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SUMMARY

e Throughout their lifecycle, plants are subjected to DNA damage from various sources, both
environmental and endogenous. Investigating the mechanisms of the DNA damage response
(DDR) is essential to unravel how plants adjust to the changing environment that can elicit
varying amounts of DNA damage.

¢ Using a combination of state-of-the-art cell biology methods including whole-mount single-
molecule RNA fluorescence in situ hybridization (WM-smFISH), allowing detection of
individual mRNA molecules in intact plant tissue and plant cell cycle reporter lines we
investigated how the transcriptional activation of a key homologous recombination (HR)
gene, RADS51, occurs in response to increasing amounts of DNA damage in Arabidopsis
thaliana roots.

e The results uncover consistent variations in R4AD51 transcriptional response and cell cycle
arrest among distinct cell types and developmental zones. Furthermore, we demonstrate that
DNA damage induced by genotoxic stress results in RADS5/ transcription throughout the
whole cell cycle, dissociating its traditional link with S/G2 phases.

e This work advances the current comprehension of DNA damage response in plants showing
quantitative differences in DDR activation. In addition, it reveals new associations with the
cell cycle and cell types, providing crucial insights for further studies of the broader response

mechanisms in plants.

Keywords: DNA damage, Double Strand Breaks; Homologous Recombination, RADS5]

transcription, Cell cycle arrest, Cell cycle checkpoints, Arabidopsis thaliana.

INTRODUCTION

Plants, due to their sessile nature, are constantly exposed to various DNA damaging agents
from both the environment and endogenous processes. One of the most dangerous lesions that
can occur on the DNA are double-stranded breaks (DSBs) (Vitor et al., 2020). The occurrence
of this type of lesions requires immediate repair, resulting in DNA damage response (DDR)
activation, recruitment of the DNA repair machinery to the lesion site and cell cycle arrest until
the repair is complete (Preuss & Britt, 2003; Cools et al., 2011). In most cases, DSBs are

repaired by one of two mechanisms: non-homologous end joining (NHEJ) or homologous
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recombination (HR) (West et al., 2004). HR is typically viewed as an error-free repair system
that relies on an intact DNA strand acting as a template for reconstruction of the broken DNA

strand (Schuermann et al., 2005).

Soon after the occurrence of DSB thousands of kilobases around the newly formed DSB are
labeled by phosphorylated form of H2A.X histone variant (y-H2AX) that participates in the
early signaling of the lesion and recruitment of DNA repair machinery proteins (Rogakou et
al., 1999; Stewart et al., 2003; Lang et al., 2012; Fan et al., 2022). Histone y-H2AX levels
were shown to correlate with DNA damage amounts (Friesner ef al., 2005; Redon et al., 2009;
Lee et al., 2019), and its dynamics of recruitment and loss are employed to measure DSB repair

dynamics (Lobrich ef al., 2010; Lee et al., 2019).

HR pathway is intricately connected to the S and G2 phases of the cell cycle, owing to its
inherent need for an intact repair template, with the sister chromatid predominantly serving this
function (Johnson, 2000; Saleh-Gohari, 2004; Saintigny et al., 2007; Goldfarb & Lichten,
2010; Bee et al, 2013). This regulation is accomplished through cell-cycle-linked
transcriptional control of HR proteins and post-translational modifications of proteins during
the S and G2 phases (Yata et al., 2012; Weimer et al., 2016; Lim et al., 2020). Cell cycle arrest
is an integral part of the DDR, providing the necessary time for repair to take place thus
ensuring the integrity of genetic material (Muschel ef al., 1991; Raleigh & O’Connell, 2000;
Chen et al., 2017). In A. thaliana, cell cycle arrest in response to DNA damage occurs mostly
at G2/M and G1/S phase checkpoints (De Schutter et al., 2007; Cui et al., 2017; Cabral et al.,
2020). Different sources of DNA damage arrest the cell cycle at different stages. For example,
hydroxyurea or cadmium-induced DNA damage arrests the cell cycle at G1/S transition
(Culligan et al., 2004; Cui et al., 2017), while y-irradiation and aphidicolin arrest the cell cycle
at G2/M transition (Culligan et al., 2004).

RADS1 protein plays a key role in repair via HR. RADS51 promotes essential strand-invasion
step where resected 3’ single-stranded DNA end aligns with a homologous template, ensuring
proper placement of broken DNA strand overhangs (Shinohara et al., 1992; Abe et al., 2005;
Lietal.,2004; Suetal.,2017; Wang et al., 2014; Yu et al., 2023; Banerjee & Roy, 2021). The
widespread presence of RADS51 homologs across various species underscores its fundamental

functional significance (Bonilla et al., 2020). Mutation in RAD51 gene is lethal in animals but
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101  dispensable for vegetative development in 4. thaliana (Lim & Hasty, 1996; Tsuzuki et al.,
102  1996; Li et al., 2004). Upon DNA damage, RAD51 transcription is activated (Wang et al.,
103  2014; Feng et al., 2017; Ryu et al., 2019; Da Ines et al., 2022) in a dose-dependent manner
104  (Osakabe et al., 2005; De Schutter et al., 2007). RADS1 protein is subsequently loaded onto
105 the lesion site by BRCA2 or CX3 complex (Wang et al, 2010; Su et al., 2017). This
106  accumulation of RADS1 at the broken strand overhang (Flott et al., 2011; Biedermann et al.,
107 2017; Da Ines et al., 2022) facilitates the search for a homologous donor template (Hicks et al.,
108  2011; Coic et al., 2011; Meschichi et al., 2022). The activity of RADS]1 is tightly regulated at
109 the post-translational level, serving as a substrate of multiple kinases in human (Serensen et
110  al., 2005; Chabot et al., 2019; Woo et al., 2021) and budding yeasts (Flott et al., 2011; Woo et
111 al., 2020, 2021). Although RADS1 phosphorylation by the cyclin kinase CDKBI1-CYCBI1
112 complex was reported in vitro for A. thaliana, its exact function remains elusive. Nevertheless,
113 it is highly likely that this process is linked to RADS1 activation and recruitment to the DNA
114  double-strand break sites, as evidenced by compromised RADS51 foci formation in cychli; 1

115  mutants (Weimer et al., 2016).

116  Most plant studies have analyzed RADS51 expression using bulk measurements, combining
117  material from multiple plants (Wang et al., 2014; Ryu et al., 2019). Although this approach is
118  suitable for many purposes, it does not allow determining how gene expression is tuned at the
119  level of individual plants, tissues, or cell types. In this study, we used single-molecule RNA
120  FISH (smFISH) (Duncan et al., 2017; Zhao et al., 2023) to quantify the transcriptional response
121  of RADS5I at the cellular level to increasing amounts of DNA damage induced by DNA
122 damaging agent zeocin (Adachi et al., 2011). Our findings show a positive correlation between
123 RADS5] transcription and increasing amounts of damage, and we demonstrate that RADS51
124  mRNA output reaches a maximum at the cellular level upon surpassing a certain damage
125  threshold. Notably, RAD51 transcriptional response was different between root cell types and
126  developmental zones. Our data also shows prominent RAD51 transcription outside S/G2 cell
127  cycle phases under DNA damage, challenging the proposed strict association between HR and
128  S/G2 phases.

129 MATERIALS AND METHODS
130

131  Plant material
132
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133 All Arabidopsis thaliana lines used in this study were derived from Columbia (Col-0) ecotype.
134  Transgenic lines used in this study come from the following sources: RAD51-GFP line (Da
135 Inesetal.,2013), Cytrap (Aki & Umeda, 2016), PlaCCI and CDT1-CFP lines (Desvoyes et al.,

136 2020).

137

138  Plant growth
139

140  Arabidopsis seeds were surface sterilized in 5% (v/v) sodium hypochlorite for 5 min and rinsed
141  three times in sterile distilled water. Seeds were then stratified for 2 days at 4°C before
142  germination in a growth chamber in a vertically oriented Petri dish containing 1% plant agar
143 (Duchefa Biochemie, P1001.1000) MS medium plate, pH 5.7 (Gamborg et al., 1976). Plants
144  were grown under a photoperiod of 16 hours day and 8 hours night and a temperature cycle of
145  22°C during the day and 20°C during the night.

146

147  Expression analysis using real-time RT-PCR (qPCR)

148

149  For total RADS51 transcript analysis, 10-day-old A. thaliana (Col-0) seedlings were measured
150 by gPCR. 9-day-old seedlings were transferred onto 1% plant agar MS medium plates
151 containing different concentrations of zeocin (0 puM, 10 uM, 50 pM, 170 uM) (Gibco,
152 10072492). Seedling roots were cut with a razor blade and collected after overnight zeocin
153  exposure. A total of 0.1g of roots per zeocin concentration was used. RNA was isolated using
154  Quiagen RNeasy Plant Mini kit (Quiagen, 74904). RNA concentration was measured using
155  Nanodrop ND-1000 spectrophotometer. A total of 1 pg of RNA was treated with DNase
156  (Thermo Fisher, EN0521) and reverse transcribed with Reverse Transcriptase (Thermo Fisher,
157  EP0441). This template was then used to quantify relative mRNA abundance using the
158  SensiMix SYBR Low-ROX kit (Bioline), a LightCycler® 480 (Roche) and the primers
159  described below. RADS51 expression was analyzed using normalization to PP24 gene using
160 following primers: Rad5] forward GCGCAAGTAGATGGTTCAGC, Rad51 reverse
161 TTCCTCAACGCCAACCTTGT, PP24 forward TAACGTGGCCAAAATGATGC, PP24
162  reverse GTTCTCCACAACCGCTTGGT. Reactions were performed in triplicate, results were
163  calculated using the 2-44¢T
164

method, standard deviation values shown on a graph.

165  Single molecule fluorescence in situ hybridization (smFISH) on root squashes

166
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167  smFISH was performed on 5-6 days old seedlings according to previously published protocol
168  (Duncan et al., 2017) using probes designed against RADS5] and PP2A4 genes (listed in
169  Supplementary Table 2). Seedlings were transferred onto MS medium plates containing
170  selected concentrations of zeocin (Gibco, 10072492) or no zeocin for control sample. Seedlings
171  were collected after overnight zeocin exposure and treated further according to protocol.

172

173  Immunodetection

174

175  5-6 days old seedlings were transferred onto MS medium containing selected concentrations
176  of zeocin overnight. Roots were then cut off from seedlings using a razor blade and fixed in
177 4% paraformaldehyde solution for 30 minutes in glass dishes. Roots were then washed twice
178  with 1x PBS. 5 roots were then arranged on a slide in similar orientation, covered by a glass
179  coverslip and squashed manually by applying pressure on coverslip. The slide was then
180  submerged in liquid nitrogen until freezing and taken out, coverslip was then removed using a
181 razor blade. Slides were left to dry at room temperature for 30 minutes. Samples were rinsed
182  with 1x PBS three times and incubated with blocking buffer (0.5% BSA (Sigma-Aldrich
183  A7030) in 1x PBS) in humid chamber at 37°C for 30 minutes. To ensure minimal disturbance
184  of the sample we used small pieces of polypropylene waste bags instead of glass coverslips at
185  all incubation stages of the protocol. Excess blocking buffer was removed, samples were
186  incubated at 37°C overnight in a humid chamber with yYH2AX primary antibody (Charbonnel
187 et al., 2010), provided by Charles White. Antibody was diluted 1:700 in 0.5% BSA. Slides
188  were then rinsed with PBST buffer three times (I1x PBS, 0,01% Tween20 (Sigma-Aldrich
189  8.22184)) and incubated with PBST buffer for 5 min. Secondary antibody (Agrisera, AS09633)
190  diluted 1:200 in 0.5% BSA was then applied, and samples were incubated in a humid chamber
191 at 37°C for 2 hours. Slides were rinsed three times with PBST buffer and incubated with 1x
192  PBS buffer 2x 5 min. Excess buffer was removed, and samples were mounted in Vectashield
193  medium (Vector laboratories, H-1000) containing DAPI diluted 1:1000 (Thermo Fisher,
194  62248).

195

196  Sequential smFISH and immunodetection

197

198  SmFISH and immunodetection protocols were performed sequentially in the described order.
199  SmFISH in root squashes was performed first according to the protocol mentioned above. After

200 imaging the coverslips were gently removed using additional volumes of 1x PBS. Samples

6
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201 were rinsed with 1x PBS three times and samples were processed according to
202  immunodetection protocol above.

203

204  Whole-mount smFISH (WM-smFISH)

205

206 WM-smFISH was performed on 5-6 days old seedlings according to previously published
207  protocol (Zhao et al., 2023) using probes designed against Rad5 1 gene (listed in Supplementary
208 Table 1). Seedlings were transferred onto MS medium plates containing selected
209  concentrations of zeocin (Gibco, 10072492) or no zeocin for control sample. Seedlings were
210  collected after overnight zeocin exposure and treated further according to protocol.

211

212 Sequential WM-smFISH and 5-ethynyl-2’-deoxyuridine (EdU) labeling

213

214 5-6 days old seedling were first transferred onto the MS medium containing zeocin for 10
215  hours. Seedlings were then transferred onto MS medium containing same concentration of
216  zeocin and 20 uM EdU (Invitrogen, A10044) for two hours. WM-smFISH was performed first
217  according to the described protocol. After imaging, coverslips were gently removed from the
218  samples using additional volumes of 2x SSC buffer. Samples were then rinsed with 2x SSC
219  buffer three times and incubated with 3% BSA in 1x PBS solution at 37°C in a humid chamber
220 for 15 minutes. Samples were incubated with Click-iT reaction cocktail (Invitrogen C10269)
221  mixed according to the manufacturer’s instructions with addition of Alexa Fluor 488 azide
222 (Thermo Fisher, A10266), 500x dilution. Samples were then rinsed and incubated with a wash
223 buffer (10% formamide (Thermo Scientific, 17899) and 2xSSC) for 5 minutes. Samples were
224 incubated with SCRI Renaissance 2200 solution (Musielak et al., 2015) for 15 minutes at 37°C
225  in a humid chamber. Slides were rinsed and incubated for 5 min in the wash buffer. Samples
226  were then mounted in a drop of Vectashield medium.

227

228 RADS5I mRNA half-life quantification

229

230  5-6 days old seedling were transferred onto MS medium containing 10uM zeocin for selected
231  time periods: 12, 10, 8, 6 hours. Seedlings exposed to zeocin for 10, 8 and 6 hours were then
232 transferred to MS medium containing zeocin with Actinomycin D (Thermo Fisher,
233 J60148.LBO0) or zeocin with DMSO (Sigma-Aldrich, D4540) for 2, 4 and 6 hours accordingly.
234 Seedlings were then collected and processed according to smFISH protocol for root squashes

7
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235  using probes for RADS51 gene. The decay rate (Kdecay) for RADS51 and then its half-life (ti2)
236  were calculated by adjusting the number of molecules per cell (N) counted in the smFISH
237  images as an exponential function of time (t). The mathematical adjustment for N(t) was
238  developed in R assuming a constant decay rate, according to the function: N(t) = ekdecay * t |
239  then the half-life was calculated using the formula: In(2)/kgecay) (Narsai et al., 2007; Sorenson
240 etal,2018).

241

242  Image acquisition

243

244  Samples were imaged on Zeiss LSM780 and LSM800 inverted confocal microscopes (Zen
245  Black Software) using a 63X water-immersion objective (1.20 NA). smFISH on root squashes
246  imaging was performed using widefield mode, we used a cooled quad-port CCD (charge-
247  coupled device) ZEISS Axiocam 503 mono camera. A series of optical sections with z-steps of
248  0.22 pum were collected throughout the whole cell volume. For DAPI imaging an excitation
249  filter of 335-383 nm was used and emission was collected at 420 - 470 nm. Quasar570
250 fluorescent probes were imaged using 533-558 nm excitation filter and 570-640 nm signal
251  detection range. For immunostaining experiments were did not use widefield mode, for DAPI
252  signals excitation line of 405 nm was used with emission detection at 410-600 nm. For GFP
253  signals of labelled histone YH2AX excitation line of 488 nm and emission at 490 - 540 nm
254  settings were used. Imaging was performed in a manually adjusted single plain selected to

255  have a maximal number of nuclei in focus.

256 WM smFISH imaging was performed in confocal mode using a 63X water-immersion
257  objective (1.20 NA). For SCRI Renaissance 2200 imaging we used a 405 nm laser line and and
258  emission was collected at 410-600 nm. Quasar570 probe signals were captured with 561 nm
259  excitation line and emission collection at 565-700 nm. CFP signals were imaged using 455 nm

260 excitation line and emission detection at 460-600 nm.

261 Image analysis

262

263 smFISH

264  Nuclei and cellular outlines in smFISH were defined using CellProfiler software (Stirling et al.,
265 2021). RNA foci were detected and counted using FISH-quant-v3 (Mueller et al., 2013) in

266  Matlab. First, the “cell segmentation” tool was used to generate text files with the outline
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267  coordinates for the nuclei and cell masks. The outlines were uploaded, and images were pre-
268 processed for increasing their signal-to-noise ratio though a dual-Gaussian filtering followed
269 by a Gaussian Kernel. Dots were detected in the filtered image, first pre-detecting fluorescent
270  foci with fluorescence over a threshold. Then, the pre-detected dots were fitted to a Gaussian
271  fluorescence based on a point-spread function. Images were analyzed in the batch mode, and
272  false positives were removed in the end by thresholding the Sigma-XY, amplitude, and pixel-
273  intensity parameters to Gaussian distributions.

274

275  WM-smFISH

276  Cell segmentation was performed with Cellpose software (Stringer et al., 2021), using an
277  algorithm trained by us. RNA foci were detected and counted using FISH-quant-v3 (Mueller et
278  al., 2013) as described above. For RAD51-GFP line the signal intensities of both mRNA and
279  protein channels were quantified in CellProfiler software (Stirling et al., 2021). Colocalization
280 analysis and heatmap visualization was performed using CellProfiler software (Stirling et al.,
281  2021).

282  Images from EdU staining, Cytrap and PlaCCI lines were analysed manually using Imagel
283  software.

284

285  Correlation analysis of yH2AX signal and RADS5 1 transcription

286 Data on RADS5I transcription and H2AX levels were collected from the same cells for
287  correlation analysis. yH2AX integrated density was measured using Imagel] software and
288  normalized to DAPI integrated density. The number of detected RADS57 mRNA molecules was
289 normalized by the cell area to correct for cell size difference. Values obtained for both
290  parameters were log transformed. Data was visualized and correlation was evaluated using R
291  studio ggplot2 package.

292

293 RESULTS

294  RADSI transcriptional response to increasing DNA damage levels

295  To elucidate RADS51 transcriptional response to DNA damage we first assessed RAD51 mRNA
296  levels on roots from Col-0 plants treated with increasing concentrations of the DSB-inducing
297  agent zeocin (0 uM, 10 uM, 50 uM, 170 uM) using real-time quantitative PCR (RT-qPCR).

298  The results demonstrated an increase in RAD5] mRNA quantities with increasing zeocin
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299  concentrations (Fig. 1a). To investigate RADS51 transcriptional upregulation as a function of
300 DNA damage at the cellular and tissue level we employed smFISH (Duncan et al., 2016), a
301 method that allows absolute quantification of transcripts in individual cells (Fig. 1b, ¢(i)), using
302  the same material preparation as for immunodetection. Consistent with the qPCR data (Fig.
303 1a) smFISH results revealed an increase in the total number of RAD5/ mRNASs in root tissue
304  with increasing zeocin concentrations (Fig. 1d). Of note, the total number of RAD5] mRNAs
305 did not seem to increase in direct proportion to the concentration of zeocin. To evaluate the
306 increase in DNA damage levels corresponding to increasing zeocin concentrations, we
307 quantified y-H2AX levels by immunodetection as a proxy marker for DSB levels in individual
308 root cells. Single cell spreading achieved by root squashing facilitated antibody penetration
309 required for immunodetection (Fig. 1¢(ii)). The results showed an accumulation of y-H2AX in
310 the nuclei of root cells in response to growing zeocin concentrations (Fig. 1e), confirming the
311 increase in DSBs. The observed increase in y-H2AX accumulation was not directly
312  proportional to the increase in zeocin concentration as the number of R4D51 mRNAs. To assess
313  the direct relationship between RADS51 transcription and the extent of DNA damage within
314  individual cell, we performed a sequential RADS5I-smFISH/yH2AX-immunodetection
315  protocol on cells obtained from root squashes and evaluated mRNA and DNA damage levels
316  on the same cells (Fig. 1¢). This analysis revealed a positive correlation between the number
317  of RAD51 mRNA molecules per cell and the y-H2AX levels with a correlation coefficient
318 R=0.62 (p<l.4e'¥) (Fig. 1f). Our analysis indicated that the interaction between the two
319 variables is best described by a linear model with deviance of fit (DOF) value of 18.44615.
320 DOF value of the exponential model, indicating a potential limit to the possible number of
321 RADS5I mRNAs per cell, was however only slightly higher, 18.99684 (Fig. S1). Importantly,
322 the mRNA counts for the house-keeping gene PP2A4 remained constant across zeocin

323 concentrations (Fig. S1), confirming the specific RAD5 1 upregulation with increasing damage.
324

325  Cell-to-cell variability in RADS51 transcriptional response
326

327  To unravel potential differences in RADS51 transcriptional activation between different cell
328 types and developmental zones of the root we performed recently developed whole-mount
329 smFISH (WM-smFISH) protocol (Zhao et al., 2023). This method overcomes the limitations
330  of traditional root squash sample preparation, enabling the assessment of transcript numbers

331  within intact tissues (Fig. 2a, Fig. S2). Heatmaps of RAD5] mRNA molecules per cell were
10


https://doi.org/10.1101/2024.02.15.580253
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.15.580253; this version posted February 19, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

332  generated to visualize number of transcripts per cell across root tissues (Fig. 2b). The results
333 revealed that the number of transcribing cells as well as the number of RAD5/ mRNA
334  molecules detected per cell increases in response to increasing zeocin concentrations. This
335  pattern is further evident in the histogram quantification (Fig. 2¢), depicting a progressive rise
336 in the number of actively transcribing cells with increasing zeocin concentrations. This data
337  also indicates a possible upper boundary on the number of RAD51 mRNA molecules per cell.
338 Indeed, one cannot observe a large difference in mRNA numbers per cell between 50 uM and
339 170 uM zeocin concentrations despite the large increase in concentration, as visualized on
340  heatmaps (Fig. 2b) and in a graph form (Fig. 2¢, d).

341 Importantly, our results indicate substantial variability among root cells in their sensitivity to
342  DSBs induced by zeocin, as revealed by the non-uniform heatmaps. Some cells exhibited a
343  strong transcriptional response even at a 10 pM zeocin concentration, with mRNA counts
344  comparable to those induced by 50 uM and 170 uM (Fig. 2b, c). Conversely, certain cells
345  displayed low mRNA counts even after exposure to 50 uM and 170 uM zeocin (Fig. 2b, ¢). To
346  discern potential distinctions between cell types, we plotted the number of RAD57 mRNAs in
347  different root cell types (Epidermis, Cortex, Endodermis, and Stele). The results demonstrated
348  that RADS1 transcriptional response within stele cells was distinct from the other root cell types
349  analyzed showing higher per cell mRNA output (Fig. 2d). The comparison also indicated no
350 difference in mRNA counts per cell between 50 uM and 170 uM zeocin treated samples (Fig.
351  2d), potentially arguing in preference of previously proposed limit to per cell transcript output
352  (Fig. S1a). Notably, across developmental regions RADS51 transcriptional output decreased in
353 the elongation zone in comparison with the meristem region (Fig. S3) consistent with previous
354  reports (Da Ines et al., 2013).

355

356  Quantification of RADS1 protein levels per cell

357

358  Next, we aimed to investigate the relationship between RAD5] mRNA and protein levels per
359  cell to assess the extent to which the rise in mRNA numbers aligns with the resultant protein
360 quantity. For that we performed WM-smFISH on RAD51-GFP line (Da Ines et al., 2013) and
361 quantified mRNA and protein mean fluorescence intensity per cell as described previously
362 (Fig.3a) (Zhao et al., 2023). Similarly to Col-0 plants, RAD51 mRNA levels per cell exhibited
363  an increase with increasing zeocin concentration in RADS51-GFP line (Fig. 3a(ii, iv); Fig. 3b).

364  The results argue again in favor of linear growth of RADS51 transcriptional response. However,
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365  we still observed that the increase in fluorescence was not isometric to the growth in zeocin
366  concentration and substantial number of values between 50 uM and 170 uM zeocin treated
367 samples were overlapping (Fig. 3b). The growth trend was similar for RAD51-GFP protein
368  (Fig. 3a(iii, v); Fig. 3c). Of note, measured fluorescence signal intensity did not increase
369 further after 50 uM zeocin concentration, suggesting a limit to RADS51 protein amount that can
370  be present in the cell (Fig. 3c¢). Intriguingly, heatmaps evaluating ratio between mRNA and
371 protein levels revealed slight differences between cells in terms of mRNA and protein
372 accumulation (Fig. 3a(vi); Fig. S4-6). In line with our previous observations, mRNA
373  molecules seem to have a higher abundance in stele (Fig. 3a(ii, iv), a(vi); Fig. S4-6). RADS51-
374  GFP protein accumulation, on the other hand, was more prevalent in the cortex and epidermis
375  ofthe root tip (Fig. 3a(iii, v), a(vi); Fig. S3-5). This differential accumulation between mRNA
376  and protein among different cell types is intriguing and could suggest protein movement or
377  differential degradation between cells but more investigation to validate these hypotheses

378  would be required.

379  RADSI transcription through the cell cycle

380 RADSI transcription is typically linked to the S and G2 phases of the cell cycle, motivated by
381 the requirement of homologous DNA sequences during repair through HR (Schuermann et al.,
382 2005; Goldfarb & Lichten, 2010). Given the very high proportion of cells with RAD57 mRNAs
383  signals in the zeocin-treated samples, we expected a considerable number of cells arrested at
384  the S or G2/M checkpoints (Osakabe et al., 2005; De Schutter et al., 2007). To evaluate the
385 cell cycle arrest in roots treated with zeocin, we conducted EdU staining to label cells that went
386  through S-phase in a sequential smFISH/EdU protocol (Fig. 4a-c). Our results revealed a
387  drastic decline in the number of EdU-positive cells with increasing zeocin concentration, with
388 almost no labeled cells at 50 pM and 170 uM concentrations, indicating a strong cell cycle
389 arrest in these samples (Fig. 4b, 4d, Fig. S7). EdU-positive cells tend to be most abundant in
390 the root stele, possibly explaining higher RADS5! transcript output in this part of the root as it
391 s usually associated with S/G2 phases of the cell cycle (Fig. S7a, S7b, S7¢). Moreover, two-
392 way ANOVA revealed that the observed variations in EdU-positive cell numbers can be
393  explained by both zeocin concentration and the cell type with significant interaction between
394  the two parameters (p = 4.94¢'°) (Fig. S7b). Subsequent pairwise comparisons revealed
395  statistically significant changes in cell numbers between the concentrations only in the root

396 stele. Importantly, comparing EdU labelling with RAD5/ smFISH signals revealed EdU
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397 stained cells with modest RAD5] mRNA presence next to cells with no EdU signal and
398 abundant number of RAD5] mRNA molecules (Fig. 4¢). This observation potentially
399  challenges the strict dependency of RADS5! transcription on the S/G2-phase of the cells. Of
400 note, EAU signals were observed in the elongation zone of the root at 50 uM and 170 uM
401  concentrations of zeocin, revealing distinct responses across the various root developmental

402  zones (Fig. S7c).

403  To further investigate the association between RADS5 [ transcription and S/G2 phases of the cell
404  cycle under damage, we used Cytrap (Yin ef al., 2014), CDT1-CFP (Desvoyes et al., 2019)
405 and PlaCCI (Desvoyes et al., 2020) lines, which express fluorescent reporters specific to
406 individual cell cycle phases. Cytrap line allows visualization of S/G2 phase cells and G2/M
407  cells while PIaCCI line provides additional possibility of direct G1 phase cells visualization
408 using CDT1a-CFP construct which is also available as a separate line (Fig. 4e). Analysis of
409  Cytrap line revealed a decrease in S/G2-phase cells with increasing concentrations of zeocin,
410 consistent with EdU staining data (Fig. S8a), as well as an increase in the fraction of cells
411  expressing G2/M reporter, potentially corresponding to checkpoint arrest (Fig. S8b) (Preuss &
412  Britt, 2003). Statistical analysis revealed that the changes in S/G2 and G2/M phase cells can be
413  explained by both zeocin concentration and the cell type with significant interaction between
414  the two parameters (p = 1.08¢%, p = 6.56e% accordingly) (Fig. S8e-f). Further pairwise
415  comparisons revealed statistically significant changes between the concentrations only within
416  root stele group, an observation strikingly similar to the earlier reported RADS5 ! transcriptional
417  data. Of note, the combined percentage of S/G2 and G2/M cells at higher concentrations of
418  zeocin suggests that a large fraction of cells is not either in S phase or at G2/M checkpoint,
419  thus potentially residing in G1 phase (Fig. 4f). Considering the novelty of this finding we
420  decided to rely on direct visualization of G1 phase cells using recently developed PlaCCI and
421  CDTI1-CFP lines. The results confirmed an increase in the amount of G1 cells in response to
422  increasing concentrations of zeocin in PlaCCI and CDT1-CFP lines indicating potential cell
423  cycle arrest at G1/S checkpoint (Fig. 4g, Fig. S9a). The proportion of cells with G2/M marker
424  also increased confirming the results obtained with Cytrap line (Fig. S9b, S9¢). Analysis of the
425  results showed the changes in G1 cell numbers can be explained by both zeocin concentration
426  and the cell type with significant interaction between the two parameters (p = 0.0268) (Fig.
427  S9a, S9d). Further pairwise comparisons revealed statistically significant increase in G1 cells

428  only within root stele group.
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429 Intriguingly, we also observed a small fraction of cells without any fluorescent reporter

430 presence in roots of PlaCClI line (Fig. S9¢).

431  One possible explanation for RADS5] transcripts observed in G1 cells is that they could be
432  produced in S/G2 and carried over to G1 due to a potentially long half-life of transcripts. To
433  evaluate the mRNA half-life, we treated seedlings with the transcription elongation inhibitor,
434  actinomycin D (ActD), and conducted a time-series smFISH analysis (Fig. S10). The half-life
435  ofthe RAD51 mRNA was calculated from our data as 4.9 hours. Considering this measurement
436  there is the possibility of RAD5] mRNA persisting beyond the G2-phase of the cell cycle.
437  Indeed, we detected mitotic cells, which normally do not actively transcribe genes, possessing
438 RAD5I1 mRNAs (Fig. S10c). However, this half-life (4.9h) is relatively short compared to the
439  cell cycle duration (Rahni & Birnbaum, 2019) so while RAD51 mRNA may be carried between
440  cell divisions, its half-life alone seems unlikely to explain the high proportion of cells with

441  RADS5I mRNA signals in zeocin samples.

442  To show RADS5I transcription in G1 arrested cells directly, we performed RAD5] smFISH
443  detection on CDT1-CFP line, expressing the same G1 marker as PlaCCI line alone (Fig. 4h).
444  The results clearly show the presence of multiple R4D5] mRNAs and most importantly active
445  transcriptional sites, as judged by the presence of larger smFISH foci in the nucleus (Fig.
446  4h(ii)), in cells labeled with G1 phase reporter (Fig. 4h(iii)), thereby directly confirming
447  predicted RADS5 1 transcription during G1 phase under DNA damage. Upon further examination
448  of transcription site numbers in G1 and non-G1 cells using the CDT1-CFP line, we observed a
449 nearly equal partitioning (Supplementary table 1). This observation implies that RADS5!
450 transcription occurs with approximately equal probability during both G1 and other stages of
451  the cell cycle under conditions of DNA damage. This result correlates with similar numbers of
452  cells residing in G1 and other cell cycle phases (Fig. 4f, S9¢). Intriguingly, some G1 RAD51
453  transcription was possible even under control conditions.

454

455  DISCUSSION

456

457  This study describes the transcriptional activation of RADS51 following increasing amounts of
458 DNA damage. Our findings indicate a rise in total mRNA production that results from an
459 increase in transcriptional output per cell as DNA damage increases. These results underscore

460 the cell's capacity to sense the extent of damage and modulate RADS5 ] transcription accordingly.
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461  Using single-cell measurements by smFISH technique we obtained data showing differences in
462  DNA damage sensitivity between cells, manifested by varying RAD51 mRNA transcriptional
463  output in response to the same concentration of DNA damaging agent. Our results also revealed
464  dynamic changes in numbers of cells residing in different cell cycle phases in response to
465 increased DNA damage. Of note, these changes were not as evident between samples treated
466  with 50 uM and 170 uM zeocin concentrations, for which the number of R4D51 mRNAs per
467  cell did not differ substantially. One can therefore speculate that proportions of cell arrested at
468  different cell cycle phases achieved in 50 uM and 170 uM zeocin treated samples are the most
469 efficient for cells to cope with DNA damage.
470
471  Cell cycle arrest and upregulation of DDR genes are the two key elements of the DDR response.
472  Our data from several independent experiments showed that root stele cells consistently
473  differed from other cell types in both cell cycle changes and RADS51 transcriptional response
474  to growing amounts of DNA damage. Specifically, root stele cells exhibited a more extensive
475  RADS]I transcriptional activation as well as larger fluctuations in numbers of cells represented
476  at different cell cycle stages under the same zeocin concentrations. One potential explanation
477  for this observation could be linked to distinct cell cycle duration among the different cell types.
478  Live-imaging experiments indicate a shorter cell cycle duration for stele cells (~15 hours)
479  compared to other root cell types (~23 hours for cortex and 24h for the epidermis) (Rahni &
480  Birnbaum, 2019). Faster proliferation rates have been correlated with increased susceptibility
481 to DNA damage (Kiraly et al., 2015; Alhmoud et al., 2020). Notably, stele cells have
482  demonstrated higher sensitivity to cell death in response to zeocin (Yoshiyama et al., 2017;
483  Johnson et al., 2018; Ryu et al., 2019). Consequently, the greater accumulation of damage may
484  underscore the elevated transcriptional response of RADS ! in stele cells.
485
486  The observation of RADS51 transcription occurring outside S/G2 phases of the cell cycle is
487  another important finding of this study. DDR via HR and RAD51 gene expression has been
488  associated with S/G2-phase of the cell cycle in many organisms (Basile ez al., 1992; Yamamoto
489 et al., 1996; Doutriaux et al., 1998). In A. thaliana RADS51 transcription in response to DNA
490 damage was coincident with the cell cycle arrest at G2/M checkpoint (Osakabe et al., 2005; De
491  Schutter et al., 2007). Later studies demonstrated that both G1/S and G2/M checkpoints can be
492  used to ensure cell cycle arrest in response to DNA damage. For example, hydroxyurea (HU)
493 treatment was shown to activate both G2/M cell cycle arrest (De Schutter et al., 2007) and G1/S
494  checkpoint (Saban & Bujak, 2009; Cabral et al., 2020), a phenomenon also observed in
15
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495  response to gamma irradiation (Hefner, 2003; Hefner et al., 2006; Ricaud et al., 2007). Zeocin,
496 the radiomimetic drug used in this study to induce DSBs, was so far reported to promote arrest
497  at the G2/M checkpoint (De Schutter et al., 2007; Chen et al., 2017). Our findings challenge
498  this view by demonstrating that a considerable number of cells undergo arrest in the G1 phase
499  while still exhibiting RADS51 transcription. This observation does not mean that RADS5/ is not
500 transcribed in S/G2. Indeed, our data indicated equal representation of transcription site signals
501 in G1 cells and cells in the rest of the cell cycle, potentially indicating absence of preference
502  for RADS51 transcription between the cell cycle phases under varying amounts of DNA damage.
503  Our results therefore suggest RADS5 1 transcription being more widespread across the cell cycle
504 than initially anticipated.

505

506 Previous studies suggest a potential reason and implication behind the release of the S/G2
507 restriction of RADS51 expression. For instance, it was shown that repetitive sequences can be
508 repaired via HR during G1 phase, proven by the recruitment of RADS51 to centromeric break
509 sites in mouse and human cells (Yilmaz ef al., 2021). The HR machinery is also involved in G1
510 repair of ribosomal DNA, another type of repetitive sequence in human cell cultures (van Sluis
511 & McStay, 2015). Moreover, non-recombinogenic functions in DNA reparation were suggested
512 for RADS51 and some HR proteins (Cano-Linares et al., 2021; Prado, 2021). We suggest this as
513  one of the potential reasons behind our observation of active RAD51 transcription in G1 after
514 DNA damage exposure. Also, in A. thaliana, RAD54 foci were shown to emerge with high
515 frequency in both in G1 and G2 cells after gamma irradiation (Hirakawa & Matsunaga, 2019).
516  The necessity of prior RADS51 foci formation for the formation of RAD54 foci points to the
517  possibility of RADS1 foci presence in G1 phase A. thaliana cells (Hirakawa et al., 2017).

518

519  Altogether, the results of this article shed new light on the DNA damage response in plants,
520 uncovering distinctions in the transcriptional response of RADS51 across various cell types.
521  Moreover, it highlights the noteworthy occurrence of transcription during the G1 phase of the
522 cell cycle.
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803  thaliana RADS51-GFP line roots treated with 0 uM and 10 uM concentrations of zeocin.
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805 Fig. S5 Quantification of RAD5] mRNA and RADS51-GFP protein signals in Arabidopsis
806  thaliana RADS51-GFP line roots treated with 50 uM concentration of zeocin.
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Fig. S6 Quantification of RAD5] mRNA and RADS51-GFP protein signals in Arabidopsis
thaliana RADS51-GFP line roots treated with 170 uM concentration of zeocin.

Fig. S7 Evaluation of cell cycle arrest in Arabidopsis thaliana roots after exposure to growing

amounts of DNA damage using EdU staining.

Fig. S8 Evaluation of cell cycle changes in Arabidopsis thaliana Cytrap line roots after

exposure to 0 uM, 10 uM, 50 uM, 170 uM concentrations of zeocin.

Fig. S9 Evaluation of cell cycle changes in Arabidopsis thaliana PlaCCI line roots after
exposure to 0 uM, 10 uM, 50 uM, 170 uM concentrations of zeocin.

Fig. S10 RAD51 mRNA molecule half-life evaluation under DNA damage in squashed roots of
Arabidopsis thaliana.

Table S1 RADS51 transcription site (TS) representation in cells residing at G1 and other phases
of the cell cycle in Arabidopsis thaliana CDT1-CFP line roots.
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Fig. 1 RADST T RSt rip o moapek b2 AN CHmILIAGOR 018 LASPOSS® FhebeastBE D NA DAMAEE in Arabidopsis
thaliana root squashes. (a) qPCR quantification of RAD5 transcriptional response in roots after exposure to 0 pM,
10 uM, 50 pM, 170 uM concentrations of zeocin. RADS51 expression measured relative to PP24 gene as a control.
ANOVA revealed statistically significant difference in RADS51 expression by zeocin concentration (F(3)=78.05,
p=9.59¢-06)). Letters indicate results of TukeyHSD test with 95% confidence level. Error bars indicate standard
deviation. (b) Schematic image of single mRNA molecule labelling using multiple fluorescent probes by smFISH
protocol. (¢) Images acquired using sequential smFISH and immunodetection protocol in squashed root cells after 50
UM zeocin exposure. (1) RAD51 mRNA detection via smFISH, nuclei counterstained with DAPI (blue). (i1) y-H2AX
immunodetection (red) and DAPI (blue) signals. Scale bars, 5 um. (d) Total number of RAD5] mRNA molecules
detected in 30 randomly selected cells after zeocin exposure from dataset containing (n=160, n=116, n=60, n=96 cells
for 0 uM, 10 uM, 50 uM, 170 uM zeocin respectively), subset was selected 30 times. ANOVA revealed statistically
significant difference in RAD5] mRNA molecule number by zeocin concentration (F(3)=1497, p<2e-16)). Letters
indicate results of TukeyHSD test with 95% confidence level. (e) y-H2AX fluorescence signal intensities measured
after exposure to 0 pM, 10 uM, 50 uM, 170 uM concentrations of zeocin in squashed roots. Values represent nuclear
signal fluorescence intensity measured as lg (Integrated Density). ANOVA revealed statistically significant difference
in y-H2AX fluorescence by zeocin concentration (F(3)=175.4, p<2e-08)) in our measurements (n=236, n=145,
n=226, n=182 cells for 0 uM, 10 uM, 50 uM, 170 uM zeocin respectively). Letters indicate results of TukeyHSD test
with 95% confidence level. (f) Correlation analysis between the number of R4D57 mRNA molecules and y-H2AX
signal intensity in individual cells of squashed roots with linear model fit. Number of RADS5! transcripts normalized
by corresponding cell area, logl0 of this value used for the corresponding axis. y-H2AX fluorescence intensity
measured as lg(Integrated Density) with prior normalization to DAPI Integrated density. Correlation coefficient (R)
and p-value shown on a graph. DOF indicates deviance of fit calculated for the model. Dataset contains n=40, n=40,
n=25, n=22 measurements for 0 uM, 10 uM, 50 uM, 170 uM zeocin respectively.
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Fig. 2 RRBAT MRNR "ot fesh i S ndshaane e g“éiin?a%s‘i{%'svafﬂ crdrabidopsis thaliana root. (a)
Representative images of whole-mount smFISH for R4D57 mRNA in Col-0 roots after exposure to 0 uM, 10 uM, 50
uM, 170 uM concentrations of zeocin. (i) Images of cell wall staining using Renaissance 2200 dye. (i1) Images of
RADS51 mRNA detection. Scale bars, 20 um. (b) Heatmaps representing quantification of RAD57 mRNA molecules
detected in individual cells. (¢) Frequency distribution of RAD51 mRNA molecules per cell, for plants treated with
different zeocin concentrations. Bin groups created using a step of 10 transcripts. (d) Number of RAD5] mRNA
molecules per cell in each of the selected cell types (Epidermis, Cortex, Endodermis, Stele) after exposure to 0 pM,

10 uM, 50 uM, 170 uM concentrations of zeocin. Two-way ANOVA revealed statistically significant difference in
RADS51 molecule number by both zeocin concentration (F(3)=119.93, p=2e-16)) and cell lineage (F(3)=25.39,

p=1.71e-15)). Letters indicate results of TukeyHSD test of two-way ANOVA results with 95% confidence level.
Measurements for (¢) and (d) performed using data from images (a) and (b).
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Fig. 3 SimBTTANCOuS deteclignmane uantiiamion Ode b0 55 Raith A peateu s respotise to mereasing DNA
damage in Arabidopsis thaliana RAD51-GFP line roots. (a) Representative confocal images and quantification of
RADS51 mRNA (ii)) and RADS51-GFP protein signals (iii) after exposure to 0 pM, 10 uM, 50 uM, 170 uM
mRNA by smFISH and (iii)) RADS51-GFP signals. (iv, v) Heatmaps representing the levels of the corresponding mean
signal intensity per cell (MI). (iv) Signal intensity of RADS51 mRNA molecules. (v) Signal intensity of RAD51-GFP
protein. (vi) Heatmaps representing the ratio between the RAD51 mRNA and RAD51-GFP protein signal intensities
in each cell. Scale bars, 20 um. (b) RAD51 mRNAs per cell after exposure to 0 uM, 10 uM, 50 uM, 170 uM zeocin.
ANOVA revealed statistically significant difference in RAD57 mRNA signal mean intensity by zeocin concentration
(F(3)=558.7, p<2e-16)). Letters indicate results of TukeyHSD test with 95% confidence level. (¢) RAD51-GFP mean
signal intensity per cell after exposure to 0 uM, 10 uM, 50 uM, 170 uM zeocin. ANOVA revealed statistically
significant difference in RAD51-GFP signal mean intensity by zeocin concentration (F(3)=547.2, p<2e-16)). Letters
indicate results of TukeyHSD test with 95% confidence level. Graphs on (b) and (c) created using dataset from several
images containing (n=640, n=1391, n=854, n=457 cells for 0 uM, 10 uM, 50 uM, 170 uM zeocin respectively)
individual cell measurements.
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experimental setup used for quantification of S-phase cells. Seedlings were treated with different concentrations of
zeocin concentrations for 10 hours, followed by additional treatment with zeocin and EAU for two hours. (b) Confocal
images of roots acquired using sequential WM-smFISH/EdU staining protocol after exposure to 0 uM, 10 uM, 50 uM,
170 uM zeocin. Cell wall staining using Renaissance 2200 dye. (i) Detection of S-phase cells by EdU staining. (i1)
RADS5 I mRNA detection by smFISH. Scale bars, 20 um. (¢) RAD51 mRNA and EdU staining images of 10 uM zeocin
sample with higher magnification showing RAD51 transcripts on EdU-negative cells. (1) Merged image showing
RADS5I mRNA and EdU signals. White dashed box delineates magnified area. Scale bar, 20 pm. (ii) Magnified area
showing RAD51 mRNA signals. Scale bar, 5 um. (iii) Magnified area showing EdU signals. Scale bar, 5 um. (d)
Percentage of EdU positive cells in roots after exposure to 0 uM, 10 uM, 50 uM, 170 uM zeocin. ANOVA revealed
statistically significant difference in EdU positive cell numbers by zeocin concentration (F(3)=24.38, p=1.67¢-08)) in
our measurements (n=1123, n=1356, n=1519, n=1208 measurements for 0 puM, 10 uM, 50 puM, 170 puM zeocin
respectively). Error bars indicate standard deviation. Letters indicate results of TukeyHSD test with 95% confidence
level. (e) Schematic representation of the cell cycle and its phases. Cell cycle phases labelled by corresponding
fluorescent reporter indicated for each of the plant lines used for the cell cycle analysis. (f) Representation of cells in
different phases of the cell cycle in Cytrap line roots, value shown in %. Representation of G1 cells is an approximation
calculated by exclusion according to Cytrap line description. Dataset containing 1002, 816, 800, 998 individual
measurements for 0 pM, 50 uM and 170 uM concentrations correspondingly was used. (g) Percentage of G1-phase
cells in roots after for the different concentrations of zeocin in roots of PlaCClI plant line. ANOVA revealed statistically
significant difference in EAU Gl-phase cell numbers by zeocin concentration (F(3)=15.15, p=4.56e-07)) in our
measurements (n=2526, n=2438, n=1997, n=1698 measurements for 0 pM, 10 uM, 50 uM, 170 uM zeocin
respectively). Error bars indicate standard deviation. Letters indicate results of TukeyHSD test with 95% confidence
level. (h) Representative confocal image of root cells from CDT1a-CFP plant line after exposure to 50 uM zeocin,
showing with RAD51 mRNA signal detection via WM-smFISH. (i) Detection of CDT1a-CFP reporter. (ii) Detection
RADS51 mRNA signals. Asterisks indicate transcription sites. (iii) Overlay of (i) and (ii) images. Scale bars, 20 um.
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