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One Sentence Summary: The phosphoinositide PI(4,5)P; acts as an hallmark to guide the final step of

plant cell division.

ABSTRACT

Plant cytokinesis, which fundamentally differs from that in animals, involves de novo assembly of a
plasma membrane precursor named the cell plate. How the transition from the cell plate to a plasma
membrane occurs at the end of the plant cytokinesis remains poorly understood. Here, we describe with
unprecedented spatiotemporal precision, the acquisition of plasma membrane identity upon cytokinesis
through the lateral patterning of phosphatidylinositol 4,5-bisphosphate P1(4,5)P; at the newly formed
cell plate membrane. We show that during late cytokinesis, opposing polarity domains are formed along
the cell plate. Exclusion of P1(4,5)P, from the leading edge of the cell plate is controlled by SAC9, a
putative phosphoinositide phosphatase. SAC9 colocalizes with MAP65-3, a key regulator of the
cytokinesis, at the cell plate leading zone and regulates its function. In the sac9-3 mutant, the polar
distribution of PI1(4,5)P; at the cell plate is altered, leading to de-novo recruitment of the cytokinesis
apparatus and to formation of an additional, ectopic cell plate insertion site. We proposed that P1(4,5)P;
acts as a polar cue to spatially separate the expansion and maturation domains of the forming cell plate

during the final steps of cytokinesis.
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INTRODUCTION

Plant cytokinesis differs from the inward cytokinesis observed in animals, and involves de novo
building of a new cell plate between daughter cells, established in telophase by a plant-specific
cytoskeletal array named the phragmoplast (1). This process requires directional vesicle trafficking
toward the phragmoplast midzone, for the deposition of a transitory membrane structure named the cell
plate (2). There, the cell plate expands toward the cell periphery as microtubules are disassembled in
the inner phragmoplast region (lagging zone), while new overlapping antiparallel microtubules appear
at the outer edge of the phragmoplast (leading zone, Fig. 1a). In this process, the most likely microtubule
cross-linking factors are proteins belonging to the MAP65 family and members of the Kinesin-12
subfamily (3, 4). Upon attachment of the growing cell plate to the mother membrane, cell plate
properties and composition undergo a number of changes (5-7), suggesting that the phragmoplast
leading zone might act as a landmark to terminate cytokinesis (8). The nature of this cue remains elusive,
and the molecular players regulating the transition from cell plate to plasma membrane identity are

poorly understood.

Recent evidence points toward a specific anionic lipid signature for the plant plasma membrane (9).
This landmark is set up by enzymes involved in phosphoinositide metabolism, in particular
phosphatases and kinases that locally convert phosphoinositide pools (10). At the plasma membrane,
phosphatidylinositol 4,5-bisphosphate (P1(4,5)P>) is enriched, whereas P1(4,5)P; is excluded from the
endocytic pathway (11). This spatial distribution of PI(4,5)P2 allows the polar recruitment of proteins
to orchestrate key processes, including membrane trafficking (12—14) and cytoskeleton remodeling (15—
17). During cytokinesis, while most of anionic lipids accumulate at the cell plate from its inception,
P1(4,5)P: is excluded (18, 19). Yet, how and when the cell plate changes its identity to become a bona

fide, P1(4,5)P2-enriched plasma membrane remains unknown.

Here we report that P1(4,5)P, enrichment occurs upon first contact of the growing cell plate with the
maternal membrane upon its unilateral attachment. At the same time, PI(4,5)P, becomes excluded from
the leading edge of the non-attached side of the phragmoplast, suggesting an active mechanism
preventing further passive diffusion. Depletion of PI(4,5)P, at the leading edge correlates with
enrichment of the putative P1(4,5)P, phosphatase SAC9. Loss of sac9 leads to ectopic accumulation of
P1(4,5)P; at the leading edge of the phragmoplast, which correlates with MAP65-3 mislocalization and
aberrant cell plate branching. We propose a model in which the PI(4,5)P, acts as a spatial cue to guide

the leading zone of the phragmoplast at the final step of the plant cytokinesis.
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RESULTS

We investigated how PI(4,5)P, membrane signature is acquired during cytokinesis using the
Arabidopsis root meristem as a model. Live cell imaging in four dimensions confirmed that during
cytokinesis, PI(4,5)P, biosensors (mCit-TUBBYc or 2mCH-PHPL)(20) are excluded from the
expanding cell plate until its unilateral attachment to the mother wall (Fig.1a, 1b and Extended data 1,
2). Indeed, at this stage, cell plate attachment is not synchronous, providing an internal control
(attached/non-attached on the same cell plate; Fig.1a, blue arrow). These observations suggested that
P1(4,5)P,-enrichment at the maturing cell plate (Fig. 1b, white arrow) probably arises by diffusion from
the highly fluid lateral plasma membrane of the mother cell.

At the leading zone of the same cell plate, where the phragmoplast was not yet attached, significant
depletion of the PI(4,5)P, biosensor (index < 1) was observed (Fig.1c to 1f and Extended data 1, 3)
suggesting an active mechanism preventing P1(4,5)P, diffusion from the maturing cell plate to the newly
formed membrane domain at the cell plate leading zone.

To identify the molecular processes leading to exclusion of PI(4,5)P, from the leading zone in late
cytokinesis, we followed the subcellular localization of the plant-specific enzyme SAC9 which
participates in the depletion of PI(4,5)P; at the plasma membrane during endocytosis (11). We observed
that mCit-SAC9 is enriched at the phragmoplast leading zone (index > 1, Fig. 2a to 2c, yellow arrow,
Extended Data 4, 5), suggesting a role of SAC9 in PI1(4,5)P, depletion at the leading zone. To test this
hypothesis, we analyzed the localization of a catalytically inactive variant of SAC9 (tdTOM-
SAC9°49A), for which the signal in the cytoplasm is reduced compared with mCIT- SAC9, allowing
imaging at higher resolution (11). Like mCit-SAC9, tdTOM-SAC9°***A is enriched at the leading zone
while P1(4,5)P; is depleted, leading to a clear mutual exclusion between the enzyme and its substrate
along the cell plate (Fig. 2d to 2f, Extended Data 4, 6). When SAC9 or the allelic variant SAC9¢4%94
was visualized together with the MAP65-3, a temporal and spatial colocalization at the leading edge of
the cell plate was observed, a feature shared by only a few proteins (4, 8)(Fig. 3a to 3d, Extended video
1). These results suggest that active restriction of PI(4,5)P, from the leading zone during cell plate

attachment is mediated through the enzymatic activity of SACO.

If true, the absence of SAC9 should affect P1(4,5)P- distribution at the cell plate. We thus assessed the
cytokinetic phenotype of sac9-3 in which P1(4,5)P- is no longer restricted to the plasma membrane, but
also ectopically accumulates in endosomes (21). After initial attachment of the cell plate, the PI(4,5)P>
biosensor enrichment at the maturing cell plate was observed in sac9-3 as in the WT (Fig.4a to 4e, white
arrow). However, in sac9-3 we also observed an ectopic accumulation of P1(4,5)P; at the leading edge
of the cell plate, probably originating from cytokinetic vesicles (index >1, Fig.4a to 4e, white

arrowhead, Extended data 7, 8). Observations in 3D revealed that in sac9-3, the PI(4,5)P, biosensor
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86  labelled the upfront of the cell plate and then, seems to eventually incorporate to the newly formed
87  plasma membrane during the final attachment (Fig. 4b, Extended data 7, Extended video 2). Moreover,
88  the ectopic accumulation of P1(4,5)P, biosensor at the leading edges of the cell plate observed in sac9-
89 3 spatially correlates with the accumulation of the non-functional SAC9®“°A (Fig. 4f to 4h). The
90 abnormal PI(4,5)P, pattern is consistent with the idea that SAC9 restricts PI(4,5)P to the cell plate
91  maturing domain and prevents its premature diffusion to the membrane domain formed at the

92  phragmoplast leading zone (Extended data 1, 8).

93  Next, we investigated the functional relevance of the SAC9-dependent P1(4,5)P, pattern at the cell plate
94  for cytokinesis. Since phragmoplast organization is regulated by MAP65-3 (22-25), which colocalizes
95  with SAC9 (Fig. 3a, b), we assessed the localization of MAP65-3 in the absence of SAC9. During ring
96  phragmoplast expansion, MAP65-3-GFP dynamic displays a constant signal width of about 2.06 pm *
97  0.37 SDinthe WT (Fig. 5a, 5b). The MAP65-3 signal then gradually decreased to eventually disappear
98  upon cell plate attachment. The dynamics of MAP65-3 localization was essentially similar in the sac9-
99  3during cell plate expansion. However, in defective cytokinesis observed in sac9-3, the MAP65-3-GFP
100  domain was retained at a constant distance of 2.28 um £ 0.60 SD from the phragmoplast leading edge
101 (Fig. 5a, 5b, Extended video 3, 4, 5), suggesting a failure to transition from the cell plate expansion to
102 its attachment at the cell plate fusion site.

103  During defective cytokinesis in sac9-3, this lack of transition was observed on one side of the cell plate
104  leading zone, and correlated with the emergence of a phragmoplast “branch” from the MAP65-3-GFP
105  inner domain (Fig. 5a, red arrow, Extended data 9a). Eventually, the branch was inserted at an ectopic
106  fusion site (Fig.5a, Extended video 4, 5). On the branch, MAP65-3-GFP localization followed the same
107  pattern as in the main phragmoplast, being progressively restricted to its leading zone and eventually
108  disappearing after the second attachment (Fig.5a, Extended video 4, 5). Observation of the
109  phragmoplast microtubules in sac9-3 showed that after final cell plate fusion, the phragmoplast
110  disassembled from the main cell plate as it did in the WT (20 min, Fig.5c, Extended data 9b, to 9d).
111  Yet, in aberrant cytokinesis observed in sac9-3, a phragmoplast-like structure was reinitiated from the
112  fully expanded cell plate at ~2-3um from the fusion site, in a region corresponding to the inner face of
113  the MAP65-3-GFP domain (N= 3, Fig.5a, 5¢, Extended data 9b, to 9d).

114  Since the ultimate effector is the microtubule cytoskeleton, we reasoned that microtubule disruption
115  could lead to a similar phenotype. Treatment of the WT with low concentration of the microtubule
116  inhibitor chlorpropham (26) and imaging the membrane marker mCIT-P4M when the different cell files
117  were still organized phenocopied sac9-3 branched-cell plates, suggesting a link between the
118  phosphoinositides metabolism and the phragmoplast dynamics (N = 3, Extended data 9eextended video
119  6).
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120  Because in absence of SAC9 the branching emerged from the cell plate (extended video 7) and was
121  decorated by the cell plate marker YFP-KNOLLE (Fig.5d, Fig. 6a,)(27), we concluded that this ectopic
122  membrane domain had a cell plate identity. The abnormal branching observed in absence of SAC9
123  represented 4% of the total apicobasal cells walls (~ 11 cells / root; n = 30 roots, N = 3 replicates) and
124  was often formed in proximity to the mother cell lateral wall, with an intersection relatively constant at
125 2,93 ym = 0.91 SD (Fig. 6b to 6d and Extended data 10, extended video 8, 9), reminiscent of the
126  distance labeled by MAP65-3-GFP and mCIT-SAC9 in WT at the phragmoplast leading zone (Fig. 6b,
127  white asterisk).

128  To test the temporal specificity of this phenotype, we reasoned that a transient rescue may be sufficient.
129 By fusing the regulatory sequence of MAP65-3 (24) to SAC9 in order to express SAC9 in mitosis and
130 degrade it after mitosis (Extended data 11), we showed that expressing a functional SAC9 during mitosis
131  was sufficient to rescue the sac9-3 cytokinesis defect and part of its dwarf phenotype, highlighting the

132  importance of SAC9 function during cell division.

133  Concomitantly to abnormal cell plate-branching in sac9-3, a specific distribution of PI(4,5)P, was
134  observed, with a burst i) at the cell division site where the cell plate attached, ii) on the cell plate, at ~
135 3 um where the branching was initiated, iii) and at the ectopic cell division site where the cell plate-
136  branched was inserted (N = 5, white arrowhead, Fig.6e, extended video 10). Moreover, mCIT-SAC9“4%
137  was not able to rescue the phenotype observed (Extended data 10, 12), suggesting that the phosphatase
138  activity of SACO9 is participating in the observed phenotype.

139

140 DISCUSSION

141  Cytokinesis in plants determines the topology of cells in a tissue, hence their identities and functions.
142 At the heart of cytokinesis, the coordination between the cytoskeleton and vesicular trafficking is of
143  paramount importance, as it drives the partitioning of the mother cytoplasm into daughter cells. In this
144 context, a variety of proteins implicated in cytoskeleton remodeling and vesicle trafficking have been
145  identified (2). Yet, the very final steps of cell division, where the cell plate completes the spatial
146  partitioning of the daughter cytoplasms and acquires the identity of a plasma membrane, remains poorly

147 documented so far.

148  Here, we assessed the role of membrane anionic lipids during the final steps of cytokinesis. Using
149  Arabidopsis as model, we showed that the anionic lipid signature controls the final step of cytokinesis
150 in plant cells. In the sac9 mutant, which is impaired in phosphoinositide metabolism(11) , abnormal

151  PI(4,5)P; signature during the final step of cytokinesis lead to a significant frequency of branched
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152  phragmoplasts and multiple cell plate fusion sites in a given cell. Cell plate branching, to our knowledge,
153 is a rare phenomenon that has been only observed after mild perturbation of the microtubule
154  cytoskeleton with drugs or in the conditional mutant morl-1 (28, 29). This mutant, impaired in a
155  member of the XMAP215 family of microtubule-associated proteins displays at restrictive temperature
156  for 24 h branched cell plates but also incomplete, asymmetric, wandering cell plates (28). Even though
157  we cannot conclude that the phenotype observed in sac9 implies the same mechanism as after
158  microtubule perturbation, the branched-cell plates observed in absence of SAC9 appears therefore more
159  specific than a general disruption of the microtubule cytoskeleton. We wondered if the aberrant
160  branching observed in sac9 preferentially occurs at the unattached phragmoplast side after unilateral
161  attachment. However, due to the technical limitations of live cell imaging in four dimensions in the
162  native tissue, we cannot answer this point in a quantitative manner. Since the branch is initiated at the
163  existing phragmoplast (and not entirely de novo at random sites), it is reasonable to conclude that
164  affecting microtubule dynamics specifically at the leading edge prior to cell plate fusion induces the

165 initiation of a new dynamic leading edge that originates from the stalled lagging edge.

166  We found that SAC9 progressively disappears from the fully attached cell plate upon its unilateral
167  attachment to the mother cell. Consequently, SAC9 does not localize to the plasma membrane in the
168  resulting interphasic cells (11). SAC9 and its substrate are mutually co-excluded spatially. In sac9, the
169  pool of PI(4,5)P, internalized during defective endocytosis corresponds to a pool present in early
170  endosomes (and probably not to the pool present at the plasma membrane). We, therefore, expect that
171  the internalization of the PI(4,5)P, during defective endocytosis would not be at the expense of the
172  PI(4,5)P; produced at the plasma membrane. It is likely the ratio between the P1(4,5)P; at the plasma
173  membrane and the PI(4,5)P internalized is abnormal in sac9-3 rather than the amount of P1(4,5)P; at
174  the plasma membrane. This is likely why the P1(4,5)P. biosensors, in particular, mCIT-Tubbyc, which
175  are expressed at a similar level in WT and sac9-3, are mainly labeling the pool of PI(4,5)P; in

176  endosomes than the PI(4,5)P pool present at the plasma membrane.

177  In order to test the relationship between the SAC9 localization and function and the patterning of its
178  PI(4,5)P; substrate, we mutated the cysteine in the conserved C-x(5)-R-[T/S] catalytic motif found in
179  all SAC domain-containing phosphoinositide phosphatase (11). Here, we showed that while sac9-3 is
180  complemented with SAC9pro:mCIT-SAC9, SAC9pro:mCIT-SACI°**** was not sufficient to rescue the
181  cytokinesis phenotypes observed in sac9-3. We previously confirmed that mCIT-SAC9°4*°* fusion was
182  stable and accumulated to a similar extent as mCIT-SAC9 (11). Since the probable catalytic cysteine,
183  C459, is required for SAC9 function during cytokinesis, we conclude that the phosphatase activity of
184  SACHY is necessary to its cytokinetic function. Given that phosphoinositide’s metabolism is highly
185 intricate, we recognize that it is difficult to fully untangle the specific involvement of each lipid in the

186  observed phenotypes. Moreover, SAC9 may carry specific functions outside of its catalytic activity,
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187  and therefore the phenotype observed could be due to other factors, such as the recruitment of protein
188  partners.

189  Given the observed co-localization between SAC9 and MAP65-3, it is tempting to speculate a physical
190 interaction between the two proteins. However, other protein partners, such as RABs, may recruit SAC9
191  to this location. Indeed, this phenomenon is well known in animal cells, where the functional homologs
192  of SAC9, the PI(4,5)P, 5-phosphatase OCRL is recruited to membranes during cytokinesis via its
193 interaction with RAB35, a member of the RAS Oncogene Family (30-32).

194  We observed that SAC9 undergoes the exact same changes in localization as MAP65-3, first enriched
195  on the entire cell plate (disk phragmoplast stage), then accumulating at the leading edges, and absent
196  from the center of the maturing cell plate. The fact that SAC9 accumulates at the cell plate at an early
197  stage might suggest that P1(4,5)P, accumulation is actively restricted to the expanding phragmoplast.
198 Even though we cannot rule out that SAC9 plays another function during the early phases of
199  phragmoplast formation, the phenotype observed in sac9 suggests that SAC9 function is required during
200 the cell plate attachment, preventing premature accumulation of the PI(4,5)P; at the growing leading
201  edges.

202  We show that mitotic expression of SAC9 was sufficient to rescue cytokinetic defects in the sac9
203  mutant. This result suggests that restoring the PI(4,5)P, pattern in dividing cells is sufficient to drive
204  proper transition from a maturing cell plate to a plasma membrane identity. MAP65-3*"-SAC9 is also
205  observed in the cytoplasm of the dividing cell, we therefore cannot conclude if the effects is direct.
206  Moreover, since the dwarfism observed in absence of SAC9 is (i) only partially rescued by the
207  expression of MAP65-3“*"-SAC9, particularly in the aerial part, we cannot rule out that the P1(4,5)P,

208  signature is not fully restored in interphasic cells.

209  Using PI(4,5)P; biosensors, we observed that P1(4,5)P. is depleted from the leading edge of the cell
210  plate, where SAC9 activity restricts its concentration. Local changes in P1(4,5)P, abundance may
211  provoke modifications in microtubule dynamics and stop phragmoplast expansion. It was recently
212 shown that upon PI(4,5)P, depletion using an inducible system, highly anisotropic transverse cortical
213  microtubules were replaced by randomly arranged filaments, suggesting a function of PI(4,5)P; in the
214  organization of microtubules in plant cells (15). Active exclusion of PI(4,5)P; at the unattached leading
215  end of the phragmoplast may thus be required to maintain microtubule dynamics until the successful

216  completion of cytokinesis.

217  We propose that upon unilateral cell plate attachment to the plasma membrane, polarity domains (i; e.
218  cell plate maturing domain versus cell plate leading edges) are formed and the phragmoplast lagging

219  zone acts as a barrier for P1(4,5)P, diffusion on the cell plate leading edge. Concomitantly to the final
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cell plate attachment to the mother cell, PI(4,5)P, gradually invades the entire plasma membrane
precursor from the maturing zone to the decreasing leading zone. In absence of SAC9, PI(4,5)P;
gradient at the unilaterally attached cell plate is in the opposite direction, as P1(4,5)P, biosensor
abnormally accumulates at the leading zone. This inverted P1(4,5)P2 gradient might perturb the function
of proteins such as MAP65-3, directing to the reassembly of the phragmoplast apparatus on the inner
side of the leading zone. There, PI(4,5)P2 might act as a spatial cue to guide the leading zone of the

phragmoplast at the final step of the plant cytokinesis (Extended data 13).


https://doi.org/10.1101/2022.12.18.520917

229

230
231
232
233

234
235

236
237

238
239

240
241
242

243
244

245
246
247

248
249
250

251
252

253
254

255
256
257

258
259
260

261
262
263

264
265

266
267
268

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.18.520917; this version posted December 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

REFERENCES

1. A Smertenko, F. Assaad, F. Baluska, M. Bezanilla, H. Buschmann, G. Drakakaki, M. T. Hauser, M.
Janson, Y. Mineyuki, I. Moore, S. Muller, T. Murata, M. S. Otegui, E. Panteris, C. Rasmussen, A. C.
Schmit, J. Samaj, L. Samuels, L. A. Staehelin, D. Van Damme, G. Wasteneys, V. Zarsky, Plant
Cytokinesis: Terminology for Structures and Processes. Trends Cell Biol. 27, 885-894 (2017).

2. P. Livanos, S. Muller, Division Plane Establishment and Cytokinesis. Annual review of plant biology. 70,
239-267 (2019).

3. J. Chang-Jie, S. Sonobe, Identification and preliminary characterization of a 65 kDa higher-plant
microtubule-associated protein. Journal of Cell Science. 105, 891-901 (1993).

4.  Y.R. Lee, B. Liu, Identification of a phragmoplast-associated kinesin-related protein in higher plants.
Current biology : CB. 10, 797-800 (2000).

5. P. J. Moore, L. A. Staehelin, Immunogold localization of the cell-wall-matrix polysaccharides
rhamnogalacturonan | and xyloglucan during cell expansion and cytokinesis inTrifolium pratense L.;
implication for secretory pathways. Planta. 174, 433-445 (1988).

6. A. L. Samuels, T. H. Giddings, L. A. Staehelin, Cytokinesis in tobacco BY-2 and root tip cells: a new
model of cell plate formation in higher plants. J Cell Biol. 130, 1345-57 (1995).

7. J. M. Segui-Simarro, J. R. Austin, E. A. White, L. A. Staehelin, Electron tomographic analysis of somatic
cell plate formation in meristematic cells of Arabidopsis preserved by high-pressure freezing. The Plant
cell. 16, 836-56 (2004).

8. K. Rybak, A. Steiner, L. Synek, S. Klaeger, I. Kulich, E. Facher, G. Wanner, B. Kuster, V. Zarsky, S.
Persson, F. F. Assaad, Plant cytokinesis is orchestrated by the sequential action of the TRAPPII and
exocyst tethering complexes. Dev Cell. 29, 607-20 (2014).

9. L. C. Noack, Y. Jaillais, Functions of Anionic Lipids in Plants. Annual review of plant biology. 71, 71—
102 (2020).

10. M. Heilmann, I. Heilmann, Regulators regulated: Different layers of control for plasma membrane
phosphoinositides in plants. Current Opinion in Plant Biology. 67, 102218 (2022).

11. A Lebecqg, M. Doumane, A. Fangain, V. Bayle, J. X. Leong, F. Rozier, M. del Marques-Bueno, L.
Armengot, R. Boisseau, M. L. Simon, The Arabidopsis SAC9 enzyme is enriched in a cortical population
of early endosomes and restricts PI (4, 5) P2 at the plasma membrane. Elife. 11, e73837 (2022).

12. P.Marhava, A. C. A. Fandino, S. W. Koh, A. Jelinkova, M. Kolb, D. P. Janacek, A. S. Breda, P.
Cattaneo, U. Z. Hammes, J. PetraSek, Plasma membrane domain patterning and self-reinforcing polarity
in Arabidopsis. Developmental cell. 52, 223-235 (2020).

13. Y. Mei, W.-J. Jia, Y.-J. Chu, H.-W. Xue, Arabidopsis phosphatidylinositol monophosphate 5-kinase 2 is
involved in root gravitropism through regulation of polar auxin transport by affecting the cycling of PIN
proteins. Cell research. 22, 581-597 (2012).

14. P. Scholz, J. Anstatt, H. E. Krawczyk, T. Ischebeck, Signalling pinpointed to the tip: the complex
regulatory network that allows pollen tube growth. Plants. 9, 1098 (2020).

15. M. Doumane, A. Lebecq, L. Colin, A. Fangain, F. D. Stevens, J. Bareille, O. Hamant, Y. Belkhadir, T.

Munnik, Y. Jaillais, M.-C. Caillaud, Inducible depletion of PI(4,5)P2 by the synthetic iDePP system in
Arabidopsis. Nature Plants. 7, 587-597 (2021).


https://doi.org/10.1101/2022.12.18.520917

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.18.520917; this version posted December 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

269  16. M. Fratini, P. Krishnamoorthy, I. Stenzel, M. Riechmann, M. Matzner, K. Bacia, M. Heilmann, 1.

270 Heilmann, Plasma membrane nano-organization specifies phosphoinositide effects on Rho-GTPases and
271 actin dynamics in tobacco pollen tubes. The Plant Cell. 33, 642-670 (2021).

272 17. F. Lin, P. Krishnamoorthy, V. Schubert, G. Hause, M. Heilmann, I. Heilmann, A dual role for cell plate-
273 associated P14Kbeta in endocytosis and phragmoplast dynamics during plant somatic cytokinesis. The
274 EMBO journal. 38 (2019), doi:10.15252/embj.2018100303.

275 18. M. L. Simon, M. P. Platre, M. M. Marques-Bueno, L. Armengot, T. Stanislas, V. Bayle, M. C. Caillaud,
276 Y. Jaillais, A PtdIns(4)P-driven electrostatic field controls cell membrane identity and signalling in plants.
277 Nat Plants. 2, 16089 (2016).

278 19. W.Van Leeuwen, J. E. Vermeer, T. W. Gadella Jr, T. Munnik, Visualization of phosphatidylinositol 4, 5-
279 bisphosphate in the plasma membrane of suspension-cultured tobacco BY-2 cells and whole Arabidopsis
280 seedlings. The Plant Journal. 52, 1014-1026 (2007).

281  20. M.L.Simon, M. P. Platre, S. Assil, R. van Wijk, W. Y. Chen, J. Chory, M. Dreux, T. Munnik, Y. Jaillais,
282 A multi-colour/multi-affinity marker set to visualize phosphoinositide dynamics in Arabidopsis. Plant J.
283 77, 322-37 (2014).

284  21. M. Doumane, A. Lebecq, A. Fangain, V. Bayle, F. Rozier, M. del M. Marqués-Bueno, R. P. Boisseau, M.
285 L. A. Simon, L. Armengot, Y. Jaillais, M.-C. Caillaud, bioRxiv, in press, doi:10.1101/2021.09.10.459735.

286 22. K. L. Farquharson, MAP65-3 cross-links interdigitated microtubules in the phragmoplast. The Plant cell.
287 23, 2807 (2011).

288 23. C.M.Ho,T. Hotta, F. Guo, R. W. Roberson, Y. R. Lee, B. Liu, Interaction of antiparallel microtubules in

289 the phragmoplast is mediated by the microtubule-associated protein MAP65-3 in Arabidopsis. The Plant
290 cell. 23, 2909-23 (2011).

291 24, C.M.Ho,Y.R.Lee, L. D.Kiyama, S. P. Dinesh-Kumar, B. Liu, Arabidopsis microtubule-associated
292 protein MAP65-3 cross-links antiparallel microtubules toward their plus ends in the phragmoplast via its
293 distinct C-terminal microtubule binding domain. The Plant cell. 24, 2071-85 (2012).

294  25. M. Sasabe, K. Kosetsu, M. Hidaka, A. Murase, Y. Machida, Arabidopsis thaliana MAP65-1 and MAP65-
295 2 function redundantly with MAP65-3/PLEIADE in cytokinesis downstream of MPK4. Plant signaling &
296 behavior. 6, 743-7 (2011).

297 26. M.-C. Caillaud, Tools for studying the cytoskeleton during plant cell division. Trends in Plant Science
298 (2022).

299  27. Y.Boutte, M. Frescatada-Rosa, S. Men, C. M. Chow, K. Ebine, A. Gustavsson, L. Johansson, T. Ueda, 1.
300 Moore, G. Jurgens, M. Grebe, Endocytosis restricts Arabidopsis KNOLLE syntaxin to the cell division
301 plane during late cytokinesis. The EMBO journal. 29, 546-58 (2010).

302  28. E.P.Eleftheriou, T. I. Baskin, P. K. Hepler, Aberrant cell plate formation in the Arabidopsis thaliana
303 microtubule organization 1 mutant. Plant & cell physiology. 46, 671-5 (2005).

304  29. E. Eleftheriou, E. Bekiari, Ultrastructural effects of the herbicide chlorpropham (CIPC) in root tip cells of
305 wheat. Plant and soil. 226, 11-19 (2000).

306 30. D. Dambournet, M. Machicoane, L. Chesneau, M. Sachse, M. Rocancourt, A. El Marjou, E. Formstecher,
307 R. Salomon, B. Goud, A. Echard, Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for
308 successful cytokinesis. Nature cell biology. 13, 981-8 (2011).

309 31. C. Cauvin, M. Rosendale, N. Gupta-Rossi, M. Rocancourt, P. Larraufie, R. Salomon, D. Perrais, A.
310 Echard, Rab35 GTPase Triggers Switch-like Recruitment of the Lowe Syndrome Lipid Phosphatase
311 OCRL on Newborn Endosomes. Current biology : CB. 26, 120-8 (2016).


https://doi.org/10.1101/2022.12.18.520917

312
313

314
315
316

317
318

319
320
321
322
323
324

325
326

327
328

329
330

331
332
333

334
335

336
337

338

339
340

341
342

343
344

345

346

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.18.520917; this version posted December 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

I. Kouranti, M. Sachse, N. Arouche, B. Goud, A. Echard, Rab35 regulates an endocytic recycling pathway
essential for the terminal steps of cytokinesis. Current biology : CB. 16, 1719-25 (2006).

M. C. Caillaud, P. Lecomte, F. Jammes, M. Quentin, S. Pagnotta, E. Andrio, J. de Almeida Engler, N.
Marfaing, P. Gounon, P. Abad, B. Favery, MAP65-3 microtubule-associated protein is essential for
nematode-induced giant cell ontogenesis in Arabidopsis. The Plant cell. 20, 423-37 (2008).

M. Karimi, A. Depicker, P. Hilson, Recombinational cloning with plant gateway vectors. Plant
physiology. 145, 1144-54 (2007).

N. C. Shaner, R. E. Campbell, P. A. Steinbach, B. N. Giepmans, A. E. Palmer, R. Y. Tsien, Improved
monomeric red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent
protein. Nature biotechnology. 22, 1567-1572 (2004).

C. M. Ho, Y.R. Leg, L. D. Kiyama, S. P. Dinesh-Kumar, B. Liu, Arabidopsis microtubule-associated
protein MAP65-3 cross-links antiparallel microtubules toward their plus ends in the phragmoplast via its
distinct C-terminal microtubule binding domain. The Plant cell. 24, 2071-85 (2012).

S. J. Clough, A. F. Bent, Floral dip: a simplified method for Agrobacterium-mediated transformation of
Arabidopsis thaliana. The Plant Journal. 16, 735-743 (1998).

M. Doumane, C. Lionnet, V. Bayle, Y. Jaillais, M. C. Caillaud, Automated Tracking of Root for Confocal
Time-lapse Imaging of Cellular Processes. Bio Protoc. 7 (2017), doi:10.21769/BioProtoc.2245.

K. Belcram, D. Legland, M. Pastuglia, "Quantification of Cell Division Angles in the Arabidopsis Root"
in Plant Cell Division (Springer, 2022), pp. 209-221.

M. Romeiro Motta, X. Zhao, M. Pastuglia, K. Belcram, F. Roodbarkelari, M. Komaki, H. Harashima, S.
Komaki, M. Kumar, P. Bulankova, B1-type cyclins control microtubule organization during cell division

in Arabidopsis. EMBO reports. 23, €53995 (2022).

M. H. Lauber, I. Waizenegger, T. Steinmann, H. Schwarz, U. Mayer, |. Hwang, W. Lukowitz, G. Jurgens,
The Arabidopsis KNOLLE protein is a cytokinesis-specific syntaxin. J Cell Biol. 139, 1485-93 (1997).

D. Legland, I. Arganda-Carreras, P. Andrey, MorphoLibJ: integrated library and plugins for mathematical
morphology with ImageJ. Bioinformatics. 32, 3532—3534 (2016).

H. Wickham, ggplot2: elegant graphics for data analysis (springer, 2016).

D. Bates, M. Méchler, B. Bolker, S. Walker, Fitting linear mixed-effects models using Ime4. arXiv
preprint arXiv:1406.5823 (2014).

J. Fox, S. Weisberg, The car package contains functions and data sets associated with the book an R
companion to applied regression. R-Project (2011).

T. Hothorn, F. Bretz, P. Westfall, R. M. Heiberger, R package version, in press.

R. Lenth, M. R. Lenth, Package ‘Ismeans.” The American Statistician. 34, 216-221 (2018).


https://doi.org/10.1101/2022.12.18.520917

347

348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

367

368

369

370

371

372

373
374

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.18.520917; this version posted December 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

ACKNOWLEDGEMENTS

We are grateful to the SiCE group in particular Yvon Jaillais and Vincent Bayle for comments and
discussions, as well as Charlotte Kirchhelle, Liam Elliot, Olivier Hamant (RDP, ENS de Lyon, France)
for their great input on the manuscript. We thank Patrice Bolland, Alexis Lacroix from our plant facility,
and Claire Lionnet for microscopy advice. We acknowledge the contribution of SFR Biosciences
(UMS3444/CNRS, US8/Inserm, ENS de Lyon, UCBL) facilities at the LBI-PLATIM-MICROSCOPY
for assistance with imaging. This work was supported by Seed Fund ENS LYON; ANR-16-CE13-0021
to MCC and ANR-20-CE13-0026-02 to MCC and DB. AL is funded by Ph.D. fellowships from the
French Ministry of Research and Higher Education.
Author contributions:

Conceptualization: AL, MCC

Methodology: AL, KB, AF, EG, CG

Investigation: AL, EG, MCC, CG

Funding acquisition: MCC, DB, AL

Supervision: MCC, MP, DB

Writing — original draft: AL, MCC

Writing — review & editing: AL, MCC, MP

Competing interests: Authors declare that they have no competing interests.

Data and materials availability: All data and materials are available upon request

Supplementary Materials
Materials and Methods
Figs. S1to S13

Tables S1 to S10

References (47)
Movies S1 to S10


https://doi.org/10.1101/2022.12.18.520917

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.18.520917; this version posted December 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

375 Materials and Methods

376  Growth condition and plant materials

377  Arabidopsis thaliana Columbia-0 (Col-0) accession was used as a wild-type (WT) reference genomic
378  background throughout this study. Arabidopsis seedlings were grown in vitro on half Murashige and
379  Skoog (¥2 MS) basal medium supplemented with 0.7% plant agar (pH 5.7) in continuous light conditions
380 at21 °C. seedlings were imaged between 5 and 7dag and finally grown in soil under long-day conditions
381  at 21 °Cand 70% humidity 16 h daylight. For Isopropyl N-(3-chlorophenyl)-carbamate (chlorpropham,
382  PESTANALZ®, analytical standard) treatments, seedlings grown in vitro for 5 days were then transferred
383  on % MS basal medium supplemented with 0.7% plant agar and 20uM of chlorpropham. Images were
384  taken after 2h of incubation.

385
386  Cloning and plant transformation

387  Cloning of MAP65-3pro:2xmTU2-MAP65-3, The MAP65-3pro (1,2 kb) was flanked with attB2R and
388 attB3 sequences and recombined by BP gateway reaction into pDONR221 (Fw:
389 GGGGACAACTTTGTATAGAAAAGTTGCTTACACTCTTCCCTACACAAAACCGCG; Rv:
390 GGGGACTGCTTTTTTGTACAAACTTGCTTCGAAATGCTTAAGCCTGTAACAGG). Final
391  destination vectors (MAP65-3pro/P5’°, MAP65-3/[pDON207 (33), 2xmTU2/pDONR-P3’) were
392  obtained using three fragments LR  recombination system  (life  technologies,
393  www.lifetechnologies.com/) using pK7m34GW destination vector (34).

394  The collection of phosphoinositide biosensors used in this study was described previously(20). A
395  tandem dimer of the monomeric red fluorescent protein CHERRY (2xmCH)(35) was used to generate
396  a stable transgenic Arabidopsis line to increase the poor signal obtain in red, in particular, because of

397  the autofluorescence of the plant tissue.

398  The swapping domain was engineered using a vector containing mCitrine, cYFPnoSTOP/pDONR221
399  (previously described by (20)), and a vector containing MAP65-3 (33) . The C-terminal domain 2 of
400 MAP65-3 (MAP65-3°¢®";
401 EALYGSKPSPSKPLGGKKAPRMSTGGASNRRLSLGAAMHQTPKPNKKADHRHNDGALSNG

402 RRGLDIAGLPSRKQSMNPSEMLQSPLVRKPFSPISTTVVASKANIATTTTQQLPKNNAVNEISS

403  FATPIKNNNILRNLEEEKMMTMMMQTPKNVAAMIPIPSTPATVSVPMHTAPTPFTNNARLMS
404 EKPEVVEYSFEERRLAFMLQSECRLYV) was amplified by PCR (36): FW:
405  ccaactttgtacaaaaaagcaggctttaaccatggaggcactttacgggtccaaaccc; Rv:

406  gaacagctcctcgeccttgetcaccataaccaaacgacattcagactgtagcatgaa) and introgressed into
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407  cYFPnoSTOP/pDONR221 by Gibson cloning (primer FW:
408  ccttcatgctacagtctgaatgtcgtttggtaatggtgagcaagggcgaggagcetgt Rv:
409  gctgggtttggacccgtaaagtgectecatggttaagectgcttttttgtacaaagtt ). Then by directed mutagenesis we add an
410 ATG before MAP65-3°®"  sequence (primer FW:gcaggcttaaccATGgaggcactttacggg
411  Rv:cccgtaaagtgectcCATggttaagectge). MAP65-3°% -cYFPnoSTOP/pDONR221vector was used to
412  obtain final destination vectors using three fragments LR recombination system (life technologies,
413  www.lifetechnologies.com/) using pB7m34GW destination vector (34), pPDONR-P4-P1R containing
414  MAP65-3 promotor and pDONOR-P2R-P3 containing SAC9.

415  Wild-type Col-0 and heterozygous (or homozygous) sac9-3 were transformed using the dipping method
416  (37). For each construct generated in this paper, between 20 and 24 independent T1 were selected on
417  antibiotics and propagated. In T2, all lines were screened using confocal microscopy for fluorescence
418  signal and localization. From three to five independent lines with a mono-insertion and showing a
419  consistent, representative expression level and localization were selected and grown to the next
420  generation. Each selected line was reanalyzed in T3 by confocal microscopy to confirm the results
421  obtained in T2 and to select homozygous plants. At this stage, we selected one representative line for
422 in depth analysis of the localization and crosses and two representative lines for in depth analysis of

423  mutant complementation.
424
425  Live cell imaging

426  Time-lapse imaging on living root tissues were acquired either manually, or using an automated root
427  tracking system set-up previously (38). Briefly, plants roots expressing fluorescent proteins were
428  imaged with a spinning disk confocal microscope while they grow using automatic movement of the
429  microscope stage that compensates for root growth, allowing the imaging of the dividing cells in the
430  root meristem over time (38). For both type of experiment, Z-stacks were acquired every 1 min to 3
431  min with the following spinning disk confocal microscope set up: inverted Zeiss microscope
432  (AxioObserver Z1, Carl Zeiss Group, http://www.zeiss.com/) equipped with a spinning disk module
433 (CSU-W1-T3, Yokogawa, www.yokogawa.com) and a ProEM+ 1024B camera (Princeton Instrument,

434  www.princetoninstruments.com/) or Camera Prime 95B (www.photometrics.com) using a 63x Plan-

435  Apochromat objective (numerical aperture 1.4, oil immersion). GFP and mCITRINE were excited with
436  a488 nm laser (150 mW) and fluorescence emission was filtered by a 525/50 nm BrightLine! a single-
437 band bandpass filter (Semrock, http://www.semrock.com/), mMCHERRY and TdTOM were excited with

438  a561 nm laser (80 mW) and fluorescence emission was filtered by a 609/54 nm BrightLine! a single-

439  band bandpass filter (Semrock). For gquantitative imaging, pictures of epidermal root meristem cells

440  were taken with detector settings optimized for low background and no pixel saturation. Care was taken
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441  to use similar confocal settings when comparing fluorescence intensity or for quantification. In this
442  study, we used the PI4P biosensor (FAPP1) as a general marker for endomembrane as it localizes both
443  to plasma membrane and Trans-Golgi Network (18). This allows the visualization of both the plasma
444  membrane and the cell plate (18) , in sac9-3 and WT plants. We are not expecting a change in behavior
445  for this biosensor in sac9 as we observed the same localization in the WT (11). For the double
446  localization of the membranes and the microtubules in sac9-3 using time-lapse imaging (Figure 5c and
447  extended data 9d), the fact that both markers are tagged with similar fluorophores is not optimal. In fact,
448  we were only able to rescue plants for the cross sac9-37- x MBD-RFP. Then we tried to introduce a
449  third construct in sac9-3" x MBD-RFP with a mCIT tagged membrane marker, but we did not succeed.
450  Therefore, because of technical limitations, we analyzed the line expressing sac9-3"- x MBD-RFP x
451  2xmCherry-2xPHPPL and the corresponding MBD-RFP x 2xmCherry-2xPHFAPPL in WT.

452
453  Calcofluor staining and immunolocalization imaging

454 For calcofluor staining, root meristem cell walls were stained using the calcofluor dye, following the
455  protocol described in (39). Seedlings were incubated overnight in a fixation buffer (50% of methanol,
456  10% of acetic acid, and 40% of distilled water). The seedlings were then rehydrated in ethanol baths for
457 10 min each: 50% ethanol, 30% ethanol, and distilled water twice. Afterward, the seedlings were
458 transferred in the staining solution for overnight incubation (90% of clearsee solution (5% of urea, 15%
459  of deoxycholic acid, and 10% of xylitol in distilled water) and 10% of calcofluor white solution (500
460  mg Fluorescent Brightener 28 in distilled water (gsp 50mL) and 1 drop of NaOH 10N). Before imaging,
461  the seedlings were rinsed for 15 min in clearsee solution. For segmentation and tissue localization of
462  the defects, z-stacks were performed with 0.39 um space between acquisitions. For sac9-3 defects
463  comparison with MAP65-3°®" complementation experiments, z-stacks were performed with 0.8 to 1um

464  space between acquisitions.

465  Whole-mount immunolocalization was performed as described (40). For immunolocalization, seedlings
466  were fixed in 4% paraformaldehyde and 0.1% Triton X-100 in 2 MTSB buffer (25 mM PIPES, 2.5 mM
467  MgSO4, 2.5 mM EGTA, pH 6.9) for 1 h under vacuum, then rinsed in PBS 1X for 10 min. Samples
468  were then permeabilized in ethanol for 10 min and rehydrated in PBS for 10 min. Cell walls were
469  digested using the following buffer for 1 h: 2 mM MES pH 5, 0.20% driselase and 0.15% macerozyme.
470  Tissues were incubated overnight at room temperature with the B-5-1-2 monoclonal anti-o-tubulin
471  (Sigma) and the anti-KNOLLE antibody (kind gift of G. Jiirgens, University of Tiibingen, Germany
472  (41)). The next day, tissues were washed for 15 min in PBS, 50 mM glycine, incubated with secondary
473  antibodies (Alexa Fluor 555 goat anti-rabbit for KNOLLE antibody and Alexa Fluor 488 goat anti-
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474  mouse for the tubulin antibody) overnight and washed again in PBS, 50 mM glycine. Samples were
475  incubated in 10% calcofluor white solution for 2 hours and then mounted in VECTASHIELD.

476  For imaging mCIT-SAC9 in fixed tissue, seedlings expressing mCIT-SAC9 were fixed in 4%
477  paraformaldehyde and 0.1% Triton X-100 in %2 MTSB buffer (25 mM PIPES, 2.5 mM MgSO04, 2.5 mM
478 EGTA, pH 6.9) for 1 h under vacuum, then rinsed in PBS 1X for 10 min. Samples were then
479  permeabilized in ethanol for 10 min and rehydrated in PBS for 10 min. Cell walls were digested using
480  the following buffer for 1 h: 2 mM MES pH 5, 0.20% driselase and 0.15% macerozyme. Tissues with
481  preserved fluorescence were mounted in VECTASHIELD and viewed using an inverted Zeiss
482  CLSMB800 confocal microscope using a 40x Plan-apochromatic objective. Dual-color images were
483  acquired by sequential line switching, allowing the separation of channels by both excitation and
484  emission. GFP was excited with a 488 nm laser, mCIT was excited with a 515nm laser, mCH/tdTOM
485  were excited with a 561 nm laser and finally, Fluorescent Brightener 28 (Calcofluor) was recorded using

486  a 405 nm excitation.
487
488  Segmentation and tissue localization of sac9-3 defects

489  Quantification of cell division defects was based on manual counting of full Z-stacks with a z-spacing
490 equal to the lateral resolution in order to get cubic voxels allowing to quantify the defects, number, and
491  position in the tissue, with the ImageJ orthogonal view plugin (or z-spacing of 0.5 and 1um in cases
492  that only defects count was needed). Segmentation was performed using ImageJ, (morphological

493  segmentation) plugin as described and angle extraction using ImageJ plugin developed (42).

494  The sac9-3 defects architecture was manually measured using ImagelJ, “straight line”” and “angle tool”

495  tools, and data were analyzed with excel.
496

497  Fluorescence intensity extraction and localization indexes

498  mCit-SAC9 fluorescence intensity extraction: For images obtained in fixed samples, the fluorescence

499  intensity was obtained using Fiji tool. Three-axis: cell plate axis, across the center of the cell (in the
500 root growth axis), and finally across the cell cortex (nearby the lateral cell wall in the root growth axis)

501  were drawn through the cell and the signal intensity was plotted using the Plot Profile tool.

502  Normalized fluorescence intensity: was obtained using Fiji tool, extracted from 10 dividing cells (cells

503  of an approximatively equivalent length, normalized to the exact same size by suppressing a part of the

504  space between the cell plate and plasma membrane (Disk phragmoplast) or just the exact same length
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505  ononly one expanding edge (discontinuous phragmoplast), normalized by the intensity at the cell plate
506  center (except for Fig3, Extended data 4 and 6 where the normalization was by the cytosolic intensity),
507  and plotted to obtain an average intensity profile.

508  For PI(4,5)P; localization index on the discontinuous phragmoplast: phragmoplast length was measured

509 and divided into two equal parts, the leading zone (domain close to the plasma membrane) and the
510 lagging zone (domain close to the cell center). Fluorescence intensity was measured on each zone of
511 the phragmoplast and, in addition, on the entire cell plate and cytosol. Next, the cytosol intensity
512  background was subtracted and, finally, the leading and lagging zones were divided by the global cell
513  plate intensity. The final ratio superior to 1 underlined an enrichment at a specific zone of the
514  phragmoplast. The final ratio inferior to 1 underlines the depletion.

515 SAC9-PI(4,5)P; localization index on the discontinuous phragmoplast: To address mCit-SAC9 and
516  tdTOM-SAC9%4*A co-exclusion with P1(4,5)P2 biosensor we used the same index as the P1(4,5)P2

517 localization index. Because we showed that the P1(4,5)P, biosensor was excluded from the leading zone,

518 when a microtubule marker was not present in the imaged transgenic line, we decided to use the
519  PI(4,5)P; biosensor as a separation between the leading and lagging zone. Using P1(4,5)P, biosensor
520  fluorescence decrease as a marker of this separation, we measured the intensity on 1.5 pym (the
521  approximative half-length of the phragmoplast) on each side of PI(4,5)P, biosensor limit. Finally, the
522  leading and lagging zones were divided by the intensity of the cell plate and nearby cytoplasm (1um
523  around the cell plate).

524  MAP65-3 labeling distance: Measurement was performed using ImageJ, a “straight line” tool every two

525  minutes on one side of the cell plate (the one with the persistent pool in sac9-3). Lines were created
526  between the outer and inner MAPG65-3 on the entire length labeled. The lengths were plotted relative to
527  the "disk"-"ring" phragmoplast transition (0 min) and cell plate attachment (14 min).

528  PI(4,5)P, phragmoplast accumulation index: One dividing cell and one of its surrounding non-dividing

529  cells were taken for each root. For every two cells, the signal intensity was measured in one elliptical
530 region of interest (ROIs) at the phragmoplast (around the cell plate across all cell lengths or at the
531  equator of interphasic cells), with an equal area between the two cells. In addition, we measured signal
532 intensity at the plasma membrane separating the two cells. Ratios were obtained by dividing both
533 elliptical regions by the signal intensity at the plasma membrane (obtaining the “dividing ratio” for the
534  dividing cell and the “non-dividing ratio” for the non-dividing cell). Finally, the ratio between
535  the “dividing ratio” and the “non-dividing ratio” was analyzed. Final ratios equal to 1 indicated that
536  there was no enrichment during cell division. Final ratio greater than 1 indicated an enrichment during
537  cell division at the phragmoplast. Final ratio less than 1 indicated a depletion during cell division at the

538  phragmoplast. This index was performed on the young dividing cells where the cell plate is expanding
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539 and not attached and in old dividing cells where the cell plate is partially attached to the plasma
540  membrane (discontinuous phragmoplast).

541  MAP65-3 accumulation at one side of the cell plate index: This index was used to interpret MAP65-3-

542  GFP accumulation on the edges of the cell plate. Using ImageJ, we measured fluorescence intensity on
543  the cell plate edges observed in 2 dimensions at Ziii (at the Z position where the cell plate is the most
544  expanded, Extended data 9a) and at the center of the cell plate (equivalent ROIs designed to feet to the
545  left side in WT or the side where the defect is formed in sac9 mutant). Then fluorescence intensity
546  values at the cell plate leading zone were divided by the intensity value at the center of the cell plate
547  and finally, we calculated the ratio between the intensity value at the defect side/center (for wild type
548  plants we randomly defined the left edge of the cell plate to make the analysis) and the intensity value
549  at the second (right cell plate edge for wild type plants) side/center. Index strongly superior to 1
550 highlights a polarized accumulation of MAP65-3 on one zone of the cell plate edges in late cell division.

551

552  Statistical analysis

553  We performed all our statistical analyses in R (version 3.5.0 (2018-04-23), using R studio interface and
554  the packages ggplot2 (43), Ime4 (44), car (45), multcomp (46) and means (47). Graphs were obtained

555  with R and R-studio software, and customized with Inkscape (https://inkscape.org).

556  The number of division defects was compared using a generalized linear model with a Poisson law.

557  Fluorescence intensity indexes were compared using an ANOVA statistical test and a Thuckey HSD
558  post hoc analysis if the normality was verified or using a Kruskal-Wallis test, Dunn (Bonferroni method)

559  Post hoc analyses, if not.

560
561

562

563

564
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567  Fig.1 | P1(4,5)P; is recruited at the cell plate after its unilateral attachment.

568  a, Representation of the unattached cell plate showing a ring phragmoplast (top) and the unilaterally
569  attached cell plate corresponding to a discontinuous phragmoplast (bottom). b, Confocal images with a
570  root tracking system (38) of 2xmCh-2xPHPLC with MBD-GFP during the two steps represented in (a).
571  Single longitudinal sections for each fluorescent channel and a transverse section of the merge channels is
572  presented (0.7um between optical sections). Dotted line, cell contour. ¢, Representation of the expanding
573  edge of a discontinuous phragmoplast. d, Images of 2xmCh-2xPHPLC and MBD-GFP at the unilaterally
574  attached cell plate. e, Normalized intensity profiles at 6 um along the discontinuous phragmoplast (ROI).
575  f, PI(4,5)P: biosensor localization index (normalized by the cell plate intensity) on the phragmoplast
576  lagging/leading zones. In the plots, middle horizontal bars represent the median, while the bottom and top
577  of cach box represent the 25% and 75t percentiles, respectively. At most, the whiskers extend to 1.5 times
578  the interquartile range, excluding data beyond. For range of value under 1,5 IQR, whiskers represent the
579  range of maximum and minimum values. Results of the statistical analysis (shown in the supplementary
580  table) are presented (N = number of replicates, n = number of cells). White arrow, P1(4,5)P, biosensor
581  appearance; Blue arrow, cell plate fusion site; red dotted line, separation leading and lagging zone; dotted
582  lines, region of interest; n, nucleus; scale bars, 5 um.
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583

584 Fig.2 | SAC9 and the PI(4,5)P; are mutually co-excluded at the cell plate.

585  a, Images of mCit-SAC9 with 2xmCh-2xPHPLC when the cell plate is unilaterally attached. b, normalized
586 intensity profiles corresponding to (a). ¢, Quantification of the localization index corresponding to (a). d,
587  Images of tdTOM-SACIC49A with mCit-Tubbyc when the cell plate is unilaterally attached. e, Normalized
588 intensity profiles corresponding to (d). f, Quantification of the localization index cortesponding to (d). In
589  the plots, middle horizontal bars represent the median, while the bottom and top of each box represent the
590  25th and 75th petcentiles, respectively. At most, the whiskers extend to 1.5 times the interquartile range,
591  excluding data beyond. For range of value under 1,5 IQR, whiskers represent the range of maximum and
592  minimum values. Results of the statistical analysis (shown in the supplementary table) are presented (N =
593  number of replicates, n = number of cells). Blue arrow, cell plate fusion site; yellow arrowhead, SAC9
594  enrichment; red dotted line, separation leading and lagging zone; n, nucleus; scale bar, 5um.
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Fig.3| SAC9 colocalizes with MAP65-3 during cytokinesis

a, Images of mCit-SAC9 with MAP65-3-2xmTU2. b, Normalized intensity profiles corresponding to (a).
¢, Images of tdTOM-SACI4 with MAPG65-3-GFP. d, Normalized intensity profiles corresponding to
(c). Red dotted line, separation leading and lagging zone; Yellow arrowhead, SACY9 and MAPG65-3
enrichments at the leading zone; n, nucleus; Scale bar, 5 um.
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Fig.4| PI(4,5)P; patterning defects in sac9-3

a, Images extracted from a timelapse imaging in WT of 2xmCh-2xPHPIC at two cytokinetic steps: ring
(upper panel) and discontinuous (lower panel) phragmoplast stages. b, Images extracted from a timelapse
imaging in sac9-3 of 2xmCh-2xPHPLC at two cytokinetic steps: ring (upper panel) and discontinuous (lower
panel) phragmoplast stages. On the right panel are presented two transverse view of 2xmCh-2xPHPLC for
both stages in sac9-3 (0.3 pm between optical sections). ¢, Images of mCit-Tubbyc with MBD-RFP in WT
d, Images of mCit-Tubbyc with MBD-RFP in sac9-3. e, Normalized intensity profiles corresponding to (d).
fand g, Images of the signal corresponding to 71T OM-SACIH94 and mCit-Tubbye during the discontinuous
phragmoplast phase expressed in a WT' (f) or sac9-3 (g). h, normalized intensity profiles corresponding to
(g). White arrow, PI(4,5)P2 biosensor appearance; White arrowhead, abnormal PI4,5)P; enrichment at the
leading zone in sac9-3; yellow arrowhead, SAC9C494 enrichment at the leading zone; White dotted line, cell
contour; Red dotted line, separation leading and lagging zone; Blue arrow, cell plate fusion site; n, nucleus;
Scale bars, 5um.
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Fig.5 | de-novo recruitment of the cytokinesis apparatus in sac9-3

a, Image series of MAPG65-3-GFP in WT (upper panel) or sac9-3 (of the bottom panel) every two minutes
for two hours. Time is given relative to "disk"-"ring" phragmoplast transition (0 min) and cell plate
attachment (14 min). Finals images represent a 3D view of time = 32 min. b, Comparison of MAPG65-3-
GFP domain length in WT versus sac9-3. In the plots, middle horizontal bars represent the median, while
the bottom and top of each box represent the 25™ and 75" percentiles, respectively. At most, the whiskers
extend to 1.5 times the interquartile range, excluding data beyond. For range of value under 1,5 IQR,
whiskers represent the range of maximum and minimum values. Results of the statistical analysis (shown
in the supplementary table) are presented (n=number of cells). ¢, Z projection of 2xmCherry-2xPHFAPPI
and RFP-MBD in sac9-3 over time. Here, the signal is color coded in green fire blue (see scale bar on the
right). The signal corresponding to microtubules and the one corresponding to membrane are not
distinguished). Note that here, mCh-PH"""! is used at the membrane marker (plasma membrane
and cell plate). d, Image series of YFP-KNOLLE in sac9-3. Gray arrow, MAPG5-3 localization after
cytokinesis; Double red bars, distance labeled by GFP-MAPG5-3; red arrowhead, branch emergence in sac9-
3; blue arrow, cell plate fusion site; Asterisk, position of the branch’s emergence at the cell plate; n, nucleus;
scale bars, 5um.
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635  Fig.6 | Ectopic membrane domain formed in absence of SAC9 has a cell plate identity and leads
636  to cell wall defects.

637  a, 3D rotation of YFP-KNOLLE in sac9-3 during defective cytokinesis. Here, the signal is color coded in
638  green fire blue (see scale bat). Scale bars, 5um. b, Quantification of the number of defects. The result of
639  the statistical analysis (shown in the supplementary table) is presented. On the top right, representation of
640  branched cell wall defects (green) with key topological elements listed such as the distance between the
641  branched cell wall and lateral cell wall (double arrow), and cell plate insertion site (blue arrow). In the plots,
642  middle horizontal bars represent the median, while the bottom and top of each box represent the 25% and
643 75t percentiles, respectively. At most, the whiskers extend to 1.5 times the interquartile range, excluding
644  data beyond. For range of value under 1,5 IQR, whiskers represent the range of maximum and minimum
645  values. Results of the statistical analysis (shown in the supplementary table) ate presented (N = number of
646  replicates, n = number of cells). c-d, Z-stack images of calcofluor-stained fixed roots (7 day-olds) for W'T
647  (c) and sac9-3 (d). Orange lines, the position of the section. Left panel, longitudinal section (top, scale bars
648 20 um), and transverse section (bottom). Right panel, a crop of the root cortex (scale bars 5 pm). e, Time
649  series of mCit-Tubbyc and 2mCh-2PHFAPPL at the end of the cytokinesis in sac9-3 (Bars 5um). Here, 2xmCh-
650  2xPHFAPPL js used as a marker for membranes (plasma membrane and cell plate). n, nucleus; White asterisk,
651  position of the branch’s emergence at the cell plate; Orange arrow, cell wall defects; Blue arrow, cell plate
652 fusion site; White arrowhead, P1(4,5)P; biosensor enrichment obsetved in sac9-3. Scale bars, Sum.
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655  Extended data.l | Cell cytokinesis from a cytoskeleton point of view.

656 Schematic representation of phragmoplast expansion in a 2D cell. The three main phragmoplast structures
657  are presented: form a Disk phragmoplast until a Discontinuous phragmoplast morphology. Key
658  cytoskeleton’s structure are presented: Microtubules plus ends, minus ends, phragmoplast leading and
659  lagging zones and cell plate maturing domain. Microtubules, green; Actin, dark blue, Cell plate, magenta.
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661  Extended data.2 | PI(4,5)P; appearance at the maturing cell plate in wild-type plants

662  a, Z-projection of dividing cells expressing 2xmCh-2xPHPIC together with MBD-GFP. The image was
663  taken every 2 min and 15 optical sections were used for Z-projection. I, IT and III images correspond to
664  the sequence of events from the first appearance of PI(4,5)P; biosensor at the cell plate. b, Representation
665  of the different focal planes used in this study from the subcortical patt of the cells (Zi, top panel) to the
666  bottom cells (Ziiii, bottom panel). ¢, Confocal images of W'T at different Z, expressing #Cit-Tubbyc together
667  with MBD-RFP during the discontinuous phragmoplast stage, in wild type plants. d, Confocal images of
668  WT, expressing 2xmCh-2xPHPLC together with MBD-GFP during the discontinuous phragmoplast stage,
669  from the subcortical part of the cells (Zi, top panel) to the center of the cells (Ziiii, bottom panel) in WT.
670  White arrow, PI(4,5)P, biosensor appearance; blue arrow, cell plate fusion site; Black arrow, cell plate
671 direction of growth; n, nucleus; scale bars, 5um.

672
673
674
675
676
677

678


https://doi.org/10.1101/2022.12.18.520917

679

680

681
682
683
684
685
686
687
688
689
690
691

692

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.18.520917; this version posted December 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

p.value: 0.000 p.value: 0.000

[o]

a
& e - mean
“ O
< N . 2
fo O
(&) Y . < ©
28} o mean o 1.5
= 1.5 )
€ > s ]
3 )
< ©
o =
: 2 Py
= = o
PX(4,5)P; 5 2
© -
[S) X Q ©
> ) = x
o 'g T [}
a = o 2
> - 14 i £ 19
'T (o] 6 c
= B o
(@] © IS =}
€ = x i\
3 o =
o o
~
2 &
NJ <~
= \J
0.5 =~ 05
[0} ()
o 2
o o GEJ
£
N=2 n=14 N=2 n=19
lagging leading lagging leading
zone zone zone zone

Extended data.3 | PI(4,5)P; exclusion at the leading zone

a, ¢, Confocal images of WT, expressing respectively #Cit-Tubbyec with MBD-RFP (a) ot 2xmCh-2xPHP-C
with TUA6-GFP (c) at the discontinuous phragmoplast. b, d, Quantification of PI(4,5)P>localization index
for PI(4,5)P> biosensors (mCit-Tubbyc and 2xmCh-2xPHPLC) with respect to two microtubules tagged
proteins (MBD-RFP and TUAG-GFP respectively), normalized by cell plate intensity. “1” blue line
represents a situation in which there is no biosensor enrichment. In the plots, middle horizontal bars
represent the median, while the bottom and top of each box represent the 25% and 75" percentiles,
respectively. At most, the whiskers extend to 1.5 times the interquartile range, excluding data beyond. For
range of value under 1,5 IQR, whiskers represent the range of maximum and minimum values. Results of
the statistical analysis (shown in the supplementary table) are presented (N = number of replicates, n =
number of cells). White arrow, PI(4,5)P> biosensor appearance; Blue arrow, cell plate fusion site; dotted
lines, region of interest; n, nucleus; scale bars, 5pm.
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Extended data.4 | SAC9 and the PI(4,5)2; localization during the disk phragmoplast stage

a, Confocal images of mCit-SAC9 and 2xmCh-2xPHPLC at the “Disk phragmoplast” phase in WT. b,
Normalized intensity profiles of mCit-SAC9 (top panel) and 2xmCh-2xPHPLC (bottom panel) during the
Disk phragmoplast phase (entire cell plate, dotted line). ¢, Confocal images of WT expressing #7TOM-
SACIH9A and mCit-Tubbye. d, Normalized intensity profiles of tdTOM-SAC9494 (top panel) and mCit-
Tubbyc (bottom panel).
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702 Extended data.5 | mCit-SAC9 subcellular localization and fixed tissue

703 a, Representative images of mCit-SACY signal obtained after fixation of the tissue and calcofluor labeling
704  of the cell wall. Cortex cell layer is presented. (Scale bar 20um). b, Example of three dividing cells of the
705  epidermis from whole-mount fixed Arabidopsis line expressing 7Cit-SACY. The epidermis is presented.
706  (Scale bar 5um). ¢, Intensity profiles of mCit-SAC9 on the cell plate axis, across the center of the cell (in
707  the root growth axis), and finally across the cell cortex (nearby the lateral cell wall in the root growth axis).
708  The Black dotted line delimits the cell plate, the red line corresponds to the top fluorescence intensity in
709  the cytosol. d, Quantification of mCit-SAC9 localization index in fixed tissue. Blue line represents a
710  situation in which mCit-SAC9 is not enriched compared to the cytosolic background. The cell plate
711  accumulation edges index represents the cell plate edges fluorescence intensity divided by the cell plate
712 center fluorescence intensity. Cell plate accumulation edges index >1 indicates a specific enrichment at the
713  edges compared to the center of the cell plate. In the plots, middle hotizontal bars represent the median,
714 while the bottom and top of each box represent the 25% and 75% percentiles, respectively. At most, the
715  whiskers extend to 1.5 times the interquartile range, excluding data beyond. For range of value under 1,5
716  IQR, whiskers represent the range of maximum and minimum values. Results of the statistical analysis
717  (shown in the supplementary table) ate presented (N= number of replicates, n=number of cells). Blue
718 arrow, cell plate fusion site; n, nucleus.
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721 Extended data.6 | tdTOM-SAC9C459A Jocalization during the ring phragmoplast stage relative to
722 the phragmoplast microtubules

723  a, Images of tdTOM-SAC9¥A with MBD-GFP. b, Normalized intensity profiles corresponding to (a).
724  Red dotted line, separation leading and lagging zone; n, nucleus; scale bar, 5um. Yellow arrowhead,
725  SACI9A enrichment at the leading zone.
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730 Extended data.7 | In sac9-3, the PI(4,5)P, is abnormally recruited at the phragmoplast leading
731 zone.

732  a, Confocal images of sac9-3 expressing #Cit-Tubbyc and REP-MBD during “the ting phragmoplast” phase
733 or expanding cell plate phase. The first three panels correspond to a longitudinal view and the fourth panel
734  corresponds to a transverse view of the same cell (0.7um between optical sections). b, Image seties and 3D
735  projection of an 7 vivo dividing sac9-3 cells expressing both PI(4,5)P, (mCit-Tubbyc, white) and PI(4)P
736  (mCh-PHFAPPL red) biosensors. Images were taken every 2 min (between 20 and 30 Z-stack per frame) for
737 2 h with a root tracking system (38). Note that here, 2xmCh-2xPHFAPP! js used at the membrane marker
738 (plasma membrane and cell plate). Blue arrow, cell plate fusion site; n, the nucleus; white arrowhead, in
739  sac9-3, PI(4,5)P; biosensor “ring” surrounding the cell plate and PI(4,5)P; biosensor spot whete the branch
740  emerged and at its tip. Scale bars, 5 pm.
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Extended data.8 | Model for the abnormal recruitment of PI(4,5)P; in sac9-3

Hypothetical model of the mechanism at the cell plate edges based on our results. In wild-type plants, SAC9
restricts the PI1(4,5)P, at the plasma membrane giving rise to a endomembrane system free of this lipid.
Upon SACY absence, the P1(4,5)P; is accumulated in endomembrane compartments lost in the endocytic
pathway, no longer able to reach and fuse to the TGN. This abnormal PI(4,5)P; containing membranes
accumulating in absence of SACY are during the cytokinetic process integrated at the leading edges of the
phragmoplast notably during its fusion to the plasma membrane.
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754 Extended data.9 | In sac9-3, cell plate branching correlates with microtubule perturbation.

755  a, index of MAPG5-3 accumulation at one side of the cell plate. In the plots, middle hotizontal bars
756  represent the median, while the bottom and top of each box represent the 25% and 75™ percentiles,
757  respectively. At most, the whiskers extend to 1.5 times the interquartile range, excluding data beyond. For
758 range of value under 1,5 IQR, whiskers represent the range of maximum and minimum values. Results of
759  the statistical analysis (shown in the supplementary table) are presented (N = number of replicates, n =
760  number of cells). b, Co-immunolocalization against atubulin and KNOLLE in sac9-3 stained with
761  calcofluor. Scale bar, 5 pm. ¢, Timelapse of a Z projection of RFP-MBD in sac9-3. Scale bar, 5 pm. d, Z
762  projection of 2xmCherry-2xPHFAPP! and RFP-MBD in WT. Here, the signal is color coded in green fire
763  blue (see scale bar on the right). The signal corresponding to microtubules and the one cotresponding to
764  membrane are not distinguished). Note that here, 2xmCh-2xPHFAPP! js used at the membrane marker
765  (plasma membrane and cell plate). e, Image series acquired with a root tracking system of WT treated for 2
766  h with chlorpropham 20 uM. Blue arrow, cell plate fusion site; Red arrowhead, branched cell plate; n,
767  nucleus; Asterik, position at the cell plate for the branch’s emergence. Scale bar, 10 pm.
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769  Extended data.l0 | Mutation in the putative catalytic domain of SAC9 does not rescue the
770  phenotype during cell division.

771  a, b, Z-stack images of calcofluor-stained fixed roots (7-day-old) sac9-3 expressing the functional #Cit-
772 SACY (a) ot mCit-SACI?4 (b). The left panel shows the epidermis layer in a longitudinal section (top,
773 scale bar 20 um.) and a transverse section (bottom). The middle panel shows the cortex layer, in the same
774  way as the epidermis. The right panel shows a crop of the cortex layer (scale bar 5 um). Orange arrow, cell
775  division defects; Orange cross-section, position within the tissue for longitudinal and transverse sections.
776 ¢, Quantification of the number of cell wall defects in wild-type, sac9-3, and mCit-SACI4A in sacd-3. In
777  the plots, middle horizontal bars represent the median, while the bottom and top of each box represent the
778  25%h and 75% percentiles, respectively. At most, the whiskers extend to 1.5 times the interquartile range,
779  excluding data beyond. For range of value under 1,5 IQR, whiskers represent the range of maximum and
780  minimum values. Results of the statistical analysis (shown in the supplementary table) are presented (N =
781  number of replicates, n = number of cells).
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783 Extended data.11 | Partial rescue of sac9-3 when SACY is only present in dividing cells.

784  a, Diagram representing the 2097 amino-acid MAPG65-3¢r -mCit-SAC9 protein. We fused the C-terminal
785  (Cter) domain of MAPG5-3 that contains a microtubule binding site that enables specific activity in the
786  phragmoplast midzone and its degradation post cytokinesis (24) to mCIT and SAC9 genomic sequence. b,
787  left: Expression of pMAP65-3:MAP65-3¢e nCit-SACI in sac9-3 dividing cells (red star) of the root
788  meristematic zone. Right: localization of MAPG5-3¢er -mCit-SAC9 at three cytokinesis steps. Scale bars,
789  5um. ¢, Phenotypes of sac9-3 (right panel) complemented with two MAPG65-3¢t-mCit-SAC9 independent
790  lines (middle and left panels). Top panel: representative images of the macroscopic phenotype observed
791  (21dpi); Bottom panel: images of calcofluor-stained fixed roots (10 day-old). Scale bars, 5um. Orange
792 arrowhead, division defects; n, nucleus; yellow arrowhead, enrichment on the cell plate; Blue arrow, the cell
793  plate fusion site. d, Quantification of the number of division defects in sac9-3 and sac9-3 expressing MAPG5-
794 3:MAP65-3%r-mCit-SACY. In the plots, middle horizontal bars represent the median, while the bottom and
795  top of each box represent the 25t and 75t percentiles, respectively. At most, the whiskers extend to 1.5
796  times the interquartile range, excluding data beyond. For range of value under 1,5 IQR, whiskers represent
797  the range of maximum and minimum values. Results of the statistical analysis (shown in the supplementary
798  table) are presented (N= number of replicates, n=number of cells). e, Representative images of the aerial
799  phenotype observed (6 week old plants).
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801  Extended data.l2 | Mutation in the putative catalytic domain of SAC9 does not rescue the
802  PI(4,5)P; biosensor misregulation during cell division.

803  a, Confocal images of WT expressing 2xmCh-2xPHFAPP! (red), sac9-3 expressing 2xmCh-2xPH PP (red) and
804  sac9-3 expressing tdIOM-SACIH4, together with #Cit-Tubbye (white). For the sets of three panels, the top
805  images correspond to the “expanding cell plate” phase and the bottom image to the “partially attached cell
806  plate” phase. Here, 2xmCh-2xPHFAPP! is used as a marker for membranes (plasma membrane and cell
807  plate). The white arrow points out the cell plate for PI(4,5)P2, yellow arrowhead the SACI494 enrichment
808 and “n” the nucleus (scale bars, 5um). b, Comparison of the phragmosome accumulation index for
809  PI(4,5)P; biosensors (mCit-Tubbyc) at the “expanding cell plate” (left panel) and partially attached cell
810  plate” (right panel) between WT, sac9-3 mutant and sac9-3 expressing tdTOM-SACIH?4. In the plots,
811  middle horizontal bars represent the median, while the bottom and top of each box represent the 25t and
812 75 percentiles, respectively. At most, the whiskers extend to 1.5 times the interquartile range, excluding
813 data beyond. For range of value under 1,5 IQR, whiskers represent the range of maximum and minimum
814  values. Results of the statistical analysis (shown in the supplementary table) are presented (N = number of
815  replicates, n = number of cells).
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818  Extended data.13 | Proposed model
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819 a, Upon a first partial cell plate fusion to the plasma membrane, during discontinuous phragmoplast stage,
820  the remaining expanding phragmoplast has to accommodate rapid PI(4,5)P: transfer at the cell plate. This
821  PI(4,5)P:is tightly controlled on the expanding phragmoplast, through the action of SACY enzyme, leading
822  to the formation of a PI(4,5)P; gradient from the fused cell plate attachment (left part of the cell plate)
823  towatd the expanding edges. Concomitantly to the phragmoplast insertion to the plasma membrane, this
824  gradient progressively reaches the entire cell plate, accompanied by a decrease of MAPG5-3 domain, and
825  marks the final cell plate maturation and formation of a new cross wall. b, In sac9 mutant, P1(4,5)P; gradient
826  on the discontinuous phragmoplast is in the opposite direction relative to the cell plate growth direction,
827  creating a conflict in the spatial coordination of the expanding leading zone. Until the cell plate's complete
828  attachment to the plasma membrane, this misoriented gradient has no impact on the cell plate's outward
829  progtession, which is driven by cortical division zone-phragmoplast leading zone proteins. Following cell
830  plate fusion to the plasma membrane, and phragmoplast component disengage, leaving the PI(4,5)P;
831  gradient’s as the only remaining polar factor cue. Mis-polarized P1(4,5)P, gradient in sac9 is perceived by
832  MAPG5-3 as a spatial cue leading first to MAP65-3 ~3um domain stabilization, even after cell plate
833  complete attachment, and second to reassembly of the phragmoplast apparatus on the inner side of the
834  MAPG65-3 domain. Following phragmoplast reassembly, a cell plate protuberance emerges and expands
835  towatd the plasma membrane followed by a PI(4,5)P» burst, generating a second gradient otienting the
836  branch expansion.
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840 Extended video.1| Colocalization analysis of tdTOM-SAC9594 (magenta) with MAP65-3-GFP (green)

841  Time-course analysis during cytokinesis of tdTOM-SACI945A (magenta) with MAP65-3-GFP (green)
842  using a root tracking system (38). The division was imaged every two minutes. Scale bar, 5um

843

844 Extended video.2 | P1(4,5)P; behavior duting cytokinesis in sac9-3 mutant

845  Time-course analysis using a root tracking system (38) of mCit-Tubbyc (white) and 2xmCH-2xPHFAPP!
846  (red) subcellular localization during cytokinesis in sac9-3. Here, 2xmCh-2xPHFAPPL js used as a marker for
847  membranes (plasma membrane and cell plate). The division was imaged every two minutes. Scale bat: 5

848 um.
849

850 Extended video.3 | MAPG65-3-GFP behavior during cytokinesis in wild-tvpe plants

851  Time-course analysis using a root tracking system (38) of MAP65-3-GFP subcellular localization during
852  cytokinesis in WT. The division was imaged every two minutes. Scale bar : 5um

853

854 Extended video.4 and 5 | MAPG65-3-GFEP behaviot’s during cytokinesis in sac9-3

855  Exemple of defective cytokinesis in sac9-3 expressing MAP65-3-GFP and imaged over time using a root
856  tracking system (38). The division was imaged every two minutes. scale bar: 5 pm

857

858  Extended video.6 | Mild treatment with a microtubule perturbator phenocopies sac9-3 phenotype

859  Time-course analysis using a root tracking system of the plasma membrane labeling PI4P biosensor
860  (mCIT-P4M) in WT root treated for 2h with chlorpropham. Here, mCIT-P4M is used as a marker for
861  membranes (plasma membrane and cell plate). Scale bar: 10 pm

862
863  Extended video.7 | Imaging of the defects during cytokinesis in sac9-3
864  Time-course analysis using a root tracking system (38) of 2xmCH-2xPHFAPP! in sa¢9-3 during cell plate

865  defect formation (arrow). Here, 2xmCH-2xPHFAPP! js used as a marker for membranes (plasma
866  membrane and cell plate). Scale bar: 5 um

867

868 Extended video.8 | branched cell wall defects segmentation in sac9-3

869  Rotation of a branched cell wall defect (green) and its neighboring cell (gray) 3D view imaged after
870  calcofluor staining.

871

872 Extended video.9 | branched cell wall defects segmentation in sac9-3
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873  Rotation of branched cell wall defects accumulation (green) and their neighboring cell (gray) 3D view
874  imaged after calcofluor staining.

875

876 Extended video.10 | PI(4,5)P; behavior duting double cell plate attachment in sac9-3

877  Time-course analysis using a root tracking system (38) of mCit-Tubbyc (white) and 2xmCH-2xPHFAPP1
878  (red) subcellular localization during cytokinesis in sac9-3. Here, 2xmCH-2xPHFAPP! js used as a marker for
879  membranes (plasma membrane and cell plate). The division was imaged every two minutes. Scale bar,

880  5um

881

882  Supplementary tables | Resources and statistics.

883  a, Reagent and resoutces. b, Details of the statistics cortesponding to Figure 1f. ¢, Details of the statistics
884 corresponding to Figure 2¢, 2f. d, Details of the statistics corresponding to Figure 3d, 3f. e, Details of the
885 statistics corresponding to Figure 5b. f, Details of the statistics corresponding to Figure 6b. g, Details of
886  the statistics corresponding to extended data 3b, 3d. h, Details of the statistics corresponding to extended
887 data 5d. i, Details of the statistics corresponding to extended data 9a. j, Details of the statistics
888  corresponding to extended data 10c. k, Details of the statistics corresponding to extended data 11d 1,
889  Details of the statistics corresponding to extended data 12b.
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