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SUMMARY

Reactivation of cell division is crucial for the regeneration of damaged tissues, which is a fundamental pro-
cess across all multicellular organisms. However, the mechanisms underlying the activation of cell division in
plants during regeneration remain poorly understood. Here, we show that single-cell endodermal ablation
generates a transient change in the local mechanical pressure on neighboring pericycle cells to activate
patterned cell division that is crucial for tissue regeneration in Arabidopsis roots. Moreover, we provide
strong evidence that this process relies on the phytohormone ethylene. Thus, our results highlight a previ-
ously unrecognized role of mechano-chemical control in patterned cell division during regeneration in plants.

INTRODUCTION

The development of multicellular organisms is regulated by a
combination of chemical, molecular, and physical signals that
contribute to tissue and organ morphogenesis.'? The responses
of individual cells to developmental signals can also impact the
growth and behavior of neighboring cells through distinct feed-
back mechanisms.®* Dynamic rearrangements in the microtu-
bule cytoskeleton of a plant cell and modulations in hormone
transporters following mechanical stress influence cell wall
(CW) synthesis and cell expansion.® These changes, together
with alterations in cell shape, establish a feedback loop in which
stress patterns cooperatively regulate cell growth and tissue
form. This feedback process is involved in the maintenance of
“tensegrity” balance, which describes the mechanical stability
of a CW based on the balance between tension and compres-
sion. Ultimately, this tensegrity balance has significant implica-
tions for developmental processes in plants.® This makes it clear
that the interplay between cells and the surrounding environ-
ment, along with recursive feedback, is a fundamental aspect

of both plant and animal development.® In the plant root, various
cell layers can be subjected to distinct mechanical stress from
neighboring cells.” Therefore, extensive research has focused
on identifying the plant cell mechanisms that enable the percep-
tion of, as well as response to, mechanical stress.®° Mechanical
CW damage can trigger the activation of molecular signaling
pathways, which subsequently stimulate a series of cellular
events with the purpose of repairing the damaged CW and
restoring integrity.'®~'> CW mechanical properties are particu-
larly important during wound healing and defense against path-
ogen invasion, as these properties determine whether the CW
will be able to withstand mechanical pressure.®®'® Following
wounding, the CW can be reinforced through the incorporation
of additional layers of structural components, such as cellulose
and lignin.”® Moreover, CW composition influences various
CW properties, e.g., elasticity and viscoelasticity, all of which
strongly affect cell growth and expansion.'*"”

Recent studies have identified that mechanical properties,
including elasticity, influence the perception and transduction of
mechanical signals in the CW.%'® These mechanical signals,
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Figure 1. In primary root, different mechanical properties are observed in the CW for each cell layer

(A) lllustration of Arabidopsis primary root. Cell type longitudinal sections anticlinal and periclinal CW are shown.

(B) Topology AFM image displaying the cross-section of Col-0 roots. Scale bar, 5 um.

(C) Quantification of the apparent Young’s modulus in the CW of different cell layers in Col-0 roots. The center line and error bars represent the means + SD
obtained from at least three independent biological replicates for each cell layer type. Letters “a” and “b” indicate statistically significant differences based on
one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test (o = 0.05).

(D-G) Microviscosity maps of the CW (D and E) and plasma membrane (F and G) in the primary root. (D) Fluorescence lifetime microviscosity maps illustrating
CWs (CWP-BDP) in Arabidopsis roots. Scale bar, 5 um. (E) Quantification of the fluorescence lifetime microviscosity maps (D) expressed as photon lifetime in

(legend continued on next page)
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once transduced across the CW into the cytoplasm, regulate
downstream signaling pathways involved in the wound response.®
Tissue restoration in the root apical meristem, the site at which
daughter cells proliferate through transverse/anticlinal divisions
(i.e., perpendicular to the root axis), is controlled by the hormone
jasmonate.’> However, as shown in previous research, severe
damage to even a single cell can switch the orientation of cell
division from transverse/anticlinal to periclinal (i.e., parallel to
the root axis).'® The periclinal divisions occur on the side adjacent
to the wound, in a fashion that is similar to the regeneration of
the entire root.’®?" The high cellular regenerative potential
observed in the root apical meristem can be explained by the pos-
sibility of activating cell division across all cell layers of the apical
meristem.'%'"'9 However, this regenerative potential rapidly
decreases away from the core stem cell niche.'®* In the differen-
tiation zone of the root, only the xylem pole pericycle cells can
divide in periclinal orientation after single-cell ablation in the adja-
centendodermis.?° During post-embryonic organogenesis, xylem
pole pericycle cells produce lateral roots through a complex
auxin-mediated process.?'**?

The findings of the present study identify that—within the
root—pericycle CWs are unique because they are under tension
from vascular tissue, as well as subjected to compression from
outer cell layers, which have lower CW elasticity at the tissue
level. When an endodermal cell is damaged, this combination
of forces results in pericycle cell deformation and subsequent
cell division. Here, we find that the dynamic nature of the peri-
cycle CW is highly dependent on pectin, whereas ethylene is
required for proper cell division patterns. Given the crucial role
of mechanical cues in cell division and tissue regeneration, our
study provides evidence on how plants respond to damage at
the cellular level. By focusing on the pericycle CWs in Arabidop-
sis, we expand existing knowledge about how physical forces in-
fluence cell division patterns and shed light into the fundamental
processes of plant development and regeneration.

RESULTS

Inner and outer cell files demonstrate CW interface
differences

Cell expansion is a critical developmental process that deter-
mines the final size and shape of plant organs.?*° In the xylem
pole pericycle, cell expansion (swelling) occurs before the first
asymmetric division (founder cells), leading to an increase in
cell volume without a significant change in the volume of the
overlying endodermal cells.* The sustained pressure from an
expanded pericycle cell on the CWs of endodermal cells led us
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to hypothesize that root CWs may have specific properties.” To
test this hypothesis, we used atomic force microscopy (AFM) to
measure the elasticity, Young’s modulus (E), of the CW in
response to indentation (apparent stiffness). We determined the
E of periclinal CWs (Figure 1A) in cross-sections of “live” Arabi-
dopsis primary roots embedded in low melting agar (LMA)
(~1 mm from the root apical meristem) (Figures 1B, 1C, and
S1A). The AFM data showed that the CWs of outer cell files,
such as those at the cortex-epidermis (epi-cx) and cortex-endo-
dermis (cx-end) interfaces, were less elastic than inner cell files,
such as the endodermis-pericycle (end-per) interface (Figure 1C).
Interestingly, we did not observe significant differences between
the epi-cx and cortex-endodermis interfaces (Figure 1C). As a
control to test changes in CW elasticity, we measured with the
cellulose biosynthesis inhibitor isoxaben (ISX), as outlined in Ba-
cete et al.?® The effects of ISX treatment of meristematic
epidermal cells were subsequently examined using AFM (Fig-
ure S1B). Col-0 seedlings treated with ISX for 24 h exhibited
reduced apparent stiffness compared with untreated Col-0 roots.
Moreover, we confirmed a similar trend of CW elastic properties
in fixed Arabidopsis and tomato embedded in LR white resin
(Figures S1C-S1H). Interestingly, the CW elasticity is not neces-
sarily correlated with the CW thickness (Figures S11-S1K), while
the outer epidermal wall is considerably thicker compared with
the other CWs. To follow up on these results, we used mechano-
sensitive plasma membrane and CW probes®’ that detect
changes in the mechanical environment based on shifts in
fluorescence lifetime. The observed increase in the fluorescence
lifetime of deeper tissue layers indicates increased membrane
tension levels®® (Figures 1D-1G). This observation, when consid-
ered together with the distinct changes in CW porosity measured
by the CW mechanoprobe, highlights the particular properties of
the pericycle cell layer from a mechanical perspective.

Dynamics of pericycle CWs in response to laser ablation

Next, we investigated the role of differentiated elastic properties
of CWs in the plant stress response based on single-cell-level
experiments. To achieve this, we used a single-cell laser abla-
tion technique followed by the high-resolution spatiotemporal
analysis of subsequent cell shape changes (Figures 1H-1J).
We did not observe any transitional changes in the width of
the cortex following the ablation of an epidermal cell (Figure S2A;
Video S1). In contrast, when a cortical cell was ablated, the adja-
cent endodermal cell expanded by an average of 15%, relative
to the original width, in the direction of the ablated cell (Fig-
ure S2B; Video S1). Intriguingly, the laser ablation of a single
endodermal cell caused the endodermal cell to instantaneously

nanoseconds. (F) Fluorescence lifetime microviscosity maps displaying cell membranes (N+-BDP) in Arabidopsis roots. Scale bar, 5 um. (G) Quantification of the
fluorescence lifetime microviscosity maps (F) expressed as photon lifetime in nanoseconds. The center line and error bars represent the means + SD obtained
from at least 20 different cells for each cell layer type. Letters “a”’-“c” indicate statistically significant differences based on ANOVA and Tukey’s HSD test (o =
0.05). BDP, BODIPY.

(H) Monitoring the width of pericycle cells without endodermal ablation in the plasma membrane marker UBI::W131-YFP line

(I) Monitoring the width of pericycle cells after ablation of the adjacent endodermal cell in the plasma membrane marker UBI::W131-YFP line. Scale bar, 5 pm.
(J) Quantification of the change in pericycle width after endodermal ablation. The inset shows the maximum shrinkage value measured 10 s after ablation. All
values represent means + SD. n = 50 obtained from at least three independent biological replicates. Asterisks indicate statistically significant differences
compared with the non-ablated cell (Student’s t test, *p < 0.01; **p < 0.001; ns, not significant).

(K) Finite element model demonstrating longitudinal section of endodermal and pericycle deformation after endodermal ablation. The white asterisk corresponds
to the cortical cell, the yellow asterisk corresponds to the endodermal cell, and the green asterisk corresponds to the pericycle cell. The red asterisk indicates the
cell ablated. Abbreviations are as follows: epi, epidermis; cx, cortex; end, endodermis; and per, pericycle.
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expand before collapsing. This dynamic expansion exerted
transitional mechanical pressure on the adjacent pericycle
cell: specifically, a bending of the endodermis-pericycle wall is
observed. As a result, the diameter of the affected pericycle
cell decreased by up to 40% compared with the unaffected,
mock cell (Figures 1H-1J; Video S2). This reduction in pericycle
width occurs in the first 10 s after endodermal ablation; after
2 min, the pericycle cell width returns to the initial state before
endodermal ablation. It is interesting to note that the ablation
of the endodermis generates an expansion that also causes
pressure on the cortex-endodermis CW, however the reduction
in the diameter of the cortical cell is only 10% (Figures S2C and
S2D). These results reinforce the idea of an asymmetry of the
CW elastic properties on the two faces of the endodermis.
Following ablation, the endodermal cell expands into the neigh-
boring cells before contracting. It could be presumed that this
was the result of either heat released by the ablation laser before
cell rupture or vibration of the CW. To further test how single-cell
ablation affects cell expansion, we developed a 3D finite
element method (FEM) model of the Arabidopsis root.?*>° We
initially raised turgor pressure by 2-fold and then released the
pressure in the FEM model (Figure 1K; Video S3). As observed
in the previous experiments, the endodermal cell in the model
bulges more into the pericycle cells than into the cortical cells,
even though pericycle cells are smaller. This further suggests
that the CWs present at the endodermal-cortex interface are
stiffer and under higher tension than those of cells at other cell
files in the Arabidopsis primary root. Moreover, this finding pro-
vides further support to the observed differences in CW stiffness
between various cell files in Arabidopsis roots and highlights the
importance of the CW in determining the mechanical behaviour
of root cells.

We also tested two scenarios when attempting to reproduce
the observed behaviour following singe-cell ablation, namely
(1) a model with uniform stiffness (Figure S2E) and (2) a model
in which the outer epidermal and epidermis-cortex layers were
10 times stiffer than the other CWs (Figure S2E). This is a simpli-
fication of the model of Fridman et al.,” who have proposed that
these walls have an enhanced role in regulating lateral growth in
the root. In the uniform case, ablation of a cortical cell resulted in
excessive bulging from the underlying endodermal cell, a phe-
nomenon that is not observed in the differential stiffness model.
When an endodermal cell was ablated, the model result was that
the cortical cell above it also showed excessive bulging (Fig-
ure S2E); it is important to note that this was not observed in
the previous in silico experiments (Figure 1K). When the model
was applied to the ablation of a cortical cell, there was minimal
bulging from the epidermal cell in both scenarios. This can be
attributed to the fact that the epidermal cell, which is situated
on the outer side of the cell layer, is subjected to stretching,
whereas the cortical cell, which lies beneath, is ablated. Howev-
er, itis important to highlight that—in the stiffer model—the abla-
tion of an endodermal cell leads to an outward shift of the peri-
cycle cells below, which was not observed in the uniform case.
From these results, we concluded that the CWs of cells at the
endodermis-cortex interface are likely stiffer than those of other
pericycle cells.

Furthermore, we explored the impact of a slight reduction in
cell volume on pericycle shrinkage (Figures S2F-S2H). For this

1414 Developmental Cell 60, 1411-1422, May 19, 2025

Developmental Cell

reason, we introduced mild osmotic stress via treatment with
50 mM NaCl for 30 min, and we performed endodermal ablation
upon observing the initial signs of plasmolysis (Figures S2F).
Interestingly, no discernible differences were observed in the
shrinkage response of the pericycle post ablation compared
with mock plants. However, the recovery time for gaining original
volume exhibited variations from the observed pattern in mock
plants (Figure S2H), suggesting that the changes in cell volume
are important during this subsequent phase of recovering the
original diameter. We also evaluate whether cell geometry con-
tributes to the shrink post endodermal ablation. We assessed
pericycle shrinkage in Col-0 seedlings with varying cell lengths
(Figures S2l and S2J). Short cells, not exceeding 60 um in length,
and long cells, reaching up to 170 um in length, displayed a
consistent shrinkage response following post-endodermal abla-
tion. In parallel with ablation experiments involving cells of vary-
ing lengths (Figure S2K), the FEM model was applied to cells with
different lengths as well (Figure S2L). Both the FEM model and
the ablation experiments consistently demonstrated that the
cell length does not influence the CW flexibility.

The role of pectin in determining CW elasticity
Plant CW properties depend on a complex interplay of factors,
including the composition of structural polysaccharides (cellu-
lose, hemicelluloses, and pectin) and the degree of lignification
and cross-linking between them.®"*? Pectin plays a crucial role
in cell adhesion, wall flexibility, and plant growth regulation,
making it a pivotal component in shaping the structural and me-
chanical characteristics of plant CWs.*>*** To investigate how
the CW biochemical composition affects the mechanical prop-
erties, we analyzed the relative biochemical composition of
the CW in each layer of the root using non-destructive confocal
Raman microscopy.>° Our results show that the pectin compo-
sition of endodermal cells differs from that of cortical and
epidermal cells (Figures 2A and S3A; Table S1). This can be
observed in the intensity of the peaks for the shift of 1,361 and
2,931 cm™"', which correspond to the pectin C-H stretch. We
also observed a difference in the shift of 1,440 cm™" assigned
to acetyl esters d,5(CHs3) in esterified pectin. This evidence im-
plies that pectin may mediate the stretching of CW.***” Unfor-
tunately, reliable measurements of the composition of pericycle
CWs could not be obtained due to methodological restrictions.
In order to gain a comprehensive understanding of alterations in
pectin localization and/or abundance, cross-sections were pre-
pared from the mature zone of the root. These sections were
subsequently labeled with specific antibodies: LM20, known
for its recognition of high-degree methyl-esterified homogalac-
turonan (HG),*® and LM19, an antibody that targets low-degree
methyl-esterified HG.®®* The LM19 labeling exhibited uniform
distribution across cross-sections. In contrast, LM20 labeling
predominantly appeared in the vasculature CWs, indicating a
distinct pectin distribution pattern in this area (see Figure S3B).
This suggests variations in CW composition across different tis-
sues, aligning with Wachsman et al.*°

To identify the regulators of CW dynamics, we studied the
pericycle cells of Arabidopsis roots harboring mutations in
various CW biosynthesis and remodeling factors following the
ablation of an endodermal cell (Figures 2B and 2C). Loss-of-func-
tion mutations in glycosyltransferases, which participate in the
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Figure 2. Pectin mutants show impairment
in pericycle shrinkage

(A) Raman analysis of the CW (CW) in different cell
layers. Raman spectra highlight the pectin peak at
1,361, 1,440, and 2,931 cm™". Semiquantitative
analysis show variations in pectin levels among
the different CWs.

(B) Monitoring the width of pericycle cells after
ablation of the adjacent endodermal cell in WS
roots stained with propidium iodide (PI). Scale bar,
5 pum.

(C) Monitoring the width of pericycle cells after
ablation of the adjacent endodermal cellinqua 71-1
roots stained with PI.

(D) Quantification of the change in pericycle width
after endodermal ablation in Col-0, WS, qua 1-17,
and PMEI50e roots. The inset shows the maximum
shrinkage value measured 10 s after ablation. All
values represent means +SD. n = 30 obtained
from at least three independent biological repli-
cates. Asterisks indicate statistically significant
differences compared with the non-ablated cell
(Student’s t test, *p < 0.05; **p < 0.01; ns, not sig-
nificant).

(E-G) Pectin mutants exhibit varying levels of
impaired cell-cell adhesion. The orange head ar-
row indicates sites of impaired cell adhesion.
Roots were fixed and stained with calcofluor white.
The red asterisk indicates the ablated cell. The
white asterisk corresponds to the cortical cell, the
yellow asterisk corresponds to the endodermal
cell, and the green asterisk corresponds to the
pericycle cell. Scale bars: 5 um.

(H) Quantification of the change in pericycle width
after endodermal ablation in inducible PMEI5ox
line. The inset shows the maximum shrinkage
value measured 10 s after ablation. All values
represent means +SD. n = 30 obtained from at
least three independent biological replicates. As-
terisks indicate statistically significant differences
compared with the non-ablated cell (Student’s t
test, “p < 0.05; **p < 0.01; ns, not significant).
(land J) Inducible PMEI50x (iPMEI50x) treated with
B-estradiol exhibit varying levels of impaired cell-
cell adhesion. Scale bar, 5 um.

qua 1-1 + ablation

(K) Quantification of the change in pericycle width after endodermal ablation in pXPP>GR>PMEI5 line treated or not with 50 uM Dex. The inset shows the maximum
shrinkage value measured 10 s after ablation. All values represent means +SD. n = 30 obtained from at least three independent biological replicates. Asterisks
indicate statistically significant differences compared with the non-ablated cell (Student’s t test, *p < 0.05; **p < 0.01; ns, not significant).

(L and M) Inducible pXPP>GR>PMEI5 treated with 50 uM Dex exhibit impaired cell-cell adhesion; scale bar, 5 um. The orange head arrow indicates sites of

impaired cell adhesion. Roots were fixed and stained with cell wall (CW).

biosynthesis of polysaccharides and glycoproteins such as
QUASIMODO 1 (QUAT1), can affect the biochemical properties
of the CW, as impaired HG biosynthesis causes cell adhesion de-
fects.”>*" Interestingly, we observed that the mutant qua?-7*°
showed a complete loss of transitional dynamics in the pericycle
CW following the ablation of an endodermal cell (Figures 2B-2D).
Similarly, cells with overexpression of pectin methyl esterase in-
hibitor 5 (PMEI50€) expressed in all tissues, which limits de-meth-
ylesterified pectin,*” demonstrated impaired cell-cell adhesion
that ultimately inhibited CW dynamics (Figures 2E-2G). To further
confirm a causal link between the pericycle diameter shrinkage
phenotype and alterations in pectin levels, and to mitigate the
potential influence of pleiotropic and compensatory effects,
we employed the iPMEI5ox** estradiol-inducible lines. Before

endodermal ablation, seedlings were treated with §-estradiol
12 hinadvance and the subsequent pericycle diameter shrinkage
was quantified (Figures 2H-2J). To further strengthen our find-
ings, we used the tissue-specific, xylem pole pericycle line
pXPP>GR>PMEI5."* We previously verified that dexamethasone
(Dex) has no effect on the shrink response in Col-0 plants incu-
bated for 24 h with Dex 50 uM (Figure S3C). Prior to endodermal
ablation, seedlings were treated with Dex in advance and the
subsequent pericycle diameter shrinkage was quantified (Fig-
ure 2K). Pericycle cells with induced PMEI5 expression demon-
strated impaired cell-cell adhesion that ultimately reduced CW
dynamics (Figures 2K-2M). Overall, our results showed a notable
reduction in the shrinkage phenotype in (-estradiol- and Dex-
treated seedlings compared with the mock roots, providing
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Figure 3. Ethylene inhibits pericycle shrink
by the regulation of CW biomechanics
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support to the hypothesis that pectin plays a pivotal role in this
process.

We also tested other well-described CW mutants (Figures S3D-
S3F) and observed partial loss of CW dynamics in the PROCUSTE
1 mutant (prc7-17), as under basal conditions. The PROCUSTE 1
gene encodes CELLULOSE SYNTHASE 6 (Figure S3D), which is
critical for cellulose synthesis in the primary CW.** Next, we inves-
tigated mutants characterized by a deficiency in the de novo syn-
thesis of single monosaccharides.*® The arabinose-deficient mur
4-1 mutant*® demonstrated reduced pericycle CW dynamics,
whereas the mur 9-1 (fucose- and xylose-deficient), mur 1-2
(completely lacking fucose), and mur 11-1 (rhamnose-, fucose-,
and xylose-deficient) mutants did not show significant differences
in CW dynamics when compared with Col-0 cells*” (Figure S3E).
Furthermore, we investigated CW receptors responsible for CW
integrity and sensing of mechanical stimuli. We found a partial
loss of mechanical elasticity in the triple mutant defective in
LEUCIN RICH REPEAT/EXTENSINS3/4/5, THESEUS1, and FEI1/
2 (Irx 3-4-5/the 1-1/fei1-2) (Figure S3F). However, the FERONIA
mutant fer-4'**#-°° did not show any significant differences in me-
chanical elasticity when compared with the Col-0. This suggests
that certain mechano-sensors partially contribute to CW dynamics
following an injury of the root. FEI1/2 transmits a pectin breakdown
signal, leading to the production of 1-aminocyclopropane-1-
carboxylic acid (ACC), a precursor of ethylene, which has pro-
found effects on physiological responses in plants.’®" Further-
more, ACC/ethylene have been implicated in CW integrity
maintenance.®” This led us to investigate the role of ACC/ethylene
in regulation of CW dynamics (Figure S4). Using Raman micro-
scopy, we were able to observe changes in the composition of
the CW in seeds treated with ACC (Figures S3G-S3J; Table S1).
Later, we tested whether seedlings treated with the ethylene pre-
cursor ACC show impaired CW dynamics after the ablation of
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(o = 0.05).

endodermal cells (Figures 3A-3C and S3K-S3M). Our results
show that ACC treatment severely reduced CW dynamics in a
concentration-dependent manner when compared with non-
treated seedlings or seedlings that had been treated with other
phytohormones (Figures S3K and S3L). We confirmed changes
in CW E by AFM measurements (Figures 3D, S4A, and S4B), where
all of the CWs had a similar E; the elastic properties were also
found to be correlated with the pectin levels, observed for the
1,440 cm™ " shift and the 2,931 cm™~" shift, and in the treatment
with ACC the quantitative relative values are similar for each
type of cell (Figures S3G-S3J and S4B; Table S1). In addition,
we tested mutants characterized by a defective ethylene meta-
bolism, e.g., the ETHYLENE OVERPRODUCER 1 mutant eto 7-
1°% and the ETHYLENE INSENSITIVE (EIN) signaling pathway mu-
tants ein 2-1, ethylene response-1 (etr-1-1), and ein 3-1,°* for
changes in their CW dynamics after ablation (Figures 3B and
S3M). Among these mutants, only eto 7-7, which has a high level
of endogenous ethylene,® showed a loss of CW dynamics among
pericycle cells after damage to the endodermis (Figure 3C). These
results suggest that ethylene modifies the biochemical properties
of the CW; more specifically, this phytohormone can affect the
biomechanical composition properties of the CW and potentially
alter the cell-cell transmission of positional cues.

Ethylene-controlled CW dynamics are required for
patterned cell division

Dynamic changes in xylem pole pericycle cells have been
observed prior to the first formative division of the lateral root pri-
mordium.*?° To investigate whether the CW mechanical proper-
ties influence the orientation of cell division, we performed tar-
geted ablations in endodermal cells. We used a microtubule
reporter line to obtain in vivo observations of cell division orien-
tation; the reporter line expresses a microtubule-binding domain
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Figure 4. Division of pericycle cell after local damage
Pericycle division was observed following ablation of the adjacent endodermal cell (A) or pericycle cell. The direction of cell plate expansion was visualized using
the microtubule 35S::MBD-GFP reporter (indicated by red arrowheads, whereas white arrowhead with red outline indicates new cell plate) Scale bar, 5 um.
(A) Periclinal division of the pericycle was observed after endodermal ablation.

(legend continued on next page)
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(MBD) fused to GFP and driven by the 35S promoter from the
cauliflower mosaic virus.*® Following endodermal cell ablation,
73% of the division events led to periclinal divisions in the adja-
cent pericycle cells, whereas only 23% of the division events re-
sulted in transverse/anticlinal cell division (Figures 4A and 4B).
To confirm these results, we infected plants with cyst nema-
todes, which migrate intracellularly and leave a trail of mechani-
cally damaged cells.® 48 h after nematode infection, we
observed the orientation of cell divisions (Figures 4C and 4D).
We focused on root areas with minimal damage, i.e., only a
few cells had been injured, and observed predominantly pericli-
nal divisions (Figures 4C and 4D), a finding that mirrored the out-
comes of single-cell endodermal ablation (Figures 4A and 4B).
This result confirms that the use of laser ablation, which artifi-
cially induces cellular damage, has biological relevance for
studying naturally occurring tissue damage during various
events, e.g., pathogen attack. We performed experiments with
qual-1 and PMEI50e mutants to further confirm that the
observed periclinal cell divisions are a result of shifting CW me-
chanical dynamics. Remarkably, no divisions of pericycle cells
were observed in qua 7-1 mutants, even 24 h after endodermal
ablation, whereas the PMEI50e mutants showed a lower degree
of regeneration when compared with Col-0 plants (Figures 4E-
4@G). Similar results were observed in the regeneration rate of
the pXPP>GR>PMEIS5 line under Dex treatment (Figure 4H). In
the same sense, we observed a lower degree of regeneration
in more mutants related to the CW, showing that different com-
pounds of the CW participate in the wound sensing (Figures S4C
and S4D). This further supports the notion that mechanical stim-
ulation plays a crucial role in initiating cell regeneration. Although
a diverse chemical signaling cascade governs cell division in
plants, the application of potassium iodide (Kl) as a scavenger
of H,O, and EDTA in ablated cells did not exhibit any variations
compared with the mock conditions (Figure S4E).

Ethylene is involved in cell division in the Arabidopsis root
through ETR1, which activates the downstream transcription
factors EIN3 and ETHYLENE-INSENSITIVES-LIKE 1 (EIL1).°’
Furthermore, ethylene signaling has been suggested to regulate

Developmental Cell

CW integrity maintenance.’®*° We used two different concentra-
tions of ACC (0.5 and 1 uM) to study patterns of cell division dur-
ing regeneration. Interestingly, treatment with 1 uM of ACC led to
the complete loss of pericycle CW dynamics and no cell divisions
occurred prior to the ablation of an endodermal cell (Figures 4l
and 4J) relative to seedlings treated with the ethylene inhibitor
aminoethoxyvinylglycine (AVG) and untreated mock seedlings
(Figures S4F and S4G). However, roots treated with the lower
concentration of ACC (0.5 uM) regained the regenerative capac-
ity of pericycle cells, resulting in predominantly periclinal divi-
sions, with 15% of the cell divisions having an oblique orientation
(Figures 4l and 4J). As was the case with ACC-treated seedlings,
eto1-1 mutants showed a low rate (15%) of oblique cell divisions
after endodermal cell ablation (Figures 4K and 4M). These results
support our findings that correlate with the orientation of cell di-
visions during regeneration. In addition, we provide evidence
that the pattern of cell division orientation is finely regulated by
ethylene.

DISCUSSION

Physical damage is an inherent aspect of the life cycle of a plant,
yet our understanding of the mechanisms underlying the
remarkable regenerative ability of plants remains incomplete.
Here, we focused on investigating the coordination between
CW flexibility and cell division at the cellular level in response
to single-cell wounds. The observed asymmetry in CW elastic
properties between the two faces of the endodermis plays a sig-
nificant role in transitional wall bending, which sets the stage for
subsequent cellular activities. This bending influences the me-
chanical environment, facilitating specific division patterns later
in the regeneration process. More specifically, our data demon-
strate that pericycle cells, which are characterized by more
elastic CWs, play a pivotal role in regulating cell expansion, di-
vision rates, and the transduction of wound signals (Figure 1).
The activation of the qua 7-1, PMEl50e, iPMEI50x, and
pXPP>GR>PMEI5 lines defective in pectin and exhibiting
impaired cell-cell adhesion supports the notion that mechanical

(B) Quantification of the number of divisions occurring within 16 h after endodermal cell ablation, means + SD. n = 50 obtained from at least three independent
biological replicates (Wilcoxon paired test, *p < 0.01; ***p < 0.001; ns, not significant).

(C) Representative image of pericycle cell division after seedlings were infected with cyst nematodes for 48 h. Roots were fixed and stained with calcofluor white.
Scale bar, 5 um.

(D) Quantification of the number of divisions after nematode damage, means + SD. n = 20 obtained from at least three independent biological replicates (Wilcoxon
paired test, **p < 0.01; ***p < 0.001; ns, not significant).

(E and F) Periclinal division in pericycle cells after endodermal ablation in WS and qua 7-7 seedlings. Roots were fixed and stained with calcofluor white. Scale
bar, 5 um.

(G) Quantification of periclinal division in Col-0, PMEI50e, WS, and qua?-71, means + SD. n = 30 obtained from at least three independent biological replicates. All
values represent means + SD. Asterisks indicate statistically significant differences (Wilcoxon paired test, *“p < 0.01; ***p < 0.001; ns, not significant).

(H) Quantification of periclinal division in pXPP>GR>PMEI5 treated or not with 50 uM Dex means + SD, n = 30. Quantification of the number of divisions occurring
within 10 h after endodermal cell ablation. Asterisks indicate statistically significant differences (Wilcoxon paired test, *“p < 0.01; **p < 0.001; ns, not significant).
(I) Pattern division in pericycle cell after endodermal ablation in seedling treated with 0.5 or 1 uM ACC. Oblique divisions were found in low concentrations of ACC.
Scale bar, 5 um.

(J) Quantification of (I) means + SD. n = 30 obtained from at least three independent biological replicates. Asterisks indicate statistically significant (Wilcoxon
paired test, *p < 0.01; ***p < 0.001; ns, not significant).

(K) Ablation in endodermis or pericycle cell in eto7-1 show oblique division. Scale bar, 5 pm.

(L) Quantification of (K). Means + SD. n = 30 obtained from at least three independent biological replicates (Wilcoxon paired test, **p < 0.01; ***p < 0.001; ns, not
significant).

(M) A schematic model of mechano-chemical feedback during regeneration. The endodermal cell layer is shown in gray. In dark gray, the ablated endodermal cell
is observed. In orange, the pericycle cells are observed, and in dark orange, the swollen pericycle cell. The inset shows the CW of the pericycle cell after
expansion. Red asterisk: cell ablated; white arrowheads: new CW.
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inputs from neighboring cells are necessary for sensing pres-
sure changes and initiating cell division during regeneration (Fig-
ures 2 and 4). Furthermore, our results show that an increase in
ethylene levels, either by genetic means or exogenous ACC
treatment, restricts CW flexibility and leads to impaired regener-
ation (Figure 3). The involvement of the FEI 1,2 receptors, which
regulate ethylene levels in response to mechanical stimuli and
participate in maintaining pectin integrity,*® further supports
the idea that ACC/ethylene play a crucial role in promoting
regeneration upon wounding. Additionally, the qua 2-7 mutant,
which was characterized by reduced galacturonic acid levels,
exhibited decreased FE/ 7 and 2 expression,®° a result that out-
lines the existence of a feedback loop between pectin composi-
tion, CW integrity, and ethylene signaling (Figure 4L). Overall,
our data highlight how plant roots transmit information via me-
chanical forces in an extracellular matrix, including CWs of vary-
ing rigidities, which enables cells to bulge into wounded regions
and determine the cell division plane to ultimately shape the ar-
chitecture of repaired tissue.

Limitations of the study

The limitations of the present work are as follows. Single-cell
laser ablation is a powerful tool to study the role of mechanical
cues in cellular physiology in deep tissue such as pericycle cells.
However, the fast response in changing cell shape gives rise to
different interpretations, and more in-depth analysis is neces-
sary to improve the understanding of this phenomenon. Plant
cells exert turgor pressure: when we ablate an endodermal
cell, the turgor pressure is redistributed to the surrounding
CWs. By considering the size of the cells and applying the prin-
ciple of parsimony, we can infer that the pressure after endo-
dermal ablation is equal on both the cortex wall and the pericycle
wall. Therefore, the variation in the degree of bending in these
walls is attributable to the mechanical properties of the CWs
themselves. An alternative explanation is that the endodermal
cell is under radial tension from the cortical and pericycle cells,
and when ablated, the adjacent cortical and periclinal cells
“pull” the endodermal gap open instead of it “pushing” into
the neighboring cells.

Although our study provides sufficient resolution, allowing for
deeper insights into the chemical and mechanical properties of
adjacent CWs through techniques like Raman spectroscopy
and AFM, there are needs for refinement in this aspect.

The biochemical and compositional study of the CW presents
a significant challenge. Although good spatial resolution results
of CW composition in different models have been presented for
over a decade, these models predominantly involve secondary
CWs in various organisms. Secondary CWs are significantly
thicker than the primary CWs of Arabidopsis root cells.
Although we do not dismiss the possibility that differences in
CW thickness might affect Raman measurements, we used a
50x NA (numerical aperture) = 0.5 objective, where the resolu-
tion is in the order of micrometers (um), and the differences in
CW thickness are in the order of nanometers (nm). Therefore,
we consider these differences to be below the sensitivity
threshold of Raman spectroscopy. Nonetheless, this point
should be considered for future studies, which will involve opti-
mizing measurements in smaller samples, such as Arabidopsis
root cells.
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A similar analysis can be conducted using the immunohisto-
chemistry technique. When cross-sections are incubated with
antibodies (lg), they are abundant and have access to the
CW regardless of the position within the root. The results pre-
sented in this study align with previous findings from other lab-
oratories, such as Wachsman et al.*° (in root) and Kuczak
2020°" (hypocotyl).

Second, the molecular signaling mechanisms underlying the
observed phenomena have yet to be fully identified. This repre-
sents a significant avenue for future research to elucidate the
intricate pathways and interactions governing these processes.
Moreover, a crucial question for future inquiry revolves around
understanding how the single CW responses connect to organ-
ismal function. By exploring this connection, we can gain a more
comprehensive understanding of the biological significance and
implications of our findings.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant materials
Wild-type and mutant A. thaliana strains used in this study were ordered from the Nottingham Arabidopsis Stock Centre or obtained
directly from the laboratories previously publishing them.

Plant growth condition

Arabidopsis Seedlings were plated on half-strength (0.5) Murashige and Skoog (MS) medium (Duchefa) with 1% (w/v) sucrose and
0.8% (w/v) agar (pH 5.7). The seeds were stratified for 2 d at 4°C. Seedlings were grown on vertically oriented plates in growth cham-
bers under a 16-h light/8-h dark photoperiod at 21°C.

METHOD DETAILS

Hormonal and drug treatment

Seedlings 5-6 d old were transferred onto solid MS medium with or without the indicated chemicals. The drugs and hormones used
were 3-indoleacetic acid (IAA; 0.2 uM), 6-Benzyl aminopurine (BAP; 0.2 nM), Abscisic acid (ABA; 1 uM), 1-amino cyclopropane car-
boxylic acid (ACC; 1 uM), and methyl jasmonate (MeJA; 1 uM). For the isoxaben assays, the roots were treated with 600 nM for 24
hours. For estradiol treatment, estradiol (Sigma-Aldrich, E8875) was added to the growth medium at a final concentration 10 uM. For
DEX induction on plate, DEX (Sigma-Aldrich, D4902) was added to the growth medium in a final concentration of 50 pM. Fluorescent
dyes used were as follows: propidium iodide (PI; 10 ng/ml), Calcofluor White (CW; 0.01% p/v).

Confocal imaging and real-time analysis

For confocal microscopy images, the Leica SP8 confocal laser scanning microscope was used. Pictures were taken with a 40x
glycerol immersion objective. Fluorescence signals for GFP (excitation 488 nm, emission 500-530 nm) and PI (excitation 536 nm,
emission 617 nm) were detected. YFP Signals were observed with the GFP settings. To image Calcofluor White we used 405-nm
excitation and detected it at 425-475 nm). For image analyses, the Imaged (National Institute of Health, http://rsb.info.nih.gov/ij)
was used.

FLIM imaging and analysis

FLIM images were recorded using a Leica TCS SP8 inverted scanning confocal microscope coupled with a Becker-Hickl SPC830
time-correlated single photon counting (TCSPC) module. Pulsed excitation at 488 nm excitation wavelength, generated by a pulsed
white light laser with a repetition rate of 40 MHz, was used. Imaging was performed with a 63x 1.2 NA water immersion objective and
images were recorded at 256x256 pixel resolution, at a line scanning speed of 400 Hz. Emission was collected using a spectral win-
dow of 50 nm bandwidth centered on 525 nm onto a Leica HyD SMD hybrid photodetector.

Histochemical staining
Ablated seedlings were incubated in a ClearSee solution and incubated for 3 days. After 3 days, the ClearSee solution was replaced
with ClearSee solution combining calcofluor white for 2 h.®

Single-cell laser ablation

For laser cell ablation, 5- or 6-d-old seedlings were placed on chambered cover glasses (Nunc Lab-Tek).?° For laser ablation, a
2-photon laser was used at 800 nm wavelength in the FRAP mode. The same settings were used for ablation in all the samples,
the roots were scanned in 10-, 20-, or 30-min intervals for 10 to 15 h. The number of pericycle cell divisions and their orientations
(periclinal vs. transverse/anticlinal) were scored on recordings done for a 15-h period from the moment of ablation. At least 20 indi-
vidual ablation events were analyzed. To detect cell death of ablated cells, the cells were stained with PI.

Nematode infection
We used cyst nematodes, Heterodera schachtii. The incubation and manipulation of cyst nematodes, Heterodera schachtii, was
done as described previously.*® 5- or 6-d-old seedlings were infected, and samples were collected 48 hours after infection.

Atomic Force Microscopy

AFM indentation experiments were carried out with a NanoWizard 4 XP BioScience (ScanAsyst Air, Bruker, Inc.), that was mounted
on an optical macroscope (MacroFluo, Leica). All quantitative measurements in lives root were performed with cantilever biosphere
B20-CONT (nanotools). For the live root sections, 5 days roots were embedded in 5% low melting agar and the 100 um sections were
made with a vibratome. All quantitative measurements in resin section were performed using RTESPA-150 Cantilever. The sample
was then positioned on an XY-motorized stage and held by a magnetic clamp. Then, the AFM head was mounted on the stage and an
approximated positioning with respect to the cantilever was done using the optical macroscope. The elasticity of the sample (demon-
strated in the images) was estimated using the Hertz model (Derjaguin, Muller, Toropov modulus). Digestions with cellulase (C1184,
Sigma-Aldrich) were done for 10 min at 37 C with a concentration of 0.1 w/v.
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Transmission Electron Microscopy imaging
Images of cross sections of Arabidopsis root were obtained using an electron microscope (JEOL 1230 TEM, accelerating voltage
80 kV, with a Gatan MSC 600CW 2k x 2k CCD camera).

Resin Embedding and Sectioning

Arabidopsis and tomato primary roots were fixed in ice-cold fixation solution (4% Paraformaldehyde and 0.05% Glutaraldehyde dis-
solved in 100 mM phosphate buffer, pH 7.2) at 4° C overnight. The samples were washed 3 times for 10 min with 100 mM phosphate
buffer and embedded in LRW resin, medium grade — catalyzed (TAAB essentials for microscopy, England, UK).®* Serial cross semi-
thin sections (thickness of 500 nm) were prepared using a microtome (HistoCore NANOCUT R, Leica BioSystem).

Tissue embedding and sectioning for immuno localization

7-day old seedlings of Arabidopsis thaliana Col-0 and qua1.1 lines were fixed in fixation buffer (4% paraformaldehyde (PFA; dis-
solved in warm ddH,0 supplemented with 2 drops of 0.1 N KOH) for 1h at RT. Roots were separated from the seedlings using a
razor blade and washed three times with wash buffer (100mM piperazine-N,N’-bis (2-ethane sulfonic acid) (PIPES) pH 6.8, 1 mM
Ethylene glycol tetraacetic acid (EGTA), 1 mM MgSO,). Next, roots were dehydrated progressively (10% increasing concentration)
in 100% ethanol and then embedded progressively (10% increasing concentration) in 100% LR white resin (TAAB essentials for
microscopy, England, UK) at 55°C for 48h. Sections (1um) were performed using a microtome (HistoCore NANOCUT R, Leica
BioSystem).

Immunocytochemistry

Sections in MilliQ water were fixed on polylisine slides on a hot plate (37°C). Epitope blocking was done for 30 min at RT using 2%
(w/v) BSA/Phosphate-buffered saline/0.01% (v/v) Tween-20 (PBST) buffer. Next, sections were incubated in primary antibodies (rat-
LM19 monoclonal antibody detecting un-esterified homogalacturonan, Kerafast, ELD001; rat-LM20 monoclonal antibody detecting
esterified homogalacturonan, Kerafast, ELD003) diluted 1:50 in PBS supplemented with 2% (w/v) BSA, overnight at 4°C. Then, sec-
tions were washed three times with PBST buffer and incubated in «-Rat- Fluorescein (FITC) secondary antibody (Jackson-
ImmunoResearch, AB_2340652), diluted 1:1000 in PBS supplemented with 2% (w/v) BSA, overnight at 4°C. Lastly, sections were
washed again three times with PBST buffer and mounted in Vectashield vibrance (Vector Laboratories, H-1700-2) mounting medium.
The fluorescent images were acquired using the Leica SP8 inverted confocal microscope, with a 40x objective, oil immersion
(N.A.=1.3; reflective index n20/D 1.516), pinhole adjusted to 1 Airy Unit. The excitation wavelength was 488 nm (Emission 506nm
- 544nm) for the FITC detection.

Raman Microscopy

Five days old seedlings were used for the Raman assay. The samples’ roots were placed on a metallic stainless-steel slide without
cover slip, directly under the microscope. Micro-Raman measurements were performed with a modified LabRAM HR Raman
confocal microscope (HORIBA Scientific in Kyoto, Japan). A solid-state laser module with a maximum output power of 90 mW,
and a central wavelength of 532 nm was responsible for the Raman excitation. Raman signals were recorded with a 50x micro-
scopic objective lens (Olympus LMPlanFL N) that had a NA=0.5 and a working distance of 10.6 mm. The laser power measured on
the sample was 30mW with a laser spot size of 1.7 um in the lateral, and 2 um in the axial direction. The Raman spectral resolution
was around 2 cm™’, achieved with a 600-groove grating. The acquisition Raman spectral range was set between 400 and
3,500 cm™", covered with two optical scan windows. In each measurement point, we used an exposure time of 20 seconds,
and with two accumulations. Analysis of Raman measurements was performed with LabSpec Software (HORIBA Scientific in
Kyoto, Japan).

Mechano-probe synthesis
Plasma membrane mechanoprobe
The chemical structure and synthetic route for the plasma membrane mechanoprobe was described previously in Michels et al.?”
CW mechanoprobe
A new version of the CW mechanoprobe reported previously®® was used in this study, in which the original peptide targeting group for
CW binding was replaced by a small molecule organic motif that targets the CW. The synthesis of this probe, and its individual steps,
is described below.

Step 1: 4-(azidomethyl)benzaldehyde

4-(bromomethyl)benzaldehyde (5g, 25 mmol) was added to 50 mL of DMF. NaNj3 (2.5 g, 38 mmol) was added, the solution is heated
up to 60 °C and left stirring for 1.5 hours. 250 mL of ethyl acetate was added followed by 250 mL of water. The organic phase was
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isolated and washed with 2x250 mL water. The organic phase was dried with MgSQ,, concentrated and dried under vacuum to yield
4-(azidomethyl)benzaldehyde as a clear liquid (3.76 g, 93% yield).

BN

N3

1H NMR (400 MHz, CDCI3) 5 10.02 (s, 1H), 7.90 (d, J = 8.1 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 4.45 (s, 2H).

Step 2: N3-BODIPY mechanoprobe

2-methylpyrrole (2.092 mL, 24.82 mmol) and 4-(azidomethyl)benzaldehyde (2.0 g, 12.41mmol) were added to 500 mL anhydrous
dichloromethane in a 1L 3-neck round bottom flask equipped with a stirring bar. The solution was sparged with N, for 30 minutes.
Trifluoroacetic acid (500 pL, 6.2 mmol) was added and the mixture was left stirring for 2 hours. 2,3-Dichloro-5,6-dicyano-1,4-benzo-
quinone (2.82 g, 12.41 mmol) was added after which the mixture was sparged with N, for 10 minutes followed by 20 minutes of stir-
ring. Di-isopropylethylamine (15.1 mL, 86.7 mmol) was added followed by the addition of boron trifluoride diethyl etherate (15.3 mL,
124 mmol). The reaction mixture was left stirring for 24 hours under and N, atmosphere. A small amount of 2:3 hexane:ethyl acetate is
added to the mixture. Dichloromethane was evaporated under reduced pressure. The product is isolated after purification on silica
(2:3 hexane:ethyl acetate) as orange/red crystals (1.07 g, 25% yield).

N3
/ 7 N=
—N_ ’N /
N\
F F

1H NMR (400 MHz, CDCI3) 3 7.52 (d, J = 8.1 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 6.69 (d, J = 4.1 Hz, 2H), 6.27 (d, J = 4.1 Hz, 2H), 4.46
(s, 2H), 2.65 (s, 6H).

Step 3: 1,4,8,11-Tetra(prop-2-yn-1-yl)-1,4,8,11-tetraazacyclotetradecane

1,4,8,11-tetraazacyclotetradecane (500 mg, 2.49 mmol) was added to 5 mL of 1M NaOH. 5 mL of acetonitrile was added followed
by 1.1 mL of propargyl bromide solution (80% in toluene, 10.2 mmol). The mixture was left stirring overnight after which the precipitate
was collected, washed with hexanes an dried to isolate the product (236 mg, 27% vyield).

~)
E b
[

1H NMR (400 MHz, CDCI3) & 3.44 (s, 8H), 2.62 (s, 16H), 2.17 (s, 4H), 1.77 (s, 4H), 1.61 (s, 4H).
Based on: https://www.beilstein-journals.org/bjoc/articles/12/239%°
Step 4: (2-azidoethyl)trimethylammonium bromide
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NaNs (0.65 g, 10.1 mmol) and (2-bromoethyl)trimethylammonium bromide (1 g, 4.05 mmol) were added to 30 ml of DMF. The
mixture is left stirring overnight and then partially concentrated. THF was added after which the white precipitate was isolated
and dried to yield (2-azidoethyl)trimethylammonium bromide (480 mg, 57% yield).

|-
N o> o
r

1H NMR (400 MHz, D20) 5 4.01 (s, 2H), 3.69 — 3.60 (m, 2H), 3.25 (s, 9H).

Based on: https://www.sciencedirect.com/science/article/pii/S0960894X0900451X?via%3Dihub®®

Final CW mechanoprobe

N3-BODIPY (60 mg, 0.17 mmol), 1,4,8,11-Tetra(prop-2-yn-1-yl)-1,4,8,11-tetraazacyclotetradecane (60 mg, 0.17 mg) and Cu
impregnated activated charcoal prepared following the procedure by Lipshutz and Taft (https://onlinelibrary.wiley.com/doi/10.
1002/anie.200603726)°” (17 mg) were added to 0.4 mL 1,4-dioxane in a 0.5 mL microwave vial. The mixture was heated in a Biotage
initiator+ system under continuous stirring at 150 °C stirring for 20 minutes. The mixture was filtered (celite) and dried. From this prod-
uct 39 mg was added to a 0.5 mL microwave vial followed by (2-azidoethyl)trimethylammonium bromide (87 mg, 0.42 mmol) and Cu
impregnated activated charcoal (17 mg). Finally 0.25 mL MilliQ water and 0.25 mL 1,4-dioxane were added and the mixture was heat-
ed in a Biotage initiator+ system under continuous stirring at 150 °C for 20 minutes. The resulting product was run over a 0.5 g silica
C18 SPE column. 6.6 mg of product was isolated as red crystals and used without any additional purification.

Bre

\/
—N®

Model and Finite Element Model

A 3D cellular model was created to represent root structure, starting from a 2D cell outline obtained from a root confocal image. The
2D cross section was converted into a 3D cylindrical structure using the extrusion function of CellMaker, which is a part of the
MorphoDynamX software suite (www.MorphoDynamX.org). The model was organized into five distinct layers: the epidermis, cortex,
endodermis, pericycle, and stele, with cell lengths of 150 um, 200 um, 120 um, 100 um, and 200 pum, respectively. To resemble the
natural arrangement of cells in a root, the cells in the model were arranged in a staggered pattern in the longitudinal direction, both
within layers and between adjacent cells. The cells were then triangulated, resulting in a mesh composed of triangles with a surface
area close to 10 um2 each. This 3D model closely resembled a real root structure, facilitating the study of root dynamics under various
cellular conditions.

The inflation analysis was performed employing the Finite Element Method (FEM), using the MorphoMechanX software, an exten-
sion of the MorphoDynamX suite developed for finite element mechanical simulations. See Mosca et al.®® for a detailed description of
the framework. Triangular membrane elements with an isotropic St. Venant material were used, with the thickness set to 1um, the
Young’s modulus set to 50 MPa and a Poisson’s ratio set to 0.3. The turgor pressure was set to 0.5 MPa for all cells.

Two distinct modelling scenarios were implemented. The first scenario used a uniform stiffness across all cellular layers, whereas
the second one incorporated a differential stiffness profile, with the stiffness of the epidermal layer and the endodermis-cortex layers
being ten times higher than that in the uniformly stiff model. Within each of these scenarios, three cases of cellular ablation were
considered: no ablation, ablation of an endodermal cell, ablation of a cortex cell, or ablation of a pericycle cell. Ablation was per-
formed by removing the ablated cell from the simulation and reapplying the boundary conditions (pressure).

In the simulation of ablation dynamics, the pressure was first increased to 1MPa to simulate the initial expansion after heating, and
then dropped to OMPa to represent an ablated cell with no pressure.

Links to the model and the simulation software
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https://drive.google.com/file/d/1pCw5nNCGZ5TV211tABHIZ28JOwmoMRBo/view?usp=sharing
https://drive.google.com/file/d/1xRIbMG5KK5x86bRbm9Bg9Hcc5EbY6bKce/view?usp=sharing

QUANTIFICATION AND STATISTICAL ANALYSIS

Pericycles cell shrink were measured using Imaged.

Atomic Force microscopy data was analyzed using JPK NanoWizard SPM software version 6.0.

For root stained with mechano-probes, after image acquisition, SPCimage 8.5 software (Becker & Hickl) was used to select and bin
ROls and quantified the data. A two-component exponential decay was used to determine the average fluorescence lifetimes.

Quantification data are analyzed by using R-studio (https://posit.co/download/rstudio-desktop/). All statistical analyses were per-
formed with either Wilcoxon paired test or One-Way ANOVA (Tukey’s multiple comparisons test). Statistical details as value of n for
each measurement, the p value and the definition of significance are all presented in the figure legends and figures.
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