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50

ABSTRACT

51

The WEE1 and ATR kinases represent important regulators of the plant intra-S-

52

phase checkpoint, as evidenced by the hypersensitivity of WEE1KO and ATRKO roots to

53

replication inhibitory drugs. Here, we report on the identification of a defective allele of

54

the FASCIATA1 (FAS1) subunit of the chromatin assembly factor 1 (CAF-1) complex as

55

a suppressor of WEE1- or ATR-deficient plants. We demonstrate that lack of FAS1

56

activity results in the activation of an ATM- and SOG1-mediated G2/M-arrest that

57

makes the ATR and WEE1 checkpoint regulators redundant. This ATM activation

58

accounts for telomere erosion and loss of ribosomal DNA described for the fas1 plants.

59

Knocking out SOG1 in the fas1 wee1 background restores replication stress sensitivity,

60

demonstrating that SOG1 plays a prominent role as secondary checkpoint regulator in

61

plants that fail to activate the intra-S-phase checkpoint.

62
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63

INTRODUCTION

64

Plants can be exposed to adverse conditions such as drought, heat, and UV radiation.

65

Many of these stresses result in the generation of reactive oxygen species (ROS), which can

66

oxidize and damage the DNA (Roldán-Arjona and Ariza, 2009). The response to this DNA

67

damage is dependent on the type of damage, with double-strand breaks (DSBs) predominantly

68

activating the ATAXIA TELANGIECTASIA MUTATED (ATM) kinase, whereas the

69

accumulation of single-stranded DNA (ssDNA), arising due to problems during the DNA

70

replication process, activates the ATM AND RAD3-RELATED (ATR) kinase. In mammals,

71

the checkpoint kinases Chk1 and Chk2 and the transcription factor p53 operate downstream

72

of ATM/ATR, governing transcriptional responses to DNA damage (Zhou and Elledge,

73

2000). In plants however, Chk1 and Chk2 kinases are absent, as is a homolog of p53. Rather,

74

the functionally similar but structurally unrelated transcription factor SUPPRESSOR OF

75

GAMMA-RESPONSE 1 (SOG1) governs most transcriptional responses to DNA damage in

76

plants (Yoshiyama et al., 2009). When plants sense DNA damage, the ATM and ATR kinases

77

phosphorylate SOG1 and in this way activate its transcriptional activity (Yoshiyama et al.,

78

2013; Sjogren et al., 2015), which then induces expression of both DNA repair and cell cycle

79

inhibitory genes (Bourbousse et al., 2018; Ogita et al., 2018).

80

During the S-phase of the cell cycle, the DNA is unpacked from its protective

81

chromatin wrapping and uncoiled to allow passage of the replication fork complex. In the

82

event of problems during the replication process, DNA integrity checkpoints are activated that

83

slow down the cell cycle to grant the cell time to repair the damage. A major player in the

84

plant S-phase checkpoint is the WEE1 kinase, which phosphorylates and, in this way, inhibits

85

activity of the drivers of the cell cycle, being the cyclin-dependent kinase (CDK)/cyclin

86

complexes (De Schutter et al., 2007). For Arabidopsis (Arabidopsis thaliana), it has been

87

shown that WEE1 is activated downstream of the ATR kinase when replication stress occurs

88

(De Schutter et al., 2007). The kinase plays an essential role to survive replication stress,

89

since WEE1KO plants show a hypersensitive response to the replication inhibitory drug

90

hydroxyurea (HU) that lowers the available dNTP pool (De Schutter et al., 2007; Cools et al.,

91

2011). Through an EMS mutagenesis suppressor screen, previous work has identified two

92

subunits of the RNase H2 complex that, when mutated, rescue the hypersensitive response of

93

the WEE1KO plants to HU, likely through allowing to substitute dNTP by rNTPs into the

94

replicating DNA (Kalhorzadeh et al., 2014; Eekhout et al., 2015), again suggesting that

95

WEE1 activity is activated in response to a depletion of the available dNTP pool. More
4
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96

recently rescue of the WEE1KO plants grown on HU has been reported for mutants in the RNA

97

splicing factor factors PRL1 and CDC5, and the F-box like 17 (FBL17) E3-ubiquitine ligase,

98

where the HU induced cell cycle arrest activated by WEE1 has been attributed to incorrect

99

splicing of cyclin mRNA transcripts and stabilization of CDK inhibitory proteins, respectively

100

(Pan et al., 2021; Wang et al., 2021).

101

When DNA is replicated, new histones need to be added to the nascent DNA and

102

epigenetic marks need to be copied from the parental chromatin to the newly assembled one.

103

Histones H3 and H4 are bound as a dimer by the histone chaperone ASF1 and in this way

104

imported into the nucleus (Zhu et al., 2011). There they are transferred to the chromatin

105

assembly factor-1 (CAF-1) complex, which consists of three subunits, called CAC1-3 in

106

budding yeast (Kaufman et al., 1997), p155, p60 and p48 in human (Smith and Stillman,

107

1989; Kaufman et al., 1995) and FASCIATA1 (FAS1), FASCIATA2 (FAS2) and

108

MULTICOPY SUPPRESSOR OF IRA 1 (MSI1) in plants (Kaya et al., 2001). The CAF-1

109

complex is responsible for both the formation of (H3-H4)2 tetramers from newly synthesized

110

H3-H4 histone dimers, and the association of these tetramers with synthesized DNA through

111

CAF-1 interaction with the PROLIFERATING CELL NUCLEAR ANTIGEN (PCNA)

112

complex (Smith and Stillman, 1989; Kaufman et al., 1995; Verreault et al., 1996). After

113

loading of the histone (H3-H4)2 tetramers onto the DNA, histones H2A and H2B can be

114

added by NUCLEOSOME ASSEMBLY PROTEIN1 (NAP1) and NAP1-RELATED

115

PROTEIN NRP chaperones (Zhu et al., 2006).

116

FASCIATA mutants were first described as plants with thickened and flattened stems,

117

and abnormal phyllotaxy (Leyser and Furner, 1992). Further research showed that the CAF-1

118

complex is needed to maintain cellular organization in the meristems, since fas1 plants

119

display disorganized meristems and aberrant expression of stem cell regulators such as

120

WUSCHEL and SCARECROW (Kaya et al., 2001). Absence of CAF-1 function has

121

additionally been linked to various changes in cell cycle progression, including an extended

122

S-phase (Schönrock et al., 2006) and decreased CDKA;1 activity (Ramirez-Parra and

123

Gutierrez, 2007). Consistently, fas1 mutants show an altered distribution of cells with

124

increased ploidy levels due to enhanced endoreplication (Endo et al., 2006; Exner et al., 2006;

125

Jacob et al., 2014), which is an adaptation of the cell cycle when the cell skips mitosis but

126

increases the DNA content. Knocking out ATM partially suppresses the decrease in cell

127

number and the increase in ploidy levels seen in the fas1 mutant (Hisanaga et al., 2013). CAF-

128

1 also suppresses homologous recombination (Endo et al., 2006; Kirik et al., 2006), and its

129

deletion leads to the constitutive activation of DNA repair genes (Schönrock et al., 2006;
5
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130

Hisanaga et al., 2013). fas1 atm double mutants lack this constitutive induction of RAD51,

131

BRCA1 and two PARP genes, being typical DSB-responsive targets, indicating that ATM

132

plays an essential role in relaying the DNA damage response in fas1 (Hisanaga et al., 2013).

133

In addition to growth phenotypes, fas1 mutants show a progressive shortening of telomeres

134

and loss of 45S rDNA as plants go through mitosis (Mozgová et al., 2010), correlated with

135

RAD51B-mediated homology-dependent repair (Muchová et al., 2015).

136

In this work, we describe that a mutation in the FAS1 gene rescues the hypersensitivity

137

of WEE1KO plants to HU. We demonstrate that the fas1 mutation eliminates the need for

138

WEE1 as S-phase checkpoint regulator, likely because of activation of a G2/M checkpoint

139

controlled by ATM and SOG1. Accordingly, we show that the loss of rDNA and telomere

140

shortening in fas1 results from ATM activation. Finally, we show that the checkpoint

141

responsible for the rescue of HU sensitivity in fas1 wee1 plants is dependent on SOG1.

142
143

RESULTS

144

A Mutation in the FAS1 Subunit of the CAF-1 Complex Rescues HU Sensitivity of

145

WEE1KO Plants

146

WEE1KO seedlings (wee1-1) show a root growth arrest when grown on HU-containing

147

medium (De Schutter et al., 2007). This phenotype was used to identify suppressor mutations

148

within an ethyl methanesulfonate (EMS) mutagenized M2 wee1-1 population, screening for

149

restoration of root growth on 0.75 mM HU. One of the identified mutants was line 49-2,

150

which showed a partial recovery of root growth on HU. To map the mutation responsible for

151

this phenotype, we used an advanced backcrossing strategy to introduce the wee1-1 allele into

152

a Landsberg erecta background (see Materials and Methods). After four generations of

153

backcrossing, the wee1-1 (Ler) line contained at least 98% of Ler DNA as tested by AFLP.

154

This wee1-1 (Ler) line was subsequently crossed to line 49-2, after which the segregating F2

155

population was used for bulked segregant next-generation sequencing-based gene mapping

156

using the SHOREmap algorithm (Schneeberger et al., 2009). The underlying mutation in line

157

49-2 was pinpointed to a base pair change in codon 281 of the At1g65470 gene, resulting in

158

the generation of a premature stop codon. This base pair change was confirmed in the original

159

49-2 line by direct Sanger sequencing (Supplemental Fig. S1). The At1g65470 gene is

160

annotated as the p150 subunit of the chromatin assembly factor-1 (CAF-1) complex, also

161

known as FAS1. To confirm the loss of FAS1 activity, we crossed the wee1-1 mutation out of
6
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162

line 49-2 and compared the resulting single fas1 mutant with an available T-DNA insertion

163

knockout line (GABI-095A01), referred to as fas1-8, by analyzing described phenotypes

164

(Supplemental Fig. S2). Ploidy levels were increased in line 49-2 to similar levels as observed

165

for fas1-8, while leaf size of 21-d-old plants was equally decreased in both lines compared to

166

Col-0 (Supplemental Fig. S2, B and C). Moreover, the fas1-8 line has a similar rosette

167

phenotype as line 49-2 and other described fas1 alleles, with the leaves being smaller and

168

serrated (Supplemental Fig. S2D). Subsequently, the fas1-8 allele was crossed into the wee1-1

169

background and tested for HU sensitivity (Fig. 1A-C). Because root growth analysis

170

demonstrated a similar rescue of the wee1-1 phenotype as the 49-2 line when grown on HU-

171

containing medium, the fas1-8 line was predominantly used for further experiments to avoid

172

potential effects of secondary mutations in line 49-2 caused by the EMS treatment.

173
174

WEE1 Function Is Redundant in fas1-8 Plants Due to Secondary Checkpoint Activation

175

Strikingly, root growth did not differ significantly between fas1-8 and fas1-8 wee1-1

176

plants when grown on HU, indicating that introgression of wee1-1 into the fas1-8 background

177

did not enhance HU sensitivity of fas1-8 (Fig. 1B). Additionally, microscopic analysis of the

178

root meristem revealed that fas1-8 wee1-1 reverted the severe cell death phenotype that is

179

observed in roots of wee1-1 plants when grown in the presence of HU, but more importantly

180

did not show more cell death compared to the fas1-8 single mutants (Fig. 1D). We therefore

181

hypothesized that a secondary cell cycle checkpoint might be activated in the fas1-8 wee1-1

182

plants, making the WEE1-regulated S-phase checkpoint redundant.

183

If the checkpoint activated in fas1 plants can overrule the sensitivity of WEE1KO plants

184

to HU, it is expected to also rescue the absence of ATR, which is operating upstream of

185

WEE1, as demonstrated by a similar HU hypersensitivity phenotype of atr mutant plants

186

(Culligan et al., 2004). Indeed, when growing fas1-4 atr plants on HU-containing medium, a

187

partial rescue of root growth was observed compared to the atr plants (Fig. 1E), confirming

188

our hypothesis that the checkpoint activated by the absence of FAS1 acts dominantly over the

189

ATR-mediated intra-S-phase checkpoint.

190

To investigate the nature of the checkpoint being activated by absence of FAS1, we

191

performed 5-ethynyl-2´-deoxyuridine (EdU) staining to measure S-phase and total cell cycle

192

duration (Hayashi et al., 2013). Despite the anticipated role of FAS1 during the replication

193

process, S-phase duration was not or only slightly extended in fas1-8 and fas1-8 wee1-1,

194

respectively, under control growth conditions (Fig. 2A and Supplemental Table S1). In
7
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195

contrast, a dramatic increase (> 10 h) in total cell cycle length was observed (Fig. 2B and

196

Supplemental Table S1). An EdU pulse chase experiment displayed a > 4-h delay of

197

replicating cells to enter the M phase (Fig. 2C), indicating that the root growth phenotype of

198

fas1-8 and fas1-8 wee1-1 plants is likely due to an extended G2 phase, corroborating a similar

199

conclusion drawn before based on an RT-PCR analysis using cell cycle reporter genes

200

(Hisanaga et al., 2013). To understand the rescue mechanism of the wee1 phenotype on HU,

201

we similarly performed an EdU time series on plants transferred to medium containing HU.

202

As expected, S-phase length in Col-0 was increased in a WEE1-dependent manner when

203

grown on HU (Figure 2A and Supplemental Table S2). Additionally, HU-induced replication

204

stress increased both S-phase and the total cell cycle length in the fas1-8 mutant. The fas1-8

205

wee1-1 double mutant, in comparison, appeared insensitive to the HU-induced replication

206

stress, because the duration of both the S-phase and the total cell cycle was not further

207

changed compared to the untreated plants (Fig. 2, A and B). It suggests that similarly to what

208

is observed in wild-type (WT) plants, in fas1-8 the extended S-phase during replication stress

209

occurs in a WEE1-dependent manner. However, in both fas1-8 and fas1-8 wee1-1, the

210

increase in total cell cycle length (being > 9 h compared to Col-0 plants) far exceeds that of

211

the increase in S-phase duration (being maximum > 2.4 h compared to Col-0 plants),

212

suggesting that also in the presence of HU, the root growth phenotype of both mutants is

213

predominantly due to a G2/M cell cycle arrest.

214
215

ATM Predominantly Accounts for the Observed G2/M Arrest in fas1

216

Multiple transcriptome studies of fasciata mutants have been published (Schönrock et

217

al., 2006; Hisanaga et al., 2013; Mozgová et al., 2015), each using different mutant

218

backgrounds and tissues. Meta-analysis of the different available datasets (see methods)

219

allowed us to identify a core set of genes that are, compared to control plants, specifically

220

upregulated as a result of the absence of a functional CAF-1 complex. This meta-analysis

221

yielded 28 genes, being induced in at least two of the three datasets (Fig. 3A). Among these,

222

15 were previously pinpointed as DNA damage response (DDR) hallmark genes (Fig. 3B) (Yi

223

et al., 2014), corresponding with a statistically significant enrichment (p < 0.001,

224

hypergeometric test), indicating that regardless of the developmental context or affected

225

subunit, dysfunction of the CAF-1 complex leads to activation of the DNA damage response

226

(Fig. 3C).

8
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227

To investigate the dependency of the upregulated DDR genes on the S-phase or

228

G2/M-phase checkpoint, we tested expression of representative genes, both from the meta-

229

analysis and close orthologs of these, involved in DNA repair and checkpoint regulation in

230

both fas1-4 atr-2 and fas1-4 atm-2. Whereas induction of RAD51 appeared to depend on both

231

ATM and ATR, induction of RAD51B, which is involved in single-strand annealing (Serra et

232

al., 2013), was only dependent on ATM (Fig. 3D). Expression of the cell cycle checkpoint

233

regulators SMR5 and SMR7 is dependent on both ATM and ATR (Fig. 3D), implying that

234

both DDR kinases play a role in some aspects of the transcriptional response of fas1 plants.

235

Confocal images of an SMR7:GUS-GFP reporter line clearly showed induction of this gene in

236

the fas1 background throughout the whole root meristem (Fig. 3E). The ANAC044 and

237

ANAC085 transcription factors, demonstrated to account for a G2/M cell cycle arrest in

238

response to DNA damage (Takahashi et al., 2019), were strongly upregulated in the fas1

239

mutant and seem to be regulated by both ATM and, to a lesser extent, ATR (Fig. 3D).

240

Given the role of FAS1 in chromatin assembly, the constitutive higher expression

241

level of DDR genes might be linked to an altered chromatin state rather than inflicted DNA

242

damage. In such case, applying DNA damage to the FAS1 mutant plants might result in a

243

hyper-induction of DDR gene expression. To test this hypothesis, the different genotypes

244

described were treated with bleomycin, a chemical that causes DSBs, and expression levels of

245

RAD51 and SMR7 were measured as examples of DNA repair and cell cycle regulation,

246

respectively. For both, bleomycin treatment upregulated expression in the fas1 background to

247

a level comparable to that of treated control plants (Supplemental Fig. S3) that remained

248

dependent on both ATM and ATR, confirming that the upregulation of these genes in the fas1

249

mutant is primarily caused by activation of the DDR by ATM and ATR.

250

To understand the influence of ATM and ATR on cell cycle progression in the fas1

251

mutant, we calculated S-phase and total cell cycle duration in the fas1-4 versus fas1-4 atm-2

252

and fas1-4 atr-2 mutants based on EdU time courses. Both fas1-4 atm-2 and fas1-4 atr-2

253

displayed a shorter cell cycle duration compared to fas1-4 (Fig. 4B and Supplemental

254

Table S3), suggesting that both ATM and ATR contribute to the cell cycle arrest. Only in

255

fas1-4 atm-2, the increase in cell cycle duration was accompanied with an increase in S-phase

256

duration (Fig. 4A and Supplemental Table S3), likely due to ATR activity. The lack of an

257

increased S-phase duration in fas1-4 atr-2, in contrast, suggests that ATM activity

258

predominantly results in an extended G2 phase.

259

If the DSBs caused by the fas1 mutant background are the cause of the ATM-

260

dependent G2 checkpoint that rescues wee1-1 plants on replication stress, then chemicals that
9
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261

induce DSBs such as zeocin should equally be able to rescue wee1-1 plants grown on HU. To

262

test this hypothesis, we grew Col-0 and wee1-1 plants on either zeocin, HU, or a combination

263

of the two and quantified root growth. As expected, the combination of zeocin and HU was

264

able to partially rescue the wee1-1 root growth phenotype (Fig 5).

265
266

SOG1 Is Accountable for the Rescue of the fas1 wee1 Root Growth Phenotype Induced

267

by Replication Stress

268

To analyze whether the G2/M checkpoint activated by ATM accounts for the HU-

269

resistant phenotype of the fas1 wee1 mutant plants, fas1-4 wee1-1 atm-2 triple mutant plants

270

were generated. Root growth was measured on control medium and medium supplemented

271

with HU. To avoid the pleiotropic effects of the fas1 background (Mozgova et al., 2010;

272

Mozgova et al., 2018), a population homozygous for atm-2 wee1-1 and segregating for fas1

273

was used, after which plants were genotyped for the fas1 mutation. Under control conditions,

274

fas1-4 wee1-1 atm-2 roots are indistinguishable from WT plants, corroborating the evidence

275

that activation of ATM causes the root growth penalty in fas1 mutants. When grown under

276

replication stress, the fas1-4 wee1-1 atm-2 plants became slightly more sensitive, but were

277

still more resistant than wee1-1 plants (Fig. 6A). This indicates that in the absence of ATM,

278

ATR might partially contribute to the checkpoint activation.

279

Downstream of both ATM and ATR, the SOG1 transcription factor can be found.

280

Correspondingly, 14 out of the 28 genes identified in the meta-analysis of fasciata

281

transcriptomes were found to be direct SOG1 target genes (Fig. 3C) (Bourbousse et al., 2018;

282

Ogita et al., 2018). Therefore, we generated fas1-8 wee1-1 sog1-1 plants and compared them

283

with fas1-8 wee1-1 plants of the same generation. Under control conditions, fas1-8 wee1-1

284

sog1-1 plants were able to restore the root growth phenotype of fas1-8 plants back to WT

285

length, demonstrating that SOG1 totally accounts for the observed phenotypes (Fig. 6B).

286

Moreover, in accordance with SOG1 being responsible for the secondary checkpoint activated

287

in fas1-8 wee1-1, the fas1-8 wee1-1 sog1-1 triple mutant showed the same HU

288

hypersensitivity phenotype as wee1-1 (Fig. 6B).

289

To corroborate these data on the cell cycle level, we measured cellular parameters

290

within the epidermis of mature (21 days after sowing) leaves of fas1-8 wee1-1 versus fas1-8

291

wee1-1 sog1-1 plants. The small leaf phenotype of the fas1 wee1 mutants was found to

292

correlate with a reduction in epidermal cell number rather than cell size, again indicating cell

293

cycle checkpoint activation (Fig 6C-E). This decrease in cell number can be attributed to
10
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294

SOG1-function, as in the fas1 wee1 sog1 triple mutant epidermal cell number and leaf were

295

restored to near WT levels (Fig. 6C and D).

296
297

Influence of the ATM/ATR Checkpoint on the Stability of DNA Repeats in Telomeres

298

and 45S rDNA

299

In fas1 and fas2 single mutants, the stability of a subset of repetitive DNA is affected,

300

and telomeres and rDNA are progressively lost (Mozgová et al., 2010). In agreement with the

301

absence of any phenotypic differences between fas1 and fas1 wee1, both genotypes displayed

302

an equal reduction in rDNA copy number and telomere length (Fig. 7A and Fig. 8A).

303

Subsequently, as both above and previously published data (Hisanaga et al., 2013) hint

304

to a strong activation of ATM in the fas1 mutant background, it was tested whether the rDNA

305

loss and telomere erosion phenotypes were linked with the activated ATM and ATR

306

checkpoints. In the fas1 atm plants, the systemic loss of rDNA was suppressed, but not to WT

307

levels (Fig. 7B). Since these plants were obtained and analyzed in 4th and 5th filial

308

generations, the results represent the steady-state levels of rDNA and not the immediate effect

309

of loss of ATM function. Therefore, we investigated the rDNA change in the segregating

310

offspring of a heterozygous FAS1/fas1 ATM/atm plant (Supplemental Fig. S4). The data

311

showed that the fas1 atm double mutant line undergoes an initial rDNA reduction in F2,

312

which is thus ATM-independent (Supplemental Fig. S4), but no further loss of rDNA copies

313

is seen when these plants are propagated to the next generations (Fig. 7A), in contrast to fas1

314

plants that lose increasing amounts of rDNA (Mozgová et al., 2010). We thus can conclude

315

that ATM activation seems to be the predominant cause of the rDNA reduction in fas1

316

mutants. Indeed, analysis of total rDNA copy numbers revealed a very low number in fas1-4

317

atr-2 double mutants, comparable to the late generations of fas1 mutants (Fig. 7B),

318

confirming that the ATR pathway does not contribute to the rDNA phenotype in fas1.

319

We next analyzed the telomere length in fas1 atm and fas1 atr mutant lines (Fig. 8B,

320

Supplemental Fig. S5). It has been shown previously that ATM and ATR regulate telomere

321

length in a distinct manner, ATR by facilitating telomere replication, whereas ATM protects

322

the chromosomal ends (Vespa et al., 2005; Amiard et al., 2011). Different results were

323

observed in the individual double mutant lines. The fas1 atm line showed recovery of

324

telomeres to WT levels (Fig. 8B), while in fas1 atr line-dependent heterogeneity emerged

325

(Fig. 8B, Supplemental Fig. S5). From these results, we suggest that downstream targets of

11
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326

ATM mediate accelerated telomere shortening. The role of the ATR kinase is more complex

327

and seems to be separated from WEE1 in terms of telomere processing.

328
329

DISCUSSION

330

Absence of CAF-1 Function Results in a G2/M Arrest, Making the S-Phase Checkpoint

331

Redundant

332

Whereas in yeast and mammalian systems the WEE1 kinase is essential for normal

333

cell cycle progression, in plants its role is restricted to safeguarding the DNA replication

334

phase (De Schutter et al., 2007; Cools et al., 2011). Here, we have identified a suppressor

335

mutation in the FAS1 gene that can partially rescue the hypersensitivity of WEE1KO plants to

336

replication stress. In contrast to the previously reported trd1 suppressor mutation that rescues

337

both cell death and decrease in meristem size of the wee1 mutant upon replication stress

338

(Kalhorzadeh et al., 2014), the fas1 mutation rather appears to be epistatic to wee1. Although

339

the roots of fas1 mutants are already smaller compared to control plants, the fas1 wee1 double

340

mutant does not display the HU hypersensitivity phenotype of the wee1 single mutant,

341

indicating that the function of WEE1 is not required to cope with replication defects in fas1

342

mutant roots. We demonstrate that this is likely caused by the activation of a G2/M

343

checkpoint, resulting in a longer cell cycle. Contrary to previously reported (Schönrock et al.,

344

2006), we found no difference in S-phase duration between control and fas1 mutant plants.

345

The reason for this discrepancy might be the different methods used: while in this work we

346

measured the kinetics of DNA replication, the earlier report was based on a computational

347

analysis of a single time point of a transcriptome study. Thus, even though CAF-1 function is

348

mainly restricted to the DNA replication phase where it places histone H3-H4 dimers on the

349

DNA strands, its absence apparently does not cause a delay in the S-phase. Nevertheless, an

350

increase in S-phase duration is observed in fas1-8 wee1-1 versus fas1-8 plants, suggesting that

351

WEE1 participates in the control of replication fork kinetics in the absence of FAS1, without

352

however measurably interfering with cell cycle kinetics. This is different from what is

353

observed for HU treatment, which resulted in a WEE1-dependent increase in S-phase duration

354

in both WT and fas1-8 mutant plants. This indicates that compared to impaired nucleosome

355

assembly, nucleotide depletion exerts a much stronger effect on the replication process.

356

Histone loading in the fas1 mutant is performed by the replication-independent

357

pathway, which in Arabidopsis involves the HIRA complex (Duc et al., 2015), leading to the
12

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.22.432330; this version posted February 23, 2021. 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.

358

lower chromatin compactness and increased level of H3.3 (Kolarova et al., 2020). Because the

359

genome will exist in a less compact state until the histones are loaded, it will thus accumulate

360

more DSBs, which is evidenced by increased γH2AX foci in the fas1 mutant (Muchová et al.,

361

2015; Varas et al., 2017). Another possible explanation for the increased number of DSBs is

362

that the nucleosomes containing histone H3.3 instead of histone H3.1, a variant that is not

363

amenable to heterochromatic posttranslational modifications and thus cannot undergo

364

compaction into heterochromatin (Jacob et al., 2014).

365

Double mutant analysis demonstrated that the prolonged cell cycle duration is

366

predominantly due to activation of ATM activity, because the total cell cycle length was

367

decreased in fas1-4 atm-2 versus fas1-4 mutants, despite an increase in S-phase duration. The

368

latter is likely due to the activation of ATR, because no such increase was seen in fas1-4 atr-

369

2. The observed increase in total cell cycle duration in fas1-4 atr-2 might therefore be due to

370

the accumulation of replication defects that eventually result in the activation of an ATM-

371

dependent cell cycle arrest. In conclusion, although it appears that both ATR and ATM are

372

active in FAS1-deficient plants, ATM likely accounts for the G2/M checkpoint that makes the

373

S-phase checkpoint regulators become non-essential.

374

While ATR and ATM are known to share downstream components, and the damage

375

recognized by one can be converted in order to be recognized by the other, it is for the first

376

time shown here in plants that the ATR- and WEE1-regulated S-phase checkpoint can be

377

partially rescued by constitutive activation of the ATM- and SOG1-mediated G2/M-phase

378

checkpoint. Although it may at first seem surprising that a defect in chromosome assembly

379

can correct for a replication problem, the situation reflects well the situation in budding yeast,

380

where a downstream checkpoint can substitute an aberrant earlier cell cycle checkpoint, such

381

as e.g. rescue of the G2 checkpoint mutant rad9 through application of a microtubule

382

depolymerizing drug that probably induces a mitotic spindle checkpoint (Weinert and

383

Hartwell, 1988). It highlights the robustness of the cell cycle, where the failure of one

384

checkpoint is rescued by a downstream checkpoint, a putative safeguard mechanism for

385

maintaining genome stability. From this viewpoint it would be interesting to compare the

386

mutation rate of the fas1-8 wee1-1 double mutant with that of the fas1-8 wee1-1 sog1-1 triple

387

mutant that appears to overcome the fas1-8-induced growth arrest completely because of lack

388

of both an intra-S phase and G2 checkpoint.

389

It is generally believed that the sensitivity of both ATRKO and WEE1KO plants to HU,

390

as in other eukaryotic systems, mostly stems from the inability to coordinate replication firing

391

with the reduced availability of dNTPs, resulting in replication fork stalling (Beck et al.,
13
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392

2012). In order to slow down replication firing, a decrease in S-phase CDK activity is

393

necessary, which in Arabidopsis is mediated by WEE1 (De Schutter et al., 2007; Cools et al.,

394

2011). It has been reported before that CDKA activity is decreased in the fas1 mutant

395

compared to the WT (Ramirez-Parra and Gutierrez, 2007). Given the lack of a phenotype of

396

the fas1 wee1 double mutant compared to the single fas1 mutant, it seems unlikely that the

397

WEE1 kinase largely contributes to this observed drop in CDK activity.

398
399

ATM and ATR Activity Contributes to the Phenotypes of fas1

400

Whereas the impaired nucleosome assembly results in the activation of ATM and

401

ATR, both indirectly contribute to the phenotype of the fas1 mutant plants. Previously, we

402

demonstrated that fas1 mutants show a progressive telomere shortening and loss of 45S rDNA

403

as plants go through mitosis (Mozgová et al., 2010). Here, we demonstrate that the lesions

404

formed in rDNA in the fas1 mutant are predominantly processed by ATM. This is in

405

agreement with reports in mammals, which point to a unique role for ATM in the processing

406

of DSBs in rDNA (Korsholm et al., 2019). Our previous data indicate that the process of

407

rDNA recovery is rather stochastic, with large inter-individual variability between

408

independently segregated plant lines (Pavlištová et al., 2016). Thus, knocking out ATM might

409

be stopping recombinational processes causing dynamic changes in rDNA copy number

410

(Pavlištová et al., 2016).

411

Telomere maintenance by ATM and ATR, as revealed here in the fas1 background, is

412

not as clear as their roles in rDNA stability. Telomeres are particularly sensitive to replication

413

stress due to the end replication problem (Olovnikov, 1971), and compromised orchestration

414

of factors involved in replication, or any imbalance during telomere replication leads to their

415

instability, further detected as telomere shortening or elongation. Besides, during the DNA

416

replication phase, cells with uncapped telomeres activate a DNA damage response, leading to

417

chromosome fusions or formation of telomere dysfunction induced foci (Takai et al., 2003;

418

Amiard et al., 2014). Thus, both ATR and ATM are known to participate in telomere

419

maintenance and we show here that the fas1 mutation is not an exception (Vespa et al., 2005;

420

Amiard et al., 2011). While ATR facilitates replication of telomeres in cooperation with the

421

CTC1-STN1-TEN1 (CST) complex, ATM recognizes the shortest telomeres and initiates

422

recombination processes (Vespa et al., 2005; Amiard et al., 2011; Boltz et al., 2012). The

423

exact mechanism of telomere erosion in fas1 remains elusive. We recently demonstrated that

424

telomere destabilization in fas1 is not caused by a compromised telomerase function (Jaške et
14
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425

al., 2013), whose dysfunction would activate the alternative lengthening of telomeres,

426

mediated through homologous recombination (Růčková et al., 2008). Disruption of ATM in

427

fas1 affects both types of repeats – rDNA as well as telomeres – since the activity of the DDR

428

proteins is similarly deleterious for telomeres as it is for rDNA. Consistently, in fas1 atr,

429

where telomeres show large inter-individual heterogeneity, ATM is still active and possibly

430

responsible for this variability, independently of telomerase action.

431
432

SOG1 Is Involved in the Increased Stress Tolerance Checkpoint

433

The question remains which kind of damage is perceived in the fas1 mutants to

434

activate the ATM-dependent DNA damage response. Is it the DSBs, that mostly affect rDNA

435

and internal parts of the telomeres (Mozgová et al., 2010), which represent major repeated

436

regions in the Arabidopsis genome and which are potential fragile sites (Dvořáčková et al.,

437

2015); or is it the shortened telomeres, possibly falsely recognized as DSBs and also

438

activating the DDR (Amiard et al., 2011)? Given that both ATRKO and WEE1KO in

439

combination with fas1 do not result in an amelioration of the fas1 phenotype, it is tempting to

440

speculate that the replication checkpoint is either not involved in activating the DDR or is

441

only playing a minor role. In contrast, both ATM and SOG1 are clearly involved in the

442

checkpoint activated in fas1, given that knocking them out confers a WT phenotype to fas1

443

plants under control conditions. During replication stress, SOG1 plays a major role in the fas1

444

wee1 mutant, as evidenced by the hypersensitive phenotype of fas1 wee1 sog1 plants grown

445

on HU. Although ATM is upstream of SOG1, the fas1 wee1 atm mutant is still resistant to

446

HU, hinting at a possible role for ATR in activating SOG1 in these conditions. Our data lead

447

to a possible model where mutation of fas1 leads to telomere dysfunction and an increased

448

number of DSBs, in this way activating the ATM pathway (Fig. 9). ATM activation leads to

449

phosphorylation of downstream targets, including the SOG1 transcription factor. SOG1 will

450

subsequently activate expression of (i) cell cycle regulators like SMR7, ANAC044 and

451

ANAC085, in this way possibly forcing a G2 arrest, premature exit of the mitotic cell cycle

452

and/or entry into endoreplication, and (ii) DNA repair genes like RAD51 and its paralog

453

RAD51B, which seem at least partly responsible for loss of rDNA copies (Muchová et al.,

454

2015). The WT phenotype of fas1 plants with a mutated SOG1 gene shows that the induced

455

G2-arrest is the cause of the macroscopic fas1 phenotypes. Because of the activated ATM

456

pathway in fas1 mutants, it is very likely that some ATR targets are also activated, since the

457

phosphorylation motif is identical, possibly explaining the higher resistance of fas1 atr plants
15
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458

to replication stress. Next to this, the G2/M checkpoint activated by ATM and SOG1 in fas1

459

wee1 and fas1 atr plants likely allows the cell time to repair the damage caused by problems

460

during the replication phase in these plants deficient for the intra-S-phase checkpoint (Fig. 9).

461
462

MATERIAL AND METHODS

463

Plant Materials and Growth Conditions

464

Arabidopsis thaliana plants (all in Col-0 accession) were grown at 22°C under long-

465

day conditions (16-h light/8 h dark) on half-strength Murashige & Skoog (MS) medium, 10

466

g/L sucrose, 0.5 g/L MES, pH 5.7 and 10 g/L agar (ref). The fas1-8 (GK_095A01) allele was

467

acquired from GABI-Kat. The atm-2, atr-2, wee1-1, fas1-4, and sog1-1 alleles were described

468

previously (Garcia et al., 2003; Culligan et al., 2004; Exner et al., 2006; De Schutter et al.,

469

2007; Yoshiyama et al., 2009; Hisanaga et al., 2013). Homozygous insertion alleles were

470

confirmed by genotyping PCR using primers listed in Supplemental Table S1. For treatment

471

with HU, seeds were directly plated on control medium and medium containing 0.25, 0.5 or

472

0.75 mM HU. The root length of 7-d-old plants was measured. For treatment with zeocin,

473

seeds were directly plated on control medium, medium containing 12 µM zeocin and medium

474

containing 12 µM zeocin and 0.5 mM HU. For treatment with bleomycin, seeds were sown on

475

sterilized membranes on ½ MS medium. After 2d of germination and 4d of growth, the

476

membrane was transferred to ½ MS medium and ½ MS medium containing 0.6 µg/ml

477

bleomycin for 24h.

478
479

Meta-Analysis of Transcriptomes

480

Three studies were used for this meta-analysis: in the study of Schönrock, ATH1

481

microarrays were used to study differential gene expression of whole fas1 and fas2 seedlings

482

at 12 DAS (Schönrock et al., 2006). In the Hisanaga study, ATH1 microarrays were used on

483

the leaf primordia of fas1-5 plants at 10 DAS (Hisanaga et al., 2013), whereas the Mozgová

484

study used AGRONOMICS1 tiling arrays on soil-grown fas2-4 plants at 48 DAS (Mozgová

485

et al., 2015). From these three different studies, the genes upregulated with an FDR < 0.05

486

and FC > 1.5 were compared. The overlap was then compared to a list of 61 genes classified

487

as DDR markers (Yi et al., 2014).

488
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489

EMS Mutagenesis and Mapping

490

EMS mutagenesis was performed as described in Kalhorzadeh et al. (2014). Briefly,

491

wee1-1 seeds were treated with EMS and sown in 200 pools of 250 seeds each. After self-

492

fertilization, M1 seeds were grown and M2 seeds were collected from individual M1 plants.

493

M2 plants were then screened for increased root growth on HU compared to wee1-1 plants.

494

Line 49-2 showed increased resistance to HU and was crossed to the Landsberg erecta

495

accession containing the wee1-1 allele. F1 plants were allowed to self-fertilize and F2 plants

496

were again screened for increased resistance to HU. Leaf samples of about 200 plants were

497

pooled and nuclear DNA was extracted with a DNeasy Plant Mini Kit (QIAGEN) according

498

to the manufacturer’s protocol. Illumina Tru-Seq libraries were generated according to the

499

manufacturer’s protocol and sequenced on an Illumina NextSeq 500 150-bp paired-end run.

500

To align the reads to the reference genome (Col-0; TAIR10), the SHORE pipeline was used

501

(Ossowski et al., 2008). Based on the alignment, single-nucleotide polymorphisms were

502

determined and relative allele frequencies were compared between the two parental genomes

503

(Col-0 and Ler) using SHOREmap (Schneeberger et al., 2009).

504
505

Flow Cytometry, Microscopy and Confocal Microscopy

506

To obtain ploidy profiles, leaf material of 21-d-old plants was chopped in 200 µL

507

Cystain UV Precise P nuclei extraction buffer (Partec), supplemented with 800 µL staining

508

buffer, filtered and measured by a Cyflow MB flow cytometer (Partec).

509

For leaf measurements, first leaves were harvested at 21 d after sowing on control

510

medium, cleared overnight in ethanol, stored in lactic acid for microscopy, and observed with

511

a microscope fitted with differential interference contrast optics (Leica DMLB). The total

512

(blade) area was determined from images digitized directly with a digital camera mounted on

513

a stereozoom microscope (Stemi SV11; Zeiss). From scanned drawing-tube images of the

514

outlines of at least 30 cells of the abaxial epidermis located between 25 to 75% of the distance

515

between the tip and the base of the leaf, halfway between the midrib and the leaf margin, the

516

following parameters were determined: total area of all cells in the drawing and total numbers

517

of pavement and guard cells, from which the average cell area was calculated. The total

518

number of cells per leaf was estimated by dividing the leaf area by the average cell area (De

519

Veylder et al., 2001). Leaf size, epidermal cell number and epidermal cell size in the different

520

lines were analyzed and compared by mixed model analysis (SAS Studio).
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521

To visualize the root meristems, roots were stained for 3 min in a 10-µM propidium

522

iodide solution (Sigma-Aldrich) and were analyzed with an LSM 5 exciter confocal

523

microscope (Zeiss).

524

EdU Time Course

525

For cell cycle length analysis, we used a method adapted from Hayashi et al. (2013).

526

Plants were grown on vitamin-supplemented MS medium (10 g/L sucrose, 0.1 g/L myo-

527

inositol, 0.5 g/L MES, 100 μL thiamine hydrochloride (10 mg/mL), 100 μL pyridoxine (5

528

mg/mL), 100 μL nicotinic acid (5 mg/mL), pH 5.7, adjusted with 1 m KOH, and 10 g/L agar)

529

for 5 days, and transferred to the same medium supplemented with EdU (10 µM). Samples

530

were collected after 3, 6, 9 and 12 h, fixed in paraformaldehyde (4% in PME buffer: 50 mm

531

piperazine-N,N′-bis(2-ethanesulphonic acid) (PIPES), pH 6.9; 5 mM MgSO4; 1 mM EGTA)

532

for 45 min and washed with PME 1X buffer. Root apices were dissected on a glass slide and

533

digested in a drop of enzyme mix (1% (w/v) cellulase, 0.5% (w/v) cytohelicase, 1% (w/v)

534

pectolyase in PME) for 1 h at 37°C. After three washes with PME 1X, root apices were

535

squashed gently between the slide and a coverslip, and frozen in liquid nitrogen. After

536

removal of the coverslip and drying of the slides overnight, EdU revelation and Hoechst

537

counterstaining were performed following the Click-iT Plus EdU Alexa Fluor 488 Imaging

538

Kit instructions (Thermo Fisher Scientific). The percentage of EdU-positive nuclei was

539

plotted as a function of time. The percentage of EdU-positive nuclei increases linearly with

540

time, and follows an equation that can be written as y = at + b, in which y is the percentage of

541

EdU-positive nuclei and t is time. Total cell cycle length is estimated as 100/a, and S-phase

542

length is b/a.

543
544

EdU Pulse Labeling

545

Progression through G2/M of WT and mutant lines was analyzed using pulse labeling

546

with EdU. Briefly, 5-d-old seedlings were grown on MS plates, then transferred to liquid MS

547

medium with 10-µM EdU, followed by a 15-min incubation. After washing with MS medium,

548

seedlings were transferred again to MS medium and collected after 4, 8, and 12 h. Later,

549

nuclei were stained with DAPI and cells with mitotic figures were counted. Data are

550

presented as the percentage of EdU-labelled cells among those with mitotic figures.

551
552

Terminal Restriction Fragment (TRF) Analyses
18
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553

TRF analysis was performed as described in Mozgová et al. (2010). Plant DNA was

554

extracted from 5-w-old leaves in accordance with Dellaporta et al. (1983) and 400 ng of

555

gDNA was used for the analysis. DNA was digested with 20 U of MseI (NEB) at 37°C

556

overnight, DNA fragments were separated on the 0.8% agarose gel and alkali-blotted onto a

557

Hybond XL membrane (GE Healthcare Life Sciences, Waukesha, WI, USA). Telomere

558

fragments were detected by a radioactively labeled telomeric DNA probe, prepared by non-

559

template PCR according to Ijdo et al. (1991) and labelled with [α-32P] ATP using random

560

decamers (Decalabel DNA labelling kit, Thermo Fisher Scientific). Hybridization was

561

performed overnight at 65°C. Telomeric signals were visualized using a FLA7000 imager

562

(Fujifilm) and quantified as described in Zachová et al. (2013). Quantification was carried out

563

as follows: the medians of TRF lengths were calculated as Σ(ODi x Li)/Σ(ODi), in which ODi

564

is the signal intensity above the background within intervals i, and Li is the molecular weight

565

(kb) at the midpoint of interval I. In the charts, the bottom and top of the box represent the

566

first and third quartile, respectively, separated by the median, and s.d. intervals above and

567

under the box are the maximum and minimum of the telomere lengths, respectively.

568
569

Determination of rDNA Copy Number by qPCR

570

Quantitative PCR (qPCR) analysis of 45S rDNA copy number qPCR was performed

571

in three technical and three biological repeats, using primers for 18S region and normalized to

572

UBIQUITIN 10 under the following conditions: initial denaturation 95°C/7 min, 35 cycles of

573

95°C/30 s, 56°C/30 s, 72°C/30 s with final incubation at 75°C/5 min followed by the standard

574

melting analysis. The analysis was performed by StepOnePlusTM Real-Time PCR system

575

(Applied Biosystems) using FastStart SYBR GreenMaster (Roche, http://www.roche.com/).

576
577

qRT-PCR Analysis

578

RNA was extracted from root tips (1-2 mm) of 7-d-old seedlings using the RNEasy

579

plant mini kit (QIAGEN), according to the manufacturer’s protocol. cDNA was prepared

580

from 1 µg of RNA using iScript cDNA synthesis kit (Bio-Rad). Quantitative RT-PCR was

581

performed with Lightcycler 480 SYBR Green I Master (Roche) in a total volume of 5 µL and

582

analyzed on a Lightcycler 480 (Roche). Each reaction was done in three technical and three

583

biological repeats. Expression levels of each gene were normalized to the following reference
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584

genes: EMB2386, RPS26C and PAC1. Primers used for qRT-PCR are given in Supplemental

585

Table S1.

586
587
588
589

Accession Numbers
FAS1: AT1G65470; ATM: AT3G48190; ATR: AT5G40820; SOG1: AT1G25580;
WEE1: AT1G02970; SMR7: AT3G27630

590
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591

Supplemental Data

592

The following supplemental materials are available.

593

Supplemental Figure S1. Confirmation of the mutation in FAS1 in line 49-2 by

594

Sanger sequencing

595

Supplemental Figure S2. 49-2 revertant phenocopies the fas1-8 knockout line.

596

Supplemental Figure S3. Treatment with a DNA damaging agent induces DDR

597
598
599
600

genes to a similar extent in fas1 background as in WT.
Supplemental Figure S4. rDNA copy number of plants segregated from
heterozygous FAS1/fas1 ATM/atm plants.
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617
618

FIGURE LEGENDS

619
620

Figure 1. A mutation in FAS1 partially rescues the wee1-1 hypersensitive phenotype on

621

hydroxyurea. (A) and (B) Root growth of 7-d-old WT (Col-0) and wee1-1, fas1-8 and fas1-8

622

wee1-1 plants grown on control medium (A) or medium supplemented with 0.75 mM HU (B).

623

Bar = 1 cm.
21

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.22.432330; this version posted February 23, 2021. 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.

624

(C) Quantification of the root growth shown in (A) and (B). Data represent mean ± SEM (n >

625

10). Significance was tested with mixed model analysis. Means with different letters are

626

significantly different (p < 0.05).

627

(D) Confocal microscopy images of root meristem of 7-d-old WT (Col-0) and wee1-1, fas1-8

628

and fas1-8 wee1-1 plants transferred for 24 h to control medium or medium supplemented

629

with 1 mM HU and stained with propidium iodide. Bar = 20 µm. (E) Quantification of root

630

growth of Col-0, atr-2, fas1-4 and fas1-4 atr-2 at 7 DAS grown on medium containing -/+

631

0.25 mM HU. Data represent mean ± SEM (n > 10). Significance was tested with mixed

632

model analysis. Means with different letters are significantly different (p < 0.05).

633
634

Figure 2. Cell cycle parameters of Col-0, wee1-1, fas1-8 and fas1-8 wee1-1 root tip cells

635

under control conditions and treated with HU. (A) and (B) S-phase (A) and total cell cycle

636

(B) duration were measured using a time course of EdU staining according to the protocol of

637

Hayashi et al. (2013). Data represent mean ± 95% confidence intervals (n.s., not significant;

638

*, p < 0.05; **, p < 0.01; ***, p < 0.001). For S-phase duration, comparisons were tested

639

using ANOVA with Tukey correction. Total cell cycle duration was tested using ANOVA

640

with F-tests to statistically test the equality of means (n > 5). (C) EdU pulse-chase

641

experiment. Mitotic figures containing EdU signal were counted in Col-0, wee1-1, fas1-8 and

642

fas1-8 wee1-1 nuclei at 4 h, 8 h and 12 h after a short EdU pulse. Data represent percentage of

643

EdU-labelled cells among mitotic figures (n > 5).

644
645

Figure 3. CAF-1 dysfunction leads to the activation of the DDR genes. (A) Overlap of

646

upregulated genes in published transcriptome datasets of CAF-1 mutants (Schönrock et al.,

647

2006; Hisanaga et al., 2013; Mozgová et al., 2015). (B) Overlap of the core set of upregulated

648

genes in the CAF-1 datasets and the list of DDR markers (Yi et al., 2014). (C) List of

649

upregulated genes in the overlap shown in (A), with SOG1 targets as defined by Bourbousse

650

et al. (2018). (D) Relative expression levels in root tips of 7-d-old WT (Col-0), atr-2, atm-2,

651

fas1-4, fas1-4 atr-2 and fas1-4 atm-2 mutant plants as determined by qRT-PCR. Data

652

represent mean ± SEM, normalized to WT levels that were arbitrarily set to one (n = 3).

653

Significance was tested through Student’s t-test. Means with different letters are significantly

654

different (p < 0.05). (E) Expression of a GFP-reporter construct for SMR7 in Col-0 and fas1-8

655

background. Roots were stained with propidium iodide. Bar = 50 µm.

656
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657

Figure 4. Influence of ATM and ATR on the checkpoint activated in fas1 plants.

658

(B) and (C) S-phase duration (B) and total cell cycle (C) duration of Col-0, atm-2, atr-2, fas1-

659

4, fas1-4 atm-2 and fas1-4 atr-2, as determined by EdU time course according to the protocol

660

of Hayashi et al. (2013). Data represent mean ± 95% confidence intervals. Means with

661

different letters are significantly different (p < 0.05). For S-phase duration, comparisons were

662

tested using ANOVA with Tukey correction. Total cell cycle duration was tested using

663

ANOVA with F-tests to statistically test the equality of means (n > 5).

664
665

Figure 5. Zeocin partially rescues the wee1-1 hypersensitive phenotype on hydroxyurea.

666

Quantification of root growth of 7-d-old WT (Col-0) and wee1-1 plants grown on control

667

medium or medium supplemented with 0.5 mM HU, 12 µM zeocin or both. Data represent

668

mean ± SEM (n = 3, with > 9 plants in each repeat). Significance was tested with mixed

669

model analysis. Means with different letters are significantly different (p < 0.05).

670
671

Figure 6. Rescue of fas1 wee1 on replication stress is dependent on SOG1 but only

672

partially on ATM. (A) Quantification of root growth of Col-0, wee1-1, wee1-1 atm-2, fas1-8

673

wee1-1 and fas1-4 wee1-1 atm-2 at 7 DAS grown on medium containing -/+ 0.75 mM HU.

674

Data represent mean ± SEM (n > 10). Significance was tested with mixed model analysis.

675

Means with different letters are significantly different (p < 0.05). (B) Quantification of root

676

growth of Col-0, wee1-1, fas1-8 wee1-1, sog1-1 wee1-1 and fas1-8 sog1-1 wee1-1 at 7 DAS

677

grown on medium containing -/+ 0.75mM HU. Data represent mean ± SEM (n > 10).

678

Significance was tested with mixed model analysis. Means with different letters are

679

significantly different (p < 0.05). (C-E) Leaf size (C), epidermal cell number (D) and cell size

680

(E) of first leaves at 21 DAS of Col-0, fas1-8 wee1-1, and fas1-8 sog1-1 wee1-1. Data

681

represent mean ± SEM (n = 5, with 2 leaves per repeat). Means with different letters are

682

significantly different (p < 0.05).

683
684

Figure 7. The loss of rDNA is suppressed in fas1-4 atm-2. qPCR analysis of relative rDNA

685

copy number in WT and mutant lines. The 2-ΔΔCT method was used, with 18S primers and

686

UBQ10 as reference.
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687

(A) rDNA copy numbers in WT (Col-0), wee1-1, fas1-8 and fas1-8 wee1-1. Error bars in WT

688

represent the SD between technical replicates, while in mutant lines, error bars

689

correspond to the SD between biological replicates (n = 3).

690

(B) rDNA copy numbers in fas1 atm and fas1 atr lines. F4 and F5 represent two consecutive

691

generations of individual mutant lines, (L1-3). Error bars in WT and F4 generation

692

represent the SD between technical replicates, since only one plant was used in F4 as a

693

mother for several F5 plants. Error bars in F5 correspond to the SD between biological

694

replicates, representing a progeny of F4 plant (n = 3).

695
696

Figure 8. Mutation in ATM rescues the telomere shortening in fas1. Terminal restriction

697

fragment analysis (TRF) in (A) Col-0, wee1-1, fas1-8 and fas1-8 wee1-1 double mutant and

698

(B) fas1-4 atm-2 and fas1-4 atr-2 double mutants. Molecular markers (kb) are shown on the

699

left, signal quantification of telomere lengths is shown in the bottom part of the pictures.

700
701

Figure 9. Possible model of activated DDR in fas1 plants. The FAS1 mutation leads to

702

telomere dysfunction and formation of DSBs, in this way activating the ATM- and SOG1-

703

dependent G2/M checkpoint. Activation of these DDR regulators overrules the need for intra-

704

S-phase regulators (depicted in gray). For more details, see text.

705
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Figure 1. A mutation in FAS1 partially rescues the wee1-1 hypersensitive phenotype on
hydroxyurea. (A) and (B) Root growth of 7-d-old WT (Col-0) and wee1-1, fas1-8 and fas1-8 wee1-1
plants grown on control medium (A) or medium supplemented with 0.75 mM HU (B). Bar = 1 cm.
(C) Quantification of the root growth shown in (A) and (B). Data represent mean ± SEM (n > 10).
Significance was tested with mixed model analysis. Means with different letters are significantly
different (p < 0.05).
(D) Confocal microscopy images of root meristem of 7-d-old WT (Col-0) and wee1-1, fas1-8 and fas18 wee1-1 plants transferred for 24 h to control medium or medium supplemented with 1 mM HU and
stained with propidium iodide. Bar = 20 µm. (E) Quantification of root growth of Col-0, atr-2, fas1-4
and fas1-4 atr-2 at 7 DAS grown on medium containing -/+ 0.25 mM HU. Data represent mean ± SEM
(n > 10). Significance was tested with mixed model analysis. Means with different letters are
significantly different (p < 0.05).
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Figure 2. Cell cycle parameters of Col-0, wee1-1, fas1-8 and fas1-8 wee1-1 root tip cells
under control conditions and treated with HU. (A) and (B) S-phase (A) and total cell cycle
(B) duration were measured using a time course of EdU staining according to the protocol of
Hayashi et al. (2013). Data represent mean ± 95% confidence intervals (n.s., not significant; *,
p < 0.05; **, p < 0.01; ***, p < 0.001). For S-phase duration, comparisons were tested using
ANOVA with Tukey correction. Total cell cycle duration was tested using ANOVA with Ftests to statistically test the equality of means (n > 5). (C) EdU pulse-chase experiment. Mitotic
figures containing EdU signal were counted in Col-0, wee1-1, fas1-8 and fas1-8 wee1-1 nuclei
at 4 h, 8 h and 12 h after a short EdU pulse. Data represent percentage of EdU-labelled cells
among mitotic figures (n > 5).
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Figure 3. CAF-1 dysfunction leads to the activation of the DDR genes. (A) Overlap of
upregulated genes in published transcriptome datasets of CAF-1 mutants (Schönrock et al.,
2006; Hisanaga et al., 2013; Mozgová et al., 2015). (B) Overlap of the core set of upregulated
genes in the CAF-1 datasets and the list of DDR markers (Yi et al., 2014). (C) List of
upregulated genes in the overlap shown in (A), with SOG1 targets as defined by Bourbousse et
al. (2018). (D) Relative expression levels in root tips of 7-d-old WT (Col-0), atr-2, atm-2, fas14, fas1-4 atr-2 and fas1-4 atm-2 mutant plants as determined by qRT-PCR. Data represent mean
± SEM, normalized to WT levels that were arbitrarily set to one (n = 3). Significance was tested
through Student’s t-test. Means with different letters are significantly different (p < 0.05). (E)
Expression of a GFP-reporter construct for SMR7 in Col-0 and fas1-8 background. Roots were
stained with propidium iodide. Bar = 50 µm.
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Figure 4. Influence of ATM and ATR on the checkpoint activated in fas1 plants.
(B) and (C) S-phase duration (B) and total cell cycle (C) duration of Col-0, atm-2, atr-2, fas14, fas1-4 atm-2 and fas1-4 atr-2, as determined by EdU time course according to the protocol
of Hayashi et al. (2013). Data represent mean ± 95% confidence intervals. Means with different
letters are significantly different (p < 0.05). For S-phase duration, comparisons were tested
using ANOVA with Tukey correction. Total cell cycle duration was tested using ANOVA with
F-tests to statistically test the equality of means (n > 5).
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Figure 5. Zeocin partially rescues the wee1-1 hypersensitive phenotype on hydroxyurea.
Quantification of root growth of 7-d-old WT (Col-0) and wee1-1 plants grown on control
medium or medium supplemented with 0.5 mM HU, 12 µM zeocin or both. Data represent
mean ± SEM (n = 3, with > 9 plants in each repeat). Significance was tested with mixed model
analysis. Means with different letters are significantly different (p < 0.05).
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Figure 6. Rescue of fas1 wee1 on replication stress is dependent on SOG1 but only partially
on ATM. (A) Quantification of root growth of Col-0, wee1-1, wee1-1 atm-2, fas1-8 wee1-1 and
fas1-4 wee1-1 atm-2 at 7 DAS grown on medium containing -/+ 0.75 mM HU. Data represent
mean ± SEM (n > 10). Significance was tested with mixed model analysis. Means with different
letters are significantly different (p < 0.05). (B) Quantification of root growth of Col-0, wee11, fas1-8 wee1-1, sog1-1 wee1-1 and fas1-8 sog1-1 wee1-1 at 7 DAS grown on medium
containing -/+ 0.75mM HU. Data represent mean ± SEM (n > 10). Significance was tested with
mixed model analysis. Means with different letters are significantly different (p < 0.05). (C-E)
Leaf size (C), epidermal cell number (D) and cell size (E) of first leaves at 21 DAS of Col-0,
fas1-8 wee1-1, and fas1-8 sog1-1 wee1-1. Data represent mean ± SEM (n = 5, with 2 leaves per
repeat). Means with different letters are significantly different (p < 0.05).
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Figure 7. The loss of rDNA is suppressed in fas1-4 atm-2. qPCR analysis of relative rDNA
copy number in WT and mutant lines. The 2-ΔΔCT method was used, with 18S primers and
UBQ10 as reference. (A) rDNA copy numbers in WT (Col-0), wee1-1, fas1-8 and fas1-8 wee11. Error bars in WT represent the SD between technical replicates, while in mutant lines, error
bars correspond to the SD between biological replicates (n = 3). (B) rDNA copy numbers in
fas1 atm and fas1 atr lines. F4 and F5 represent two consecutive generations of individual
mutant lines, (L1-3). Error bars in WT and F4 generation represent the SD between technical
replicates, since only one plant was used in F4 as a mother for several F5 plants. Error bars in
F5 correspond to the SD between biological replicates, representing a progeny of F4 plant (n =
3).
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Figure 8. Mutation in ATM rescues the telomere shortening in fas1. Terminal restriction
fragment analysis (TRF) in (A) Col-0, wee1-1, fas1-8 and fas1-8 wee1-1 double mutant and (B)
fas1-4 atm-2 and fas1-4 atr-2 double mutants. All mutant fas1 lines depicted in (A) and (B) are
of comparable number of homozygous generations. Molecular markers (kb) are shown on the
left, signal quantification of telomere lengths is shown in the bottom part of the pictures.
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Figure 9. Possible model of activated DDR in fas1 plants. The FAS1 mutation leads to
telomere dysfunction and formation of DSBs, in this way activating the ATM- and SOG1dependent G2/M checkpoint. Activation of these DDR regulators overrules the need for intraS-phase regulators (depicted in gray). For more details, see text.
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