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1

Summary

2

Autophagy is a conserved quality control pathway that mediates the degradation of

3

unnecessary or dysfunctional cellular components by targeting them to the lysosomes

4

or central vacuoles. Autophagy has been implicated in the regulation or execution of

5

regulated cell death processes in a wide range of eukaryotes. However, its function in

6

developmentally controlled programmed cell death (dPCD) in plants remains little

7

studied and controversial. Here, we investigated the role of autophagy in dPCD using

8

the Arabidopsis root cap as an accessible and genetically tractable model system. We

9

show that autophagic flux is induced prior to dPCD execution in both root cap tissues,

10

the columella and the lateral root cap (LRC), and impaired in autophagy-deficient

11

mutants. These mutants show a strongly delayed cell death and an absence of corpse

12

clearance in the columella during and after their shedding into the rhizosphere.

13

However, autophagy deficiency does not affect dPCD execution or corpse clearance

14

in LRC cells at the distal end of the root cap. Our results demonstrate that autophagy

15

promotes dPCD in a highly cell-type specific manner, and present the root cap as a

16

powerful model system to study organ-specific autophagy in vivo.
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17

Introduction

18

Regulated cell death (RCD) describes genetically encoded mechanisms to dispose of

19

cells in a tightly controlled way. Different RCD processes are vital for growth and

20

development, immunity and stress responses across eukaryotes. In animals, a

21

growing number of RCD subroutines have been described1

22

opposing contexts: On the one hand, RCD occurs as integral part of development,

23

tissue turnover, and ageing, largely independent of environmental perturbation. These

24

physiological forms of RCD are often referred to as programmed cell death (PCD). On

25

the other hand, RCD can occur as response to infection and abiotic stresses1.

26

In plants, these two contextual categories have been described as developmental PCD

27

(dPCD) and environmental PCD (ePCD)2. One of the most studied ePCD types is the

28

hypersensitive response (HR), a localized plant host response at the site of pathogen

29

infection3. In the context of plant development, dPCD processes occur as the last step

30

of differentiation in particular cell types, at the end of organ senescence, or facultatively

31

as the result of cellular signalling4. Despite the multiple and often indispensable

32

functions of dPCD for plant growth and reproduction, still comparatively little is known

33

about its molecular regulation.

34

Over the last years, the Arabidopsis thaliana (Arabidopsis) root cap has been

35

established as a model system to investigate dPCD in its native developmental context

36

in planta. The root cap surrounds the root meristem stem cell niche, and is important

37

to sense environmental cues, including gravity, for directed root growth5. In

38

Arabidopsis, dPCD is an integral part of root cap differentiation, restricting root cap

39

organ size to the root meristem6. The root cap consists of two distinct tissues

40

originating from different stem cells: the proximally positioned columella that is located

41

at the very root tip, and the lateral root cap (LRC) that flanks the root meristem up to

42

its distal end at the start of the root elongation zone5. Incipient continuous layers of

43

columella and LRC cells are generated by repeated stem cell division close to the

44

quiescent centre, displacing the older root cap layers to the root periphery. The root

45

cap organ size is kept constant by a combination of dPCD and shedding of cells into

46

the rhizosphere7,8: When epidermal cells start to elongate at the distal end of the

47

meristem, their neighbour cells of the distal LRC (Figure 1A) undergo a tightly

48

controlled dPCD and corpse clearance process on the root surface, limiting the root

49

cap extent to the meristematic zone6. Eventually, cell death advances proximally

50

towards the columella creating distinct PCD sites that demark the respective end of

51

each LRC layer6. Finally, the columella cells, together with the adjacent proximal LRC

52

cells, get shed as cell packages into the rhizosphere9, where they undergo dPCD

that can act in two
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53

shortly thereafter10.

54

Developmental PCD has been characterized as a succession of cellular processes

55

including PCD preparation, execution, and corpse clearance4. The NAC (no apical

56

meristem [NAM], Arabidopsis thaliana activation factor [ATAF], cup-shaped cotyledon

57

[CUC]) family transcription factors SOMBRERO/ANAC033 (SMB), ANAC046 and

58

ANAC087 have been shown to orchestrate the preparation for dPCD execution and

59

corpse clearance in the root cap. These transcription factors promote the expression

60

of dPCD-associated genes6,10,11. While smb mutants show an extended life span of

61

distal LRC cells in the root elongation zone, anac046 mutants exhibit an extended life

62

span of the columella and the adjacent proximal LRC cells during and after their

63

shedding into the rhizosphere6,10. Despite these studies unravelling the role of

64

transcriptional networks in root cap dPCD, the cellular pathways that execute cell death

65

remain poorly understood.

66

In animals, types of RCD that rely on components of the autophagic machinery have

67

been described as autophagy-dependent RCD1. Autophagy is a bulk degradation

68

process that delivers unnecessary or dysfunctional cellular components to the

69

lysosome for degradation. Autophagic responses often occur as stress-adaptation

70

response, hence acting generally in rather a cytoprotective than a cytotoxic way.

71

However, in specific developmental and pathophysiological settings, the autophagic

72

machinery can contribute to cellular demise12.

73

A major autophagy pathway, macroautophagy, (referred to as “autophagy” hereafter)

74

is largely conserved in plants13. Cytoplasmic cargo is engulfed by so-called

75

phagophores that close to form double-membrane bound autophagosomes. Proteins

76

encoded by the conserved autophagy-related (ATG) genes ATG9, ATG2 and ATG18

77

mediate phagophore formation. Later, the phagophore gets decorated with ATG8, a

78

process involving ATG5 and ATG713. The autophagosome transports its cargo to

79

central vacuole, where the outer membrane of the autophagosome fuses with the

80

vacuolar membrane (tonoplast), while the remaining single-membrane structure, the

81

autophagic body, is taken up by the vacuole. Finally, autophagic bodies and their cargo

82

are broken down by vacuolar hydrolases13-15. Arabidopsis mutants such as atg7-116,

83

atg5-117, and atg2-218 are deficient in autophagosome formation and autophagic flux

84

to the vacuole. These mutants are hypersensitive to nutrient-limiting conditions,

85

suggesting that autophagy plays a key role in nutrient recycling as adaptation to such

86

conditions. In addition, several atg mutants exhibit an early leaf senescence

87

phenotype16,17.

88

In analogy to the situation in animals, the involvement of autophagy in plant PCD has

89

been controversially discussed19. While some studies reported a pro-survival role of
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90

autophagy, for instance in leaf senescence, immunity, or lace plant leaf development20-

91

22

92

elimination24, or plant immunity25. These data suggest that the function of autophagy

93

is complex and can play either “pro-death” or “pro-survival” roles depending on the

94

experimental settings and biological situation. Therefore, understanding the function

95

of autophagy especially in the context of dPCD will benefit from further study.

96

Here we used the root cap model to investigate the relevance of autophagy in dPCD.

97

We show that autophagic flux increases prior to dPCD in both LRC and columella cells,

98

and that autophagic flux is inhibited in atg mutants. Intriguingly, the life span of atg

99

mutant columella cells in the rhizosphere is significantly extended, and post-mortem

100

corpse clearance does not occur. By contrast, the lack of autophagy does not affect

101

dPCD execution or corpse clearance in the distal LRC. We show that root cap

102

autophagy phenotypes can be produced in a root cap-autonomous manner, and do

103

not depend on the established NAC transcription factor pathways. Our results

104

demonstrate a dPCD-promoting function of autophagy in the columella, but not in the

105

distal LRC, suggesting that autophagy roles in dPCD can considerably diverge

106

between different cell types of the same plant organ.

, others suggested a pro-death role, e.g. in xylem formation23, suspensor

107
108
109

Results

110

Autophagic flux is increased prior to dPCD in root cap cells

111

To test the involvement of autophagy in the root cap dPCD process, we investigated

112

autophagosome/autophagic body formation and autophagic flux in wild-type and atg

113

mutant root cap cells. To this end, we imaged root cap cells of Arabidopsis lines

114

carrying pUBQ10::YFP-ATG8A or p35S::mCherry-ATG8E constructs26,27. In the wild-

115

type, we detected YFP-ATG8A signal in both the cytosol as well as in autophagic foci

116

in LRC cells preparing for PCD (“pre-PCD” LRC cells). By contrast, we found

117

predominantly cytosolic YFP signal in LRC cells that are not yet preparing for PCD

118

(“non-PCD cells”, Figure 1A, B). In the autophagy-defective atg5-1 mutant17, we

119

counted significantly less YFP-ATG8A foci in “pre-PCD” cells (Figure 1E), indicating

120

that autophagy is activated prior to LRC cell death in an ATG5-dependent manner.

121

These results were confirmed in wild-type seedlings expressing an alternative

122

autophagy marker, p35S::mCherry-ATG8E (Figure 1D, E), suggesting our findings

123

represent a general autophagy response.

124
125
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126
127

Figure 1. Visualization of the dynamics of autophagosomes/autophagy-related structures in

128

root cap cells.

129

(A-C), Confocal laser scanning micrograph (CLSM) of LRC cells from seedlings at 4 days after

130

germination (DAG) expressing pUBQ10::YFP-ATG8A in the wild type and the atg5-1 mutant,

131

projection of the root tip (A), longitudinal section of LRC cells treated with DMSO as control (B),

132

or treated with 1 µM ConcA for 8 h (C). Scale Scale bars are 50 µm (A), 20 µm (B-C).
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133

(D), CLSM of lateral root cap (LRC) cells from 4 DAG seedlings of expressing p35S::mCherry-

134

ATG8E in wild type and atg2-2 mutant. Scale bars are 20 µm.

135

(E), Quantification of autophagosomes in LRC and columella cells. Results are means ± SD (>

136

20 counted cells from several separate seedlings). **** indicates a significant difference (t test,

137

P < 0.0001).

138

(F-G), CLSM of columella cells from 4 DAG seedlings expressing pUBQ10::YFP-ATG8A in the

139

wild type (E) and the atg5-1 mutant (F). Scale bars are 20 µm.

140

White arrow heads indicate autophagosomes, white arrows indicate YFP aggregates.

141

(H-I), CLSM of LRC cells from 4 DAG seedlings expressing p35S::YFP-mCherry-NBR1 in the

142

wild type (H), treated with 1 µM ConcA for 8 h (I). Scale bars are 20 µm.

143

(J), Quantification of the vacuolar import of NBR1 in LRC cells as shown in (H). Quantification

144

was performed by dividing the average gray value in cytosol (YFP) with the average gray value

145

in the vacuole (mCherry), using split channel images in ImageJ. The graphical representation

146

is based on about 20 counted cells from several separate seedlings, with standard deviation

147

indicated as Scale bars. *** indicates a significant difference (t test, P < 0.001).

148

(K), Quantification of autophagic bodies in LRC cells treated with 1 µM ConcA for 8 h as shown

149

in (I). The graphical representation is based on 20 cells from several separate seedlings, with

150

standard deviation indicated as Scale bars. **** indicates a significant difference (t test, P <

151

0.0001).

152

(L-M), CLSM of columella cells from 4 DAG seedlings expressing p35S::YFP-mCherry-NBR1

153

in wild type (L), treated with 1 µM ConcA for 8 h (M). Scale bars are 20 µm.

154

Y/C indicates merge of the YFP channel and the mCherry channel; Y/C/T indicates merge of

155

the YFP channel, the mCherry channel, and the transmission channel.

156
157
158

The Arabidopsis root cap organ consists of two different tissues, the LRC and the

159

columella8. To analyze the autophagy related structures in columella cells, we imaged

160

plants expressing pUBQ10::YFP-ATG8A. We found YFP signal within small punctate

161

foci of columella cells in the outermost root cap layer in wild type roots (Figure 1F). By

162

contrast, YFP-ATG8A signal was free cytosolic and clustered in large cytoplasmic

163

aggregates in the columella cells of atg5-1 mutants, as previously described (Figure

164

1G)27. Quantification demonstrated that the number of small punctate foci

165

(autophagosomes) in mature columella cells is significantly increased compared to

166

“non-PCD” cells (Figure 1E). This suggests that similar to the “pre-PCD” LRC cells

167

preparing for cell death, autophagic activity is also increased in mature columella cells.

168

Concanamycin A (ConcA) is an established drug to neutralize vacuolar pH by inhibiting

169

vacuolar-type ATPases28. Elevated vacuolar pH results in stabilized autophagic bodies,

170

allowing to quantify autophagic delivery to the vacuole. After 8 hours of ConcA

171

treatment, numerous YFP-ATG8A-positive autophagic bodies accumulated in wild
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172

type “pre-PCD” LRC cells (Figure 1C), and mature columella cells (Movie S1).

173

Conversely, we detected no vacuolar autophagic bodies in ConcA-treated atg5-1

174

mutant, consistent with autophagy deficiency in this mutant (Figure 1C and Movie S2).

175

To monitor and quantify autophagic flux to the vacuole, we imaged root cap cells

176

expressing a double-tagged autophagic cargo, YFP-mCherry-NBR1. This reporter is

177

delivered to the vacuole by autophagy where low pH allows to differentiate between

178

cytoplasmic to vacuolar fluorescence ratios comparing the pH-sensitive YFP and the

179

less pH-sensitive mCherry 29. We identified numerous NBR1 foci in the cytosol, and an

180

increasingly strong vacuolar mCherry fluorescence in “pre-PCD” LRC and columella

181

cells (Figure 1H, J and L). This suggests that autophagic flux is increased in root cap

182

cells prior to PCD execution. To confirm this result, we treated the double-tagged

183

NBR1 line with ConcA. In the central vacuole of both the LRC and the columella, there

184

are more autophagic bodies in “pre-PCD” root cap cells than in “non-PCD” root cap

185

cells (Figure 1I, K and M). These results clearly demonstrate that autophagy activation

186

is associated with root cap dPCD and that autophagic flux is increased in root cap cells

187

prior to PCD execution.

188
189

Autophagy is required for timely dPCD onset of proximal LRC and columella

190

cells

191

To investigate the roles of autophagy in root cap PCD, we performed a live-death

192

assay using fluorescein diacetate (FDA) and propidium iodide (PI) staining of roots

193

from 5-day old wild type and atg mutant seedlings.

194

The fluorescence of FDA indicates cell viability, and PM permeabilization was

195

visualized by PI entry into the cell which designated the time point of cellular death 10.

196

We found the longitudinal root cap extent (“root cap size”) and distal LRC PCD onset

197

in atg mutants to be indistinguishable from the wild type (Figure 2A and 2B). LRC PCD

198

is followed by rapid cell corpse clearance on the root surface6. Used time-lapse

199

imaging to monitor the PI-positive LRC cell corpse clearance we found no differences

200

between wild type and atg2-2 mutant cells (Figure S1). This result is consistent with

201

the absence of PI-stained cellular remnants of distal LRC cells in the elongation zone

202

of atg mutants (Figure 2A) that can be found in mutants delayed in LRC post-mortem

203

corpse clearance6,10. However, while the proximal LRC and some columella cells in

204

the wild type had already undergone PCD prior to shedding, the same cells in atg

205

mutants remained alive as indicated by FDA fluorescence and absence of PI staining

206

(Figure 2A). Detailed analysis of optical sections confirmed that significantly more

207

proximal LRC and columella cells were alive in the atg mutants (Figure 2C and D). To

208

investigate if root cap development was delayed in atg mutants, we performed an FDA
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209

and FM4-64 double staining to visualize both viability and cell outlines in root tips of 5-

210

day old seedlings. Root cap development and architecture was indistinguishable

211

between wild type and atg mutants, each had five well-organized root cap layers

212

(Figure

213

differentiation30,31 was indistinguishable in the wild type and atg mutants (Figure S2B-

214

F). Interestingly, statoliths in 5-day old atg mutant seedlings appears smaller and more

215

numerous than in the wild type. However, statolith degradation prior to cell death

216

occurred independently of autophagy and showed no difference in atg mutants and

217

the wild type. These results indicate that autophagy is not critical for root cap

218

development and statolith degradation, but that autophagy promotes timely dPCD

219

initiation in proximal LRC and columella cells.

S2A).

Moreover,

statolith-formation

as

a

hallmark

of

columella
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220
221

Figure 2. Autophagy is required for dPCD onset of proximal LRC and columella cells.

222

(A), CLSM (z-stack) of root tips from 5 DAG seedlings of wild type, atg2-2, atg5-1 and atg7-2,

223

pulse labeled with FDA and PI. White arrows indicate PI-stained nuclei in LRC cells. Scale bars

224

are 50 µm.

225

(B), Quantification of root cap size of wild type and atg mutants. Results are means ± SD.

226

(C), Cell number quantification of the outmost root cap layer of wild type and atg mutants on
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227

longitudinal sections. Results are means ± SD. Each mutant is significantly different from the

228

wild type, as indicated by different letters (one-way ANOVA, Dunnett’s multiple comparison test,

229

P < 0.05).

230

(D), Longitudinal section of wild type and atg mutants, pulse labeled with FDA. Single optical

231

section in (D) and maximal z section projection in (A) are generated from the same root. Scale

232

bars are 50 µm.

233

(E), pUBQ10::ToIM expression in the wild type and atg5-1 was analyzed every 12 h (stages 1-

234

6), with the visual onset of root cap shedding defined as stage 1. atg5-1 mutant shows longer

235

living shed basal LRC and columella cells compared with the wild type. EGFP signal is shown

236

in green in the cytoplasm, and mRFP signal is shown in magenta in the vacuole. Scale bars

237

are 50 µm. Close-up of cells are inserted in stage 6. V indicates the vacuole. Scale bars are 10

238

µm for inserted images.

239

(F), Quantification of living, shed cells from wild type and atg5-1 mutant at four stages after

240

shedding shows that columella cells of the mutant lived longer compared with the wild type.

241

Box plot whiskers show minimum and maximum values; * indicates a significant difference (t

242

test, P < 0.05). ** indicates a significant difference (t test, P < 0.01).

243
244

To be able to analyze the shedding root cap cells in a time course analysis, we

245

introduced a tonoplast integrity marker (ToIM) controlled by the pUBQ10 promoter10

246

into the atg5-1 mutant. The ToIM consists of a cytoplasmic eGFP marker and a

247

vacuolar mRFP marker, which makes it possible to visualize vacuolar collapse as a

248

hallmark of PCD when both signals merge6. By analyzing ToIM-expressing wild type

249

and atg5-1 mutant growing in imaging chambers at 12 h intervals for several days, we

250

did not observe any aberration in the shedding process of atg5-1 root cap cells.

251

However, we observed that atg5-1 root cap cells remained viable significantly longer

252

than the wild-type ones after shedding into the rhizosphere (Figures 2E and F). Already

253

in stage 1 (defined by the visual onset of columella cell separation in 5-day old

254

seedlings), more living root cap cells were found in the mutant compared with the wild

255

type, indicating that in the wild type, PCD of some columella cells is already executed

256

before shedding. Also, in stage 2 and 3 (12 h and 24 h after stage 1, respectively),

257

significantly more root cap cells were viable in the atg5-1 mutant than in the wild type.

258

Even in stage 4 and 5 (36 h and 48 h after shedding), living root cap cells could still be

259

detected in the atg5-1 rhizosphere, which was rarely observed in wild-type plants.

260

Shedding of the next-younger root cap layer started in stage 6 (60 h after stage 1),

261

again showing substantially more living proximal LRC and columella cells in the atg5-

262

1 mutant in comparison to the wild type (Figure 2E). Interestingly, the vacuolar

263

morphology was altered in the long-lived atg5-1 root cap cells; instead of a single large

264

vacuole observed in the wild type, most root cap cells showed two smaller vacuoles at
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265

either end of the cell (Figure 2E).

266

To examine the ultrastructure of these long-lived root cap cells, we investigated atg2-

267

2 mutant by transmission electron microscopy (TEM). In both the wild type and atg2-2

268

mutant, the plasma membrane, a dense cytoplasmic matrix, numerous mitochondria,

269

and well-organized Golgi stacks were clearly discernible (Figure S3D-F and J-L). TEM

270

confirmed the altered vacuole structure in atg mutants (Figure S4J and K).

271

In sum, our results demonstrate that autophagy plays a clear PCD-promoting role in

272

the context of dPCD execution in shedding and shed proximal LRC and columella cells.

273
274

Autophagy is crucial for cell-autonomous corpse clearance in columella cells

275

To investigate a putative involvement of autophagy in the cell-autonomous corpse

276

clearance that occurs during and after dPCD, we cultivated atg mutants and wild type

277

seedlings for 14 days on vertical agar plates. This method of cultivation provides

278

minimal friction between the growing root tip and the growth medium, allowing for the

279

accumulation of several dead root cap cell layers. Using FDA/PI staining, we found

280

and increased number of living FDA-positive root cap cells in atg mutants, confirming

281

our results on younger seedlings (Figure 3A, Figure S3A). Additionally, we counted

282

significantly more PI-stained columella cell corpses in atg mutants compared with the

283

wild type (Figure 3A and B). This indicates that PI-stained cellular corpses are

284

efficiently degraded in the wild type, while cell corpse clearance is impaired in atg

285

mutants. Time-lapse imaging revealed that corpse clearance in atg5-1 mutant

286

columella cells is completely inhibited, or at least strongly delayed: In wild type, PI-

287

stained nuclei were cleared within 24 h, while in atg5-1 mutant, PI positive nuclear

288

remnants appeared practically unchanged as late as 60 h after PI entry (Figure 3C and

289

D). TEM imaging confirmed these results: In the wild type, cellular remnants in dead

290

cells appeared strongly condensed and organelles were in various stages of

291

degradation (Figure S3G, H and I). By contrast, in the atg2-2 mutant, columella cell

292

corpses did not collapse, were lined by a continuous plasma membrane, and contained

293

abundant remains of cellular contents (Figure S3M, N and O).

294
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295
296

Figure 3. Autophagy promotes the postmortem nuclear degradation in columella cells.

297

(A), CLSM of root tips from 14 DAG seedlings of wild type, atg2-2, atg5-1 and atg7-2, pulse

298

labeled with FDA and PI. Scale bars are 50 µm.

299

(B), Quantification of PI-stained nuclei of wild type and atg mutants, shown in (A). Results are

300

means ± SD. Each mutant is significantly different from the wild type, as indicated by different

301

letters (one-way ANOVA, Dunnett’s multiple comparison test, P < 0.05).

302

(C), Quantification of corpse clearance of columella cells. Nuclei of atg5-1 took longer to be

303

degraded after cell death compared with nuclei from the wild type. Box plots show data from at

304

least 40 nuclei from at least 6 different roots.

305

(D), Kymograph showing the delay of nuclear degradation in the atg5-1 mutant compared with

306

the wild type. Cells were imaged every 12 h. PI is shown in magenta, and cells are shown with

307

(up row) and without (down row) transmitted light. The PI signal is shown as a z-stack projection,

308

whereas the bright-field channel is shown as a single stack. Scale bars are 20 µm.
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309

Root cap-specific loss of function and complementation confirms tissue-

310

inherent functions of autophagy

311

As autophagic processes are active throughout tissues of the entire plant, we

312

wondered whether the changes observed are due to loss of autophagy in the root cap

313

specifically, or possibly a secondary consequence of an organism-wide absence of

314

autophagic processes. To differentiate between these possibilities, we first used a

315

clustered regularly interspaced short palindromic repeats (CRISPR)-based tissue-

316

specific knockout system, CRISPR-TSKO, that expresses a fluorescently tagged Cas9

317

exclusively in the root cap32. Combined with guide-RNAs (gRNAs) targeting key ATG

318

genes we intended to generate transgenic lines in which only the root cap is defective

319

in autophagy. To verify the efficiency of our constructs, a pSMB::Cas9-GFP expression

320

cassette was combined with two gRNAs targeting ATG2 or ATG5 (pSMB::Cas9-

321

GFP;ATG2 or pSMB::Cas9-GFP;ATG5), and transformed into a homozygous

322

Arabidopsis line expressing the autophagy reporter p35S::mCherry-ATG8E. In “pre-

323

PCD” LRC cells, both constructs produced a significant reduction in the number of

324

mCherry-labelled cytoplasmic foci and a clear reduction of vacuolar mCherry signal

325

(Figure 4A and B), indicating a defect in autophagosome formation and delivery of

326

ATG8E to the vacuole. The same constructs were transformed into the wild type for

327

phenotype analysis, and four independent transgenic lines of each construct were

328

selected and analyzed. All lines showed significantly delayed corpse clearance in

329

columella cells of 14-day old seedlings as indicated by PI staining, comparable to the

330

conventional atg mutants (Figure 4C-4F). Additionally, FDA staining revealed a

331

pronounced columella- and proximal LRC-cell longevity phenotype, similar to the one

332

of the atg2-2 mutant (Figure S4).

333
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334
335

Figure 4. Autophagy controls cell death in a root-cap autonomous fashion.

336

(A), CLSM of LRC cells from 4 DAG seedlings expressing p35S::mCherry-ATG8E in wild type,

337

and in the CRISPR-TSKO lines pSMB::Cas9-GFP;ATG2 and pSMB::Cas9-GFP;ATG5.

338

mCherry signal is shown in magenta, GFP signal is shown in green. White arrows indicate

339

autophagosomes. Scale bars are 20 µm.

340

(B), Quantification of autophagosome in LRC cells. Results are means ± SD (> 20 counted cells

341

from several separate seedlings). **** indicates a significant difference (Student’s t test, P <
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342

0.0001).

343

(C), CLSM (z-stack projection) of root tips from 14 DAG seedlings of pSMB::NLS-GFP in wild

344

type, in atg2-2, and four different lines of pSMB::Cas9-GFP;ATG2, pulse labeled with PI

345

(magenta). Scale bars are 50 µm.

346

(D), Quantification of PI-stained nuclei of seedlings shown in (C). Results are means ± SD.

347

Each mutant is significantly different from the wild type, as indicated by different letters (one-

348

way ANOVA, Dunnett’s multiple comparison test, P < 0.05).

349

(E), CLSM (z-stack projection) of root tips from 14 DAG seedlings of pSMB::NLS-GFP in wild

350

type, in atg5-1, and four different lines of pSMB::Cas9-GFP;ATG5, pulse labeled with PI

351

(magenta). Scale bars are 50 µm.

352

(F), Quantification of PI-stained nuclei of seedlings shown in (E). Results are means ± SD. Each

353

mutant is significantly different from the wild type, as indicated by different letters (one-way

354

ANOVA, Dunnett’s multiple comparison test, P < 0.05).

355

(G), CLSM (z-stack) of root tips from 5 DAG seedlings of wild type, atg5-1 and three different

356

root-cap specific complementation lines (pSMB::GFP-ATG5) in the atg5-1 mutant, pulse

357

labeled with FDA and PI. Scale bars are 50 µm.

358

(H), Cell number quantification of the outmost root cap layer shown in (G) on longitudinal

359

sections. Results are means ± SD. Each mutant is significantly different from the wild type, as

360

indicated by different letters (one-way ANOVA, Dunnett’s multiple comparison test, P < 0.05).

361

(I), CLSM (z-stack projection) of root tips from 14 DAG seedlings of wild type, in atg5-1, and

362

three different root-cap specific complementation lines (pSMB::GFP-ATG5) in the atg5-1

363

mutant, pulse labeled with PI (magenta). Scale bars are 50 µm.

364

(J), Quantification of PI-stained nuclei of seedlings shown in (I). Results are means ± SD. Each

365

mutant is significantly different from the wild type, as indicated by different letters (one-way

366

ANOVA, Dunnett’s multiple comparison test, P < 0.05).

367
368
369

Finally, we generated transgenic lines expressing a root-cap specific ATG5

370

complementation construct under the pSMB promoter in the atg5-1 mutant background.

371

Three independent lines showed a complete rescue of the longevity and corpse

372

clearance phenotypes of the atg5-1 mutant (Figure 4G-J). These results demonstrate

373

an autonomous regulation and function of autophagy in the root cap context.

374
375

Autophagy occurs independent of established dPCD gene regulatory networks

376

Loss of key autophagy regulators caused a columella longevity phenotype reminiscent

377

of the double mutant ana046 anac087, two NAC transcription factors that jointly control

378

the timely onset of PCD in the proximal root cap10. Hence, we investigated whether

379

autophagy is controlled by, or controlling, these transcription factors. To this end, we
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380

subjected 5- or 14-day old anac046 anac087 mutant seedlings to FDA/PI staining. As

381

previously reported10, the double mutant exhibits delayed corpse clearance in distal

382

LRC cells (Figure S5F). In the proximal root cap, we confirmed a significantly increased

383

number of living cells comparable to the one found in atg mutants (Figure S5F and G).

384

Also, we detected a delay in corpse clearance in the anac046 anac087 mutant in the

385

form of a significant increase in PI-stained nuclear remnants compared with the wild

386

type (Figure S5H and I), which had not been reported previously. However, we

387

identified clear differences between anac046 anac087 and atg mutants: While the

388

corpse clearance in autophagy mutants is strongly delayed or even completely absent

389

(Figure 3), in anac046 anac087 mutants the degradation is merely delayed, leading to

390

a lower number of accumulated PI- positive cells (Figure S5H and I). In addition, the

391

vacuolar morphology of anac046 anac087 mutants is similar to wild type in proximal

392

LRC cells, and not reminiscent of the one of atg mutants (Figure S5J).
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393
394
395

Figure 5. Autophagy occurs independently of established dPCD gene regulatory networks

396

(A-C), CLSM of LRC cells from 5 DAG seedlings expressing pUBQ10::GFP-ATG8E in the
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397

anac046 anac087 mutant, longitudinal section of LRC cells (A, left panel), treated with 1 µM

398

ConcA for 8 h (A, right panel), projection of root tip (B, left panel), treated with ConcA (B, right

399

panel). Scale bars are 20 µm. C, Quantification of autophagosomes or autophagic bodies in

400

LRC and columella cells shown in A-B. Results are means ± SD (> 20 counted cells from

401

several separate seedlings). **** indicates a significant difference (t test, P < 0.0001).

402

(D-F), CLSM of LRC cells from 5 DAG seedlings expressing pUBQ10::YFP-ATG8A in the smb-

403

3 mutant, longitudinal section of LRC cells (D, left panel), treated with 1 µM ConcA for 8 h (D,

404

right panel), projection of root tip (E, left panel), treated with ConcA (E, right panel). Scale bars

405

are 20 µm. F, Quantification of autophagosomes or autophagic bodies in LRC and columella

406

cells shown in D-E. Results are means ± SD (> 20 counted cells from several separate

407

seedlings). **** indicates a significant difference (t test, P < 0.0001).

408

(G), CLSM of root tips from 5 DAG seedlings pSMB::XVE-NLS-GFP in wild type, in atg5-1, and

409

pSMB::XVE-ANAC046-GFP in wild type and atg5-1 mutant. Two independent lines are shown,

410

stained with PI (magenta). 8 h after estradiol induction (z-stack projection, up row), 24 h after

411

estradiol induction (z-stack projection, down row). White arrows indicate the position of the last

412

living root cap cells. Scale bars are 50 µm.

413

(H), Macroscopic appearance of estradiol-induction of SMB-TagBFP driven by promoter of

414

pH3.3 in wild type and atg5-1 mutant, estradiol-induction of NLS-TagBFP in wild type or atg5-

415

1 mutant as control. Two independent lines are shown at 0 day (upper row) and 6 days (bottom

416

row) after transfer to estradiol-containing medium. Overexpression of SMB resulted in root

417

growth arrest in atg5-1 mutants similar to in the wild type, while the overexpression of NLS-

418

TagBFP did not result in root growth arrest both in atg5-1 and wild type after 6 days of estradiol

419

induction. Scale bars are 1 cm.

420

(I), Quantification of the root cap length of two independent lines each of XVE-ANA046-GFP

421

overexpressors and XVE-NLS-GFP overexpressors shown in G. At least 5 roots of each line

422

were quantified. Results shown are means ± SD. Each line of XVE-ANAC046-GFP is

423

significantly different from line of XVE-NLS-GFP, both in wild type and atg5-1 mutant, but there

424

is no difference between wild type and atg5-1. (t test; ** p<0.01, **** p<0.0001).

425

(J), As indicated by RT-qPCR analysis, a 24-hour induction by estradiol caused strong

426

expression of SMB in two independent lines of XVE-TagBFP in wild type and atg5-1 mutant,

427

XVE-NLS-TagBFP in wild type and atg5-1 as control. Results shown are means ± SD (t test; **

428

p<0.01, *** p<0.001).

429

(K), CLSM of root tips from 5 DAG seedlings of pH3.3::XVE-NLS-TagBFP and pH3.3::XVE-

430

SMB-TagBFP in wild type and atg5-1 mutant at different timepoints after estradiol induction,

431

stained with the PI (magenta). 16 h after estradiol induction, ectopic cell death was detected

432

indicated by white arrows. PCD of root cap cells is indicated by white asterisks. 40 h after

433

estradiol induction abundand cell death occurred above the root meristem. 60 h after estradiol

434

induction the whole root tip is dead and stained with PI. The signal of TagBFP is shown in green.

435

Scale bars are 50 µm.

436
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437

To investigate if the upregulation of autophagic activity prior to root cap cell death is

438

regulated by ANAC046 and ANAC087, we transformed a GFP-ATG8E autophagy

439

reporter into anac046 ana087 mutants, along with the Col-0 wild type and atg5-1

440

mutants as controls. In line with our earlier results on YFP-ATG8A and mCherry-

441

ATG8E (Figure 1), GFP-ATG8E shows an increase of autophagic activity and

442

autophagic flux to the vacuole in root cap cells preparing for dPCD, while this activity

443

is comprised in atg5-1 mutants (Figure S5A). However, the increased autophagic

444

activity in anac046 anac087 mutant root cap cells preparing for dPCD is

445

indistinguishable from the one of the wild type (Figure 5A-C) These results indicate

446

that the activation of autophagy in aged root cap cells occurs independently of ANA046

447

and ANAC087.

448

Conversely, we tested whether the ectopic PCD phenotype caused by inducible

449

misexpression of ANAC04610 depends on a functional autophagy pathway. We

450

transformed

451

controlled by the pSMB promoter into atg5-1 mutants and wild type. Two independent

452

lines in each ecotype were selected based on the GFP signal upon estradiol treatment.

453

8 h after estradiol induction, we observed both a strong GFP signal in the root cap, as

454

well as an increased number of PI-stained root cap cells in the wild type and the atg5-

455

1 mutant. This indicates that ANAC046 misexpression under the pSMB promoter is

456

sufficient to cause a precocious wide-spread dPCD in the root cap (Figure 5G, upper

457

row, and I). 24 h after estradiol treatment this phenotype was exacerbated (Figure 5G,

458

down row, and I). Importantly, we did not observe any difference in the effect of

459

ANAC046 expression in the wild type and in atg5-1 mutants, suggesting that

460

ANAC046-induced cell death in the root cap does not depend on a functional

461

autophagy pathway.

462

Inducible misexpression of SMB leads to ectopic cell death in the entire plant10, and

463

the smb-3 mutant shows a delayed and aberrant root cap cell death devoid of cell

464

corpse clearance6. To investigate if the increased autophagic flux in PCD-preparing

465

root cap cells depends on SMB, we introgressed the YFP-ATG8A marker into the smb-

466

3 mutant. However, the increased autophagic activity in mature LRC cells in

467

comparison with “non-PCD” LRC cells still occurred in smb-3 mutants (Figure 5D-F),

468

suggesting that increased autophagic flux prior to root cap PCD is not regulated by

469

SMB. Conversely, to test if the ectopic cell death caused by SMB misexpression

470

depends on the autophagy pathway, we transformed an estradiol-inducible SMB-

471

TagBFP construct controlled by the ubiquitous pH3.3/HTR5 promoter33 into the wild

472

type and atg5-1 mutants. Two independent lines in each ecotype were selected based

473

on inducible transcription of SMB (Figure 5J) and analyzed for their ectopic cell death

an

estradiol-inducible

XVE-ANAC046-GFP

expression

cassette
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474

phenotype after induction. As control, we generated and inducible NLS-TagBFP

475

construct under the same promoter and transformed it into the wild type and atg5-1

476

mutants. In the wild type background, ectopic cell death observed in SMB

477

misexpression seedlings coincided with root growth arrest and seedling death upon

478

estradiol treatment (Figure 5H). Microscopic analysis revealed first cells succumbing

479

to ectopic cell death at 20 h after estradiol application. After 40 h cell death had spread

480

throughout the root elongation zone, and at 60 h the entire root tip had died (Figure

481

5K). The NLS-TagBFP lines showed neither root growth arrest nor cell death upon

482

estradiol treatment (Figure 5K). In the atg5-1 mutant background, we did not observe

483

any difference in root growth arrest or ectopic cell death when compared to the wild

484

type (Figure 5H-K).

485

In sum, increased autophagic flux in root cap cells preparing for dPCD occurs

486

independently of the key PCD regulators SMB, ANAC046 and ANAC087, and the

487

ectopic cell death caused by misexpression of these transcription factors does not

488

depend on functional autophagy. These findings suggest that autophagy controls PCD

489

in proximal root cap cells via parallel pathway that operates independently of the

490

established PCD-promoting NAC transcription factors.

491
492

Discussion

493

Our investigations of autophagy reporters demonstrate an increase in autophagic

494

activities in mature root cap cells prior to the execution of dPCD. This increase can be

495

observed in both the distal LRC (close to the elongation zone) as well as the proximal

496

root cap (columella and adjacent proximal LRC cells). Analysis of several atg mutants

497

revealed an unexpectedly differentiated role of autophagy in root cap PCD: Despite

498

the disruption autophagic flux prior to PCD in the distal LRC, PCD occurred timely and

499

in a fashion indistinguishable of from the wild type. However, in the proximal root cap

500

of atg mutants, PCD execution was significantly delayed, leading to an increased

501

number of surviving root cap cells during and after their shedding into the rhizosphere.

502

The long-lived autophagy-deficient proximal root cap cells displayed a unique vacuolar

503

morphology and when they finally did die, there was no sign of post-mortem corpse

504

clearance that degrades cytoplasmic contents in wild-type root cap cells. Our

505

investigations did not reveal any interaction between autophagy and known root cap

506

dPCD gene regulatory networks controlled by the NAC transcription factors SMB,

507

ANC046, and ANAC087, suggesting that autophagy acts in an independent parallel

508

pathway.

509

Our finding that the execution of distal LRC PCD is not dependent on autophagy is in

510

line with the observation that autophagy-defective mutants in Arabidopsis do not show
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511

detrimental defects in other developmental processes involving PCD, such as xylem

512

tracheary element differentiation, seed development, or tapetum degeneration13.

513

Recently, a rice (Oryza sativa) atg7 mutant has been reported to show defects in pollen

514

maturation and anther dehiscence resulting in reduced male fertility34. The rice

515

phenotype might be caused by an autophagy-dependent differentiation and metabolic

516

reprogramming in the anther tapetum, which would imply divergent species-specific

517

roles of autophagy in this tissue.

518

Autophagy has been implicated in the promotion of xylem PCD35. However, not only

519

PCD execution, but also earlier steps of tracheary element differentiation such as

520

formation of a large central vacuole and secondary cell wall formation were

521

compromised in autophagy-deficient cell cultures. This would imply that autophagy

522

promotes xylem differentiation upstream of dPCD, rather than cell death execution

523

itself. Similarly, in suspensor cells of in-vitro cultivated Norway spruce (Piecea abies)

524

embryos, suppression of autophagy caused cellular differentiation defects including a

525

failure to generate large central vacuoles and the typical anisotropic cell expansion.

526

These differentiation defects were associated with a switch from the regular, autolytic

527

suspensor PCD to a rapid, necrosis-like cell death mode devoid of cell corpse

528

clearance24. We show that Arabidopsis ATG-deficient proximal root cap cells also

529

exhibited an altered vacuolar morphology and an inhibition of post-mortem cell corpse

530

autolysis. However, atg mutant root cap cells showed a substantial extension of

531

proximal root cap life span instead of a switch to a necrotic-like rapid cell death mode.

532

Furthermore, root cap differentiation does not depend on functional autophagy, as

533

indicated by the wild type-like morphogenesis and differentiation-induced statolith

534

formation30,31 in ATG-deficient root cap cells. Conversely, autophagy increase in

535

mature root cap cells is not part of the SMB-dependent dPCD preparation program: In

536

the smb mutant, which is delayed in root cap differentiation7 and unable to undergo a

537

regular root cap dPCD6, autophagic flux occurs as in the wild type. These results

538

suggest that autophagy and cellular differentiation are regulated by independent

539

pathways in the Arabidopsis root cap.

540

Interestingly, statolith degradation in columella cells prior to PCD was not affected in

541

5-day old atg mutants, although statoliths appeared smaller and more dispersed.

542

Seeds of the rice Osatg7-1 mutant were found to be smaller and lower in starch content

543

due to an abnormal activation of starch degradation pathways in the endosperm during

544

seed maturation36. Possibly, a similar pathway operates in the autophagy-deficient

545

columella. Unlike post-mortem corpse clearance that is severely affected in ATG-

546

deficient columella cells, starch degradation prior to PCD occurs as in the wild type,

547

showing that this process occurs independently of autophagic activities.
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548

Recently, autophagy has been shown to promote cell death processes associated with

549

carbon starvation in tobacco BY-2 suspension culture cells, in which RNAi silencing of

550

ATG4 reduced cell death rates37. Conceivably, carbon starvation is occurring and

551

promoting PCD in detached root cap cells, but not in distal LRC cells, which would be

552

in line with the different roles of autophagy we observed in these two cell types.

553

In Arabidopsis cell suspension cultures stimulated to differentiate into xylem cell types,

554

depletion of METACASPASE9 caused increased levels of autophagy in cells that

555

undergo tracheary element (TE) differentiation, but did not affect PCD in these cells.

556

However, an increased cell death rate in surrounding non-TE cells that normally stay

557

alive was reported. Downregulation of autophagy by ATG2 depletion specifically in TE-

558

like cells restored viability of non-TE cells, suggesting that autophagy contributes to

559

confine cell death to TE cells38. Similarly, upon TE-specific overexpression of ATG5

560

during ectopically induced xylem-differentiation in Arabidopsis cotyledons, TE

561

differentiation and PCD were not affected, but increased cell death in neighboring non-

562

TE cells was observed39. These findings indicate a non-cell autonomous role of

563

autophagy and demonstrate the need to manipulate autophagy using cell-type specific

564

approaches.

565

Already previously, cell-type specific approaches had been called for to address the

566

specific roles of autophagy in different cell types40. In line with this, a recent study found

567

different autophagy activity in root hair and non-root hair cell files of the Arabidopsis

568

root epidermis, indicating differences in autophagic pathway regulation these cell types

569

(doi:

570

specific autophagy knock-out approach clearly shows that the PCD-promoting role of

571

autophagy is controlled autonomously within the root cap. Such approaches will be a

572

powerful addition to the autophagy toolbox, and able to address the roles of autophagy

573

in specific cell types, tissues, or organs while avoiding pleiotropic or secondary effects

574

of conventional knockouts or pharmacological treatments.

https://doi.org/10.1101/2021.12.07.471480).

Our

CRISPR-TSKO

root-cap

575
576

Methods

577

Plant materials and growth conditions

578

The Arabidopsis thaliana atg2-2 mutant allele (EMS, Gln803stop) was reported by18;

579

atg5-1 (SAIL_129_B07) was reported by17; atg7-2 (GABI_655B06) was reported by41,

580

smb-3 was reported by6, anac046 anac087 was reported by10. The Arabidopsis lines

581

pUBQ10::YFP-ATG8A,

582

introduced into atg5-1 and/or atg2-2, or smb-3 mutant by crossing, respectively. The

583

line p35S::YFP-mCherry-NBR1 was reported by29. The pUBQ10::GFP-ATG8E was

p35S::mCherry-ATG8E26

and

pSMB::NLS-GFP6

were
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584

introduced into anac046 anac087 by dipping. pUBQ10::ToIM was reported

585

previously10.

586

All Arabidopsis seedlings were grown vertically on 1/2 Murashige and Skoog (MS,

587

Duchefa Biochemie) medium (0.1 g/L MES, pH 5.8 [KOH], and 0.8% plant agar) in a

588

continuous light at 21°C before analysis, except where noted.

589
590
591

Cloning

592

Golden Gate entry modules pGG-A-pSMB-B, pGG-B-Linker-C, pGG-C-Cas9-D, pGG-

593

D-P2A-GFP-NLS-E,

594

previously32. These entry modules were assembled in pFASTR-AG, resulting in the

595

destination vector pFASTR-pSMB-Cas9-P2A-GFP-NLS-pATU6-26-AarI. Fragment

596

gRNA1-pATU6-26-gRNA2 (ATG2 target) and gRNA1-pATU6-26-gRNA2 (ATG5 target)

597

were amplified by PCR using the following primers, p43/p44 for ATG2, p41/42 for

598

ATG5, and These purified PCR fragments were inserted into pFASTR-pSMB-Cas9-

599

P2A-GFP-NLS-pATU6-26-AarI destination vector via a Golden Gate reaction. The

600

resulting vectors were named pSMB-Cas9;ATG2 and pSMB-Cas9;ATG5.

601

Golden Gate entry modules pGG-A-pUBQ10-B, pGG-B-mGFP-C, pGG-C-ATG8E-D,

602

pGG-D-Linker-E, pGG-E-tHSP18.2M-F, pGG-F-linkerII-G were collected from PSB

603

plasmids stock. And these entry modules were assembled in pFASTRK-AG, resulting

604

in the expression vector pFASTRK-pUBQ10::GFP-ATG8E.

605

Gateway entry modules L4-pSMB-R1, L1-ANAC046-L2, and R2-GFP-L3 were

606

described previously6,10. L4-pSMB-XVE-R1, L4- pH3.3/HTR5 -XVE-R1, L1-NLS-GFP-

607

L2, L1-NLS-TagBFP-L2, L1-SMB-L2 and R2-TagBFP-L3 were ordered from the PSB

608

plasmid stock (https://gatewayvectors.vib.be). The ATG5 coding sequence was

609

amplified by PCR with primers p214 and p215, using 4-day old seedling cDNA as

610

template and inserted into pDONR221 via BP reaction, resulting in entry vector, L1-

611

ATG5-L2. Entry vectors L4-pSMB-XVE-R1, L1-ANAC046-L2 and R2-GFP-L3 were

612

assembled into pFASTRK-34GW destination vector via LR reaction. The result vector

613

was pFASTRK-pSMB::XVE-ANAC046-GFP. L4-pSMB-XVE-R1, L1-NLS-GFP-L2

614

were assembled into pFASTRK-24GW destination vector via LR reaction. The

615

resulting vector was pFASTRK-pSMB::XVE-NLS-GFP. L4- pH3.3/HTR5 -XVE-R1, L1-

616

SMB-L2 and R2-TagBFP-L3 were assembled into pFASTGB-34GW destination vector

617

via LR reaction. The resulting vector was pFASTGB- pH3.3/HTR5::XVE-SMB-TagBFP.

618

L4- pH3.3/HTR5 -XVE-R1, L1-NLS-TagBFP-L2 were assembled into pFASTGB-

619

24GW destination vector via LR reaction. The resulting vector was pFASTGB-

pGG-E-G7T-F,

pGG-F-pATU6-26-AarI-G,

were

reported
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620

pH3.3/HTR5::XVE-NLS-TagBFP. L4-pSMB-R1, L1-ATG5-L2 and R2-GFP-L3 were

621

assembled into pFASTGB-34GW destination vector via LR reaction. The resulting

622

vector was pFASTGB-pSMB::ATG5-GFP.

623

All PCRs for cloning was performed with Phusion high-fidelity DNA polymerase

624

(Thermo Scientific). All entry vectors were sequenced by Eurofins Scientific using the

625

Mix2Seq or TubeSeq services. All primers are listed in Table S1.

626
627
628

Staining and imaging

629

Confocal imaging was done on and LSM710 (Zeiss) using the Plan Apochromat 20×

630

objective (numerical aperture 0.8), or an SP8X (Leica) using a 40x (HC PL APO CS2,

631

NA=1.10) water immersion objective, unless stated otherwise.

632

For the FDA-PI viability staining, seedlings were mounted on a glass slide in FDA

633

solution (1 μL dissolved FDA stock solution [2 mg in 1 ml acetone] in 1 ml 0.5 1/2 MS)

634

supplemented with 10 µg/ml PI. FDA and PI were imaged simultaneously on the

635

LSM710 (Zeiss) using the 488-nm laser line to excite FDA and the 561-nm laser line

636

to excite PI. Emission was detected between 500 and 550 nm and between 600 and

637

700 nm for FDA and PI, respectively. For the FDA-FM4-64 staining, seedlings were

638

mounted on a glass slide in FDA solution (1 μL dissolved FDA [2 mg in 1 ml acetone]

639

in 1 ml 1/2 MS) supplemented with 4 µg/ml FM4-64. FM4-64 was imaged on the

640

LSM710 (Zeiss) using the 561-nm laser line to excite FM4-64. Emission was detected

641

between 600 and 700 nm for FM4-64.

642

In the inducible overexpression lines, seedlings were sprayed with 50 µg/ml estradiol

643

or DMSO (mock) and then mounted on a glass slide in 1/2 MS supplemented with 10

644

µg/ml PI at different timepoints. GFP/ TagBFP and PI were detected simultaneously in

645

the same track on the LSM710 (Zeiss). GFP was excited by the 488-nm line of the

646

argon laser and detected between 500 and 550 nm in channel 1, or TagBFP was

647

excited by 405-nm line and detected between 450 and 510 nm in channel 1, whereas

648

PI was excited by the 561-nm line and detected between 590 and 700 nm in channel

649

2. For the overnight time course, 20 h induced seedlings were transferred to a Lab-

650

Tek chamber and covered with an agar slab (1/2 MS) supplemented with 10 µg/ml

651

estradiol and 10 µg/ml PI. Roots were imaged at different timepoints.

652

For the reporter lines of pUBQ10::YFP-ATG8A, pUBQ10::GFP-ATG8E, YFP-mCherry-

653

NBR1, seedlings were mounted on a glass slide in 1/2 MS medium and imaged on

654

SP8 (Leica). YFP was excited by the 514-nm line of the argon laser and detected

655

between 525 and 580 nm. GFP was excited by the 488-nm line of the argon laser and

656

detected between 500 and 550 nm. The signal of mCherry was excited by the 561-nm
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657

line and detected between 600 nm and 700 nm. Imaging of ToIM was performed as

658

described before10.

659

For starch staining, 5 days old seedlings were stained with Lugol’s iodine solution

660

( Sigma-Aldrich, 62650) for 5 min, washed in distilled water for 1 min and then mounted

661

with clearing solution (chloral hydrate: glycerol: water=8:1:3). Samples were imaged

662

on an Olympus BX51 microscope with a 40× DIC objective.

663
664

Transmission Electron Microcopy (TEM)

665

Root tips of 5 days old and 14 days old seedlings of Arabidopsis thaliana Col-0 and

666

atg2-2 were excised, immersed in 20% (w/v) BSA and frozen immediately in a high-

667

pressure freezer (Leica EM ICE; Leica Microsystems, Vienna, Austria). Freeze

668

substitution was carried out using a Leica EM AFS (Leica Microsystems) in dry acetone

669

containing 1% (w/v) OsO4 and 0.2% glutaraldehyde over a 4-days period as follows: -

670

90°C for 54 hours, 2°C per hour increase for 15 hours, -60°C for 8 hours, 2°C per hour

671

increase for 15 hours, and -30°C for 8 hours. Samples were then slowly warmed up to

672

4°C, infiltrated stepwise over 3 days at 4°C in Spurr’s resin and embedded in capsules.

673

The polymerization was performed at 70 °C for 16 h. Ultrathin sections were made

674

using an ultra-microtome (Leica EM UC6) and post-stained in in a Leica EM AC20 for

675

40 min in uranyl acetate at 20 °C and for 10 min in lead stain at 20 °C. Sections were

676

collected on formvar-coated copper slot grids.

677

Grids were viewed with a JEM1400plus transmission electron microscope (JEOL,

678

Tokyo, Japan) operating at 80 kV.

679

Accession Numbers

680

Gene models used in this article can be found in the Arabidopsis Genome Initiative

681

database under the following accession numbers: ATG2 (AT3G19190); ATG5

682

(AT5G17290); ATG7 (AT5G45900); ATG8A (AT4G21980); ATG8E (AT2G45170);

683

SMB (AT1G79580); ANAC046 (AT3G04060); ANAC087 (AT5G18270).
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698

Supplemental Material

699
700
701
702
703

Supplemental Movie legends

704
705

Movie S1. Numerous YFP-ATG8A-positive autophagic bodies are present in wild type

706

columella cells.

707

The root tip of a wild type seedling at 5 DAG expressing pUBQ10-YFP-ATG8A treated

708

with ConcA for 8 h. Scale bar is 20 µm.

709
710

Movie S2. The autophagy-deficient atg5-1 mutant columella cells contain no

711

autophagic bodies but large YFP-ATG8A protein aggregates.

712

The root tip an atg5-1 mutant seedling at 5 DAG expressing pUBQ10-YFP-ATG8A

713

treated with ConcA for 8 h. Scale bar is 20 µm.

714
715
716
717
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718

Supplemental Figures S1 – S5

719
720

721
722

Figure S1. Nuclear degradation in distal LRC cells is indistinguishable in the wild type and the

723

atg2-2 mutant.

724

(A), Kymograph showing nuclear degradation in atg2-2 mutant compared with the wild type.

725

Cells were imaged in 5 min intervals for 2 h after staining with PI (magenta).

726

(B), Quantification of the time of nuclear degradation shown in (A). Results are means ± SD.

727

There is not significant difference in wild type and atg2-2 mutant (Student’s t test, p > 0.05).

728
729

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.16.480680; this version posted February 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

730
731

Figure S2. Analysis of root tip morphology and statolith formation in columella cells of the wild

732

type and atg mutants shows that root cap development and differentiation occur independent

733

of autophagy.

734

(A), Longitudinal sections of Arabidopsis roots at 5 DAG pulse labeled with FDA (green) and

735

FM4-64 (magenta). White asterisks indicate quiescent center cells (QC). Scale bars are 50 µm.

736

(B), Iodine-stained roots of the wild type and atg mutants in 5 DAG seedlings. Black asterisks

737

indicate quiescent center cells (QC). Arrows point to the outermost root cap layer in which

738

statoliths are degraded. Scale bars are 20 µm.

739

(C), TEM micrograph of columella cells in a wild-type seedling at 5 DAG. Scale bar is 20 µm.

740

(D), Close-up area of area indicated in (C). Black arrowhead indicates statoliths containing

741

bright starch granules. Scale bar is 2 µm.

742

(E), TEM micrograph of columella cells in an atg2-2 mutant seedling at 5 DAG. Scale bar is 20

743

µm.

744

(F), Close-up area of area indicated in (E). Black arrowheads indicate small statholiths with

745

starch granules. Scale bar is 2 µm.
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746
747

Figure S3. Autophagy regulates PCD onset in proximal LRC cells and corpse clearance in

748

columella cells.

749

(A-C), pUBQ10::ToIM expression in the wild type (A), atg2-2 (B), and atg5-1 (C) was analyzed

750

at 14 DAG. Cytoplasmic EGFP signal is shown in green, and vacuolar mRFP signal is shown

751

in magenta. Scale bars are 50 µm.

752

(D-O), TEM of wild type (D-I) and atg2-2 (J-O) seedlings at 14 DAG. Closeups of the wild type

753

(E) and atg2-2 (K) show viable proximal LRC cells that are indicated by magenta frames in (D)

754

and (J), respectively; closeups of the wild type (F) and atg2-2 (L) indicated by the green frames

755

in (E) and (K), respectively. Closeups of the wild type (H) and atg2-2 (N) showing dead

756

columella cells indicated by magenta frames in (G) and (M), respectively; closeups of the wild

757

type (I) and atg2-2 (O) indicated by green frames in (H) and (N), respectively. The asterisks

758

indicate alive proximal LRC cells. V: vacuole, mt: mitochondria, Nu: nucleus or nuclear remnant.

759

Scale bars are 20 µm for D, G, J and M, 2 µm for E, H, K, and N, 1 µm for F and L, and 500 nm

760

for I and O.
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762
763

Figure S4. Root cap specific CRISPR-TSKO of ATG2 mimics the atg2-2 phenotype.

764

CLSM (z-stack projection) of root tips of seedlings carrying a pSMB::NLS-GFP construct at 14

765

DAG. From left to right: wild type (WT), atg2-2, and four independent lines carrying a root cap-

766

specific CRISPR-TSKO construct targeting ATG2 (pSMB::Cas9-GFP;ATG2), pulse labeled

767

with FDA (green) and PI (magenta). Scale bar is s50 µm.
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769
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770
771

Figure S5. Expression of pUBQ10::GFP-ATG8E in the wild type and atg5-1, and phenotypic

772

analyses of the anac046 anac087 mutant.

773

(A), CLSM (z-stack projection) of root tips of wild type and atg5-1 seedlings at 5 DAG

774

expressing GFP-ATG8E. Scale bars are 50 µm.

775

(B and C), Distal LRC cells of wild type and atg5-1 seedlings at 5 DAG expressing GFP-ATG8E

776

(B), treated with 1 µM ConcA for 8 h (C). Scale bars are 20 µm.

777

(D and E), Proximal LRC and columella cells of wild type (top row) and atg5-1 (bottom row)

778

seedlings at 5 DAG expressing GFP-ATG8E (D), treated with 1 µM ConcA for 8 h (E). z-stack

779

projection. Scale bars are 50 µm.

780

(F), CLSM (z-stack projection) of root tips wild type and anac046 anac087 mutant seedlings at

781

5 DAG, stained with FDA and PI. White arrows point to cell corpses in distal LRC cells. Asterisks

782

indicate viable proximal LRC cells. Scale bars are 50 µm.

783

(G), Quantification of viable cells in the outermost root cap cell layer of wild type and anac046

784

anac087 mutant seedlings at 5 DAG counted on longitudinal root sections. Results are means

785

± SD. *** indicates a significant difference (t test, P < 0.001).

786

(H), CLSM (z-stack projection) of root tips from 14 DAG seedlings of wild type and anac046
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787

anac087 mutant, stained with FDA and PI. White arrows point cell corpse in columella cells.

788

Asterisks point alive proximal LRC cells. Scale bars are 50 µm.

789

(I), Quantification of PI-positive (dead but non-degraded) cells in the outermost root cap cell

790

layer of wild type and anac046 anac087 mutant seedlings, as shown in (H). Results are means

791

± SD. *** indicates a significant difference (t test, P < 0.001).

792

(J), Tonoplast integrity marker in wild type, anac046 anac087 mutant and atg5-1 mutant

793

seedlings at 5 DAG. V: vacuole. Scale bars are 50 µm.

794

