N
N

N

HAL

open science

Root hair growth phases are coordinated by cytoskeleton,
nucleus dynamics and cell mechanics in Arabidopsis

Gilles Dupouy, Tamsin Spelman, Gaurav Singh, Etienne Herzog, Stephanie

Baudrey, Simone Bovio, Jérome Mutterer, Olivier Hamant, Alexandre Berr, Henrik

Jonsson, et al.

» To cite this version:

Gilles Dupouy, Tamsin Spelman, Gaurav Singh, Etienne Herzog, Stephanie Baudrey, et al.. Root hair growth
phases are coordinated by cytoskeleton, nucleus dynamics and cell mechanics in Arabidopsis. 2025. <hal-

05296495)

HAL Id: hal-05296495
https://hal.science/hal-05296495v1

Preprint submitted on 3 Oct 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to'flizition
HAL Authorization


https://hal.science/hal-05296495v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.31.646268; this version posted March 31, 2025. 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(which was not certified by peer review) is the author/funder.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.

1
2
3 Root hair growth phases are coordinated by cytoskeleton, nucleus dynamics and cell
4  mechanics in Arabidopsis
5
6  Authors: Gilles Dupouy*f !, Tamsin Spelmanf 2, Gaurav Singh!, Etienne Herzog', Stephanie
7  Baudrey?, Simone Bovio?*, Jérome Mutterer!, Olivier Hamant*, Alexandre Berr', Henrik
8  Jonsson*2s and Marie-Edith Chabouté *!
9
10 T - equal contribution of the authors
11 * Co-corresponding authors
12
13 1. Institut de Biologie Moléculaire des Plantes (IBMP), CNRS, Université de
14 Strasbourg, Strasbourg, France.
15 2. Sainsbury Laboratory, University of Cambridge, Cambridge CB2 1LR, United
16 Kingdom.
17 3. Université de Strasbourg, CNRS, Architecture et Réactivité de I'ARN, UPR
18 9002, Strasbourg, France.
19 4. Laboratoire de Reproduction et Développement des Plantes, Université de
20 Lyon,Université Claude Bernard Lyon 1, ENS de Lyon, Institut National de
21 Recherche pour I'Agriculture, 1'Alimentation et 1'Environnement (INRAE),
22 CNRS, 69364 Lyon Cedex 07, France;
23 5. Centre for Environmental and Climate Science, Lund University, S6lvegatan 37,
24 223 62 Lund, Sweden
25
26 e Short title
27  Tip growth modelling with cytoskeleton and nuclear dynamics
28

29  Abstract

30

31
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Introduction

Over the past few decades, models of polar cell growth have been developed using tip-growing
cells across various systems, including neural axons in mammals (/) filamentous tissues in
moss (2), bacteria (3) plant zygote elongation (4) or specialized plant cells like pollen tubes and
root hairs (RHs) (5). RHs are rapidly growing tubular extensions of root epidermal cells,
essential for plant water and nutrient uptake, directly or indirectly through establishing
symbiosis such as with mycorrhizal fungi (6, 7). RH must regulate its transition from initiation
via rapid elongation to tip growth arrest, while ensuring cylindrical shape maintenance through
precise cell wall synthesis(§, 9).

In growing RHs (GRHs) with rapid elongation, both cortical microtubules (CMTs) and highly
dynamic endoplasmic microtubules (EMTs) coexist in the shank, i.e. the zone of secondary cell
wall deposition at approximately 20xm from the tip in average (/0) with MTs nucleating on
the nuclear surface and cortex (717, 12). Actin filaments (AFs) form bundles in the shank, while
dynamic fine AFs localize with EMTs in the subapical region (~5ym from the tip), with
globular (G)-actin concentrated at the tip (/2-14). Actin polymerization drives polar growth in
Arabidopsis RH cells (/5). As RHs become mature (MRHs), fine AFs and G-actin at the tip are
replaced by thick AF bundles (/3), and EMTs disappear, leaving CMTs looping around the tip
and body (/2). MTs regulate cell shape, directional growth (/6), and cellulose deposition (/7),
while AFs support intracellular transport critical for tip extension (/8).

During rapid tip elongation (ranging from 1 to 2.5 pym/min), the nucleus maintains a nearly
constant distance from the tip (ranking between 60 and 80 pm) crucial for tip growth (/9). Such
nucleus connection to the tip is lost in MRHs and nuclear movement is then solely regulated by
AFs (19, 20). Nuclear movement is not purely unidirectional in growing RHs. Instead, a small
consistent back-and-forth motion has been observed, which may be controlled by AFs and was
shown to be dampened by MTs (21). A correlation between tip growth rate (TGR) and nuclear
position has been noted in response to increased substrate rigidity, though the underlying
mechanisms remain unknown (22). Throughout RH development, nuclear shape evolves, with
its aspect ratio (AR), i.e. the ratio of its longest length divided by its smallest, increasing
progressively as the cell matures (20, 23). This elongation is influenced by mutations affecting
the nuclear lamina, LINC complexes (Linker of Nucleoskeleton and Cytoskeleton), Myosin XI-
I, and several nucleoporins (24, 25).

Several computational models have been developed to explain specific aspects of RH
growth and structure. Simpler mathematical models have addressed cell wall expansion using
scaling arguments (26), while more complex models incorporate biomechanical frameworks
(27) and cell wall aging dynamics (28). Cytoskeletal features have also been investigated, with
MT alignment modelled using mean-field theory (29-37) and computational simulations (32-
34). However, AF alignment in plant cells remains less explored in models. Most cytoskeletal
network models consider MTs and AFs independently of RH development, though some
address cytoskeletal force distribution, such as local stresses on MTs during RH initiation (35).
Computational studies on nuclear deformation in RHs and plant cells are limited, despite
broader research in other cell types (36, 37).

Tip growth primarily occurs at the apex, with limited length extension in the shank
(20pm from the tip), through the synthesis of a primary cell wall (9). Meanwhile, shank
hardening is facilitated by the deposition of a secondary cell wall layer (§). Both cell wall
thickness and composition, as well as the underlying turgor pressure contribute to overall RH
stiffness. Atomic force microscopy (AFM) analysis revealed a reduced cell stiffness in the
shank of mutants with impaired CMT organisation (38). The central RH vacuole plays a key
role in maintaining turgor pressure (39) and expands progressively during RH growth (40).


https://doi.org/10.1101/2025.03.31.646268

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.31.646268; this version posted March 31, 2025. The copyright holder for this preprint

01N N KW —

[SSTRUS TN NG T NS T NG I NS T NS T NS T NG T NG T N T N T e e e e e T e T
— OO0 I NP WO, OOV ANNPE WD — OO

32

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Initially confined to the basal shank, it extends into the subapical region and reaches the tip in
MRHs (41).

While various cellular parameters—such as cell wall stiffness, cytoskeletal
organization, vacuole and nuclear dynamics — have been mostly investigated independently in
RH growth, an integrated framework linking these factors remains lacking. To date, no
theoretical model has fully integrated the mechanistic interactions between the cytoskeleton,
tip growth, and nuclear movement and shape. Building on these gaps, this study aims to
decipher the mechanistic of tip growth during Arabidopsis thaliana RH development through
the building of an integrative model focusing on key cellular components. Specifically, we seek
to identify critical behaviours that regulate the timely progression from the growth phase to tip
growth arrest. Leveraging our recently developed high-resolution imaging technology
combined with microfluidics (23), we quantitatively analyse TGR, nuclear dynamics
(movement and shape), and cytoskeletal organisation from rapid tip elongation to tip growth
arrest. Our findings reveal a key developmental transition in growth dynamics between rapid
growth (G) and reduced growth stages (RG), governed by cytoskeleton-related TGR shifts to
assure the timely maturation of RHs. Using these data, we quantitatively characterise
cytoskeletal changes during each of these transitions in relation to nuclear positioning and tip
behaviour. The development of a mathematical model enables the investigation of regulatory
mechanisms connecting modifications of nuclear motion and morphodynamics during tip
growth based on cytoskeleton and nucleus generated forces. To validate our model, we apply
cytoskeleton-destabilizing drugs and analyse mutant lines affecting MT arrays (fra2) and
nuclear morphodynamics (crwnl-2). Our findings present a comprehensive model linking
cellular tip growth to nuclear positioning via the cytoskeleton. The dynamics following
chemical perturbations suggest that this G/RG transition depends on major changes in
cytoskeleton dynamics, with decreased MT stability but increased AF stability. We showed a
forward shift of the nuclear position during this transition, which is mirrored by a similar shift
in vacuole position, suggesting an additional role for the vacuole movement in this process.
This also results in local changes in cell stiffness at the subapical region, highlighting this
particular region for the control of RH growth. Following the G/RG transition we identified a
timely controlled decrease of TGR until arrest, correlated with a cytoskeleton and
nucleoskeleton-controlled stretching of the nucleus.

Results

Cytoskeletal reorganisation and nucleus repositioning correlate with transitions between
root hair growth phases

Cytoskeleton networks undergo organizational changes during RH development, but
quantitative analysis, particularly regarding TGR and nucleus position, is lacking. To address
this, we collected consistent experimental data using our previously described microfluidic
setup (23). Our study spans RH development from growth to early maturation after tip growth
arrest. Real-time confocal imaging in microfluidic channels (42) was performed every 3 mins
on 9-day-old Arabidopsis seedlings. Using differential interference contrast (DIC), we
measured TGR kinetics until growth arrest (Fig. 1A). Initially, RH growth remained relatively
constant at a mean rate of 1.1 £ 0.2 pm/min, then switched to a reduced growth phase
characterized by a gradual decline of TGR until arrest, with a mean rate of 0.29+0.04 ym/min
(Fig. 1B, ng=7, ngg=11, p=0.003, Mann Whitney test). This pattern allowed us to define three
RH development stages: the Growth (G) stage, lasting up to 150 min before tip growth arrest,
with a TGR ranging from 0.6 to 2 ym/min; the Reduced Growth (RG) stage, defined by TGR
< 0.6 ym/min; and the Early Mature (EM) stage beginning after tip growth arrest (Fig. 1A). A
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clear transition was detected between the G to RG phases, (hereafter G/RG) (Fig. 1C, fig. S1D),
characterized by a sharp 35% TGR drop occurring within 20 min (Fig. 1D, from 0.9+0.1 to
0.6+0.1 ym/min, n=9, p=0.04).

Next, we analysed AF, MT and nuclear organisation changes across RH growth kinetics
in seedlings co-expressing SUN2-tagRFP with either GFP-MBD (for visualizing MTs) or
LifeAct-GFP (for AFs). During the G phase, the MT bundling peak was located at the back of
the nucleus, with a smaller peak at the front (15-5 gm from the tip, i.e. the subapical region)
corresponding to the MT fringe, coexisting with fine AFs while the diffuse fluorescence signal
at the tip (Fig. IF, white arrows) may correspond to fine AFs and eventually G-actin as
previously reported (/4). Further upstream (~20 ym from the tip), both MT and AF bundles
were present in the shank. At G/RG (ng=16), AF intensity shifted towards the subapical region,
while MT intensity decreased (Fig. 1H, I, fig. S1B), coinciding with a rapid cytoskeletal
reorganisation (movies S1, S2). These organisation patterns remained stable through the RG
phase. Just before tip growth arrest, a transient MT bundling occurred at the tip (~20 min, movie
S3), while AFs polymerized into longer filaments (movie S4). After tip growth arrest, AF
intensity peaked further back (after TS), while MT intensity remained low (Fig. 1J, K),
reflecting EMTs disappearance and the decreased density of CMTs as previously reported (/2).

Nuclear position correlated with cytoskeletal changes. During the G phase, the nucleus
was 61+6um (Fig. 1E) from the tip, aligning with previous observations (~60—80 ym (/9)). AF
intensity peaked around the nucleus, while MT intensity peaked slightly behind it (Fig. 1G,
69% of RHs, ng=13). At G/RG, the nucleus moved closer to the tip, reducing the gap to 47 + 3
pum (Fig. 1E, ngnrs=9, p=0.03 compared to G phase), which coincided with the forward shift
of the AF intensity peak (Fig. 1H, I). The nucleus position then remained stable through RG
(movies S1 and S2). After the beginning of the EM phase, the nucleus shifted backward,
mirroring AF intensity retreat (Fig. 1J, K, movie S5). Fully mature RHs showed more variation
in cytoskeletal density distribution between the nucleus and the tip in comparison to G and RG
phases (fig. S1C).

In summary, cytoskeletal reorganisation closely aligns with nuclear movement, first advancing
toward the tip at the G/RG transition and later retracting in EM phase.
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Fig. 1: Kinetics of RH tip growth linked to cytoskeleton reorganization. (A) Evolution of Tip Growth Rate
(TGR) over the three development phases: Growing (G), reduced growth (RG), and early maturation (EM). Each
line represents individual RHs (n=11). Black double arrow represents the transition between G and RG phases.
(B) TGR mean values in G and RG stages, ** P-value < 0.01. (C) TGR kinetics slopes for G and RG phases, as
well as the G/RG transition in between (black double arrow on A). Different letters highlight statistically different
conditions according to Mann-Whitney non parametric test (p < 0.05). (D) Mean TGR at the end of G phase and
beginning of RG phase (around G/RG transition). (E) Nuclear distance from the tip at the end of G phase and
beginning of RG phase (mean values from 10-minute timeframes right before and after G/RG transition). * P-
value < 0.05. (F to K) Confocal microscopy images and cumulated Microtubule (MT) and Actin filament (AF)
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respectively. On each graph two timepoints are represented, corresponding to the T1 to T6 time points displayed
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Mathematical model of RH growth coupled to nucleus dynamics

To move beyond correlations between cytoskeleton, nucleus, and tip growth, and try to decipher
the causal effects between these elements, we developed a mathematical model based on the
different stages of RH development (Fig. 2, Methods, text S1). We adapted a previous
mechanical model for tip-growing cells (27), which incorporates plant cell specific features
such as viscoelastic cell wall properties and turgor pressure. We extended this model by
coupling tip growth with nucleus dynamics through cytoskeletal forces (Fig. 2A, fig. S2A, text
S1). We simulated the RH as rotationally symmetric about its long axis, resulting in a generally
cylindrical cell shape (but allowing for variation in RH diameter) which smoothly transitions
into an evolving rounded cap in the tip growth region. To model the evolution of TGR, we
adjusted the extensibility magnitude of the tip in simulations to match the experimentally
observed growth rates across the three growth phases simplifying the rate progression into a
continuous, piecewise linear function (Fig. 2B). The nucleus, modelled as a constant-volume
spheroid, is tethered to the tip by two spring forces representing the net force generated by MT
and AF. According to the changes in cytoskeleton patterns observed from growth to RH
maturation (Fig. 1), we adjusted the AF and MT force potentials relative to the nucleus position
from G phase through to EM phase (fig. S2C). Based on prior findings (27), we assumed a
prevalence of AF over MT effects on nuclear movement. An additional spring force from the
nucleoskeleton accounts for nuclear envelope tension, allowing for nuclear shape changes, from
squeezed to elongated, influenced also by both cytoskeletal forces. By adjusting model
parameters, we accounted for changes in tip extensibility and cytoskeletal forces during RH
development. A crosstalk between the AF and MT networks was also incorporated (text S1).
We simulated the growth of a RH initiating from a trichoblast cell over 600 min and into early
maturation after tip growth arrest (text S1). For simplicity, we started with a spherical nucleus
in the centre of a spherical cell representing a trichoblast cell (Fig. 2C). Other trichoblast cell
shapes can also be used but had no significant effect on our results. As the simulation
progressed, the long thin RH protrusion grew at an approximately constant rate. When the cell
was 72 pym long (around 20 min post initiation, movie S6), the cytoskeleton forces on the
nucleus turned on and the nucleus moved into the protrusion and started following the tip at a
constant average distance with small fluctuations of its position from -520 to -200 min (Fig.
2C-D, fig. S2B-C). In this growing phase (G phase), based on observed cytoskeleton peak
intensities (MT peak behind the nucleus and AF peak at the nucleus position, Fig. 1F-G), we
positioned the AF and MT force potentials respectively so that AF forces pull the nucleus
towards the tip while MT forces preferentially provide a force pulling the nucleus away from it
(fig. S2C). Therefore, the nucleus remained close to but behind the equilibrium position of AF
forces and at the front of the equilibrium position of MT forces, and this equilibrium position
followed the tip growth. After 400 min of growth, we prescribed the start of G/RG by reducing
tip extensibility over 50 min, causing TGR to be reduced (Fig. 2B red line, fig. S2B, D). This
was followed by a 150 min time frame representing the RG phase with tip extensibility linearly
reducing to zero. After an initial reduction in MT forces during G/RG, these forces were
reduced linearly to O through the RG phase to reflect the large decrease in MT intensity seen in
experiments (Fig. 1). Simultaneously, the nucleus moved forward with its position becoming
solely determined by the centre of AF forces (Fig. 2D). After 600 min, tip growth stopped and
we prescribed a retreat of the centre of AF forces leading the nucleus to move away from the
tip during the EM phase (Fig. 2C-D, red line in D, fig. S2B-C). From growth to maturation, our
model predicted the nucleus to change morphologically (Fig. 2G,I, red line). During the G
phase, the nucleus was pulled from the back towards the tip, causing it to become compressed
and resulting in a low aspect ratio (AR) and area. At the G/RG transition, the nucleus moved
forward, reducing this squeezing effect leading to an increased nuclear AR. This however also
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resulted in the progressive increase of the nucleus area (Fig. 21, J). Finally in the EM phase, the
retreating AF effect resulted in a slight elongation of the nucleus. The AR changes were
inversely correlated with circularity (fig. S3A) and the mean nuclear solidity remained
unchanged in our mathematical model as the nucleus was assumed spheroidal (fig. S3C). A
model parameter sensitivity analysis identified the importance of individual parameter values
to the measured behaviours (fig. S2A, text S1).

Thus, building on a mathematical model of a tip growing cell developed by Dumais et al. (27),
we specialised it for RH cells and expanded it by coupling tip growth to nuclear dynamics
(movement and shape) via cytoskeleton forces to model RH growth until maturation. In the
next section, we experimentally tested the predictions of this model.

B - 2 - t=-600min '@

t=-580min = @

t=-520min @
t=-200min =~ ----- -

B = t=-100min ------- po—

<

£ ’ =

S t=150min ------- e

=2

@ . .

5 E. Modelling Experimental

<

< 2 a < b a b

2 o Qui

g S

v 2 o

2 o - .

. S o ‘ =

$ 0 5 . 0

X e

2 2300 250 —200 —150 —100 ~50 0 50 100 150 3 o ‘ e
D = Time (min) 5 *|

— 100 %

€ G RG EM S

= =

o 80

£

2 Gom F = b R

Y €

e ~

g 40 W g ——

B ) i

5 20 B L ]

b5 — Experiments 1 <

3, = g - =]

Z  -300 -250 —200 -150 —100 -50 0 50 100 150 8 —— ]

Time (min) S 3 3 E

G z

Nuclear Aspect Ratio

PN WA OO N ®
I
Nuclear Aspect Ratio
o
o
i

0
—300 —250 —200 —150 —100 -50 50 100 150
I Time (min)

200 'l

N Vil |

150
125
100
75
50
25 — Experiments

i

Nuclear Area (um?)
Nuclear Area (um?)

0
—300 -250 —200 -150 -100 -50 O 50 100 150
Time (min)

Fig. 2: RH growth and nuclear dynamics. (A) Modelling of RH tip growth with cytoskeleton and nuclear
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Accuracy of model predictions compared to experimental data

To test the accuracy of our model, we compared our simulations with experimental data. We
have simulated tip growth and nuclear dynamics from growth to maturation and compared TGR
and nuclear parameters over a 48-min window for each phase (G, RG and EM). In the G phase,
TGR and nuclear positions are aligned with experimental data (Fig. 2B-E) with a mean TGR
of 1.5+0.1 ym/min and nuclear position of 60+3 ym/ tip (n=10). Then in the RG phase, the
model assumed a 2-fold decrease of TGR (Fig. 2B) which led to a predicted change in nuclear
position relative to the tip as observed experimentally (Fig. 2D-E). Retreat of the nucleus after
tip growth arrest in the EM phase indicated a loss of its connection to the tip, as seen in our data
(Fig. 2C-E). In simulations, nuclear speed followed the TGR decrease and the nucleus forward
movement from G to RG phases, but remained relatively low in EM compared to our
experimental values although being higher than in RG (Fig. 2F, fig. S2E). Altogether, the model
is able to accurately predict the nuclear movement during the transitions between growth
phases.

Concerning nuclear morphodynamics, simulations predicted an increase of nuclear AR
in the RG phase as observed experimentally (Fig. 2G, H). However, no significant difference
was observed between RG and EM phase experimentally, despite the kinetics apparently not
changing from the RG phase, which is probably due to the variability observed between
individual RHs. Simultaneously the nuclear circularity statistically decreased both in the
mathematical model and experimentally (fig. S3A, B). Similarly, whereas our simulations
predicted a slight increase in the nuclear area in RG phase, the experimentally measured
maximum-projected nuclear area did not show any significant change through the whole
maturation kinetics (Fig. 2I, J). Finally, the unchanged nuclear solidity in the model matched
the statistically unchanged solidity from experimental data (fig. S3C, D). Besides the squeezing
effects imposed in our model by cytoskeleton forces we cannot exclude a role of the
nucleoskeleton to counterbalance these effects. For example, CRWNI1, one of the
nucleoskeleton components, was shown to control nuclear expansion (43).

In summary, our mathematical model is accurately able to capture changes in TGR with
nuclear movement behaviour observed experimentally, suggesting that this model has a good
predictive power. Next, we tested whether predictions from perturbations within the model
could be observed experimentally, notably through cytoskeleton destabilisation.

MT dynamics regulates G/RG transition and tip-nucleus connection

We observed correlations between cytoskeleton organisation, nuclear position and TGR. Our
model further suggests a causal link between these events, indicating that the observed decrease
in TGR coinciding with the decrease in MT intensity at the G/RG transition may be sufficient
to explain the reduced nuclear position relative to the tip. To explore this possibility, we first
tested the effects of a MT destabilisation on TGR and nuclear position during the G phase, since
a destabilisation of AF is known to lead to tip growth arrest (13, 16). In our model, we simulated
this destabilisation by reducing the MT force on the nucleus to zero and then partially
recovering it to simulate drug removal. We also incorporated cell extensibility changes to
modify tip growth speed. For both model and experiments we have used the same pipeline of
analysis. After a 10-min control in G phase, we induced a cytoskeleton depolymerisation for
10 min and tracked RH behaviour for 90 min post-drug removal. Experimentally, we induced
a MT destabilisation using 1 xM Oryzalin (OZ) and used the same fluorescent reporting lines
SUN2-tagRFP with either GFP-MBD (for MTs) or LifeAct-GFP (for AFs) to evaluate a
potential AF-MT crosstalk (fig. S4). Live imaging was conducted for 110 min over the whole
experimental framework. Mock controls were performed under identical conditions using
liquid growth medium.
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In simulations, the reduction in TGR was imposed by a decrease in tip extensibility, partially
recovered upon repolymerisation of MTs which interplays with AFs (Fig. 3A model, text S1).
In our experiments MT depolymerisation caused AF bundle formation in the subapical region
which was further maintained during recovery (fig. S4B, see white arrow), correlating with a
significant decrease in TGR (Fig. 3A, p=0.04, n=10). This suggests that the effect of MT
depolymerisation affects TGR through tip extensibility via MT-AF crosstalk. This could be
linked to vesicle trafficking which was previously shown to be regulated by AF dynamics (44).
In the recovery stage, a partial recovery of the TGR was stabilized at a low level, mimicking a
RG growth phase, which was imposed in the model (Fig. 3A). This relies experimentally on a
very slow repolymerisation of MTs occurring in the shank and the subapical region while AF
bundles were even more increased (fig. S4B, see white arrow). A simulation of MT
destabilisation had no effect on nuclear distance from the tip during treatment and early
recovery, with a backward movement of the nucleus from mid-recovery onwards (Fig. 3B).
This was explained by AF-MT crosstalk resulting in a weakening of the AF link to the tip
causing the nucleus to not move as fast as the tip during recovery (fig. S4A). Experimental data
showed a similar trend in terms of kinetics (Fig. 3B, C), however with already a significant
backwards movement in the early recovery (ER) phase, further paused upon MT
repolymerisation (Fig. 3B, D). As the MT repolymerisation was not complete, this backward
movement likely reflected AF forces on the nucleus with MT forces gradually counteracting
this effect, suggesting a more direct connection of the nucleus to the tip via MTs and a backward
force of AFs. Nuclear speed was predicted to remain unchanged in the model, aligning with
experimental data (Fig. 3E, n=0).

To explore the effect of MT stabilisation on TGR and nuclear movement, we used a
10uM Taxol treatment. This treatment had no significant effect on TGR (fig. S5A) or nuclear
position (fig. S5C), consistent with the fact that a relative MT stabilisation already exists in G
phase RHs and may be important for maintaining the nuclear position relative to the tip. This
could be linked to the observed EMTs bundling in the subapical region (Fig. 1) with
concomitant AF bundling there (fig. S4C, white arrows) which was maintained upon MT
stabilisation, probably preventing the nucleus from moving forward. To further investigate the
regulation of MT stability, we examined the KATANINI mutant fra2, which displays a reduced
MT severing activity affecting MT arrays and resulting in longer RHs (45). The fra2 mutant
showed an enlarged MT zone around a more rounded nucleus (fig. S4E), and maintained a high
TGR resembling the G phase from WT lines (1-1.8 gm/min, n=5, Fig. 3F). In simulations, we
adjusted the tip extensibility to match the experimental TGR pattern while maintaining a high
MT strength throughout (text S1). Our model tested two scenarios: i) either the tip growth arrest
in fra2 aligns with the start of the EM phase (normal WT tip growth arrest) or ii) the tip growth
reduction corresponds with the G/RG transition. Our simulations show that in the second
scenario, the nuclear movement is more consistent with our experimental data (Fig. 3H-K),
with the TGR quickly dropping within 25-50 min before tip growth arrest and the nucleus not
retreating within the 150 min post tip arrest (Fig. 3J). Statistical analysis of TGR slopes
confirmed a significant drop of TGR before tip growth arrest which was not observed in WT
(Fig. 3G). It overall suggests that in this mutant, even though the tip arrests prematurely
compared to WT (before any RG phase can be triggered), the nuclear behaviour appears to
follow the WT course of events for RH maturation (G -> RG -> EM) and maintains this G/RG
transition. Alternatively, stabilising AFs with 5 uM Jasplakinolide (JP) led to tip growth arrest
(fig S5A), possibly relying on its described role for G-actin polymerization (46) at the tip which
will halt vesicular trafficking (fig. S4D).

In summary, we show experimentally that both MT destabilisation and AF stabilisation
trigger a G/RG-like effect on TGR. In addition, while a complete MT destabilisation also results
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in reduced TGR, it also leads to a loss of coordination between TGR and nuclear position. The
model suggests a possibility to explain this scenario that is to have a cross-talk between MTs
and AFs (fig. S4A), consistent with the increased AF bundling in the subapical region in OZ
treatments. On the other hand a MT over-stabilisation maintains the G/RG transition effect on
nuclear movement, but results in a coinciding tip growth arrest. Consequently, MT stability
needs to decrease to trigger G/RG transition while remaining within a defined range for the
nucleus-tip connection to be maintained.
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Fig. 3: A transient destabilization of MTs triggers the transition from G to RG phases. (A) Kinetics of TGR
of G phase RH in mock conditions (black line) or with 1yM Oryzalin (OZ) (orange line) from simulations (left)
and experimental data (right). (B) The kinetics correspond to a 10 min-control medium, followed by a 10 min-
treatment, and a 90 min-drug removal. (B) Kinetics of nuclear distance from the tip in G phase in mock conditions
(black line) or with 1yM Oryzalin (OZ) from simulations (left) and experimental data (right). (C) Kinetic slope of
nuclear distance from the tip for Control (WT) and OZ treatment (OZ) from simulation (left) and experimental
data (right). (D) Nuclear distance from the tip in G phase control, OZ treatment and early recovery (ER). (E)
Nuclear speed in G phase control, treatment (mock on the left, OZ on the right) and recovery from simulation (left
half panel) and experimental data (right half panel). (F) TGR kinetics observed for fra2 mutant (blue lines)
compared to WT Col-0 (dashed grey line) from simulation (left) and experimental data (right). The orange box
highlights the transition between G and tip growth arrest experimentally. In simulations, we considered 2 scenarios
for fra2 mutant: either i) absence (blue line) or ii) presence (dashed blue line) of a RG-like phase following tip
growth arrest. (G) Fitting line slope for G phase and transition into tip arrest in fra2 mutant. (H) Simulations of
nuclear distance from the tip in fra2 mutant with the 2 scenarios described in (F). (I) Average nuclear distance
from the tip at each growth phases from model data according to the 2 scenarios described in (F) (without RG, left
and with RG, right) (J) Kinetics of nuclear distance from the tip for fra2 mutant (blue line) compared to WT Col-
0 (dashed line) from experimental data. (K) Average nuclear distance from the tip at each growth phases in fra2
mutant (G, G/RG-like transition and Tip arrest). Different letters highlight statistically different conditions
according to Mann-Whitney non parametric test (p < 0.05).
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Timely cytoskeleton stabilisation is needed for tip growth arrest

We predicted changes in MT and AF effects for RH maturation (Fig. 2). Therefore, we tested
cytoskeleton destabilisation during RH maturation, simulating MT or AF destabilisation in late-
RG phase RHs using the same analysis pipeline as above.

Similarly imposed decrease of tip extensibility (text S1) in simulations caused a TGR decline
upon MT destabilisation by OZ (Fig. 4A, model OZ), which was partially recovered within 90
min post treatment. This relies experimentally on an increase of AF bundling, especially in the
subapical region that was maintained upon recovery (Fig. 4A, n=6, p=0.02, fig. S6A, see white
arrows). This suggests that AF bundling is key for controlling tip growth as we observed for
RH maturation (Fig. 1). However, while simulations showed no change in the nuclear position
during treatment and recovery, we observed a mean backward movement of the nucleus from
early to late recovery (Fig. 4B). This may rely on the observed decrease in AF fluorescence
intensity at the front of the nucleus during recovery (fig. S6A) allowing this retreat of the
nucleus which was not considered in our simulation. Upon AF destabilisation, we imposed a
reduction of tip extensibility to zero which resulted in no change in the nucleus position in the
model as observed in our experiments (Fig. 4B). Of course, a similar effect was predicted and
observed upon a destabilisation of AFs during the G phase (fig. S7 A-B) as previously described
(13). Contrary to the scenario observed in G phase (fig. S7A), the destabilisation of AFs in the
RG phase could not be completed in the subapical region after 10 min of LB treatment,
suggesting the existence of a more stable AF network in this phase compared to G phase (fig.
S6B, white arrow). Additionally, AF destabilisation led to MT destabilisation post-drug
removal, highlighting AF-MT crosstalk (fig. S6B). In support of this, the destabilisation of both
networks was delayed upon a cumulated OZ and LB treatment and their repolymerisation was
very slow upon recovery (fig. S6C).

Simulation and experiments led to nucleus movement stabilisation after AF
destabilisation-induced tip growth arrest, aligning with previous studies (27). Interestingly, this
simulation of AF destabilisation in the G phase predicted a stagnation of the nucleus movement
relative to the tip even after recovery, mirroring our experimental observations as a mean even
though a high variability between samples was observed (fig. S7C). Either this stagnation of
the nucleus results from a halt of the system after AF complete destabilisation, or it could be
linked to an absence of vacuole movement resulting from its fragmentation (fig. S7D, E). The
mean nuclear position remained further stable on average even after vacuole reformation,
especially in G phase (fig. S7F), but looking at individual RHs showed chaotic nuclear
movements upon vacuole reformation (fig. S7C), which is a good hint towards their
interconnection, as shown by the large LR boxplot size (fig. S7F). This suggests a possible link
between nucleus and vacuole movement during tip growth. Conversely, MT stabilisation by
TX also caused tip growth arrest, characterized by the accumulation of AF bundles at the tip
which was not reversed after drug removal (Fig. 4C, fig. S6D, see white arrow). This confirms
that MT stabilisation in the RG phase is required for the RG/EM transition, whereas AF
stabilisation had no significant effect on TGR during this phase (Fig. 4C, fig. S6E).

Overall, our data highlight the critical role of a timely MT and AF stabilisation in the subapical
region for tip growth arrest during the RG/EM transition.
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Fig. 4: Crosstalk between MT and AF is necessary
for timely RH maturation. (A) Kinetics of TGR of
RG phase RHs in mock conditions (black line) or
treated (orange line) either with 1yM Oryzalin (OZ)
or 1uM Latrunculin B (LB) from simulations (above)
and experimental data (below). The kinetic of treated
RHs (orange line) corresponds to a 10-min control
medium, followed by a 10 min-treatment, and 90 min-
drug removal. (B) Kinetics of nuclear distance from
the tip of RG phase RHs in mock conditions (black
line) or treatments (orange line) with either 1M
Oryzalin (OZ) or 1yM Latrunculin B (LB) from
simulations (above) and experimental data (below).
(C) Kinetics of TGR of RG phase RHs in mock
conditions (black line) or treatments with (orange line)
either 10uM Taxol (TX) or 5uM Jasplakinolide (JP).
(D) Kinetics of Nuclear distance from the tip of RG
phase RHs in mock conditions (black line) or
treatments (orange line) with either 10xM Taxol (TX)
or 5uM Jasplakinolide (JP).

Nuclear aspect ratio is regulated by both cytoskeleton and nucleoskeleton

Our simulations showed the nuclear AR to progressively increase from RG to EM, aligning
with experiments (Fig. 2). To understand how this nuclear AR is regulated, we induced a
destabilisation of either MT or AF in RG phase RHs, followed by a drug removal recovery
phase, as previously described. Simulations predicted AR changes only upon AF
destabilization, conflicting with experiments where nuclear AR was lower than in the control
after both OZ and LB, even in recovery (Fig. SA, B, n=6, poz and p;5=0.02). This discrepancy
may stem from balancing the behaviour with a G-RG-EM increase in AR in the model (Fig.
2@G). Both AF stabilisation by JP (p=0.02) and MT stabilisation by TX (p=0.04) also led to a
prevention of nuclear AR increase in late recovery, probably due to an increase of AF bundling
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around the nucleus and decrease of MT signal (fig. S6D, E). It thus appears that keeping both
AF and MT at an average stability is necessary for the nuclear stretching process to occur during
the RG phase. This further shows that MT and AF dynamics are mandatory for this nuclear
elongation process. Indeed, in fra2 mutants, constitutive MT stabilisation correlated with
significantly lower nuclear AR than WT during RH development (fig. S8B). However, we
cannot exclude other factors and counteracting effects, such as nucleoskeleton forces, which
may contribute to cytoskeleton effects on nuclear AR.

To test the effect of a constitutive impaired nuclear elongation in RH growth, we
analysed the crwnl-2 nucleoskeleton mutant of CROWDED NUCLEI 1, expressing SUN1-
GFP. This mutant displays an impaired nuclear elongation (47) and shorter RHs compared to
WT (fig. S8C) as well as an increase of AF bundling (fig. S8D). We replicated the observed
crwnl-2 reduced TGR (Fig. 5C, 0.4+0.1 pm/min, n=5) in our simulations (Fig. 5C) by
decreasing tip extensibility but resembling the WT phase changes (Fig. 1). Assuming a timer-
based cell size regulation (48), the reduction of tip extensibility led to shorter RHs in
simulations and aligning with experimental data. Both simulations and experiments showed no
difference in nuclei position to the tip in crwn -2 compared to WT in RG phase (Fig. 5D, n=5).
In order to understand the lack of elongation of the nucleus in crwni-2, we modelled two
scenarios: 1) reduced tip extensibility alone or ii) additional nuclear spring force changes due to
chromatin compaction and a decreased nuclear area as previously reported (43) (text S1). Our
predictions suggested that the constitutively lower nuclear AR in crwn -2 was primarily driven
by the reduced nuclear area and stronger nuclear envelope spring forces (Fig. SE), which we
suggest may be due to an increase in AF bundling (fig. S8D). Despite a similar nuclear
backward movement during EM in both crwn -2 and WT, the nuclear AR remained unchanged
in crwnl (Fig. SE, fig. S8E, G). Even though some faint stretching of the nucleus occurred
during the G phase, the nucleus became more rounded as the tip growth arrested, persisting
during nuclear repositioning (movie S7). This may be due to the loss of EMTs during RH
maturation disrupting the nuclear-tip connection, as well as the inability of the nucleoskeleton
to maintain the nuclear elongation initially driven by cytoskeletal forces. Indeed in fra2, the
nuclear squeezing by MTs was alleviated in the EM phase, with both nuclear AR and area
increasing (fig. S8B, F, G, H), resuming G phase levels from WT lines.

Overall, our findings suggest a cytoskeleton-nucleoskeleton interplay at the nuclear
envelope to regulate the nuclear AR, which should be refined in our model, even though our
crwnl model tends to show that these changes could be assured by nuclear mechanics alone. It
further shows the link between nuclear compaction and tip growth rate.
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Fig. 5: Behaviour of TGR and nuclear dynamics upon cytoskeleton drugs in RG phase RHs or mutation of
the nucleoskeleton. (A) Mean nuclear aspect ratio of RHs in RG phase treated with either 1¢M Oryzalin (OZ) or
1uM Latrunculin B (LB) from model (above) and experimental data (below). The kinetic of treated RHs (orange
line) is composed of 10 min control medium, followed by 10 min of treatment, and 90 min of drug removal. The
treatment is compared to the average TGR for control RHs (black line and left graph). (B) Mean nuclear velocity
of RG phase RHs treated with OZ or LB, from model (left) or experimental data (right). Different letters highlight
statistically different conditions according to Mann-Whitney non parametric test (p < 0.05). (C-E) TGR (C),
nuclear distance from the tip (D), and nuclear AR (E) kinetic for crwnl-2 mutant (orange line) in comparison with
WT (dashed line) for both simulations (left) and experimental data (right). In simulation, we considered two
scenarios: either i) additional nuclear spring force changes due to chromatin compaction and decreased nuclear
area (blue line) or ii) reduced tip extensibility only (dashed blue line).
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Vacuole movement and cell stiffness changes can provide causality to transitions between
root hair growth phases

Our model could not fully reproduce the effects of AF destabilisation and recovery on nuclear
distance from the tip in two main aspects : i) a high variability in the nuclear trajectory during
the treatment recovery between G phase RHs and ii) a global backward nuclear movement in
RG phase RHs. These results suggest that another organelle, such a the vacuole which is
fragmented upon LB treatment, may influence nuclear movement during RH growth. To test
this, we analysed vacuole positioning kinetics relative to the tip during RH growth (Fig. 6A,
fig. S9A). During the G phase, the vacuole distance from the tip remained stable (10.1+0.2 ym)
but significantly decreased in the RG phase (5.1£0.1 pm) (Fig. 6A, ng=46, ngs=36,
p=7.9x1071%), eventually reaching the tip after tip growth arrest, as previously described (49).
A statistical shift in vacuole distance was also observed upon G/RG (from 8.1+0.3 to 5.4+0.2
um, p=0.01, Fig. 6B, fig. SOA). Inducing a G-to-RG transition-like with 1 M OZ produced a
similar vacuole shift, which persisted after drug recovery (Fig. 6C, n=6, pcr=0.002;
pcir=0.008). A comparable vacuole positioning pattern was observed in crwn -2 mutant RHs
maintained in a RG phase (Fig 6D, 6.3+0.6 um, n=10). Interestingly, in fra2, the nucleus shifted
to RG values at tip growth arrest while vacuole position shifted to EM values, suggesting that
the G/RG transition is still occurring in this mutant independently of tip growth dynamics.
Since the vacuole stabilizes at ~5 um from the tip during RG (proximal subapical region,
hereafter called “subapical”), we examined RH diameter changes at this position during
maturation, defining it as the "subapical" region. For comparison, we analysed a point at 30 pm
from the tip in the proximal shank (hereafter called "shank"), where diameter changes were
unlikely due to the presence of both primary and secondary cell walls. Using differential
interference contrast (DIC) microscopy, we tracked diameter variations in these two regions.
In the G phase, subapical RH diameter was smaller than in the shank (Fig. 6E; ns=46, d
subapical=6.7+0.1 pm, d shank=7.9+0.2 pm, p=3.9 x 107°) but they both gradually equalized
with each other within -100 to -50 min before tip growth arrest (Fig. 6E, fig. S9B; ngc=36,
p=0.3) due to a tendency for the subapical diameter to increase (p =0.06288). A similar
equilibrium occurred after MT destabilisation with 1 uM Oryzalin during the G phase (Fig. 6F,
n=6, p=0.03). In fra2, shank and subapical diameters showed no significant difference during
G phase (Fig. 6G), possibly due to a defect in wall thickness as previously described (45) which
could result in the observed low diameter in the shank. Given its connection to hydraulic status,
vacuole positioning could also locally affect RH shape and cell wall stiffness.

To explore the link between diameter changes and cell stiffness, we used atomic force
microscopy (AFM) coupled with fluorescence imaging (50). Using a large size tip, our AFM
measurements are expected to reveal a combination of both cell wall elasticity and turgor
pressure (57). The apparent Young's modulus measurements in G-phase RHs revealed
significant stiffness differences correlating with diameter variations (Fig. 6H, n=7, p=0.01).
However, MT destabilisation with OZ cancelled this stiffness difference between the two
regions (p=0.79), suggesting a relationship between MTs, RH diameter, and cell stiffness.
Notably, we only observed an OZ-induced decrease of shank stiffness when the cell wall had
been enzymatically digested for 5 min (fig. S9C, n=6, p=0.02). This suggests that the
equilibration of RH diameter between shank and sub-apical regions mainly results from an
adjustment of local cell stiffness between both regions, possibly driven by vacuole
repositioning at G/RG. Cell stiffness in the shank was also drastically reduced in MRHs
compared to GRHs (fig. S9D, n=5 p=0.04). These findings suggest that MTs regulate cell
stiffness during RH growth, and the reduced CMT density in mature RHs may also contribute
to the observed decrease in cell rigidity.
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Thus, a transient MT destabilisation triggers organelle reorganisation at G/RG, with the nucleus
and vacuole shifting toward the tip, then remaining at a stable position, resulting in a local
adjustment of cell stiffness.
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Fig 6: Changes in cell diameter, vacuole position and cell stiffness in the subapical region during RH growth.
(A-B) Distribution of vacuole position from the tip at each developmental stages (A) and within the 20 min around
the G to RG transition in WT (B). (C) Vacuole position from the tip upon 1M Oryzalin treatment (T) and further
late recovery from drug removal (LR) compared to G phase control (C). Different letters highlight statistically
different conditions according to Mann-Whitney non parametric test (p < 0.05). (D) Kinetic graph of vacuole
position compared to the tip in WT (black dashed line), fra2 mutant (blue line) and crwnl-2 (orange line). (E-G)
RH diameters in the sub-apical and shank regions at fixed position from the tip, between G and RG phases (E),
upon OZ treatment (F) and in fra2 (G). (H) Cell stiffness in the sub-apical and shank regions upon OZ treatment
compared to control. **: P-value <0.01; ***: P-value < 0.001.

Discussion

Using the new imaging resolution brought by the microfluidic technology, we identified that
tip growth in RHs goes through timely coordinated transitions between phases —namely, G to
RG and RG to EM, the latter corresponding to tip growth arrest. Thus we can complete the RH
development cycle which was previously described for early initiation (52). Our data implies
transient changes in cytoskeletal stability and organisation which leads to changes in TGR
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dynamics during these developmental phases, in correlation with fast modifications of nuclear
positioning and slow changes in its morphodynamics (Fig. 7). However, some discrepancies
between our model and experiments may suggest that vacuole movement and cell mechanics
are important for such transitions in addition to cytoskeleton reorganization.

1 ii) Crosstalk i) No crosstalk

N\ Growth: <
Growth @ — — Oryzalin @— @ > -
f———————————T @

treatment

Reduced g [>= Tip extensibility
growth @_’ - Centre of MT effects

— MTs force

Centre of AF effects

AFs force

pe : <«—> Nucleoskeleton force
Early — @ <«—> Nuclear speed
mature &
—>

— Nuclear/tip movement

Fig. 7: Integrative Model of RH development and growth phases. In Growth Phase: The tip advances at a
speed of around 1-1.5x¢m/min, followed by the nucleus at around 60-70pm from the tip. Our model hypothesizes
that AFs forces majorly maintain the connection of the nucleus to the tip (left side). However, if the nucleus
position was further away from the centres of cytoskeleton forces it would move back towards them as to an
equilibrium position (nuclei and forces in light colours). These AFs forces between the back of the nucleus and
the centre of AFs effects at the front create compression forces resulting in nucleus squeezing, thus reducing
nuclear apparent area. In Growth phase with Oryzalin Treatment: Two scenarios with (i) and without (ii)
crosstalk of MTs on AFs are presented. i) With no crosstalk, after Oryzalin treatment in G phase the MT spring
forces reduce to zero and the nucleus moves forwards and settles to the equilibrium position of the actin force
slightly closer to the tip (pale red circle shows the nucleus old position and dark red circle its new position). ii)
With crosstalk, after Oryzalin treatment, MTs crosstalk on AFs additionally causes the AFs connection to the tip
to be weakened and the centre of the AFs force to retreat from the tip, pulling the nucleus away from the tip,
resembling an EM phase. In Reduced growth phase: MT stability transiently decreases resulting in the MT fringe
disappearance and in an increase of AF stabilization in the subapical region. This triggers a fast decrease in TGR,
but G-actin at the tip maintains a state of growth (matching our simulation of reduced tip extensibility). The nucleus
moves forward as a result of increased AF forces, stabilizing in front the of centre of these AF forces. The increase
of AF stability also leads to a decrease in nuclear back and forth motion. Finally, our model displays a progressive
increase of the nucleus AR from nucleus internal forces counterbalancing the reduction in AF compression forces.
Coincidently, the AF cables progressively become more present around the nucleus through the whole stage. In
Early mature phase: After a progressive stabilization of AFs in the apical region, the long-convoluted AF cables
trigger tip growth arrest (matching our simulation of reduced tip extensibility to the maximum). Following this,
the nucleus reaches its maximal elongation, supported by inner nucleoskeleton forces. The centre of AF forces
moves backwards, resulting in a backward movement of the nucleus towards the RH base.

Transitions between growth phases, a matter of timely modifications of cytoskeleton
stability

We demonstrate that RH development deviates from the expected pattern, i.e. a high initiation
growth rate quickly followed by a gradual deceleration until tip growth arrest(48). Instead, it
involves a phase of rapid and constant elongation, followed by a shift in subcellular dynamics
that induces a swift transition to a slower growth phase, during which the growth rate gradually
declines in a timely fashion until reaching zero at tip growth arrest. This precise temporal
regulation orchestrates the coordination of tip growth phases until growth arrest. Previous
studies have shown that TGR decreases when RHs are grown in media of increased substrate
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stiffness, such as agar (48). On average, it is already below the 0.6x¢m/min threshold for agar
concentrations above 0.5%, which could explain why the G/RG transition has not been
observed in these conditions. Similarly, the presence of such a transition is not observed in the
crwnl-2 mutant where the TGR is already below this threshold at around 0.25 pm/min.
Therefore, our microfluidic experimental setup appears to be a remarkable tool for capturing
RH growth kinetics without any mechanical interference of the substrate, thus allowing the
observation of this very subtle growth transition mechanism.

Different mechanisms for cell fate determination have been identified including size control
theoretical strategies named sizer, timer and adder (53). For example, a cell size-mediated
transition has been shown to be a robust mechanism for stomatal fate commitment (54).
However, RH growth phase transitions appear to rely on a time-based regulatory mechanism
instead. This is supported by our findings that G/RG always seem to occur at approximately
150 min before tip growth arrest, while the RG/EM transition in terms of cytoskeleton
reorganisation and nucleus positioning appears to occur precisely at tip growth arrest. Further
evidence for this time-based control comes from observations that RH growth time courses
remain consistent across different agar concentrations with only the TGR maximum being
affected (48). External clues can also modulate RH growth through the synthesis of the
transcription factor RSL4 during the initiation of hair elongation. Such a factor is further
gradually degraded during RH growth and can thus be used as a clock to limit RH development
time (52).

Tight coordination between tip growth, nuclear and cytoskeleton dynamics

During G/RG, we observed a decrease in MT intensities, along with the stabilisation and
bundling of AFs in the subapical region. This coincided with the disappearance of the subapical
MT fringe, which may be used as a scaffold for subapical/apical AFs, as shown in Hydrocharis
RHs (Tominaga et al., 1996). The AF bundling likely limits vesicle trafficking for cell
elongation(44, 55), thereby reducing TGR. This is supported by observations in the v/n/ mutant,
where preventing AF bundling correlated with the maintenance of a high TGR (56). Similarly,
MT stabilisation observed in fra2 maintains a high TGR together with nuclear positioning,
while a reduction in nucleus-tip distance occurs at the end of RH growth when EMTs disappear
and CMTs signal decrease.

Such reduction in nucleus tip distance was mathematically predicted late in fra2, while very
early in crwnl caused by the differences in TGR. This suggests that in WT conditions, the
transition from G to RG implies a timely coordinated regulation of the stability of MT and AF
networks. Notably, EMTs may be at play in this connection of the nucleus to the tip contributing
to the coordination of TGR with nuclear positioning as reported in Medicago (57). Indeed, MT
depolymerisation or stabilisation in Medicago resulted in a twofold reduction in TGR after 30
to 60 min of observation, resembling our results in Arabidopsis. This aligns with our
mathematical model where a reduction in TGR was sufficient to cause a repositioning of the
nucleus closer to the tip, due to the cytoskeletal forces linking nucleus and tip. Previous results
in Arabidopsis more particularly had shown no effect of a depolymerisation of MTs after 10
min of treatment, which aligns with our results, as we show a significant effect of this treatment
only in early recovery in the following 10 min. Thus, MT involvement for the coordination
between TGR and nuclear positioning appears to be conserved across species. Additionally,
this connection may rely on the involvement of MT motor proteins such as the kinesin-like
ARKT which is also involved in the maintenance of TGR, AF regulators localisation and AF-
linked secretary molecules anterograde motility. This therefore supports the hypothesis of a MT
influence on TGR via a crosstalk between MT and AF(58), which has only been linked to
Myosin VIII so far in plant tip growing cells (59).
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Our findings confirm that cytoskeleton-destabilizing treatments uncouple nuclear movement
from TGR, highlighting the complexity of regulating cytoskeletal dynamics in RH growth
phases. Indeed, we observed that the destabilisation of one cytoskeletal network triggers the
reorganisation of the other, either during treatment or recovery phases, especially in the
subapical region, highlighting the presence of an AF/MT cross-talk previously underestimated
during RH growth. Regulatory proteins which bind both MTs and AFs, such as formins (60),
whose activity of chemical inhibition has been shown to prevent nuclear migration in RHs (61),
would be good targets to explore further for the understanding of such an interaction between
both networks. In animals, the formin regulatory protein FHDC1 was shown to regulate both
MT depolymerisation and AF polymerization, highlighting this potential dual role (62). In
Arabidopsis, the overexpression of the formin FH8 was shown to result in shorter RHs due to
a decreased AF severing activity (63). Finally, due to the presence of perinuclear MTs and an
actin-myosin link to the nuclear envelope, cytoskeleton-induced changes in nuclear AR could
also influence cytoskeletal stability and organization in the apical/subapical region for
modulating TGR. In this context, the progressive increase in nuclear AR during the RG phase
could lead to nuclear pore complex stretching (64), facilitating the nucleocytoplasmic shuttling
of cytoskeletal regulators into the cytoplasm.

In this study, we provide evidence for the involvement of MTs extending from the nucleus to
ensure its connection to the tip, probably through crosstalk with AFs (Fig. 7). The control of
the cytoskeleton dynamics at the G/RG and RG/EM transitions may be regulated by the timely
expression of cytoskeletal regulators. This, however, requires further investigation.

Integration of cytoskeleton forces into the model

Our mathematical model successfully replicates many experimentally observed tendencies,
including the maturation process, cytoskeletal depolymerisation treatments, and the effect of
mutations. However, it shows these trends as much more significant than in our experimental
data, highlighting the high variability between biological samples. This is not reproduced in
simulations, where stochastic effects are restricted to a single noise term. Even so, by capturing
these dynamics this model provides valuable insights into the complex interactions between
cytoskeletal organization, RH growth, and nuclear movement and morphodynamics. However,
we do not consider cytoskeleton stabilisation treatments at this stage, as a more detailed
cytoskeletal study is required first to understand their effects on the fibre patterning and network
forces in the RH, particularly in relation to tubulin availability and vesicle trafficking for tip
growth.

A key uncertainty is the net direction of AF and MT forces on the nucleus, which for
this model we assumed correlated to peaks in AF and MT fluorescence intensity relative to the
nucleus position. During the RG phase we observed a reorganisation of the cytoskeleton and a
reduction in MT density correlating with a forward movement of the nucleus. However, in
Oryzalin treatment we observed a significant backward movement of the nucleus within the
first 10 min following MTs depolymerisation. These differences are thus difficult to reconcile
within our model assumptions but may indicate nuanced and intricate interactions between MTs
and AFs. We are able to capture these contradictory nuclei movements through allowing for a
cross-talk between AFs and MTs. This leads to a weakening of the AF connection to the tip
upon MT depolymerisation which weakens the nucleus connection to the tip, thus resulting in
the observed backward movement of the nucleus, although with a 20 min delay compared to
experimental observations. Furthermore, in experiments the nucleus stabilizes at a new position
upon MT repolymerization. This implies that AF forces may be actually directed toward both
the RH base and the tip, with MTs primarily ensuring the nuclear connection to the tip through
crosstalk with AFs rather than exerting a direct force on the nucleus. This aligns with previous
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studies (/8, 21), indicating that MTs maintain the nuclear connection to the tip even in the
absence of AF-myosin XI-i interactions. However, in our model the AF forces push the nucleus
forward towards the tip, reflecting other studies that AF forces are the primary driver of nuclear
movement in RHs (/9). Comparison with these previous studies actually suggests a difference
between the effect of fine AFs in the subapical region and AFs bundles in the shank. A
destabilisation of fine AFs (but not of AF bundles) by Cytochalasin D results in a backward
movement of the nucleus similar to a mature RH, suggesting a force of AF bundles directed
backwards. Conversely, unbundling AFs using an anti-villin antibody—without causing
depolymerization—results in a nuclear forward movement probably related to fine AFs forces
at the tip. Furthermore, oryzalin-induced MT depolymerization, which enhances AF bundling,
likely amplifies this backward force. This may explain the delayed nuclear backward movement
which we observed with oryzalin treatment compared to the faster response seen with
Cytochalasin D in the study by Ketelaar et al. (/9). The fact that the nucleus is significantly
displaced only after complete MT depolymerisation further underscores that changes in the
balance of forces within the cellular environment are not immediate.

A balance between AF and MT forces along with nucleoskeleton forces is also
necessary to account for changes in nuclear AR. In WT maturation we see a progressive
increase of this AR through RG and EM phases which is reflected in the model as a consequence
of the nucleus being released from AF squeezing effects while moving towards the tip. MT
forces pull the nucleus in the opposite direction but are weaker than AF forces. Interestingly,
the crwn -2 mutation also results in a decrease in nuclear AR compared to WT. In the model,
this low AR is a result of reduced nuclear spring forces representing nucleoskeleton forces as
well as nucleus volume, agreeing with experimental observations showing that this low AR
also correlates with a lower nuclear area in crwnl-2 mutant. One suggestion to explain this
would be a mechanical feedback response mediated by LINC complexes and myosin XI-i (65).
This phenotype might equally be due to an increase in heterochromatin compaction at the
nuclear periphery, which has already been demonstrated in this mutant (66). Similar to crwnl-
2, we observe a decreased nucleus area in fra2 mutants compared to WT. However it increases
back to a similar level as WT around maturation before dropping back again. This correlates
with the decreasing MT signal observed in the late stage of growth in this mutant, similar to
WT. MT over-stabilisation in fra2 may initially compress the nucleus during early growth,
reducing its apparent area. As MT nucleation may gradually decrease in later stages, this
squeezing effect diminishes, allowing the nucleus to recover its resting size. This highlights a
complex and intricate network controlling nucleus shape which still requires thorough study.

Importance of cell mechanics in the control of tip growth

Beyond the cytoskeleton and nucleus, we also observed correlations between vacuole position,
RH diameter, and cell stiffness as TGR decreases during the RG phase, as well as during the
recovery phase following MT depolymerisation with Oryzalin. An increase in RH diameter and
cell wall thickness has been associated with reduced tip growth, as seen in the rdh4 mutant (49).
This mirrors our observations in the RG phase within the proximal subapical region, suggesting
a relationship between RH diameter and cell stiffness. Interestingly, the eru mutant, which
exhibits a twofold increase in cell wall thickness, also displays a disrupted RH elongation (67).
However, despite its thicker cell wall, microplate bending experiments revealed that cell
stiffness in this mutant is lower than in WT (22), suggesting that the vacuole-linked turgor
pressure likely plays a significant role. Our AFM data showed an apparent elastic modulus of
approximately 5-6 MPa, consistent with previous studies using similar measurement conditions
(68). After enzymatic digestion of the cell wall, cell stiffness values decreased 10-fold
compared to the control. Such values aligned with previously reported turgor pressure (0.7 MPa
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in average) (69). Notably, a 10 min MT destabilisation caused a further decrease in cell
stiffness, as shown previously on protoplast cells (70). Therefore, our results highlight a
connection between MTs and RH cell stiffness, potentially mediated by osmotic changes which
were shown to impact it (7/). Another possible contributor to TGR reduction is that vacuole
expansion in the proximal subapical region might hinder vesicle trafficking at the tip, thereby
reducing exocytosis dynamics required for tip growth, as previously suggested (40). However,
this remains to be experimentally validated. This vacuole expansion during the RG phase may
also contribute to the stabilisation of the new nucleus position relative to the tip. During RH
maturation, MT density decreases, coinciding with vacuole expansion into the apical region
potentially correlated with the secondary cell wall reaching the tip (49). Since GRH cell
stiffness is significantly higher than that of MRH, it suggests that turgor pressure may decrease
upon RH maturation. Alternatively, we cannot exclude changes in cell wall thickness as
secondary wall deposition was shown to cover the whole RH cell after maturation (49). To
further explore these mechanisms, future work should focus on developing tools to track turgor
pressure and cell wall stiffness throughout RH development in conjunction with live-cell
imaging. Notably, plant zygote cells, which also exhibit apical growth, display growth kinetics
which include changes in tip diameters and internal forces, suggesting a transient increase in
turgor pressure modulates cellular growth stage and division (4). Modelling of this cell
incorporating turgor pressure and cell wall extensibility, allowed a reconstruction of the
changes observed experimentally, highlighting the timely coordination of subcellular elements
for this particular type of apical growth, even though it differs significantly from what is
observed in RHs (72).

In our mathematical model, wall mechanics were simplified for example by assuming a rigid
cell wall outside the tip growth zone and neglecting vacuole effects. Despite its limitations this
model captures many of the observed nucleus behaviours during the G to EM phases. However,
some discrepancies were observed when comparing it to the experimental data, particularly in
nucleus positioning relative to the tip under certain drug treatments. These experimental
findings suggest different AF and MT force directions compared to our model and what has
been previously proposed. We suggest that the interplay of these cytoskeleton forces with
nuclear behaviour and morphodynamics is also related to vacuole dynamics during RH
development. This relationship also appears to affect observed changes in cell stiffness and
morphology. Future work could expand our mathematical model to incorporate vacuole effects
then test its interplay with different AF and MT force directions. These could be more
accurately tested using the technology of optical tweezers (73). However, to accurately
incorporate vacuole effects a more detailed understanding of how it interacts with the different
cellular components would first be necessary, potentially using a 3D finite element model.

Material and Methods

Plant material and microfluidic device setup

We have used Arabidopsis thaliana Col-0 seedlings expressing different fluorescent tag
constructions. A line expressing proSUN2:SUN2-tagRFP (65) was crossed with another line
expressing pro35S:GFP-MBD as described previously (23) to visualize both the nuclear
envelope and the microtubule network. The same proSUN2:SUN2-tagRF P line was crossed in
parallel with a line expressing proUBI:LifeAct-GF P (74) to visualize both the nuclear envelope
and the AF network. The SUN marker line was introgressed into both mutant backgrounds
crwnl-2 (SALK_041774, (47) and fra2 (EMS mutant), (45).
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Design and assembly of the microfluidic chips are described in (42). Resulting seeds were
sterilized and transferred into cut micropipette tips filled with 2 MS media (Duchefa
Biochemie; Haarlem, The Netherlands) supplemented with 1% agar and 0.5% sucrose. The
resulting tip assembly was stratified for 48hrs in the dark at 4°C and germinated under a 16h of
light/8h of dark regime with a light intensity of 70 gmol.s"!.m=2of fluorescent lighting at 23°C.
After 5 days, the tip grown seedlings were transferred into a microfluidic chip under a constant
flow rate (8 ul.min") of %4 MS liquid media supplemented with 0.5% sucrose as described (23)
using a peristaltic Fusion 200 pump (Chemyx Inc., Stafford, TX, USA) and the seedlings were
grown under the same light and temperature conditions as above. Live microscopic imaging of
plant RHs grown in the micro-channels of the microfluidic chip was performed after 4 to 5 days
of seedling growth (i.e. 9 — 10-day old seedlings).

Drug treatment and confocal image acquisition and analysis

To study the effects of MT and AF networks on RH tip growth and nuclear position and shape
in real-time, we supplemented the 2 MS liquid media circulating in the microfluidic chip with
1uM of Oryzalin (MT polymerisation inhibitor), 1#M of Latrunculin B (AF polymerisation
inhibitor), 10uM of Taxol (MT stabilisation) or 5uM of Jasplakinolide (AF stabilisation).
Liquid media supplemented with DMSO in proportions matching the quantities added with
each drug was used for both control and recovery imaging. The change of media between
control, treatment and recovery experiments was performed by changing the media-filled
syringe on the pump, increasing the flow rate up to 1000 yl.min~! for 45-60 seconds while
starting the image acquisition, and then quickly reducing the flow rate back to 8 ul.min"!'. The
increase in flow rate was important to quickly replace the media in the microfluidic chip and
avoid air bubble accumulation in the micro-channels upon the change of media.

Image acquisitions were performed with a LSM700 confocal microscope (Zeiss, Wetzlar,
Germany) using an immersion oil 40x0.3 lens objective in multitracking mode. GFP was
imaged with a 488 nm excitation and a 510 nm emission wavelength and tagRFP was imaged
with a 555 nm excitation and 617 nm emission wavelength. Real-time image acquisitions were
performed using a 1.0 gm resolution Z-stack every 3 min for 10 min for control and treatment,
and for 90 min for the drug removal.

3D segmentation and intensity profiles

The 3D segmentations were performed using c¢v2 in Python on z-stack experimental images
with a separate channel for the nucleus and either AFs or MTs. The nucleus is segmented using
a two loop steepest ascent method with post processing. For the cytoskeleton, the signal is
segmented in two ways and compared to identified sections of non-polymerized signal which
are then removed. The 1D intensity profiles were obtained from the original images either by
summing over the signal from all slices of the Z-stack or by z-projecting and taking the mean
in each location, with the nucleus channel fluorescence intensity peaks used to determine the
nucleus location. Manual pre-processing was necessary with some images to reduce
background noise levels and fluorescence reflected from the microchannel.

Image analysis

Image quantification and kinetics of nucleus and cytoskeleton behaviour was performed using
Image] v.1.53q (NIH, Bethesda, MD, USA). TGR, nucleus and vacuole distance to the tip and
RH diameter were manually measured using DIC and RFP channels. Nuclear shape was
segmented from tagRFP Z-stacks, and nucleus morphological parameters were assessed from
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the resulting ROIs using ImageJ internal plugins. For dynamic profiles plots of cytoskeleton
organization, RH endpoints were manually identified and annotated in each frame of the
collected time series data for the alignment of all profiles in regards to the RH tip. Following
the identification of these endpoints, longitudinal intensity profiles were extracted from RFP
(nucleus) and GFP (AF and MT) fluorescent channels at each time point across the time series,
using transversal averaging over RH width. These intensity profiles thus represent the variation
in signal intensity along the longitudinal axis of the RHs.

RH modelling

The RH surface is assumed to have a circular cross-section and to be rotationally symmetric
about its long central axis. The tip region (a distance L from the apex) has a prescribed
extensibility function allowing its growth, while the rest of the surface is stationary. Stress and
strain are calculated from the pressurized cell shape, which then determines how the cell shape
evolves over time of simulated growth (27). The nucleus is modelled as a spheroid with a fixed
volume V and a resting aspect ratio that sets its shape in the absence of external forces. Two
spring forces representing the AF and MTs act on the nucleus. An additional surface force
representing the nucleoskeleton acts to restore the nucleus to its rest shape if it is perturbed. A
normally distributed stochastic force also acts on the nucleus. Boundary forces restrict the
nucleus to the cell interior and represent the nucleus physically pressing up against the cell
membrane. As previous studies have indicated that AF forces are more important for nucleus
movement in the growing RH (27), we set the parameter controlling AF effects to have a larger
magnitude than the corresponding one for the MT effect. To simulate RH development we fit
the tip extensibility to set the TGR and use changes in the AF and MT peak fluorescence
intensities to set the AF and MT force parameters.

Atomic Force Microscopy (AFM) indentation measurements

Indentation measurements were performed with a Bioscope II Catalyst Nanoscope V (Bruker,
software version 9.0) coupled to a Leica DMI 6000 B inverted epi-fluorescence microscope.
Seedlings of SUN2-tagRFP X Lifeact-GFP and SUN2-tagRFP X GFP-MBD lines grown for 7
days on 2 MS plates supplemented with 1% sucrose were mounted on a microscopic slide using
a silicone Liveo™ MG-2502 glue (Dupont, Mechelen, Belgium). The microscopic slide was
then mounted with a drop of demineralized water on the microscope stage.

Measurements were performed under various conditions such as MT depolymersation by
Oryzalin or a mild digestion of the cell wall. Oryzalin treatment was performed by replacing
the drop of demineralized water on the slide by a solution of 1M Oryzalin in demineralized
water. For a mild digestion of the cell wall we used for 5 min a mix of enzymes [Cellulase 3%
Onozuka R-10 (Merck, Saint-Quentin-Fallavier Cedex, France), macerozyme 1% (Duchefa
Biochimie, Haarlem, The Netherlands), pectolyase 0.2% (Kyowa Chemical, Tokyo, Japan)], in
MES 25 mM, CaCl2 8 mM, Mannitol 600 mM (Duchefa Biochimie, Haarlem, The
Netherlands), pH 5.5 — diluted 1/10 in PBS. We then removed the digestion solution and
replaced it by PBS prior to the indentation measurements.

The measurements were done with a high density carbon spherical tip 500 nm in radius,
mounted on a cantilever with a 40 N/m spring constant (Biosphere, Nanotools). The force axis
was calibrated by first measuring the deflection sensitivity of the photodiode. Briefly a force
curve was acquired on a sapphire disk: on such material and considering the forces exerted,
indentation is negligible, so the deflection sensitivity, linking the actual deflection of the
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cantilever to the output of the photodiode, is just the inverse of the slope of the curve after tip
contact. Then the spring constant of the cantilever was measured by the standard thermal noise
method. At each new experiment, the spring constant measured the first time was used, while
the deflection sensitivity was measured each time.

The RH was scanned in PeakForce Tapping to acquire its topography. A series of force curves
were performed along the main axis of the RH from 5 ym up to 35 ym from the RH tip. Force
curves were performed with the following parameters: ramp size 2 ym, ramp speed 4 pum/s,
setpoint force 1 yN. Quantification of the Young’s modulus for each curve was done by using
processing software Nanoscope Analysis 2.0 (Bruker). Force vs. distance curves were first
flattened by removing the result of a linear fit to the non-contact part of the force curve
(Baseline correction), in order to set this part to O force. The force vs. tip-sample distance was
then obtained calculating a new axis of distances as height Z — cantilever deflection Ad.
Young’s modulus was obtained by fitting the extended segment of force vs. tip-sample distance
curves with a Linearized Hertz model setting a tip radius of 500 nm and a Poisson ratio n of 0.5
(incompressible material). Resulting curves of force were processed and analyzed using the
AFM image analysis software using the Hertz’s model to estimate the Young’s modulus for
each indentation.

Statistical analysis

The collected data were analysed for statistical significance using analysis of variance (one-
way ANOVA with post hoc Tukey's HSD test) and paired or unpaired #-test, two-tailed at
P<0.001, P<0.01, and P<0.05. Data were tested for statistical differences using a non-
parametric Mann-Whitney U-test, with a p-value of 0.05. Modelling results were similarly
tested for significance using the two sides Mann-Whitney U-test at 0.05 significance level,
using the mannwhitneyu package in scipy.stats in Python3. All data are shown as the means

with standard error (mean + SD/v/n).
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