4 backgrounds (Fig.211

3E). The expression of ERF115 was distinctly higher in the stele of fer-4 (Fig. 3E).212

RALF33 treatment also stimulated ERF115 expression, as revealed by using the213

pERF115::GFP marker line (Fig. 3F). ERF115 is an essential factor for root tip214

regeneration, and overexpression of ERF115 significantly promotes root tip215

regeneration (5, 29). Therefore, we postulated that ERF115 could function216

downstream of the RALF33-FER signaling module to regulate root tip regeneration.217

To demonstrate whether ERF115 acts downstream of RALF33-FER, we applied 200218

nM RALF33 to the excised WT and erf115 roots. Consistent with previous reports (5,219

29), the regeneration frequency of the erf115 mutant was significantly lower than that220

of the WT (Fig. 3G). Meanwhile, RALF33 treatment failed to elevate the regeneration221

frequency of erf115 (Fig. 3G).222

We also generated a fer-4 erf115 double mutant to determine whether ERF115 acts223

downstream of FER. Although the defective root hairs of fer-4 erf115 resembled those224

of fer-4 (Fig. S5B), the meristem size of the double mutant was reduced compared to225

that of fer-4 (Fig. S5C-D). Hence, the enlarged meristem rather than the abnormal226

root hairs of fer-4 could be attributed to the perturbation of ERF115. The regeneration227

rate of fer-4 erf115 was also reduced to a level similar to that of the WT (Fig. 3H). In228

conclusion, ERF115 functions downstream of RALF33-FER to regulate root tip229

regeneration.230

TPL/TPRs serve as potential upstream regulators of ERF115231

Transcriptional regulation by ERF115 of its downstream targets occurs in the nucleus,232

yet FER is located on the plasma membrane (30). Spatial compartmentalization233

prevents FER from directly regulating ERF115. FER most likely regulates ERF115234
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through its interacting proteins. Based on the results of our previous yeast two-hybrid235

(Y2H) screening (7), we focused on the transcriptional corepressor236

TOPLESS-RELATED 1 (TPR1). TPR1 belongs to the TPL/TPR protein family. The237

first identified member, TOPLESS (TPL), is known as a master regulator of root fate238

determination (31). In addition, TPL/TPRs also play an important role in maintaining239

the stemness of columella stem cells (32). These reports emphasized the possible role240

of TPL/TPRs in regeneration, because cell fate regulation via either root fate241

determination or stemness maintenance indicates the cytological nature of242

regeneration. Interestingly, TPR1 distributes in plasma, cytoplasm and nuclear (Fig.243

S6A). The subcellular localization of TPR1 also makes it possible to mediate the244

transcription regulation of ERF115 by FER.245

As gene expression coregulators, TPL/TPRs have many downstream targets (33). To246

further confirm the possibility that FER regulates gene expression by interacting with247

TPL/TPRs, we performed TF enrichment analysis in the iGRN and PlantTFBD248

databases (see Materials and Methods). TPL/TPRs are actually not TFs but can249

modulate gene expression by recruiting other TFs. Hence, we alternatively focused on250

the enrichment of proteins interacting with TPL/TPRs. By searching iGRN251

(http://bioinformatics.psb.ugent.be/webtools/iGRN/) (34) and PlantTFBD252

(http://planttfdb.gao-lab.org/) (35) using 1507 regeneration-related DEGs in253

low-differentiation cell clusters (Fig. 2C), we obtained 1260 and 567 TFs,254

respectively (Fig. S6B). The two shared 532 overlapping TFs, and 14 proteins among255

the 53 reported interacting proteins of TPL/TPRs were present among these 532256

overlapping TFs. Therefore, certain DEGs in the low-differentiation cells from the257

WT and fer-4 were likely regulated by TPL/TPRs. We also analyzed the258

transcriptomic overlap of fer-4 (36) and tpltpr1tpr4 (33). In total, 1908 overlapping259

genes among the DEGs of tpltpr1tpr4 and fer-4 were identified (Fig S6C). The high260

degree of overlap supported the hypothesis that FER interacts with TPL/TPRs to261

regulate the expression of its downstream genes. GO enrichment analysis using the262

1908 overlapping genes revealed many GO terms related to wounding, such as263
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response to wounding and response to jasmonic acid (Fig. S6D). The above264

bioinformatic analysis strongly suggested that FER regulates downstream genes (e.g.,265

ERF115), especially those related to wounding, through TPL/TPRs.266

FER interacts with TPL/TPRs to promote their degradation267

To verify the hypothesis from the previous section, we examined the interactions268

between FER and TPL/TPRs. We cloned the full-length CDSs of the five TPL/TPR269

family members, namely, TPL, TPR1, TPR2, TPR3 and TPR4 (TPL/TPR-AD), into270

an activation domain (AD)-containing vector. The TPL/TPR-AD constructs were271

cotransformed with FER-CD-BD, a recombinant vector with the cytosolic domain of272

FER (FER-CD) fused to the binding domain (BD), to perform a Y2H assay. The Y2H273

assay clearly revealed the interactions of TPR1, TPR3 and TPR4 with FER-CD, as274

well as a weak interaction of TPL (Fig. 4A). We further examined the interaction of275

TPR1 using a split-luciferase system. An interaction between TPR1 and FER-CD was276

demonstrated, verifying the interaction between FER and TPL/TPRs (Fig. 4B). We277

also performed a coimmunoprecipitation assay to study their interaction in vivo. The278

TPL/TPRs coimmunoprecipitated with FER-Flag (Fig. 4C). For the pull-down assay,279

we first immunoprecipitated the TPR1-Myc protein from Myc-tagged transgenic280

seedlings. The TPR1-Myc protein could be pulled down by FER-GST, which281

indicated that FER is physiologically associated with TPR1 (Fig. 4D). The in vitro282

phosphorylation assay also revealed that the kinase domain of FER was sufficient for283

phosphorylating the N-terminus of TPR1 (Fig. 4E). Overall, FER interacted with284

TPL/TPRs both in vivo and in vitro.285

What is the molecular significance of the interaction between FER and TPL/TPRs? To286

answer this question, we investigated the protein level of TPL/TPRs in response to287

RALF33 treatment in the WT and fer-4. We found that TPL/TPRs accumulated at288

significant levels in the fer-4 mutant (Fig. 4F). Second, exogenous application of289

RALF33 led to the accumulation of TPL/TPRs in Col-0 but not in fer-4 (Fig. 4F).290

Finally, when 100 μM proteasome inhibitor, cycloheximide (CHX), was applied to291

inhibit protein synthesis, the TPL/TPR levels were decreased more rapidly in the WT292
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than in fer-4 (Fig. 4G). Taken together, the results showed that FER interacts with293

TPL/TPRs to reduce their half-life.294

FER interacts with TPL/TPRs to regulate root tip regeneration295

Does the increase in TPL/TPR abundance affect regeneration? To answer this296

question, we performed resection to investigate the regeneration of the triple mutant297

tpltpr1tpr4 and performed overexpression of TPR1 (TPR1-OE; Fig. 5A). The298

tpltpr1tpr4 mutant showed an attenuated regeneration frequency versus the WT, while299

TPR1-OE exhibited a stronger regeneration capacity (Fig. 5A-B). Application of 200300

nM RALF33 to the resected tpltpr1tpr4 stump demonstrated that TPL/TPRs function301

downstream of RALF33 to regulate regeneration, as tpltpr1tpr4 was less sensitive to302

RALF33 (Fig. S7A-B). Hence, TPL/TPRs act as signal repeaters downstream of303

RALF33-FER to ultimately regulate regeneration. We also crossed fer-4 with304

tpltpr1tpr4 and obtained tpr1fer-4 and tpr1tpr4fer4. the regeneration rates of tpr1fer-4305

and tpr1tpr4fer-4 were lower than that of fer-4 (Fig. 5C- D). Collectively, the results306

show that RALF33-FER interacts with Col-0 and fer-4 to regulate root tip307

regeneration.308

TPL/TPR regulates the expression of ERF115309

We asked whether TPL/TPRs could regulate ERF115 expression. Using qRT‒PCR,310

we revealed a lower ERF115 expression level in tpltpr1tpr4 cells than in TPR1-OE311

cells (Fig. 5E). Moreover, TPL/TPRs interacted with the promoter of ERF115 to312

regulate its expression, as indicated by ChIP‒qPCR (Fig. 5F). This result is consistent313

with their corresponding phenotypes, which suggested that TPL/TPRs promote root314

tip regeneration (Fig. 5A-B).315

DISCUSSION316

Based on our results, we proposed the following model: RALF33-FER can respond to317

wounding and transduce wounding-related signals by interacting with TPL/TPRs to318

ultimately regulate the expression of ERF115, a key TF involved in root tip319
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regeneration (5, 29). The most significant result of this study is the elucidation of a320

molecular pathway serves as an early signaling module between wounding and321

regeneration.322

Wounding-induced regeneration actually includes two processes: wounding and323

regeneration (37). However, to date, studies have mainly investigated these two324

events independently (28). Knowledge of the molecular basis of these two events is325

scarce. Our research shed light on RALF-FER as a functional module involved in this326

process. In our proposed model, the RALF33 protein responds within 1 h, and327

RALF33 mRNA can respond to wounding in tens of minutes. Since the initiation of328

regeneration usually takes several hours (22, 28), it is quite reasonable that RALF33329

serves as an earlier signaling molecule that transduces wounding-related signals for330

regeneration.331

According to a previous publication, FER can sense wounding (15). What is the332

physiological significance of employing RALF33 to respond to wounding, since it333

seems achievable with FER alone? Importantly, cutting alone causes disruption of the334

cell wall in a single layer of cells near the incision, yet regeneration can be observed335

broadly around the wounding site (22). However, this phenomenon can be better336

explained if we take RALFs into consideration. Because RALFs are diffusible, they337

cause the regeneration of the surrounding cells by diffusing into intact cells that are338

distant from the incision (Murphy and De, 2014). Efforts should be made in the future339

to reveal the mechanism by which RALF33 and FER are regulated by wounding.340

The regenerated root tip originates not from specific cryptic stem cells but multiple341

tissues from the remaining stump (4). Specifically, cells in the stele are respecified342

into stem cells to generate the QC and columella (4). It remains unknown whether this343

process is independent of the regeneration of other cell types (such as the cortex), and344

the mechanism underlying the regeneration of the QC and columella is unknown. The345

expression patterns of RALFs and FER suggested their important role in the stele (Fig.346

S2A, E). The accelerated QC and columella regeneration clearing reflected the347

differences in the physiology of stelar cells. We further revealed the difference in the348
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distinct transcriptomes of low-differentiation cells in the stele. Therefore, it is likely349

that RALF-FER controls the regeneration of the QC and columella by shaping the350

transcriptome of low-differentiation cells in the stele. Our results provide a possible351

model to explain how a certain cell population is regenerated.352

A previous publication indicated that TPL/TPRs act as corepressors (38). Here, we353

found that TPL/TPRs promoted the expression of ERF115 and that the expression354

level of ERF115 in tpltpr1tpr4 was decreased. Unfortunately, we have not make355

further efforts to resolve this contradiction. It is not that surprising since there are356

many studies on the bilateral effects of transcription regulators (39). Take PIFs as an357

example; an individual gene may respond to PIFs inversely, and the same PIF may358

either up- or downregulate the expression of different genes (39).359

In conclusion, the signaling pathway between wounding and regeneration still360

requires future investigation. Our research introduces the role of RLKs in this361

pathway. These processes also represent the checkpoints between wounding and362

downstream reactions, such as regeneration. Elucidation of this mechanism could363

provide molecular targets for genetic manipulation and improvement by, for example,364

grafting, cutting, and callus induction. We believe that further exploration of this topic365

will be helpful and yield promising results.366

MATERIALSAND METHODS367

For full and detailed methods please se SI Appendix, Materials and Methods.368

Plant materials and growth conditions369

The Arabidopsis thaliana ecotype C24 was used as a wild-type control for srn. In370

addition, Col-0 was the control for other mutants. The loss-of-function mutant fer-4371

was described previously (40). The llg1-2 (CS66106) mutant was kindly provided by372

Doctor C. Li (Li et al, 2015). The erf115 (SALK_021981) mutants, ERF115-GUS and373

ERF115-GFP-GUS were used in previous research (5, 29). The triple mutant374

tpltpr1tpr4 and TPR1-OE were provided by Doctor J.B. Jin (41). ERF115-GFP-GUS375
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(referred to as ERF115-GFP in the text) has been reported previously (5, 29).376

To generate the GFP-tagged reporter line of RALF22 (AT3G05490), RALF23377

(AT3G16570) RALF27 (AT3G29780), RALF31 (AT4G13950), and RALF33378

(AT4G15880), DNA fragments of GFP-tagged full-length RALF CDSs under the379

driven by their native promoter were cloned into the pCAMBIA1300 backbone. The380

tagged pCambia-1300-pRALFs::RALFs-GFP constructs were then transformed into381

the Col-0 ecotype to generate the corresponding seedlings. The RALF overexpression382

constructs were generated by introducing the full-length CDSs carried by the pDT1383

backbone into Col-0.384

Arabidopsis seeds were surface sterilized by treating with 75% ethanol for 5 min385

followed by sodium hypochlorite for 15 min. The samples were washed 5 to 6 times386

with sterilized deionized water and sown on half-strength MS medium (1/2 MS387

medium) with 1% sucrose and 1% agar. The seeds were stratified in the dark at 4°C388

for 2 days and were subsequently transferred to a growth chamber under controlled389

conditions. The parameters of the growth chamber were set as follows: 22°C, 80%390

(relative humidity), 16/8-h light/dark.391

Root tip resection392

The root tip resection method was based on the description in a previous report (22).393

Resection was conducted using 3-day-old seedlings grown on 1/2 MS medium.394

Seedlings were placed on 1/2 MS medium with 5× agar and loaded onto a dissecting395

microscope stage for root tip removal (22). According to the excision position, the396

resection method was classified into 4 types, namely, the I, II, III and IV types,397

involving the removal of the QC, 1/2 the meristem, 3/4 the meristem and the whole398

meristem, respectively. After resection, seedlings were quickly stained with 10 μg/μl399

propidium iodide (PI) to determine the resection type under a confocal microscope.400

Finally, the seedlings were moved onto 1/2 MS medium containing 50 μM ampicillin401

for antibiosis.402

To apply the RALF33 peptide to the resected stumps, RALF33 diluted in 1/2 MS403
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liquid medium was dropped onto a small filter paper piece. The resected roots were404

covered with paper pieces containing 200 nM RALF33, and the dishes were returned405

to the growth chamber for 72 h. The seedlings were then ready for examination of406

regeneration.407
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Fig. 1 FER suppresses root regeneration.548

(A) Schematic diagram of the four types of resection. Type I refers to removal of root549

tips below (and including) the QC. Type II involves cutting off half of the meristem.550

Type III involves cutting off 3/4 of the meristem. Type IV refers to the removal of the551

whole meristem.552

(B) Representative root tips from Col-0, fer-4, C24 and srn at different time points553

after type III resection. Seedlings were stained with PI at 0 h and at 72 h after554

resection and were imaged by confocal microscopy. Bar = 50 µm.555

(C-D) Root tip regeneration frequencies 72 h after resection, described in (B). Bars556

represent the mean ± SE of 3 independent experiments, with at least 15 technical557

replicates per trial (Student’s t test, **p < 0.01).558

(E) Meristem length of the WT and FER-OE plants. The scatter dots shown indicate559

the meristem length of each independent root (Student’s t test, ***p < 0.001).560

(F) Regeneration frequencies of Col-0 and FER-OE 72 h after resection. Bars561

represent the mean ± SE of 3 independent experiments, with at least 15 technical562

replicates per trial (Student’s t test, *p < 0.05).563

Fig. 2 Wounding induces RALF33 accumulation to regulate regeneration.564

(A) Regeneration rates of the RALF overexpression lines following type III resection.565

Bars represent the mean ± SE of 3 independent experiments, with at least 15 technical566

replicates per genotype (one-way ANOVA, *p < 0.05; **p < 0.01).567

(B) Representative images of RALF33-OE and WT roots 3 days after type III568

resection.569

(C) RALF33 abundances at different time points after type III resection. Boxplot570

centers show median (n > 10 roots), and the box represents the interquartile range571

(one-way ANOVA, *p < 0.05; **p < 0.01).572

(D) Confocal images of RALF33-GFP seedlings following type III resection. The573

white dashed lines represent the cutting sites. The red arrow indicates the accumulated574

RALF33 near the wounding site. Bar = 100 μm.575

(E) Line profiles of GFP intensities at different distances from the incision. The line576
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charts were generated from the images in D.577

(F) RALF33 expression in roots at different time points after cutting was assessed by578

qRT‒PCR. Each bar data point equals the mean ± SE of 3 independent experiments,579

with 3 technical replicates for each time point (one-way ANOVA, n.s., not significant;580

**p < 0.01).581

Fig. 3 Single-cell RNA-seq analysis of cell clusters in the stele and ERF115582

functional downstream of RALF33.583

(A) Spearman correlation coefficient of the transcriptome in different cell types from584

Col-0 and fer-4. Correlation coefficients are indicated by circle areas and colors of585

each in the top right quadrant and can be directly assessed by the numbers in the586

lower left quadrant.587

(B) DEGs/Total ratio in different cell types. ‘DEGs’ is the numbers of differentially588

expressed genes in Col-0 and fer-4. ‘Total’ is the number of total detectable genes.589

(C) Top 20 GO terms of DEGs in low-differentiation cells of Col-0 and fer-4. The GO590

terms marked in red are those related to wounding or regeneration.591

(D) Normalized gene expression levels of root regeneration-related genes in roots.592

Expression levels were obtained from RNA-seq data of Col-0 and fer-4 roots (25),593

with 3 biological replicates. The expression level in fer-4 was normalized to that in594

Col-0 (Student’s t test, ***p < 0.001).595

(E) ERF115::GUS activities in roots of Col-0 and fer-4.596

(F) RALF33 induces the expression of ERF115. The images presented here are of the597

pERF115::GFP-GUS line following RALF33 treatment.598

(G) Regeneration rates of erf115 in response to RALF33 treatments. RALF33 (200599

nM) was applied to the stumps of Col-0 and erf115 after type III resection. Bars600

represent the mean ± SE of 3 independent experiments, with at least 15 technical601

replicates per trial (Student’s t test, *p < 0.05).602

(H) Regeneration rates of the WT, fer-4, fer-4 erf115 and erf115 following type III603

resection. Bars represent the mean ± SE of 3 independent experiments, with at least604

15 technical replicates per trial. The different lowercase letters indicate statistical605
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significance (one-way ANOVA).606

Fig. 4 FER interacts with and phosphorylates TPL/TPRs.607

(A) Yeast two-hybrid assay of FER and TPL/TPRs. Synthetic dropout medium (-His)608

containing 20 mM 3-amino-1,2,4-triazole was used to examine the interaction.609

(B) Split-luciferase assay exhibiting the interaction between FER and TPR1. The610

cytosolic domain of FER and full-length TPR1 were used to test the interaction.611

(C) Co-IP assay showing the interaction between FER and TPL/TPRs. Protein lysates612

from FER-Flag and Col-0 seedlings were immunoprecipitated by anti-Flag magnetic613

beads, and interactions were detected by an TPL/TPR antibody.614

(D) GST pull-down assay of TPR1-myc and FER-CD.615

(E) In vitro phosphorylation assay of TPR1-N and TPR1-C by FER-KD.616

(F) TPL/TPRs abundances in Col-0 and fer-4 at different time points following617

RALF33 treatments.618

(G) Stability of TPL/TPRs in Col-0 and fer-4 after RALF33 treatment. Protein619

stabilities were assessed using CHX to block de novo protein synthesis.620

Fig. 5 TPL/TPRs promote ERF115 expression to regulate root regeneration.621

(A) Representative images of Col-0, tpltpr1tpr4 and TPR1-OE following 72 h of type622

III resection.623

(B) Regeneration rates of Col-0, tpltpr1tpr4 and TPR1-OE. Bars represent the mean ±624

SE of 3 independent experiments, with at least 15 technical replicates per trial625

(one-way ANOVA, *p < 0.05; **p < 0.01).626

(C) Representative images of Col-0, fer-4 and tpr1tpr4fer-4 following 72 h of type III627

resection.628

(D) Regeneration rates of Col-0, fer-4, tpr1fer-4, tpr1tpr4fer-4, tpr1, and tpltpr1tpr4.629

Bars represent the mean ± SE of 3 independent experiments, with at least 15 technical630

replicates per trial (one-way ANOVA, *p < 0.05).631

(E) ERF115 expression levels in Col-0, tpltpr1tpr4 and TPR1-OE cells. Expression632

levels in tpltpr1tpr4 and TPR1-OE were normalized relative to that in Col-0. Bars633

represent the mean ± SE of 3 independent experiments, with 3 technical replicates per634
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trial (one-way ANOVA, *p < 0.05; **p < 0.01).635

(F) ChIP analysis of the recruitment of TPR1 to the promoter of ERF115. ChIP was636

performed using an anti-TPL/TPRs antibody. DNA quantification using qRT‒PCR.637

Bars represent the mean ± SE of 3 independent experiments, with 3 technical638

replicates per trial (Student’s t test, ***p < 0.001).639
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(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 28, 2022. ; https://doi.org/10.1101/2022.08.27.505519doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.27.505519


Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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